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I. INTRODUCTION 

1.1 Q~Q~t~! 

Gallium phosphide is at present one of the semiconductors 
studied in most detail by optical spectroscopy, especially at 
helium temperatures. The impetus for the extensive research 
on this III-V compound was twofold: 
i. It was realized about 1960 that efficient light-emitting 
p-n diodes could be made from GaP. [1] 

ii. In 1963 a multitude of narrow linea observed in the low 
temperature photoluminescence were unambiguously interpreted 
as being due to radiative recombination of electrens bound to 
donors with holes bound to acceptors. (Donor-acceptor pair 
transitions). This opened a new field in the study of the 
luminescence of materials doped with both donors and accep
tors. An analysis of such spectra amongst ethers gives data 
on the lattice sites occupied by the eentres involved as well 
as on their ionization energies [ 2) • 

These are not the only line spectra observed in GaP. 
Others come from the recombination radiation of free excitons 
[31 and bound excitons. 
The bound excitons in GaP can be divided into two classes: 
excitons bound to neutral donors or accepters [4-91, and ex
citons bound to so called "iso-electronic" eentres [10). Intheir 
simplest form the latter eentres arise from the substitution 
for P of other elements from the V-column of the periadie 
table, notably N and Bi. A slightly more complicated iso
electronic centre consists of a nearest-neighbour donor-accep

tor complex of OP and ZnGa' or OP and CdGa' Such iso-electro
nic eentres are of considerable practical importance: yellow
green emitting diodes are made from GaP:N and red emitting 
diodes from GaP:Zn,o. These diodes operate at room tempera
ture [ 1] • 

The importance of the low temperature studies lies in the 
fact that evidence for the type of radiative transition under 
study can be obtained from the line structure in the spectra. 
These sharp linea in addition facilitate Zeeman studies and 
the use of uniaxial stress, sametimes needed for a proof of 
a model. 
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At present, low temperature spectroscopy is also used in 

a different way, namely as an easy and valuable means of cha
racterization of GaP crystals. This is possible pecause of 
the existing wealth of identified spectra which are specific 
for a given impurity or combination of impurities, only part 
of which are mentioned above. Others involve pairs of iso
electronic centres, [2,10] inter-impurity recombinations other 
than D-A pairs [ 2] , and "internal transitions" in localized 
eentres [ 11, 12] • 

In research on a compound like OaP, a close cooperation 
between those growing the crystals and those characterizing 
them is essential. Such characterization includes Hall-effect 
measurements and optical absorption and luminescence measure
ments. In doing so, a good knowledge of the crystal growth 
process is obtained and crystals can be grown "to specifica
tien". It gives the opportunity to investigate fundamental 
aspects of luminescence processes and to search for new absorp
tion and luminescence spectra. 

At the time we started low temperature luminescence stu

dies on GaP, most iso-electronic eentres and donor-acceptor 
(D-A) pair spectra had already been identified and the basic 
formulae descrihing the pboton energy and transition probabi
lity of D-A pairs as a function of D-A separation were known. 
As a consequence, much of the work done deals with detailed 
investigations of phenomena that had been studied less ex
tensively. Subjects we have investigated include: 
1) the cooperation of lattice vibrations (phonons) in the 

transitions, 
2) some aspects of recombination kinetics of the pairs, and 
3) an accurate experimental evaluation of the validity of the 

expressions in use for pboton energy and transition proba
bility. 

Our results related to these subjects are reported in 
five publications, [13-17] pp. 43 to 163of this thesis; these 
will be discussed in sectien II.2. 

As far as bound excitons are concerned, apart from those 
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bound to isosleetronie centres, only these bound to P-site 
donors had been reported [ 4] • Spectra related to the common 
donor SiGa' often present inadvertedly, or common accepters 
like CP' ZnGa and Cdaa were not identified. The results of 
our search for such spectra are reported in two publications 
( 7, 8] , pp. 165 to 197 of this thesis; these will be discussed 
in sectien III. 

As a further introduction, some aspects of the band 
structure of GaP and some methods of crystal growth will now 
be out lined. 

I.3 §~g-~!E~~!~r~-2f_Q~E 

GaP crystallizes in the zincblende structure; the lattics 
constant a

0 
is 5.45 A at room temperature [18]. The GaP lat

tics can be considered as a superposition of a P fee sublat
tics and a Ga fee sublattice, shifted over ~ diagonal in the 
[111] direction with respecttoeach ether. 

The energy band structure is shown in fig. 1 together 
with some important parameters. GaP has an indirect bandgap, 
the minimum in the conduction band probably being exactly at 
the <100> or X boundary of the reduced Brillouin zone. The 
valenee band maximum is at the zone centre r. 

Since crystal moment.um must be conserved in optical tran
sitions between electrens and holes, the difference in momen
turn between electrens in the minimum at X and holes in the 
maximum at r -see fig. 1- has to be transferred to the latticé. 
This is possible if suitable phonons, the so called "momentum
conserving phonons", take part in the transitions. Another 
possibility is that levels in the forbidden zone are inter
mediate in transferring momenturn to the crystal. Both ways of 
momenturn conservation are found in GaP. 

Because impurities largely determine the luminescence 
properties of GaP, the purity of the material and the con
trolled incorporation of imputities*) are of great importance. 

*)A survey of donors and accepters and their ionization ener
gies can be found on p. 14 and 158. 
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x3 - ra= 2.694 ± o.oo4 ev 

r 1 - ra 
tJ.so 

r1 - x1 

ra- x5 

= 2.~78 ± 0.002 eV 

= 0.082 ± 0.001 eV 

= 0.54 eV 

"' 2.5 eV 

effective masses 

electrens m1 = 0.189 m
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spherical approximation: 0.34 m
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Fig. 1. The energy band structure of GaP: electron energy as a function of wavevector k. The 

zone centre is r; X and L repreeent the boundary of the reduced zone in <100> and <111> 

directions. respectively. (modified from Cohen and Bergstresser. Phys. Rev. 141 (1966) 

7a9 and ref. [2] ). The energy gaps are taken from ref. [2] • the effective masses from 

refs. [ 2.17.19]. 
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To be able to study such optical properties and for making 
p-n diodes, several techniques of crystal growth are in use, 
five of which are outlined below. 

i) Pulling from a stoichiom~tric melt [20] 
At stoichiometrie composition, the melting point is a

bout 1500° C and the dissociation preesure -mainly the P 2 par
tial pressure- is about 30 atmospheres. 
The problems posed by this high pressure were solved some 
years ago by covering the melt with a layer of molten B2o3 
and placing the whole under a pressure of 40-70 atm of an 
inert gas, e.g. N2 or Ar. To start the pulling, a seed is 
put into the melt through the covering layer of B2o3• The 
B2o

3 
also covers the crystal being pulled. By encapsulating 

melt and crystal in thi_s way • the escape of phosphorus from 
melt and crystal is prevented. 

The most common impurities present in unintentionally 
doped crystale, as t'ound by mass speetrometrio analysis and 
from optical spectra, are S, Si, 0, C and N at concentrati-ons 
of- 1015 to- 1o17cm-3. Most experience in intentional doping 
exists with the donor dopante s, Se and Te and the acceptor 
dopant Zn [21]. The incorporation of dope is partly thermo
dynamically and partly kinetically controlled [22]. At the 
normally used pulling epèed, about 10 to 25 mm/hr, the incor
poration in first approximation is thermodynamically con
trolled [21]. 

The importance of this technique lies mainly in the pos
sibility of growing single crystals on an indust~ial ecale 
-at· present up to - 1 kg and with a maximum diaml';.ter of - 5 
cm- from which substrates can be cut for. the epitaxial growth 
of GaP layers and devices. 

ii) Growth from a non-stoichiometrie, gallium-rich melt [231. 
At 1000-1200° C about 2.5 to 14% by weight of GaP can be dis

solved in Ga. By cooling of such a saturated solution small 
and irregularly shaped single crystals of GaP are fQrmed. 
This metbod is easier, because the phosphoru~ preesure over 
the melt if far below one atmoephere under these conditions. 
Crystals prepared in this way often are called "solution grown 
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crystals". As judged from chemical analyses and optical spec
tra, in such unintentially doped crystals the same impurities 
are present as in pulled crystals. The latter se~m to be some
what purer, however. Doping is achieved by dissolving the re
quired amount of the dopan:t in the melt. The dis tribution 
coefficient of the dope between crystal and melt varies wide
ly with the dopant, however. This mainly results from varia
tions in the thermadynamie quantities. In addition this depends 
on the incorporation mechanism. A case in which equilibrium 
exists during growth between the bulk of the crystal and the 
melt is the incorporation of the acceptor Zn [241. In ether 
cases, e.g. the donor Te [251 • the incorporation is kinetically 
controlled by reactions at the growing solid-liquid interface 
[26]. Equilibrium incorporation is favoured when the ditfusion 
of the dope in the crystal is fast, as for Zn. On the other 
hand, a slow ditfusion at the. growth temperature favoures the 
kinetically controlled incorporation. At present, the only 
well-documented example of equilibrium is that of Zn. 

iii) Liquid phase epi taxy [ 271 

When a single crystal of GaP is placed in such a gallium 
rich melt, part of the GaP will grow epitaxially on this GaP 
substrate during cooling. This is called liquid phase epitaxy. 

During one run, layers with a thickness of several hun
dreds of microns can be grown in this way. The area is deter
mined by that of the substrate, at present~ 20 cm2 • Liquid 
phase epitaxy is used especially for the growth of one or 
more layers (n or p-type) on a substrate to make Zn, 0 or N
doped electraluminescent p-n diodes. 

iv) The PH3/Ga growth technique 128]. 
A somewhat different way to 'grow crystals from a gallium

rich melt is to use PH3 as the phosphorus source. A mixture 
of PH3 and a carrier .gas like H2 or Ar is passed over a boat 
with Ga kept at a temperature of 1000 to 1200°C, The reaction 
of PH3 and Ga leads to the growth of small GaP crystals, com
parable in size to those of metbod ii. Doping is possible via 
the gas mixture or in the Ga. The great advantage of this sys-
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tem over ii and iii is the possibility to reduce the concen
trations of impurities like S, C and N [6] ~ because the PH3 
can be purified during growth. This is especially important 
when searching for new luminescence spectra, since the lumi
nescence of Sp-Cp D-A pairs and of excitons bound to Np is 
very efficient at helium temperature and dominatea over other 
trans i ti ons. 

v) Vapour phase epitaxy [ 29] , 
With vapour phase epitaxy, GaP layers are grown epitaxi

ally on a GaP substrate*) from a gas mixture in which a car
rier gas, normally H2 , tranaperts the III and V elements in 
separate gaseous components, e.g. PH3, Pc1

3
, GaCl, Ga2o. 

The reactions at the substrate surface leading to the growth 
of GaP take place at about Soo•c for the chloride and hydride 
systems and at 1000-1100"C for the oxide system. Crystals with 
a thickness up to se.veral millimetres can be grown in a single 
run. The doping depends on the thermodynamics of the gases 
used and the incorporation of dope is most probably controlled 
by reactions at the growing surface; generally there is no e
quilibrium between the dope in the bulk of the crystal and in 
the gas mixture. 
The common residual impurities in crystals grown by vapour 
phase epitaxy are S and Si and in the case of the Ga2o system 
also 0 and sametimes Cu, all at a level of a few times 1016 

cm-3 at most. The concentratien of N and C in such crystals 
is much lower than that normally found in crystals grown by 
coolinga gallium-rich melt, methods (ii) and (iii); this 
also makes crystals grown by vapour phase epitaxy very auit
able for aearching new luminescence spectra. They have the 
advantage over crystals grown by method (iv) of a larger size, 
which is attractive for optical absorption and electrical 
measurements. A disadvantage is the larger strain often pre
sent in these crystals, leading to broader lines than can be 
reached with good crystals grown from a gallium-rich melt, 

*)Before pulled GaP crystals were available, often GaAs sub
s.tratea were used to grow GaP on. 
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see e.g. ref. [~. 
The impurities preeent in untintentionally doped crystals, 

as revealed by low temperature luminescence spe.ctra, and the 
possibilities for doping are not the only quality criteria 
for the choice of a crystal growth process. The luminescence 
efficiency that can be reached also depende heavily on the 
non-radiative traneitions*) competing with the radiative 
transitions. These non-radiative transitions often are due to 
the preeence of residual impurities or defecte, the so-called 
"killer centres". In GaP, not much is known of their nature. 
Notably for applications at room temperature, like light
emitting diodes, it is relevant to characterize the quality 
of the crystals by the minority carrier lifetime, as it is 
determined only by the non-radiative transitione. 

With respect to the minority carrier lifetime, crystals 
grown by liquid phase epitaxy at present are superior: in 
moderately doped samples values up to a few hundreds of nano
seconde are obtained in various laboratories [30,311. This is 
about two orders of magnitude larger than found in pulled 
crystals and in those grown by vapour phase epitaxy [31]. 
However, several laboratories now claim a rapid increase in 
the values reached for the lifetime in samples grown by va
pour phase epitaxy. 

For tbe work reported on bere we have used mostly crys
tals grown by ~apour phase epitaxy, and in some cases those 
grown by liquid phase epitaxy, spontaneous nucleation from a 
gallium-rich melt, or the PH3/aa aystem. Details are given in 
each publication. 

II, DONOR-ACCEPTOR PAIR LUMINESCENCE 

II .1 Q.~!!~!:~~ [ 2] 

The first suggestion of donor-acceptor pair luminescence 
was made in 1956 by Prener and Williams in conneetion with 
luminaacenee bands in II-VI compounds [321. In this early 
work most attention was paid_ to very close pairs. 

*)More generally: all transitions that do not give the re
quired luminescence. 
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Hoogenstraaten [3~ investigated the possibility of lumines
cence over a broad range of pair separations, leading to the 
derivation of the basic formulae for pboton en~rgy and pro
bability of D-A pair transitions as a function of pair sepa
ration. Tbis theoretical work was in some aspects extended 
later by Williams and coworkers [34] and, in relation to GaP, 
by Thomas, Hopfield and coworkers [351. 

II.1.1. ~~~!~-~~~~~!2~~-f2~-Eb2!2~-!~!~Sl-12S~~r!n~!!!2~-QrQ: 
lH~2H!~l 

Consider an isolated D-A pair cons:bting of a neutral 
donor witb ionization energy ED and a neutral acceptor with 
ionization energy EA at a distance R in a compound with band
gap Eg• see fig. 2. 

Fig 2. 

An iaoZated donor
acceptor pair at a 
distance R. 

Due to the spatial extent of the electron and/or hole wave 
function these overlap sufficiently to give a finite probabi
lity for radiative recombination up to distances many times 
the Bohr radius of the shallower centre. The pboton energy of 
a zero-pbonon pair transition hv(R) as a function of R is 
given by [ 331 

(1) 

In eq. (1), e is the static dielectric constant of tbe com

pound*). 

*)For footnote see following page. 
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The Coulomb energy term, q 2/eR, can be considered as a 
correction to the donor ionization energy since the electron 
is not transferred to infinity but only to a distance R. De
viations of the pboton energy from this Coulomb energy term 
are represented by aE(R). This term notably is important at 
small R-values, roughly up to the sum of the Bohr radii of 
donor and acceptor [17]. 
It is just these R-dependent energy terms which are reapon
sibie for the multitude of linea found in D-A pair spectra. 
Taking donors and accepters on lattice sites, each combination 
of sites corresponds to a discrete value of R and thus to a 
well defined pair energy. Up to R ~ 30 A, the energy ditter
enee corresponding to the smallest discrete steps in R that 
are possible in the lattice exceeds the line width, which 
normally is 0.2-0.3 meV. As a result, individualpair linea 
can be resolved, each line corresponding to a specific R
value [ 36] • To a first approximation the relative intensities 
of the pair linea follow the number of possible pair sites at 
each value of R. This intensity pattern and the expected dif
ference in energy between pair linea, as estimated trom the 
q 2/eR term in eq. (1), are used to assign toeach line the 
corresponding pair separation R. (In fact the situation is 
slightly more complicated, since for several values of R 
doublets or triplets are found. These splittings are specific 
for the values of R considered, and therefore are of aid in 
identifying the line spectra. This finer structure is dis
cussed in detai 1 in ret. [ 2] ) • 

The pattern of linea is different for pairs having the 
donor and acceptor on the same lattice site (type I) or on a 
different site (type II) [36] • Thus conclusións can be drawn 
regarding the sites occupied by donors and acceptors. 

At R ~ 30 A, the stepwise decrease in hv(R) with increas
ing R beoomes oomparabie to and smaller than the linewidth. 

•)we fellow here the notatien in ega units, adopted in most 
papers on D-A pairs. The dieleetrio constant e is the value 
relative to vacuum, 11.02 tor GaP at 1.6 K [171. In GaP, the 
q2/eR term -which in MKS units reads q2/4~e0eR- amounts to 
0.1306 eV at R = 10 A. The pboton energies are given in eV. 
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Since at these larger values of R tbe number of pairs per unit 
energy increase with R

4
, tbe lines mergeintoa pair band. A 

typical spectrum, type II due to sp-ZnGa' is shown in fig. 3. 
Up to now we have considered zero-pbonon transitions. If 

phonons are emitted to tbe lattice, tbe pboton energy is low
ered and in eq. (1) a term- k hwimust be added, in which 
hwi is the energy of the pbon6ns involved. In fig. 3, for ex
ample, replicas of the Sp-ZnGa zero-pbonon band are found in
vol ving pbonons with an energy of - 11, - 2 8 and - 49 me V. 

The transition probability W(R) decreases strongly with 
increasing R, due to the decreasing overlap of electron and 
hole wave functions. For the simple case of one strongly lo
calized and one shallow, hydragenie centre, Hoogenstraaten 
[331 and Thomas, Hopfield et al [351 derived tbe following 
expression for W(R)of zero-phonon transitions: 

W(R) = Wmexp(- R/a) (1) 

Here Wm is the probability extrapolated to R = 0 and a is a 
characteristic length. In the above case, a is equal to half 
the Bohr radius of the shallow centre; this is so since the 
transition probability i~ propor~ional to the square of tbe 
wave function of that centre. 

Although derived only for the case mentioned of one lo
calized and one shallow centre, eq. (2) is used ~or all kinds 
of pairs - notably those invalving two shallow eentres and 
thosein which there is strong pbonon cooperation. We have in
vestigated the validity of eq. (2) in some detail for these 
cases. We found that for all pairs in GaP investigated W(R) 

is given to a good approximation by [ 14-16] : 

(3) 

with a equal to half tbe Bohr radius of the less localized 
centre in the pair. Wm of eq. (2) is now divided into the 
contribution of the zero-pbonon transitions, WZP' and that 
of all transitions taking place with pbonon cooperation, tWPA' 
Here PA stands for phonon-assisted. The relative contributions 
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to Wm of WZP and IwPA depends on selection rules and the io
nization energy of the centres. In the selection rules, the 
romenturn conservation required because of the indirect band 
tlP in GaP plays an important role [37,38]. These aspects are 
discussed below in sections II.1.2 and II.2.1. In view of the 
above it is not surprising that wm ~s considered as a para
meter the value of which has to be ~etermined experimentally 
for most pairs. 

Eqs. (1) and (2) ara the basic pair equations; other 
propert.ies are derived farm these two, using in addition as
sumptions on e.g. the distribution in the crystal of donors 
and acceptors. This distribution is mostly taken to be random. 

In discussing the work on D-A pairs presented in this 
thesis it is convenient to give a classification of pair 
spectra in GaP. The classification presented bere is based 
on the difference observed in the relative strength of the 
zero-pbonon pair band and its pbonon :replicas, as a function 
of the site occupied by the donor and the ionization energy 
of the eentres involved. The donor-site is important because 
of the way momenturn is conserved in the transitions. The 
donors and acceptars as well as the experimental findings 
[2,5,13,16,36-40] are represented in figure 4. The numbers 
between brackets are the ionization energies in meV [ 171 • 
Depending on the centres, the luminescence is found in the 
yellow green, the red-orange or the infrared part of the 
spectrum. We have divided the eentres into "shallow" eentres 
and "deep" centres. Those having an ionization energy up to 
that of the donor SP (104.2 meV) are called "shallow", those 
with an energy at least equal to the donor Geaa (201.5 meV) 
are called "deep". This division is made in view of the 
pbonon cooperation observed in the spectra. 

We classify the pairs into three groups (cf. ref. [ 13] ), 

i) Pairs with a shallow donor on a Ga-site (Snaa•Siaa> and a 
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shallow acceptor (Cp, BeGa' MgGa' Znaa• CdGa>· These pairs 
show spectra with a weak zero-pbonon pair band and strong 
replicas of phonons, necessary to conserve momenturn in the 
optical transitions. These are the TAx• LAx and TOX vibra
tions. Here T stands for transverse, L for longitudinal, and 
X for the X-edge of the Brillouin zone- the lewest minimum 
of the conduction band being there, see fig. 1. The same 
phonons are found in, for instance, the absorption and lumi
nescence spectra of free [41,31 or weakly bound excitons [4-
81 • Pairs with the interstitial LiA-donor show similar spec
tra. LiA (int) therefore is called a Ga-site like donor [ 91 • 

ii) Pairs with a shallow donor on a P-site (Tep• Sep• SP) and 
the same shallow accepters as above. These pairs by contrast 
show spectra with a streng zero-pbonon pair band and relati
vely weak pbonon replicas. (their strength depende on the 
specific eentres involved [16) ). Pairs with the 'interstitial 
LiB-donor give similar results [~, so that LiB(int) is called 
a P-site like donor. Clearly in these pairs, invalving a 
donor on a P-site, no momenturn conserving phonons are needed 
in the transition. This drastic difference between pairs with 
a donor on a P-site or a Ga-site has been explained by Morgan 
using symmetry arguments [37,38]. He noted that the symmetry 
of electron states in GaP depends on the choice of a P-site 
or a Ga-site as the crigin in defining the group operations, 
and that the phase wave function of an electron bound to a 
donor on a P-site or a Ga-site have an anti-node ("high den
sitytt) or a node ("low densitytt) at the donor core respecti
vely. The three valleys of the conduction band in principle 
lead to a three-fold degenerate donor ground state (excluding 
electron spin). Morgan showed that, due to the above differ
ences,this degeneracy is lifted for a donor on a P-site, but 
is not lifted for a donor on a Ga-site. The high electron 
density at the core of a P-site donor leads to a splitting 
into a low lying one-fold degenerate s-like ground state, and 
a two-fold degenerate state. For donors like SP the splitting 
is about 50 meV [55). In descrihing the s-like ground state, 
wavefunctions from the lewest conduction band throughout the 
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Brillouin zone can be used, including those at k ~ o. (r1 , 
see • 1) These k ~ 0 states, wbich are present in signifi-
cant amounts because ED is a few times the hydragen-model 
energy of 38 meV [541 • lead to streng zero-pbonon transitions. 

By contrast, for a donor on a Ga-site, the wavefunction 
of the bound electron vanishes at the impurity site, and no 
k ~ 0 statea of the r 1 minimum are present [ 37,381 • As a re
sult, only weak zero-pbonon transitions occur. 

iii) Pairs with one deep and one shallow centre. The deep 
eentres are the donors Ge0a and OP and the acceptars Sip and 
Gep; The luminescence spectra of pairs invalving ~uch a deep 
centre are broad, due to streng pbonon cooperation. In the 
deep centre, the partiele is strongly bound. As a result of 
this strong binding there will be a significant difference 
in the equilibrium positions of the lattice atoms around the 
deep centre befere and after the transition. This causes a 
strong coupling of the lattice and tbe bound particle, lead
ing to strong pbonon cooperation in the pair transitions*), 

We have shown, however, that in pair spectra of' the above 
types (i), (ii) and (iii )the zero-pbonon pair band and its phonon 
replicas can nearly always be resolvedJ by using suitable ex
perimental techniques [13,16]. These techniques and the re
sults obtained are discussed in se ct ion I I. 2 .1. 

The discuesion of our work on D-A pairs is divided into 
three themes: 
1. Pbonon cooperation.(section II.2.1) 
2. Recombination kinetica and temperature dependence. 

(section II.2.2) 
3. The pboton energy of zero-pbonon pair transitions, i.e. 

eq. (1). (Sectionii.2.3) 
In II.2.1 the publications [131 and [16] are considered, 
pp. 43 to 48 and 97 to 142of this thesis; 

*)This is also found in the luminescence invalving other lo
calized eentres: isolated Op [ la, 111; Bip [ 10,421 , Mn [ 12] • 
and eentres invalving Cu [ 43] or Te ( 44] • 
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in II.2.2 these are [14-16], pp. 49 to142, and 
in II.2.3 this is ( 17], pp. 143 to 163. 

To be able to resolve zero-pbonon pair bands and their 
pbonon replicas one needs narrow pair bands and, of course, 
narrow replicas. Since the zero-pbonon pair band and its re
plicas have the same speetral shape, at least to a first 
approximation, it is sufficient to consider zero-pbonon 
bands. Due to the fact that both pboton energy and transition 
probability de'pend on R, the speetral position and half width 
of the pair band depend on the experimental conditions. Two 
techniques are especially suited to obtain narrow bands, na
mely the use of very low excitation densities [40,13,38] and 
the use of time-resolved spectroscopy [45,35,16]. 

We first examine what happens with a zero-pbonon pair 
band in the stationary state as a function of excitation 
density. In fig. 5 the pboton energy hv(R) is represented 
schematically as a function of R. The number of pairs per 
unit energy is N(R). We start with a low excitation density. 
The generated free holes and electrans are captured by io
nized acceptars or donors of the pairs respectively. Since 
N(R) increases with R4 the long distance pairs will capture 
most of the free carriers. (These pairs are favoured in addi
tion because the cross-section for capture of free carriers 
by the pairs increases about proportionally with R 2 [2,351 ). 
Tbe neutral pairs thus formed bave concentration N

0
(R). In 

Fig. 5. 
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the stationary state the capture rate is equa.l to the rate of 
radiative recombination, which is N

0
(R) x W{R). We consider 

pairs at R1 , see fig. 5, and increase the excitation.N
0

(R 1J 

increases also until all pairs at R
1 

have become neutral, 
N

0
(R 1J = N(R1 J, and the maximum possible recombination rate 

via the R1 channel is reached. Since W(R) decreases exponen
tially with R, this will also hold for pairs with a separa
tion larger than R1 . A further increase in excitation there
fore leads to the forced capture of carriers by shorter dis
tanee pairs, at R2 and R3 in fig. 5, and so on. The result 
is that with increasing excitation the pair band shifts to 
higher pboton energies and beoomes broader, as shown in fig. 
3. This goes on until all pairs are neutral. It will be clear 
that high excitation densities are required to observe the 

.short distance pair linea. On the other hand, very low exci
tation densities will result in a narrow luminescence band 
due to recombination of pairs at large separations, e.g. 100 
A or more. In itself, the use of low excitation to resolve 
phonon structure was known. We have used extremely low exci
.tation densities, however, and in this way found new phonon 
structure in several luminescence bands [ 131 • 

We n.ow consider the second technique, time-resolved 'spec
troscopy. This is also a known technique, but it has not been 
fully exploited in the search for phonon structure •. In time
resolved spectroscopy, pulses are used for the excitation, 
during which many pairs become neutral and start to recom
bine [351. Spectra are recorded at various delay times after 
the end of the pulse. Initially, a large contribution to the 
luminescence comes from the fast, short distance pairs. At 
sufficiently long delay times, most of these short distance 
pairs have decayed, however, leaving only the long distance 
pairs to luminesce. When using such long delay times, very 
narrow pair bands can be obtained. 

We have compared both techniques for pairs of the 
classes (i), (ii), and (iii), as defined in II.1.2. A spec
trum for SiGa-CP pairs (i), using low excitation, is shown 
in fig. 2 on p. 46 of this thesis, and a time-resolved spec
trum in the fig. 2 on p. 107. 
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Similarly, spectra for Sp-Cp pairs (ii) are shown in fig. 1 on 
p. 44 and fig. 4 on p. 1io, and spectra for Sp-Sip pairs (iii) 
in fig. 3 on p. 47 and fig. 1 on p.104. In each example, su
perior resolution is obtained in the time resolved spectrum, 
when a sufficiently long delay time is used. This finding is 
consistent with the results of theoretical considerations 
based on recombination roodels for the two techniques [ 16] . 

We thus conclude that time-resolved spectroscopy is the 
most suitable technique to examine pbonon cooperation in D-A 
pair luminescence. 

The results obtained on most pairs in GaP are summarized 
in table 1. In addition to replicas of the zero-pbonon pair 
band, those of individual pair lines are sametimes resolved, 
er. fig. 3 on p.108. These re!!mlts are also given in table 1. 

In the class (i} pairs invalving a donor on a Ga-site, 
the importance of momentum-conserving phonons is apparent. 
The energies of the X-edge phonons are the same as found from 
the spectra of weakly bound excitons. From such line spectra 
pbonon energies can be accurately determined, see e.g. table 
1 of ref. [5], in which TAx = 13.1 to 13.2 meV, LAx = 31.4 to 
31.8 meV and TOX = 45.2 to 45.5 meV. Once momenturn is con
served in the transition, additional pbonon cooperation in
volves only phonons of 49.5 meV having zero momentum. 

In all pairs of class (ii) and the Sp-Sip pairs of class 
(iii) the same phonons are found, namely TA (11 to 13 meV), 
LA (28 to 29.5 meV) and LO (- 48 to 50 meV). The energy and 
thus also the momenturn of these TA and LA phonons is very 
close to that of the oorreeponding X-edge phonons mentioned 
above. We therefore believe that these TA and LA phonons also 
in these pairs, invalving a donor on a P-site, conserve momen
turn in the transitions. Once momenturn is conserved by these 
phonons, additional pbonon cooperation again involves only 
optical phonons, having zero momentum. In addition, repli-
cas of the zero-pbonon pair band invalving this optical pbonon 
are observed. 

In the class (iii) pairs with the donor Op• a different 
vibration with an energy of - 20 meV is found. According to 
ref. [ 40] this is a localmode invalving the strongly loca
lized Op-centre. 



20 

Table 1. Phonon energies (meV) observed in the pair luminescence. 

Pair and li w
1 

(TA) liw
2

(LA) hw
3

(0) TAX 

class: 

Siaa-CP (i) 13 
(a) 49.5 (b) 13 

49.5 (b) 13. 3, 

SP-CP (ii) ~ 11 28.3 49.2 (c) 
28.5 49.5 

~ 12 29.5 49.0 
14 28.5 50 

Sep-cp ( ii) ~ 12 29.5 47.5 
12.8 28.8 47.7 

Tep-cp ( ii) 12.6 29.5 49.0 

Sp-Znaa (ii) - 11 28.4 48.8 

- 13 27.7 49.2 
50.0 

sp-Cdaa (ii) - 12 28 49.2 
- 12 28 49.8 

Sp-Sip (iii) ~11 -26 50 
13 28 50 

OP-CP (iii) 19.5 (d) 47 
20.0 47.5 

0p-ZnGa (iii) 19.5 (d) 47 
20.0 47.5 

oP-cdGa (iii) 19.5 (dl 47 

LE: continuous excitation of low intensity, 
TRS: time-resolved spectroscopy. 

LAX TOX experimen-
tal method 
and refer,.. 
ence 

31 44 LE [38] 
31 45 LE [ 13] 

31.3 45.6 TRS [ 16l' 
31.5 lines [ 16] 

LE [ 13] 
LE [ 42] 
TRS [ 16] 
TRS I 451 

LE [ .13) 
TRS [ 16] 

TRS I 161 

LE [ 13] 
TRS I 16] 
lines ( 16] ; 

fig.3 

LE [ 13] 
TRS I 16] 

LE I 131 
TRS ( 16] 

LE [ 401 
TRS [ 151 

LE 40 
TRS 16 

LE I 401 

lines: phonon replica observed for the individualpair lines. 
(al Similar phonon cooperation is found in other shallow pairs with a 

donor on a Ga-site, see e.g. [ 2,5,38) ., 
(b) Only in combination with a TAx• LAx or TOx vibration. 
(e) The optical phonon was already reported for shallow pairs by many 

authors. see e.g. I 36]. 
(d) According to 140), this is alocal mode. 
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An elaborate treatment of the kinetics of radiative 
recombination at randomly distributed donors and accepters 

has been given by Thomas, Hopfield, and Augustyniak [ 351 • The 
electron and hole, once trapped, decay only radiatively. 
Thermal quenching of the luminescence, due to the thermal 
escape of trapped carriers is not considered. A linearized 
treatment of recombination kinetics, including thermal 
quenching, was given by van der Does de Bye [ 471 • 

Thomas et al. derived formulae for the decay with time 
of j:;he luminescence intensity of the integral pair band ( 11 In
tegral band decay") and also for the shape of time-resolved 
spectra as a function of the delay time after the end of the 
excitation pulse. In the latter calculations all pairs are 
assumed to be initially neutral (all pairs saturated). For 
the band-decay, the influence of non-saturation was also con
sidered, however. Such an influence exists, because the cross
sectien for the capture of free carriers by a pair increases 
with R, approximately as R2 [351. 
Indeveloping the theory, the dependenee on R of pboton ener
gy hv(R) and transition probability W(R) has to be specified. 
Thomas et al. used eq. (1) with 6E(RJ = 0 for hv(R). The pre
cise form of W(RJ need not be known in deriving the formulae, 
the only demand being a sufficiently fast decrease with R. 

Most workers use the simple exponential dependenee on R of 
eq. (2). The decay with time of the integral pair band is net 
exponential, since it is the sum of many decays having decay 
rates varying with.R. If eq. (2) is used for W(RJ, only two 
adjustable parameters determine the decay of the integral 
band, however, namely W and N•a 3 ; Nis the concentratien of m 
the majority dopant*). Using these two parameters it indeed 
proved possible to fit theoretical curves to the experimental 
data for Sp-cp pairs satisfactorily over about 10 decades in 

intensity [351. The fitting procedure todetermine the para-

*)we discuss the case of all pairs being initially neutral. 
The decay for ND = NA, which has also been treated theore
tically [ 33,351, is not considered here. 
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meters Wm and N•a 3 is now commonly used in integral band de
cay studies. The shape and relative intensity of time-resolved 
spectra as a function of the delay time is also determined by 
these parameters. (For the shape, Wm and a are sufficient). 
Thus, neglecting thermal quenching, a knowledge of Wm, a and 
N seems sufficient to characterize the recombination kinetica 
of pairs in a crystal with majority dope concentratien N. 

One may ask: what remains to be done, except for a de
termination of the parameters mentioned? 
In our view some fundamental questions were not answered, 
however, when we started our work on D~A pairs*) 
i. Eq. (2), the exponential form of W(R) had been derived on
ly for zero-pbonon transitions in pairs with one strongly lo
calized and one shallow centre. Does it hold also if two 
shallow eentres are involved, e.g. for Sp-Cp pairs? 
ii. It is permissible to divide wm of eq. (2) into the sepa
rate contributions WZP and IwPA' as is done in eq. (3)? 
iii. If eq. (2) holds indeed for pairs witb two sballow een
tres, does the spatial extent of tbe less localized centre 
influence tbe value of a in eq. (2)? 

We have investigated these points for pairs in GaP and, 
in the course of tbis investigation, gatbered data on a, Wm 

and -see eq. (3)- on WZP' These are of interest in relation 
to the selection rules and momenturn conservation mentioned 
previously in sections II.1.2 and II.2.1. These data are in 
addition used in a quantitative analysis of the tbermal 
quenching of tbe Sp-Sip pair luminescence. 

We now first discues in sub-section A tbe questions i, 
ii, and iii with regard to eq. (2) -i.e. W(R) and its R-depen
dence-, tben in sub-section B the values of wm and Wzp• and 
finally in sub-section C tbe thermal quenching. 

A. W(R) and its R-dependenae. 

For pairs with strong zero-pbonon transitions it is pos
sible to measure W(R) directly [141. Pairs meeting this re-

•)we have already used some results of our work to be dis
cuseed bere in presenting eqs. (2) and (3). 
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quirement are those of class (ii), see II.1.2, that is shallow 

pairs wi th a donor on a P-site. We have measured W(R) for sp-Cp• 

Sp-ZnGa and Sp-CdGa pairs for R ranging from - 10 up to 40 to 
60 A [14] • This was done by determining the decay rate of the 

pairs as a function of R. For isolated pairs this decay 
should be exponential with time, the decay time T(R) being 

the reciprocal of W(R). Forshort distance pairs with R up to 

15-20 A the decay was indeed exponential, but at larger pair 
distances this was not the case. This problem was solved in a 

pragmatic way by approximating the experimental decay curve 

by a sum of exponentials. It was found that one or two expo

nentials contained a large part of the total light sum of the 

decay curve. The decay time of these exponentials was taken 

to be cha.racteristic for the pair separation considered. We 
have no definite explanation for the non-exponential decay 

curves at the longer distances. 

The results thus obtained for the Sp-Cp• SP-ZnGa and 
SP-CdGa pairs are shown in fig. 1 on p.54. For each pair the 
decay time increases exponentially with R. This finding shows 

that to a first approximat.ion -and in the limited R-range 

studied- W(R) for these shallow pairs is indeed described by 
eq. (2). This is a provisional answer to question i. 

In these experiments we also considered question ii. The 

division of wm into a WZP and a LWPA as done in eq. (3) is 
allowed only if for each value of R the zero-pbonon and 

phonon-assisted transitions have the same relative strength. 

If this is the case, the decay with time at a given value of 
R should be the same for zero-pbonon and phonon-assisted tran

sitions. We have checked for Sp-ZnGa pairs that this indeed 
is true [14]. Other arguments for this are: the observed si

multaneous narrowing of zero-pbonon bands and their replicas 

with decreasing excitation densities or with increasing delay 
times in time-resolved spectroscopy, and the fact that essen
tially identical pbonon energies are found for replicas of 
isolated pair lines and the pair band - irrespective of the 

experimental conditions. 
We now turn to question iii. 

The experiments described above give directly values for Wm 



and a for the pairs considered. The a-values found are 9.1, 

7.7 and 7.0 A for the Sp-Cp• sp-zn0a and Sp-Cdaa pairs res
pectively. These have to be compared with half the Bohr radius 
of the less localized centre, i.e. the one having the larger 
radius. The formula used to calculate the Bohr radii RD and 
RA of donors and accepters [2,351 is eq. (3) given on p.70; 
the parameters are the effective-mass of electron and hole, 
m: and mh respectively, and ED and EA. The value of m

8 
is not 

accurately known, but a commonly used estimate is 0.36-0.40 
m

0
• When using these values of m! and m~ we find that for 

the three pairs mentioned a exceeds half the larger Bohr ra
dius by about 25% [14,161. Two explanations are now possible. 
The first is that the value of a for these shallow pairs is 
indeed enlarged by the spatial extent of the more localized 
centre in the pair. In the photon energy of the short dis
tanee pair linea such an influence exists, as apparent from 
the values found for AE(R) in eq. (1) [171. The second ex-
planation is, that in reality the values of the Bohr radius 
of the less localized eentres are about 25% larger than the 
ones calculated above. For the present pairs this would mean 
a larger acceptor radius; this is feasible in view of the 
uncertainty in mh. 
We have investigated this both experimèntally and by consider
ing Novotny's ca.lculations [ 48] on the R-dependence of W(R). 

The results, summarized below, are reported in detail in ref. 
[ 151, pp. 63 to 95 of this thesis; 

We start with Novotny's calculations, in which the Bohr 
radii of both the donor and the acceptor are parameters. These 
calculations were performed for direct transitions, a case we 
are not dealing with here. We know of no similar work for 
indirect transitions. Since the momenturn conservation, as rè
quired in indirect transitions, is not taken into account by 
Novotny, .his reemlts on the functional dependenee of W(R) on 
R in general will not hold for our case. We use his results 
nevertheless to gain some insight into the possible influ
ence on a of the spatial extent of the more localized centre. 
(A more detailed discuesion of this point is given on p.70 ) 
We find that Novotny's W(R) is not exponential in the case 
of two shallow centres; this is shown in fig. 1 on p. 72 • In 
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a limited range of R, W(RJ is approximately exponential, how
ever, and, for such an R-range, theoretical "effective values" 
of a can be obtained. These effective values are compared with 

the experimental data on a for the SP-CP, Sp-ZnGa and Sp-CdGa 
pairs mentioned. This pair series was completed by measuring 
the value of a for Sp-Sip pairs, which involve the deep accep
tor Sip• For these pairs a is 5.2-5. 7 A [ 15,161. In this com
parison, the acceptor Bohr radius as calculated with the 
common estimate of mh = o. 36 to 0. 40 m

0 
was used. The com

parison, made in fig. 2 on p. 74, shows that the experimen
tal values of a for this pair series can indeed be explained 
by taking the spatial extent of the more localized centre in
te account. This finding implies a non-exponential W(R) for 
pairs with two shallow centres. Now it is known, that the 
decay with time of the integral pair band as well as the 
shift of the maximum of the zero-pbonon pair band as a runc
tion of delay time in time-resolved spectroscopy can be ex
plained by using the simple exponential dependenee of W(R) 

[35,15]. Is it possible to explain these data also with the 
non-exponential W(R) and the parameters used in fig. 2 on 
p.74 ? This is indeed found to be the case. 

We thus have an internally consistant description of 
the experimental data for the above pair series, based on 
the influence on a of the more localized centre in the pair. 
Using the existing experimental data, it is not possible to 
decide whether this description i.f; indeed the correct one, 
however, or whether the second explanation -involving larger 
acceptor radii• is the correct one. 

The key-experiment to decide between these two explana
tions is to cernpare the value of a for pairs with the same 
shallow acceptor, say CP or ZnGa' but with a strongly loca
lized donor like Op next to the shallow donor SP. For pairs 
involving the donor Op, a will be equal to half the acceptor 
radius. If indeed a is larger than half this acceptor radius 
when the donor is also shallow, the value of a for OP-CP 
pairs should be- 25% smaller than that of Sp-Cp pairs. If, 
on the other hand, the second explanation is correct, the 

values of a for Sp-cp and OP-CP pairs or Sp-zn0a and OP-zn0a 
pairs should be equal. 
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We have been able to make the accurate comparison of a 

for these pairs, needed to decide between the two possibili
ties. This was done by combining data on Wm• obtained from 
the integral band decay, with a quantitative analysis of the 
peak energy of the zero-phonon pair band in time-resolved 
spectroscopy. The result was: there is no difference in the 
values of a for pairs involving the same acceptor but the 
donor SP or Op• From this finding the following conclusions 
can be drawn: 
a) The Bohr radius of the accepters is significantly larger 
than calculated with mh = 0.36 to 0.40 m

0
; they eerreapond 

to a mh of 0.25 m
0

• 

b) Th ere is toa first approximation no influence on the shape 
of the R-dependence of W(R) of the spatial extent of the more 
localized centre. 
c) The experimental results are well described by an exponen
tial W(R) with a equal to half the Bohr radius of the less 
localized centre of the pair. This is shown in fig. 6 on p .90. 

The conclusions (b) and (c) are in contrast to the re
sults of the calculations of Novotny and to our experimental 
findings for the ~E(R) term of eq. (1) [17,151. We have con
nected them with the momenturn conservation as required in the 
present indirect transitions. In first approximation this 
takes place through the central core of the donor, as out
lined in sectien II.1.2. This implies that the transition 
probability arises mainly from the density of the electron 
and hole at this central core. This in turn explains why 
there is hardly any influence on a of the spatial extent of 
the donor wavefunction. The data on Bohr radii and a are 
summarized in table 2. 

These are the main results obtained from our investiga
tions on the R-dependence of W(R). We come now to the secend 
subject: the value of wm and WZP' see table 2. 

B. The totat and zero-phonon transition probabititiee. 

The values of wm• Wzp and a in table 2 were partly 
measured directly [141 • and partly determined from time-re-
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Table 2. Data on Bohr radii and parameters of eq. (3). 

pair RD(A) RA(A) a (A) 

: m (:~1: ,,:,J- ,";P~~~1~14i I --··-- ···-·-·~-- I 

SP-CP 10.4 18.2 g.1 [ 1 !; > 15] 5 

Sp-ZnGa 10.4 15.8. 7.7 [ 141 
-

6 x 105 I 141 -4 xll5[14J 

-
Sp-CdGa 10.4 12.7 7.0 [ 141 5 x 105 [ 14) -3 x l5 [ 14) 

sP-siP 10.4 8.7 5.2 { 16) - 4 x 15 [ 16] -3 x 10ij i~ 
-5.7 [ 151 

Si0a-SiF 11.7 8.7 4.7-6.0[16] - 3 x 10::> [ 161 -4 x 10) [ 16] 
• 

SiGa-CP 11.7 18.2 -g.1 [ 161 - 1 x 105 [ 161 -4 x 103 [ 161 

TeP-cP 11..2 18.2 - 4 x 105 [ 16) - 9 x 10 11 [ 161 

oP-cP -3.5 15.8 9.1 [ 151 -15 x 10 5 [ 161 -8 x 10 11 [ 161 

0p-ZnGa -3.5 15.8 7·7 [ 15] -15 x 105 [ 161 -8 x 10 11 [ 16] 
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sol ved spectra and the decay of the integral band ( 15,16, 351 • 
In the latter case account was taken of the incomplete satu
ration of the pairs during excitation by the argon-ion laser. 

The values of WZP are obtained by multiplying Wm by the ratio 
of the area of the zero-pbonon pair band to that of the total 
luminescence spectrum. 

Wm ranges from 1 to 15 x 105s-1, 
site and depth of the eentres involved 

irrespective of the 
and of the strength 

of pbonon cooperation; apparently this range of Wm is repre
sentative for GaP. These values are similar to those found 
for pairs in other indirect band gap semiconductors and -as 
expected- are significantly lower than in direct band gap 
materials:- 1 - 40 x 107s-1 , see table 5 of ref. [21. To 
find a possible influence on the transition probability of 
momenturn conservation and overlap of the donor and acceptor 
wave functions 
- 4 x 103s-1 

for shallow 
systematically 

we also consider wzp• Its value varies from 
for pairs with the donor to - 4 x 105s-1 

with the donor SP. All data on WZP are 
compared on P·127· We find that by considering 

the site occupied by the donor and the amount of localization 
of the eentres involved, most observations can 
be qualitatively explained. 
A major result is,that the factor of 20 to 100 difference found 

in W ZP for shallow pairs wi th a donor on a Ga-si te or a donor 
on a P-site shows that the ideas of Morgan ( 37,381 (section 
II.1.2)on the difference in momenturn conservation in pairs 
involving these donors are indeed correct. 

