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1. INTRODUCTION 

The well known Van Arke ll) method has provided a possibility of crystal 

growth from the vapor phase for those materials that have a very low vapor 

pressure. In this so called vapor transport method the material is transport

ed in the form of volatile compounds (e . g. halides ). After it was shown that it 

is possible to deposit in this way a monocrystalline layer of one semiconductor 

material on a single-crystal substrate of an other semiconductor 2) (epitaxial 

growth), a wide-spread interest ha.;; arisen in the latter years in abrupt mono

crystalline junctions between two different semiconductor materials 3). Since 

the nature of the semiconductor material at both sides of the junction is di f

ferent such a construction is called a heterojunction. 

In this thesis a number of measurements on Ge-GaP heterojunctions are 

described. Monocrystalline layers of german ium in which the crystal orien 

tation was the same as the one of the GaP substrate were obtained by means 

of an apparatus for epitaxial growth constructed in these laboratories. Our 

main aim was to study the optical and electrical phenomena of such junctions 

at different temperatures. By an analysis of such measurements on hetero

junctions it may be hoped to arrive at an adequate physical model for these 

structures which are, in a way, intermediate between a homojunction and a 

free surface_. 

As is well known the p-n junction in homogeneous semiconductors (homo

junction) has already been the subject of much theoretical and experimental 

study . In particular the work of Shockley4) has resulted in a model which ex

plains adequately nearly all the physical phenomena . This model has played 

an important role in devices containing p-n junctions such as p - n rectifiers, 

transistors, photodiodes, solar batteries, p- n light sources and the radistor 

or transluxor•. The current transport by means of a tunnel current found 

• A solid state triode with light coupling between emitter and collector first 

r eported by G. Diemer 5). 
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by Esal<i G) completed this model for the case of ,·er\' narrow p-n junctions. 

Lampert and Hose 
7

} and Herl<>t and Spenl<e8) studied double injection pro

blems in semiconductors (p-i-n junctions). 

On the other hand the physical properties of a free semiconductor surface are 

far from being understood completely. The problem in this subject is the lack 

of a well defined s urface. The surface itself of course is of great physical 

interest. It is the place where electrons are emitted or trapped, where 

electron hole pairs are annealed or generated, it is also the place where a 

chemical reaction starts. The surface of a crystal is not only the surface of 

a body in the mathematical sense l:iut a thing of its own with its own physical 

properties. In many respects a surface is a giant crystal scar. Tamm 9) was 

the first who studied theoretically the semiconductor surface. Considering 

the electron wave functions in a finite crystal he found that it was possible to 

have energy states localised at the surface (Tamm states). 

There is also experimental evidence that a free surface produces effects, 

which differ completely from the bulk properties . Lander and Morrison lO) 

examined a cleaved germanium surface and saw from neutron diffraction 

patterns that the fir s t two atomic layers had not the same regular arrangement 

as the atoms in the bulk. This is due to the fact that the first atomic layer has 

no neighbouring atoms and can move to other positions to become in a position 

of lowest energy and get rid of its dangling bonds. This effect has the con

sequence that it is very important in which way the clean surface is produced. 

A cleaved surface for instance gives a completely different diffraction pattern 

than a surface cleaned by ion bombardment. It is also known that a crystal 

surface covered with a monomolecular layer can have a structure that seems 

more like the bulk structure . If the surface is covered with an epitaxial layer 

the difference with a homojunction is further decreased. At the interface of a 

heteroj~mction there can be localised states due to a discontinuity in the crystal 

potential. However, it is much better defined than a free surface because it is 

covered by the atoms of the second semiconductor. A great experimental ad

vantageisthatitisnotnecessaryto keep it in a vacuwn of 10-9 torr or better. 

The most ideal heterojunction is thought to be constructed from two different 

materials with the same lattice constant and the same crystal structure. An 

important difference between the materials at both sides of the junction will 

be the width of the forbidden energy gap. This difference only will already 

give rise to many interesting problems. Furthermore the two materials have 
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different electron affinities so, ~enerally, there will be a discontinuity in the 

conduction band as well as in the valence band. Due to this step in the potential 

energy of the crystal there will be a reflection of Bloch waves through the 

crystal interface. Price ll) has derived an expression for the transmission 

probability in terms of the matching coefficients relating to the "ingoing" and 

'butgoing" waves on the two sides. 

This phenomenon of electron reflection can be tested in heterojunctions by 

comparing the total current density with that of homojunctions of the same 

materials. Moreover not only are p-n heterojunctions possible but also n-n,

p-p and n -p junctions all with their own properties. 

In our case we have constructed Ge-GaP n -n junctions that showed rectification 

properties. Such junctions have the advantage that the current at both sides of 

the junction is supported by electrons only so that in principle in this case 

recombination effects play no role . 

As far as surface states at the interface are concerned in our experiments we 

found experimental evidence that in Ge-GaPheterojunctions these surface states 

play a decisive role in electrical and optical phenomena. It will be clear that 

the shape and width of the space charge region can strongly be influenced by 

filling up these surface states with electrons . It is even possible (n -n hetero

junctions) to get a depletion of carriers at both sides of the interface while 

the excess carriers are trapped in the s urface states. This gives a departure 

from the current voltage relation predicted by Shockley. From optical ex

periments with Ge-GaP heterojunctions we found the peculiar phenomenon 

that the direction of the photocurrent was dependent on the wavelength of the 

incident light. We explained this phenomenon with a model assuming surface 

states in both materials forming a dipole . 

Comparing the optical measurements on heterojunctions with those on the other 

solid state systems we remark the following: Optical measurements at homo

junctions give no unexpected effects which, like the electrical properties , are 

very well understood. Optical measurements at free semiconductor surfaces 

are a tedious job because the quantity of most interest is the threshold energy 

for electron emission from surface states or valence band and this quantity 

lies for semiconductors in the range of 5- 10 eV . The problems which have to 

be solved in this field are the detection and construction of a monochromator 

in this range of u. v. light and moreover an ultra high vacuum is needed to 

avoid contamination of the surface by foreign impurities . Thus, in conclusion, 

9 



we might stress that, because of their intermediate nature, heterojunctions 

are of primary interest for both experimental and theoretical investigations. 
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2. THEORY OF HETEROJUNCTIONS 

In this chapter a review is given of existing theories which can be regarded as 

an extension of the conventional theory for homojunctions while further on a 

new heterojunction model will be proposed which is related to a contact be

tween two metals. 

First will be discussed the redistribution of charge and related phenomena at 

the interface in thermal equilibrium with the aid of several models. Then the 

different mechanisms of current transport will be discussed. 

2.1. TWO ISOLATED SEMICONDUCTORS 

Let us first consider the properties and quantities which are· relevant for the 

construction of the energy-band profile in heterojunctions . Fig. 1 shows the 

bandscheme of two different semiconductors separated in space neglecting 

surface states. The electron energy is plotted along the ordinate and the x co

ordinate along the abscis. 