C. Thermal quenohing of pair lumineacence. 

As a last aspect in the recombination kinetica we stu

died the thermal quenching of the Sp-Sip pair luminescence 
and analysed the data using the linear model of van der Does 
de Bye [ 471 . The experimental results and the model are· shown 

in fig. 8 on P·135· In this model, the luminescence intensity 
and concentrations of free and trapped minority carriers are 
taken to vary linearly with excitation density. It can ac.count 
satisfactorily for the observed thermal quenching. We applied 
the model also to literature data on thermal quenching of 
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Sp-Cp pair luminescence. By using in addition the previously 
determined transition rates for Sp-Sip and Sp-Cp pairs, 
trapping rate constante for hole capture by the Sip and CP 
acceptars in the pairs are derived and briefly discussed. The 
results are - 10-9cm3s - 1 for both acceptors. This corres
ponds toa capture cross-section of about 1o-16 cm2 • The de
tails of this analysis are given on p. 135. 

II.2.3 !b~-~~Y!~~i2~-2f-~b~_Eb2~2~-~~~~g~-f~9!!!_!h~-Q2Y12!!!Q 
~~~tgL'li.~~!!! 

Before being able to discuss the deviation of the pbo
ton energy from the Coulomb energy term, one first bas to 
consider the Coulomb energy itself. We therefore briefly 
sketch the situation before we started to investigate this 
subject. 

The basis for the analysis of experimental pboton ener
gies of zero-phonon pair lines is eq. (1 ). At "large" pair 
separation, aE(R) in eq. (1) is normally assumed to be negli
gible and a fitting of experimental data to the Coulomb term 
in eq. (1), using a known value of e, allows one todetermine 

hv(ooJ =Eg - (ED+EA). If Eg and ED or EA of one centre is 
known, other values of ED and EA can be accurately determined. 

This procedure has been applied to many pair spectra [ 2,5, 36,39, 
40]. In this fitting procedure there are two weak points, 
however: one has to know e rather accurately and one has to 
be sure that óE(R) can indeed be neglected. The first point 
can be solved in principle by determining e from such pair 
spectra in an R-region where óE(R) is negligible. By fittdng 
the pair data to the Coulomb energy term in eq. (1) both e 
and hv(oo) can then be found. Patriek and Dean have followed 
this idea using OP-CP pairs. They used an R-range of 8.6 to 
20.4 A and found e to be 10.75 ± 0.1 at 1.6 K [49]. Although 
óE(R) for pairs with one deep centre is thought to be small, 

one may doubt whether this also is the case at such 
small pair separations. This is crucial, because a small but 
R-dependent óE(R) can be almost compensated for by a slightly 
different choice of e and hv(oo), This would lead to the in
correct conclusion that 6E(R) is negligible, and thus to in-
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correct values of E and hv(oo). To give an example: a differ
ence of 1% in E at 8.6 A gives a 6E(R) of 1.5 meV. In GaP this 

is already of importance, especially if one wants to study 
6E(R). In fact this illustrates the problem qne is facing when 

consictering in the usual way data on pair lines up to, say, 

R ~ 30 A: to be able to analyse these data one needs E; the 

best way to obtain an accurate value of E is to use pair data 
in an R-region where 6E(R) = a, but one can only decide 

whether this is really true when E is accurately known. There
fore, in our investigation on 6E(R) there were two matters to 

be considered: 

i) No careful analysis existed of the determination of E and 
hv(oo) from pair spectra in GaP, and 

ii)We wanted to test experimentally some roodels in use for 
6E(R). 

The results [ 171 are presented on pp.143 to 163of this thesis. 
We first had to determine E from an R-region where 6E(R) 

= 0. Again OP-CP pairs were used for this purpose, but the 
photon energy was now considered up to R ~ 70 A, The roodels 
available for 6E(R), to be discussed below, indicated that 
6E(R) should indeed be negligible at such large pair separa

tions. An analysis up to R ~ 70 A proved possible because at 

this value of R structure can still be observed experimentally. 

It was found that by using computer simulation of spectra the 
experimental structure could essentially be reproduced, see 
fig. 1 on p. 146. This made it possible to conneet photon 

energy and pair separation also in the R-region where no in
dividual pair lines can be resolved. Using this simulation 

technique, we obtained from accurate data on OP-CP pairs a 
new value of E at 1.6 K, 11.02 ± 0.05, and a new value of 
hv(oo), 1.3966 eV. Using these values and 6E(R) = 0 the experi
mentalpair energy could bedescribed to within ± 0.4 meV for 

17 A~ R ~ 70 A, see fig. 2 on p.151. We thus concluded that 

6E(R) can indeed be neglected in this R-region. When using 

the same range in R as Patriek and Dean [ 49] , we found "E" = 
10.7, in good agreement with their result. Since the hv(oo) of 

OP-CP pairs and E are now accurately known, 6E(R) can be deter
mined. It is found to be positive for R ~ 17 A, see fig. 2 on 
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p. 151. 
In addition to the OP-CP pairs involving a deep donor, 

we investigated the shallow SP-CP pairs up to R ~ 70 A with 

the simulation technique. For these pairs we found löE(R) I to 

be smaller than 0.2 meV for R exceeding 40 A and to be nega

tive forsmaller separations, see fig. 3 on p.152.The data 

available for other pairs in GaP indicate that generally óE(R) 

is negative, except for pairs involving the donor OP. 

Two roodels are mainly in use for óE(R): 

a van der Waals interaction energy varying with R6 , introduced 
by Hoogenstraaten 1331, and a model due to Williams and re

fined by Mehrkam and Williams [341. The latter authors con

sider electrastatic interactions between the positive donor 
and negative acceptor cores and the moving electron and hole, 

see fig. 4 on p .. 153 .The van der vlaals interaction leads to a 

negative óE(RJ, whereas the model of Williams and Mehrkam 
gives a negative óE(R) forshort distancesand a positive 
óE(R) for large distances. The sign reversal occurs roughly 
at R equal to one or two times the smaller Bohr radius of the 

donor and acceptor involved, see fig. 3 on p. 152 and fig. 5 

on p. 156. 
We have discussed the roodels and the comparison with ex

periment in some detail, and concluded that they do not pro
vide a satisfactorily explanation for the experimental data*), 

These conclusions are in contradietien to those of Dean on the 

van der Waals energy 121 and of Mehrkam and Williams on their 

model [ 341. The latter authors discussed mainly the óE(R) of 
shallow pairs, and in our view came to incorrect conclusions 

because of the use of incorrect values of E and hv(oo), Dean 
[ 21 uses the R-6 law for R .$ 25 A, but at. these short dis
tances the R-6 law is no longer valid for s·hallow pairs. 

A further theoretical treatment of óE(R) along the lines 

of that given by Mehrkam and Williams, but by taking full 
account of (van der Waals) polarization seems the most pro-

*)In ref. [141 we still thought the model of Williams to be 
applicable, but at that time incorrect values of E and hv(oo) 
were used. The influence of the new, larger Bohr radius of accep
tors on the discussion of óE(R) for Op-Cp pairs is briefly 
considered in ref. [ 171 ; see p. 92. 
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one. In the case of pairs with the strongly localized 
donor Op, additional effects have to be considered, however, 
such as a local distortien of the lattice and deviations from 
the continuurn model used. 

Finally, the new value of €, together with new data on 
some pairs, results in a revision of the values of ED and EA 
obtained from pair spectra. A table is given on p.158. 

III. EXCITONS BOUND TO NEUTRAL DONORS OR ACCEPTORS 

III.1 êQID~_2r~Y~Q~§_!~§~1~~ 

The idea that an exciton, an electron-hole pair bound 
together by Coulomb forces, may bind to an impurity 
in a semiconductor to give a bound state was put forward by 
Lampert (1958) I 50], as an extension of the free-exciton con
cept. Proof of the existence of such "bound exciton complexes" 
was obtained by Haynes (1960) from photoluminescence studies 
at 25 Kon Si [511. He found that theexciton localication 
energy Eb (i.e. the difference in energy between the free and 
bound exciton statea) of excitons bound to neutral donors or 
accepters increased with increasing donor or acceptor ioniza
tion energy ED or EA' Eb being about 0.1 times ED A" Since 
then, the luminescence and absorption processes i~volvipg 
bound excitons have been studied in many compounds. 

The first paper dealing in some detail with the lumines
cence of excitons in GaP (Thomas, Gershenzon and Hopfield, 
1963, [ 4]), described the so called A, B and C linea. Earlier 
observations of such linea are known, however. The A, B linea 
are now known to involve the isoelectronic Np centre [ 101 • The 
C line was identified with excitons bound to neutral Sp donors 
[ 4] • 

This bound exciton luminescence even at 1.6 K has a very 
10"'1 quanturn efficiency, due to a non-radiative process within 
the complex. This has been discovered [52] by oomparing the 
purely radiative decay time, calculated from absorption data, 
and the actual decay time of the luminescence. These times 
differed by more than two orders of magnitude, namely - 6 ~sec 
[52,71 and- 21 nsec [521 respectively. The explanation in
volves an Auger process. The complex consiste of the positive 
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donor core, a hole and two electrons. Most of the excitons 
decaying do not emit a photon, but eject the second (Auger) 
electron into the conduction band. Related to the above non
radiative Auger process are the "two-electron transitions", 
in which the exciton decays radiatively, but leaves the donor 
in an excited state [ 531 . Now only part of the exciton energy 
is used to emit a photon. Such spectra can be used to obtain 
a rather accurate value for E

0
• For the calculation of E

0
, 

results from infrared absorption data are preferably used, 
however, when available [541. 

The "normal" luminescence and absorption spectra of ex
citons bound to the P-site donors Te, Se and S have been 
further investigated by Dean [4b1. He also discussed the re
latively weak pbonon cooperation. 

III. 2 !:l~"!:!-!!~~2.t!:!L2Ll?2B!:!!L~~~tl~.Q!:!~.~-!!!Y21Y!!!e:_~h!Lg2!!2r_ê!aa 

2Lê:tLê:2.2.~~~Qt 

The main aim of our work on excitons was to find spectra 
related to the common donor Siaa and the common acceptors CP, 
Znaa and Cdaa· For these bound excitons we have considered 
the exciton localization energy, the cooperation of momenturn 
conserving phonons and the oscillator strength of absorption 
lines. From the oscillator strength, the intrinsic radiative 
lifetime was calculated. By oomparing this lifetime with the 
luminescence decay time, we deduced the presence of a radia
tionless process within the complex. Our results for the donor 
SiGa are reported in ref. [ 81 , pp .165 to 176 of this thesis, and 
those for the acceptors in ref. [ n, pp .177 to 197. 

At about the same time, Dean and coworkers have investi
gated in detail the spectra of excitons bound to neutral ac
ceptors [61 and toanother donor on a Ga-site, namely Snaa 
[ 51 • The main results for the spectra related to acceptors of 
refs. [61 and [71 are similar. In the case of CP and ZnGa' the 
luminescence spectra of Dean et al [61 showed finer structure 
than ours [71. This is due totheuse of crystals grown in 
different ways and possibly also due to different dope concen
trations. Dean et al. used mainly the PH

3
/Ga growth technique 

-see p. 6 , metbod iv; we used mainly vapour phase epitaxy-
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see p. 7 , methad v. The latter samples are larger but may 
have more strain than the farmer; this strain leads to line 
broadening and thus sametimes to loss of structure. In the 
review of our results we make camparisans with the results 
of refs. [5,61 when required. 

The luminescence we have identified with excitons bound 
to neutral SiGa-donors was known for some time, but the in
volvement of Si -though suspected- was not yet proven. The 
identification in addition is complicated by the fact that 
one has to decide between SiGa-donors and Sip-acceptors, 
assuming a point defect to be involved as in most other exci
tons. This complication and the fact that SP-donors are al
ways present require a careful selection of Si-doped crystals. 
The metbod used to select them, and our conclusions on the 
degeneracy of the ground state of the SiGa-donor will be 
dealt with first. 

i) Selection of Si-doped samples and the ground state degene

racy of the SiGa-donor. 
In section II.1.2 we noted that according to Morgan [ 371 , the 

ground state degeneracy of a donor on a Ga-site should be six
fold (including electron spin), and fora donor on a P-site 
should be two-fold. Theoretically there is thus a factor of 
three difference in the degeneracy of the lowest statea of 
these two types of donors, a conclusion one would like to 
verify experimentally. This can be done by determining from 
Hall-effect data as a tunetion of temperature, the ratio of 
the effective density of statea of the conduction band and 
the donor ground state degeneracy, in samples doped only with 
a P-site donor like SP or doped only with a Ga-site donor 
like SiGa [ 8] • 

The problem now to be solved is to select crystals "doped 
only" with either SP donors or SiGa donors. As is described 
on p.166 to 171, such a selection is possible by combining 
data on the concentratien of neutral Sp-donors, obtained from 
the integrated absorption strength of excitons bound to these 
donors, the free carrier concentratien at 300 K and, finally, 
the donor ionization energy as derived from the Hall-effect 
measurements. 
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Using samples thus selected, we have indeed found expe
rimentally a factor of three difference in the ground state 
degeneracy of the Si0a-donor and that of the Sp-donor. It is 
true that from the exciton spectra of the Si0a-donor a 0.6 
meV splitting of the ground state is inferred, but this small 
splitting is not effecti ve in the temperature range used in 
the Hall-effect measurements. 

ii) The actual identification of the spectra. 
We made the identification of spectra with impurities 

by oomparing luminescence and absorption spectra and by using 
chemical evidence. The absorption was measured on Si doped 
n-type crystals [ 8] and on C, Zn or Cd doped p-type crystals [ 7l • At 
low temperature these samples contain neutral Siaa donors 
and neutral CP, Zn0a or CdGa acceptors, respectively, a pre
requisite to find absorption involving these neutral centres. 
The absorption increased with increasing doping level. The 
zero-pbonon absorption and luminescence transitions were found 
at the same pboton energy; these transitions are weak with 
respect to the replicas invalving momenturn conserving phonons, 
in contrast to the exciton spectra involving P-site donors 
[ 4] • The phonon replicas show mirror symmetry in absorption 
and emission with respect to the zero-phonon linea, both in 
photon energy and relative intensity. We recorded lumines
cence spectra at several temperatures, in order to detect also 
lines from higher exciton statea already observed in absorp
tion. 
In ref. [6] Zeeman data were used in addition to show that 
neutral acceptars are involved in the luminescence. 

The present exciton spectra show several zero-phonon 
lines with comparable oscillator strength. Combining our re
sults on absorption and luminescence with the results of [6], 

we even come to 11 lines in the case of the CP acceptor. This 
is a noteworthy difference as compared with the exciton spec
tra of the donors on P-sites Te, Se and s, which show one 
strong zero-pbonon line [ 4] • Although the origin of these 
many linea is not understood in detail, we believe the dif
ference to come at least partly from the difference in exci-
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ton degeneracy between those bound to donors on P-sites on 
the one hand and to donors on Ga-sites and accepters on the 
other hand. The ground state of a donor on a P-site is two
fold degenerate. When adding an electron-hole pair, the elec
tron spins combine to s = 0 leaving for the bound exciton the 
four-fold degeneracy of the hole, which can e.g. be lifted by 
a magnetic field. The above coupling scheme leads to one zero

pbonon line for the excitons bound to Tep, Sep and SP donors 
[ 4] • 

The spectra of the donors on Ga-sites Sn and Si are very 
similar. The six-fold degeneracy of a Ga-site donor, not lif
ted by valley-orbit interaction, is found to split by spin
orbit interaction into a two-fold and a four-fold degenerate 
state. The splittingis 2.1 meV for SnGa [5] and 0.6 meV for 

Siaa [ 8] • This leads to a series of doublets in the lumines
cence spectra. When adding an electron-hole pair, signifi
cantly more possibilities for coupling of the electron states 
exist than for P-site donors, and more zero-pbonon lines will 
be found. 

In the case of excitons bound to accepters several zero
pbonon lines arealso found. In ref. [6] a coupling scheme 
for the two holes and the electron is given which leads to a 
maximum of 12 lines. No detailed identification of the lines 
observed in the spectra can be made, however. 

iii) Exciton localization energy. 
In calculating the exciton localization energy Eb, one 

normally uses the line with the lowest pboton energy. It does 

not follow Haynes rule, Eb= BDE Dor Eb = B AE A. This can be se en 
from fig. 9 on.p.192, in which theEbof excitons involving 
donors as well as accepters is plotted as a function of the 
ratio of ED or EA to the hydrogen-model (effective-mass) e
nergy of donor or acceptor, E (DJ or E (A), respectively*). em em 
The increase of Eb is much steeper for donors than for accep-
tors. A further difference between donors and accepters is 

the value of Eb when extrapolating to zero ED and EA: Eb is 

*)In this figure we used for E?m(A) the value then believed 
to be correct; we now know it to be smaller, see section 
II.2.2. This does not affect the conclusions on Eb, however. 
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negative for donors and positive for acceptors. 
The more general form of the Haynes rule 

(4) 

as apparent from fig. 9 on p.192 and ref. [6], was recently 
qualitatively discuseed [ 91. Eq. (4) was related to the ratio 
of electron and hole effective masses m; and mh' For GaP the 
model used [91 requires m!lmh > 1, which is indeed found when 
using mh = 0.25 m

0 
as obtained in II.2.2 and m; = 0.34 m

0 
[ 15] • 

iv) Pbonon cooperation. 
The relative intensity of a zero-pbonon line with res

pect to all pbonon replicas is plotted in tbe upper part of 

fig. 9 as a function of ED AlE (D~A). Tbe idea of doing so 
~ em 

was that excitons bound to effective mass-like impurities 
will strongly reflect the properties of free excitons and 
thus will have weak zero-pbonon transitions and strong 
cas invalving momenturn conserving phonons, whereas an in
creased localization of the donor electron or acceptor hole 
would lead to an increasing relative strength of the zero
pbonon line(s) [ 4a]. This is indeed found to be so, see fig. 
9. In this figure, donors and accepters follow tbe same trend, 
irrespective of tbe site occupied. When using the new value 
for Eem(A) of section II.2.2, tbis is no langer tbe case, 
however, although the relative zero-pbonon intensity still 
increases witb increasing ionization energy. 

In tbe pair spectra a large difference in strength of 
tbe zero-pbonon pair band is found between pairs witb the 
donor on a Ga-site or a P-site. One may ask wbether a similar 
difference is found in tbe spectra of bound excitons. In our 
view tbere is no compelling experimental evidence for sucb a 
site-effect. Thi.s is contrary to tbe apinion in ref. [ 6] , but 
the model presented there does nat quantitatively explain the 
trend observed in tbe relative zero-pbonon intensities. The 
discrepancy is especially large for the weakly bound excitons. 
We believe that the relative strength of the zero-pbonon tran
sitions can only be explained in combination witb a quantita-
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tive account of Eb. 

v) Oscillator strength, radiative and non-radiative lifetime. 
Tbe oscillatorstrengthof a zero-pbonon line, fzp(l), 

tbat of this line including its pbonon replicas, f(l) and tbe 

oscillator strength ftot of all absorption lines are summar
ized forsome bound exciton complexes in table 3 of [71 • see 
p. 190. For the excitons bound to tbe donor s~8 or the acceptor 
CP' ZnQa or Cdaa• ftot cornea mainly from tbe pbonon replicas. 
This is in contrast to the findings for the donors Tep• Sep 
and Sp• where ftot cornea mainly from the zero-pbonon transi
tiort. For all exciton complexes of table 3, ftot is of the 
same order of magnitude, however, namely - 7 x 10-5 to - 6 x 
10-4 • 

Tbe radiative lifetime calculated from f(l) for the 
excitons involving the donor SiGa or the acceptors CP, ZnGa 
or CdGa variesfrom- 250 to ~ 4 ~sec. 
The actual decay time of the luminescence from these exciton 
transitions at 1.6 K was found to be ~ ~ ~sec, however, this 
value being the limit of the equipment then in use. Neverthe
less, this result is sufficient to be able to conclude that 
in these bound exciton complexes an intrinsic non-radiative 
process must exist, just as bas been found for the exciton 
bound to the neutral donor Sp· 

Dean et al [6] have determined more precisely the decay 
time of the luminescence of excitons bound to acceptors, and 
found it to vary strongly with EA, namely from 280 nsec for 
CP to 14 nsec for CdGa' This in fact is the lifetime of the 
non-radiative process; this lifetime is found to vary with 
EA to the power -4.5. A simple model [6] results in a power 
of -4, in good agreement. 

The presence of an intrinsic non-radiative process thus 
seems to be a general property of excitons bound to neutral 
donors or acceptors. 
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LOW TEMPERATURE LUMINESCENCE IN GaP AT VERY LOW EXCITATION DENSITIES 

A.T. Vink, A.J. Bosman, J.A.W. van der Does de Bye and R.C. Peters 

Philips Research Laboratories, N.V. Philips' Gloeilampenfabrieken, Eindhoven, Netherlands 
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By using very low excitation densities in low tempersture 
luminescence studies on GaP very narrow donor-acceptor pair bands 
were obtained. This bas resulted in clear pbonon repHeation patterns, 
including new replications, of the no-phonon pair bands in 'green 
pair' luminescence involving donors at P and Ga-sites. 

In the 'red-orange' luminescenceinvolving the deep Sip
acceptor structure is observed, which is identified with the no
phonon pair band and its pbonon replicas. 

LOW TEMPERATURE luminescenceïn GaP, due 
to the recombination of electroos and holes 
bound to donors and acceptors was first identified 
by Hopfield et al. 1 The spectra show many sharp 
no-phonon lines, corresponding to discrete 
separation of the donor-acceptor pairs con
verging at large pair distances to no-phonon 
pair bands. 1• 

2 These bands show weak or strong 
pbonon replicas depending on the depth of the 
eentres and on the site occupied by the donor. 1"

4 

'Green' luminescence from shallow acceptors 
on P or Ga-sites (Cp, Zn0 ., Cd08) and shallow 
donors on P-sites (Tep, Sep, Sp) show.weak 
pbonon replicas; if, however, the donor is on a 
Ga-site (Si 00) the replicas are strong 4 and the 
no-phonon bands are weak,5 in.agreement with 
theoretica! expectations. 6 

Wben tbe donor is deep, e.g. 0 on a P-site, 
the broad luminescence bands at reduced 
excitation resolved into no-pbonon pair bands 
with strong replicas. 3 

Transitions involving the deep Si p·acceptor 
and the shallow donors Sp, Tep or Si 0 • result 
in very broad bands, hitherto unresolved, which 
are assumed to be due to many replicas of the 

1475 

respective no-phonon pair bands. 9• 
4 

In this communication we report on 
luminescence measurements performed witb very 
low excitation densities. Reduction of tbe 
excitation generally causes the pair band to 
shift to lower energy and to narrow, thus 
facilitating the observation of pbonon structure; 3-S 

this is due to rednetion in saturation of long 
distance pairs, the saturation in turn being a 
consequence of the (exponential) decrease of 
the transition probability witb pair distance. 7•

8 

Main results obtained are:· 

1. Very narrow pair bands, half-width down 
to 6 me V depending on the doping level. 

2. New pbonon replicasin 'green' pair 
spectrà involving P-site donors. 

3. A weak no-phonon pair band and many 
pbonon replicas in 'green' luminescence 
involving the Si0 .-donor. 

4. Structure in the 'red-orange' lumi
nescence involving Sip·acceptors, 
identified with tbe no-phonon pair band 
and its pbonon replicas. 
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In addition, some results on transition prob
abilities and on trapping rates concerning Sp 
and Si00 -donors are given. 

Donors on P-sites 

'Green' luminescence spectra invalving 
shallow donors on P-sites are shown in Fig. 1; 
these spectra, due to Sp-Cp, Sp-Zno., 
Sp -Cdoa and Se p-Cp transitions are all of 
simHar shape, exhibiting a strong and narrow 
no-phonon band, the well-known "'49meV * 
replica (0), a "' 29 me V replica (!l1:..!,) already 
reported for the Sp-Cp transition4

•
14 and a new 

replica ( lüv, ), at the low energy tail of the 
no-phonon band. The energy of this replica can
not be determined accurately, since the no
phonon band bas to be subtracted. The value, 
obtained by assuming a reasonable band-shape 
for the Sp-Cp spectrum and usingthis shape 
for all spectra is about 11-12 me V (Table*l). 

In the region of low excitation densities 
where we observed the half-width AE and the 
peak position, expressed as Ec1 to be nearly 
intensity independent but to increase with 
increasing doping level it is found that AE"' ~ E0 ; 

some results are given in Table 1. 

Although the predicted band shape, based on 
an isolated pair model deviates considerably 
from the shape as measured, the predicted values 
of ó.E and E c'2 • 

5 and the re lation b~tween these 
two quantities are in reasonable agreement w ith 
the experimental results. One therefore may 
expect that lowering the donor and acceptor 
concentrations, combined with further reduction 
of the excitation wiJl result in further narrowing 
of the bands (AE "' 3 me V for 10 1 

•; cm'); this 
would make it possible to resolve the new 
pbonon replicas. 

,". 

FIG.l. Luminescence spectra due to Sp-Cp, Sp-Zn08 , Sp-Cdc.a and Sep-Cp transitions measured at 
at 4.2°K, using low intensity, penetrating green light for excitation. The transition energies at infinite 
pair separation are marked m. The identification was affirmed by measuring pair lines. The spectra shown 
in Fig. 1 and 2 are taken with a Jarrell Ash 0.5 m grating monochromator (resolution ~ 1.2 me V) and are 
corrected for the varlation with pboton energy of the detector sensitivity. Excitation: hv.,.. = 2.435 eV; 
intensity cv 3.10 14 quanta/ cm2 sec. 

* Pbonon energies are measured with respect 
to the maximum of the no-phonon pair band; 
it has been suggested that. this value may 
differ from the 'true' pbonon energy. 5 

E c is equal to the difference between the 
energy at the maximum of the pair band 
and that at infinite pair seperation. 
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Table 1. Survey of results from electrical andoptical measurements. 

no-phonon band phonons 

* Hall t Type of Be~ halfwidth hW 1!cu. 0 0 + 0 
Sample No. 1 

messurement D-A spectrum (me V) (me V) (me V) (me V) (mev) (me V) 

SV5-1 p·type Sp-Cp 11.1 7.3 "-'ll 28.3 49.2 49.2 + 49.0 

[C]"' 10 17/cm• Fig. 1 (8.4)§ (5.9)§ 

0381/2 po type Sp-Zna. 12.3 8.7 ~u 28.4 48.8 48.8 + 48.5 
[Zn] "'2.10 17 Fig.l (10.0) (8.0) 

0397/2 p-type Sp, Si08 -Zn00 11.5 8 48.8 48.8 + 49.2 

[Zn] "' 2.10 17 Fig. 2 (S-Zn) (S-Zn) (S-Zn) (S-Zn) 

SV22-2 Sp-Cdo4 14.7 11.7 "' 12 28 49.2 49.2 + 48.7 
Fig. I (12.5) (10) 

SV31-1 n-type Sep-Cp 13.6 11.3 "'"' 12 29.5 47.5 47.5 + 48.3 

[Se]"' 1010 Fig. 1 (12.7) (11.1) 

SV9-3 [Si] "'"' 10 18 Si0 .-Cp 15 
Fig. 2 

SV29-2 Si0 .-Sip "-'24 
Fig.3 

0404/2 n·type Sp-Sip "-18 "'11 "'-'26 "'"'50 

[S] ""1.5 · 10 18 Fig.3 

SV -samples were grown by slow cooling a Ga rich solution; 11 0-samples were grown epitaxially on 
GaP substrates by the H2 /HC1 transport method. In the S and Se doped samples care bas been 
taken to avoid Si-contamination. 

Results quoted for SV samples are estimates based on Hall data from other crystals of the same 
batch; the Si content in SV9-3 is estimated from a spectrochemical analysis. 

> Be is the difference between the energy at the maximum of the no-phonon pair band (hvmax ) and that 
at infinite D-A separation (hv

00 
). For the samples in Fig. I. Be bas been calculated using hv.,., 

(Sp-Zn08 ) 2.1734eV 10 and the accurately known differences in ionisation energiesof donors 15 

and of acceptors. 3 Data of reference 4 we re used for the rest. 

Limit va lues of !:J.E and lowest valuesof Be for low excitation levels; further reduction causes no 
further decrease of !:J.B although Be still does. In some cases the noise level is too high, however, 
to permit the observation of details; therefore a somewhat higher excitation density is used for the 
spectra shown. 

The Si 0 .-donor 

'Green' Si 0 .-Cp luminescence, showinga 
weak n<rphonon pair band and strong replicas is 
depicted in Fig. 2. The interpretation of this 
spectrum with TA.,, LA", TO., phonons 5 and a 
~ 50 me V optica! pbonon will be discussed below. 
The (S P• Si08 )- Zn00 pair spectrum, also shown 
in Fig. 2 has both the ~ 11, "' 29 and ~ 49 me V 
replicasof the Sp-Zno. transition and the 

TA.,, LA" and TO" replicas of the Si0 • -Zn0 • 

n<rphonon pair band; this result excludes !he 
possibility that the ~ 11 and "'29 me V replicas 
are due to Si-contamination. 

Crystals containing both Sp and Si 00-donors, 
[Si aal > [S p], we re studled as a function of the 
excitation density. From saturation of the 
Si00 -Zn00 and Si08 -Cp transitions at 
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FIG. 2. Luminescence at 4.2" K from Sio. -Cp and (Sp, Si0 • )-Zn Ga transitions. Experiment al tech
niques as mentioned in Fig.!; the (Sp, Sia.)-Zna. spectrum was measured with a 4 times lower 
excitati..,n. In the Sia. -Cp spectrum, replications of the TA.,, LA., and TO., replicas of the no-ph~non 
pair band with a 49.5 me V pbonon marked 0 and, for comparison, with a 47 me V pbonon (unmarked stnpes) 
are indicated. The transition energies at infinite pair separation are marked oo • 

increasing intensity it is concluded, that not 
only the no-phonon transition probabilities6 but 
also the phonon-assisted transition probabilities 
are much lower than those those of the Sp -Zn0 • 

and Sp-Cp no-phonon transitions. From the relative 
intensities of unsaturated Sp-Zn0• and Si 0.-
Zn0. spectra· in p-type crystals we find that the 
trapping rates for electrous of Sp and Si00 donor 
are of u1e same magnitude; taking into account 
the Si and S-concentrations, it is concluded that 
the trapping rate constant for Si 0 • is about 10 
times smaller than that of Sp("- 10" 7crn 3 /sec 15), 

thus being of the order of 10"8 crn 3 /sec. 

The Sip-acceptor 

'Orange-red' luminescence spectra invalving 
the deep Sip-acceptor are presented in Fig. 3; 
the structured band is identified below as arising 
from Sp-Sip transitions, wbereas the nearly 
structureless band is ascribed to Si 00-Sip· We 
discuss the structured band fitst. 

Arguments to identify this band with Sp-Sip 
transitions are: 

1. For crystals obtained in the epitaxial 
growth run the intensity of this band is 

about proportional to the sulphur 
concentration [S]. 

2. In the D 404/2 crystal (Fig. 3), [Sp] > 20 
[Si00 ]. 

16 

3. The highest·etlergy peak, when 
identified with the Sp-Sip no-phonon 
band, results in Ea ,.,_ l8mV, in goed 
agreement with expectations from the 
sulphur doping level (Table 1). 

At high excitation densities we measured only 
Sp-Sip pair lines 4 in this sample. However, 
this is not a compelling argument for the 
identification of the low intensity spectrum with 
Sp-Sip transitions: one may measure a Sioa -Sip 
spectrum at low intensities, but find a Sp-Sip 
spectrum at high excitation levels due to 
saturation of the Si00-Sip transitions. 

Preliminary experiments on epitaxially grown 
crystals doped with Te have shown the existence 
of a structured spectrum, clearly exhibiting the 
Te p-Si p no-phonon pair band in this case also. 
These samples, however, also contain some S, 
resulting in a mixed (Sp, Tep )-Sip spec::trum, 
this preventing a detailed analysis. 
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FIG. 3. Luminescence spectra at 4.2"K due to Sp-Sip and Sioa -Sip transitions. The transition 
energies at infinite pair separation are marked OJ. These spectra are measured with a Hilger--'Engis 1 m 
grating monochromator (resolution ~ 2.5 me V) and are not corrected for the detectoJ response (S 20 pbote
kathode). Excitation: hvmax = 2.372 eV, intensity "-' 5.10 14 (Sip -Sp) and "-' 10 14 (Si0 • -Sip) 
quanta/cm2 sec. 

As indicated in Fig. 3, the Sp-Sip no
phonon pair band is replicaled by pbonon with 
estimated energies of"- 11 me V ("ful1) "-' 26 me V 
(lli:v2 ) and "'50 me V (0). 

The nearly structureless band in Fig. 3, 
identified with Si 0 .-Sip transitions is measured 
on samples grown from a Ga-solution doped with 
Si, taking care to avoid contamination with S and 
C as much as possible. The samples show in 
addition a weak structured Si0 • -C p 'green' 
luminescence but even at high intensities no 
Sp-C p spectrum is found. Compared with 
Sp-Si P• the Si0 .-Si p spectrum starts at higher 
energy and rises more slowly. The small bump 
~ 2.079 eV is identified with the no-phonon pair 
band; it is weak, as expected for the Si 08 donor. 6 

The value of Ec,"' 24mV is acceptable, since 
the Si doping level is expected to be high; this 
will also result in a broed pair band and therefore 
better structure can be expected in more lightly 
doped samples (using appropriately low excitation). 

Phonon replicas 

Our results on S and Se-doped samples 
indicate that the repHeation of the no-phonon 
pair bands due to"-' llmeV, "-'29meV and"-'49meV 
phonons is a common feature of shallow group 

VI donor-acceptor pair luminescence. * The 
observed pbonon energies are near to those of 
the crystal phonons TA"(13.1meV), 
LAx(31.5 me V) and LOr(SO.l meV),13 the 
coupling to which is allowed in the case of 
P-site donors.6 If the observed phonons can 
indeed he identified with these crystal phonons, 
an energy difference of o.. l-3meV (see Table 1) 
has to be explained. It has been suggested, in 
conneetion with the"' 29 me V replica that this 
difference may be due to the fact that the maxima 
of the no-phonon band and the replica need not 
occur at the same D-A separation.5 For the narrow 
bands reported bere this requires a strong 
dependenee on D-A separation for the ratio of 
the probabilities for the no-phonon and the 
phonon-assisted transitions. Further s~udies 
will be neerled to establîsh whether this indeed 
is a possible mechanism. 

Our interpretation of the Siaa-CP spectrum 
(Fig. 2) is in agreement with that given in a 
recent publication, 5 with respect to the weak 
no-phonon band and its TAx, LAx and TO" 

* For spectra in volving the Tep donor the analysis 
is complicated by a strong "-' 24 mV local mode 
pbonon and by a possible S contamination. 
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replicas but differs witb respect to tbe further 
repHeation of these bands. In our apinion a 
pbonon with energy of ~ 50 me V describes the 
spectrum more accurately tban one of 47 me V, 
ascribed to a Si local mode, 5 as is il!ustrated in 
Fig. 2, where the 47 me V and 49.5 me V replicas 
are indicated. It thus seems possible to account 
for the rep !ie as in the Siaa -Cp spectrum with 
TAx, LAx, TO., and LO phonons. 

In the Sp-Sip spectrum, replicas due to 
phonons of energies estimated as ~ 11, ~ 26 and 
~ 50 me V are discerned. The ~ 11 me V replica 
is rather weak and may involve the same phonon, 
possibly TA x, as observed in tbe 'green' 
spectra invalving donors on P-sites. Tbe 
repHeation of the no-phonon band with the 
rv 26 me V pbonon and "'-' 50 me V optica! pbonon 
resembles that found for the deep Op-donor, 

invalving a"' 20 me V pbonon and a"" 47 me V 
optica! phonon. 

In conneetion with the observed strong 
pbonon coupling to the deep Sip and Op 
eentres it is interesting to note that for the 
spectra in volving shallow donors on P -sites 
and acceptars (Fig. 1) the relative stre11gth of 
the replicas with respect to the no-phorion pair 
band increases in the sequence S-C, S-Zn, 
Se-C, S-Cd and that the 1lw, and hw2 replicas 
increase relatively stronger than the 0 replicas. 

In conclusion, one may expect luminescence 
measurements at very low excitation densities 
to be very useful for detailed studies on pair 
bands and pbonon cooperation in conneetion with 
doping levels, sites occupied by donors and 
acceptars and depth of the levels. 
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Decays of the donor-acceptor pair luminescence have been measured as a function of 
the pair distance R at liquid He temperatures using a pulsed laser beam excitation and 
applying gated inlegration techniques to display the decays. The decay time constanis 
were derived from the exponential decays below R ::::;: 20 A (on the resolved pair lines) 
and from the major components of the non-exponentlal decays at larger R. The decay time 
depends exponentially on R, the dependenee increasing in the "green" pair sequence 
(S-C}, (S-Zn) and (S-Cd) with the characteristic lengtbs 9.1 A, 7.7 A and 7.0 A. For the 
"red-orange" pairs (S-Si) no such length could be derived owing to the strong phonon 
replication. The radiative transition probabilities extrapolated to zero R are ::::::5 x 105 

sec··1 for the "green" pairs and :::::: 105 sec -I (rough estimate) for the "red-orange" pairs. 
The zero-pbonon transition probabilities were found to be ::::::4 x 105 sec-1 and ::::::3 x 103 

sec-1 respectively. Possible causes of decay dislortion above R ::::::20 A are discussed as 
well as thermal effects. 

1. Introduetion 

Low temperature luminescence in GaP due to the recombination of 
electrons and holes bound to donors and acceptors was first identified by 
Hopfield et a\. 1). The spectra show many sharp zero-phonon lines, eer
responding to discrete separations of the donor and acceptor in pairs. 
These lines merge at large pair distances to zero-pbonon pair bands1

• 
2
). 

Earlier observations of such spectra in GaP are known3
). The spectra also 

show weak or strong pbonon replicas 1 
-

6
) depending on the depth of the 

eentres and on the site occupied by the donor7
). In conneetion with workon 

II-VI compounds pairs were postulated as early as 19568
). The discussion 

on pairs was influenced by the strong localization of the eentres in such 
compounds8 - 10) directing most of the attention to very close pairs and to 
excited states in more distant pairs. Hoogenstraaten9

) investigated the 
possibility of luminescence over a broad range of pair distances teading to a 
theoretica! treatment of the pair luminescence that was also given a few 
years later by workers on GaP 1 

' 
2

' 
12

). In ref. 9 expressions we re derived f or 

185 
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the first time for the transition probability in pairs with a deep and a shallow 
centre, for the decay of pair bands and for the pboton energy versus pair 
di stance. Williams 11

) extended the treatment of the latter expression to 
include all electrostatic interactions within the pairs. 

Probabilities of radiative transitions in donor-acceptor pairs are deter
mined by the spatiai extents of the envelope wave functions of the donor 
and the acceptor and by the selection rules 7 

• 
13

) for zero-pbonon and for 
phonon-assisted transitions. 

The spatial extents give rise to a dependenee of the transition probabilities 
on pair distance. Quanturn mechanical derivations of the transition prob
abilities have been given starting from the donor-electron and acceptor-hole 
wave functions9

• 
14

• 
12

). A special case is provided by the combination of 
one shallow, hydrogenic centre and one deep, strongly localized centre 
leading to the exponential dependenee of transition probability (W) on pair 
distance (Rt· 12

) 

W = Wm exp (- Rfa), (1) 

a being half the Bohr radius of the hydragenie centre. In ref. 12 it bas been 
pointed out that the determination of Wm will be complicated by the dis
tortion of the shallow centre wave function in a region around the deep 
centre. 

Strictly speaking, the assumption of one hydrogenic centre and one 
strongly localized centreis in practice not satisfied for most pair combinations. 
For the moment we will assume an exponential dependenee of W on R to 
exist in large ranges of R, possibly with a modified physical meaning for the 
quantity a. Assuming that the pairs are isolated, i.e. have no third centre 
nearby, and arenotsubject tothermal effects, the decay oftheir luminescence 
is expected to be exponential with time for any value of R, the decay time 
being equal to the redprocal of W of eq. (1). The first decay measurements 
reported by Thomas et al. 12

) were not done as a function of the speetral 
position, i.e. of R. They measured the decay of the S-C pair band* which is 
non-exponential owing to the large range of R-values involved. The values of 
Wm and a were obtained by curve-fitting of the decay to a theory9

• 
12

) 

which starts from eq. (I) and also accounts for the non-isolation of the 
distant pairs. Their determination of the quantity a required the knowledge 
of the centre concentrations in addition. 

This paper is concerned with finding characterizing data on various pair 
combinations in a more direct way, i.e. by measuring the decay versus speetral 

* Originally assumed to be S-Si pairs. 
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position including the decays of the resolved pair lines. We will report on 
the results of such measurements on the pair combinations S--C, S--Zn and 
S-Cd, all having a strong zero-pbonon band and weak pbonon replicas. 
The two assumptions of exponential dependenee on time (for the isolated 
pairs) and pair distance wilt be found to have qualitied confirmation in this 
paper. 

In addition one case of strong pbonon repHeation wil! be dealt with, i.e. 
that of S-Si pairs. 

2. Experimental methods 

The S-Zn, S-Cd and S-Si doped samples were grown epitaxially on 
(111)-oriented GaP substrates, using a H2/HCI vapour transport method15). 

The S-C samples were obtained using the conventional solution growth 
method. The H 2/HCI samples showed lurninescence efficiencies as high as 
those of the solution-grown samples such as were normally used for pair 
luminescence studies. The vapour-grown samples, however, do not have 
the strong background luminescence caused by the N-impurities and the 
S--C pairs which are normally encountered in solution-grown samples. The 
data on the samples used are given in table 1. 

Preliminary decay measurements have been done using a pulsed 300 kV 
electron beam excitation16

) on samples in vacuum at 20-40°K. A few meas
urements were also done on samples immersed in liquid helium. As the 
decays were found to be in the rnicrosecond range and longer, the electron 
beam excitation was replaced by the more convenient laser beam excitation. 

TABLE 1 

Data on the samples 

Pairs Sample Method of Dope Substrate Free carrier Mobility 
preparation orientation concentration at 300°K 

and face at 300°K (cm2/V 
(cm-3) sec) 

S--C SV36-1 Solution grown c n ~ 3 x 1015 ~ 55 
S-Zn D381/2 Vapour grown Zn 111-Ga p = 7.4x 1016 99 
S-Zn D397/2 Vapour grown Zn 111-Ga p = 1.3x1017 57 
S-Zn D399/2 Vapour grown Zn lll-P n = 3.8x1017 44 
8-Cd D441/1 Vapour grown Cd 111-Ga p=2 x 1017 86 
S--Cd D441/2 Vapour grown Cd 111-P n = 6.1 x 1017 52 
S-S i D404/2 Vapour grown Si lll-1' n=9 x 1017 103 
S-S i D442/2 Vapour grown Si 111-P n = 4.9x 1017 46 

In all samples the main donor is sulphur. 
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The radiation damage wasthen also avoided. A chopped 5145 A beam from 
an argon ion laser (Coherent Radiation Labs., Model 52) was used to excite 
the samples immersed in liquid He of 1.6 or 4.2 °K. The pulse duration was 
t-I msec and the fall time wast f.1Sec. This fall time value was obtained by 
focusing the laser beam in the plane of a mechanica( chopper, using a 
microscope lens. Submicrosecond decay components, if present, would 
yield less than I % of the luminescence observed. Such fast luminescence 
may,lhowever,!partly arise from pbonon replicas of S- and N-excitons which 
cause a background under some short distance pair lines. Regarding 
excitation density both electron beam and laser excitation were able to 
saturate the long distance pairs (R > 30 Á) only. 

The monochromator used (HiJger and Engis, Monospek I 000 with a 
1200 lfmm Bausch and Lomb grating) was usually operated with a wavelength 
resolution between 0.4-0.8 A (for the resolved pair lines) and 0.2 A (for the 
more distant pairs). The luminescence was detected with a high gain S 20 
photomultiplier (Philips type 56 TVP). 

Owing to the very small number of pairs (of a given pair distance) acces
sibie to experiment, the amount of light detectable was too small for a 
direct observation of the decay on the oscilloscope screen. Gated integration 
of a very large number of decays was necessary to obtain a plot of the decay 
curve. A single gate instrument (PAR boxcar, Model 160) was used as we\1 
as a multigate instrument (PAR wave form eductor, Model TDH 9). The 
latter instrument was used for the shorter distance pairs, and owing to the 
large number of gates (100) was able to 'integrate the very small amount of 
information in a reasonable time. Many of the longer distance pairs (above 
~ 20 A) that are non-exponential had to be measured over 3-4 decades in 
intensity for the sake of a good evaluation (see the next section) necessitating 
a well defined zero reference. In the wave form eductor the hundred gates 
showed too much variation between their zero levels to allow such measure
ments. At the cost of a longer integration time the boxcar had to be used 
instead. lts zero was much better defined and could be made visible by the 
interruption of the luminescent input to the detector. The decay curve, how
ever, also contained a distortion of the zero line which was caused by the 
interference from the !-1 msec luminescence pulse preceding the decay. A 
correction had then to be made for this zero line distortion, a quite time
consuming procedure. Because of the difficulties with the zero reference, 
digital instruments are now in preparation to measure decays by pboton 
counting. 
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3. Results 

In this section measurements on D-A pairs with Sas the donor and with C, 