Fig. 1. F.nc-rgy band t.lia"'ram of two diff<'rcnl 

semiconductors scpti.ratcd in space 

in which surface cff<>c.:ts arc neglected 
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The bandgap E , i.e . the width of the forbidden zone of energy for electrons 
g 

in a semiconductor, is defined as the difference in energy from the lowest 

state of the conduction band E c and the highest state of the valence band Ev and 

is of the order of 1 or 2 eV for many semiconductors. The materials shown in 

fig. 1 have different band gaps, the subscript 1 refers to the narrow-gap ma

terial and subscript 2 to the wide-gap material. 

The electron affinity 8 is the energy required to remove an electron from the 
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bottom of the conduction band to vacuum level and is of the order of 4 or 5 eV 

for semiconductors. The energy of vacuum is defined as the energy related to 

a point just outside the material. ThP work fwlCtion </> is the required energy 

to remove an electron from the Fermi level EF to vacuum level . Other quanti

ties of interest (not shown in fig. 1) are dielectric constant • (F / m) and lattice 

constant d(m) . 

2.2. ENERGY-BAND PROFILE AT THERMAL EQUILIBRIUM 

If the two materials from fig . 1 are brought into intimate contact there will be 

an exchange of electrons across the interface. The net flow of electrons in 

thermal equilibrium is zero which means that the Fermi level of the system 

has adjusted itself and there has arisen a space-charge region at the intPrface. 

Consequently the vacuum level bends with a change equal to the diffusion vol

tage (fig. 2) . 
"IGCVum leve l 

Fig. 2. CnC'rgy hand di;1gr am at J hct('ro 

junclion at LhC'rmal <.'(jllilibrium 

fornwd 1)_\' the t\~O sem tcoculuclor~ 

of fig- . 1 (n (o) p) 

The change from fig. 1 into fig. 2 is a special case in which the following pa

rameters play a role : electron affinity (J , work fwlCtion </>and bandgap Eg. In 

general there are many possibilities for a band profile construction at the 

interface , especially if the effects of interface states and dipoles are also con

sidered. Fig. 10 gives a survey of such band profiles at a heterojunction in

terface, that can be conceived theoretically. 

As for the notation the following code is used. The first character gives the 

conductivity type of the narrow gap semiconductor and the second character 

gives the conductivity type of the wide gap s emiconductor (nor p). Between 

these two characters is put the sign of the n et interface charge (+ for positive 

charge, -fornegative charge and 0 for uncharged interface). The notatwn tor 

the case of fig . 2 is thus p(o)n. To avoid confusion with respect to the conven

tional notation the+ and - sign or zero is put between brackets. Various pro-

12 



perties of the cases shown in fig. 10 will be discussed in section 2. 2. 4 . Jlcrc 

we will restrict ourselves to some typical cases which will be discussed in 

more detail. All calculations and quantities will be expressed in M. K. S. units 

(unless otherwise stated). 

The typical cases to be discussed here can be dcvidcd according to the follow

ing three basic models : 

1. The abrupt junction according to Anderson . 

2. The graded junction according to Oldham and Milnes •) . 

3. The abrupt junction with interface states. 

2. 2. 1. THE ABRUPT JUNCTION 

This model has been developed by Anderson l) for the case of Ge-GaAs hetero

junctions . The mismatch in lattice constant can be neglected in this system, 

the lattice constants of Ge and GaAs being 5, 62 and 5, 63 A respectively. He 

assumes an abrupt change from one crystal to another with a discontinuity in 

one single plane of atoms. For reasons of simplicity, effects of dipoles and in

terface states are not considered. Recently Esaki 2) concluded from field effect 

measurements at Ge-GaAs interfaces that the assumption concerning the inter

face states is reasonable . The n(o)p and n(o )n have been selected as represent

ative cases and they will be discussed in detail in the next section. 

2. 2.1.1. The n(o)p junction 

Fig. 2 shows the bandscheme of the heterojunction where the narrow-gap se

miconductor is n-type and the wide-gap semiconductor is p-type . There is a 

discontinuity in the conduction band edge b.Ec and also in the valence band 

edge b.E . The quantities b.E and b.E are only depending on 01 2 and E"1 9 v c v ' b , ... 

of both materials and independent of the work functions </>1 2, thus independent 
·~ ' of doping Fig. 2 shows the situation in which the wide gap "overlaps" 

the narrow gap (b.Ec pos. b. Ev neg.) but there are also other possibilities (see 

fig. 10). 

The total built-in voltage v
0 

due to the difference in work function ¢ 2 -¢1 is 

equal to the sum of the partial built-in voltages V 
01 

and V 
02

, as was already 

mentioned. In this model surface states or dipoles at the interface are neglect-

•) While completing thi s M.S. a more recent paper by Oldham and Milnes ap

peared, which will be discussed in the appendix. 

••) unless one of the materials is degenerate. 
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ed so the electrostatic potential in vacuum (i . e. the potential just outside the 

material) will be continuous and the electric displacement D = E F perpendicu

lartothe interface is equal. The latter condition means that the electrostatic 

field, representedbytheslopeofthe band edges (fig. 2), will be discontinuous 

at the interface, if there is a difference in dielectric constant. · 

We will give now a quantitative description of the case of fig. 2. The coordinate 

ofthe interface is denoted by x0 and (x0 - x1) is the width of the space-charge 

region in the narrow-gap material and (x2 - x
0

) in the wide-gap material. The 

transition region in this model is thus considered as consisting of two barriers 

with heights V 01 and V 02 in the different materials and this gives for the total 

width W: 

Solving Poisson's equation, with the assumption that the sum of the total posi

tive and negative charge integrated over the whole transition region is zero, 

gives: 

2 ND1 ~, t:2 Vo 
q NA'l ( E-1 No, + <!2, NA2.) 

where q is the electronic charge, 

• t the dielectric constant in material 1 and 2 respectively, 
'1' 2 
V D = V 

01 
+ V 02 the total built-in voltage, 

N01 concentration of donors in material 1, ~K'"" 

N A
2 

concentration of acceptors in ("" 

material 2. I 

Fig. 3 . Energy band diagram of a n(o)n 

hetc rojunclion at thermal (>quilibrium 
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The relation between the voltage V 01 and V 02 is 

(3) 

The capacity of the transition region C = % , which gives: 

(4) 

These formulae can be considered as a generalisation of the case of homo

junctions. 

2. 2. 1. 2 . The n(o)n junction 

We will now consider the case of ann-type narrow-gap material (1) and an 

n-type wide-gap material (2). From the many possibilities we will discuss 

in detail the band profile as shown in fig . 3 . 

The space charge of material 2 has a positive sign and is formed by ionised 

donors as is the case for homo junctions. The negative space charge in mate

rial 1, however, is formed by free electrons like in a metal-semiconductor 

contact. It will be clear that the width of this accumulation layer in material 1 

can be very small due to the great density of available states in the conduction 

band t'--1025 m - 3). 

Andersondeterminedthevoltageprofile in the n-n case by solving the electric 

field strength (F) on either side of the interface and using the condition that 

the electric displacement is continuous at the interface: 

(5) 

Assuming a Boltzmann distribution over the available states this gives for 

material 1: 

(6) 

and for material 2: 

(7) 
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Substitution of eqs (6) and (7) in eq (5) gives the following relation between 

VD2 and VDl: 

i-1 No1 { k T ( q. Vo1 ) l 
N 

- exp '-T -1 -V01 
f:.z. D1 '\' I'{ 

(8) 

Since in general the total diffusion voltage V D (= V Dl + V D2) will be at least 

oftheorderofseveralkT/q, from (8) one can see that in mo::;t practical cases 

V D2 » V Dl. We thus assume that the total built-in voltage V D is practically 

equal to V D2' giving for the transition capacitance: 

Cn(o)n - (9) 

Other combinations like p(o)n and p(o)p c.an be dealt with by similar calculat

ions. 

Finally, it may be remarked that there is one specific case where the redistri

bution of electrons at the interface is the same as in homo junctions . This will 

take place if the relations : 

+ Ect,1 

2 
(10) 

are fulfilled , thus if the middle of the gap in both materials has the s ame po

sition with respect to the vacuum level . 

2. 2. 2. THE GRADED JUNCTION 

Oldham and Milnes 3) have constructed a model for a heterojunction band pro

file taking into account the effect of junction-grading during fabrication. They 

also give an abruptness requirement which should be fulfilled in order that a 

noticeable rectification will occur. In this model, as in Anderson's, surface 

states , absorbed atoms, double layers and image forces at the interface are 

neglected. If a hete rojunction is fabricated with a vapor transport method at 

elevated temperatures there will be the effect of so-called cross diffusion, 

especially in the ca s e of a het erojunction formed by two compound semicon

ductors. There will be a diffusion not only of the composing elements of the 

semiconductors but also of the dopant at both s ides of the interface. 
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From our point of view the essential point of this model lies in the possibility 

to consider the junction region as consisting of :t mixed crystal. This model 

assumes a continuous monotonic variation of the material parameters, such 

as lattice constant, energy gap and electron affinity. 

In addition to the above presuppositions, constant doping at both sides of the 

interface, complete ionisation and the same dielectric constant are assumed. 

Considering E and 8 as given functions of the x-coordinate Oldham and Milnes 
g 

solvethequantilicsv0 , Ec and Ev as functions of x. We will give here a sum-

mary of their calculations. 

Poisson's equation has the following form: 

-q(No-n) 
(11) 

where n Nc exp (12) 

with (13) 

The boundary conditions should be n = N
0 

at x
1

, 
2 

= !. oo. However, for all 

practical values of V 
0 

in the abruptness requirement, which will be given in 

the following, it is sufficient for the boundary conditions to be n = N0 at 

x
1

, 
2 

= !_ 10 LOH (see eq. (20)) where L
0

H is the Oebije HUcke! length definf'd 

as 

(14) 

For convenience, in the following relations, all the functions are transformed 

into dimensionless quantities . 
X 

z 

:X. .. 
kT 

(15) 

kT 

[ _h _Lh_ -I ~~ 
kT l kT " N,} 
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E can be con sidered as the function which desc ribes the difference of E/kT 

from its value in the bulk (note that the form between the brackets is not de

pendin~ on x). 

The equation for f: in its new variables is: 

1 - ex pt-E) (16) 

This, kccpin[>; in mind eqs. (1 5), gives a relation between the conduction band

edge (Ec) and the electron affinity 0. Due to the assumption of equal doping at 

both sides it is necessary that the electron-affinity change is sufficiently large 

to produce a barrier in the conduction band, so that rectification can only oc

cur if the last term in eq. (16) is the dominant term; or: 

d 2 X 
olz2 > (17) 

If cq. (17) is not satisfied, equation (16) gives the ordinary equation for a 

homojunction with equal doping at both sides, i. e. a completely homogeneous 

piece of material. The helerojtmction shows rectification if it differs suffi

ciently from thi s s ituation . The required magnitude of this difference can be 

seen from eq. (17). Thus eq. (17) is a necessary but also a sufficient condition 

for rectification. 

To check condition (17) in a particular case, fJ must be a given function of x. 

Oldham and Milnes choose for the function fJ(x) a hyperbolic tangent, i.e . one 

or the solutions of Pick's diffusion equation, whicb result in the change of 

elec tron affinity when the fastest diffusant is the determining factor. 

Thus: t:>.O X 
fJ(x) = 2 tanh L + const. 

t:>.O is the total change of 0 over a characteristic length L, where L is defined 

as: 

with 0 the diffusion constMt of the fastest d iffusant and t the growth time. 
m 2 

The maximum value of ~ is: 

2 t_?-D !::. 'X. 
(1 8) 

d2x 
The point ~m where dZ2 reaches its maximum value is in most cases not 
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the z-coordinate of the interface, IJul follows from the relation 

LoH 1 
tanh (z m ----r:-) =-73 

The requirement for rectification (17) transformed in parameters of the growth 

(with aid of equation (18)) gives: 

or: 

L < \/ 

L < v 0,46 X. I 

kT 

(19) 

X LoH (20) 

Fig. 4 gives the solution of equation (16) for the case of an n -n InP - GaAs 

heterojunction with the following parameter values: 

ax = 40 kT 

= 4 

= 4 x 1017 em - 3 

= 4 x 1016 em - 3 

Oldham and Milnes fabricated some InP - GaA s n-n hete rojunctions by means 

of an epitaxial growth process. These junctions did show rectification, but 

the authors did not change the growth parameters to check their model. 

2. 2. 3. THE ABRUPT JUNCTION WITH CHARGED INTERFACE STATES 

In this section we will discuss a newly conceived model, i.e. the abrupt 

junction with charged interface s t ates 4). 

E, 

Fq.~ . ..f. Gr·;tdcd n-n heLC'roju.nclion 
02 01 •0 01 02 - · 
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This third model is based on the assumptions that the interface states play a 

dominant role in constructing the band profile at the interface. 

When two different crystals are grown on top of each other at the interface 

there will always be a large number of local energy levels (interface states). 

The origin of these inte rface states is due to different causes such as the mis

match in lattice constant and the difference in band structure. It will be in

structive to consider first two different cases i.e. : a metal-semiconductor 

contact and a free semiconductor surface. Fig. Sa gives the band profile of a 

metal-semiconductor contact according to Schottky 6). 

From r ecent investigations by Spitzer and Mead 5>, concerning metal-semi

conductor contacts it was found that in the cases studied the difference in 

energy between the Fermi level and the conduction band edge at the interface 

was independent of the work function of the metal (see fig. 5b). 

~IHII On 

e nergy 

0 ., 

Fig. 5a. Meta.l-semiconduclor contact 

nftor Schollk,· 

'1-'--r'--+-- E, 
- E, 

'j---L---E. 

0 ., 

Fig. 5b. Metnl-semiconductor contact with 

stabilised Fermi level at the interface 

These authors investigated n-type GaAs in combination with many different 

metals with strongly varying work functions. From optical and capacitance 

measurements they concluded, that, contrary to the predictions of Schottky's 6) 

theory, there was no correlation between the work function of the metal and 

the barrier height in the semiconductor. From this, one has to conclude that 

the Fermi level of the GaAs is fixed at the interface independent of the kind of 

metal which covers the GaAs. 