Zn or Cd as the shallow acceptor or Si as the deep acceptor will bedealt with. 

3.1. SHALLOW ACCEPTOR 

The pair spectra which involve the shallow acceptors C, Zn and Cd 
showed strong pair lines including the doublets and triplets that arise from 
anisotropy splitting. The pait lines at R < ~ 20 A are superimposed on a 
relatively weak background. Between 20 and 30 A this background becomes 
gradually appreciable because the pair lines are beginning to merge. Above 
~ 30 A no identifiable structure is visible17

). It has been possible to obtain 
decay curves as a functiori of the pair di stance including those of the short 
distance pair Jines. Below R ~ 20 A the decays could be measured over 
2 decades of intensity, the limit being set by the zero reference of the wave 
form eductor, and were found to be exponential with time. The decay times 
are given in the figs. la, lb and Ie. The arrows D indicate the components 
of a doublet, the decay times of which were found to differ by at most 40 %· 
At the higher R-values the decays are getting more complicated. In order to 
try to extract information from such decays they were resolved into ex
ponential components. lt was assumed that, if a major component having 
the largest part of the light sum would be found, this component would 
represent the transition probability of the pair involved, the other com
ponents deriving from other mechanisms. The computer-fit of the expression: 

11 

I(t) = L: Ai exp (W; t) (2) 
1=1 

necessitated the decay measurement over 3-4 decades of the intensity /(t). 
Up to 40-50 A such major components were indeed found to exist having at 
least 40% of the light sum. Their decay times were found to I ie on one single 
straight line together with the decay times below R ~ 20 A in the semilog 
plots of fig. 1, confirming eq. (1) qualitatively. The computer calculations 
were carried out so as to maximize both accuracy and n, the number of 
components. It appeared that n varied between 3 and 5. 

Examples of decays at various pair distances are given for S-Zn pairs in 
fig. 2. Fig. 3 shows the fractions of the light sums for the components of the 
non-exponential decay versus the decay time displaying the deviation from 
exponentiality above R ~ 20 A. 

For the S-Zn and S-Cd pairs both n- and p-type crystals were used. 
Essentially no differences were observed in the (major) decay times between 
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20 30 40 50 60 
- Pair distance rA! 

5-Zn 
D381/2;p a" 
D397/2;p o-• 
D399/2;n o • 

5-Gd 
D441/2:n o • 
0441/l;p -

ó 

b) 

Q 

6 

c) 

30 40 50 60 
- Pair distance rA> 

Fig. I. Decay time versus pair distance for the pairs with S as the donor and respectively 
C, Zn and Cd as the acceptors. The open and full symbols refer to measurements with a 
single gate and a multigate instrument respectively (see section 2). Of the non-exponential 
decays (above ~ 20 A for S-C and S-Zn and above ~ 15 A forS-Cd) only the major 
exponential components are represented. Occasionally two components were found to 
have nearly equal weight (two circles joined by a dotted line; see also figs. 3a, b, c). The 
arrows D indicate the components of a doublet and the arrow L indicates the existence 
limitsof the isolated pairs in our samples. The slopes (a) and the reciprocals (Wm) of the 

decay time at zero R are given in table 2. 

n- and p-type. The other components of the non-exponential decays differed 
somewhat between samples. 
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Fig. 2. Serniplog plots of some S-Zn pair line decays. The dotted curves describe the 
decay distortion (to be discussed in section 4) owing to additional transitions to second, 
third, etc. majority eentres around one minority centre [eq. (5)], and depend on the relevant 
Wm, a and the majority centre concentration N taken to be 6 x 1017 cm-a. The arrows 
indicate the relevant time scales. Some of the decays are shown with a part of the excitation 
pulse. These decays are referred to the upper scale which is displaced horizontally. 

s-e 
SVJ6-1 

a) 

102 103 104 

- Time constant (microseconds) 

Fig. 3. The fraction of the light sum of the exponential components of non-exponential 
decays versus the decay time for the same pairs as in figs. la, b, c. The parameter is 
the pair distance. The major components, indicated by large symbols, are plotted in fig. l. 
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3.2. DEEP ACCEPTORS 

The S-Si pair spectra observed in our samples are nearly continuous. 
Only short distance pair lines (R < 20 A) could be discerned clearly from a 
rather large background. Owing to very strong phonon replication most 
part of this background is due to phonon replicas from shorter distance 
pairs. Time-resolved observation of the pair band using delay times in 
excess of 10 msec showed more clearly than in ref. 4 the zero-phonon band 
and consequently the large extent of phonon cooperation18). lt can there
fore be said a priori that the decay measured will mainly arise from various 
phonon replicas from shorter distance pairs and consequently will be non
exponential. This was indeed found. Better results were obtained from 
preliminary time-resolved spectrum measurements on some of the resolved 
pair lines. Such measurements allow to subtract the background below these 
lines. Decay times (tentative values) of 45 and 65 11sec were found at R = 6.7 
and 10.2 A. When we also try to ascribe the major components of a few 
non-exponential decays to LO-replicas we get the impression of a steep 
R-dependence of W, extrapolating to Wm ~ 105 sec -1, with a between 5 
and 7 A, the W m-value being somewhat less uncertain than the a-value. The 
time-resolved spectra of ref. 18 also show, through peak shift and change 
in bandwidth versus delay time, that for the entire S-S i bandan R-dependence 
of W exists. 

TABLE 2 

Data on the donor-acceptor pairs 

Pairs Ea a RB(l) (Á) RB(II) Wm Wzp 
------

(me V) (Á) don. acc. (Á) (sec-1) (sec-1) 

S-C 48 9.1 10.6 14 5 x 105 ~4x105 

S-C, ref. 12 BD 12 5x105 

S-C, ref. 12 TR 10 7x 105 

S-Zn 64 7.7 10.6 12.1 ~10 6x 105 ~4x105 

S-Cd 96 7.0 10.6 9:9 5x105 ~3x105 

S-S i 204 10.6 6.8 ~105 ~3 x 103 

The ionization energy of the donor S is 104 me V 24). The energies for the acceptors, Ea. 
of ref. 24 have been correctedusinga more precise value ofthe dielectric constant, 10.7525). 
The quantities a and Wm are defined in section I. Section 4 deals with the quantities 
RB and Wzp. 

Table 2 summarizes the results of the decay measurements on the 4 pair 
combinations. Part of this table results from the discussion in the next 
section. 
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4. Discussion 

For the pairs S-C, S-Zn and S-Cd a fit could be made to eq. (I) as is 
evident from the straight lines in figs. la-Ie. The straight lines join the 
exponential decays below R ~ 20 A and the major exponential components 
of the non-exponential decays at larger pair distances. The slopes yield the 
values of the quantity a of eq. ( l) and the extrapolations to zero R the values 
of the quantity Wm. Both a and Wm are given in table 2. It is seen that the 
dependenee on R becomes stronger in the sequence C, Zn and Cd, i.e. with 
increasing binding energy of the acceptor. 

We think the straight lines in figs. la-Ie to represent the transition 
probabilities ofthe pairs. This is supported by the conspicuous invariance of 
the major component decay time both between samples and in the succession 
of the computer calculations where the number of components in eq. (2) 
is stepped up in the range 2 to 5 to obtain higher precision. 

The values of the quantity a (see table 2) are appreciably larger than the 
values of the half Bohr radii of the eentres involved as based on estimates 
using hydrogen-like wave-functions and macroscopie dielectric constants. 
Two such estimates will be given below. One estimate is basedon the simple 
(E.) -t or (Ed) -t rule and yields the values of the Bohr radius (Rs) in table 2 
for both donor and acceptor (labelled 1). The carbon acceptor is taken to be 
hydrogenic and the effective mass considerations19

) lead to a hydragenie 
donor energy of 38.2 me V. The second estimate was obtained for the S-Zn 
pairs from the fit of the pair spectrum to the well-known expression1 

• 
9
): 

(3) 

For AE(R) an expression derived by Williams11) for the case of two eentres 
with equal Rs was used. Such a case may be provided by the S-Zn pairs* 
according to the first estimate. AE is an additional electrostatic term that 
takes all interactions between the four electric charges in the pair into 
account. AE deercases approximately exponentially with increasing R and 
has a sign reversal at R ~ 2Rs 20

). . 

As a tentative condusion on the physical nature ofthe quantity a we might 
suggest that owing to the strong interpenetration of the two wave-functions 
the R-dependence of W will be weaker than indicated by the half Bohr 
radius. 

In table 2 the data for S-C pairs from band decay measurements in ref. 12 
are also given (labelled: ref. 12 BD). The agreement with our data is quite 

* for which the data of ref. 15 were used, however, with e 10.75. 
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good, considering that the determination of a in ref. 12 involved the majority 
centre concentration the value of which may be uncertain by a factor of 2. 
Non-exponential decays similar to the decays reported bere arealso inherent 
in their results as can be inferred from their time-resolved spectra. Relatively 
strong major exponential components could be derived from these spectra, 
using approximate computer calculations. Possibly owing to the scarcity 
of data and hence to the imperfect approximation the fit to eq. (l) is not 
perfect. The best values thus obtained of Wm and a (labelled: ref. 12 TR) 
are quite close to our values. The agreement with the band decay results 
may be fortuitous; however, as essentially such results derive from a range 
of much higher R-values than used in the measurements versus R. Then the 
same eq. (I) may not apply to both kinds of results. 

Regarding the non-major components of the non-exponential decays we 
feel that data are lacking to support a theory for such components. A few 
suggestions are given below. 

One suggestion is that after the recombination pairs are enabled to 
additional pboton emissions by secondary supply of carriers from other 
eentres resulting in slower processes at the pair distance considered. Owing 
to the energy harriers to be surmounted only the longer distance pairs may 
show the afterglow. 

A different suggestion is the distartion of the wave functions for a neutral 
pair by the other eentres becorning ionized in the course of the lurninescence 
decay. Such distartion may conceivably lead to either slowing down or 
speeding up the decay of the neutral pairs22

) causing the occurrence of 
both slower and faster components in the nonexponential decay. The faster 
components could not be fully accounted for by pbonon replicas from the 
faster pairs at smallerRas for the "green" pairs these replicas are too weak. 

In the measurements of decay time as function of R isolation of the pairs 
bas been assumed so far. At some value of R, however, this isolation will 
cease to exist. Then the exponential decay represented by the major compo
nent will cease to exist as such. A faster, non-exponential decay will then 
occur owing to the parallel paths from the minority centre to other majority 
eentres which are randomly located*. In ref. 12 the lurninescence from such 
configurations observed at a speetral position corresponding to a certain 
R-value, say R 1, is represented by 

(4) 

"' Faster decays may also occur through Auger effects which may become important at 
high concentrations23). This possibility will, however, not be considered here. 



59 

KINETICS OF GREEN AND RED·ORANOE PAIR LUMINESCENCI! IN GaP 195 

in which the quantity (Q(t)), which acts as the decay distarting term, is 
the probability that the minority carrier is still present at time t for the 
average over all possible configurations. For short distance pairs this 
quantity is near to unity during the observable decay. We have evaluated the 
mathematica) expression9

•
12

) 

(Q(t))- exp [4•N ~ {exp[- W(R)t]-I}J!dR], (5) 

using the data for Wm and a from fig. 1 and the majority concentration N 

inferred from table 1. In fig. 1 the times t at which (Q(t)) is reduced to 0.5 
are indicated (arrows L) for N = 6 x 1017 cm - 3 (S-Zn pairs) and 1018 

cm- 3 (S-Cd pairs). Taking for instanee t equal to 3 times the decay time it is 
seen that the configurational decay distartion may indeed impose the limit 
on the straight line representation this limit being at R ~ 55 A and ~ 40 A 
respectively. Below these limits the pairs may be assumed to be isolated so 
that the non-exponential decays discussed earlier can not be the result of 
non-isolation. For the S-C pairs the sample used is highly compensated so 
that N could not be inferred from the available data. As an illustration of the 
influence of (Q(t)) on the decays this quantity has also been plotted in fig. 2. 
using the parameters relevant to S-Zn pairs and N = 6 x 1017 cm - 3 • 

The measurements with the pulsed electron beam on S-Zn pairs (10-30 A) 
in the temperature range 20-40°K show an intensity decrease with increasing 
temperature which is much stronger than the decrease of decay time. These 
phenomena point to a temperature-dependent trapping rather than tothermal 
queuehing ofthe luminescence. According to the model in ref. 21 the capture 
at very low temperatures (below 20 °K) is through the excited states of the 
centres. As these states are shallow thermal depopulation will occur at 
higher temperatures reducing the luminescence without affecting the decay 
time which involves the ground states only. Between 1.6 oK and 4 oK no 
ditTerenee in decay time was observed whereas between 4 oK and 20°K 
the decay time is reduced by a factor of at most 1.5 for the pairs that show 
exponential decays. 

Table 2 gives the values of Wm for the four pair combinations. Wm will 
now be subject to a further consideration. The transition probability W(R) 
for pairs with distance R arises from both zero-pbonon (ZP) and phonon
assisted (PA) transitions which are parallel paths in a pair. Therefore t~e 
transition probabilities associated with these paths must be added to find 
W(R) and hence to describe the decayin the pairs R. This decay should there
fore be the same in the ZP- and PA-bands in a pair spectrum at the points 
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corresponding toasamepair distance R. This has been verified experimental
ly over 2 decades of intensity taking points in the ZP- and LO-bands of 
GaP (S, Zn) which are separated by the LO-phonon ene;rgy. At the points 
of equal R the intensities are determined by the separate ZP- and PA
probabilities. These probabilities are subject to selection rules 7 ). 

Eq. ( l) is valid when these probabilities depend on R in the same way and 
can also be expressed as: 

(6) 

Then the ZP- and PA-bands will have the same shape (apart from mutual 
overlaps) and the peak positions (relative to the ZP~band) wil! be given by 
the relevant phonon energies. The assumption of equal R-dependence is also 
a necessary condition for the straight lines to exist (fig. l) although for pair 
bands with weak phonon replicas the deviation would be small. For bands 
with strong phonon cooperation, for instanee with deep eentres (Op
donors, Sip-acceptors) or with Ga-site donors (Si0 .) the time-dependenee 
of the ZP- and PA-bands is mainly determined by the WPA· Using speetral 
evidence obtained from the low excitation density photoluminescence meas
urements (see ref. 4) the Wm can be split into Wzp and various WPA· In 
this paper the consideration is limited to Wzp for which the values are 
given in table 2. For the shallow acceptorsZnand Cthe Wzpareapproximately 
equal. For the somewhat deeper acceptor Cd a slightly smaller value is 
found. For the deep acceptor Si, Wzp is much smaller, by a factor of 100. 

Acknowledgements 

The authors wish to express their grautude for the assistance given by 
Mr. P. Verhoog (electronics), Mr. R. L. A. van der Heijden, Mr. P. H. J. M. 
Verberne (measurements), Mr. H. J. Hak and Mr. A. de Vos (crystalgrowth). 

References 

1) J. J. Hopfield, D. G. Thomas and M. Gershenzon, Phys. Rev. Letters 10 (1963) 162; 
D. G. Thomas, M. Gershenzon and F. A. Trumbore, Phys. Rev. 133 (1964) A269. 

2) F. A. Trumbore and D. G. Thomas, Phys. Rev. 137 (1965) A\030. 
3) A. T. Vink and C. Z. van Doorn, Phys. Letters 1 (1962) 332; 

M. Gershenzon, D. G. Thomas and R. E. Dietz, in: Rept. Intern. Conf on the Physics 
of Semiconductors, Exeter, July 1962, p. 752; 
E. F. Gross and D. S. Nedzvetskii, Soviet Phys.-Dokl. 7 (1963) 908. 

4) A. T. Vink, A. J. Bosman, J. A. W. van der Does de Bye and R. C. Peters, Solid 
State Commun. 7 (1969) 1475. 

5) P.J. Dean, C. H. Henry and C. J. Frosch, Phys. Rev. 168 (1968) 812. 
6) P.J. Dean, C. J. Frosch and C. H. Henry, J. Appl. Phys. 39 (1968) 5631. 



61 

KINETICS Of GREEN AND RED·ORANGE PAIR LUMINESCENCE IN GaP 197 

7) T. N. Morgan, Phys. Rev. Letters 21 (1968) 819. 
8) J. S. Prener and F. E. Williams, Phys. Rev. 101 (1956) 1427; 

F. E. Williams, J. Opt. Soc. Am. 47 (1957) 869. 
9) W. Hoogenstraaten, Thesis, University of Amsterdam, 1958; reprinted in Philips 

Res. Rept. 13 (1958) 515. 
10) E. F. Apple and F. E. Williams, J. Electrochem. Soc. 106 (1959) 224. 
11) F. E. Williams, J. Phys. Chem. Solids 12 (1960) 265; see also ref. 10. 
12) D. G. Thomas, J. J. Hopfield and W. M. Augustyniak, Phys. Rev. 140 (1965) A202. 
13) T. N. Morgan, T. S. Plaskettand G. D. Pettit, Phys. Rev. 180 (1969) 845. 
14) J. Shaffer and F. E. Williams, in: Proc. Intern. Conf. on the Physics of Semiconductors 

(Dunod, Paris 1964) p. 811. 
15) J. A. W. van der Does de Bye and R. C. Peters, Philips Res. Rept. 24 (1969) 210. 
16) J. A.W. van der Does de Bye, Phys. Rev. 147 (1966) 589. 
17) See for instanee figs 8 and 9 of S-Zn pairs in ref. 15. 
18) A. T. Vink et al., to be published. 
19) A. Onton and R. C. Taylor, Phys. Rev. B 1 (1970) 2587. 
20) We will return to this matter in a separate paper. 
21} See discussion in ref. 12 where a model by M. Lax, J. Phys. Chem. Solids 8 (1959) 66, 

is invoked. 
22) K. Colbow, Phys. Rev. A 139 (1965) 274. 
23) J.C. Tsang, P.J. Dean and P. T. Landsberg, Phys. Rev.l73 (1968) 814. 
24} A. Onton, Phys. Rev. 186 (1969) 786. 
25) L. Patriek and P.J. Dean, Phys. Rev. 188 (1969) 1254. 



1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

• 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 



63 

(Accepted for publication in J. Luminescence) 

SUMMARY 

THE DEPENDENGE OF THE RADIATIVE TRANSITION 
PROBABILITY OF DONOR - ACCEPTOR PAIRS 

ON PAIR SEPARATION 

A.T. Vink 
Philips Research Laboratories 

Eindhoven, The Netherlands 

The probability W(R) for radiative donor-acceptor pair 

traneitions generally is assumed to dearease e~ponentially 

~ith inoreasing pair separation R with a aharaateristio length 

a. When one aentre in the pair ie deep and strongly localized 

and the other one is shallow, a equaZs half the Bohr radius 

of the shaZZo~er centre. For pairs in GaP invalving two 

shaZZow eentres we have previousZy reported that a e~aeeds 

half this Bohr radius, and have suggested this to be due to 

the spatiaZ e~tent of the deeper centre. (see pp. 49 to 81 of 

this thesis) In the present paper we investigate this point, 

both e~perimentaZZy and by aonsidering Novotny's calauZations 

-for direct transitions- on the R-dependenae of W(R), in whiah 

the Bohr radii of both donor and acceptor are parameters. 

Aaaording to these aaZauZations, W(R) is not e~ponentiaZ in 

the case of two ehaZZow aentres. In a Zimited range of R, W(R) 

is approximate ly e~ponential, however, and theoretiaal "effec

tive values" of a aan be obtained. These effeotive vaZues are 

oompared with experimental data on a for the pair series 

sp-Sip• Bp-Cdaa• Bp-ZnGa and SP-CP in the indirect semicon
duotor GaP; a amounts to- 5.4, ?.0, 7.? and 9.1 A, respea

tiveZy. The oomparieon shows that the differenae found between 

the experimentaZ a and half the Bohr radius of the lees ZocaZ

ized centre in the pair aan indeed be expZained by the influ

enae on a of the spatiaZ extent of the more ZoaaZized aentre. 

This finding implies a non-exponentiaZ W(R) for pairs with 

two shaZZow oentres. This aonalusion depende oritiaatty on the 

vatues used for the Bohr radii of the aaceptors, however. These 
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are not acaurately known, due to an insufficient knowZedge of 

mh• one of the quantities needed in calculating the radii. We 
used mh = 0.36 to 0.40 m

0
, oorreeponding to the normally used 

hydrogen-model energy of 40 to 45 meV. An alternative expta

nation for the experimentat vatues of a is that in reaZity mh 

is significantty lower than the 0.36 to 0.40 m
0 

used, teading 

to targer acceptor Bohr radii and, in the extreme case, to no 

influence on a of the more Zocatized centre and to an exponen
tiat W(R). In order to decide between the two possibZe e~pta

nations additionaZ experiments are presented. These incZude 

an accurate comparison of a between SP-CP and OP-CP as welt 

as between sp-zn0 a and 0P-zn0 a pairs. This is done by anaty
zing the integral band decay and time-resolved spectra of 

these pairs. The conclusions for alt pairs mentioned ave: 

i) The Bohv radius of the acceptovs invotved is significant

ty lavgev than calculated from an effective-mass energy 
of 40 to 45 meV; they corveepond toa hydvogen-model ener

gy of 28 meV (mh = 0. 25 m
0

) 

iiJ There is in first appvoximation no inttuenee on the shape 

of W(R) of the spatiaZ extent of the more locaZized 

aentre. 

iii) The experimentat resuZts are weZZ described by an ex

ponential W(R) with a equal to half the ~ohr radius of 

the tese Zocalized centre of the pair. 

1. Introduetion 

Since donor-acceptor pair luminescence was positively 
identified in GaP by Hopfield et al [ 1] , its properties have 
been studied in detail [ 2] . 
The basic equations used to describe the pboton energy hv(R) 

of the pair luminescence and its transition propability W(R) 

as a function of pair separation R are respectively { 3-6] : 

(1) 

and 

W(R) = Wmexp(- R/a) (2) 
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In eq. (1), Eg is the bandgap energy, ED and EA are the donor 
and acceptor ionization energies, q

2!eR is the Coulomb energy 

term and ~E(R) is a term reprasenting the deviation of the 

pair energy from the Coulomb law. This equation was recently 
considered in some detail using accurate experimental data on 

OP-CP and SP-CP pairs in GaP [7]. The value of the dieleetrio 
constant e and the ~E(RJ term in particular were discussed. 

The subject of this paper is a discuesion of eq. (2). 

This equation was derived for the case of one shallow, hydro
gen-like centre and one deep, strongly localized centre, the 

characteristic length a in eq. (2) then being equal to half 
the Éohr radius of the shallow centre [ 3,5]. 11Te now want to 

investigate experimentally as well as from a theoretical point 

of view whether this simple exponential form of W(R) also 
holds \<rhen both eentres in the pair are shallow. An important 

parameter in this investigation is a, which is well defined 

if eq. (2) holds. If eq. (2) does not hold over the entire 

range in R, it may still approximately apply over a limited 
range in R. In such a limited range "effective values" of a 

then can be used. 
Experimentally, eq. (2) indeed is found to describe data 

on pairs invalving two shallow eentres [ 6] • These data cover 

a limited range in R, however, namely from- 10 A up to 40 to 

60 A. They were obtained for the pair series Sp-Cp• Sp-ZnGa 

and Sp-CdGa in GaP. In this series EA is 46.4 meV for Cp• 
61.7 meV for zn0a and 94.3 meV for Cdaa· The experimental 
value of a decreases with increasing EA. For these pairs, 
which now involve two shallow centres, a was found to exceed 

half the Bohr radius of the shallower centre by 25% or more 
[ 6] • In that paper we suggested this deviation to be possibly 

due to the strong interpenetration of the donor and acceptor 
wavefunctions. This would imply a relation between a and the 

Bohr radii of both the donor and acceptor eentres involved in 

the pair. In other words, the value of a is enlarged by the 

spatial extent of the more localized centre of the two. In the 

photon energy of the short distance pair lines the influence 
of this spatial extent exists, as is apparent from the values 

of ~E(R) in eq. (1) found forSp-Cpand Op-Cp pairs [71. 
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Generally, iAE(RJi decreases with increasing localization of 
the eentres. 

The eentres involved all have ionization energies exceed
ing the hydrogen-model (effective-mass) energy of donor or 
acceptor, Eem(DJ or Eem(AJ respectively. Eem(D) is accurately 
known (3.8 meV [ 8] ), but for Eem(A) only a commonly used esti
mate of 40 to 45 meV is available [ 2] • The Bohr radius of the 
donors and acceptors in the pairs is calculated using amongst 
others these values of Eem(D) and Eem(A) - see eq. (3) given 
later. Consequently, the Bohr radius of the acceptars is not 
accurately known. 

In section 2 of the present paper we will first discuss 
the experimental determination of W(R) and give data 
pairs in GaP with Sp as the common donor centre and 
CdGa and, in addition, Sip as the acceptor centres. 
deep acceptor with EA = 202 meV. In this discuesion 
assumed to be valid. 

on 

Cp• 
Sip 
eq. 

a for 

ZnGa' 
is a 
(2) is 

In section 3, the idea of strong interpenetration of the 
donor and acceptor wavefunctions will be investigated. For 
this purpose Novotny's calculations of W(R) [9] will be used 
to obtain theoretica! estimates of a. In these calculations 
the Bohr radii of both the donor and acceptor are parameters. 
The results show that for the model used W(R) no langer 
depends exponentially on R if both eentres are shallow. There
fore the theoretical estimates of a are valid for only a limi
ted range in R. In section 4, these values of a will be oom
pared with the experimental data, using Bohr radii obtained 
from the above mentioned values for the hydrogen-model ener
gies. This comparison at first sight leads to the conclusion 
that the spatial extent of both the donor and acceptor wave
functions can indeed account for the experimentally observed 
values a. 

Unfortunately, this seemingly satisfying conclusion 
depends rather heavily on the correctness of the value used 

for the Bohr radius of the acceptars CP' ZnGa and CdGa • As noted 
above, these values are not accurately known. An alternative 
explanation of the experiment al va lues of a might be: the Bohr 
radius of the acceptars in reality is some 25% larger than 
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calculated from E (A) = 40 to 45 meV; then a is equal to half em 
the radius of the acceptor and consequently there is no influ-

ence on a of the spatial extent of the more localized centre. 

A decision between these two possibilities can be made ex

perimentally be oomparing the values of a for Sp-Cp pairs with 

that for OP-CP pairs involving the strongly localized Op-donor. 
In section 5 this experimental comparison between SP-CP and 

OP-CP pairs, and in addition between sp-ZnGa and OP-ZnGa pairs 
is made. In these experiments the influence of a possible non
exponential W(R) is considered, using Novotny's formulae. The 

results for a obtained from these experiments are at varianee 

with the expectations from section 4, the case that a is deter
mined by the spatial extent of both the donor and acceptor 
wave functions. The data in fact show that the acceptor Bohr 
radii indeed are significantly larger than thought previously. 

The new radii correspond to a hydrogen-model energy for the 

acceptor of- 28 meV, significantly lower than the above men

tioned 40 to 45 meV. 
Using these new Bohr radii for accepters it is found that 

taking a equal to half the Bohr radius of the less localized 
centre of the pair is a good approximation, even if the other 

centre is not strongly localized. As will be discussed in 

section 6, this finding is connected with the momenturn con
servation required in the pair transitions. 

2. Experimental determination of W(R) 

Experimental information of W(R) can be obtained in se

veral ways. 
One metbod is to determine W(R) directly by measuring 

the decay time of the luminescence of the pairs as a function 
of R. For isolated pairs W(R) is the reciprocal of this decay 

time. The upper value of R for which this isolation still 
holds is determined mainly by the concentratien of majority 
eentres and in addition by the change of W(R) with R. Though 

in a limited range of R, this metbod allows the validity of 

eq. (2) to be tested and directly yields values of Wm and -if 
eq. (2) proves valid- of a. In ref. [6] data of this kind were 

obtained for the above-mentioned pair series Sp-cp• Sp-Znaa 



Table 1. Data on the donor-acceptor pairs 

Pair ED, meV EA, meV RD.A RA•À RA,A parameters of eq. (2) 
(a) (a) (b) (b) (c) a,A -1 

wm• s 

SP-CP 104.2 46.4 10.4 14.3-15.1 18.2 9.1 [ 6] 5. 105 [ 5, 61 
9.1 .(d). 

Sp-ZnGa 104.2 61.7 10.4 12.4-13.1 15.8 7. 7 [ 6] 6.10 5 [6] 

sp-CdGa 104.2 94.3 10.4 10.0-10.6 12.8 7. 0 [ 6] 5.10? [6] 

Sp-Sip 104.2 202 10.4 6.8- 7.2 8.7 5. 0 [ 10] 4.105 [ 10] 
- 5.7 {d) 

Op-Cp 896.0 46.4 - 3.5 14.3-15.1 18.2 9.1 (e) 15.10 5 [10] 

op-zn0a 896.0 61.7 - 3.5 12.4-13.1 15.8 7.7 (e) 15.105 [ 10] 

(a) Ionization energies from ref. [71. For Eg 2.339 eV is taken. 
(b) Donor and acceptor Bohr radii calculated with eq. (3) and Eem(D) = 38 meV 

(m: = 0.34 m
0

) or Eem(A) = 40 to 45 meV (mh = 0.36 to 0.40 m
0
J. 

I 

(c) Present results, section 5.2. These radii with eq. (3) corresponds to Eem(AJ = 
28 meV and mh = 0.25 m

0
• 

(d) Present result, section 5.1. 
(e) As shown in section 5.2, these values are equal to those of the corresponding 

pairs with SP as the donor. 

0\ 
en 
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and sp-CdGa' see table 1. Such direct data can be obtained 

only for pair transitions with weak pbonon cooperation, like 

those mentioned above. It cannot be used for pairs with 

strong pbonon cooperation, e.g. those invalving the shallow 

SiGa-donor, the deep Op-donor or the deep Sip-acceptor in 
GaP [ 6] . 

A second method, which can be used also for the latter 

type of pairs, is to analyse the time decay of the integral 
pair band (integral band decay). It was found that it is 

allowed to use this metbod for such pbonon dominated bands, 
cbecause at each pair separation the zero-pbonon (ZP) and 

phonon-assisted transitions are parallel paths in the recom

bination, with relative strengtbs which are independent of R 
[6]. If eq. (2) is used for W(R) in the expression derived 

for the integral band decay, this metbod yields values for w 
and N.a 3 [51, where Nis tbe concentratien of majority een-

m 

tres. If Nis known from other sources, e.g. Hall-effect data, 

a can be calculated. This decay technique was used originally 

in ref. 151 to study Sp-Cp pairs inGaPand bas since then 
been used to study pairs in several compounds I 21 • Besidee to 

the Sp-Cp pairs, which have weak pbonon cooperation, we have 
applied it also to pairs in GaP with strong pbonon cooperation, 

namely Sp-Sip, SiGa-Sip, SiGa-CP, OP-CP' Op-ZnGa and Sp-ZnGa 
[10]. In the case of Sp-Sip pairs we have determined a by 
using the value of N obtained from r~ll-effect measurements as 

a function of temperature. This completes the data on a for 

the pair series Sp-cp to SP-Sip, see table 1. 
A tbird metbod to study W(RJ, which is especially suited> 

to measure a, is to combine the above decay technique and 
time-resolved spectroscopy. If the ZP pair band can be re
solved, this metbod can also be used for pairs with streng 

pbonon cooperation. The decay data yield Wm; by using this Wm 

in a quantitative analysis of the speetral shift of the ZP 
pair band as a function of the delay time in time resolved 

spectroscopy, a can be obtained. No accurate knowledge of N is 

now required. This metbod is discussed in more detail in 

sectien 5. 

The values of a thus obtained for SP-CP and Sp-Sip pairs are 
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given in table 1 as well. 
The data on donor and acceptor ionization energies 171 

and Bohr radii (RD,RA) are also summarized in table 1. We 
assume it to be permissible to use Bohr radii in character
izing wave functions of non-hydragenie centres. RD A are , 
caleulated from [2,5] 

R = h R 
D (2m*E )% ; A 

e D 

h = ----.-
(2m*E );: 

h A 

(3) 

in whieh m: and mh are the effeetive masses for electrans and 
holes, and ED and EA are the donor and acc'eptor ionization e
nergiesrespeetively. We use bere m: = 0.34 m

0 
and mX = 0.36 

to 0.40 m
0

; these effective masses are calculated using the 
values for Eem(D) = 38 meV and Eem(A) = 40 to 45 meV men
tioned in the introduetion and E = 11.02 171. From this table 
it appears that Sp-Sip pairs provide a case in whieh a is 
about half the Bohr radius of the shallow centre, i.e. the 
donor SP. With decreasing EA' however, both RA and a increase 
and the simple rule of a ~ RA/2 or RD/2 no longer applies 
when using the present values of RA. Other authors use even 
smaller values of RA. 8. 9 A for Znaa and 10. 2 A for Cp I 11] • 
On the other hand, Dean uses the light-hole mass (0.16 to 
0.17 m

0
) to calculate RA, whieh for Cp leads toRA = 22 A; 

table 5 of ref. {2]. This illustrates that the problem raised 
for RA is not a trivial one. 

3. Novotny's calculations of W(R) 

Calculations of W(R) invalving the donor as well as the 
acceptor Bohr radii were performed by Novotny for direct tran
sitionsin the effective mass approximation 191. Similar eal
culations for indirect transitions to our knowledge are not 
available. The momenturn conservation, as required in the in
direct transitions, is not taken into account in Novotny's 
work. Therefore bis results on the functional dependenee on 
R of W(R) in general will not hold for indirect transitions. 
On the other hand, it seems difficult to prediet what the 
difference will be, because this will depend on details of 
the process of momenturn conservation. Roughly speaking, this 



71 

conservation takes place mainly by interaction with suitable 

phonons or by interaction with one of the eentres in the pair 
[ 2] . As shown below, Novotny's W(R) is exponential in R if 
one of the eentres is strongly localized, but is not exponen

tial when considering a large range in R if two shallow een
tres are involved; this aspect to our knowledge has not yet 
been considered when discussing experimental data. In our 
view it cannot be said befarehand whether W(R) for indirect 

pair transitions invalving two shallow eentres will be expo
nential or not. 
Our aim is to gain some insight in the effect on a or, more 
generally, on the functional dependenee on R of W(RJ,of the 
spatial extent of both the donor and acceptor wavefunctions. 
Since in the discuesion the question whether W(R) is exponen
tial or not is an important aspect, we will use Novotny's re
sults, despite of the obvious limitations. In addition, they 
will turn out to give a convenient framewerk in discussing 
experimental results. 

In ref. [ 91 • the cases of allowed and forbidden interband 
electric dipole transitions are discussed. We write W(R) as 

W(R) = w x ID(RJI 2 
a 

for allowed transitions, and as 

(4) 

(5) 

for forbidden transitions. D(RJ and Q(R) contain the functi
onal dependenee on R of W(R) and are given in reference (9] 
by eq. (36) and eq. (37) respectively. We find, however, that 

these equations are not symmetrical in RA and RD' as they 
should be for the model used. This is due to a typographical 
error in a sign in eqs. (36) and (37) and the correct equa

tions should read [ 121 

B(a.B)3/2 { 
D(R) 2 - 2 ~ [ 4a8 + (a 2 - B2JBR]exp(- aR) 

(a - 8 J R 
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and 

Q(R) - 8~(a 0 ) 512 (- 2 2 2 = V P . [4 + 4aR + (a - B )R ]exp(- aR) 
(a2 _ B2}3R2 

(7) 

In eqs. (6) and (7), a= 1/RD and B = 1/RA. 
In deriving them it was assumed that a ~ B. D(R) for a = B 
reads ( 12] : 

(8) 

These expressions are not valid ror R ~RA or RD [12]. 
In the present indirect bandgap semiconductor we are dealing 
with allowed electric dipale transitions. It therefore seems 
appropriate to use D(R} for our purpose. 

1 o-t. ;..----~~~:;-'-~:-"---;/;;----'-''-::6~-::: 
0 ~ ~ w 

--R(Á} 

Fig. 1. 

The funotionaZ dependenee 

of the radiative transition 

probability on pair sepa

ration R~ oaZculated from 

eq. (6) with RD = 10.4 A 

and RA ranging from 2 to 
22 A. Note the verticaZ 

soale used~ of. eq. (8); 

this soaZe is ohosen to 

avoid an accumulation of 
aurves. 
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Plots repreaenting the functional dependenee on R of 

iD(RJi 2 , calculated using RD = 10.4 A of the donor and RA 
as parameter are shown in figure 1. In this figure, the ex

ample of one strongly localized and one shallow centre is 

provided by the case RD >RA. It is seen that jD(RJi 2 -and 
thus W(R)- is here correctly described by eq. (2). The value 

of a is 5.2 A for an RA of 2 A, i.e. equal to RD/2. In ref. 
[9] it is also noted that eq. (2) is the limiting case for 

e.g. R > RD >RA. With increasing RA, jD(RJ! 2 can no langer 
be described by eq. (2) intheR-range considered bere, but 

the influence of increasing RA is evident from the slower 
decrease of ID(RJI 2 with R. To facilitate a comparison of 
figure 1 with the experimental values of a in table 1 we have 

determined from the slope of the curves in figure 1 "effec

tive values" aeff for two R-regions. These were chosen as 40 
to 60 A and, adjacent to this, 60 to 120 A. The arguments for 
choosing the 40 to 60 A region are as fellows: the data in 

ref. [6] for the pairs invalving the Cp, Znaa and CdGa accep
tars were obtained for R ranging from - 10 A up to 40 to 60 A, 
thus suggesting 60 A as an upper limit for this . On 

the ether hand, with large RA eq. (6) for D(R) is not valid 
for R ~ RA and therefore 40 A was taken as a lower limit. The 
second region, 60 to 120 A, was chosen in view of the values 

of a obtained with the integral band decay technique. In these 

experiments, the luminescence of all pairs is used. At large 
R-values, the pairs are no longer isolated and the contribu
tion to the band decay of the long distance is largely 

determined by the possible recombination of the trapped minor
ity carrier with many randomly distributed trapped majority 

carriers. The region of 60 to 120 A is thought to contain the 
upper limit of the pair separation effectively involved in 

such decay measurements when using samples with practical 
dope concentrations. 

These two R-ranges are thus believed to provide two 

"limiting values of aeff" which can be used to compare the 
experimental values of a with. 
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4. Camparisen of experimental data for pairs with the donor 
~P and Novotny's calculations 

In figure 2 the experimental data for a and the two 
series of values of aeff obtained from figure 1, are confron
ted. This has been done by platting a and aeff as a runetien 
of RA. The limiting theoretical lines are a RD/2 and a = 
RA/2. For low values of RA' the two curves of aeff merge into 
a = RD/2 as already noted above. For high RA values, however, 
aeff for the range in R of 40 to 60 A remains significantly 
above RA/2. This indicates that for practical values of R the 
limiting case of a = RA/2 is not reached: R does not suffi
ciently exceed R4 • That this indeed is the case is shown by a 

~ 10 
~ 
0~ 
o· 

GaP 
donor: S 
Rlt10.4 À 

Fig. 2. 

The characteristic Zength a in eq. (2) pZotted as a function 

of the acceptor Bohr radius RA. The donor Bohr radius RD used 

in the caZcuZations is 10.4 A, The soZid curves 1 and 2 are 

effective vaZues of a obtained from figure 1 for the R-regions 
of 40 to 80 A and 80 to 120 A respeativeZy. Curve 3 represents 

the effeative vatue of a for the R-region of 140 to 200 A. 
The experimentaZ data are for pairs in GaP with SP as the 

common donor and Cp• Znaa• CdGa or Sip as the acaeptor. The 
data, taken from tabte 1, are ptotted versus the vaZues of RA 

caZcuZated using Eem(AJ = 40 to 45 meV. 
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third line for aeff' obtained for a range of large R values 
not shown in fig. 1, 140 to 200 A. Now R sufficiently exceeds 

RA and this line closely follows RA/2. 

The experimental values of a fit well into the range of 
calculated effective values of curves 1 and 2 in fig. 2. With
in the framewerk of values used for RD and RA it can thus be 
concluded that the experimental values of a can be explained 
by taking the spatial extent of the more localized centre in

to account. For the Sp-Cp• Sp-ZnGa and Sp-CdGa pairs this is 
the donor SP. This influence on a of the extent of the donor 
especially is present in the experimentally relevant R-region. 

Thus, a decrease of .the spatial extent of the donor in the 
three pairs mentioned according to fig. 2 would lead t~ a 
decrease in a. For instance, for the extreme case of repla

cing SP by the strongly localized donor Op• a would become 
equal to RA/2, a decrease of about 20%. Before considering 
possible implications of these findings -like a nonexponen

tial W(R) for shallow pairs- one would like to test this con
clusion experimentally. Especially, since the above conclu
sion depends rather critically on the values used for RA. 

We first try to test the conclusion by using available 

data for Sp-Cp pairs, namely the decay of the integral pair 
band and time-resolved spectra. The experimental value for 

a of 9.1 A found forthese pairs in aR-range of- 10 to 
- 60 A [61, according to fig. 2 can be explained by using in 

Novotny's formula an RD of 10.4 A and an RA of 15 A. 
A first possible test is to fit the experimental integral 

band decay curveforthese pairs, as reported in refs. [51 

and [ 101 to theoretical curves çalculated with eq. (14) of 
ref. [ 51. In eq. (14) a choice for W(R) must be made. Up to 
now eq. (2), the exponential form of W(RJ, was used, result
ing in good fits of theory and experiment [5,10]; theseneed 

hardly be improved. Is an equally good fit possible by using 
Novotny's W(RJ, eqs. (4) and (6)? To answer this question we 

have fitted the SP-CP data of ref. [10] toa theoretical curve 

calculated with eqs. (4) and (6), taking as parameters RD = 
10.4 A, RA= 15 A and N = 1.4 x 10 17cm-3. The latter figure 

is estimated from Hall-effect data. This curve also fits well 
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to the experimental curve, except for short times, ~ 200 ~s. 

that is for short-distance pairs; here D(R) is not valid, how
ever. From this fit, Wa of eq. (4) is found to be- 7 times 
lower than wm of eq. (2). This finding implies that the pos
sibility to obtain a good fit of theoretica! to experimental 
band decay curves does not depend very critically on the 
shape of W(R). Consequently, a good fit of the integral band 
decay can not be used as proof for the validity of the expo.
nential W(R) of eq. (2) either. 

A second possible test is the quantitative account of 
experimentally observed speetral shifts in time-resolved 
spectroscopy. These shifts are determined by W(R) and the 
delay time used. A comparison between the two forma of W(R) 

is made in the next section; it leads to similar findings. 
The results of the two experimental tests show that 

within the framewerk of Novotny's W(RJ and the values used 
for RD and RA, as presented in this section, an explanation 
of the data obtained from the band decay and time resolved 
spectra is possible: the picture is internally consistent, 
within the limits of validity of D(R). No strong evidence 
against the conclusions drawn from fig. 2 is obtained from 
these experiments. 

A critical test is possible, however, bycomparing values 
of a for pairs with the same shallow acceptor, like Cp or 
Znaa• but with different donors, namely a shallow centre like 
SP as wellas th~e strongly localized Op-donor • .t<'or the pairs 
involving this strongly localized Op-donor, the exponential 
form of eq. (2) will apply for W(R), with a equal to half the 
Bohr radius of the shallow acceptor. Consider Op-cp and SP-CP 
pairs as an example; similar arguments hold for op-ZnGa and 
Sp-ZnGa pairs, however. 
Crudely speaking there are two possibilities: 

i) If fig. 2 and the Bohr radii used are correct, the value 
of a= RA/2 for Op-cp pairs should be 7.2 to 7.6 A, 
significantly smaller than the 9.1 A of Sp-Cp pairs. In 
addition, W(R) for such shallow pairs then is not expo
nential in R. 
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ii) If the Bohr radii used are too small, in the extreme 
case for Op-Cp and SP-CP pairs the same value of a, i.e. 
9.1 A, will be found. This implies no influence on a of 
the more localized centre and, in first approximation, 
an exponential W(RJ for the shallow sp-Cp pairs as well. 

The problem now to be solved is an accurate determina-
tion -or comparison- of a values for pairs involving Op- ar Sp
donors. This is the subject of sectien 5.2. In section 5.1 
we first introduce the metbod and apply it to a determination 
of a for Sp-Cp and sp-Sip pairs. 

5. Study of W(R) by combining integral band decay and time
resolved spectroscopy 

5.1. ~~~!!~~~!2U-~Q_§p=Qp_~ng_§p=ê!p-~~~t~· 

In section 2 it was outlined that the direct metbod of 
ref. [6] to measure W(RJ can only be used for pairs with 
strong ZP transitions, whereas tbe integral band decay metbod 
requires a good knowledge of N. Speetral shifts of tbe ZP 
pair band as a function of excitation density or in time-re
solved spectroscopy also depend on W(R) and tbus can given 
information on it [2,5,13-16]. Tbis bolds for pairs with 
weak as well as strong pbonon cooperation. We prefer to use 
time-resolved spectroscopy for some reasons: 
i) A good tbeory is available for tbe case that all pairs 
beoome neutral (are saturated) during excitation [51. For 
randomly distributed pairs and weak compensation of tbe ma
jority eentres tbe speetral shifts do not depend on dope
concentration*). In practise, often no complete"saturation 
of tbe pairs can be obtained in GaP with tbe normally used 
excitation by a focussed argon-ion laser beam, see e.g. 
refs. [6,10]. Tbis is partly due to lack of power, partly to 
inhomogeneous excitation. To obtain saturation, excitation 
with fast electrens is superior [5,171. With laser excitation, 
the long distance pairs still are saturated, however, and 
thereforetbe formulae for the case of complete saturation {51 

*)For footnote see following page. 
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still apply for sufficiently long delay times. 
ii) In time-resolved spectroscopy, the independent variable 
is the delay time, which is accurately known. This is a major 
advantage with respect to measurements as a function of exci
tation density. In the quantitati ve interpretation of'1 speetral 