Scheer and Van Laar 9) have investigated cleaved semiconductor surfaces and 

found an electron emission due to surface states. They showed that the Fermi 

level at the surface of differen t semiconductors was independent of the con

centration of dope. 
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It thus seems that with many types of semiconductors the density of surface 

states is large enough to keep the Fermi level at the surface at a position ap

proximately in the middle of the semiconductor band gap. In accordance with 

this .it was also found that the Fermi level at a clean (ultra high vacuum 

cleaved) Gn.As surface lies 0. 8 eV below the conduction band edge. (The band 

gap in Gn.As amounts to 1. 4 eV.) This value is in good agreement with the 

values found by Spitzer and Mead for the same quantity with a mctal-Gn.As 

interface, and which ranged from 0. 8 to 0. 9 cV. 

Combining their results with those of Spitzer and , Mead, Scheer and Van Laar 

suggested that the interrace states from the GaAs in the metal-semiconductor 

contact are quite similar to that in n vacuum ·cleaved Gn.As sut;facc. A point of 

great interest is that in the case of GnAs this density of interface states is 

large enough to compensate for the difference in work function of a metal and 

Gn.As, which can b" as large as several electron volts. This is analogous to 

the situation which arises when two metals with different work flmctions are 

brought into intimate contact. As is well known, the two metals have then at 

their interface an electric dipole with a distance between the pos itive and nega

tive charge of the order of only one or two lattice constants. Although such a 

thin barrier plays an important role in matching the energy profiles it is of ·no 

interest in transport phenomena because the tunnel probability for charge

carriers is very high. In addition to the evidence obtained by the just mentioned 

measurements on Gn.As there are further indications that these phenomena also 

will occ~r in many other semiconductors like Ge 
7>, Si 8>, InSb, Bi

2
Te

3
, 

InAs 9). It may be remarked that all or the semiconductors concerned have a 

more or less pronounced covalent character and a moderate value of the energy 

gap (E < 1 . 5 eV), see Table!. 
~ 

Table I 

Effective ionic charge for Ill - V crystal determined from infra red lattice 

absorption bands. 

Sb As p 

Al 0 . 48 

Ga 0.30 0.43 0.58 

In 0.34 0.56 0.60 
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The case for different types of semiconductors can be somewhat different. 

Spitzer and Mead investigated also the photovoltaic and space-charge capa

citance effects of n-type CdS in contact with different metals. The barrier 

heights for metal-CdS systems increased with increasing metal work function 

but they still deviated significantly from the Schottky theory. The results were 

very sensitive to the method of surface preparation and the best agreement 

with Schottky's theory was found with vacuum cleaved CdS. It must be stressed, 

however, that the results obtained with CdS were not very reproducible, e.q. 

in the case of a gold -CdS contact the barrier height varied from 0 . 5 to several 

eV. Data obtained by other investigators also gave strongly diverging results. 
10) For etched and electroplated gold Goodman found <f> s - fJ = 1 eV and for 

evaporated gold on an etched surface 0. 68 eV. Measurements of this kind, 

performed on a GaP-Au contact have been carried out by Cowly ll) at all. 

The gold was evaporated onto a vacuum deaved GaP s urface and <f>s - () was 

found to be 1. 3 eV . GaP is a less covalent wide-gap semiconductor (see table I) 

and except those from Cowly other data are at present not available so on fore 

hand it cannot be predicted whether its interface states will behave like e ither 

those of CdS or GaAs. Moreover with a view to the irreproducibility of some 

of the before mentioned experimental results it may be clear that it will be 

difficult to give a straight forward and general theory that will be valid for all 

types of metal - semiconductor contacts. Nevertheless as will be shown the in 

formation obtained from the study of these contacts is valuable in construc ting 

an appropriate model for the heterojunclion to be discussed in this thesis. 

Keeping in mind the above mentioned studies, we will now try to construct the 

band profile of a Ge-GaP heterojunction. As was already said, there are in 

principle many possibilities (see fig. 10). In practical cases however we be

lieve that one can indicate two extremes, which may be regarded as limiting 

cases between which the actual situation will always lie. 

2 . 2. 3. 1 . Discussion of extreme cases 

For the p-n heterojunction the two extremes are given in fig. 6a and fig. 6b. 

Fig. 6a is the case without interface states and without dipoles at the interface 

(Anderson model) . The total positive charge in the GaP i s exactly equal to the 

negative charge in the Ge, being directly given by the amount of electrons 

which have flown from the GaP into the Ge . This case corresponds to ideal 

matching which means that the surface states from the free surfaces of Ge and 
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GaP have disappeared (C. f. the smooth behaviour of the vacuum level at the 

interface in fig. 6a). 

tl~c;lrOI'I 

·-·~·---y-,------t 

Fig . 6b . Energy band diagram for a 

heterojunction formed l:>y the 

two ~emiconductors o.r fig. 6a 

in the case o(stabilised Fermi 

level at the interface 

Fig. 6a. Energy band dlagr:un for a p(o)n 

heterojunction 

The mechanism of the df$appearing of surface states can be illustrated by a 

comparison with the .case of homojunctions fabricated by a vapor transport. 

The first disturbed atom-'layers from the seed crystal can be rearranged by 

the following layers of the deposit and dangling bonds and displaced atoms come 

back to their normal position and so the surface states caused by this disorder 

will disappear. 

Fig. 6bdescribingthe other limiting case shows a completely different band

profile for the same combination of semiconductors as in fig. 6a. As can be 

seen from the figure the Fermi level lies at the interface in the middle of the 

forbidden gap of each of the two semiconductors. The difference in work 

functions of the bulk materials does not play a role in this model. At the inter

face a strong electric dipole ~ m is present to compensate for the difference 

in work functions between the semiconductor surfaces. The work functions 

<1>81 and <1>82 of both semiconductors at the interface are equal to the work 
. . - ~ - ~ functions at a free surface . .P81 - 91 + 2 and <1>82 - 9

2 
+ 2 . Thus the space 

charge regions in the semiconductors are the same as if the two semiconduct-
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ors were separated in free space. Due to the great number of partly filled 

interface states, which gives the surface a metallic character 9), one can 

conceive this heterojunction as a semiconductor 1 -metal1-metal
2 
-semicon

ductor 2 system. The difference in work functions ~m of the two metals being 

(02 - o
1 

+ ~- E~J ) is compensated by a strong electric dipole . The dif

ference in work functions between the semiconductor and its own "metal" (sur

face ) on the other hand, gives rise to a real Schottky barrier . As one can 

easily understand there will be no additional exchange of electrons between the 

metallic surfaces and the semiconductor, if the number of states per unit area 

in the "metallic" interface layers .is large enough . In other words the inter

face states are assumed to be numerous enough to keep the Fermi level in the 

middle of the energy gap of both material~. As in the case with a contact 

between two real metals having a different work function, the electron transfer 

necessary to give the system a constant Fermi level now only takes place over 

distances of the order of one lattice constant. Since the interface states which 

existed at the free surfaces of both separate semiconductors are assumed not 

to have disappeared, the situation of fig. 6b corresponds to a maximum of mis

match. The same holds for the exchange between metallic surface 2 and semi

conductor 2. 

rnc:rgy 

1 

24 
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Fig. 7b. Energy band diagram for a 

heterojunction formed by the 

two semiconductors of fig. 7a. 

in the case o( stabilised Fermi 

level at the interface 



Fig. 7aandfig. 7bshowthetwolimiting cases for n -n heterojllllctions . Fig. 7a 

is exactly the same as. fig. 3 (Anderson's model) and here again no interface 

states and no dipoles are assumed to exis t at the interface. Fig . 7b is t he 

case with a maximum influence of the interface states e.g . the number of 

interface states is supposed to be equal to the sum or ihe surface states at a 

free surface. In the n -n case fig. 7b both semiconductors have a space charge 

region with positive space charge. The negat ive charge is stored in the inter

face levels. The bm1d profile with two depletion layers is a consequence of 

the fact that then-type semiconductors have at thei r free surfaces a depletion 

layer of positive sign . If these n- type semiconductors are brought into intimate 

contact and the number of surface states (now interface states) do not thereby 

decrease too much, the difference in work function at the surfaces is again 

compensated by a dipole in the metallic-like interface. Also if'. this n-n case 

the electric dipole at the interface is independent of the difference in work 

function s independent of the dope in both materials . 

2 . 2. 3. 2. Discussion of a general case 

Having up till now considered only the two limiting cases (ideal matching versus 

a maximumofmismatch)wewillnow study an intermediate case . To construct 

thecorrespondingbandprofile, as starting point we will consider the extr em e 

of maximum mismatch, giving rise to a maximum of interface states . The· 

maximum of interface states is supposed to be equal to the total amount of sur

face states which exists at the two semiconductors in free space separately. 

This amolUlt will be a decreasing function of the "perfectness" . 

The basic assumption of the general model under consideration in the present 

section is that in first order the interface states will be used to form a dipole 

which compensa tes for the difference in work functions at the interface and 

only if the number of these interface states is not sufficient for this compens

ation there will be an exchange of electrons with the space charge regions of 

the bulk materials . 

Fig. 8 shows a p-n case with intermediate mism atch. In this case some 

quantity o to be called here after the "metali c~ty parameter" , which is de

fined as the difference between the Fermi level and the middle of the gap at 

the heterojunction interface is introduced. In fig. 8 are indicated o
1 

and o2 
for the narrow gap semiconductor (1) and the wide gap semiconductor (2) , 

respectively. The difference in work functions at the interface of both semi-
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conductors is now compensated by the dipole ~ (fig. 8) being the maximum 
m 

dipole that -can be built up by the interface states in this situation (semicon-

ductors being brought into intimate contact). As can be seen from fig. 8 the di

pole ~m has two extremes determined by the two limiting cases. Fig. 6a 

( Anderson ) corresponds to ~ m = 0 and fig. 6b corresponds to 

tm = 92- 91 + -~ (Eg2- Egl). 

Let us now consider the intermediate case again (fig . 9) with ~m 

0 < ~m < 92- 91 + ~ (Eg2- Egl) 

In this figure it is assumed that only the wide-gap semiconductor (2) has not 

enough interface states to stabilise the Fermi level at the middle of the energy 

gap, this assumption being the most probable as mentioned previously . The 

band profile in the wide-gap material near the interface can now be regarded . 

as a real Schottky barrier similar to that of the wide-gap semiconductor in 

close contact with a metal having a work function 

"' =~+ 9 + t rn 2 1 ~rn 

With regard to the free surface barrier the barrier height in semiconductor 2 

has decreased by an amount o
2

. In this case the form of the band profile de

pends on the work function <1>
2 

of the bulk material of semiconductor 2. 

2. 2. 3. 3. Quantitative description of the third model 

We will now give a quantitative descriptionofthecaseoffig. 6b. In this model 

the transition region is considered as consisting of two Schottky barriers se

parated by a metallic-like interface . The width of the interface layer, com

prisingthe electric dipole, is of the order of one lattice constant only, so ·this 

quantity plays no role in the calculation of the total width, being the sum of 

the widths of the two Schottky regions and that of the interface layer. 

(21) 

with (22) 

(23) 
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The total built-in voltagE> V D due to the difference in work function .P
2 

- <P1 of 

the bulk m aterialt; is equal to the sum of the partial built-in voltages V Dl , 

V D2 and the electric dipole ~ m . 

(24) 

According to eq . 24 the s ign of ~m has been chosen positive when its dipole has 

the same direction as the dipole corresponding to V D (see also fig. 6b) . The 

relation between the voltages V Dl and V D2 is now determined by the fact that 

the total char ge in the whol e transition region equals zero. LetS be the net 

charge in the interface per unit area . Then : 

(25) 

Combining equations (22, 23 ) and equation (25) we get: 

(26) 

27 



The total capacitance C of the whole transition region can be considered as p-n 
the series cnpacitancc or the individual capacitances c

1 
and c

2 
of the two 

Schottky l:tycrs. 1 
+ 

c1 c2. 
(27) 

v 't NA1 C1 

2 VD1 

v q N 0 2 c2 

2 VD2. 

(28) 

2. 2. 4. A SUnVEY OF HETEROJUNCTION BAND PROFILES 

In this section we will discuss the 54 band profiles from fig . lOa, b, c, d 

which arc in principl e poss ible with two different given semiconductors form

ing an abrupt hete rojunction . The bandgaps of the two semiconductors are thus 

in nl! the figures the same . All54bandprofilesareessentially dif

ferent and can be thought to be fabricated from a choice of two out of the four 

following different pieces of material . 

narrow gap p type 

narrow gap n type 

wide gap p type 

wide gap n type 

The wide gap semiconductor is represented always at the right-hand side of the 

diagram and its band gap is three times that of the narrow gap . 

For the notation the following code is used . The first character gives the con

ductivity type of the narrow-gap semiconductor and the second character gives 

the conductivity type of the wide- gap semiconductor (n or p) . Between those two 

characters is put the sign of the net interface charge(+ =positive charge,- = ne

gative charge, 0 =uncharged interface) . The+ and - sign or zero is put be

tween brackets . After the last character a Roman numeral is placed to dis

tinguish between the different possibilities from the same combination. 

Thus n (+) p III means: 

n = n type narrow- gap semiconductor 

(+) = net charge of interface states positive 

p = p type wide-gap semiconductor 

Ill = the third possibility with this n (+) p combination 
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Fig . lOa. Theorclic al possibilities for a p-n 

hcte rojunction band profile 

There are two main effects which give rise to the many possibilities, in the 

first place the difference of electron affinity between the two semiconductors 

at the interface and in the second place the net charge stored in interface 

states. Electric dipoles at the interface, formed by opposite charge of inter

face states will use the same effect of an additional contribution to the differ

ence in electron affinity . ln the following we will consider only the electron 

affinity difference at the interface (including the influence of possible dipoles) 

instead of the real electron affinity. By doing so all the effects of dipoles are 

included. There are thus two variable parameters: the difference in electron 

affinity and the net charge of the interface states . As regards the net charge 

29 



NON 

0=-=r 
I 
I 

( 

--v-
---~-- - - n 

I 
I 
v--

--_:::f_ - --
~ 

I 
L-

1\_ 

nz: 

---:t--- 1l 

~ 
L 

~TI 

NHN 

d:=r 
I 

~ 

__.-k-
~--- II 

L_ 

Fifr . l OI>. T heorelic:l.l IJOt>Sihil iti('S for :1 n-n 

hcterojunt'liun IJ;U1d profile 

of the interface states, only its sign is of interest since a difference in the 

total amoWlt of surface charge does not alter the band profile essentially . 