shifts the independent variable in fact is the concentratien 
of generated minority carriers. Since this concentratien 
depende on sample-dependent details of the recombination kine
tica, it is not known in general as a tunetion of excitation 
density. In ref. [16] this concentratien was taken to increase 
linearly with excitation. This only holds, however, if the 
minority carrier liretime is constant, implying that it is 
determined by a dominant (non-radiative) recombination path 
parallel to the luminescent transitions. This is an unfavour
able case to study speetral shifts up to densities where sa
turation of the luminescence is achieved. These speetral 

*)This is aresult of the calculations of ref. 151. Other 
workers do not share this apinion [ 14,151. In the latte!' 
papers expressiena are derived for the kinetica of pair tran
sitions starting from a distribution function ot nearest 
neighbour pairs. This function may describe the case of ran
domly distributed or preferentially paired donors and accep
t.ors. Using their formulae for the case that all eentres are 
initially neutral, also in the case of randomly distributed 
eentres a dope dependenee of the speetral shift in time re
solved spectroscopy exists, in eontradistinction to ref. [51. 
In our view this dope dependenee arises because in refs. [ 14, 
151 only the effect on the decay with time of the trapped 
minority carrier due to transitions to trapped majority 
carriers at distanees exceeding the nearest-neighbour pair 
separation was taken int o account, but not the lumines cence 
eoming from these transitions. (The same objection applies to 
treatments of speetral shifts as a funetion of the continuous 
exeitation densition density [13-151 ). If this luminescence 
is also taken into account the approach starting from the dis
tribution function of pairs should leads to the same result 
as obtained along other linea. As an example we take eq. (29) 
of ref. ( 51 , which is based on the distri bution function of 
the pairs. Analytical integration of eq. (29) for the case 
that all pairs are neutral indeed results in eq. ( 13) of ref. 
151, which is derived in a different way [171. 

At moderate doping levels the difference between the re
sults of refs. [51 and [14,151 is small, however and the ex
pressions in [ 14,151 will be useful to obtain some insight in 
effects of e.g. preferential pairing. 
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shifts have the additional disadvantage of depending on an R

dependent capture cross-section of the pairs for free carriers 

[ 2,51 . 
In discussing the saturated case we use eq, (21) of ref. 

[51 for the luminescence intensity IE(t) per unit energy at 

time t after the excitation and at energy E. Here E is the 
energy of ZP transitions, taken with respect to hv(oo) = Eg -

(ED+EA), eq. (1). Following ref. [ 51, we assume /:;E(R) to be 

negligible; thus E = q 2
/ER. Slightly modified and with R as 

the energy-dependent variable eq. (21) reads: 

-2 4 
IE(t) = 4rrNEq R W(R)exp[- W(R)t1 <Q(t)> 

in which <Q(t)> stands for: 
00 

<Q(t)> = exp[4rrN J {exp[- W(R)t1 - 1}R
2

dR1 

0 

(9) 

(10) 

We note that the intensity I(t) of the integral pair band 

at timetafter the pulseis given by 151 

I(t) = - d~ <Q(t)> (11) 

In characterizing the speetral shift we use the maximum 
of the zero-pbonon pair band. From eq. (9) one finds for this 

maximum: 

4W(R) + RdW [ 1 - W(R)t1 = 0 
dR 

When W(R) is given by the simple exponential form of eq. (2), 

eq. (12) becomes: 

1 - 4R: - Wmtexp[~) = 0 (13) 

in which RP is the pair separation corresponding to the peak 

energy EP of the pair band. Eq. (13) shows that for each value 

of Wm•t the value of Rp/a is fixed. If Wm•t is known for a 

pair, the corresponding value of RP than directly gives a. 

This is an accurate way of finding a since it is directly re-
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lated to the peak position of the pair band. For t = 0 the 

salution of this saturated case is particularly simple, name

ly a = Rp/4. Thus in principle it is possible to determine 
a from a single measurement of Rp of a completely saturated 

pair band, without any knowledge of wm. To calculate Rp from 
the pboton energy of the ZP pair band one needs the peak ener
gy EP and thus the value of hv(oo), This quantity is accurately 

known for pairs in GaP [ 71 • 

These findings suggest the following procedure to study 
W(R) and, if eq. (2) applies, to find a: first determine Wm 

from the integral band decay. Then measure Rp with time-re

solved spectroscopy as a function of the delay time t. By 

using the theoretical curve of Rp/a as a function of Wm·t 

according to eq. (13), a can now directly be determined*). 
Befare dealing with our data on pairs invalving the Op 

and SP donors and CP and ZnGa acceptars we will apply the 

above procedure to the SP-cp and Sp-Sip pair data of refs. 
[51 and [101 respectively. We first take SP-CP pairs, studied 
in detail by using excitation with fast electrans [ 51. Good 
evidence has been presented that indeed complete saturation 
of the pairs was obtained. wm is known to be 5x105s-1 [5,61 

and there is evidence that eq. (2) can ~escribe W(R) at least 

up toa pair separation of 60 A with a= 9.1 A (61. Fig. 3 

gives the theoretical curve of the peak energy EP as a runc
tion of Wm•t fora= 9.1 A, Crosses repreaent experimental 
data obtained from fig. 13 of ref. [51, using the new value 

for Eg - (ED+EA) of 2.1884 eV for these pairs [ 71. It is seen 
that up to Wm·t ~ 5 x 103 there is excellent agreement between 
theory and experiment. For the two experimental points having 
larger Wm·t, corresponding to delay times of 0.1 and 1 sec, 
the experimental value of EP exceeds the theoretical one. This 

is due to the presence of a secend pair band, as is apparent 

*)rn principle it is possible to find all parameters; if eq. 
( 2) applies bath R ( or EP), a and Wm can be found [ 161 , but 
in our view this lgads to inaccurate results. There is the 
additional difficulty of the degree of saturation of the 
pairs, as shown furtherdown. 
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Fig. 3 

Speetral shifts in time-resolved spectrosoopy. The photon 

energy of the peak of some zero-phonon pairbands hv (peakJ, 
taken with respect to hv(oo),is plottedas a funotion of Wm•t, 

in whioh t ia the deZay time. Theoretical linea based on 

eq. (2) for W(R) are given fora= 9.1 A (SP-CP pairs) and 

fora= 5.2 and 5.7 A (SP-Sip pairs). The dashed line repre

Bents theory when using for W(R) eqs. (4) and (6) with as 

parameters RA= 15.0 A. RD = 10.4 A and Wa = Wm/7. The e:x:peri
mental data represented by crosses are taken from fig. 13 of 

ref. (5]. E~cept for the two crosses with the Zargest values 

of Wm•t, these are all data for SP-CP pairs. The two ereaep
tions are due to the presenae of other pairs, probably Si 0 a

CP. The data for SP-Sip pairs mainly come from fig. 1 of 
ref. [10]. 
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in fig. 13 [51 from the broadening of the luminescence spec
tra taken with the delay times of 0.1 and 1 sec. The presence 
of this second band was already recognized in ref. [5]. In 
our view it is due to Si0a-CP pair luminescence. 

In addition data on SP-CP pairs are plotted in fig. 3 
that were obtained with focussed laser excitation on a p-type 
crystal showing luminescence from OP-CP and Sp-Cp pairs, but 
not from Si0a-CP pairs. During the pulse a laser power of 
about 0.5 Wis focuseed moderately on the sample to a spot 
with a diameter at half the maximum intensity of 150-200 ~m. 
For experimental details see [10]. It is seen that notably 
at small values of Wm·t these data have a significantly lower 
value of EP than the data from ref. [5]. This difference must 
come from the difference in saturation reached, the short dis
tanee pairs not being saturated by the laser excitation. Since 
some variatien in the amount of focussing hardly influenced 
the value of EP, inhomogeneous excitation in our view must 
play an important role bere. In fact. we know no report of a 
SP-CP spectrum taken with laser excitation that approaches 
the saturation reached in ref. [51. 

For comparison we also have calculated the speetral 
shifts expected for Sp-cp pairs if W(R) is given by eqs. (4) 
and (6). The equation resulting for the maximum of the pair 
band.as a function of Wa·t is· given in the appendix. The re
sults obtained with the parameters RD = 10.4 A~ RA = 15 A and 
Wa = Wm/7 (found from the integral band decay) are given in 
fig. 3 by the dasbed curve. Note that this curve is plotted 
as a function of Wm·t, for easy oomparisen with the other 
data. 

From these results on SP-CP pairs some conclusions can 
be drawn: 
i) Assuming W(R) to be given by eq. (2), 3 shows that 
the spêctral shifts in the time-resolved spectra of ref. [5] 
can be accurately described with wm = 5.105s-1 and a = 9.1 A, 
in excellent agreement with our earlier findings [6]. 
ii) The curve calculated with Novotny's W(R) and the values 
for RD and RA used in fig. 2 can account for the observed 
value of EP for Wm•t exceeding say 102 (this corresponds to 



83 

a w •t of 102/7). Thus an "effective a-value" of- 9 A con-a 
structed in this way and an a of 9.1 A according to eq. (2) 

give equivalent results for Wm•t ~ 10 2 . Apparently the result 
does notdepend very critically on the form of W(RJ, as was 
found in section 4 for the fitting of the integral band decay. 
The deviation from experiment, and from the curve obtained 
with eq. (2), for 'k'm·t .:S 10 2 is related to the flattening of 
ID(RJI 2 for small values of R, see fig. 1. This is similar 
to the findings for the integral band decay. Since D(RJ is 
not valid for small R, we cannot decide from fig. 3 whether 
Novotny's W(R) and the RA values used in fig. 2 are correct 
or whether eq. (2) holds for W(R), but with largervalues for 

RA. 
iii) The results with the SP-CP pair data of ref. [51 show 
that it is indeed possible to obtain information on W(R) if 
w - or w of eq. (4)- is known. If eq. (2) applies for W(R) m a 
one can obtain a rather accurate value for a. In addition it 
proves possible to cernpare numerical values of a, independent 

of whether these are a-values according to eq. (2) or in fact 
are "effective a-values" valid only in a limited range of R. 

Since for shallow pairs we still do not know whether eq. (2) 
holds, this is of importance in the intercomparisen of data 

on pairs involving SP or OP donors. 
When using data obtained by laser excitation care must 

be taken to consider the effects of unsaturated pairs. 

We now consider the speetral shifts in the case of 
pairs. Because Sip is a relatively deep acceptor we as

sume W(R) to be given by eq. (2). Using this W(R) we obtained 

a = 5.2 A from the integral band decay and the dope, table 1. 
For the comparison of experimental data on the peak energy of 
the ZP pair band with theory we first need wm. In ref. [10) 
we report wm to be- 4 x 105s-1 . This value is obtained from 
a fit of the decay of the integral Sp-Sip pair band to theo
retical curves for the case that all pairs are saturated, 
eq. (11), and an approximate correction for the effect of 
non-saturation of short distance pairs. 

Experimental data on the peak energy of the ZP band 
are plotted in fig. 3 as a function of wm•t, using Wm = 
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4 x 105s-1 • Most data are taken from fig. 1 of ref. [10] but 

some additional data of the same sample are also used. For 
the less well resolved ZP pair bands an estimated range in 
peak energy, as indicated in fig. 1 of [10], is plotted. 
Theoretical curves for a = 5.2 A and 5.7 A are also given. It 

is seen that the curve for 5.2 A lies above the experimental 
results, indicating that a will be slightly larger. The curve 
for a = 5.7 A fits well te the points with largest Wm•t. The 
ether data fall below the theoretical curve, pointing to non
saturatien of the short distance pairs under the experimental 
cenditiens used. This is similar to our findings fer ether 
pairs, like these reported above for sp-Cp. Since our Sp-cp 
data in fig. 3 even fer large Wm • t fall slightly belew the 
curve expected theoretically, the value of a of 5.7 A will be 
an upper limit if Wm is taken to be 4.1o5s-1 . Considering the 
integral band decay data as well, we conclude that 
for Sp-Sip pairs the value of a will be between 5.2 and 5.7 A. 
Since Wm for Sp-Cp and Sp-Sip pairs is nearly equal, the dif
ference in the peak energy of the ZP band observed for these 
pairs at the same delay time results from the different values 
of a, 9.1 A and 5.2 to 5.7 A respectively. This arises as 
fellows: for equal values of Wm• each delay time t corresponds 
to some pair separation RP at the peak of the ZP pair band. 

This value of Rp depends on a, or aeff' however; at 
fixed delay time an increase in a means an increase in Rp 
such that the decay with time remains the same. If eq. (2) 
applies for W(RJ this leads to the simple requirement that 
RP/a must be conserved, see eq. (13). 

5.2. ~h~-~2mE~!~2~_2f-~!El_!gr_E§!r~-!~Y21Y!ue_êp_2r_Qp 
\!QUQE~· 

To cernpare W(R) of SP-CP and OP-CP pairs as well as of 
Sp-zn0a and OP-zn0a pairs we use p-type crystals which next 
to the acceptor impurity are doped with both S and 0. In this 
way the effects of the above reported non-saturation of pairs 
and inhomogeneous excitation can be minimized. The use of 
such crystals has an additional advantage in the analysis of 
the integral band decay: if W(R) is given by eq. (2) for 
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both in the sample, the values obtained for N·a 3 for 

these pairs allow for a direct comparison between the a values 
of the pairs since N is the same for both. 

The experimental techniques, data on the crystals used 
and results from the band-decay studies are reported in ref. 
[10]. The results of these studies to be noted bere are: 

i) The value of Wm for OP-CP and 0p-ZnGa pairs amounts to 
1.5 x 10 6s-1 ; this value is obtained by making approximate 
corrections for the effects of non-saturation. Since Op is 
strongly localized centre, eq. (2) is used for W(R). 

ii) If we use eq. (2) also for W(R) of the SP-CP pairs, the 

values of N•a 3 for SP-CP and OP-CP pairs are identical. We 
return to this finding at the end of this section. 

The determination of the maximum of the ZP pair band in 

the time-resolved spectra of OP-CP and Op-ZnGa pairs for 
short delay times is hindered by the strong pbonon cooperation 
in these pairs [ 18] • At longer delay times well resolved ZP 

bands are obtained for OP-CP pairs. In the case of OP-ZnGa 
pairs the ZP bands are less resolved but the results still 
are useful. Some spectra are shown in fig. 4. 
The data on EP obtained from the time-resolved spectra for the 
four pairs studied are plotted in • 5 as a function of 
Wm·t, together with theoretical curves calculated with W(R) 

according to eq. (2) and a= 7.7 A (Sp-zn0a) or 9.1 A (Sp-Cp). 
The values of ED and EA used to calculate. Rp and those taken 
for Wm are in table 1. 

We first consider the results for SP-CP and OP-CP pairs, 
more specifically those for Wm·t exceeding a few times 103. 

It can be concluded from fig. 5 that the value of EP for OP
CP pairs does not exceed that for SP-CP pairs. This result is 
at varianee with the expectations raised in section 3. The 
analysis presented there prediets for Op-Cp pairs an a value 
of 7.2 to 7.6 A. The values of EP corresponding herewithare 
also plotted in fig. 5 and are seen to significantly exceed 
the experimental values. 

In view of these findings we conclude that within experi
mental error the value of a for OP-CP pairs is equal to that 
for Sp-Cp pairs, that is 9.1 A. Since the donor Op is very 
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ExampZes of time resolved spectra of OP-CP and OP-zn0a pairs 
in GaP. The deZay times uaed as weZZ as estimated peak posi

tions of the zero-phonon pair band are indiaated. The spectra 

are not aorreeted for variations in spectraZ sensitivity of 

the equipment (a 1 m grating monochromator with a 1200 Z/mm 
grating bZazed at 5000 Ä and a Sl-photomuZtipZier [10]). The 

speetral reaoZution used ia 2.5 meV. The phonona involved in 

the Op-Cp speetrum have energiea of 20 and 47.5 meV, in agree

ment with ref. [ 18]. 
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A oomparieon of the speetral shifts in time-resolved spea

trosaopy between OP-CP and SP-CP pairs (lower part) and be

tween OP~znGa and SP-ZnGa pairs (upper part). The samples 
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or 7.7 A (Sp-Zn0aJ. In addition peak positions expeated theo

retiaaZZy for OP-CP pairs and Op-ZnGa pairs on the basis of 
fig. 2 are indicated. 
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localized, this implies that RA for the acceptor CP amounts 
to two times 9.1 A, instead of the 14 to 15 A used previous
ly. A consequence of this is that also for the Sp-cp pairs 
the value of a is equal to half the Bohr radius of the 
shallower centre (Cp), although in this case the donor is not 
strongly localized. Surprisingly, the transition probability 
as given by eq. (2) with a = RA/2 describes the experimental 
results even for pair separations as low as - 12 A, as is 
apparent from fig. 1a of ref. [6]. 

The results for sp-zn0a and Op-ZnGa at larger values of 
Wm•t show the same picture as these for the pairs with CP' 
Due to the less well resolved ZP pair band and, at long delay 
times, some more noise in the 0p-ZnGa spectra, these data 
show some scatter. One can conclude, however, that the values 

of EP for Op-ZnGa and sp-zn0a are equal within experirnental 
error. For comparison the values expected for EP of op-zn0a 
pairs on the basis of section 3 are also plotted and seen 
to exceed significantly the experimental values. 

The above means that also in the case of op-zn0a and 
Sp-ZnGa the a values are the same and that the Bohr radius 
of the acceptor ZnGa is two times a. Using a= 7.7 A we find 
15.4 A for RA of ZnGa' Fig. 1b of ref. [6] shows that for Sp
ZnGa pairs W(RJ follows eq. (2) with a ~ 7.7 A downtopair 

separations as low as 10 A. 

To summarize: we have presented experimental evidence 
that W(RJ for Sp-cp and OP-CP pairs can be described with eq. 
(2) using an a value of 9.1 A. This a value is equal to half 
the Bohr radius of the acceptor Cp. A similar conclusion 
holds for sp-zn0a and op-zn0a pairs, but with a~ 7.7 A. 

We now reeall that the values of N•a 3 obtained from tbe 
integral band decay using eq. (2) for W(R) are equal for SP
CP and Op-Cp pairs. Since this W(R) can indeed be used, tbis 
means tbat these pairs have equal values of a, in agreement 
witb the above results. Tbe value of N•a~ 1.3 x 10-4, with 
a= 9.1 A results in N = 1.7 x 1o17cm-3. From Hall-effect 
data the number of uncompensated acceptars is estimated to be 
1. 4 x 1017 cm -3 [ 10] • Since this sample is not intentionally 
doped with S and 0, these donors will have concentrations of 
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a few times 1016 cm-3 at most; this leads to essentially the 
same value of N as obtained from the deca.y. 

6. Discussion 

With the results from the previous section and on the 

basis of eq. (3) we can derive new values for mh• E
8

m(A} and 
the Bohr radius of acceptors. \'lïth these new radii fig. 2 can 

be revised. We think the most accurate value of a available 
to be that of the OP-CP and SP-CP pairs. Therefore this 
figure of 9.1 A is used in the further calculations. It re
sults in a Bohr radius of 18.2 A for the acceptor Cp. With 
eq, (3) and EA = 46.4 meV this gives mh = 0.25 m

0 
which in 

turn, with E = 11.02, leads to E
8

m(AJ = 27.7 meV and toa 
Bohr radius of the effective-mass acceptor of 23.5 A, The 
Bohr radii of other acceptars obtained with these data are 
summarized in table 1. For ZnGa we calculate 15.8 A, in good 
agreement with the experimental estimate of 2 x 7.7 A = 

15.4 A, This in fact is an experimental verification that RA 
is proportional to (EAJ-~. 

Fig. 6 gives the revised plot of a as a function of RA• 

as well as the three curves for aeff according to Novotny's 
W(RJ taken from fig. 2. First of all we notice that the value 
of a for all pairs is equal or very close to half the Bohr 
radius of the shallower centre; for SP-CP pairs this is by 
definition. Novotny's results-notably the non-exponential 
W(RJ- do not apply to these pairs in GaP, because fig. 6 gives 
no evidence for an effect on a of the spatial extent of the 
wa~efunction of the móre localized centre in the pair, as pro
posed in section 4. This is in contrast to the findings for 
the AE(RJ-term in eq. (1) for the photon energy of the pairs, 
because this term at least partly results from the extent of 
the more localized centre. For example, AE(R) at 10 A is -20 

me V for SP-CP pairs and is +2 .1 meV for OP-CP pairs [ 71 • In 
general, AE(RJ decreasas with increasing localization of the 
eentres involved. 

One may criticise the use by Novotny of s-type envelope 
wave functions, since these will be too simple. Indeed, recent 
studies of AE(R) indicate that the admixture of p-type wave-
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functions to the s-type wavefunctions improves the fit of 
theory to experiment for pair separations comparable to,or 
smaller than the Bohr radii of the eentres involved (19,71. 
At larger separations the model used in ref. (19] cannot ex
plain the experimental results, as discuseed in ref. 171 and 
below. The effect on W(R) was alao considered. On admixing 
p-type functions a decrease in transition probability 
found [191. This is in contradistinction to what is needed to 
transform Novotny's W(R) of figs. 1 and 2 to an exponential 
form with an appropriate value of a. The above decrease in 
W(R) occurs in the R-region where the model cannot account 
for the experimentally observed ~E(R), however, making it 
dif'ficult to judge the meaning of' the results*). On the other 

*)In these calculations the epatial correlation of electron 
and hole is not adequately considered; thia correlation may 
strongly in:fluence W ( R J, however [ 2] • · 
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hand, it is apparent from the experimentally observed values 
of l:lE(RJ that effects of the spatial extent of the wavefunc
tions, whatever their form is, shown up in the pboton energy 
of the pairs. 

This brings us on the conservation of momenturn as required 
in the pair transitions in the indirect semiconductor GaP. 
This is not taken into account in the calculations of refs. 
191 and [191. In the case of shallow pairs involving a P-site 
donor like Sp-Cp, Sp-ZnGa and Sp-CdGa' which have strong ZP 
pair transitions, momenturn conservation mainly takes place 
through the bound electron, which has a high density at the 
central core of the donor [20]. In view of'this momenturn con
servation, the probability of these shallow pair transitions 
will be mainly determined by the density of the donor-electron 
and acceptor-hole at the central core of the donor. 
As a result the spatial extent of the donor wavetunetion 
gives no major contribution, and W(RJ will remain approxi
mately exponential with R. The precise form of W(R) depends 
on the shape of the acceptor wavefunction, which will be in
fluenced by that of the donor. 

If the donor of the pair is on a Ga-site, momenturn con
servation mainly comes from phonons and the ZP pair band is 
weak [ 2 0, 21 . In view of the above, this difference between 
pairs involving a P- or a Ga-site donor may result in a dif
ferent form of W(R). Up to now there is no experimental evi
dence for this, however [ 10] . 

In analysing the data for Sp-Sip pairs we have taken eq. 
(2) for W(R), using the argument that Sip was a deep acceptor. 
The new value of RA for Sip,- 8.7 A, indicates a significant 
extent of the wavefunction, however. On the other hand, the 
value of a as obtained using eq. (2) is so close to RD/2 of 
the Sp donor that we think eq. (2) to be sufficiently accu
rate. In conneetion with RD we should note that, as usual, 
the donor wavetunetion is taken to be spherical. This in fact 
is not correct, since the effective mass of the electron is 
anisotropic [8]. For large pair separations a formula for W(R) 

including this anisotropy has been proposed and used to ana-
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lyse pairs in silicon [ 211 • Such a refinement wou1d be rele
vant mainly if the donor is the shallower centre of the pair. 
In our view such refinements need hardly be introduced at present 

in the study of the R-dependence of W(R} of pairs in GaP. 
The momenturn conservation and its influence on W(R} is 

also reflected in the tra.nsition probabilities of the pairs. 
This aspect is discussed in the subsequent paper [ 10] • taking 
the present findings into consideration. 

The new value of RA of the acceptor CP also is of imper
tanee for the discussion of the positive value of 6E(R) found 
for ·Op-Cp pairs [ 71. In ref. [ 71 we used for RA values of 14 
and 10 A, instead of the newly found 18 A. This larger values 
of RA results in a decrease of the theoretical values of 6E(R} 

with respect to those calculated with RA = 14 or 10 A and 
shown in fig. 5 of ref. [ 71 • It is now hardly possible to use 
the model underlying that fig. 5 for even a qualitative under
standing of the experimental öE(RJ of these pairs. and it 
will be necessary to include other interactions in the theory 
on 6E(R) for pairs involving the donor Op· 

Finally some remarks will be made on the value for mh 
derived bere from eq. (3). 
The value calculated for mh' 0.25 m

0
• bas to be ooropared with 

the effective mass in the light-hole and heavy-hole bands, 
0.16 to 0.17 m

0 
and- 0.6 m

0 
respectively [22]. In this work 

we have obtained mh from phenomena occurring at distances 
comparable to or exceeding the acceptor Bohr radius. One 
expects mh to be relatively close to the light-hole maas 
since this maas mainly determines the spatial extent of the 
bound hole. (Central cell-effects will be more related to the 
heavy hole). Our result agrees with this qualitative state
ment. 

It is of interest to consider our value of mh in connee
tion with a discussion given by Dean [23] of a generalized 
Haynes rule. This rule relates the binding energy of bound 
excitons to the ionization energy of the neutral donors or 
accepters involved. To be able to explain qualitatively the 
experimental observations in GaP. the model requires m!lmh > 1. 

With m! = 0.34 m
0 

and the previous value of mh• 0.36 to 0.40 
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m
0

, this ratio is smaller than one, but with the present value 
of mh = 0.25 m

0 
the ratio indeed exoeeds one. 
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Appendix. 
Equations for the peak position in time-resolved spectroscopy 
of the zero-pbonon pair band using Novotny's W(RJ. ,,. 

If the Bohr radii of donor and acceptor are equal, eqs. 
(4), (8) and (12) give: 

in which :x: ::: aR. 

If the Bohr radii are not equal, eqs. (4), (6) and (12) give: 

2[{4 

+ [-

+ :x:(1-y
2

J}exp(-:x:)- {4- :x:(1/y-y) }exp(-y:x:J] 

{4+4:x:+x
2

(1-y 2)}exp(-:x:) + {4+4y:x:- :x: 2 (1-y2J}exp(-y:x:)] x 

[ 

64Wat { 2 1 - -;;------'----" [ 4 + :x:(1-y JJ exp(-:x:J 
Yre 2 (1/y-y) 6 

- (4- re(1/y-y)Jexp(-y:x:)}2] = 0 (A2) 
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SUMMARJ 

Donor-acceptor pair luminescence in GaP was studied by 

time-resolved spectroscopy~ by measuring and analysing the 

integral band deaay over many decades of intensity and time 

and by measuring and analysing the temperature dependenee of 

the luminesaenae intensity. We report here the results ob

tained with some or all of these techniques for pairs inval

ving deep as well as shaZlow centres. Those with a deep centre 

are: Sp-Sip and SiGa-Sip• in whiah the acceptor is the deep 

centre~ and OP-CP and Op-Znaa• in which the donor is the deep 
centre. These pairs all have a broad~ phonon dominated lumi

nescence band. The pairs invalving shallow eentres include 

SiGa-Cp• SP-CP and Tep-Cp. Due to the different way of momen
turn conservation in these pairs, those invalving a donor on a 

Ga-site have strong phonon cooperation and weak zero~phonon 

transitions, whereas tho~with a donor on a P-site have strong 

zero-phonon transitions. 

With time-resolved spectroscopy, well resolved structure, 

due to a zero-phonon pair band and its phonon replicas, is ob

tained for nearly all pairs. A comparison is made with the 

structure obtained by measuring in the stationary state at 

very low excitation densities. Some trends in the strength of 

phonon cooperation are noted. In the case of SiGa-CP pairs 

sharp replicas of zero-phonon pair linea with a momenturn con

serving phonon are also resolved. 

Using the integral band decay technique and results from 

time-resolved spectroscopy we have determined the transition 

probabilities for the total luminescence band as well as for 

the zero-phonon band for nearly all pairs mentioned. The in-
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fluence of incomplete saturation of the pairs during excita

tion ~ith a focussed beam of an argon-ion laser is discussed 

and approreimately corrected for. Eretrapoiated to sero pair 

separation~ the total transition probability ranges from 
fj -1 fj -1 

- 10 s for SiGa-CP pairs to - 1:> x 1:> s for Op-Cp and Op-
ZnGa pairs. The zero-phonon probability ranges from- 4 x 10 3 

-:z f s · c a · s·· · 10 6 - 1 
s or ~Ga- P an s~Ga- ~P pa~rs to - 4 x s for SP-CP 
pairs. The transition probability for pairs in GaP is dis

cussed in reZation ~ith the site occupied by the donor and the 

depth of the eentres involved. The relatively high dope con-
.. ... · a · 1o 18 -a · a· cen .. ra..,~ons use ~n some cases 1 - 1 to 2 x cm 1 are ~s-

cusaed briefZy in relation to "concentration quenching". 

The temperature dependenee of the Zuminescence intensity 

of SP-Sip pairs is satisfactoriZy analysed ~ith a simpZe Zine

ar model. The same model is appZied to similar literature data 

on the SP-CP pair luminescence. Using in addition data on the 

average pair transition probability~ trapping rate constante 

for hole capture by the Sip and CP acceptors ~ere caZculated 
... -9 3 -1 ·a . d h h • to ue - 10 cm sec • Ev~ ence ~8 presente t at t e trapp~ng 

rate constant for holes by the ZnGa-OP complex is about 2 x 

10-9 cm 3 sec - 1• 

1. Introduetion 

The role of donor-acceptor (D-A) pair transitions in the 
luminescence of GaP is now well documented. Since Hopfield 
et al 111 identified the first D-A spectra, such spectra in
volving a wide variety of donors and acceptars have been ob
served [2-8]. The main characteristic feature of these spectra 
is the occurrence of many sharp lines, which are due to zero
pbonon (ZP) transitions between electrans and holes bound to 
donors and accepters at discrete separations in the lattice. 
Towards lower pboton energies these lines merge into a ZP pair 
band. For ZP transitions, the pboton energy hv(R) as a function 
of pair separation R is given by the well known expression [ 31 

hv(R) =Eg- (ED+EA) + q2/ER + ~E(R) = 

hv(oo) + q2/eR + àE(R) (1) 
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Here Eg is the energy of the bandgap, ED and EA are the donor 

and acceptor ionization energies, q
2/eR is the Coulomb energy 

term and àE(RJ is a term repreaenting the deviation of the 

pair energy from eaulomb's law. öE(R} is of importance only 
at small values of R [3,91 and can be neglected in the pre
sent work. 

The pair bands show weak or streng pbonon replicas de
pending on tbe deptb of the eentres and on the site occupied 

by the donor [3-8,10,11]. Transitions invalving shallow een

tres, the donors involved being on P-sites, have strong ZP 
bands and weak replicas. If the donor is on a Ga-site, e.g. 

Sioa• the ZP band is weak and strong cooperation of momenturn 
conserving phonons is found. The "halfwidth" of this pbonon 

dominated luminescence band is - 60 meV at moderate excita
tion densities, which is to be compared to 10-20 meV for a 

ZP band. 
When one of the eentres involved is deep, the partiele 

bound to this centre couples strongly with the lattice. This 
results in braad pbonon dominated luminescence bands having 

a halfwidth of- 200 meV. Examples are the donors Op 171 with 

ED = 896.0 meV and Ge0a [ 8] with ED = 201.5 meV, and the 
acceptars Sip [4,51 with EA = 202 meV and Gep [8J with EA = 
257 meV. These ionization energies ED and EA are taken from 

ref. [ 91 • 
One of the subjecte in the spectroscopy of D-A pairs is 

to distinguish the ZP pair band and its pbonon replicas in 
such braad, pbonon dominated pair bands. Two experimental 

techniques can be used for this purpose. One is to use very 
low excitation densities in the stationary state, see e.g. 

re fs . [ 6 , 111 • 

The other technique to reveal such structure, and thus to 
study pbonon cooperation, is time-resolved spectroscopy. When 

time-resolved spectra are recorded with a long delay time be
tween excitation pulse and probing gate, most of the excited 

short distance pairs will have decayed. Within the timewidth 

of the probing gate mainly photons emitted by long distance 
pairs are detected, leading to a narrow pair band and tbus to 
well resolved spectra [ 12] • This technique in our view bas 



100 

not been fully exploited for pairs in GaP. In this paper we 
report on time-resolved spectra of several pairs, including 
sp-Sip• SiGa-CP and Tep-Cp pairs. The variatien in photon 
energy of the maximum of the ZP pair band as a function of 
the delay time is discussed quantitatively in the preceeding 
paper [131. In the present paper we consider briefly the 
halfwidth of the ZP pair band. We find that at the same peak 
energy of the ZP pair band, this halfwidth is less in time
resolved spectra than in spectra recorded at very low excita
tion densities. Thus, time-resolved spectroscopy is of advan
tage when searching for pbonon structure. 

In the quantitative treatment mentioned above one needs 
data on the parameters describing the probability W(R) of 
D-A pair transitions as a function of the pair separation R. 

Such data have been reported for only a few pairs in GaP, 
name.ly Sp-Cp [ 14') ,151, sp-ZnGa' Sp-Cdaa• and tentatively for 
sp-Sip [15]. W(R) can be obtained by measuring directly the 
decay time of pair lines as a runetien of R [ 15] • This is 
feasible over a long range in R only for pairs having strong 

ZP transitions like Sp-Cp, Sp-ZnGa and Sp-CdGa' For pbonon 
dominated luminescence bands, data on W(R) can be obtained 
by measuring and analysing the decay with time of the inte
grated luminescence band over many decades in intensity and 
time ("integral band decay"). This was done in detail for the 
SP-CP pairs in GaP I 14] and later also for pairs in ether 
compounds [3,16]. We present bere such data on Sp-cp• Op-Cp• 
op-ZnGa' Si0a-cP~ Sp-Sip and SiGa-Sip pairs which, except for 
SP-CP pairs, all have strong pbonon cooperation. The reasen 
for studying these pairs is twofold. Firstly, the data are 
needed in any quantitative analysis involving the recombina
tion kinetica of pair luminescence. Secondly, we want to test 
experimentally some theoretical expectations on zero-pbonon 
transition probabilities, expreseed by Morgan [6,10]. Notably 
for shallow pairs involving a donor on a Ga-site this proba
bility should be significantly smaller than for similar pairs 

• In this reference still thought to be Sp-Sip pairs [ 21 • 
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having a donor on a P-site. The above decay measurements give 
the total transition probability, however, including the con
tribution of the phonons. To calculate the ZP transition pro
bability from these data one needs in addition the intensity 
ratio of the ZP pair band with respect to the total band. This 
ratio can be found from time-resolved spectra in which the ZP 
pair band is resolved-the first topic of this paper. 
As a last topic·, we present measurements of the temperature 
dependenee of the Sp-Sip pair luminescence, and analyse the 
results with a simple linear recombination model (171. The 
same analysis is applied to literature data for SP-CP pairs 
(18]; it yields values of the trapping rate constante for 
hole capture of the CP and Sip accepters in the pairs. 

The organization of the paper is as follows: 
after a short description of experimental techniques in sec
tion 2, the results are presented and discussed. 
Section 3 is devoted to time-resolved spectroscopy and pbonon 
cooperation, successively of pairs involving the deep accep
tor Sip (3.1), of SiGa-CP pairs (3.2) and of other pairs in 
GaP (3.3). 
Section 4 deals with the decay with time of the integral pair 
band. Aft er introducing the metbod ( 4.1) we successively present 

results farSp-Cp• OP-CP and OP-zn0a pairs (4.2), SiGa-cP pairs 
(4.3) and sp-Sip and SiGa-Sip pairs (4.4). The possible in
fluence of incomplete saturation of all pairs during the ex
citation pulse, and that of "concentration quenching 11 at high 
dope concentrations [191 arealso considered. 
Next, in section 5 all data of the zero-pbonon and total tran
sition probabilities are discussed. 
As a last topic, the temperature dependenee of the Sp-Sip and 
Sp-Cp pair luminescence is analysed, 6.1 and 6.2 respectively. 

2. Experimental techniques 

The crystals were grown epitaxially on a (111)-P face of 
a GaP substrate by the H2/HC1 transport metbod (20] CD-sam
ples), by slow cooling of a Ga-melt to which GaP and dopants 
were added [2] (SV-and VT-samples), by liquid phase epitaxy 
(21] (VO-samples), or by passing PH 3 over a boat containing 



Table 1. Data on the samples. 

Sample Growth Main dope ND-NA n or p, 300 K D-A pairs 
metbod (cm-3 ) (cm-3) (cm-3) 

0404/2 HCl s 1.8 x 1o 1 tl n " 9 x 1011 
sP-siP 

1 Siaal ~ 10
16 1 81 

0410/2 HCl s n " 6 x 10 11 sP-siP 

SV29-2 solution Si 
[ Spl = 2 x 1016 (a) [Si] = 1 - 2 x 1o18 (b) n " 1.1 x 1018 

SiGa-Sip 

SV9-3 solution Si 
[Si] " 1018 (c) SiGa-CP 

p 37411 PH
3

/Ga Si, C 
[Si] " 2.7 x 1o17 <c n ~ 1016 

SiGa-CP 

VT 35sg100 solution Te n " 8 x 10 11 TeP-cP 

sv 60h1 solution c p " 1. 4 x 101 7 SP-CP 
OP-CP 

vo 180/2 LPE Zn,O (d) p " 3.7 x 1o17 sp-zn0a 

Op-ZnGa 

-N -N and n (300 K) are calculated from Hall-effect data using a Hall-factor of 1. 
-R~su1ts on solution grown and PH 3/aa-grown samples are based on results on other crystals from 
the batch, except for SV 60h1. 

(a) Obtained from Sp-exciton absorption data. 
(b) Obtained from Hall-effect data and Si0a-exciton absorption data. 
(c) Results of a spectrochemical analysis of the batch. 
(d) The p-layer is about 100 ~m thick and grown on a Te-doped LPE substrate. The sample was 

quenched from 1000"C to roomtemperature to dissociate Zn0aoP nearest neighbour complexes. 

I 

1-' 
0 
1\) 
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Ga [ 2~5] (P-samples). S and Si donor concentrations were de
termined by Hall-effect measurements and by measuring the 
strength of the optical absorption due to the creation of ex
citons bound to neutral S or Si donors, using the calibra
tion given in ref. [231. Table 1 gives a survey of samples. 

For measurements at 1.6 and 77 K the samples were im
mersed in pumped liquid helium or in liquid nitrogen; excita
tion was by the 5145 A line (spectra) or all lines (band
decay) from a Coherent Radiation model 52 argon ion laser. 
The time-resolved spectra were taken with a Monospek 1000 or 
a Spex model 1702 1 m grating monochromator (reciprocal dis
persion 8 A/mm), a photomultiplier and a PAR model 160 boxcar 
integrator. The width of the probing gate was 10% of the delay 
time or less. The photomultipliers used were a Philips 56TVP 
(S20-type photocathode), an RCA 31000 ("erma" cathode) or a 
Philips XP1005 (S1 cathode); the latter two were cooled. The 
laser beam was shopped mechanically, the pulse length being 
0.5-lmsec withafall time of- 0.5 ~sec [15]. The integral 
band decays were measured by placing a caoled photomultiplier 
near the crystal and feeding its output into a Tektronix 536 
oscilloscope equipped with a type D preamplifier or into a 
strip chart recorder. The linearity of the measuring system 
was checked under operating conditions. The oscilloscope men
tioned above is still fitted with vacuum tubes. Previously 
several transistorized ones were tried, but these were found 
to have an insufficient dynemie range for this work. The 
photomultipliers and optical :filters used bere are an EMI 
D224A(S20) with Schott filters 005 (2x)+OG4 for the Sp-Sip• 
Si0a-Sip and Si0a-CP pairs. For the Sp-Cp pairs the combina
tion was an RCA 31000 ("erma") and OG5+0G4 filters. For the 
OP-CP and op-zn0a pairs it was a Philips XP1005 (S1) with as 
filters RG5+RG8 and RG8+Kodak87C(2x), respectively. 

During measurements of the temperature dependenee of the 
luminescence intensity, the sample temperature was controlled 
by a stream of cold nitrogen gas. The uncertainty in the sam
ple temperature, determined with a thermocouple placed close 
to it, is estimated to be less than 2"C. The intensity was 
measured using a Perkin Elmer model 98 monochromator equipped 
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S-Si 0404/2 

1.6 K 

>-
1- 6 
(./) 

11 i 4a 
z In 
UJ 
1-z ...... 

1 
100ys 

1.90 2.00 2.10 220 
__ .,. PHOTON ENERGY ,eV 

Fig. 1. 

Time-~esotved spectra of Sp-Sip pair tuminesoenae at 1.6 K. 

The spectra taken with detay times of 20 ~a~ 100 ~s~ 1~ ~. 20 

and 50 ma are muttiptied by a faato~ of 2~ 3.3. 10. 33~ 18? 

and 500 with respect to the spectrum taken in the putse. res

peotivety. In that spectrum some pair tines are indiaated by 

"shett numbers" [ 2]. The pai~ ene!'gy at infinite pai!' separa
tion is indiaated by oo, The taiZ visibte at tong detay times 

at the high energy side of the spectrum aomes from teakage of 

the signal in the putse through the p!'obing gate. The spectra 

are not aorreated for the speetral response of the measu!'ing 
system. The speetral !'esotution is- 2.& meV. 
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with a LiF prism and a caoled Philips 150 CVP (S1) photomul

tiplier. 

3. Time resolved spectra and pbonon cooperation 

3.1. ~~!~§_!~Y2!Y!~g_!b~-Q~~2-~22~2!2~_ê!p-~-§p:êip 

Fig. 1 .shows time resolved spectra of the Sp-Sip pair 
band [ 4,51 in sample D404/2, taken at 1.6 K. Owing to the 
long excitation pulses used, the spectrum measured in the 

pulse nearly corresponds to that taken under continuous ex
citation at the same high level as used in the pulse. With 
incrèasing delay time, especially the relative intensity of 
the luminescence at high pboton energies (short pair distan- · 
ces) decreases and at long delay times the ZP pair band and 
its pbonon replicas are resolved. This results from the 
narrowing of the ZP band as well as its pbonon replices with 
increasing delay time. 

A comparison of the 50 ms spectrum of fig. 1 with that 
taken on the same sample using continuous excitation of very 
low intensity, fig. 3 of ref. [11], shows that the observed 
structure is essentially the same. With time resolved spec
troscopy superior resolution is reached, however, implying 
that with this technique a narrower ZP pair band and pbonon 
replicas are obtained. This result is found even though the 
pair separation at the maximum of the ZP pair band is smaller 
than in the case of low excitation density. The pair separa
tion is - 62 A for the 50 ms spectrum of fig. 1 and - 72 A 
for the low excitation spectrum. These values are calculated 
from the corresponding pboton energies of- 2.054 eV and 

- 2.051 eV, using eq. (1), E = 11.02 and hv(oo) = 2.033 ev 191 
For Si0a-CP and SP-CP pairs, a similar superior resolution is 
obtained in time-resolved spectra, see sections 3.2 and 
3.3. In 3.3 we show in addition that at equal pair separa
tions time-resolved spectra theoretically indeed should have 
a narrower ZP pair band and thus have better resolution than 
spectra taken at low continuous excitation. 

The energy of the phonons involved, as obtained from fig. 
1 is- 13, - 28 and- 50 meV for hwp liw

2 
and 0 respectively; 

liw
1 

can be identified with TA, liw
2 

with LA, and 0 with LO vi-
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brations. These energies are in agreement with those found 
from the low excitation spectrum, about 11, 26 and 50 meV in 
the same order [ 11) • The new values are considered to be more 
accurate and these are essentially equal to those found for 
shallow pairs with P-site donors, see ref. [11) and section 
3.3. 

3.2. f~!~~-!~Y21Y!~g_!hË_§g~~12~_ê!Ga:92~2~l-ê!Ga:Qp 

The luminescence spectra of shallow pairs with a donor 
on a P-site such as S show a strong ZP pair band and rather 
weak·phonon replicasof this band [2,3,11,12). However, for 
shallow pairs with a donor on a Ga-site such as Si or Sn, the 
ZP pair band is weak and strong replicas are found involving 
phonons that conserve momenturn in the transitions (6]. This 
difference has been explained by Morgan [ 6,101, using symme
try arguments, a matter we will return to in more detail 
when discussing the data on pbonon cooperation and transition 
probabilities, section 5. 

In spectra of pairs with such a Ga-site donor notably 
the weak ZP pair band is relatively difficult to resolve. As 
an example we consider Siaa -CP pairs ( 5,6,111 • The ZP band 
can be distinguished under continuous excitation only when 
using a very weak excitation [6,11). In fig. 2, a time re
solved spectrum of this pair luminescence is shown, using a 
delay time of 50 ms. The sample is the same as used earlier 
in the low excitation measurements, ref. [11], fig. 2. The ZP 
band and its momenturn conserving (MC) pbonon replicas are now 
very well resolved; note the resolution obtained tor the ZP 
band, when compared to the low excitation data [ 6,111 • The 
peak energy of the ZP band in the time resolved spectrum is 
slightly higher than at low excitation, as was observed for 
the Sp-Sip pairs. 

Although pbonon replicas of the ZP pair bands are common
ly observed, only few reports are known of sharp replicas of 
individual pair lines; these refer to optical phonons of 
- 50 meV and shallow pairs invalving the P-site donorS (24, 
251 • Since the MC phonons TAx• LAx and TOX as found in fig. 2 
have well-defined energies of 13.1, 31.5 and 45.3 meV respec-
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Fig. 2. 

TAx=13.3meV 

LAx=31.3meV 

TOx=45.6meV 

Time-reeotved spectrum at 1.6 K of si0 a-CP pair Zumineecence 

measured with a deZay time of 50 ms. Thie spectrum ia to be 

compared with that of figure 2 in ref. [ 10]. The speetral 

reeoZution ie 0. 8 me V. 

tively (see e.g. [26]) one might expect to abserve sharp re

plicas of pair linea in the case of SiGa-CP pairs. 
F'ig. 3 presents a Sip-Cp spectrum with resolved pair 

lines, in which indeed such sharp replicas are identified. 
In this figure we have marked ZP pair lines with "shell 
numbers" [2] ranging from 10 to 71, as wellas the pboton 
energy expected for replicas invalving the 31.5 meV LAx pbonon 
of the ZP lines 10 to 53. In addition the energy expected for 
replicas with the 45.3 meV TOX pbonon of lines 20,22 and 23 
is indicated. The strengest replicas are expected for the LAx 