The system which is used to vary the difference in electron affinity is the 

following: with increas ing Roman numeral the electron affinity of the narrow

gap semiconductor is increased with respect to the electron affinity of the wide

gap semiconductor . The points of inte rest are the intersection of the band 

edges with the vertical line representing the interfaces. Every differ ent se

quence of these intersection points gives an essentially new possibility. Ther e 

are five differ entsequences as can be seen easily . If the net charge at the in-
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terface is zero there can be some 

sequences each again giving rise 

to two different possibilities. In 

one of them the depletion layer 

is in the wide-gap material and 

in the other it is in the narrow

gap material. This is showed 

only one time for each combi

nation of conductivity type . If one 

varies the position of the Fermi 

level in one material (by increas

ing or decreasing the dope with

out changing the conductivity type 

of course) it is however possible 

to get another sequence in which 

the opposite depletion layers are 

possible. 

For the sake of clarity the latter 

possibilities are not shown in 

the diagram. 

Fig . IOc . Thcor<>ti ca.l pussibililiC'S for a 

p-p hctcroj\mclion bo. nd proril C 
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2. 2. 4. 1. Discussing most probable band profiles for two semiconductors 

At present the fundamental properties of many semiconductors are rather well 

knovm. In this section we will discuss in how far one can predict the band 

profile at the heterojunction interface formed by two given semiconductors. 

In the following we assume that from the measurements at single crystals of 

the two materials separately bandgaps Eg1, Eg
2

, the position of the Fermi 

level in the bulk of both semiconductors, lattice constants d
1

, d
2

, the electron 

affinities e 1, e 2, and the crystal structure are known . Lattice constant and 

crystal structure can be determined by X-ray diffraction patterns. The band

gap Eg can be determined from the absorption edges in optical transmission 
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measurements while the electron affinity can be determined from photoelectric 

emission measurements of the valence band if the band gap is known. The po

s ition of the Fermi level in the bulk c an be determined from the free-carrier 

density. If the position of the Fermi l evel in the bulk is known the conductivity 

type is also set and thus in principle a choice out of the 16 differ ent possi

bilities in the p- n and n -p cases or of the 11 c ases in the p-p and n -n cares. 

If the two semiconductors under consideration have a marked difference in 

crystal s tructure or in l attice constant , this mismatch will give r ise to a great 

number of interface s tates. So it is likely that the difference in wor k function 

at the interface i s compensated by a dipole , while in both materials the electron 

affinity at the interface has kept its free- surface value . 
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This leads to the following possibilities: 

p (o) n IV 

n(-)nlii 

P (+) P III 

n (o) p IV 

In many combinations of semiconductors, these four cases arc the most pro

bable , 

If the right-hand side semiconductor has a very large band gnp :md the type of 

bonding is Jess covalent (sec also page 2l)it is possible that the wide-gap semi

conductor docs not have sufficient interface slates to keep the Fermi level at 

the middle or lhc p;:tp . 'fhis p;ives rise to the following new possibilities: 

p (o) n III 

n (-) n II 

p (+) p IV 

n (o) p V 

We will now discu·ss the case of ideal m:ttching. In this case the lattice constant 

and lhe crystal structure should be the same. This assumption gives theo

retically. rise to all diagTams that correspond to negligible influence of inter 

face states. The b~U1d alignment is determined by the difference in electron 

affinity (Anderson's model). From measurements of the electron affinity 7• S) 

it is found that this quantity is for most semiconductors in the order of 4 eV, 

which means that even for different semiconductors the position of the con

duction band with respect to vacuum shows only small differences. 

Taking this for granted, in absence of interface states the following diagrams 

are the most probable . 

p (o) n II, Ill, IV 

n (o) n II, Ill, IV 

p (o) p II, IV , V 

n (o) p II, IV 

The last case which will be considered is the case of perfect matching, as was 

also in the former case, but now with a very different band structure at both 

sides of the interface . This strong difference in band structure can give rise 

to a single plane of local states at the interface in a way analogous to the situ

ation Tamm assumed for his calculations. Slater and Koster lZ) have de

scribed such local states by Wannier functions 13). In a similar way one can 

understand that a quite different crystal potential at both sides of the interface 
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can give rise to a single place of local states (Price
14 >). In this case there can 

be a net interface charge but no dipoles because there is only one single plane 

of states. In these band profiles (see also appendix) the band alignment is 

only determined by the differ ence in electron affinity. If, in the presence of 

such a plane of local states, we now again assumed that the difference in elec

tron affinity of the both semiconductors is small, we get the following possi

bilities: 

p (+) n II, Ill p (-) n D, III 

n (-) n II, Ill 

p (+) p II, Ill 

n (+) p II, Ill n (-) p D, III 

The cases of n (-) p II, DI are not very likely because of the strong degeneracy 

near the surface of the narrow-gap semiconductor . 

2.3. STEADY STATE CURRENT-VOLTAGE 

CHARACTERISTICS IN THE DARK 

2. 3.1. INTRODUCTION 

Many investigators have studied the electric current transport in semicon

ductor devices containing junctions. The theoretical current-voltage charac

teristic of a p-n homojunction related to a model of Shockley lS) in which the 

current is a pure diffusion current of free carriers has the following form: 

I 

= total electric current 

V = the applied voltage 

Is = saturation current 

k = Boltzmann constant 

T = temperature °K 

q = electronic charge 

(29) 

Experimental evidence for formula (29) is found for Ge homojunctions and also 

in Si junctions at elevated temperature. For p-n junctions in compound semi

conductors however, the experimental results obey the relation: 

I (30) 

" has to be considered as a coefficient to fit the experimental results, for 

GaAs p-n junctions "= 2. 3 has been observed . 
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For a model in which the recombination current is much larger than the dif

fusion currents, Sah, Noyce and Shockley 16) derived a formula, which has 

the form of equation (30) with '1 = 2 . This gave a theoretical base for 11 values 

lying between 1 and 2. 

However, by empirically fitting his experimental results in expression (30) 

Anderson found different values for 'I ranging from 1. 1 up till values as high 

as 20. 

n- P 'I 1. 17 

n- n 'I 1. 15 

p-p 'I 1.11 

p- n 'I = 20 

The latter measurements were carried out at the elevated temperature to 

minimize the effects of the recombination current. It must be remarked, how

ever, that an interpretation of an exponential characteristic . in terms of 

eq . (30), makes only sense if at the same time the temperature dependence of the 

exponent is checked and found to be in quantitative accordance with eq . (30) . In 

his paper Anderson did not check the temperature dependence to eq. (30). 

Aven and Garwac.ki 17) found '1 = 2 for p - n ZnTe-CdS heterojunctions which 

most probably were p-i-n junctions. 

Oldham lS)found for n-n Ge-Si heterojunctions three different values for 11 at 

three different temperatures : 

'1 

'I 

'I 

= 0. 96 

= 1. 2 

= 1.4 

It is interesting that the value of 11 changes with temperature, a peculiarity, 

which up till now no theoretical explanation was given for . For our n-n Ge-GaP 

heterojunctions we also found different values for '1 and in one s ample a value 

much smaller than unity. We did check the temperature dependence of eq. (30) 

and it turned out that the exponent of this expression was in dependent from 

the temperature! 

Fig . II Energy band diagram for n(o)p hc

terojwtcti ons under forward bias 

(.~ndcrson'• model) 



This forces us to give a different derivation of the exponential I-V character

istic . 

ln the next 3 sections the following models all concerning abrupt junctions will 

be discussed in detail. 

I. Diffusion-current model according to Anderson; 

2. Hecombination current with uncharged interface according to Dolega •); 

:1. Tunnel-current model. 

The last section of this chapter will discuss the reflection of Bloch waves at a 

hetcrojtmction interface, according to a model of Price. 
0

) The charged interface case, as discussed by Oldham and Milnes, gives es

sentially the same results (see appendix). 

2. :l. 2. ANDERSON'S MODEL 

Anderson assumes that in most cases due to the discontinuities in the band 

edges, the diffusion current will consist almost entirely either of electrons or 

holes. These discontinuities cause the height of the barriers for the two types 

of carriers to have different magnitudes. Thus the current type will be pre

dominantly determined by the conductivity type of the wide-gap semiconductor. 

For the n-p hetcrojunclion (see fig. 11) the current type will then be mainly 

i>y holes because the barrier for holes (V 
02

) is smaller than that for electrons 

(V D2 " VU1 + 6 Ec) . 
Neglecting the generation - recombination current the predicted current-voltage 

relation is: 

(31) 

V 
2

, V 
1 

are the voltage drops in materials 2 and 1. The relation between V 
2 

and V 1 is given by the condition that charge neutrality is assumed to exist 

a lso if the junction i s biased. If V 2 = *then V 
1 

= (1 - ~) V and V 
1 

+ V 
2 

equals 

the total applied voltage. 

D p 
T p 
X 

A -

~ the junction area 

= diffus ion constant for holes 

c• life time for holes 

= transmission coefficient 

(32) 

Of those carriers having sufficient energy to cross the barriers X r epresents 

the fraction which actually do so. 
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Thecaseofn-nheterojunctions (see fig. 12) can be described in analogy to the 

emission theory for metal-semicooductor diodes, due to the fact that V Dl and 

V 1 are small with respect to V 02 and V 
2

. 

This gives 

r = B exp(- ~:;1 )[ ~P(~) - 1 J (33) 

X aQ No::~.V_k_T_ 
' 2m* 

in which 
(33a) 

with m• the carrier effective mass in semiconductor 2. 

2.3.3. DOLEGA'S MODEL 

The model proposed by Dolcga 19) is based on the existence of a thin layer at 

the interface with an extremely small carrier lifetime. The calculations are 

carried out for the p -n case with at both sides of the interface a depletion layer 

(see fig . 1:1). The region dn having a strongly disturbed lattice and a fast re

combination, is supposed to be thin. The carrier concentrations n and p in this 

Fig. 12. Energy b:md diagram for n(o)n hc.lcro

j\D'\ctlons under rorward bias (Anderson's 

model) 

Fig. 13. Heierojlmction wilh disturbed interface 

layer d as used in thC" current calculalions 

of Dolega 
--Donor, Ac<•Pior leY"Cl 

ae~ Trapl•nl 
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rcgionareassumedtobeconstant. Usingthe Shockley and Read mechanism 20) 

this gives for the recombination current: 
0 0 "R. PR - nit PR 

Lrec; 9. d 
(,It • n,) 'tpo +- ( PR + P1) 'tno 

(34) 

= electronic charge 

= thickness of the recombination region 

= free carrier concentrations at the interface at thermal equili

brium 

=free carrier concentrations at the interface if the current· i rec 
flows 

= free carrier concentrations at the interface if the Fermi level 

coincides with the recombination centre 

T po' T no = carrier lifetime for holes in the n-type semiconductor and for 

electrons in the p-type semiconductor, respectively. 

The total current is supposed to be a recombination current; thus: 

i = i rec 
This relation determines the boundary concentrations nr' pr as a function of 

the current i. Dolega assumes further negligibly small lifetimes T and T po no 
in the interface layer . This simplifies equation (34) and gives : 

(34a) 

.which product is independent from i. 

Thus for infinitely fast recombination and generation in the interface layer 

there can be no rectification unless the space charge region is wider than this 

recombination zone. 

These are the underlying thoughts of this model. We will not reproduce his 

calculations in detail but, for the sake of completeness in this survey, mention 

thefollowingresults. The linear region of the logarithmic forward character

isticshasaslopebetweenq/kTandq/2kT, depending on the ratio of the density 

of imperfections in the two semiconductors. The reverse current rises ex

ponentially with voltage whereas the reverse resistance can have a maximum . 

2.3.4. THE TUNNEL- CURRENT MODEL 

The essential point for rectification is the existence of a barrier. Let us con

sider fig. 10. In all these cases there is a potential barrier in the wide-gap 

material which the electrons have to surmount or tunnel through when they 
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[low from material 2 to metal 1 and vice versa . If these hetcrojunctions arc 

biased in a way that the narrow-gap material is positive with respect to the 

wide-gap material there will be a decrease of this potential barrier in the wide

gap material. This barrier decrease will result in a net flow of electrons from 

the wide-gap material into the narrow-gap material. Whether this current is a 

thermal emission current over the barrier or a tunnel current through the 

barrier, will depend upon the properties of the wide-gap material only. In all 

cases there is a part of the current (near the top of the barrier) that leaves 

the semiconductor through tunneling 21 ' 22) 

We will now calculate the tunnel current which flows through such a barrier 

at an arbitrary enercv height qV. Fig. 14 shows the potential energy qV(x) as 

a function of the x coordinate of the relevant barrier from fig . 10. The 

.. 
0 ., - · 

Fig. 14. Schemotic diogram oft he potential h a rrit•r 

with relevant quantities as used in the 

calculntions of the tunnel current 

quantities which will be used in the following calculations are also shown. The 

semiconductor 2 is assumed to be n-type with completely ionised donors. 