phonon, see fig. 2. The marked ZP pair lines generally follow 
the theoretical intensity pattern for a type II pair spectrum 
[ 1,21 • We have tried to interprete the entire structure in 
terms of ZP linea, which merge at high shell numbers, by using 
the technique of computer simulated spectra described earlier 
191. Approximately above ZP line 71 this was not possible, 
showing the dominanee of the pbonon replicas. The energies 
calculated for the LAx replicas of the ZP linea 10 to 38 are 
all at or very near to maxima in the spectrum. (The replicas 
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tiea. The pair Zines are indiaated by their shell numbers 

[1-3). Note the series of repliaaa of pair Zines 10-58 with 

momenturn conserving LAX phonons of 51.5 meV. Some e~peated 

speatral positions involving TOX phonons are also indicated. 

The speetral resolution is 0.1 meV. 

of ZP lines 43-53 fall in a nearly structureless part and will 
not be considered further). In the region above ZP line 71 it 
is seen in fig. 3 that the of the LAx replicas of 
the ZP lines 22 to 38 closely fellows that of the ZP lines it
self. This, and the match in energy shows that in this region 
the structure is mainly determined by these LAx replicas. Be
low ZP line 71 these replicas will also contribute to the 
structure, but it is difficult to distinguish between ZP lines 
and replicas. Our findings imply, however,that definite assign
ments of shell numbers to ZP pair lines in the region above, 
say, shell number 50 are difficult to make for such pairs. 

It is not clear to what extent the weaker TOX replicas 
contribute to the structure. These replicas are not needed to 
explain the observed structure up to the LAx replica of ZP 
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line 38. Moreover,of the TOX replicas indicated in fig. 3, 
that of line 20 does not coincide with a maximum. These find
ings indicate that such replicas are not dominant in this 
region. The replicas invalving TAX phonons, which also are 
relatively weak, could likewise not be identified. 

The results of figs. 2 and 3 confirm the role of an LAx 
pbonon of - 31.5 meV in the momenturn conservation of Si0a-CP 
P.air transitions throughout a large range in R. 

Some of the pairs the pbonon cooperation of which was 
examined previously by measuring at low excitation densities 
were studied also by time resolved spectroscopy. These pairs 

include Sp-Cp• Sp-ZnGa' Si0a-Sip [ 111, Op-Cp and Op-ZnGa [ 71 
and Tep-Cp [ 51 . By using time resolved spectroscopy generally 
a somewhat improved resolution was obtained but no new details 
were found. . 4 gives a SP-CP spectrum as an example; it 
was taken on the same sample as reported on in fig. 1 of ref. 
[11]. We now reach a halfwidth of only 4.4 meV at a moderate 
delay time of 50 ms , whereas at extremely low excitation den
sity the limit was 5.9 meV [11]. The peak energiestaken with 
respect to hv(oo) are 12.1 meV and 8.7 meV, respectively. Thus, 

like for SP-Sip and Siaa -CP pairs, a smaller halfwidth at a 
larger peak energy is obtained in time resolved spectra, when 
compared to those taken at low excitation. 

We have also investigated this finding theoretically, by 
calculating the halfwidth of the ZP pair band as a function 
of its peak energy, using the expressionsof refs. [13,141 
for the time-resolved spectra and those of ref. [ 271 for con
tinuous excitation. The calculations indeed show that for the 
low peak-energies considered here the halfwidth at a given 
peak energy is larger under continuous excitation than in time 
resolved spectroscopy. To give an example for Sp-Cp pairs: at 
a peak energy of 12.1 meV the calculated values for the half
width are 4.5*) and 2.9 meV, respectively. These values are 
smaller than observed experimentally, however. This will be 

*>For footnote see following page. 
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Fig. 4. 

Time-resoZved speatra at 1.8 Kof SP-CP and Tep-cp pair Zu
minescenoe, measured at deZay times of 50 and 20 msec respea

tiveZy. The SP-CP spectrum is to be oompa:r>ed with that of 
fig. 1 in :r>ef. [ 10]. The speetral resoZution is - 0. S me V 

for the SP-CP spectrum and- 0,8 meV for that of Tep-cp. 

See further the caption of fig. 1. 

partly due to the TA phonon replica which still contributes 
to the experimental halfwidth. In addition, broadening may 
arise from the presence of charged donors and acceptors under 
these experimental conditions [14,151. 

For OP-CP and Op-ZnGa pairs some results are shown in 
fig. 4 of the preceding paper [131. 

Our data on Tep-Cp pairs require some comment because of 
a finding in ref. [51. In that paper. a phonon sideband invol
ving a Te local-mode of- 24 meV is reported for these pairs. 

*)This figure holds for the case that the cross-section .for 2 the capture of free carriers by the pairs increases with R 
[15,271. If this cross-sectionis independent of R, the 
halfwidth becomes 5.7 meV. 
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Table 2. Pbonon energies (meV) observed in tbe pair luminescence. 

Pair hw1(TA) hw2(LA) hw 3(0) TAX LAX TOX experiment al 
metbod 

SiGa-CP 13 31 44 LE [ 61 
(a) 49.5 (b) 13 31 45 LE [ 11] 

49.5 (b) 13.3 31.3 45.6 TRS 

31.5 lines 

SP-CP -11 28.3 49.2 ( c) LE [ 1:11 
28.5 49.5 LE [ 241 

-12 29.5 49.0 TRS 
14 28.5 50 TRS [ 121 

seP-cP -12 29.5 47.5 LE [ l:L] 

12.8 28.8 47.7 TRS 

TeP-cP 12.6 29.5 49.0 TRS 

Sp-ZnGa -11 28.4 48.8 LE [ 111 
-13 27.7 49.2 TRS 

50.0 lines [ 251 

sP-CdGa -12 28 49.2 LE [ 111 
-12 28 49.8 TRS 

sP-siP - 11 -26 -50 LE [ 111 
13 28 50 TRS 

OP-CP 19.5 (d) 47 LE [ 71 
20.0 47.5 TRS [ 131 

op-zn0a 19.5 (d) 47 LE [ 71 
20.0 47.5 TRS [ 251 

oP-cdaa 19.5 (d) 47 LE [ 71 

LE continuous excitation of low intensity. 
TRS time-resolved spectroscopy. 
lines: pbonon replica observed for tbe individualpair lines. 
(a) Similar pbonon cooperation is found in ether shallow pairs witb a 

donor on a Ga-site, see e.g. [ 6,31. 
(b) Only in combination with a TAX, LAx or TOX vibration. 
(c) Tbe optical pbonon was already reported for shallow pairs by many 

autbors, see e.g. [ 21 . 
(d) According to ref. [ 71 tbis is a local mode. 
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A Te-mode of 23 meV was observed earlier in the luminescence 
of excitons bound to neutral Te-donors [261. A time-resolved 
spectrum for Tep-Cp pairs is shown in fig. 4. The phonon 
energiesinvolved in the luminescence are fiw 1 = 12.6 meV, 

hw2 = 29.5 meV and 0 = 49.0 meV. This result seems to be at 
varianee with those of ref. [ 51 • This is not the case • how
ever, because from fig. 7b of that paper we calculate for 
hw2 a value of- 28.7 meV, instead of the 24 meV quoted. 

The pbonon energies found from fig. 4 for Tep-Cp pairs 
are essentially identical to those found for other, similar 
pairs [ 111 • We identify ftwl' hw

2 
and 0 with TA, LA and LO 

vibrations respectively. The data on pbonon replicas are col
lected in table 2. One may conclude that most probably in all 

shallow pairs involving donors on P-sites the same TA, LA and 
LO phonons are involved in the vibronic side bands. When oom
pared with the corresponding X-edge phonons, the TA and LA 
phonons have an about equal or sligbtly lower energy. Conse
quently tbe same holds for their momentum, and these phonons 
will conserve momenturn in the transitions, possibly with an 

additional small contribution through the interaction between 
e.g. the electron and central core of the donor. 
Most optical phonons have about zero momenturn and do not play 
a role in the momenturn conservation. 

Tbe strength of the hw
1 

and hw1 replicas in the Tep-Cp 
pair luminescence is remarkable. When considering the pair 

series involving the acceptor Cp : Sp-Cp• Sep-Cp [ 11] • Tep
Cp, we find that in this order the strength of these acoustic 
vibrations increases both with respect to the ZP band and to 

the 0-replica. In section 5, the pbonon cooperation is dis
cussed in more detail in relation to the values ofthe transition 
probilities. 

4. The decay with time of the integ~al pair band 

4.1. ~~~~t~~-ê~E~~!ê 

The decay with time of the pair band has been 
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treated theoretically and studied experimentally by Thomas. 
Hopfield and Augustyniak [14] for the case of strong ZP tran
sitions. Some of the relevant formulae were derived earlier 
by Hoogenstraaten [28]. The experimental work for GaP was 
done on shallow Sp-Cp pairs (at that time believed to be Sp-Sip 
pairs). If during excitation all pairs become neutral (sa
turated pair luminescence) the luminescence intensity I(t) as 
a function of timetafter the pulseis given by [14) 

I(t) = - (2) 

0 

in which N is the concentratien of majority eentres and W(R) 

is the transition probability of the pairs as a function of 
pair separation R. Eq. (2) holds in the case of weak compen
sation of donors by accepters or vica versa. 
We write W(R) as 

(3) 

in which F(R) represents the functional dependenee on R of 
W(R). At R = o. F(R) = 1 and thus wm is the transition proba
bility extrapolated to R = o. W(R) is normally taken to be 
[ 14.2 8) 

W(R) = Wmexp(- R/a) (4) 

in which a is related to tbe Bohr radiusof the donor and the 
acceptor in the pair. Eq. (4) has been derived for the case 
of ZP transitions between one deep, strongly localized centre 
and one shallow, hydrogenic centre; a is then equal to half 
tbe Bohr radius of the shallow centre. In the preceding paper 
[131 we investigated the influence of the spatial extent of 
both donor and acceptor envelope wavefunctions on W(R) and a. 

We found that eq. (4) holds good for saveral pairs invalving 
two shallow eentres as well as those invalving one deep and 
one shallow centre. In all cases a was equal or nearly equal 
to half the Bohr radius of the shallower centre. In the above 
pairs the donor was on a P-site. In such pairs the required 
conservation of momenturn takes place through the electron 
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bound to the donor. The findings mentioned above for pairs in
volving two shallow eentres have been connected with this con
servation of momenturn [131. For shallow pairs involving donors 
on a Ga-site momenturn is conserved mainly by interaction with 
ph on ons [ 1 0] , and W ( R) for such pairs may deviate from eq. ( 4) 
(13] • 

We now will separate wm in a zero-pbonon and a phonon
assisted part. If for each pair separation the zero-pbonon 
and phonon-assisted transitions can be considered as parallel 
paths in the recombination, with relative strengtbs indepen
dent of' R, eq. (3) can be written as (15] 

(5) 

Here Wzp and IwPA are the zero-pbonon and total phonon-assisted 
transition probabilities, respectively. The validity of eq. 

(5) was checked quantitatively for sp-zn0a pairs, which have 
strong ZP transitions [15]. The fact, that in phonon-domina
ted pair bands the pbonon structure can be resolved by using 
low excitation conditions or long delay times in time-resolved 
spectroscopy indicates that in such pair bands eq. (5) holds 
as well. 

In our integral band decay studies we for tbe moment 
assume eq. (4) to be valid for all pairs, with Wm given by 
eq. (5). In fitting theoretical curves calculated with eq. (2) 
to be experimental curves, the adjustable parameters arè Wm 

and N• a 3 [14] • If N is known, a can be calculated from the 
value of N•a 3 • 

The above procedure looks straightforward. With argon-laser 
excitation no complete saturation of all pairs is reached 
during excitation, however. If this is the case, the shape of' 
the decay curve changes [14]. This comes from an R-dependent 
cross-section for the capture of' f'ree electrons and holes by 
the pairs. The experimental results are best described by 

using an increase with R2 of this cross-section [14]. Never
theless we find that good fits to experimental decay curves 
of an incompletely saturated pair band can be obtained by. 
using eq. (2) for the saturated case, but with a lower value 
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of wm than the correct one. This finding can be explained if 

the fitting does not critically depend on W(R) being exponen

tial, because it is possible to account for an R-dependent 

capture cross-sectien by multiplying W(R) for the saturated 

case with a slowly varying function of R (this function de
pends on the degree of saturation). In ref. [13] we likewise 

concluded that a non-exponen~ial W(R) can be used to describe 

decay curves, as well as speetral shifts as a function of de
lay time in time-resolved spectroscopy. 
A theoretical treatment for incomplete saturation bas been 

given [ 14], but it is impossible to determine the correct Wm 

directly from such experimental data if the degree of satura
tion is not known, as in our case. Therefore, eq. (2) for the 

saturated case will be used throughout, but the value of Wm 

thus found will be corrected upwards. The magnitude of this 
correction is discussed in the next section, in which data 

for Sp-cp• OP-CP and OP-zn0a pairs are presented and analyzed. 

Subsequently, Si0 a-CP pairs, and Sp-Sip and Si0a-Sip pairs are 
dealt with. 

4 • 2 • !llt~g!:~LQ~QçLQ~!::~L2L~p:Qp..t-9p:Qp_ê!!sLQp:!!Q0a-E~~!:~ 
The main aim of the experiments described below is to 

obtain data on Wm and N·a 3 for OP-CP and 0P-zn0a pairs. The 
values of Wm for OP-CP and 0p-zn0a notably were required in 
the analysis of time-resolved spectra of these pairs; these 

spectra were analyzed together with similar spectra for SP-CP 

and Sp-ZnGa pairs [ 13] • The data for SP-CP and OP-CP pairs 
(or for sp-zn0a and OP-zn0a pairs) were taken on the same 
sample. One reason for this was to eliminate effects of in
complete saturation as far as possible when cernparing proper

ties of the two pairs. We use bere the same samples as in ref. 

[ 13] , and study the SP-CP pairs -for which Wm is known- next 
to the OP-CP pairs to estimate the effects of incomplete sa
turation on w . Another estimate for these effects is obtained m 
by cernparing decay data for OP-CP pairs taken with maximum ex-
citation density and with an about 1000 times lower density. 

The experimental decay curves are shown in fig. 5, to

gether with theoretical curves fitted to them. These curves 
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E~perimentaZ and theoretiaaZ curves for the deaay with time 

of the integraZ Zumineeaence band of Op-Cp• SP-CP and Op-ZnGa 
pairs. FuZZ Zines are e~perimentaZ curves and dashed linea 

are theoreticaZ curves; the parametere ueed are diecueeed in 

the te~t. For OP-CP pairs two curves are presented; the upper 
one ie taken·with ma~imum e~citation density, the lower one 

with a deneity that ie about a 1000 times Zower. 

For the SP-CP and Op-ZnGa pairs the ma~imum density wae used 

again. The fast part in the e~pe:roimentaZ SP-CP curve is due 
to Zuminescence of bound e~oitons~ showing up at these high 

densities. 

are calculated with eqs. (2) and (4). We rirst discuss the 
result for Sp-Cp pairs. The parameters used for the theoreti
cal curve are wm = 1.6 x 105s-1 and N•a 3 = 1.26 x 10-4 *). It 

is known, however, that Wm ror these pairs arnounts to 5 x 105 
-1 4 s [ 1 ,151 . Thus • the incomplete saturation of the pairs 

*)For footnote see following page. 
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during excitation in this case leads to an apparent value of 

Wm which is about 3 times lower than the correct value. 

The decay curve taken at maximum excitation for OP-CP 
pairs is fitted toa curve having as parameters W = 5.3 x 

5 1 3 -4 m 
10 s and N•a = 1.26 x 10 • The curve measured with a 1000 
times lower excitation density can be fitted to theory when 

using the same value of N•a 3 but a lower value of Wm• namely 
2.2 x 105s-1 • 

We now estimate the correct Wm for OP-CP pairs from the 
above data. The first estimate is obtained by assuming that 

the amount of saturation for the SP-CP pairs and the OP-CP 
pairs is the same. The correct Wm for OP-CP pairs is then 
estimated to be 1 ~ 6 x 5.3 x 105 = 17 x 105s-1 • 
The second estimate is based on the Wm of 2.2 x 105s-1 

found from the decay at lowered excitation, and the use of 
theoretical curves for the case of a varying degree of satu
ration during excitation, as gi ven in fig. 9 of ref. [ 14] • 
That figure shows the change in shape of the theoretical decay 
curve with decreasing excitation level. When the excitation is 
below about 10-3 of that needed to saturate all pairs, the 
shape of the curve remains constant, however. If we fit the 
saturated curve of fig. 9 to the low intensity curve of that 
figure, we find an apparent wm at low excitation which is a
bout 5 times too low. The analysis in ref. [14] is basedon 
the use of very short pulses, a condition we do not 
fully meet. If we nevertheless assume that also in our case 
the factor of five is approximately valid and that we have 
reached the excitation regime of constant shape, the correct 
value of w estimated in this way amounts to 5 x 2.2 x 105 = 
11 x 105s-~. This value is in reasonable agreement with the 
first value of 17 x 105s-1 • By combining these values we es
timate the correct value of Wm to be 15 x 105s-1 • 

*)The values of W and N•a 3 obtained from such fits are quite 
accurate, if ex~erimental data covering many decades in in
tensity and time are available. For instance, a change of 
5% in the value of n•a3 normally results in a significantly 
worse fit. The main cause of uncertainty in determining Wm 
is the degree of saturation of the pairs reached during 
excitation. 
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The deca.y curve for 0p-ZnGa pairs given in fig. 5 is 
fitted to a theoretical curve with parameters W = 4.4 x 10581 

and N•a 3 = 2.12 x 10-4• This value of Wm is ver; close to that 
found above for OP-CP pairs from data taken at the same expe
rimental conditions, namely 5.2 x 105s-1 • Assuming the degree 
of saturation reached for these pairs to be similar, we esti
mate the real value of Wm tor 0p-ZnG pairs to be the same as 
that for OP-CP pairs, i.e. - 15 x 10~s-1 . Another argument for 
using in first approximation the same values of Wm for these 
pairs is that ~~m is determined mainly by the çl.onor [ 131 . The 
same holde for SP-CP and Sp-ZnGa pairs, which also have essen
tially equal values of wm• see table 3. 

The zero-pbonon transition probability Wzp for the OP-CP 
and Op-ZnGa pairs is obtained by using data of the strength 
of the ZP pair band relative to the total pair band. From 
time-resolved spectra the ZP band is estimated to be 1/18 of 
tbe total band for these pairs. This results in a Wzp of a
bout 8 x 104s-1 • 

Finally ~e return to the values of N•a 3 obtained from the 
fits. For SP-CP and OP-CP pairs the same value of N•a 3 is 

-4 found, namely 1.3 x 10 • This is discuseed in section 5.2 of 
the preceding paper [13]. It is consistent with the finding 
that the value of a for the two pairs is the same, i.e. 9.1 A, 
and is equal to half the Bohr radius of the acceptor CP -this 

the shallower centre in the pair. With a = 9.1 A we cal
culate from the above figure a value for N of 1.7 x 1017cm-3. 
To be able to campare this figure with the .Hall-effect data 
of table 1 we note that for uncompensated Zn-acceptors it bas 
been found that the acceptor concentratien is about equal to 
the concentratien of free holes at 300 K [ 29] . If we apply 
this finding also to the present C-doped sample, the value of 
N calculated above is consistent with p ~ 1.4 x 1017cm-3 
(table 1) and a weak compensation of Cp-acceptors by SP and 
Op-donors. Such weak compensation is expected, because this 
sàmple is not intentionally doped with S and 0; their concen
trations will be a few time 1o16cm-3 at most. 

For the Op-ZnGa pairs, N•a 3 was found to be 2.1 x 10-4 

in the present sample. Using a~ 7.7 A [131 we calculate N 
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to be- 4.6 x 1017cm-3• Taking the concentratien of uncompen
sated accepters a.gain to be equal to that of the free holes, 
- 3.7 x 1017cm-3, for the concentratien of compensating donors 
- 9 x 1o16cm-3 is found. These donors are believed to be only 
Op and SP. Since [Spl in these samples is a few times 1o16 cm-3 
at most, the compensation will be mainly by Op-donors in a 
concentratien of say 7 x 1o16 cm- 3 • This result is consistent 
with values of [Opl deduced from the difference in free hole 
concentratien measured between similar crystals doped with 
both Zn and 0 or doped with Zn only [ 30] • 

4.3. §b~!!Q~-~~!r~_!UYQ!Y!ng_th~_ê!aa:gQnQ~_l_ê!aa:Qp· 

The main aim in studying these pairs is to be able to 
compare the transition probability of shallow pairs invalving 
a donor on a Ga-site with that of similar pairs with a donor 
an a P-site, e.g. Si0a-CP versus SP-CP pairs. Theoretically, 
WZP should be much lower for SiGa-CP pairs than for SP-CP 
pairs [10]; experimental evidence that this indeed is the 
case was reported earlier [ 11] • 

The experimental data, obtained on the same sample as in 
fig. 3, are shown in fig. 6. In this sample we detected no 
Sp-cp pair luminescence from residua.l Sp donors. In fitting 
theoretical curves to these data, eq. (4) the exponential 
forrn of W(R) will be used, as done up to now. Since it was 
noted earlier that W(R) for these pairs may deviate from eq. 
(4), we will return to this point later on. In calculating 
theoretical curves one also has to decide whether ND > NA 

(assuming n-type) or ND = NA' since especially at higher 
doping levels the theoretical decay curves differ for the two 
cases, see figs. 1 and 2 of ref. [ 14] • The curves in these 
figures, calculated using a = 12 A, start to differ for a 
dope exceeding- 1017cm-3• Up to now the degree of cornpensa
tion was not considered here because the crystals used were 
known to be weakly compensated. This is less well known in 
this case. 
Spectrochemical analysis of the batch from which the sample 
wae taken gave 2.7 x 1017cm-3 of Si. Hall-effect data on se
veral flakes frorn the batch indicated n ~ 1o16cm-3, however, 
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suggesting close compensation of the Si0a-donors, most proba
bly by Cp-acceptors. For comparison we have considered bot.h 

ND > NA and ND = NA in the fitting of the data; it turned out 
that in both cases an excellent fit could be obtained; in fig. 
6 only that for ND > NA is given as an example. When assuming 
ND.> NA' the parameters are : wm = 1.2 x 105s-1 and N•a 3 = 

-4 5 -1 2.1 x 10 ; for ND = NA these are : wm = 0.6 x 10 s and 
N•a 3 = 5.2 x 1o-4. If eq. (4) holds for W(RJ one would expect 
a for these pairs to be approximately equal to half the Bohr 
radius of the Cp-acceptor, similar to the finding for SP-CP 
pairs I 131. Thus a ~ 9.1 A. From the above N•a 3 we obtain 
herewith values for N of 2.8 x 1017cm-3 (ND >NA) and 6.9 x 
1017cm-3 (ND =NA). Considering a possible inhomogeneity in 
the batch and the accuracy of a standard spectrochemical ana
lysis, both values are consistent with the analytical result. 

The two values of Wm differ by a factor of 2. In an 
attempt to obtain some direct information on W{R), we per
formed time resolved measurements on the short distance pair 

lines of the sample. The linea 11 to 14, R = 12.4 to 14.1 A, 
were followed up to a delay of - 100 ~sec and showed exponen-
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tial decays with a decay time T(R) of 40 to 50 ~s*), These 
results are plotted in the inset of fig. 6, \'Thich shows -r{R) 

as a function of R, The lines for T(R) corresponding to W = 
5 5 -1 m 0.6 x 10 and 1.2 x 10 s and a = 9.1 A are also given, as 

'tflell as the line for Sp-cp pairs with wm = 5 x 105s-1 and a = 
9.1 A. When using a 9.1 A, the decay time of the pair lines 
leads to wm = 1 x 105s-1 • 

Some langer distance pairs up to line 23 (R = 18.2 A) were 
also measured. The decay curves become non-exponential with 
time but the decay of the main part of the light sum still 
agre~s with the above results. Those results imply that with
in the framewerk of an exponential W(R) according to eq. (4} 
there is good agreement between the data obtained from the 
decay of the integral pair band and the decay of the indivi
dual pair lines. We think this comparison to be permissible 
because fig. 3 indicates that the short- and long-distance 
pairs have similar pbonon cooperation. The effect on Wm of 
incomplete saturation of the pairs bere is less than a factor 
O·f 2. This is not unreasonab1e, since we here are dealing 
with pairs having a lower transition probability than in the 
previous section. 

We conclude that when eq. (4) is used for W(RJ, the de
cay data can bedescribed by Wm ~ 1 x 105s-1 and a va1ue of a 

of about 9.1 A. WZP can be obtained from Wm by noting from 
time-resolved spectra, e.g. fig. 3, that the area of the ZP 
pair band is about 4% of the tot al band. This leads to a W ZP 

of 4 x 103s-1 , two orders of magnitude lower than WZP of 

the SP-CP pairs. 
Mention should be made bere of some experimental data on 

the pboton energy of the maximum of the ZP pair band in time

resolved spectra recorded at delay times of 5, 50 and 250 ms. 
The sample was SV9-3, see fig. 3 and table 1. The energy of 
the ZP peak is calculated from the LAx-replica by substracting 

*)The decay curves show an initial fast part with T ~ 5 ~s, 
this being the shortest delay time used. This part bas an 
amplitude of less than half the total one and thus contri
butes negligibly to the light sum. 
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31.5 meV; this in our view is the most accurate way. The re
sults for the above delay times, taken with respect to the e
nergy at infinite pair separation, are 20.0, 15.8 and 12.8 
meV, respectively. In sectien 5.1 of the preceding paper 
[131, the peak energy is calculated as a tunetion of delay 
time, wm and a; see eq. (13) and e.g. fig. 3 of that paper. 
Our experimental data are in good agreement with the peak e-
nergies calculated using wm = 1 
15.7 and 13.5 meV respectively. 

5 -1 A 4 x 10 s and a = 9.1 : 20. , 

Finally, the dependenee on R of W(R) is briefly consi~ 
dered. First of all it is noted that all experimental data 
presented can be satisfactorily explained by theory when u
sing the simple exponential dependenee on R of eq. (4). From 
this point of view there thus is no need to use more compli
cated forms of W(RJ. As is discussed in ref. [13], this may 
in principle be necessary, howevei', if in addition to the 
spatial extent of the acceptor wavetunetion also the extent 
of the donor wavetunetion contributes to the R-dependence of 
W(RJ. Such effects wei'e investigated by conside~ing an expres
sion foi' W(R) in which the Bohi' radius RA of the acceptor as 
well as R9 , the Bohr radius of the donor are parametersJ 
(Ref. [13], eqs. (4) and (6)). In order to check whether this 
more complicated W(R) can account as well for the experimen
tal data as the simple exponential W(RJ, we have fitted the 
experimental gecay curve of fig. 6 to a theoretical curve cal
culated with eq. (1) using foi' W(RJ the eqs. (4) and (6) of 
ref. [131, with as Bohr radii RA= 18.2 A and RD = 11.7 A, 
see table 3. 
A good fit can indeed be obtained, when using N ~ 1.8 x 1017 
cm-3 and W ~ 1.3 x 104s-1 • This value of W will again be a a 
lower than the correct value, due to incomplete saturation. 
A more realistic value will be 2 x 1o4s-1 . Since in this fit 
the Bohr radii are fixed, now N is the parameter determining 
the shape of the decay curve with time. An N of 1.8 x 1017cm-3 
is still within the acceptable range for this sample. 

The peak enei'gy of the ZP pair band in time-resolved spec
troscopy does not depend on N, however, but only on wa,RD and 
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RA - see eq. (A2) of ref. [ 13] . Using the above determined 

value of Wa we can now confront the experimental peak energies 
of 20.0, 15.8 and 12.8 meV at delay times of 5, 50 and 250 
ms with those calculated with eq. (A2), w = 2 x 1o 4s-1 , a 
RD = 11.7 A and RA = 18.2 A, These values are 16.2, 12.8 and 
11.2 meV respectively. They are significantly smaller than 

those found experimentally and the agreement between theory 
and experiment in this case is worse than using the simple 
exponential form of W(R) with a equal to half the Bohr radius 

of the CP acceptor. Thus some experimental evidence is found 

that the latter form of W(R) also in the case of Si0a-CP pairs 
is the correct one. At present there certainly is no compelling 

reason for not using the simple exponential form of W(R) for 
pairs in GaP, with a value of a equal to about half the Bohr 

radius of the shallower centre. 

4. 4 !:~i.,!'!!_:!:_n_v2! v_i!).s;_1~_l}_e _ _2~Ej)_2}p:~c_c~:e.~ . .O.!' _:_ ~p:~:Ï.:.p- ê"!_d_ 

Elaa.:SJp..:. 

The SP-Sip pairs were investigated to complete our data 

of the decay parameters Wm and a for the pair series involving 

the donor SP and the acceptors CP, ZnGa' CdGa' Sip. In the 
preceding section, the difference in decay parameters between 

pairs involving a Ga-site or a P-site donor and a shallow 

acceptor was examined. In order to have similar data for pairs 

with a deep acceptor, we measured Si0a-Sip pairs next to the 

Sp-Sip pairs. 
The experimental decay curves for these pairs are shown 

in fig. 7. We first consider the data on the SP-Sip pairs, 
taken at 1.6 K as well as 77 K. The latter temperature is 
still below that at which thermal quenching of this lumines
cence band starts, - 100 K (see section 6 ) . The results for 

1.6 and 77 K are essentially identical. There is some indica

tion that for long times the decay at 77 K is slightly raster 
than at 1.6 K. This may be related to thermal quenching of the 

very long distance pairs since these have low transition pro

babilities and therefore thermal quenching will start at a 
lower temperature than for the whole band. The 1.6 K curve 

was fitted to theoretical curves calculated with eqs. (2) and 
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The three upper curves 

give ereperimental data for 

the deaay with time of the 

integral lumineeaenae band 

of SP-Sip pairs at 1.8 K 

and ?7 K and of Si 0a-Sip 
pairs at 1.8 K. 

The two lower curves show 

a fit to the ereperimentaZ 

SP-Sip curve at 1.6 K (fulZ 
line) of a theoreticaZ 

curve. the parameters of 
which are discuseed in the 

text. 

( 4). An excellent fit of theory to experiment is obtained when 

using as parameters Wm = 2 x 105s-1 and N·a 3 = 2.4 x 10~ 4 . 
18 -3 Using for N the value of ND-NA of 1.7 x 10 cm , measured on 

another sample cut from the epitaxial slice, we calculate a 

to be 5.2 A. This is in good agreement with the value of 
~ 5.7 A obtained from an analysis of time-resolved spectra 
[131. These spectra, taken on the samesample at similar ex
citation conditions, indicate that also for these pairs no 
complete saturation of the pairs is obtained during the pulse. 
In view of the results obtained on the Si0a-CP pairs and the 

OP-CP and SP-CP pairs we estimate that wm should be about 2 
times higher than determined from fig. 6, that is about 4 x 
105s-1 • From this value Wzp can be calculated by noting from 
time-resolved spectra that the intensity of the ZP band is 

4 -1 - 7% of the total band. Thus WZP ~ 3 x 10 s • 
The decay curve of the Si0a-Sip pairs luminescence is 

nearly identical to that fortheSp-Sip pairs, see fig. 7. A 
fit of theory and experiment (not shown in fig. 7) results in 

5 -1 3 -4 . Wm = 1.5 x 10 s and N•a = 2.1 x 10 . The dope concentra-
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tion of this sample is known less accurately than that of the 
sp-Sip sample. From Hall-effect data and Si-exciton absorp
tion measurements a value for [Siaal of 1 to 2 x 1o18cm-3 is 
found. Witb this [Siaal -range, a value fora of 4.7 to 6.0 A 
is obtained. Since the Si0a-donor is the shallower centre in 
these pairs one expects a to be approximately equal to half 
the Bohr radius of this donor, i.e. about 5.8 Ä. This fits 
well in the range found above. 

For these pairs we think the correction to be applied 
to wm ror non-saturation of the pairs again to be about a 
factor of 2. This leads to wm ~ 3 x 105s-1 • In the same way 
as for the other pairs, we find WZP to be about 1.4% of wm, 
that is- 4 x 103s-1 • This value is significantly smaller 
than WZP of the pairs. The transition probabilities 
will be considered in more detail in the next section. All 
data are collected in table 3. 

In conclusion, the relatively high majority doping levels 
of the samples used,- 1 to 2 x 1o18cm-3, should be considered. 
To be able to observe a pure SP-Sip band the value of [Spl 
should sufficiently exceed that of [ Siaal • On the other hand 
one needs a sufficiently large concentratien of Sip-acceptars 
to be able to observe the pairs. Usually, [ Si08] > [Sip] , 
however, and in view of the above one arrivee at roughly the 
S-concentration used. For D404/2 we estimate [Spl > 20 [Siaal 
[11). For Si0a-Sip pairs, [Si0al should sufficiently exceed 
[Spl; from optical absorption data, [S~ was round to be- 100 
times below [Si0~ in SV29-2. 

According to Tsang et al [ 19] , the dope concentrations 
used here may introduce concentratien quenching, related to an 
impurity band Auger-effect. This would influence the decay of 
the pairs. In ref. [19] a critical concentratien of- 1o18cm-3 
of s is reported, above which a rapid quenching of the inten
sity of Bip-exciton and SP-CP pair luminescence is found with 
increasing S-dope. We reel that an uncertainty of the order 
of a factor of 2 exists in the critical concentrations so 
that it cannot be said a priori whether concentratien quench
ing really occurs in our samples. 
To obtain additional information, we studied a sample with 



Table 3. Data on the donor-acceptor pairs. 

pair ED(meV) EA(meV) RD(A) RA (A) a (A) W (s-1 ) -1 
m WZP(s ) 

sP-cP 104.2 46.4 10.4 18.2 9.1 [ 13 '151 5 x 105 [ 14,151 -Ij x 105 [ 151 

Sp-ZnGa 104.2 61.7 10.4 15.8 7. 7 [ 151 6 x 10J [ 151 -Ij x 105 [ 151 

Sp-CdGa 104.2 94.3 10.4 12.7 7. 0 [ 151 5 x 10 5 [ 151 - 3 x 105 [ 151 

Sp-Sip 104.2 202 10.4 8.7 5.2 2 x 105 (a) 

- 5. 7 [ 131 - Ij x 105 (b) - 3 x 104 (b) 

Si Ga -Si1 82.1 202 11.7 8.7 4.7 - 6.0 1.5 x 105 (a) 
- 3 x 10 5 (b) -4x1o3 (b) 

SiGa-CP 82.1 46.4 11.7 18.2 - 9.1 0.6 - 1.2 x 105 (a) 
- 1 x 105 (b) - Ij x. 103 (b) 

Te P-eP 89.8 46.4 11.2 18.2 4 x 105 (c) - 9 x 10 4 

OP-CP 896.0 46.4 - 3. 5 15.8 9.1 [ 131 5.3 x 105 (a) 
- 15 x 105 (b) - 8 x 104 (b) 

0P-ZnGa 896.0 61.7 -3.5 15.8 7. 7 [ 131 4.4 x 105 (a} 

- 15 x 105 (b) -8x1o4 (b) 

The values for the ionization energies Ev and EA come from ref. [111, those for the Bohr radii Rv 
and RA from ref. [131. The references for previously determined values of a and Wm are given in 
the table. 
(a) Value for wm, as obtained from experimental data of incompletely saturated p~irs, see text. 
(b) The values for Wm and Wzp after an approximate correction for incomplete saturation, see text. 
(c) Estimated from the decay of pair lines 12 and 23,- 11 and- 22 ~s respectively, using fora 

a value of 9.1 A. The sample was VT 35sg100. 

1-' 

"' 0\ 
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about a factor of two lower S-dope than D404/2, namely D442/2 
[ 151 • That sample is less well characterized than D404/2, but 
time-resolved spectra taken up to a delay of 50 ms indicated 
only sp-Sip pair luminescence. Integration of such spectra of 
these samples, taken under identical conditions, showed that 
there was no difference in the band decay. (For N•a 3 ~ 2 x 
10-4 and W •t ~ 2 x 104, the relevant figures bere, the shape m 
of the decay curve is hardly influenced by the value of N, see 
e.g. fig. 1 of [14] ). This finding indicates that there is no 
strong concentratien quenching in these samples. 

In our view, the quenching of the exciton and pair lumi
nescence reported in ref. [191 at least partly will have a 
different origin than the impurity band Auger-effect. 
First, a decrease in the ratio of external to internal effi
ciency with increasing dope, due to an increase in absorption 
of the luminescence in the crystal [31). 
Second, a strong decrease in minority carrier lifetime with 
increasing S-dope. Such a decrease in liretime has been re
ported recently in samples doped with Te up to 2 x 1o18cm-3 
[32], The decrease reported up to this dope is stronger than 
the decreasein luminescence intensity in fig. 6 of ref. [19) 
For S-doped samples a similar but somewhat less pronouneed 
decrease in lifetime is mentioned I 321 • 

5. The transition probabilities of pairs in GaP 

All data on WZP and Wm• the zero-pbonon and total tran
sition probabilities of pairs in GaP are collected in table 3. 
From this table it is seen that for all pairs W is in the m 
range of 1 to 15 x 105s-1 , irrespective of the site and depth 
of the eentres involved and of the strength of pbonon coopera
tion. Apparently this range of values can be taken as repre
sentative for pairs in the indirect semiconductor GaP. A sur
vey of data for pairs in other compounds is given in table 5 
of ref. [3]. From that table and ref. [16] we find that in 
other indirect semiconductors similar or lower values of Wm 

are found, namely - 3 x 105s-1 for N-Al pairs in 4H and 6H SiC 
and- 3 x 10 4s-1 for P-B pairs in Si. 
For direct semiconductors values for w of 107s-1 or higher m 
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are found. 
We now will discuss our data in GaP in relation to the 

site occupied by the donor and the depth of the eentres in
volved. In this discussion we need the value of the transi
tion probability that would have been found if no pbonon coo

peration were present. This value will be called WNPC' It is 
equal to Wzp of table 3 if the transitions with and without 
pbonon cooperation are independent parallel processes. Then 
tbe pbonon cooperation is not at the expense of the strength 
of the zero-pbonon transitions. If this however is the case, 

WNPC. is equal to Wm. The relative values of Wzp• WNPC and wm 
depend on the selection rules for the zero-pbonon and phonon
assisted transitions. Sucb rules were derived by Morgan [6, 
10] , wben explaining tbe differences observed in shallow pairs 
involving a donor on a Ga-site or on a P-site, see sections 
3.2 and 3.3. Tbis difference arises because the symmetry of 
electron statea depends on the choice of a P-site or a Ga-site 
as the origin in defining the group operations, and because 
the electron pbase wave tunetion bas a node ("low density") 
or an antinode ("high density") at the eore of a Ga-site or 
a P-site donor, respectively. As a result the three-fold de
generacy of the donor ground state is not lifted for a donor 
on a Ga-site, but is lifted for a donor on a P-site. In the 
latter case the high electron density at the central core 
leads to a splitting into a low lying totally symmetrie A1 
state and a two-fold degenerateE-state [6,10]. For donors 
like Sp this splitting is about 50 meV [ 331 • In descrihing 
the A1 ground state, statea from the lowest conduction band 
througbout the Brillouin zone can be used, including those at 
k ~ 0 rr 1 J. These k ~ 0 states, which are present in signifi
cant amounts because ED even for shallow donors is a few times 
the hydragen-model energy of - 38 meV [ 31 , leads to strong ZP 
transitions. Their probability will increase with increasing 

ED. 
For a Ga-site donor the situation is drastically differ

ent. The bound electron state of this donor bas Td symmetry 

[ 10] and therefore can not mix with the k "' o rr 1 J states of 
the lowest conduction band; it mixes with the much higher r15 



129 

states,cf. fig. 1 of ref. [10). Since this m1x1ng will be weak, 
a significantly lower ZP transition probability is expected 
than for similar pairs with a P-site donor. 

Up to now we have considered, ZP transitions due to roo
menturn conservation through the central core of tbe donor 
only. Momenturn conservetion can also take place througb the 
central core of the acceptor, however, by the admixture of x

5 
statea from the x-edge of tbe valenee band, cf. fig. 1 of [ 10). 

Since the energy difference between the valenee band extrema 
at X and r is large, this process will not be important for 
pairs with shallow acceptors; it may be significant in the 
case of deep accepters like or Gap• bowever, as will be 
discussed later. 

We now consider Morgan's selection rules for transitions 
involving one pbonon, occurring tbrougb the intermediate states 
r~. r~ 6,x~ and Ac+v of the conduction band (c) and valenee 
band (V) [6,10). For shortness sake bis results are summarized 
in table 4. The zero-pbonon and one-phonon transitions in this 
table all are independent parallel processes, eacb adding to 
the total probability. For example, the cooperation of the 
momenturn conserving phonons TAx• LAx and TOX observed in the 
Si0a-CP pair luminescence, see fig. 2, results in an increase 
in transition probability. As noted, table 4 gives the selec
tion rules for transitions involving only one phonon. In all 
pair spectra multi-pbonon processes are observeg, however. For 

instance, the TAx• LAx and TOX replicas of the Si0a-cP ZP pair 
band in turn are repeated by a series of replicas involving a 
LO pbonon with zero momenturn [11]. Similarly, the SP-CP ZP 
pair band and its TA, and LA replicas are repeated by a series 
involving tbe same LO pbonon [11,2). The intensity distribu
tion of these series of replieas,here involvingtbe LO phonon, 
sbould follow a Poisson distribution of the mean number of 
emitted pbonons; tbeir intensity is at the expense of that of 
their origin { 34, 351 . This origin may ei tber be a ZP pair 
band or a pbonon replica. 

In the case of Si 0a-CP pairs, tbe LO-replicas thus are at 
tbe expense of the TAx, LAx and TOX replicas, these being their 
origin. We thereforecan conclude that forthese pairs tbe 



Table 4. Allowed zero-phonon and one~phonon transitions through the r~~ r~5 ~ X~ and Ae+v inter-
mediate statea of conduction band (c) and valenee band (v). The of these elec-
tron and hole statea with respect to their respective band edges are given in paren
theses. ForA, the energies at L are given (cf. fig. 1 of [10] ). ZP denotes an allowed 
zero-pbonon transition; allowed phonons are labelled according to the symmetry of their 
localized modes [ 6, 10] . 

Site State r~(0.5, o eV) r~5 (2.6, o eV) X~(0,2.5 eV) Ac+v(0.5,0.8 eV) 

p Al ZP;LA{A1 ) LO;TA;TO(T2 ) ZP;all ZP;all(at L) 
Ga T2 LA;TA;TO{T2 ) ZP;all ZP;all ZP;all(at L) 

1-" 
'-" 
0 
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value of wNPC is equal to Wzp of table 3. 
In the case of Sp-cp pairs part of the intensity of the 

first LO-replica may not be due to the multi-pbonon series 
originating from the ZP band, but may be due to an independent 
one-phonon process according to table 4. This replica then in 
turn will be the origin of a second series of LO-replicas. 

The rèsult of this is that for Sp-cp pairs we can only say 

that WNPC is between Wzp and wm of table 3. 
Using the above rules we now will estimate WNPC for the 

pairs of table 3, and oompare its value for specific pairs or 
pair series. The main theme is the way momenturn is conserved. 

i) The pair series with increasing donor depth Tep-Cp, SP-CP 

and OP-CP. 

In this series the decrease of W(R) with increasing R is 
determined by the acceptor, this being the less localized 
centre in the pairs - a is equal to RA/2. The ZP transitions 
will take place mainly throulh the r~ states present in the 

bound state of the electron. We now first estimate WNPC for 
these pairs and than relate these to the value of ED. The 
Tep-cp and SP-CP spectra are shown in fig. 4. As outlined a
bove, the TA and LA replicas of these pairs in our view be
long to the allowed one-phonon transitions of table 4. Thus 
these replicas, including the series of replicas invalving LO 
phonons derived from them, contribute to wm independently of 

WNPC' The series of replicas involving only LO phonons at 
least partly will derive its strength at the expense of the 

ZP pair band so that WNPC will be somewhat larger than wzp· 
. 4 5 -1 From table 3 and f~g. for WNPC values of about 1 x 10 s 

and 4 to 5 x 105s-1 are found for Tep-Cp and SP-CP pairs, res
pectively. 
The remarkable strength of the pbonon cooperation in the Tep
Cp pair luminescence when compared to that of sp-cp indicates 
that the coupling to the lattice is strenger for Tep than for 
Sp• possibly due to the larger size of the Te-ion. In addition, 

the lower value of WNPC for Tep-Cp pairs contributes to the 
relatively strenger pbonon cooperation. 

The OP-CP pair transitions show strong cooperation of 
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phonons, due to the fact that the electron is tightly bound. 
These phonons are a local mode of - 20 meV and an optical 
pbonon of- 47 meV, see e.g. • 4 of ref. [13]. In that 
figure, the ZP pair band and the- 20 meV replica are seen to 
be repeated towards lower pboton energy at intervals of - 47 
meV. This could indicate, that the - 20 meV local mode belongs 
to the class of one-phonon transitions of table 4, be it 
a mode with a strongly modified energy. We think it more pro
bable, however, that this mode derives its strength from the 
ZP band. Then a series of replicas at a 20 meV interval should 
be found, with a Poisson intensity distribution. The fact that 
this series is not seen can be explained by noting that the 
second replica will only have about half the intensity of the 
first one. Because of the strong localization of the elec
tron, the replicas of the ZP band invalving the - 47 meV op
tical phonon essentially derive their strength from the ZP 
band [34] and thus do not contribute to Wm. The result of 
these considerations is that WN~ will have at least about 
half the value of Wm but probably will be nearly equal to Wm, 

that is - 15 x 105s-1 • (A similar case, in which a local mode 
and an optical pbonon are involved is provided by the bound 
exciton luminescence of the op-Cdaa complex, see e.g. fig. 37 
of ref. [ 31 ) • 

We thus have the series of WNPC of- 1 x 105 , 4 to 5 x 
105 and - 8 to 15 x 105s-1 for the Tep-Cp, SP-CP and OP-CP 
pairs, respectively. The value of ED is 90, 104 and 896 meV, 
in this order. We indeed find that WNPC increases with in
creasing ED' as expected. The large difference between Tep
Cp and Sp-Cp is surprising, however, in view of the small 
difference in ED. It indicates that WNPC depends on details 
of the donor wave function at the central core. 

ii) Shallow pairs invalving a donor on a P-site or a Ga-site: 

Tep-cp• SP-CP and Si0a-cP pairs. 

In these pairs, the donor is the more localized centre 
in the pair, a being equal to RA/2. One therefore expects the 
effectiveness of momenturn conservation to be determined by 
the bound electron. In view of the preceding discuesion on 
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the difference between a donor on a Ga-site or a P-site, one 

expec.ts WNPC for Si0a-CP pairs to be c.onsiderably lower than 
that of pairs with a P-site donor. This indeed is observed: 
WNPC amounts to- 4 x 103,- 1 x 105 and 4 to 5 x 105s-1 for 

the Si0a-CP' Tep-Cp and Sp-Cp pairs, respectively. 

iii) The pair series Sp-Gp• Sp-ZnGa' Sp-CdGa' Sp-Sip• 

In this series invalving the donor SP' the acceptor ioni
zation energy increases from 46 to 202 meV. The Bohr radius 

correspondingly decreases from 18.2 A for CP, 15.8 A for Znaa• 
12.7 A for CdGa to 8.7 A for Sip. The donor radius is 10.4 A 
(table 3). In the first three pairs the SP donor is the more 
localized centre, in view of the values of the Bohr radius 
and a, and WNPC will mainly be determined by the amount of r~ 
statea present in the bound state of the electron. As dis
cuseed above, the value of WNPC for these three pairs is be
tween that of WZP and Wm. From table 3 we then find that es
sentially the same value of WNPC is found for these pairs, as 
is expected. 

In the Sp-Sip pairs the acceptor now is the more loc.alized 
centre. Consistent with this, the value of a is now about equal 
to half the Bohr radius of the donor. One may expect WNPC and 
the pbonon cooperation now to arise through the bound hole, 
the intermediate statea X~ and Ac+v of table 4. 
We think the TA and LA replicas and possibly part of the LO 
replica to belong to the one-phonon transitions of table 4. 
It is difficult to estimate WNPC from the data of table 3 and 
fig. 1, however; we can only say that WNPC will be larger than 
WZP' but will be significantly smaller than Wm. 

In order to test whether only the bound hole determines 
the various transition probabilities, or whether there re
mains an additional influence of the site of the donor, we 
now cernpare the sp-Sip and Si0a-SP pairs 

iv) The Sp-Sip and Si0a-Sip pairs. 

If for these pairs momenturn is indeed conserved largely 
through the bound hole, one expects to find the same values of 
Wm and WZP for these pairs. In the spectrum of Si0a-Sip p.airs 
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no clear pbonon structure could be resolved, but WZP is defi
nitely smaller than that of Sp-Sip pairs, see table 3. We thus 
conclude that also for the pairs involving the deep acceptor 
Sip there remains an influence of the site occupied by the 
donor, though probably less pronounced than for shallow pairs. 

An explanation may be that, due to the small difference 
in the Bohr radius of the donor and the Sip acceptor, up 
to large pair separations there is a contribution to the 
spectrum of holes recombining at the central core of the SP 
donor. 
It is also possible that intermediate statea involving both 
the donor and acceptor states, like Aa+v [10], are of imper
tanee here. 

Finally we note, that the findings for WZP of sp-Sip and 
Si0a-Sip pairs indicate that the value of WNPC' as determined 
by the momenturn conservation through the X~ statea present in 
the bound hole states is low. Consequently this process of 
momenturn conservation is not very effective, The value of Wm 
for these pairs essentially comes from the coupling of the 
bound hole to phonons. 

In conclusion it can be said that most experimental data 
can be qualitatively explained by considering the influence 
of the site occupied by the donor and the depth of the eentres 
involved in the pair. 
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6. Temperature dependenee of the Sp-Sip pair band 

6.1 ~l!.,a_!~:::._~s _ _9f_t.!;.:;_<La_!_!._ 
It is known that at temperatures somewhat above 77 K the 

SP-Sip pair band rapidly quenches (4]. Fig. 8 presents more 
detailed data on this temperature dependenee as a plot of 
log.-intensity versus 1000/T (K-1). These data on crystal 
D 410/2, see table 1, were obtained by monitoring the inten
sity transmitted by a prism monochromator set at the band max
imum and having a bandpass at half height of - 65 meV. No cor
rection was made for a temperature-dependent width of the pair 
band, since it was found to be a small effect in the relevant 

S-Si 

D 410/2 

G 
K 

olculation s 

l10-1 
I I 

W=BÁp 

V: BA
0 ~V exp(- ~~) 

1ö2~~~-----~--~~~--~~--~~--~~~ 
4 6 8 10 12 14 16 18 

------4- 1 000/ T (°K-1) 

Fig. 8. 

Luminesoence intensity of the SP-Sip pairs as a funation of 
1000/T (K-1). The full line gives the e$perimental curve~ the 

dashed linea aaZaulated aurves, using the model given in the 

right part of the figure. Curve 1 is aalaulated with B x tB = 
-12 3 - -11 3 5 x 10 am ~ and aurve 2 ~ith B x 'R = 10 om . 

The arrows in the model indiaate the direction of electron 

tr>ansitions. 
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range in T. At the highest temperatures the tail of another 
band, having a peak energy at 100 K of ~ 1.66 eV, interfered. 
The intensity of this band was found to be temperature indepen
dent in this region and therefore the data could be corrected 
conveniently. There is a slight uncertainty in the value of 
the activatien energy of the quenching, however, in view of 
the above. 

The excitation density was sufficiently low to eneure a 
nearly linear dependenee on excitation of tbe luminescence in
tensity. This implies that a linear model can be used to ana

lyse the data. Further, since ND > NA' only the thermal escape 
of holes from the Sip-accepters need to be considered. The 
model [171 and notations used are shown intheinset of fig. 8. 
Parallel to the radiative path there is a competitive path via 
K. The acceptor A (concentration A= A

0 +A-cm~, depth EA' 

ground state degeneracy g), when negatively charged, can cap
ture holes with a trapping rate constant Bcm3s-1 *). The holes 
have concentratien pcm-3 and liretime tpa. 

NV is the effective density of states of thé valenee band 
and TR is the effective radiative lifetime of the pairs. In 
the present temperature range essentially all uncompensated 
donors are occupied by electrons; we can thus take TR to be 
a constant. 

For such a linear model, the internal quanturn efficiency 
nis given by [171 

{ 
BN T }-1 

n/n
0 

= 1 + ; R (1-n
0
Jexp(- EA/kTJ (6) 

in which n
0 

is the low temperature internal efficiency as 
given by 

"' BT A p 
(7) 

*)Trapping rate constante for holes by accepters are denoted 
as B in generaland as B(Si), B(C) or B(ZnO) for S'I:"Jecific een
tres. The value obtained for Sip and Cp accepters rrom this 
analysis is an average one for accepters in the pair~ con
sidered. 
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In discussing these phonomena, sametimes a "breakpoint tempe

rature" is used. At this temperature, n/n
0 

= 1/2. 

For the sample of fig. 8, n
0 

is estimated to be 3-5%, suffi

ciently low to neglect n
0 

in the right hand term of eq. (6). 
Using eq. (6), the calculated curves 1 and 2 in fig. 8 were 

. . 6 14 3/2 -3 4 obta1ned w1th EA = 1 0 meV, NV = 7 x 10 T cm and g = 
(cf. ref. [16] ). In eq. (6) there now only remains the para

meter BTB; for curve 1 its value is 0.5 x 1o-11 cm-3 andfar 2 it 

is 1 x 10-11cm3. Once TB is known, B can be calculated from 

these data. A value for TB can be estimated from the results 
of section 4.4. One possible procedure is to estimate the mean 

- - - 5 -1 pair distance B and to calculate TB with R, wm = 4 x 10 s 
and a = 5.2 A from eq. (4). Ë is valuated by taking the dis

tanee corresponding to the peak of the ZP band at 4 K, roea

sured under similar excitation densities. The result, R ~ 43 A, 

with eq. (4) gives TB ~ 10 ms. 
Another procedure is to approximate the decay curve of 

fig. 7 with a sum of exponential decays. From these data it is 
found that the decay behaviour of a large part of the total 

light sum can be approximated with a decay time of- 5 ms, 
this being an estimate for TB of crystal D404/2. Since the 
doping level of the s~~ple of fig. 8 is slightly lower, 10 

ms seems an acceptable value for TB in this case. Using TB 
= 10 ms, B(Si) is found to be 0.5 - 1 x 10-9cm3/s. 

The value of EA of 160 meV found bere is in reasonable 
agreement with the optical one of 202 meV. The value calcula

ted for B depends rather heavily on EA' however. In view of 

this and some uncertainty in TB' the present result for B(Si) 
should be considered only as an order of magnitude estimate. 

6. 2 !_r_!l.;e:e_i_!l~-~~t~ _c_o.!}~~t_s_ f~_l'l.o];~ S~Et..u!'~-b_y_~ip_~n_d_Çp_ 

!:.c~~12...t.2r ~.:. 
In the preceding section we have derived a value of about 

10-9cm3/s for B(Si). To our knowledge ·no other data on trapping 

rate constants of holes by ionized acceptars in GaP are men

tioned in the literature. For Sip, B can also be deduced, how
ever, from recent time decay data on n-type Si-doped samples 

as a function of temperature [ 36] . The rise of the decay time 
T of the bandgap luminescence towards lower temperatures shown 
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in fig. 5 of ref. [36] is attributed to the thermal release of 
holes form Sip acceptors; the activatien energy is - 160 meV. 
B(Si) can be obtained from these data by using 

{T NIJV EA }-1 B = exp(- kT) (8) 

lüth T = 1 lJS at 250 K and E A = 160 me V, for B(Si) a value of 
0.6 x 10-9cm3s-1 is found; this is in good agreement with the 

results of the previous section. This result also is consis
tent with the interpretation given to the temperature depen
demee of T [ 36] • 

In the case of Cp acceptors, B can be estimated from the 
temperature dependenee of the SP-CP pair luminescence, as roea
sured on closely compensated samples [ 18] • Two "breakpoint 
temperatures" were observed in tbe curves of intensity versus 
1/T. The lowest temperature is related to the tbermal escape 
of holes from CP-acceptors and the ether one to the escape of 
electrens from Sp-donors. In the above used linear model the 
breakpoint temperature Tb can be calculated from: 

(9) 

In ref. [18], EA ~ 46 meV is reported and n
0 

~ 0.3*). Since 
in this reference no figures for B(C) are given, we will now 
calculate B(C) by using eq. (9) and the following procedure: 
several values for Tb were taken in the lower excitation re
gion of fig. 6 of ref. [18]. From fig. 5 of this reference the 
speetral position of the peak of the pair band, corresponding 
to the excitation density used for fig. 6 can be deduced; with 
eq. (1) this in turn gives the pair separation at tbe peak. 
Using tbis value as the average distance of the recombining 
pairs, as was done also in 6.1, TB can be directly obtained 
from fig. 1a of ref. [ 151 • Witb these data of Tb and B(C) 
can now be calculated from eq. (9). 

*)In fact, n0 = 0.6 is stated, but n0 decreases slightly with 
increasing temperature and is about 0.3 at the lowest Tb. 



139 

As an example, take the fourth curve from above in fig. 
6 [18] with Tb~ 45 K. From fig. 5 the corresponding peak ener
gy is found to be- 2.211 eV, corresponding in turn toR~ 58 
A and tR ~ 10-3s, With eq. (9) a value for B(C) of- 10-9cm3 

s-1 is calculated. Similarly some other curves, measured at 
lower excitation levels, gave the same results for B(C). Ex
perimentally, a value of 10-9cm-3s-1 thus seems to be a reason

able estimat~ for the trapping rate constant of holes by io
nized CP acceptars - in the presence of a nearly equal concen

tratien of SP donors. 
A case related to hole capture by ionized acceptars is 

that of hole capture by a negatively charged Zn0aoP nearest 
neighbour complex. This hole capture completes the formation 

of an exciton bound to the iso-electronic Zn0aoP complex, 
electron capture being the first step. The hole has a hydragen 
like binding and as such may be considered as bound to a shal
low acceptor. For B(ZnO), widely varying values are reported, 
namely- 10-7cm3s-1 by one group of workers [ 371 and- 5 x 

1o-10 cm3s-1 by another group [ 38,391. The value of ref. [37] 
was obtained from measurements of the time constant of a post
excitation rise observed after excitation with short light 
pulses. Using- 1 ns pulses of 300 KeV electrons, van der Does 
de Bye [40] has recently measured the temperature dependenee 
of this time constant from 100 K to 150 K, on a Zn,O doped 
sample with p ~ 8 x 1o16cm-3 at 300 K. The activation energy 

was found to be - 35 meV (after correction for the T312-depen
dence of Nv). Using this value in the calculations, the ob
served time constants give B(ZnO) "' 2 x 10-9cm-3 [ 40]. In this 
calculation it is assumed that the observed post-excitation 
rise is related to hole-traffia at the ZnO centre, and not to 
the release of electrans from shallow donors having an ioniza

tion energy of - 35 meV [ 391 • This experiment adds a new value 
to the existing range, matching most closely that of ref. [38] 
This value is also close to those reported for CP and Sip ac
ceptors. Unfortunately, a detailed theory on trapping rate 
constants, taking into account the depth of the centre, is 
not available. Therefore there is no good basis·to draw quan-

titative conclusions from a comparison of values found 
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for different acceptars or acceptor-like centres. 

To summarize: mainly by combining data on the temperature de
pendence of pair luminescence intensity and on the effective 
decay time of the pair band, trapping rate constants for hole 
capture are deduced for CP and Sip acceptors. The result is 
- 10-9cm3s-1 for both centres. New data for hole capture by 
Zn0aoP complexes indicate a trapping rate constant of ~ 2 x 
1o-9cm 3s-l forthese centres. 
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It is sho.wn that, by using computer simulated spectra, the fine structure o.bserved in donor
acceptor pair luminescence can be analysed up to. large pair distances R. For GaP, R is abo.ut 
70 A. Results o.f an application of this analysis to new accurate measurements on Op-Cp and 
Sp-Cp pairs are presented. From the spectra in volving the deep donor Op. the static dielectric 
constant eis calculated to be 11.02 ± 0.05 at 1.6 °K. This value of e can account for the exper
imental R dependenee of the Op-Cp pair energy, as calculated from the Coulomb interaction 
in the pairs, for R ?: 17 A. The deviation of pair energy from the Coulomb law is determined 
for Op-Cp as well as for the shallow Sp-Cp pairs. Forshort distances the energy of Op-Cp 
pairs is larger than calculated from the Coulomb law, contrary to the finding for shallow pairs, 
for example Sp-Cp. The deviations from the Coulomb law for these pairs are discussed by con· 
sidering a model due to Williams and Mehrkam and the van der Waals polarization energy. 1t is 
shown that the known treatments do notprovide a satisfactorily theoretica! explanation for 
these deviations. A theoretica} approach along the lines of that of Williams and Mehrkam, but 
by taking full account of polarization seems to be the most promising one. Finally, a new tab
ulation of donor and acceptor ionization energiesis presented. It is partly based on the new 
data on e, Op-Cp and Sp-Cp pairs and, in addition, on Sp-ZnGa and Sp-CdGa pair~. 

l.Introduction 

Since the identification in 1963 [ 1] of many sharp luminescence lines in GaP 
with donor-acceptor (D-A) pair transitions, such phenomena have been studied 
extensively in several compounds. As is well known, the photon energy hv for zero
pbonon (ZP) transitionsas a function of the pair distance is given by [2,3] 

q2 
hv(R) =Eg- (E A+ E0 ) +eR + AE(R). (I) 

Here Eg is the band gap energy, E0 and E A are the donor and acceptor ionization 
energies and q2 /eR is the Coulomb interaction term. This R-dependent Coulomb 
term is mainly the cause of the multitude of lines observed experimentally. Devia, 
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tions in pair line energy from this simple Coulomb tenn are found especially for 
short distance pairs, and this is represented by flE(R) in eq. (1). In general, for 
D-A pairs involving shallow centres, IM(R)I is larger than for pairs involving a 
deep centre. In order to obtain hv(oo) =Eg ~(E0 + E A) from eq. (1), one nonnally 
assumed that for large distances flE(R) can be neglected; by using a known value 
of e, hv(oo) is then calculated from these large distance pairs. This was done espe· 
cially for shallow pairsjor GaP [4-10]. For pairs involving the deep donor Op, 
llE(R) was found to be smal] [11]. From eq. (1) it is clear that if llE(R) can bene
glected over a large R-range, both hv(oo) and e can be obtained from pair data. This 
procedure was adopted by Patriek and Dean [12] for Op-Cp pairs [11}, using the 
pair lines with "shell numbers" m [4], ranging from 5 to 28, thus coveringa range 
inR from 8.6-20.4 Ä. The result was e = 10.75 ± 0.1. These authors also discussed 
the reasons for choosing OP-CP pairs for this purpose. 

At first sight this seems a straight-forward procedure. The problem is, however, 
that a relatively small butR-dependent llE(R) can largely be compensated for by a 
slightly ~ifferent choice of e. This would lead to the incorrect condusion that 
llE(R) is negligible and thus to an incorrect value of e. The only way out seems to 
be a study of llE(R) up to very large values of R in order to ascertain that llE(R) 
iudeed can be neglected. This was realized by the present authors some time ago 
when they started a study of flE(R) for pairs involvingSp as a common donor and 
as accepters CP, ZnGa' CdGa and Sip, in order ofincreasing ionization energy. An 
analysis of pair spectra up toR ~ 70 Ä seemed possible since at large values,of R, 
where no individual pair lines can be resolved, structure is still present in th~ lumi· 
nescence spectra, the main features of which could also be generated by computer
simulation of the spectra. Especially from an analysis of SP-CP pair spectra in the 
R range of 40-70 Ä indications were found that e should have a larger value than 
10.75, i.e.- I l.O. It was therefore decided to study the OP-CP pairs again, since 
these pairs at present seem to provide the best basisfora determination of e [12]. 
A comparison of ex perimen tal and computer simulated spectra has allowed an anal· 
ysis up toR - 70 Ä for these pairs. These data, combined with those for the re· 
solved pair lines have resulted in e = 11.02 ± 0.05. This value accurately describes 
the experimentally observed photon energies for R ?: 17 Ä, using hv(oo) = 1.3966 
eV. 

In the following sections the experimental techniques and results, the analysis of 
the distant pairs and the detennination of e will be dealt with. In the last sections 
M(R) for Op-Cp and also for Sp-Cp pairs will be discussed, and a new compilation 
of optically deterÏnined donor and acceptor ionization energiesis presented. 

2. Experimental techniques 

The GaP crystals doped with C and 0 were grown from solution by cooling the 
melt in an evacuated quartz runpoule from- 1100-- 800 °C with 5 °C h-1. Most 
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measurements were done on samples from growth run SV 60. These were p·type, 
wi th p :::: 10 17 cm -3 at room temperature. 

The luminescence spectra were taken with a Hilger-Engis Monospek 1000 or a 
Spex 1704 (factory selected) 1 m grating monochromator and a cooled RCA 
C31000 F ("Erma") photomultiplier. The crystals, immersed in an He bath of · 
T S: 1.6 'X we re excited with the 5145 A line from a Coherent Radiation model 52 
argon-ion laser. For the present analysis of D-A pairs at]. accurate determination of 
the pboton energy is required, say within 0.1 me V. For the Op-Cp pairs this is rel
atively easy since 0.1 meV corresponds to- 0.5 A in this speetral region. A precise 
calibration * of the monochromator was obtained by measuring in second order 
lines from a hollow catbode Fe lamp (Pye-Unicam 611267). The types of grating 
monochromators mentioned above usually show deviations from a linear wave
length scan with a periodicity conesponding to one revolution of the lead·screw. 
For our instruments these deviations had peak-to-peak amplitudes of- 2 A for the 
Monospek 1000 and"" 0.5 A for the Spex 1704. After correction over the whole 
wavelength interval needed here the Monospek 1000 is believed to be accurate to 
within ± 0.3 A. In analyzing the corrected data of the Monospek it was found that 
in t::.E(R) of eq. (1), systematic deviations were present that exceeded 0.1 me V 
(0.5 A). These observations were confirmed by the more recent data obtained with 
the Spex 1704. It could be shown that, due to the systematics in t::.E(R) mentioned 
above, the accuracy within ± 0.25 A of the data obtained with the Spex 1704 was 
sufficient. Thus, no further wavelength correction was applied. The results obtained 
with these data are presented in this paper; there are no essential differences in the 
results obtained with the two monochromators, however. In sections 5 and 6 exper
imental data on shallow pairs invalving the donor Sp are also used. These were taken 
with a 0.5 m Jarrell-Ash model82-000 grating monochromator, calibrated with the 
Fe lamp. These data are believed to be accurate to within ± 0.2 me V. 

3. Results and metbod of analysis 

Intheir paper on the pair spectra invalving Op, Dean et al. [11] in fig. l(a)show 
the resolved OP-CP pair lines with shell number m from 5 to - 55. The pair 
band is broad due to strong coupling to phonons with energies of "' 20 and - 50 
meV. In this study we have recorded many pair spectra using various conditions 
of excitation and speetral resolution. Our results for the pair lines are similar to 
those of ref.' [ll). Most attention was paid to the structure in the pair band for 
m ;:::: 50, however. A representative spectrum, not corrected for the speetral re
sponse of the system, is shown in fig. 1, curve (l). lt covers a range in m of 47 
to"" 330, conesponding to a pair distance of 26-70 A (see below). lt is seen 

( 

*In calculating photon energîes from wavelengths, for the index of refraction n of air (I atm, 
l5°C) use was made of (n -1)10 7 = 2726.4 + 12.288 X 108 /;%.2 + 0.36 x 1016

/À 
4

, À in A [ 13). 
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Fig. 1. Experimental (curve(l)) and computer simulated Op -Cp donor-acceptor pair spectra. 
Curves (2) and (3) are calculated using a Gaussian and a Lorentzian line shape respectively. 
Many shell numbers are indicated near curve (3); the large values denote approximate shells 
corresponding to the extrema, as discussed in the text. In curve (1) some excited states (e.s.) 
are indicated. These show up due to heating of the sample by the focussed laser beam. The 
speetral resolution was 0.15 me V. The vertical dashes near curve (1) denote the extrema used 
in calculating e. The horizontal bars indicate the R-regions of the computer simulated spectra 
considered in some detail in the appendix. 

that up to 70 A some structure can be resolved. The best resolved pair lines and 
structure were obtained when using a focussed laser bearn. In view of the demands 
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for a good signal to noise ratio at sufficient speetral resolution, rather high laser 
powers had to be used. As a consequence the sample was heated significantly by the 
focussed beam, as is apparent from the occurrence of excited states for lower shell 
numbers [14], partly not shown in fig. 1. With an unfocussed beam the spectra 
were somewhat less resolved, probably due to some strain in the crystal, but showed 
no excited states. The speetral position of the structure shown in fig. I was found 
to be invariant with the excitation conditions (amount of saturation), however. It 
may thus be concluded that the structure shown in fig. 1, curve (I), is characteris
tic for Op-Cp pairs. 

The question now arises whether part of this structure is due to phonon replicas 
of higher energy pair lines. Al though some lines can in deed be replicas in volving a 
~ 19 me V phonon, no consistent set could be found. In addition it is noted in ref. 
[ 11] that the 20 me V replica of the ZP band is significantly broadened, indicating 
that nosharp replications involving this phonon should be expected. Up to now 
sharp replicas of ZP pair lines were observed only in the case of shallow pairs with 
P-site donors when ~ 50 me V optical vibrations are involved [15,16] and in the case 
of shallow pairs with the Ga-site donor Si when momenturn conserving phonons are 
involved [15]. 

The structure thus seems to be characteristic of ZP pair transitions and will now 
be analyzed as such. At shell numbers above about 100 where no individualpair 
lines can be easily recognized, the structure is then expected to result from the 
merging of adjacent pair lines. This merging also occurs for lines at shorter distances, 
since many weak pair lines are not resolved. In the vein of these observations we 
have synthesized a speetral shape by first calculating the strength/m (i.e. the num
ber of sites [4]) corresponding toeach shell m, by then assigning toeach I m a fi
nite line width- using a Gaussian or Lorentzian lineshape- and finally by adding 
for each photon energy hv the contributions of all pairs. Thus, fora Gaussian line 
shape having a width at halfheight a, the intensity I(hv) becomes: 

_ {"' (hv-hv(m))2 ( R(m))} I(hv)- ;: Im X exp- a/1.66 X exp - Ro X f(hv). (2) 

The term exp ( -R (m)/R 0) represents the variation of the transition probability 
with distance;R0, being half the Bohr-radius of the C-acceptor, is taken tci be 7 A 
[ 17]. The influence of this term on the structure is small, however, because its vari
ation over the range of adjacent pairs contributing to a structural detail is small. The 
pair distance R(m) for type I pairs like Op-Cp is related to m by [4] 

1 
R(m)=(i-m)2 00 , (3) 

in which ao, the lattice constant is taken as 5.4432 A at 1.6°K [18], using in addition 
data on the coefficient of thermal expansion for Ge to extrapolate the data on GaP 
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to 2 °K [19]. (The difference with the commonly used value for 300 ~of 5.45 A 
is a bout 0.1% and therefore just significant for the present determination of e and 
hv (oo).) The photon energy hv(m) for each pair is calculated from eqs. (3) and (I), 
assuming AE(R) = 0. At the large distances considered, multipole splittings [:JO] 
can be neglected. The summation in eq. (2) wil! not result in an overall speetral 
shape corresponding to that experimentally observed. Since many factors, such as 
the amount of saturation and the speetral response of the measuring system, con· 
tribute to the observed shape, we have adopted an empirica! approach by multi· 
plying with a shape correctionf(hv), chosen so that the overall shape of I(hv) rea
sonably matches experiment. 

The curves (2) and (3) in fig. 1 are calculated along these lines for Gaussian and 
Lorentzian shapes respectively, using hv (oo) =Eg (En + E A)= 1.39665 eV, 
e = 11.02 (see next section) and a 0.42 me V. The latter value is somewhat larger 
than the half width of the short distance pair lines, 0.25-0.30 me V. The influence 
of a on the spectra wiJl be discussed in the appendix. 

Let us first consider the Lorentzian shape, curve (3). The main condusion is that 
many characteristic features are reproduced by the calculated spectrum, although 
generally the experimental structure is somewhat less pronounced. 

When going into details, it is seen that some relative intensities are not repro
duced, e.g. near pair line 73. Further, some finer structure can beseen in the calcu· 
lated spectrum than is observed experimentally. Examples are m = 115, 117, around 
in = 17S and the region at very largem values. 

Finally, the experimental results for m around S7 should be commented on. Up 
topair line SS, identification is straigth-forward (see also ref. [ 11 ]); below m = 47 
it is not shown he re. Lines 52 and 53 are merged and line 56 has I m = 0. Lines 
57-60 can be hardly identified, however. In fig. 1, curve (I), there is the addition· 
al complication of some excited states, but spectra without these are no help. This 
problem seems to be specitic for Op-Cp pairs, since for Sp-Cppairs alllines in this 
region follow the theoretically expected pattem [ 15]; this also holds for line 73. In 
view of the positive identifications made for m s; 55 and m ~ 61, this anomaly is 
not considered serious, however, but the pairs with m = 57-60 are omitted in the 
determination of e, see section 4. 

The reasons for trying both Lorentzian and Gaussian line shapes are twofold. 
Firstly, the value of e obtained from the present analysis should notdepend criti· 
cally on the choice of a particular line shape. Secondly, since a Lorentzian shape has 
a sharper peak and a more pronounced tail than a Gaussian shape of the same half· 
width it was thought that the use of a Gaussian shape might reduce some of the 
finer structure observed in fig. 1, curve (3), but on the other hand probably would 
increase the peak to valley ratio. Fig. I, curve (2) shows the result for a Gaussian 
shape, which indeed has the trend indicated above. Again, the main features of the 
experimental curve are reproduced. In addition, some fine structure found experi· 
mentally but absent in this calculated spectrum shows up when a smaller line-width 
is used in the calculation. Details of these calculations, in relation to line-width an·d 
strength of individual pair lines. are given in the appendix. 
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In condusion it can be said that, although notall details are understood, it is 
possible by simulating pair spectra in this way to identify pboton energies of max
ima and minima with the corresponding pair distauces up to values of R as large as 
~ 70 A. Experience with shallow pairs, notably Sp-Cp, has confirmed this. 

4. Determination of e 

Fora determination of e with eq. (1) one needs hv as a function of 1/R. This is 
straight-forward for the isolated pair lines*; when necessary spectra without excited 
states (unfocussed laser beam) were taken. For large distauces the results of the pre· 
vious section were used to assign R -values to maxima and minima in the spectrum, 
in this way obtaining hv as a function of 1/R. The results presented hereare ob
tained using a Gaussian line shape; those obtained with a Lorentzian shape are not 
significantly different and lead to the same value of e. 

Spectra, simulated with different values ofhalf-width a were tried fora match to 
the ex perimental structure, see appendix. Some extrema, the positions of which 
shift significantly (> 0.1 me V) with a were rejected. The maximaand minima used 
are indicated in fig. 1, curve ( 1) by dashes. 

In the R region from 30-70 A, six spectra, taken with the Spex 1704, were anal
ysed in detail. The individual results did not differ by more than 0.2 me V. In the 
further calculations for each extremum these experimental energies were averaged 
and combined with the shorter distance data on pair lines. Then e and hv (oo) were 
calculated with the method ofteast squares using eq. (1) and !J.E(R) = 0 in an in· 
terval of R-values ranging from a selectable initial value Rs to the maximum prae· 
tical value in R of~ 70 A. R s was varied from 8.5 to "" 46 A. The results for e are 
plottedas a function of Rs intheupper part of fig. 2. 

Starting from Rs = 8.5 A, e increases significantly up toRs ~ 17 A; for larger 
values of R5, e oscillates around a mean value of 11.02. Above Rs -46 A, e shows 
larger fluctuations at least partly due to the limited number of points then re
maining. To illustrate the accuracy of the least squared fit for Rs ranging from 
17-46 A: the mean of the absolute value of the deviations is S 0.081 me V and the 
maximum deviation is :S: 0.34 me V; hv (oo) varied from 1.396 54-1.396 73 eV. For 
e = 11.02, hv (oo) = 1.396 65 eV is obtained. Using these values the deviation M(R) 
from the Coulomb law was calculated. The results, hvexp- hvcalc• areplottedas a 
function of R in the lower part of fig. 2. 

Several important conclusions can be drawn from fig. 2. 
(i) For R?:. 17 A the Op-Cp pair energy can be described satisfactorily with one 

single (statie) dielectric constant of 11.02. 
(ii) Deviations from the Coulomb law are found to be systematic and for R ~ 17 A 

possibly showsome oscillation as a funçtion of R. In addition, the energies ofsome 

* Multipole splittings of short elistance pairs were taken into account as indicated in ref. [12]. 
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Fig. 2. The upper curve gives e, as calculated from data with R ranging from R S to - 70 A, 
plottedas a function of Rs. In the lower curve the difference of the ex perimental photon ener
gyhvexp and the pboton energy hvcalc• calculated from eq. (1) with e =11.02, hv (oo) = 
1.396 65 eV and e.E(R) 0, is plottedas a function of R. 

pair lines or extrema deviate rather strongly from a smooth curve through the data. 
We have ascertained that these effects are not instrumental, but have no explana
tion of their origin. Their existence implies, however, that a detailed knowledge of 
their origin is a prerequisite fora more precise determination of e and hv (oo) from 
the data. 
(iii) For R S 17 A the experim~ntal photon energy is larger than that calculated 
with the Coulomb law. This is an exceptional sîtuation since pairs involving donors 
other than Op showthereverse [4-10,15]. A possible explanation will be given in 
section 5. 

In addition, fig. 2 illustrates that it is not permissible to calculate e from Üp-Cp 
pair data for 8.5 A< R < 20 A, as was done in ref. [12]. Ifwe nevertheless use our 
data in this region to calculate "e" from the slope of the energy versus 1/R we ob
tain e = 10.7, in good agreement wi th the findings of ref. [ 12]. 

In conclusion it can be said that at 1.6 'X, e is 11.02 and hv ( oo) for Op-Cp pairs 
is 1.3966 eV. 

S. Deviation from the Coulomb law for Sp-Cp and Op-Cp pairs 

At least four contributions to !:l.E(R) can be mentioned. 
(a) An R-dependent value of the dielectric constant. Srinivasan [21] made calcu

lations of the diagonal part of the static microscopie dielectric function. About up 
to nearest neighbour, he found a slight increase of the dielectric constant towards 
shorter distances, but did not attach any importance to this increase. If the increase 
is real, however, it would leadtoa negative !:l.E(R), when using the macroscopie val· 
ue of e. 
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(b) Strain fields around the donor and acceptor centres, as discussed by Morgan 
and Maier [14]. 

(c) A van der Waals interaction energy, as introduced by Hoogenstraaten [2] and 
other workers [4,5]. The R-6 dependenee of this energy, commonly used, is only 
valid at relatively large pair distances; it leadstoa negative AE(R). 

(d) Electrostatic interactions between the positive donor and negative acceptor 
cores and the moving electron and hole in the approximation ofWilliarns (3]. He 
used s-type wave functions, but this approximation was recently refmed by 
Mehrkarn and Williarns [22,23] by introducing an effective core chargeZand an ad
mixture of p states. The analysis is similar to that used in treatments of the H2 mol
ecule; in refs. [22,23] the energies are obtained by variational calcuhts. 

In this paper we will be concerned with the interacHons (c) and (d). Predictions 
of the van der Waals energy as well as predictions based on the model of refs. [3) 
and [22,23] will be compared with experimental results. This will be done separa
tely for shallow Sp-Cp pairs (section 5.1) and for the Ûp-Cp pairs, invalving the 
deep donor oxygen (section 5.2). Basedon these results, a possible further theoret
ica! approach is suggested. 

The treatments of ( c) and ( d) consicter isolated pairs; for very large pair se para
tions this is no langer true, however, but this complication will not be considered 
here. 

In the case of(d), ref. [3] gives formulae for AE(R)w * for both equal and non
equa! donor and acceptor Bohr radii (R 0 and RA, respectively), whereas refs. [22, 
23] only give formulae for equal radii. The latter case can as a first approximation 
be applied to shallow Sp-Cp pairs; Op and Cp have very different Bohr radii, how
ever, and for this case only ref. [3] gives relevant formulae. 

· 5.1. S p-C p pairs 

The experimental data on hv (R) for Sp-Cp were obtained from an analysis of 
spectra up toR - 70 A, as described for Ûp-Cp pairs. In order to calculate AE(R), 
first hv (oo) must be determined from the long distance data, where AE(R) is negli
gible. We found that by using e = 11.02, as determined from Op-Cp pairs, and 
hv (oo) = 2.1884 eV, the average of the absolute va!ues of AE(R) intheR range of 
40-70 A is 0.068 me V. (This increased to > 0.1 me V when hv (oo) was varied by 
0.1 me V.) The extreme values of AE(R) are + and -0.16 me V. This indicates that 
within the accuracy of the present data, AE(R) can indeed be neglected for 
R ~ 40 A, and the above value of hv ( oo) is used to calculate AE(R ). 

In camparing these data with the model of WilHams and the refined one of 
Mehrkarn and Williarns, the aim is to test the applicability of these models and to 
gain some more insight into the effects on AE(R) of the introduetion in refs. [22, 

* Theoretical values of AE(R) are denoted by AE(R)th• and in specific cases as AE(R)w, ref. 
[3), AE(R)MW, refs. [22, 23), or AE(R)vdW• case (c). In accordance with eq. (1), these quanti
ties are taken negative when hv (R)th is smaller than calculated from the simple Coulomblaw. 
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Fig. 3. Deviation AE(R) of the pair energy from the Coulomb law as a function of R for shal
low pairs. The experimental data are for Sp-Cp pairs; the dots indicate negative AE(R)-values. 
The curves are calculated for RA= Ro 10 A using the model of Williams (ref. [3J dashed line) 
and the reÏmed one ofMehrkam and Williams (refs. [22,23] ). Note the sign reversal near 
R = 15 A in the calculated curves. 

23] of the effective core charge and the admixture of p states.lt is reasonable to 
campare the results for Sp-Cp pairs with calculations usingR0 =RA = 10 A since 
this is a plausible average for the R0 and RA of.these shallow een tres. The results 
ofsuch calculations, usingeq. (10) of ref. [3] and eq. (12) of ref. [22, a] are given 
in fig. 3, tagether with the experimental data for fue Sp-Cp pairs. 

We first consider tl.E(R)w. It is seen that there is a sign reversal: tl.E(R)w is neg
ative for R ::S 14 A and positive for R ~ 14 A. Further, the introduetion of the re· 
finements leads to a decrease of the pair energy hv (R), as expected, but the general 
shapes of tl.E(R)w and tl.E(R)Mw are essentially the same. Thus ltl.E(R)thl increases 
for R ::S 14 A and decreases for R ~ 15 A. The calculations showed that the effec· 
tive charge Z especially influences the negative part of tl.E(R)w at short distances, 
and leads to the increase of I AE(R)thl· At R = 20, 15, 10 and 5 A, Z respectively 
becomes 0.996, 0.932, 0.627 and 0.360. The admixture of p states especially influ
ences the positive part of tl.E(R)w at large distances and leads to the decrease of 
AE(R)th in this range. The admixture is maximal at R "'20 A, namely 3.52% and 
decreases to 0.299% at 10 A, 2.17% at 30 A and 0. 743% at 40 A. 

When camparing with experiment, it is clear from fig. 3 that for R ~ 12 A the 
models ofWilliams and Mehrkam cannot explain the experimentally observed 
tl.E(R): the strong variations in AE(R)th around 15 A and the positive tl.E(R)th for 
R ~ 15 A are not found experimentally. For R $ 12 A, the model prediets the cor· 
reet order of magnitude of AE(R), however. 

In view of the above results, the model will now be considered in more detail, in 
order togainsome insight into the terms contributing to tl.E(R)w. For this pur
pose the original model of Williams is more suitable than that of refs. [22,23]. Con
sider an isolated pair of a neutral donor and a neutral acceptor at distance R (see 
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Fig. 4. Values of the interaction energiesJ+-• Jo+.J A- and q 2 /eR in the model ofWilliams 
[3] as wellas the resulting è.E(R)w as a function of the pair distance R for two cases: R 0 = 

=RA= 10 1\ (upper part) and R0 = 3 A, RA= 10 A (lower part). All terms are normalized by 
dividing by q2 /e R. The terms represented by dasbed lines give a positive con tribution to 
è.E(R)w, those with asolid line give a negative one. Note the different scale for è.E(fl)w on 
the right side. The inset depiets the interactions considered. 

inset in fig. 4). Four interactions, two being attractive and two being repulsive, are 
involved in llE(R)w. These lead to negative and positive contributions to llE(R)w, 
respectively. The attractive terms are the Coulomb energy between the point 
charges of the donor and acceptor cores*, q2feR and the energy of interaction he· 
tween the two charge clouds,J +-.(ref. [3], eqs. ( 12), (13)). The repulsive con tri· 
butions are the interaction energy between the donor core and the charge cloud of 
the hole,JD+• and between the acceptor core and the electron cloud,J A-(ref. (3], 
eq. (11)). At very large distances, the value of each term becomes q2feR, thus re
sulting in llE(R)w = 0, as expected for the interaction between two neutral centres. 

Due to the different R -dependence of the interaction between point charges and 
charge cloud (Jo+ andl A-) on the one hand and that between the two charge 
clouds (J +_)on the other, llE(R)w becomes positive at large R and negative at 
smallR. These separate contributions to llE(R)w, normalized by dividing byq2/eR, 
are shown in fig. 4 (a) for RA =R0 = 10 A, and in fig. 4 (b) for R 0 = 3 AandRA = 
= 10 A; this case is relevant for Op-Cp pairs (see section 5.2). 

* The Coulomb energy q 2 /eR in eq. (1) results from the attraction between the charged donor 
and acceptor cores that are leftafter recombination of electron and hole. 
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It is seen from fig. 4 (a), that I~E(R)wl isless than 8% of the value of the four 
contributing terms for R 2: 12 A. This indicates that the result for ~E(R)w may be 
rather sensitive for the wave functions used. As noted earlier, improvements of the 
s-type wave functions used in ref. [3] were introduced in refs. [22,23]. These im
provements notably for R 2: 13 A did notleadtoa significantly better agreement 
with the experimental data, however. 

We now consider the van der Waals energy ~E(R)vdW• which is due to the mu
tual polarization of the donor and acceptor centres. This term needs separate dis· 
cussion since it is not included in the model ofWilliams and, though some polariza
tion is included, not sufficiently accounted for in the treatment ofMehrkam and 
Williams. 

For R~ RB, ~E(R)vdW amounts to 

~E(R) '"""'6.5 q2 (RB )5 
vdW eR R (4) 

in which RB is about equal to the Bohr radius of the least polarizable een tre (see 
e.g. ref. [8]). In the range of large R values that will be considered he re, eq. ( 4) is 
only a first approximation. Taking as an example the interaction between two H at· 
oms, even for R/RB as large as 6 higher-order terms proportional to R-8 andR-10 
already contribute about 50% of the R-6 term in the van der Waals energy [24]; 
see a1so [25]. For the present disoussion only eq. ( 4) will be used, ho wever. Results 
withRB = 10 A are plotted in fig. 3 for R > 20 A. It is seen, that for R?: 35iA the 
values of M(R)w and M(R)vdW are essentially equal, buthave opposite sign. Taking 
also account of the higher-order van der Waals term, this means that the superposition 
of ~E(R)vdW and ~E(R)w leadstoa slightly negative value of ~E(R)th, in good 
agreement with the available experimental data. 

The above confrontation of ~E(R)w and ~E(R)vdw shows that by modifying 
the s-functions used by Williams, in order to account for polarization, a deercase in . 
pair energy with an amount of ~E(R)vdW should be obtainable at large distances. 
As shown in fig. 3, the effect of the admixture of p states [22,23] is considerably 
smaller, however. This indicates that the variational functions used are not suited to 
obtain correct values of ~E(R) at large distances. 

On the other hand, the approach ofWilliams and Mehrkam leads to the correct 
order of magnitude of ~E(R) for R "$ 12 A ( see fig. 3). As a next step in the theo
retica! approach of ~E(R) we therefore suggest a more unified treatment of the 
problem by variational techniques by using wave functions~that in addition properly 
account for the van der Waals interaction energy. Simtlar calculations were per
formed for the H2 molecule by Hirschfelder and Linnett [24]. This approach no
tably may solve the problems for intermediate pair distances, as apparent from fig. 3. 

Our conclusions on ~E(R) for shallow pairs differ from those of Mehrkam and 
WilHams (22,23], who considered shallow Sp-Z11(;

1 
pairs, and claimed that a satis

factory explanation of ~E(R) could be given with their model. The fitting of theory 
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to the experimental data in refs. [22,23] in our view is incorrect, however. An older 
value of 10.18 was used for e. Note in partienlar the divergence in refs. [22,23] of 
the fitting curves for R 2:: 25 A, whereas fig. 3 of the present paper shows that 
b.E(R)Mw should become smal! f.or sufficiently large pair distances. 

5.2. Op-Cp pairs 

In this section a comparison of b.E(R)w and b.E(R)vdW with the experimental 
data on Op-Cp pairs will be given along the same lines as in the previous section. 

Since the refinements introduced in refs. [22,23] only influence the quantitative 
results for b.E(R)w, but not the general shape, we may use the older formulae for 
unequal Bohr radii (see ref. [3], eqs. (11) and (13)). Fig. 5 (a) shows results for 
b.E(R)w obtained with RA = 14 A, e = 11.02 and R0 varying from 1-6 A. No te 
that for R D ;S 3 A the sign reversal now occurs at very short distances, thus re
sulting in a positive b.E(R)w in the R region relevant for Üp-Cp pairs. The curve 
with R D = 3 A is replotted in fig. 5 (b ), tagether with the ex perimen tal data from 
fig. 2. One of the uncertainties in b.E(R)w is the value of RA; throughout,we have 
used 14 A [17], but other authors [14] use 10 A for RA of the Cp acceptor. The 
curve with RA = 10 A and R D = 3 A for comparison, is also given in fig. 5 (b ); this 
curve will be considered further. In addition, in this figure the van der Waals energy 
is plotted for RB = 3.0 A, being the Bohr radius used for the deep donor in calcu
lating b.E(R)w. 

Figure 5 (b) shows that the positive b.E(R)w at R around 10 A is of the same or
der of magnitude as the value observed experimentally. This might indicate that 
b.E(R) for Üp-Cp pairscan be qualitatively explained by the model ofWilliams. 
Note that the experimental values of b.E(R) decrease significantly more rapidly 
with increasingR than the values of b.E(R)w. Some more insight into the origin of 
the positive b.E(R)w at short distances comes from fig. 4 (b), where the contribu
tions of J +_,JA_ and J0 + are shown separately. lt is seen that at a di stance of l 0 A 
the JA- term is already 99% of the q2feR term. Thus the donor core is already 
shielded effectively by the localized electron cloud- the centre looks neutra!. This 
means that b.E(R)w comes mainly fromJ0 + andJ+-· Since, when using s-type 
functions,J+- is always smaller thanJD+• b.E(R)w becomes positive. The differ
ence between the two terms is small, however, less than 3% for R 2:: I 0 A. 

We also have to consider b.E(R)vdW• which is rtegative. It is seen in fig. 5 (b), that 
for R8 = 3 A the value of b.E(R)vdW for large distances is significantly smaller than 
that of b.E(R)w, but that b.E(R)vdW cannot be neglected forshorter distances*. 
Thus the addition of the van der Waals term cannot acount for the aforementioned 
more rapid decrease withR af b.E(R) when compared to b.E(R)w, when using 

* Note that the value of tl.E(R)vdW strongly depends on RB; an increase of lS% in RB leads to 
an increase of a factor of two in tl.E(R)vdW· The value of 3 A used for RB in this case is a lower 
limit. 
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Fig. 5. Deviatîon AE(R) from the Coulomb law for the case of a deep donor and a shallow ac
ceptor. In the upper part AE(R), calculated using the model of Williams [ 3J, is given foi RA= 

14 A and RD ranging from 1-6 A. The lower part shows curves for RD = 3 AandRA = 10 A 
and 14 A. The experimental data for Op-Cp pairs arealso given; the dots indicate negative 
AE(R)-values. 

RB 3 A in calculating AE(R)vdW· The positive contribution of AE(R)w should 
still dominate at shorter distances, where AE(R)vdW is significant, to explain the ex
perimental data. This is in contrast with the observations for Sp-Cp pairs, where 
only negative values of AE(R) are found. 

These findings support the suggestion madeinsection 5.1 fora more unified 
treatment, by taking the van der Waals energy directly into account in the calcula
tions. The inclusion of polarization willlead to a decrease of the positive value of 
AE(R)w and therefore at present the significanee of the positive value of AE(R)w 
as an explanation for the experimental observations for Sp-Cp pairs is hard to esti
mate. 

Apart from the complication that for pairs like Op-Cp the theoretical treatment 
should involve eentres with non-equal Bohr radii, there is the additional difficulty 
that the small Bohr radius needed here in the calculation, 3 A, implies that the con
tinuurn model used is no longer valid. Nevertheless further theoretical treatments 
are valuable since these may give insight into the significanee of a positive AE(R) 
arising from the interactions considered up to now. If refined treatments only lead 
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to negative values of fl.E(R), other causes of the positive values found experimen
tally have to be exarnined, e.g. a specific property of the Op donor itself. 

Mention should be made here of a calculation of fl.E(R)th for the case of one 
centre, say the donor, being deep [26,27). fl.E(R)th is then calculated from the 
binding of the electron to the dipale of variabie R formed by the donor and accep
tor cores; the additional binding energy of the hole to this three partiele system is 
taken equal toE A. This approach gives negative values for fl.E(R)th [26]. More
over, it is used to estimate E A and En separately from pair spectra. In view of the 
present discussion on the interacHons invalving two charge clouds and the experi
mentally observed positive value of fl.E(R) found for pairs invalving the very deep 
donor Op, the results seem to be doubtful. 

To summarize the discussion given in sections 5.1 and 5.2 on the deviation of pair 
energy from the Coulomb law: no satisfactorily theoretica! explanation is known at 
present for the experimental results, bath in the case of shallow Sp-Cp pairs and in 
that of pairs invalving the deep donor Op. There is evidence, however, that some 
observed features can be explained by the model of Williams and Mehrkarn. In ad
dition, the van der Waals energy is shown to be important. A more unified treat
ment of the electrastatic interactions along the lines of the approach of Williams 
and Mehrkarn, but by choosing variational functions that properly account for the 
van der Waals interaction energy is suggested. 

Experimentally, the situation also is unsatisfactory. At present only sufficiently 
accurate data are available for Op-Cp pairs. Fora comparison with theory, data on 
a series of pairs, e.g. in volving one donor and a series of acceptors, are needed. Such 
data for pairs invalving Sp-donors are now in preparation, using the apparatus and 
techniques described here. 

6. Donor and acceptor ionization energies 

As mentioned in the introduction, arevision of e affects the values of En and 
E A as determined from pair spectra. In this section we present a new compilation 
of optically determined ionization energies, partly cantairring values revised owing 
to the new value of e, and in addition to new data on some pairs. Notably the early 
data [4,5] on shallow pairs like Sp-Cp, Sp-Znca and Sp-Cdca were interpreted 
with € = 10.18 and an additional van der Waals term; this makes the accurate deter
mination of differences in acceptor ionization energies from these data difficult. To 
this end use will be made of new data on these pairs, believed to be accurate within 
± 0.2 me V, and of the finding in the preceding section that fm R?: 30 A, fl.E(R) 
is found to be very small. The results for hv (oo) are Sp-Cp = 2.1884 eV, Sp-Znca= 
= 2.1731 eV and Sp-:-Cdca = 2.1405 eV.ThusEA (Zn) -EA (C) = 15.3 meV and 
E A (Cd)- E A (C) = 47.9 me V. These values are in excellent agreement with those 
found by Dean et al. [ 11] from the infrared pairs invalving Op donors, 15.5 and 48 
me V respectively. This agreement removes a discrepancy of the order of 1 me V be-
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tween results on these.differences, obtained from shallow pairs [4,5) and from those 
involving Op [II]. We believe the new values for the differences to be slightly more 
accurate than those of ref. [11] and will use the new ones here. 

The values of E 0 and E A are summarized in table 1; their origin will be discussed 
in more detail, starting with the donor ionization energies. The values for Siaa 
(82.1 meV), Tep (89.8 meV) and Sp (104.2 meV)* come from the IR absorption 
work ofOnton et a!.[28, 29]. E0 (S) is used as the basis to obtain further E0 values. 

From the presentworkon Sp-Cp and Op-Cp pairs it follows that E0 (0)
-E0 (S) = 791.8 me V, leading to E0 (0) = 896.0 me V. E0 (Se), 102.6 me V, 
comes from En (S)- E0 (Se)= 1.6 me V [16]. For the other donors, the literature 
values of hv (oo) coming from pair spectra are corrected toe= 11.02. The magni· 
tude of the correction on hv (oo) depends slightly on the R-range used todetermine 
hv ("") with the Coulomb term in eq. (1). In each case we have applied a correction 
conesponding to the R value of the longest distance pairs used to calculate hv (=). 

Using this procedure, from a comparison of hv (oo) for Snaa-ZnGa [8] and the 
new data for Sp-Znaa it is found that E0 (S) -E0 (Sn)= 35.2 me V, resulting in 
En (Sn)= 69.0 me V. Similarly, by comparison of hv (oo) of Sp-Cp pairs with that 
of GeacCp pairs [ 10] the value of 201.5 me V is obtained for GeGa. 

Finally, the interstitial Lidonors [30] are considered. The LiA -donor has Ga-site 
like [31] properties;En (LiA) isestimated to be 11 ± 4 meV shallower than Sn [30], 

Table 1 
lomzation erlergies of donors and acceptors. 

donors 
optica! values 

Eo 
(me V) 

LiA (int) 58.± 4 

SnGa 69.0 
8iaa 82.1 
Lis (int) 88.3 

Tep 89.8 
Sep 102.6 
Sp 104.2 

Ge Ga 201.5 
Op 896.0 

accepters 

Cp 46.4 

BeGa 48.7 

M~a 52.0 

ZnGa 61.7 

CdGa 94.3 
Sip 202 
Gep 257 

optica! values a 

EA 
electrical values 

EA 
(me V) (me V) 

60 ± 2b ref. [32] 
59b ref. [33] 
92 ± 2b ref. [32] 

a Calcu1ated withEg = 2.339 eV. 
b In calculating E A the Hall factor is assumed to be independent of temperature. 

* 104.2 meV [28] is taken insteadof 104.1 meV [29] to obtain a better consistency for 
Eo (S) Eo (Te) withother data, notably 14.5 me V from spectra invalving Bi [16] and 14.6 
me V from pair spectra involving Be acceptors [9). 
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resulting in En (UA)= 58 ± 4 me V. The P-site like donor Lia has En (Lia) = 88.3 
meV [30]. 

The determination of the acceptor ionization energies relies upon an accurate 
knowledge of Eg. At present the value of Eg is probably the dominant souree of un
certainty in theE A values. As usual, Eg= 2.339 eV is taken, e.g. see ref. [8]. Then 
E A (C), E A (Zn) and E A (Cd) directly follow from our new data. E A (Mg) follows 
from E A (Mg) E A (C) = 5.6 me V (7]. From a comparison of the Sp-BeGa and 
Tep-Beaa data [9] with those for Mg (7], for E A (Mg) E A (Be) a mean value of 
3.3 me V is obtained; thusE A (Be)= 48.7 me V. An alternative way of obtaining 
E A (Be) is to correct hv (oo) of Sp-BeGa and Tep-BeGa pairstoe = 11.02 and to 
compare the result with the present Sp-Cp data. This gives E A (Be) = 48.8 me V. 
E A (Si) is calculated from the Tep-Sip data of ref. [ 6] and E A (Ge) is deducted 
from the Sp-Gep data of ref. [ 10]. 

When comparing with earlier tabulations, see e.g. ref. [ 1 0], the differences main· 
ly come from two sources, namely the new values of hv (oo) for Op-Cp. Sp-Cp, 
Sp-Znaa and Sp-Cdaa pairs and the use of e = 11.02. Most noteworthy are the 
changes in E A (Zn) from 64 to 61.7 me V, and related to Zn, of En (Sn) from 65.5 
to 69.0 meV. It is difficult to indicate the accuracy of the present compilation, but 
apart from the influence of Eg on the values of E A, all values are expected to be ac
curate within a few tentbsofan meV, ± 0.5 meV at most. 

In addition, the values of E A (Zn) and E A (Cd) found from Hall-effect measure
ments [32,33] have to be mentioned (see table I). These values imply that Eg at 
1.6 °K cannot be much smaller than 2.339 eV, say 2 or 3 meV at most. One possi
bility for an indirect determination of Eg via D-A pairs would be the determination 
of E A from infrared absorption measurements, as was done for Sp. Tep and Siaa 
donors. For this purpose Cdaa seems to be the most likely candidate. 

The values ofmel and mell• as detennined by On ton and Taylor [29], are also 
affected by the new value of e; when corrected toe = 11.02 these quantities read: 

mel = 0.189 m0 ± 0.005 , 
mell = L58m0 ± 0.2. 
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Appendix 

We will illustrate in some more detail the calculations, in relation to the line-
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width a and the strength lm of the individualpair lines. A Gaussian line shape is 
used. Figs. 6 (a), (b) and (c) cover the ranges in mof 70-86, 131-203 and 
302-353 respectively. These ranges arealso indicated in fig. 1, for ease of compar· 
ison. In fig. 6, R and Im are indicated in addition. 

Let us first consicter fig. 6 (a), in which R is"' 34 A and the energy separation 
between subsequent lines is- 0.23 me V. We start with a= 0.33 me V, a value only 
slightly exceeding the experimental half-width of the short distance pair lines. Indi· 
vidual pair lines can be easily recognized in fig. 6 (a): e.g, maxima for the strong 
lines 75, 77 and 79 (Im = 120, 72 and 96) and minima for 78 and 80 (!m = 0 and 
24). Lines 81,82 and 83 are more strongly merged than 75,76 and 77, but still the 
strongest ones (81 and 83) slightly domina te. When comparing to the experimental 
results of fig. 1 (a), this calculated spectrum gives a good representation of the data, 
except for line 77, which is hardly visible, if at all. This observation and the experi· 
mentally observed relative weakness of line 73 may indicate individual deviations 
from a smooth R-dependence of the transition probability. Such deviations and 
other anomalies, mentioned in sec ti on 3 will be specific for the kind of pairs, since 
Sp-Cp pairs in sec ti on 3 are reported to behave as expected from I m and the Cou
lomb law. 

On closer examination of fig. 6 (a) it is seen that the R position of some extrema, 
e.g. those related to m = 75, 77 and 79, are not exactly equal to R(m ). This illus· 
trates the influence of adjacent pairs, even in the case of at first sight reasonably 
well-resolved lines. It illustrates that al ready at R :: 34 A the determination of the 
R value corresponding to an extremum demands simulated spectra. One cannot 
simply take R(m ), unless the lines are very well resolved. 

With increasing values of a the structure merges as shown and at last only two 
groups of strong lines, 75-77 and 81-83, can be distinguished, separated by a val
ley related to the weak lines 78 and 80. Note that the extrema shift somewhat when 
compared to the most pronounced extremafora = 0.33 me V. This effect is rela
tively small, however, and < 0.1 meV. 

In fig. 6 (b) a more extended range in m around R 50 A is involved. The ener
gy separation between subsequent lines is"' 0.08 me V, significantly smaller than a. 
Evenfora 0.33 me V only in a few casescan a dominant line be recognized, no· 
tably 153 (Im = 240), 157 (Im = 312), 163 (Im = 264) and 187 (Im = 336). Some 
minima can be related to lines with I m nearly or equal to zero, e.g. near line 184. 
The strengthof adjacent lines in thisR-region is already very important for the re
sulting structure. The above dominant lines can be recognized only thanks toa rath· 
er symmetrical surrounding of weaker lines. These symmetry arguments also hold 
good for the minimum near m 184. The other extrema are due to combined ef· 
fects of a number of strong or weak lines; the structure for m = 170-180, for ex
ample. With increasing a, first 153 and 157 merge and finally also the region of m = 
= 170-180 becomes one broad peak. When calculation and experiment are com
pared, both 153 and 157 are found to be visible experimentally, pointing toa low 
value of a. Inthem-range of 170-180, however, the experimental structure is bet· 
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ter represented by the spectrum calculated with a= 0.58 me V. Further, apart from 
some differences in relative strengths, all featurescan be recognized. 

Finally, in fig. 6 (c) the situation at R :: 70 A is depicted. Here the energy differ
ence between subsequent lines is only ~ 0.03 meV, implying that many lines con· 
tribute to the occurrence of extrema. It can perhaps be said that the maximum in 
fig. 6 (c) mainly comes from the closely spaeed dominant lines 325 (Im = 360), 327 
(Im = 336), 331 (Im = 264) and 333 (Im = 360) and the adjacent groups ofweaker 
lines. These weaker lines, tagether with contributtons from stronger groups on both 
si des result in the two minima of fig. 6 ( c ). Again, there is a slight shift of the max
imum,~ 0.08 meV, with a. lt is not unreasonable, however, that a structure thus 
obtained still will be characteristic for the type of pairs (I or II) under consider· 
ation. 

In order to obtain the R-value conesponding toa maximum or minimum in fig. 
I (a), the simulated extrema were drawn on a large scale to allow precisede termi
nation of R. Depending on the procedure followed in analysing the ex perimental 
spectra, either a tangent was drawn with the correct slope or the absolute extremum 
was taken. For the shorter distauces of fig. 1 (a) the Gaussian simulation spectrum 
with a= 0.33 was used, but for langer distances a= 0.42 was generally taken. As 
mentioned insection 4, extrema shifting significantly with a were not used; thus 
the choice of a does not critically influence the results for hv as a function of 1/R 
of the maxima and minima. 
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Low temperature near band-edge absorption and luminescence spectra of Si-doped 
n-type GaP are reported. Electrical and optica! evidence is presented that these spectra 
are due to the creation and decay of excitons bound to neutral Si donors on Ga sites. 
Several zero-pbonon transitions, each with strong replications by momenturn conserving 
phonons, were observed in both absorption and luminescence. From these measurements 
it is concluded that the ground state of the Si Ga donor is split into two sublevels 0.6 me V 
apart. Crystals containing a sufficiently low concentration of S to be suitable for a reliable 
analysis of temperature-dependent Hall-effect measurements were selected by combining 
300°K Hall-effect data with low temperature S-exciton absorption data. The electrical 
measurements support the identification of Si as the main shallow donor. Moreover, it is 
concluded from these measurements that the degeneracy of the ground state of a Ga-site 
donor is 3 times that of a P-site donor, in agreement with theoretica! expectations. 

1. Introduetion 

The optica! properties of excitons bound to neutral donors on P sites1 - 3) 

and neutral acceptors4
• 

5
) on P and Ga-sites in GaP have been studied in 

detail in recent years. The observation and some properties of absorption 
and luminescence due to excitons bound to the Ga-site donor Si were 
mentioned in ref. 5, and optica! properties of another Ga-site donor -
namely Sn - have recently been reported in some detai16). A comparison 
of the properties of donors on P and Ga sites is of interest since these are 
expected7

) and found6.8) to he quite different. 
In this paper we present the absorption and luminescence spectra taken 

near the band edge on Si-doped GaP crystals in more detail. In addition 
we give results of Hall-effect measurements on such crystals as a function 
of temperature. These measurements substantially support the identification 
of the main shallow donor level as due to Si0 a, and it could he concluded 
that the degeneracy of the ground statt. of this Ga-site donor is 3 times that 

57 
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of the P-site donors S, Se and Te, in agreement with theoretica! expecta
tions7). 

Theexciton absorption spectrum consists of two sets of three zero-pbonon 
(ZP) Iines, repeated at higher energies with strong momentum-conserving 
(MC) pbonon replicas. 

In luminescence seven ZP lines each withstrong MC pbonon replications 
are detected. These ZP lines can be divided into two sets, one corresponding 
to a set observed in absorption - showing no mutual thermalization effects. 
This indicates a splitting of the ground state of the Si-donor. This splitting
observed only for donors on a Ga-site (see also ref. 6) - is consistent with 
the Hall-effect and absorption measurements. 

2. Experimental techniques 

The crystals were grown by vapour-phase epitaxy on (111)-Ga or (111)-P 
faces of GaP or GaAs substrates using the H2/HCI transport method. 
Doping with Si was achieved by using GaP containing Si as a starting 
materiaL For the work reported on here samples are needed with a low 
concentration of S, one of the most common residual impurities in GaP. The 
S-concentration is lowest in crystals grown on ( 111)-Ga faces, due to the 
"orientation effect" found for the incorporation of P-site donors9

• 
10

). For 
this reason mainly crystals grown on (lll )-Ga faces are used. 

The incorporation of Si on Ga sites shows no significant dependenee on 
substrate orientation9

). 

Additional information on the properties of such crystals and details 
of the optica! measuring techniques are given in refs. 9 and 5. The determi
nation of the concentration of neutral Si and S donors will be dealt with 
in the next section. Integrated absorption strengtbs are obtained from the 
absorption spectra (recorded on a logarithmic scale) by directly measuring 
the area of an absorption line with a planimeter. The advantage of this is 
that the line shape does not have to be assumed. 

3. Results and discussion 

3.1. SELECTION OF "Si-DOPED" SAMPLES AND HALL-EFFECT MEASURE
MENTS 

Often the main residual donor impurity in GaP is S. When Si-doped GaP 
is used as a starting material for crystal growth one may expect a substantial 
incorporation of Si donors, and the problem now to be dealt with is the 
separate determination of the concentration of S and the concentration and 
the nature of other dónors, e.g. Si. The concentration of neutral S-donors 
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[8°] can he determined with good precision- once calibrated *- by measuring 
at Iow temperatures the integrated absorption strength (/A)8, of excitons 
bound to 8° (refs. 1, 3, 5). At 300°K shallow donors like S and Si are ionized 
at least about half and thus the free electron concentration n at 300°K 
is a good estimate for the number of neutral shallow donors present at 
low temperatures. For many crystals, both S-doped and "Si-doped", we 
measured (IA)s and n and the results are given in fig. 1 as a function of n. 
Samples, believed to contain S as the main shallow donors are indicated by 
dots, samples having a significantly greater value of n than corresponds 
to that expected from [8°] are indicated by triangles. These data allow for a 
rather sharp distinction between samples with S as the main donor and those 
with a significant concentration of other shallow donors. Most dot-samples 
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Fig. 1. Integrated absorption strength (IA)s in meV/cm at 77°K of excitons bound to 
S-donors as a function of the free electron concentration nat 300°K. The line through 
the dot samples indicates the relation between (IA)s and n for purely S-doped samples. 
The dotted line gives (IA)s for these samples as a function of Nti Na. (concentration 

of neutral S-donors at 77 °K). 

* We made such a calibration by determining [SO] fora number of S-doped samples from 
temperature dependent Hall-effect measurements, using a Hall factor of 1 and by measuring 
in the samesamples the strengthof theS-exciton absorption at 77°K. [S0 ] ranged from 
-1 x 1016 to"' 3 x 1018 cm-a. The samewas done for Te-doped samples in the range 
3 x 1017 ;S [Te0] ;S 3 x JQlB cm-3, The oscillator strengtbs calculated from these 
measurements are given in tab te 3 of ref. 5. 



168 

60 A. T. VINK ET AL. 

were used also for the calibration of (/A)8 and the dotted line in fig. 1 in
dicates (IA)s as a function of [S0

] instead of n. Evidence suggesting that 
Si is the donor responsible for the amount of n not accounted for by S was 
obtained from spectrochemical analysis of some of the most heavily doped 
samples. This analysis indicated an amount of Si corresponding, within 
experimental error, to n. Further evidence, coming from temperature 
dependent Hall-effect measurements, will now be discussed. 

Concentration versus temperature data are normally intetpreted with the 
aid of the Hall equation 11

) (n-type) 

n(N. + n) 
(l} 

in which Nd and Na are the donor and acceptor concentrations, Ne is the 
density of states of the conduction band, g is the degeneracy of the donor 
ground state and E0 is the donor ionization energy. Since Ne is proportional 
to it is convenient to introduce a reduced density of states N; = NcfT" *. 
In eq. (I) only one donor level is involved. Now it is known from optica! 
absorption measurements that E0 (S) = 104 me V and E0 (Si) = 82 me V 12

). 

Since Si is the shallower level it is a rigorous requirement if reliable results 
are to be obtained with eq. (1), that [SJ should be at least an order of 
magnitude lower than nat 300°K. This holds especially for the determination 
of N~fg. Some samples meeting our requirements ate indicated in fig. I. 
Using the experimental and arithmetical techniques of ref. 9 the data 
summarized in table 1 were obtained. In calculating n we took the Hall 
factor to beI. (S0

] was taken from fig. l, using the dotted line. For compari
son, data on four S-doped samples, partly from ref. 9, are also included in 
table 1 and indicated in fig. I. 

Let us first consider the values found for E0 , which are significantly lower 
for the "Si-doped" samples than for the S-doped ones. A way of comparing 
ionization energies found in variously doped samples with one another and 
with the optical value is to use the empirically established relationship 
between E0 and the concentration of compensating (ionized) minority 
eentres N. 13

). For this purpose we give a plot in fig. 2 of E0 as a function 
of N~, both for "Si-doped" and S-doped samples. For the latter samples 
other data on vapour-grown crystals14

) are included. lt can be concluded 
from fig. 2 that the values of E0 found from the Hall-effect measurements 
support the view that Si is the main shallow donor level in the "Si-doped'' 
crystals. 

* The notation of ref. 9 is used in this paper. 



TABLE 1 

Properties of the samples 

Crystal Substrate [S0]abs Nd Na En - Nc'/g 
3 

Dope 
No and face (cm-3) (cm-3) (cm-3) (me V) (cm-a K- ~) 

0394/1 GaAs, (111)-Ga <1 x 1016 1.6 x 1Q18 1.6x1Q17 57.8 1.5 x 1015 Si 
0398/1 GaP, (111)-Ga 2 x 1016 2.9 x 1017 1.8 x 1Q16 72.6 1.7 x 1015 Si 
0398/3 GaP, (111)-Ga 4x 1Q15 1.4 x 1Q17 1.2 x 1016 71.0 1.2 x 1015 Si 
0410/1 GaP. (111)-Ga 1 x 1Q16 8.6 x 1017 7.3 x 1016 61.7 1.1 x1015 Si 

120b GaAs, (111)-Ga 9.0x 1016 1.9 x 1Q16 90 2.5 x 1015 s 
209 GaP, (111)-P 2.1 x 1Q17 9.0x1Q15 90.4 3.8 x 1015 s 
210 GaP, (111)-P 5.2 x 1017 3.4x 1Q16 92 4.7 x 1015 S+Zn 
308b GaAs, (111)-Ga 9.2x1017 6.9 x 1016 89 5.5 x 1015 s 
0413/1 GaP, (111)-Ga 8 x 1015 Nd - Na = 1.1 X 1018 cm-3 c Si 

" This column gives the r.m.s. deviation in %of the experimental points from the theoretica! Hall curve [eq. (1)]. 

b Taken from ref. 9, tab1e I. 
c Obtained from the plateau in n observed in high-temperature Hall-effect measurements. 

Mobility (cm2jVs) Error" 
77°K 300°K (%r.m.s.) 

458 93 5.0 
619 130 2.8 
900 150 1.4 
534 114 2.7 

550 135 2.4 
1100 120 2.4 
350 73 2.9 
470 100 1.8 

463 101 

~ 
> r 

~ 
~ 
"' "' 0 
'rj 

"' x 

~ 

0"1 -

...... 
0\ 
\0 



62 

E01meVJ 

170 

A. T. VINK ET AL. 

120,..-------------, 

100 

80 

60 

40 

20 

o Si-dope.toblel 

• S -dope.table I 

'S -dope. ref. 14 

0+-~--~~~.--.-.--~+-~ 

0 5><105 106 

N0

1h lcm-11 

Fig. 2. Donor ionization energies as obtained from Hall-effect measurements on S-doped 
and on Si-doped samples as a function of the cube root of the concentration of compen
sating acceptors N ... The arrows marked S and Si indicate the optical values for the 

ionization energiesof S and Si, 104 and 82 me V respectively. 

The second quantity of interest is N~fg. For the "Si-doped" crystals N;/g 
is found to vary from l.1 x 1015 to 1. 7 x 1015

, the mean value being 
1.4 x 1015 cm- 3

• No te that Si as a donor is incorporated on a Ga site. 
In the case of donors on P sites significantly higher values for N;fg are 
found. For S and Te donors ~table 1 and ref. 9) we find 2.5 x 1015 ~ 

5 -3 -~ N~fg ~ 5.5 x 1015
, mean value 3.7 x 101 cm K. This is in good agreement 

with recent results of other authors: 2.0 x 1015 ~ N;/g ~ 7.7 x 1015
, 

-~ -~ mean value 3.9 x 1015 cm K {ref. 14, S and Se donors) and 3.6 x 1015 ~ 
N;Jg ~ 7.0 x 101 S, mean value 4.5 x 1015 cni\f(ref. 15, Te donors). 

These results indicate that N;/g is significantly lower in "Si-doped" 
samples than in samples doped with P-site donors, in the figur~:s mentioned 
above by a factor of 2.6 to 3.2. From theoretica! considerations the degeneracy 
of donors on Ga sites is expected to he three times that of donors on P 
sites 7), and consequently for GaP doped with P-site donors, N;fg should 
be three tirnes smaller than for GaP doped with P-site donors. Experimentally 
we observe this for our "Si-doped" samples, which proves that the main 
shallow donor level in these samples is on a Ga-site. This, combined with 
the observed valnes for En and chemica! evidence, shows that the main 
shallow donor level is indeed Si03• 

In this discussion the simple model of eq. (1) is used and a Hall factor of 1. 
This model assumes a single and temperature-independent value for En 
and no contri bution from excited states. One may certainly doubt the validity 
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of such a model, but we believe it to be sufficiently accurate to demonstrate 
the differences between the Ga-site donor Si on the one hand and P-site 
donors S, Se and Te on the other*. 

To summarize this section: "Si-doped" samples suitable for a reliable 
analysis of temperature-dependent Hall-effect measurements were selected 
by combining an optical determination of the concentration of neutral 
S-donors at 77 oK with room-temperature Hall-effect measurements. 

From these measurements it could be shown that the main shallow donor 
level in these crystals is Siaa• an important aspect being the observation of a 
factor 3 difference in degeneracy between the ground states of donors on 
Ga sites and on P sites. 

3.2. ABSORPTION 

The absorption spectrum taken at 1.6°K of crystal D413/l contammg 
1.1 x 1018 cm- 3 neutral Si a a donors and 8 x 1015 neutral Sp donors ( table 1) 
is shown in fig. 3. The lines due to the presence of S are indicated as S0 

::::-
ëii 
c: 
CIJ 
ë 
ei> 
.2 

1 x2 

2.310 

I 
S~· I! I 
;si(2,3) ~ Si(5)1 \ 

Si(1) Si(4) Si(7) 

,. 
/ . 

/ 

/ 
/ 

// .aSil1l•TAx 
_, / •5•(4)+TAx 

10
_2 •S•I7l•TAx 

1017 1018 

- N0-NAicm·31 

Si(6) 

---hv(eV) 

0 413f1 

[Si]:1.1x1018(cm· 3) 

x2 

2.360 

Fig. 3. Absorption at 1.6°K of an n-type crystal containing 1.1 x 1018 cm-3 and 
8 x 1015 cm-sof neutral Si- and S-donors respectively, shownon a logarithmic intensity 
scale. The arrows point to the relevant intensity scales on the right and the left sides, as 
indicated by the factor 2 variation. The crystal thickness was 6.5 mm and the resolution 
"' 0.28 meV. To illustrate the relation between absorption and [Si0 ], the inset shows the 
integrated absorption strength at 1.6°K of the TAx-replicas of the lines Si (1), Si (4) and 
Si(7) as a function of Nd - Na. The crystals are 0398/3 (7.3 mm), 0410/l (6.1 mm) 

and 0413/1; see table 1. 

* Recently Hall-effect measurements on the Ga-site donor Sn in GaP were reported, but 
degeneracy of the ground state and density of states were not discussed16). 
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and S~ 3
). The spectrum shows a set ofthree ZP lines, marked Si(l), Si(2, 3) 

and Si(4), and at higher energies there are replications of this set with TAx 
(13.0 meV) and LAx (31.3 meV) pbonon emission. At energies slightly 
above both these TA x and LA x replicas a set of .three additional lines is 
observed marked Si(5), Si(6) and Si(7). Since the energy difference between 
the two sets is equal to that of the LA x and TA x phonons, these lines are 
assumed to he replicas of the unobserved ZP lines Si(5), Si(6) and Si(7). 

This pattern of lines was measured in several Si-doped crystals. Within 
experimental error, the absorption strength was found to be proportional 
to [Si~8], as is illustrated for the TAx replicas of Si(l), Si(4) and Si(7) 
in the inset of fig. 3. It is concluded therefore that the spectrum of fig. 3 is 
representative of the absorption due to the creation of excitons bound to 
neutral Si08-donors. 

3.3. LUMINESCENCE 

Luminescence spectra taken at different temperatures on D398/3, con
taining 1.3 x 1017 and 4 x 1015 cm- 3 of neutral Sioa and Sp donors 
respectively (table 1), are shown in fig. 4. The temperatures of l.6°K and 
4.2 oK are those of the liquid He. Due to heating by the argon-ion laser 
beam the sample temperature is higher, however. The spectra consist of 
a series of7 ZP lines marked Si(l)-Si(4) and Si(l)', Si(2)' and Si(4)', partly 

Si.ZP 

2.280 2.300 2.320 

---- PHOTON ENERGY leV) 

Fig. 4. Low temperature luminescence of D398/3 (containing 1.3 x 1017 and 4 x 1015 

cm-a of neutral Si- and S-donors respectively) showing lines due to excitons bound to Si, 
S and N, as indicated. 1.6 and 4.2°K are the He bath temperatures, 15°K is a rough 
estimate of the sample temperature in the gas. The resolution was -0.1 meV and the 

intensities of the three spectra are on an arbitrary scale. 
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showing thermalization effects, with strong repHeation by MC TA x, LA x 
and TOx phonons. Similar spectra were observed in all crystals examined 
and doped oot too heavily with Si. These crystals were grown on (111)-Ga 
as wellas on (lll)-P facesof the GaP substrate. Further, the 1.6 oK spectrum 
is identical with one reported by Dean (see ref. 5, note 14). In view of this, 
alllines are assumed to beloog to the same set of transitions. 

Though GaP, doped with Si, has so far always been found to be n-type, 
it is known from donor-acceptor pair spectra that Si enters the lattice as 
well on P-sites, and then acts as an acceptor (EA = 0.203 eV)8

b, 
17

). These 
acceptors can become neutral by hole capture and then bind an exciton. 
Therefore the fact that the spectra of fig. 4 are observed only in Si-doped 
crystals or in samples suspected to be contaminated with Si is not suflicient 
to relate the spectra to Si-donors. Our identification of these spectra as due 
to the decay of excitons bound to neutral Siaa donors is basedon thefollowing 
observations: 
(1) The ZP lines observed in luminescence can be classified in two series 
0.6 meV apart, namely Si( ... ) and Si( ... )'. These series show no mutual 
thermalization effects, thus pointing to a splitting of the ground state (a 
neutral Si-donor or acceptor) of0.6 me V. In absorption one should observe 
only thè series Si( ... ). 

exciton, 

bound to neutral 

Si-donar 

neutral 

Si-donor { 

energyleV) 

Sil7l 2.3248-----------------
Sil6l 2.3232-----------------
Sil51 2.3221 ------------------

Sil41 2.3180 
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Si 111 2.3148 

0.0006 
---0-
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Si111 
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2.3142 2.3155 2.3150 
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2.3158 : 2.318f 2.3176 
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Fig. S. Energy scheme showing the transitions and their energies as observed in the 
absorption (left side) and luminescence spectra ascribed to excitons bound to neutral 
Si-donors. The higher exciton states Si(S)-Si(7) are observed only in absorption. The 

Si(3)' line was not resolved in luminescence. 
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(2) The energy ofSi(l) in luminescence exactly equals that of Si(l) observed 
in absorption, and no absorption line due to Si at lower energies is observed. 
Furthermore, depending on temperature lines up to Si(4) show up in 
luminescence, corresponding to lines observed in absorption. 
(3) The relative strength of the pbonon replicas with respect to the ZP 
lines is essentially the same in luminescence and absorption. 

Tht!se findings show that absorption and luminescence originate from 
the same transitions. Basedon the above identi:fication and the thermalization 
effects observed in luminescence, theenergy scheme of fig. 5 is proposed. This 
diagram indicates the energies of alllines observed in absorption (left side) 
and in luminescence. Line Si (3)', could not be resolved. 

The exciton localization energy [Si (1) line] is calculated to be 13.7 me V; 
this is considered further in ref. 5, section 4.2. 

3.4. DISCUSSION OF THE OPTICAL DATA 

From experiments we deduce a splitting of the ground state of the Siaa 
donor of0.6 me V. A similar splitting of 2.1 me V is observed fortheGa-site 
donor Sn 6), but for P-site donors no such splitting bas been found2

•
3
). 

This can be understood from the differences between P- and Ga-site donors 
deduced theoretically by Morgan 7 

•
8

). In a three-valley conduction band 
model 18

) a P-site donor has a two-fold degenerate s-like gróund state, 
whereas a Ga-site donor bas a six-fold degenerate p-like ground state. Due 
to spin-orbit coupling the latter can be split into a two-fold degenerate Pt 
state and a four-fold degenerate Pt state. In the case of Sn, the Pt state lies 
lowest6), which may also he the case for Si. Such a splitting cannot occur 
for the s-like ground state of P-site donors. Despite the ground-state splitting 
deduced optically, the Hall-effect measurements (section 3.1) revealed a 
difference in ground state degeneracies between Ga- and P-site donors of a 
factor of 3. These findings are in agreement with each other, however, since 
in the temperature range used insection 3.1 kT~ 0.6 meV and therefore a 
splitting of 0.6 me V is not effective. 

The Si( ... )' 1ines can be considered as "two-electron transitions" 19
) in 

which the Si-donor is left in the higher sublevel of the $fOund state (see 
also ref. 6 on Sn). 

A noteworthy difference between Si and Sn is the ZP Si(l)'/Si(l) intensity 
ratio. For Sn this is very small ( "'0.01) 6

), but for Si it is "'0.5. In the case 
of Sn, the Sn(l)' transition is forbidden6) but the experimental results 
indicate that for Si this is not the case. Possibly this is due to a relatively 
strong interaction of the two ground state sub-levels. 

It is apparent from fig. 4 that pbonon replicas of several ZP lines are 
resolved. The LAx replicas are rather broad; this is observed in alllumines-
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cence spectra due to excitons bound to neutral donors3
•
6

) or acceptors4
•
5

) 

and is due to the observed relatively strong curvature of the LA-phonon 
branch near the point X 20

). The TA and optica! branches are much flatter 
near X, resulting in sharper pbonon replicas, as observed. The broadening 
of the LAx replica with increasing temperatures ~fig. 4) is due to the in
creasing strength of partly unresolved replicas of Si(2), Si(2)' and Si(3). 
The high-energy foot and the Iine marked Si* also belong t~ the Si-lumines
cence spectrum, though their exact nature is uncertain. 

Some aspects of the strength of the pbonon replicas (/p) relative to the 
ZP lines (/zp) were mentioned already in ref. 5, section 4.2, where a phenom
enological plot is given of lzpf/p as a function of EfEe.m. forthethen known 
excitons bound to neutral donors (including Si), and acceptors. This plot 
indicates a nearly exponential increase of lzpflp with increasing EfEe.m. (E 
is the experimemal donor or acceptor ionization energy and Ee.m. therelevant 
effective mass value). 

The new data for the acceptor Mg 4
) and the donor Sn 6 ) fit well in this 

graph. A quantitative explanation of /zp/lp for the various bound exciton 
spectra still seems to be lacking (c.f. ref. 6, table II). 

Finally we will consider some oscillator strengths, calculated from the 
absorption spectrum of fig. 3, and compare the intrinsic radiative lifetime 
-rintr of Si(l) calculated from these data with experiment. The data were 
given in ref. 5, section 4.3. and 4.4. and table 3. From fig. 3 we calculated 
fzp(l), the oscillator strength of the Si(l) ZP absorption line, f(l), that of 
Si~l) including its pbonon replicas (also TOx) and ft 01, that of all lines 
observed (including TOx), to be -1 x 10- 6 , -1 x w-s and ...... 8 x w-s 
respectively. Usingf(l) = to-s we calculated the intrinsic radiative lifetime 
of the Si(l) transition to be <; 43 ~sec, using gtfg2 = 3 (g 1 and g2 are the 
degenerades ofthe relevant donor ground state and exciton state resptctively). 
In ref. 5 the ground state splitting was neglected {g 1 = 6) and g2 = 2 was 
used since the only aim was to ohtain a lower limit of -rintr for comparison 
with experiment. 

If g tfg2 = t for Si, as is found for Sn, the result is -rintr ~ 250 ~sec. 
Experimentally the decay time of Si(l) + Si(l)' is found to be ;S t J.l.Sec 6

) 

and thus an intrinsic radiationless parallel path must exist, probably due to 
an Auger effect involving the three bound particles20

). Behaviour of this 
kind is found for the decay of all excitons bound to neutral donors or 
acceptars identified up to now. 

Acknowledgements 

The authors gratefully acknowledge the assistance given by R. L. A. van 
der Heyden, A.C. van Amstel and H. J. Hak. 



176 

68 A. T. VINK ET AL. 

References 

1) M. Gershenzon, D. G. Thomas and R. E. Dietz, in: Proc. Intern. Conf on the Physics 
of Semiconductors, Exeter (The Inst. of Physics and Phys. Soc., London, 1962) p. 752. 

2) D. G. Thomas, M. Gershenzon and J. J. Hopfield, Phys. Rev. 131 (1963) 2397. 
3) P. J. Dean, Phys. Rev. 157 (1967) 635. 
4) P.J. Dean, R. A. Faulkner and S. Kimura, Solid State Commun. 8 (1970) 929. 
5) A. T. Vink and R. C. Peters, J. Luminescence 3 (1970) 209. 
6) P.J. Dean, R. A. Faulkner and S. Kimura, Phys. Rev. B 2 (1970) 4062. 
7) T. N. Morgan, Phys. Rev. Letters 21 (1968) 819. 
8) T. N. Morgan, T. S. Plaskettand G. D. Pettit, Phys. Rev. 180 (1969) 845; 

P.J. Dean, C. J. Frosch and C. H. Henry, J. Appl. Phys. 39 (1968) 5631; 
A. T. Vink, A. J. Bosman, J. A.W. van der Does de Bye and R. C. Peters, Solid 
State Commun. 7 (1969) 1475. 

9) J. A.W. van der Does de Bye and R. C. Peters, Philips Res. Rept. 24 (1969) 210. 
10) W. 0. Groves, in: Crystal Growth, Ed. H. S. Peiser (Pergamon, Oxford, 1967) p. 669; 

R. C. Taylor, J. Electrochern. Soc. 116 (1969} 383. 
11) J. S. Blakemore, Semiconductor Stalistics (Pergamon Press, 1962) eh. 3. 
12) A. Onton, Phys. Rev. 186 (1969) 786; 

A. Onton and R. C. Taylor, Phys. Rev. B 1 (1970) 2587. 
13) P.P. Debye and E.M. Conwell, Phys. Rev. 93 (1954) 693. 
14) R. C. Taylor, J. F. Woods and M.R. Lorenz, J. Appl. Phys. 39 (1968) 5404. 
15) H. C. Montgomery, J. Appl. Phys. 39 (1960) 202. We have omitted the lowest and 

highest value of Y (table 1). 
16) H.C. Casey, F. Ermanis, L.C. Luther, L. R. Dawson and H. W. Verleur, J. Appl. 

Phys. 42 (1971) 2130. 
17) M.R. Lorenz and M.H. Pilkuhn, J. Appl. Phys. 58 (1967) 61. 
18) It is now generally accepted that the lowest conduction band minimum is at or near 

to the X-points in the reduced Brillouin zone. It is not yet clear whether the minimum 
is at X (3 valleys) or near X (6 valleys}. The difference of a factor of 3, ob/ierved in 
Nc'fg for Ga-site and P-site donors, cannot be used as an argument to decideibetween 
the 3 or 6 valleys, since in both cases theoretically one expects to find a factor of 3 
difference in Nc'/g for Ga-and P-site donors (W. van Haeringen, private communi
cation). For theoretical considerations the simpler 3-valley model is usually taken. 

19) P.J. Dean, J. D. Cuthbert, D. G. Thomas and R. T. Lynch, Phys. Rev. Letters 18 
(1967) 122. 

20) J. L. Yamell, J. L. Warren, R. G. Wenzei and P.J. Dean, Neutron lnelastic Scattering 
(Intern. Atomie Energy Agency, Vienna 1968) vol I, 301. 

21) D. F. Nelson, J. D. Cuthbert, P. J. Dean and D. G. Thomas, Phys. Rev. Letters 
17 (1966) 1262. 



177 

JOURNALOF LUMINESCENCE 3 (1970) 209-229 
@ North-Holland Publishing Co. 

ABSORPTION AND LUMINESCENCE DUE TO EXCITONS BOUND 

TO NEUTRAL ACCEPTORS IN GaP 

A. T. VINK and R. C. PETERS 

Philips Research L2boratories, 
N. V. Philips' Gloeilampenfabrieken, 

Eindhoven, The Netherlands 

Received 25 June 1970 

Low temperature absorption and luminescence spectra due to excitons bound to neutral 
acceptars C, Zn and Cd in GaP are reported in this paper. Most measurements were 
performed on GaP crystals grown epitaxially on GaP substrates by the H2/HCI or the 
H2/H20 method. 
Several zero-phonon (ZP) transitions, each with strong replicas of momenturn conserving 
(MC) phonons were observed in both absorption and luminescence. For the lowest 
energy transition of excitons bound to neutral acceptars and also donors - the exciton 
binding energy and the strength of the ZP transitions, relative to their pbonon replicas, 
are discusscd with respect to the ionization energy of the centre involved. The intrinsic 
radiative lifetime calculated from absorption is significantly larger than the experimentally 
found upper limit, showing that a non-radiative parallel process must exist, as is the case 
for excitons bound to neutral donors. The spectra are also discussed in relation to the 
methods of crystal growth. 

1. Introduetion 

Depending on the impurities added, the low temperature luminescence 
of GaP shows many sharp lines at energies near the band edge. These lines 
may be due to the recombination of electrons, bound to donors with holes 
bound to acceptors1 • 

2
) or with holes trapped at an iso-electronic centre3

) 

or may be due to the recombination of excitons bound to iso-electronic 
eentres 4 - 6) or to neutral donors or acceptors7 - 9). 

Fine structure near the band edge bas also been observed in absorption, . 
and the absorption and luminescence spectra of excitons, bound to the 
iso-electronic eentres N4

•
6

) and Bi5
• 

6
• 

10
) or bound to the neutral donors S, 

Se and Te 7) have been studied in detail. 
Up to now no luminescence and absorption spectra due to excitons 

bound to the Si donor have been reported, while luminescence spectra 
associated with excitons bound to the donor Sn and the acceptors C, Mg, 
Zn and Cd have been reported only very recently8

• 
9

), although some of 
these are common eentres in GaP. This may be connected with the fact that 

209 
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crystals grown from Ga-solution, on which most of the luminescence studies 
are performed, are normally unintentionally doped with a few times 1016 

cm - 3 of N, S and C. These crystals show an intense luminescence from 
excitons bound to N or S and from S-C donor-acceptor pairs. The capture 
cross-section for the formation of excitons bound to S or N seems to be 
very high, especially for N6

). In order to reduce the interference of the 
luminescence associated with these impurities, a search for other exciton 
luminescence spectra should therefore be made in crystals containing a low 
concentration of S and C and an even smaller concentration of N. 

These requirements can be met by crystals grown from Ga-solution, 
using a special system2), or by crystals grown by vapour phase epitaxy11 •12) 

on GaP substrates. The epitaxially grown crystals have the advantage of 
also being very suitable for absorption measurements, although for these 
measurements the requirements for low concentrations of N, S and C are 
less severe. We have used such crystals doped intentionally with C, Zn, Cd 
and Si to identify the luminescence and absorption* from excitons bound to 
these impurities. The results obtained on C, Zn and Cd doped samples are 
presented in this paper, while the absorption and luminescence of excitons 
bound to neutral Si donors will be reported in a subsequent article14

). 

In the present paper, successive sections are devoted to a description of 
experimental techniques, the results of absorption and luminescenc~ meas
urements and, finally, to a discussion of the phenomena observed. 

From the absorption measurements it is concluded that several zero
pbonon (ZP) transitions are possible for both C, Zn and Cd. The transitions, 
however, mainly occur with the cooperation of phonons which conserve 
momenturn (MC phonons). In the case of C and Zn, the ZP transitions are 
very weak compared to those with MC phonons, whereas Cd, being a deeper 
acceptor, shows stronger ZP transitions. 

In Iuminescence, the relative intensities of the ZP lines and their MC 
pbonon replicas are similar to those found from absorption. Several ZP 
lines with MC pbonon replicas are observed for each acceptor; these lines 
show thermalization effects, and some of the higher energy lines show up 
only at temperatures above 4.2 °K. The results from luminescence are in 
agreement with expectations based on the absorption data. 

The exciton localization energies** found from luminescence for the 
transition with lowest energy are 6.4, 7.0 and 8.8 meV for C, Zn and Cd 

* The absorption due to excitons bound to C was measured on large samples, grown 
from Ga-solution using a theemal gradient techniquel3). We are indebted to Dr. J. M. Le 
Duc of R.T.C., Caen (France) for supplying these samples. 
"'* The exciton localization (or binding-) energy is taken as the difference between the 
two pboton energies needed to create a free exciton [2.3285 eV at l.6°Kl5)] or a bound 
ex ei ton. 
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respectively, in agreement with values reported recently8
). Since these values 

are rather low, compared to those for excitons bound to neutral S, Se and 
Te donors [- 20 meV7

)], the selection rules that apply tofree excitons will 
be also approximately valid for these bound excitons, and strong MC 
pbonon coopèration can be expected for the reported transitions16

). 

From the absorption data, oscillator strengtbs of the transitions and the 
corresponding radiative lifetimes were also determined. The experimental 
values of the lifetimes are much smaller, and - probably due to an Auger 
effect- a non-radiative parallel path must exist, just as for excitons bound to 
neutral S17

). 

When related to crystal growth conditions, some of the reported obser
vations point to the existence of an orientation effect for the incorporation 
of impurities in crystals grown by the high temperature H2/H20 transport 
method18

). This orientation effect, observed earlier for the low temperature 
H 2/HC112

) and H2 /PCI3 method19
), suggests that in the case ofthe H2/H20 

metbod as well no complete equilibrium exists between the bulk of the 
crystal and the vapour, at least for some impurities. 

2. ExperJmental techniques 

The crystals were grown epitaxially on the (111)-Ga faces or (lll)-P 
faces of GaP substrates by the H2/HC112

) or the H2/H20 18
) transport 

method. Substrate temperatures were about 800°C and 1050°C for these 
methods. The Cd doped samples were grown with the H2/HC1, the Zn
doped samples with both the H2/HC1 and H2/H20 and the C-doped 
samples with the H2/H20 method. For absorption measurements on C-doped 
samples, crystals grown from Ga-solution by a thermal gradient technique13

) 

were also used, since the C-content in the available vapour grown crystals 
was too low. A survey of samples is given in table 1. Doping with Zn and 
Cd was carried out in the usual way by adding Zn or Cd vapour to the 
carrier gas12

). The C-dope was introduced by adding CO to the carrier gas 
or simply by placing the GaP substrates in a substrate holder of very pure 
graphite. 

In the H2/HCI-grown crystals, nitrogen could not be detected through the 
absorption due to excitons bound to N. This, with cc ~ 5 x 10 ~3 cm - 1 and 
a supposed half width of 0.4 me V sets an upper limit of -1013 cm - 3 of 
N21 ) in the crystals. Nevertheless a weak luminescence coming from N was 
observed. In a H2/H20-grown crystal - 4 x 1013 cm ~3 ofN was found. 

The set-up for absorption measurements consisted of a Jarrell-Ash 0.5 m 
grating monochromator and a logarithmic ac amplifier capable of displaying 
on the scale of the recording instrument differences in the transmitted light 
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Sample no. 

0 381/2 
0 397/2 
0 399/3 
0449/2 
0449/4 
WOS/1 
WOS/2 
0441/1 
0447/4 
W06/2 
W06/3 
Ca-2** 

Growtb 
metbod 

HCI 
HCI 
HCJ 
HCI 
HCI 
HaO 
HaO 
HCI 
HCl 
HaO 
H20 
Sol,l3) 
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TABLE 1 

Survey of crystals 

Substrate Oopant 
face, (111)-

Ga Zn 
Ga Zn 
Ga Zn 
Ga Zn 
Ga Zn 
Ga Zn 
p Zn 
Ga Cd 
Ga Cd 
p c 
Ga c 

c 

p (cm-3) p(cm2/V sec) 
300°K 300°K 

7.4x 1016 99 
1.3 x 1017 57 
3.4 x 1017 48 
1.3 x J018 70 
1.7 x 1Ql8 63 
1.0 x 1017 105 

s-i* 
2.0 x 1017 86 
1.0 x 1Ql8 64 

s-i* 
1.3 x 1Ql6 146 
1.1 x JQ17 48 

Tbe values given for p and p were determined from Hall measurements. Wben calculating 
p a Hall factor of I was used. 
* Semi-insulating p-type. 
** This sample is polycrystalline and not homogeneous and therefore the values of pand p 
are estimates. The mobility, for instance, can be very high in such crystaJsl3). 

intensity ranging from 0.1 to 4 decades20
). Samples with dimensions up to 

5 x 7 x 0.5 mm were cut from the GaP crystals and the optical path of 
-1 mm thus obtained enabled us to measure many absorption lines as
sociated with the bound exciton complexes. 

For luminescence measurements the crystals were usually excited with 
the 5145 A line of an unfocused Argon ion laser (Coherent Radiation 
Laboratories model 52). The lurninescence was analysed using a 1 m grating 
monochromator* and a photomultiplier ha ving S 20 response (Philips · 
XP1002 or EMI D224 A). The decay ofthe exciton luminescence was studied 
with a simpte set-up designed to measure D-A pair decays23

). 

The samples were immersed in liquid He to obtain temperatures of 
~ 4.2 °K. Higher temperatures were obtained by heating the sample, 
immersed in a bath of 4.2 °K, by a high power laser beam or by allowing the 
He to evaporate. In the latter case, a substantial heating of the sample 
occurred, also at reduced laser power so that the exact temperature of the 
crystal is not known. The estimates quoted in the figures, are based on the 

* Oeviations from a Jinear wavelengtb scan of about ± I Á in an interval of 25 Á or less 
were observed in this instrument; the :figures are not corrected forthese deviations, but 
the quoted pboton energies are. 



181 

ABSORPTION AND LUMINESCENCE DUE TO EXCITONS 213 

intensity of the nitrogen A line with respect to its intensity at 4.2 oK 21
) or 

with respect to the intensity of the B line. 

3. Experimental results 

3.1. ABSORPTION 

Examples of absorption spectra taken at 1.6 oK of Cd, Zn and C doped 
samples are shown in fig. 1. 

In the case of Cd, three ZP lines, marked Cd (1), Cd (2) and Cd (3) are 

+TAx 

ZERO-PHONON 

Zn:0449/2 

Cd 0441/1 
C : Ca-2 "' 

en 
c 
Gl 

ë 

Zn(1) 
131 141 

------- it,2l I" I 
(2) 

dl I 

.2 -~cdth t3l 

1 
So I 11 N C(1) (4) 

So' 

,.2 ~ cx..=5.0 cm-1 

+LAx 

•2 

2.320 2340 2360 
photon energy (eV) 

Fig. 1. Absorption at 1.6°K of crystals doped with Zn, Cd and C, shownon a logarithmic 
intensity scale. The arrows point to the relevant intensity scales on the left and right sides, 
as indicated by the factor 2 variation. Crystal thicknesses were 3.9, 6.4 and 7.1 mm for 
Zn, Cd and C respectively; resolution was"' 0.21 me V for Zn and Cd and "'0.28 me V for C. 

observed, repeated at higher photon e;nergies with TA x and LA x MC phonon 
emission. The energies of the TA x and LA x phonons are equal or close to 
the values of 13.1 meV and 31.5 meV obtained from low temperature 
spectra of excitons bound to neutral donors 7), except for the TA x replica 
of Cd (3), for which an apparent energy of 13.7 me V is found. This seeming 
discrepancy will be discussed later. 

At energies slightly above both the TA x and LA x replicas of these three 
lines a set of two additional lines is seen, marked Cd (4) and Cd (5). Since 
the energy difference between the two sets is equal to that of the LAx and 
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TA x phonons, these lines are assumed to be the replicas of two additional 
ZP lines, Cd (4) and Cd (5). These ZP energiescan now be calculated using 
TAx = 13.1 meV. 

All ZP energies are listed in table 2, together with luminescence data 
(see next section). 

ln the Zn-dóped crystals only 3 bands in the same energy region as the 
T Ax and LA x replicas of Cd are found. In this case, these lines are also 
repeated by the LAx-TAx energy difference and are therefore interpreted 
as TA x and LA x replicas of ZP lines. The band at lowest energy which is 
rather broad, shows a structure which suggests that this band actually 
consists of two lines. This structure was also observed in a more lightly 
doped sample. The ZP transition energies forthelines Zn (1)-Zn (4) were 
calcu1ated using TAx = 13.1 meV (see table 2). The values obtained from 
the LAx replicas agree within 0.4 me V, but are considered as less accurate, 
due to the superposition of the absorption edge. 

Preliminary absorption measurements on a C-doped sample, grown from 
Ga-solution by a thermal gradient technique13

), reveal many lines, a number 

TABLE 2 

Photon energies of zero-pbonon transitions 

Acceptors Transition Pboton energies (eV) 

Absorption Luminescence 

Cd Cd(l) 2.3196 (8.9)** 2.3197 (8.8) 
Cd(2) 2.3205 2.3206 
Cd(3) 2.3219 2.3217 
Cd(4) 2.3256* 
Cd(S) 2.3272* 

Zn Zn(l) 2.3213* (7.2) 2.3215 (7.0) 
Zn(2) 2.3219* 2.3221 
Zn(3) 2.3248* 2.325It 
Zn(4) 2.3273* 

c C(l) 2.3224 (6.1) 2.3221 (6.4) 
C(2) 2.3231* 2.3228 
C(3) 2.3238* 2.3236 
C(4) 2.3248 
C(5) 2.3271* 

* Calculated from tbe pboton energy of the TAx pbonon replica, using TAx = 13.1 
meV 7). 

t Calcu1ated from tbe LAx replica using LAx 31.5 meV7);measurements at T > 4.2°K. 
** Figures in brackets are exciton binding energies. 
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of which, C (1)-C (5), are being associated with C (see fig. 1). These identi
fications are based partly onthefact that in luminescence, within experimental 
error at the same ZP transition energies lines C (1)-C (3) are found (see next 
section). The strongest absorption line in this sample is caused by N, the 
absorption strength (2.3 me V/cm) corresponding to ,..., 1016 N cm - 3 21

). 

The increase in absorption above - 2.33 eV is also associated with N6
). 

Two lines, So and So'• probably arise from the presence of some neutral 
S-donors. Fora p-type sample this is somewhat surprising; however, though 
containing single crystalline parts, the large sample used bere is polycrystal
line, and small n-type regions necessary to explain the presence of S0 and 
So' were found sametimes in similar mainly p-type ingots (J. M. Le Duc, 
private communication). 

The strength of S0 corresponds to an apparent concentration of 3 x 1015 

cm - 3 neutral S donors. The origin of the remaining lines is not yet 
clear. In luminescence this crystal showed lines, due to excitons bound to 
S and N as well as S-C pair lines. 

Absorption spectra were measured on several Zn, Cd and C-doped samples. 
In the case of Zn, and especially Cd, the structure became less resolved as 

"TAx '' "LAx" 

E • Znl1l+Znl2l " z nl1l•Znl2l 
~ .. Zn(3) 

] • Zn(4) 
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OI 10 • Cd(3l a Cd(3) c: 
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+ C!1) ... 
êii 
c: --e / .Q 
ä. 
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,Q er,' / 0 

-~ 'U .".----<- ... / 2 
10"1 

0 :> / ~ f 
/ :5 I 

10"2 ./& 
/ / 

I/ 
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10"3 

1d6 1017 1018 1019 

p,cm- 3 (300°Kl 

Fig. 2. Jntegrated absorption strength of TA x and LAx replicas of the main absorption 
lines measured in Cd, Zn and C doped crystals, plotted as a function of the hole con
centration p at 300"K. Samples used are: D 381/2, D 399/3, D 449/2 and D 449/4 (Zn), 
D 441/4 and D 447/4 (Cd) and Ca-2 and WD 6/3 (C). The arrow indicates the limit of 
detection for ZP lines and T Ax replicas in the WD 6/3 crystal (thickness 6.3 mm). 
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doping levels increased. In addition, at high doping levels an enhanced 
absorption was observed above "' 2.33 eV. This is probably due tö the 
creation of free excitons and free electron-hole pairs, the momenturn being 
conserved by scattering of the free particles at the impurities6 ). These factors 
prevent the precise determination of a blank, but for the strongest absorption 
lines the integrated absorption strength could he correlated with the hole 
concentration at room temperature with some confidence (see fig. 2). 

The hole concentration p is a reasonable approximation of the neutral 
acceptor concentration at 1.6°K. The absorption strengthof the Cd (1) + 
Cd (2) and the Cd (3) lines is found to increase nearly proportionally with 
p, while for Zn (1) + Zn (2) the increase is less than linear. The absorption 
lines found in the Zn and Cd doped crystals were absent in a p-type crystal 
containing 1.3 x 1016 cm -J of C; the limit of detection in this crystal for 
ZP lines and TA x replicas is indicated in fig. 2. 

These results support the assumption that the absorption mentioned 
above is due to the creation of excitons bound to neutral Cd and Zn accep
tors. In the case of Zn, the less than linea:r increase with p at higher con
eentrations may he caused by the appearance of a Zn-impurity band, Zn 
being a relatively shallow level. Estimates of the absorption strength of 
the Zn (3) and Zn (4) lines, fig. 2, and the Cd (4) and Cd (5) lines (not shown) 
also indicate an increase with concentration as one would expect if these 
lines are connected with the Zn and Cd exciton transitions, though the 
increase is less than for the other lines. In the case of Zn (3) the identifibation 
is supported by evidence from luminescence measurements. 

For the C-doped samples the results for the C (1) + TAx line (fig. 2) 
indicate a linear dependenee of the absorption strength on the hole con
centration, supporting the identificatîon of the absorption-lines with excitons 
bound to neutral C acceptors. 

3.2. LUMINESCENCE 

3.2.1. Cd-doped crystals 

The luminescence at "' rK of a Cd doped sample is shown in fig. 3. 
As far as the Cd-exciton is concerned it consists only of a Cd (1) ZP line 
with the TA x, LA x and TOx [ 45.3 me V7

)] M C pbonon replicas, as îndicated 
in fig. 3. 

Other lines present in the spectrum are due to the recómbination of 
excitons bound to neutral S-donors or to N, or due to S-Cd pair transitions. 
Of the shortest-distance pairs, the Iuminescence of the pair with shell 
number 3 is even situated in the "exciton-region"*. With respect to these 

* In S- and Zn-doped samples we observed S-Zn pair line 4 in this region. 
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Fig. 3. Luminescence at "'2 °K, measured on the same Cd-doped crystal as used for fig. 1, 
showing the Cd (1) exciton ZP transition with its phonon replicas, S-Cd pair lines, as 
usual indicated by a "shell-number"l), and the S- and N-exciton lines. The "X" line is 

discussed in section 4.5. 

short-distance pairs it is perhaps more appropriate to consider the lines as 
due to the recombination of excitons, bound to aS-Cd pair, rather than as 
due to D-A pair transitions22

). The line marked pair line 3 is not related 
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Fig. 4. Luminescence at 4.2 oK and higher temperatures, measured on the same Cd
doped crystal as in figs. 1 and 3. The tigure shows the ZP region, including the N-exciton 
and shell no 3 S-Cd pair lines. Rough estimates for T1, Tz and Ts are ""10, ""15 and 
""'23 oK respectively. Resolution was "'0.18 me V but for Ta -0.35 me V. For the Ta 

measurement, the sensitivity is inc:reased .-4 times. 
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to an exciton bound to the Cd acceptor, since no MC pbonon replicas are 
observed and since its intensity with respect to that of the Cd {l) Iine varies 
in different samples and with excitation density; moreover, it is found only 
in samples doped with both S and Cd. The pboton energies of the short
distance pair lines, including line 3 fit smoothly on a plot of pboton energies 
as a function of the pair-coulomb energy. 

Some results obtained at higher temperatures indicated as T1 _ 3 , are 
shown in fig. 4. When the temperature rises above 4.2 °K, the higher energy 
lines Cd (2) and Cd (3), already found in absorption, show up as illustrated 
for both the ZP partandtheLA x replicas. The samespectrum as for T1 could 
be obtained by heating the samples with a stronger laser beam while immersed 
in a 4.2 °K bath. The Cd- (and also Zn- and C-) exciton lines start queuehing 
at a much lower temperature, "' 8 °K, than has been reported for theexciton 
bound to 87

); this is to be expected since the binding energy of the Cd (I)
exciton - 8.8 meV, table 2 - is considerably lower than for the S exciton, 
18.9 meV. The Cd (4) and Cd (5) lines having smaller binding energies are 
even not observed in luminescence. 

The temperature-dependent behaviour of the very close S-Cd pair lines, 
is noteworthy. The S-Cd pair line 3 starts quenching at an even lower 
temperature than Cd (l ), "' 6 °K. Fr omanother run taken on this sample it is 
estimated that pair line 4 starts quenching at "'"' 25 oK and lines 5 and 6 at 
"' 30°K. This increasing quenching temperature with increasing distance 
is connected with the electrostatic (coulombic) increase in binding energy 
with increasing distance. 

3.2.2. Zn-doped crystals 

The spectrum taken at "' 2 "K from a Zn-doped crystal is shown in fig. 5. 
lt exhibits a very weak Zn (1) ZP line, not found in absorption, withstrong 
MC pbonon replicas. At 4.2 °K, the higher energy Zn (2) ZP Iine with its 
replicas is also observed. This is illustrated more clearly in fig. 6, where 
spectra from another sample, taken at 4.2 °K and a higher temperature are 
shown. At the higher temperature the two lines become equally strong, 
while a third line, Zn (3), also comes up in the LAx replica. The Zn (3) line 
was also observed in the sample of fig. 5, which has no S-Zn pair lines in 
this speetral region, thus supporting its identification as an exciton transition. 

3.2.3. C-doped crystals 

The luminescence at ,..., 2 oK, due to excitons, bound to C-acceptors also 
shows weak ZP transitions and strong MC pbonon replicas (fig. 7). The 
ZP part now consists of two lines, C ( 1) and C (2). At 4.2 °K, C (2) increases 
with respect to C (I) and a new line C (3) comes up, as illustrated in the 
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Fig. 5. Luminescence at ~ 2 oK of a Zn-doped crystal showing the Zn (1) ZP transition 
with the MC phonon replicas and luminescence due to excitons bound to N and S or due 
to S-Zn pair transitions. Note that the luminescence involving S is very weak in this 

H2/H20-grown crystal. The X' line is discussed in section 4.5. 
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Fig. 6. Luminescence at 4.2 °K and a higher temperature TI, ~ 9 °K, of a Zn-doped crystal, 
showing the ZP and LAx replica parts of the exciton spectrum. When compared to fig. 5 
this H2/HCI-grown crystal shows much stronger luminescence involving S, but the Zn (1) 

and Zn (2) Iines are somewhat better resolved in this sample. 

inset of fig. 7. At higher temperatures (not shown) these thermalization 
effects become stronger, as expected. The pbonon replicas are also structure
less at 4.2 oK and higher, probably due to some strain in the crystal, this 
being further apparent from sone broadening of the S-C pair lines. 

Since the ZP lines C (2) and C (3) gain strength with increasing tempera
ture, the replicas should also shift to higher energies; this was indeed found 
to he the case (LAx replica), though to a lesser extent than expected. At the 
higher temperatures a weak line appeared "' 2.5 meV above the LAx 
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Fig. 7. Luminescence at ,.,., 2°K of a C-doped crystal. It consists of C (1) and C (2) ZP 
transitions and the (unresolved) pbonon replicas marked C. The TAx replica coincides 
with the ZP transition of the 8-exciton, but since the S-C pair lines are weak, from a 
comparison with fig. 5 it may be expected that in the C-doped crystal the S-exciton will 
be no stronger than C-TAx. The Y-line is shown more clearly in fig. 8 and X is discussed 
in section 4.5. The inset illustrates the thermalization effects at "'4.2 oK of the C (2) and 

C (3) lines with respect to "'2 °K. 

replica, possibly corresponding to the LAx replica of the C (4) ZP transition 
found in absorption (table 2). 

The sample of fig. 7, WD 6/3, was doped with C, originating from the 
graphite substrate holder. Crystals, doped with C by using CO (section 2), 
also showed the spectrum due to s-e pairs and excitons bound to C, though 
the exciton part was weaker than that shown in fig. 7. The WD 6/3 crystal 
was grown on the ( 111 )-Ga face of the substrate ( table 1 ). To illustrate the 
influence of the face of the substrate used fot growing the crystal on the 
optica! properties, the luminescence of WD 6/2, grown in the same run but 
on the (111 )-P face is shown in fig. 8. The pbonon replicas ofthe luminescence 
from excitons bound to C-acceptors are still visible, but a new line, Y, which 
also has strong MC phonon replicasis found. This line is probably due to 
excitons bound to a neutral, hitherto unidentified centre. 

4. Discussion 

4.1. IDENTIFICATION WITH NEUTRAL ACCEPTORS 

The agreement found between the results of absorption and luminescence 
and the observed dependenee of absorption strength on acceptor concen
trations justify both the use of the same indications for absorption and 
luminescence lines, and the conclusion that the reported spectra are due to 
excitons bound to the neutral acceptors Cd, Zn and C. Dean et al. 8) mention 
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Fig. 8. Luminescence at """2 °K of a crystal containing C, S, N and probably other im
purities. The crystal is grown in the same run as that of fig. 7, but on the (111)-P face 
instead of the (111)-Ga face. Compared to fig. 7, both Y and its pbonon replicas and the 
luminescence associated with S increased significantly with respect to the luminescence 

due to C. 

the result of Zeeman splittings of luminescence lines as a confirmation that 
neutral acceptars are involved. 

Further support for the identification is based on additional chemical 
evidence. After growing crystals, doped intentionally with Cd, Zn or C, 
runs were made using the same conditions, including the GaP starting 
material, but without the addition of a dope. To avoid doping with C, a 
quartz substrate holder was used instead of a graphite one. The undoped 
crystals grown by the H2/HCI metbod were n-type and those grown by the 
H2/H20 method semi-insulating p-type. The luminescence spectra associated 
above with Cd, Zn and C were not found in these crystals*. 

For all three acceptars at least 4 ZP exciton transitions were observed. 
For each acceptor the energy of the ZP series seems to converge to the free 
exciton energy [2.3285 eV15

)] rather than to the energy gap [2.3385 eV15
)] 

see table 2. This suggests that the higher energy lines are not due to excited 
states of the exciton such as observed in the case of S, Se and Te 7). 

In the neutral acceptor-exciton complexes two holes are present and it 
has been suggested already in ref. 16 that the two ·different ways of putting 
these holes in anti-symmetrie states will give rise tö two absorption lines. 
Concerning the electron of the complex, it is not clear befarehand whether 
this is in a singlet state or not and it is feit that without further experimental 
evidence no detailed conclusions can be drawn from the spectra reported here. 

* In this conneetion it is of no importance that the acceptors present are not neutral in 
darkness, since they can become so during excitation by hole capture. We observed the 
Zn- and Cd-exciton Iuminescence as well in n-type samples (doped also with S) while 
S-exciton luminescence was found to occur in p-type crystals (figs. 3, 5, 7, 8). 
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TABLE 3 

Phonon cooperation, oscillator strengtbs and intrinsic radiative lifetimes of bound exciton complexes 

Centre Crystal Luminescence Absorption 

/zpf]pa fzp(l) f(l) /tot • intr. 
((-Lsec) 

?> 

Acceptor :-1 

c Ca-2 ,..., 1 x I0-6 ""1 x 10-4 ""3xl0-4 ~ 7 ~ 
WD6/3 1.2x 10-2 ~ 

)> 

Zn D 381/2 2 x 10-20 1-3 X 1Q-6e 1.6 x 10-4 d 6x JO-<~ ~ 4 z .... 
WD8/l 7 X lQ-3c 0 \D 

!" 0 

D 397/2 8 x Io-ac )l 
D 399/3 ,..." 1Q-6e 1 x 1Q-4d 4xl0·4 ~ 7 

~ Cd D 441/1 1.7 x 10-1 9x10-6 4x10-5 3 x 10-4 ~16 

"' "' Donor 
SP4 D 413/1 1.6 x 10-1 -·x 10-6 -t x to-s -Sxl0-5 ~43 
Se 4.87 6 x 10-li-2 x 10-4 7)1 7 x lQ-5_3 x lQ-4 7) 1 

s 177 4.3 x 10-4 30) 4.6x J0-4 5.5 x J0-4 6 
"'J0-3 6) 

Te 4.67 3.4 x 10-4 30) 3.7 x 10-4 4.1 x 10-4 7 



191 

ABSORPTION ANO LUMINESCENCE DUE TO EXCITONS 223 

4.2. EXCITON LOCALIZATION ENERGY ANO PHONON COOPERATION 

Theexciton localization energies of the ZP transitions with lowest pboton 
energy- 8.8, 7.0 and 6.4 me V for Cd, Zn and C respectively (table 2) cor
respond closely to the recently reported values of 8.8, 7.1 and 6.3 meV8), 

showing the agreement of the identifications made independently by Dean 
et al. 8) and by the present authors. These localization energies decrease 
with decreasing acceptor depths, which for Cd, Zn and C are 96, 64 and 48 
meV25

• 
24

) respectively. The intensities of the ZP lines relative to the MC 
phoMn replicas in first approximation also decrease with decreasing 
localization energy (and depth of the level), see table 3. 

Such a trend is to be expected, since a lowering of the exciton binding 
energy results in a more free exciton-like character of the transition. The 
localization energy can sametimes be directly related to the depth of the 
level, as first demonstrated by Haynes for excitons bound to neutral donors 
and acceptars in SP6). With respect to the level depth, central celleffects are 
important, and for a simpte case, using parabolic bands and a variabie 
effective mass to account for the central cell effects, the increase of exciton 
localization with increasing level depth bas been demonstraled by Hopfield22). 

In GaP this is approximately true, see fig. 9. Here the binding energies ofthe 
identified bound excitons are plotted as a function of the level depth, taken 
relative to the effective mass values. For donors a significantly larger increase 
with level depth is found than for acceptors. 

Notes to table 3 
"' /zpf /p, the ratio of the intensity of the ZP line with respect to that of its pbonon replicas 

is given for line (1} in the case of C, Zn and Cd. For Si the lines Po, Po· (notation of 
ref.6) have been taken 14). 

b The meaning of /(1), /zp(l) and /tot is mentioned in section 4.3. When calculating 
f.values from eq. (1), the number of eentres is taken equal top (table 1). •, the intrinsic 
radiative lifetime for transition (1), including all phonon replicas is calculated from 
equation (2), using 11 3.41 at 2.32 eV, deduced from ref.32. For fthe same 11 was used. 

c The ratio for C is probably too high due to strain present in the crystal. In the case 
of Zn an enhancement of"' 3 times is observed for /zp due to strain in crystal D 381/2. 

d Of the total Zn (1) + Zn (2) absorption, 40% is estimated as being due to Zn (1). 
• Calculated from /(1), using fzpf/p from luminescence. /zP(l) for C, Cd and Si is 

calculated directly from the ZP absorption lines, and agrees within experimental 
error with the value obtained from /(1), using fzpf/p, 

r The original .f-values as given in ref. 7 are too large by a factor of 9, since a factor of 
32 has been overlooked in the local field correction in eq. (1). 
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Fig. 9. Exciton binding energies Eb (below) and fzpflp, tbe ratio of tbe luminescence in
tensities of a ZP line and the sum of its pbonon replicas, plotted as a function of the level 
deptbs E, taken relative to tbe relevant effective mass value Ee.m .. Results for the lowest 
energy exciton transiton were used. For tbe donor Ee.m. = 38.2 meV is used25), while 
the acceptor Ee.m. was assumed to be equal to tbe ionisation energy of the C-acceptor 
(c.f. ref. 2, p.5643). Tbe level deptbs given in refs. 25 and 24 and in ref. 32 (Mg) were taken, 
while some of theexciton binding energies come from refs. 14 (Si), 8 (Mg) and 9 (Sn, 

preliminary results). 

For the strength of the ZP exciton transitions the central cell effects are 
also of importance, since they determine the spread in k-space of the wave 
functions of the donor-electron and acceptor-hole. The leaking thus taking 
place for the electron wave function from the (100)-X region to the zone
centre r-region or from x tor for the hole wave function will enhance the 
ZP transition probability. In this conneetion it is appropriate to consider 
the deeper state of the two holes present in the exciton-acceptor complex, 
or of the two electrous of the exciton-donor complex, as has recently been 
shown for the case of the S-donor6

). The inftuence of the level-depth, again 
taken relative to the effective mass values, on the ratio of the integrated 
intensities of the ZP luminescence line (1) (/zp) and its pbonon replicas 
(lp) is illustrated in fig. 9 for the acceptars C, Zn and Cd and the donors S, 
Se, Te7

) and SP4
). In first approximation the ratio lzpf/p is indeed found to 

increase with increasing level depth*. 
This trend may be partly fortuitons since for donors and acceptors the 

* See also table 3, note c. 
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leaking path enhancing the ZP transitions may he differerent, whereas a 
difference between Ga- and P-sites will also exist, notably for donors27 • 6). 

In this conneetion the precise value of lzp//p for the exciton bound to the 
Ga-site donor Sn, reported recently9

) would he of interest; lzpf/p was stated 
to he low. Consiclering the large variation in lzpflp, however, the inftuence 
of the level depth is clearly illustrated. 

4.3. OSCILLATOR STRENGTHS 

The oscillator strengthf of a transition can he calculated from absorption 
data, using 

1 ( m*c ) ( E )
2 I f= -- ·- n - a(W)dW. 

N 1te
2h Ec 

(1) 

In eq. (l ), Nis the concentradon of neutral centres, n the index of refraction, 
E/Ec the local field correction, a(W) the absorption coefficient and W the 
photon energy; the other symbols have their usual meaning. We use (E/Ec) = 
1, as is appropriate for diffuse states28

), andm* = m0 whereas Ja(W)dW was 
obtained by integrating the absorption areas. Three .f-values were calculated 
for each acceptor: fzp (l ), f( 1) and .ftw fzp (l) refers to the ZP transition of 
line (l),j(l) refers to line (l), including all phonon replicas, while.ft01 is the 
relevant.f-value for the total absorption of alllines detected*.The results are 
listed in table 3, together with results30

) obtained on exciton transitions, 
involving the neutralP-site donors S, Se, Te7

) and the Ga-site donor Si14
). 

When comparing the transitions with strong ZP lines - i.e. S, Se, Te - to 
those with weak ZP lines, thefzp (I) values for the latter case are much lower, 
as expected. It is of interest, however, that .ftot for most bound-exciton 
complexes is of the same order of magnitude, although for the P-site donors 
.ftot mainly originates from coupling of the electron wavefunction to the 
region of r, whereas in the other cases .ftot is mainly due to MC pbonon 
coupling. 

4.4. INTRINSIC LIFETIMES AND RADIATIONLESS TRANSITIONS 

Having determined the .. absorption strength of a transition one can 
calculate its intrinsic radiative lifetime 't' from29) 

* TOx replicas were not ol:iserved in absorption; their relative strengtbs were inferred 
from the luminescence results and included in the calculation of f Continuous absorptions, 
possibly related to the exciton transitions were neglected. 
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1 81t~ z ..!!..!_ 1 Î o:( W) dW. 
h À B2 N .. 

(2) 

In eq. (2), g 1 = 4 is the degeneracy of the neutral acceptor state and g2 is 
the degeneracy of the bound exciton state considered. Since our aim is 
only to find a reasonable estimate of t, in order to see whether radiationless 
transitions are important, we take g2 = 2, resulting in a lower limit for -r. 
Using eq. (2), the lifetimes for line (1), the lowest energy transition, are 
calculated including all phonon replicas (table 3). Experimentally the decay 
time at 1.6 oK of line (I) and its phonon replicas for all three acceptors was 
found to be smaller than 1 psec, the limit of the set-up used (section 2). 
In all cases the calculated lifetimes are considerably larger than 1 psec. 
Consequently a non-radiative parallel process must exist*, just as in the 
case of the exciton bound to neutral S-donors17

); this parallel process is 
assumed to be an Auger process, in which theexciton energy is used mainly 
to eject the third particle, donor electron or acceptor hole into the conduction 
or valenee band respectively. 

4 5. ADDITIONAL LINES 

An apparent value of 13.7 meV, differing significantly from 13.1 meV 
and derived from absorption for the energy of the TA x replica of the Cd (3) 
line was mentioned in section 3. lt is suggested, that the difference is due to 
Cd (3) actually being a double line, the MC pbonon cooperation of the line 
with higher energy being stronger than that of the lower energy line. 

Additional lines, marked X", X' and X in figs. 3, 5 and 7 have been 
observed in the luminescence of Cd, Zn and C-doped crystals respectively. 
For convenience, only the "TOx replicas" have been indicated, but lines are 
observed at energies slightly below the ZP line and the TA x and LA x 
replicas as well. This is seen most clearly in fig. 5 for the Zn-doped crystal 
(WD 8/l). In the four crystals ofthe WD 8 growth run, the ratio ofintensities 
ofthe "LAx replica" of X' and the Zn (1)-LAx line varies about a factor of 4. 
Th is would suggest a different impurity as the origin of the lines. 

However, measurements on undoped samples have not revealed the X, 
X' or X" lines clearly so far. In addition the pboton energies of X, X' and X" 
differ and correlate with those of the exciton lines, due to C, Zn and Cd. 
It therefore seems more probable that these X, X' and X" lines are related to 
these excitons. Possibly, the X, X' and X" lines arise from the (1)-line by 
letting the exciton make a virtual transition to a higher-energy line, e.g. (2), 

* This is also the case for the exciton bound to the Si-donor. 
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and emitting an acoustical pbonon of energy, almost equat to the difference 
between lines (I) and (2). Such a process has been suggested in the case of 
GaP-(Nt and ZnTe-(0)32

). 

4.6. REMARKS ON CRYSTAL GROWTH 

The crystals used in this work were grown on (111)-P faces and (11 t)-Ga 
faces of GaP substrates by both the H2/HCI and H2/H20 vapour transport 
methods. Some results of the luminescence measurements will now be 
considered in relation to these crystal growth parameters. 

4.6.1. Growth by both, methods on (111)-Gafaces 

From the difference in luminescence spectra of the H2/HCI-grown crystals 
(figs. 3, 4 and 6) and those of the H2/H20-grown crystals (figs. 5 and 7) it is 
concluded that the S-content in the H2/H20-grown crystals is much lower 
than in the H2/HCI-grown crystals, using similar GaP as a souree materiaL 
This condusion is supported by results from Hall-measurements on undoped 
samples, these being semi-insulating p-type for the H2/H20- and low ohmic 
n-type for H2/HCI-grown samples12

). 

4.6.2. Growth by the H2/H20 method on (111)-P or (111)-Gafaces 

From the difference in spectra of Zn-doped crystals, grown on (lll)-Ga 
faces (e.g. WD 8/1, fig. 5) and those grown on (111)-P faces, (e.g. WD 8/2, 
spectrum"" not shown) it is concluded that in the latter crystals the S-con
centration is higher than in those grown on (11 1)-Ga faces. This shows that 
in crystals grown by this metbod there still exists a dependenee of the 
incorporation of S on the substrate orientation, though the effect seems to 
he less pronounced than for the H2/HC1-grown crystals12

). The results for 
the C-doped samples WD 6/3 [(ll 1)-Ga face, fig. 7] and WD 6/2 [(111)-P 
face J are in agreement with this observation. In addition, a difference in the 
relative intensities of the C- and Y-transitions is observed in these crystals, 
indicating that an orientation effect still exists for other impurities as well. 
The reported observations imply that no complete equilibrium exists between 
the bulk of the crystal and the gas phase during growth, at least for some 
impurities. 
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Note added in proof 

Ref. 8 by Dean, Faulkner and Kimura now is published in more detail [Solid State 
Commun. 8 (1970) 929, (DFK)]. The crystals used by DFK for luminescence studies were 
grown from Ga-solution, using the system from ref. 2. For Cd the results of DFK are 
identical to those in the present paper, but in the case of C and Zn the DFK spectra show 
more fine structure. Apparently these solution grown crystals showed less strain broadening 
of the Iines than our vapour grown crystals doped with C or Zn. As a consequence the 
indications used for the Zn- and C-exciton lines in the two papers have different meanings. 
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Samenvatting 

In dit proefschrift zijn de resultaten beschreven van 
een experimenteel onderzoek aan luminescentie van donor
acceptor paren en aan optische eigenschappen van excitonen 
die gebonden zijn aan neutrale donoren ot acceptoren. De ex
perimenten zijn verricht aan eenkristallen van GaP, voorna
melijk bij een temperatuur van 1.6 K tot 4.2 K. GaP is een 
halfgeleider waarin de overgang met de kleinste energie 
tussen valentieband en geleidingaband een indirecte over
gang is. 

Luminescentie van donor-acceptor pare-n ontstaat door 
recombinatie van een electron gebonden aan een donor, met 
een gat gebonden aan een acceptor die zich op enige afstand 
van de donor in het rooster bevindt. Een deel van de energie 
van het uitgezonden foton neemt af met tOénemende afstand, in 
eerste benadering volgens de wet van Coulomb. V.lij hebben 
hiernaar een nauwkeurig onderzoek ingesteld, en de afwijking 
van de foton energie ten opzichte van de Coulomb wet bepaald 
voor enkele paarcombinaties. Het bleek nodig hiervoor de 
waarde van de dielectrische constante van GaP bij 1.6 Knauw
keurig te bepalen. Dit is gelukt door met behulp van computer
simulatie van spectra de foton energie te correleren met de 
paarafstand tot ca. 70 A, De genoemde afwijking is vergeleken 
met voorspellingen op grond van bestaande modellen. Deze kun
nen de experimentele resultaten niet verklaren, in tegenstel
ling tot de mening in de literatuur. 

Tijdens de recombinatie kan een deel van de paar-energie 
worden afgegeven aan het rooster als één of meer fononen; de 
foton energie is dan overeenkomstig lager dan die van de over
gang zonder fononen. Afhankelijk van de aard van donor en 
acceptor varieert dit ronon-aandeel van overheersend, tot van 
ondergeschikt belang. Wij hebben met geschikte meetmethoden 
deze wisselwerking met fononen uitvoerig onderzocht. Met name 
zijn spectra gemeten als functie van de tijd die is verstreken 
na .de aanslagpuls. De energie en aard der fononen. en hun rol 
bij het vereiste behoud van kristalimpuls in de paarovergangen 
zijn besproken. 
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Behalve de foton-energie neemt ook de waarschijnlijk
heid van de paar-overgang af met toenemende afstand tussen 
donor en acceptor. Voor het speciale geval dat één centrum in 
het paar sterk gelocaliseerd is en het andere waterstof-achtig 
{ondiep) is, geldt volgens de theorie een exponentiële afnarr.e 
met de afstand; de karakteristieke lengte in de exponent is dan 
gelijk aan de halve Bohr-straal van het ondiepe centrum. l'lij 
hebben de overgangswaarschijnlijkheid als functie van de paar
afstand zowel experimente.el als aan de hand van berekeningen 
bestudeerd, met name voor paren met twee ondiepe centra. Ex
perimenteel blijkt dat voor alle onderzochte paren de afname 
met toenemende afstand exponentieel is, met een karakteris
tieke lengte die vrijwel gelijk is aan de halve Bohr-straal 
van het minst gelocaliseerde centrum. Dit ·resultaat wordt in 
verband gebracht met de reeds genoemde eis tot behoud van 
kristalimpuls. De gevonden waarden voor de overgangswaar
schijnlijkheid zonder fonen bijdrage en die inclusief de 
fonon bijdrage zijn bediscussieerd. 

Als laatste aspect is de thermische doving van paar lu
minescentie experimenteel onderzocht. De resultaten zijn met 
een eenvoudig lineair recombinatie model geanalyseerd. 

Een vrij exciton is een door de Coulomb kracht verbonden 
electron-gat paar. Een gebonden exciton ontstaat wanneer dit 
paar zich bindt aan een centrum, bijvoorbeeld een neutrale 
donor of acceptor. Absorptie van lichtquanta leidt tot de 
vorming van excitonen en annihilatie leidt tot luminescentie. 
Wij hebben absorptie en luminescentie spectra geïdentificeerd 

voor een exciton dat ~bonden is aan de donor Sir.a of een vm de accep
toren Cp• Znaa en Cdaa• De volgende eigenschappen zijn onder
zocht en besproken: de bindingsenergie (het energie verschil 
tussen een vrij - en een gebonden exciton), de wisselwerking 
met fononen, de absorptie sterkte,en de aanwezigheid van een 
intrinsiek niet-stralend proces in het exciton complex. 

Met name de identificatie van het aan de Si0a-donor ge
bonden exciton vereiste een zorgvuldige selectie van GaP kris
tallen, onder andere via Hall-effect metingen als functie van 
de temperatuur. Hieruit is gevonden dat de ontaardingagraad 
van de grondtoestand van een donor op een Ga-plaats drie maal 
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zo groot is als die van een donor op een P-plaats. Dit is pre
cies de theoretisch verwachte verhouding. 

Summary 

In this thesis the results are described of an experimen
tal investigation on luminescence of donor-acceptor pairs and 
on optical propert.ies of excitons bound to neutral donors or 
acceptors. The experiments are performed on single crystals 
of GaP, mainly at 1.6 K to 4.2 K. 

Donor-acceptor pair luminescence is due to the recombi
nation of an electron bound to a donor with a hole bound to 
an acceptor at some di stance of the donor in the lattice. 
Part of the energy of the emitted pboton decreases with in
creasing distance, to a first approximation according to 
Coulomb's law. We have investigated this accurately, and have 
determined the deviation of the pboton energy with respect to 
Coulomb's law for a few pair-combinations. For this it proved 
necessary to determine accurately the value of the dielectric 
constant of GaP at 1.6 K. This was achieved by using computer
simulated spectra to correlate photon-energy with pair dis
tanee up to about 70 A. The deviation mentioned above is com
pared with predictions based on available models. In contra
distinction to the opinion in literature, these models cannot 
explain the experimental findings. 

During recombination, part of the pair-energy can be 
taken up by the lattice as one or more phonons; the pboton 
energy than is correspondingly reduced with respect to that of 
the zero-pbonon transitions. Depending on the nature of donor 
and acceptor this pbonon-part varies from dominant, to of 
minor importance. By using suitable experimental methods we 
have investigated this phonon-cooperation in detail: We nota
bly measured time-resolved spectra. The energy and nature of 
the phonons as well as their role in the momenturn conservation 
required in the pair transitions are discussed. 

Besidee the pboton energy, the probability of the pair 
transition also decreases with increasing distance between 
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donor and acceptor. In the special case of one centre of the 
pair being strongly localized and the other one being hydrogen
like (shallow), this decrease according to theory is exponen
tial with distance; the characteristic length in the exponent 
then equals half the Bohr radius of the shallow centre. We 
have studied the transition probability as a function of pair
distance both experimentally and by considering calculations, 
notably for pairs involving two shallow centres. Experimen
tally it is found that for all pairs investigated the decrease 
with increasing distance is exponential, the characteristic 
length being essentially equal to half the Bohr radius of the 
less-localized centre. We conneet this result with the require-. 
ment of momenturn conservation mentioned above. The values 
found for the transition probability without pbonon cooperation 
as well as those including the pbonon-part are discussed. 

As a last aspect we have studied thermal quenching of 
pair luminescence. The results are analysed using a simple 
lineair recombination model. 

A free exciton is an electron-hole pair, bound together 
by the Coulomb-force. A bound exciton arises whenthis pair 
binds to a centre, for instanee a neutral donor or acceptor. 
Absorption of photons leads to the creation of excitons and 
their annihilation leads to luminescence. We have identified 
absorptiori and luminescence spectra of an exciton bound to the 

donor SiGa or one of the accepters CP' ZnGa and CdGa. The following 
properties are investigated and discussed: the binding energy 
(the difference in energy between a free- and a bound exciton), 
the pbonon cooperation, the absorption strength,and the exist
ence of an intrinsic non-radiative process in the exciton 
complex. 

Notably the identification of the exciton bound to the 
SiGa- donor required a careful selection of GaP crystals, 
using amongst others Hall-effect measurements as a function 
of lfmperature. These data showed that the degeneracy of the 
ground state of a donor or a Ga-site is three times that of 
a donor on a P-site. This is precise.ly the theoretically ex
pected ratio. 
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Stellingen behorend bij het proefschrift van A.T. Vink. 
3 september 1974 

1. De systematische analyse van het stationaire gedrag van 
fotogeleiding en luminescentie, zoals gegeven door Klasens, 
kan zinvol worden uitgebreid tot niet-stationaire ver
schijnselen met een geringe modulatie-diepte. 

H.A. Klasens, J. Phys. Chem. Solide 1 (1958) 175 
A.T. Vink, Afstudeerverslag, Sectie Vaste Stof 
Fysica, Afd. N., T.H. Eindhoven (1968). 

· 2~ De intrinsieke concentratie van electrenen en gaten in 
een III-V halfgeleider bij de kristalgroeitemperatuur kan 
onder bepaalde voorwaarden worden bepaald uit meting van 
de onderlinge be!nvloeding van de concentratie van donoren 
en acceptoren bij hun inbouw tijdens de groei. 

3. De vraag of van een ohms elektrisch contact op een half
geleider het geleidende gebied aaneengesloten is; dan wel 
uit een aantal gescheiden gebiedjes bestaat, kan worden 
beantwoord na meting van de weerstand en de 1/f ruis van 

• het contact • 
. F.N. Hooge, Physica 60, (1972) 130 

4. In navolging van Pirani (1906) wordt in handboeken over 
vacuumtechniek melding gemaakt van drie manieren om een 
Pirani~ of hittedraad-manometer te bedrijven, te weten 
bij constante stroom, bij constante spanning of bij con
stante temperatuur. Ten onrechte wordt niet genoemd een 
vierde manier: bij constant opgenomen vermogen.. Deze is 
veel gebruikt, ondermeer door Pirani zelf. 

S. Dushman and J.M. Lafferty, Scientific Foundations 
of Vacuum Technique, Wiley, New York,1962, bldz. 286 
M. Pirani en J. Yarwood, Principlesof Vacuum 
Engineering, Chapman and Hall, London, 1961, bldz. 102 
L. Heijne en A.T. Vink, Philips Technisch Tijdschrift 
30 (1969) 170. 



5. De continu werkende 4 He verdampingakoeler volgens neLong, 
Symko en Wheatley kan sterk worden verbeterd door rekening 
te houden met de supe;rfluide eigenschappen van 4 He. 

L.E. DeLong, O.G. Symko en J.C. Wheatley, 
Rev. SoL Instr. 42 (1971) 147 

6. Voor het mede waarborgen van een goed functioneren van een 
internaat voor zwakzinnigen verdient de inbreng van de be
trokken ouders en familieleden via een onafhankelijke 
oudervertegenwoordiging verre de voorkeur boven een ver
tegenwoordiging van die ouders in het internaatsbestuur; 
dit laatste is bovendien principieel onjuist te achten. 

7. Ter bevordering van een goed gehalte der stellingen ware 
het gewenst dat er tijdens de verdediging tenminste gedu
rende een daarvoor gestelde tijd over stellingen wordt 
gediscussieerd. 

Notulen van de 51e vergadering van het College van 
Dekanen der T.H. Eindhoven, gehouden op 23 april 1974. 
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