Poisson's equati-on takes the following form: 

d2 qV N02 o,2 
(35) 

dx2. 

in which q = electronic charge 

qND2 = space charge density 

= dielectric constant 

The total voltage drop in semiconductor 2 is assumed to be in the space charge 

region (influence of series resistance neglected). The width of this space 

charge region is I. The boundary conditions to be used in the solution of 
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Poisson's equation arc: 

X =} 

X -= Q 

): w . 
0 

-,v =- Eo 

d.V 
dx 

The parabolic form of the potential barrier is then described by 

'\. V(x) 
ND2 ~2 

2 f 

(36) 

(37) 

The total height of the barrier is E
0

. The energy at which the tlUlilel probability 

will be considered is qV with 0 < qV < E . We introduce the parameter 
; 0 

A= E
0

- qV . Substitutionofx= 0 in eq. (37) gives an expression for the width 

of the bnrrier: 

l 
= V-~-D-:-~-1- (A + a,V) 

x
0 

is introduced as the tunnel distance of an electron with energy qV. 

Sub""""'" x 

0 

x, :."" (3~ '="'v 2 N:.\~ 
by which x

0 
is expressed in V and in the parameters of fig . 14. 

The tunnel probability over a distance x
0 

is .. ~ 

T ~ exp [- 2j J k(x)dx] 
0 

where k(x), wave vector of the tunneling electron of x. 

For k(x) the following relation holds: 

(38) 

(39) 

(40) 

k'(x)~' = - 2m [ ~~ '\' {J-xf -'IV J (41) 

Substitution of eq. (41) into eq . (40) results in: 

where 

b 
4m 

(43) 

40 



Thus, equation (42) gives the tunnel probability at an anergy qV. The contri

bution to the tunnel particle current by an interval .:lqV is found by multi

plying T by the number of electrons striking the barrier per second within 

this energy interval . For the calculation of this particle current striking the 

barrier at x0, we put this current equal to the munber of electrons passing 

from the right to the left through a plane at x
0 

+ A and having an ene rgy between 

qV( and y_V( ) + llqV, when A is the mean free path for these electrons. In xo, xo 
doing so we can denve this current from the Boltzmann distribution which ex-

ists at x0 +A (see fig. 14). For the sake of simplicity we asswne A to be in

dependent of V and to be equal to the mean free path for thermal electrons in 

the conduction band . For n-type GaP having a mobility of about 
2; 0 100 em Vscc(300 K), 

A will amount to: 
15 A 

(44) 

The velocity in the x direction at x = x
0 

+A is: 

2 q.. ( V(xo) - V(xo~ :\)] 
(45) Vx * m 

The number of electrons nVx contributing to the current per energy inter-

val is: 
No2. ( <J V(,..)) 

nv. 2 hT ex p - k T tJ. ~ V (46) 

For reasons of simplicity in equation (46) the density of states in the conduct

ion band is assumed to be constant . 

Combining equation (42) and (46) gives for the tunnel current per energy 

interval: ~ 
~= v,ND~'l ... p(-y_Jup[-'lvb'·\VA(1·A)'-l"(V~·A' JfA')l 
6.<>tv kT kT 'lv "tv o,V V-;;;i I (47) 

The total electron current per unit area is now found by integrating equation (47) 

over the total barrier height: JEo 
It .t. Il d (ClV) (48) 

0 

Since it is not possible to get an analytical expression for the tunnel current 

we have chosen a graphical method to solve the problem. If in a given case 

all parameters are known the tunnel current can be calculated, as will be 

shown in a later section . 

We remark that the final expression is a function of E
0

; thus, if a voltage is 
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applied this will result in a change of E
0

, the voltage drop V 2 corresponding 

to E
0 

is given by the following relation: 

(49) 

From equation (47) one can see that the current will increase exponentially 

with the applied voltage as was the case in the other models. However the ex 

ponent consists of a temperature -dependent part and a temperature -independent 

part. If the second part will dominate it will be clear that the slope of the 

theoretical lnl-V plot and thus the value of b is practically independent ofthe 

temperature . In the other cases the value of b will change as a function of 

temperature, unless the temperature-dependent part is dominant. 

In general, with this model, it will not make sense to interprete the exponent 

in terms of kT as was the case with the Shockley theory. 

2.3.5 . REFLECTION OF CARRIERS AT THE INTERFACE 

Price 14>-studied the transmission of Bloch waves accompanying electrons flow

ing from one crystal to another. Especially the situation at the interface is 

considered. Price stated that the matching of wave functions will depend on 

the variation of the electron potential in the interface region. Therefore it is 

not correct to apply the usual continuity relations for wave functions as is done 

for example by transmission of electrons through a potential s tep function. 

With respect to this situation Price uses the expansion of Bloch waves into 

Wannier functions; these functions can be regarded a:s purely atomic functions 

in each cell. For reasons of simplicity only the inter action of Wannier functions 

between next neighbours is considered. 

The following three cases are .studied which are represented in fig. 15. 

a. "allowed - allowed" transmission 

b. n-n tunneling transmission 

c . inter band tunneling . 

Our main interest concerns case (b) . For this particular case Price arrived 

at a result which is more complicated than hitherto known calculations of the 

twmeling transmittivity. When both boundaries are classical turning points 
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for free electrons it can be shown that his formula is equivalent with the 

classical s tandard r esult: 

T dx 
(50 ) 

In most cases, however , the new results lead to transmittivity coefficients 

which are much smaller than in the classical case . 

2 .4 . REFERENCES 

1. R.L. Anderson, l.B.M. Journ. of Res. and Dev . i 283 (1960 ) 

2. L. Esaki W. E. Howard and J. Heer, Appl. Phys. Lett. i 3 (1964) 

3. W. G. Oldham and A. G . Milnes , Solid State Electronics J.. 153 (1964 ) 

4. L.J . v. Ruyven, Phys. Stat. Solidi. _;J_ K109 (1964) 

5. W.G. Spitzer and C.A. Mead, Journal of Appl. Phys. 34 3061 (1963) 

6. W. Schottky, Z. Phys . Chern. Solids ill 367 (1 939) 

7 . D. Haneman, J. Phys. Chern. Solids Q 205 (1959) 

8. F.G. Allen and G.W. Gobeli, Bull. Amer . Phys. Soc. Se r .§. 4 21 (1 96 1) 

9 . J.J. Scheer and J . van Laar, Phys. Lett. _;J_ 246 (1963) 

10. A . M. Goodman, J. of Appl. Phys. 34 329 (1963) 

11 . M. Cowley and H . Hessner, J. of Appl. P hys . 35 255 (1964) 

12. G. F. Koste r and J.C . Slater, Phys. Rev. 95 1167 (1954) 

13. G.H. Wannier, Phys. Rev . 52 191 (1937) 

14. P . J. Price, Proc. of the Int. Con f. on the Phys . of Sem. 99 (1962) 

15 . W . Shockley, Electrons and Holes in Semiconductors, D. v. Nostrand, 

Princeton. (195 9) 

16 . C . T. Sah, R.H . NoyceandW. Shockley, Proc. IRE481780(1960) 

17. M. Aven, W. Garwacki, J. El. Chern. Soc. 110 401 (1963) 

18. W.G. Oldham, dis s . , Carnegie Inst. of Technology 

19. U . Dol ega, Z. N aturf. 18a 653 (1963) 

20. W. Shockley and W . T. Read, Phys. Rev . 87 853 (1952) 

21. P . Zalm, Disse rtatie G. U . Amsterdam (1956) 

22. E. Guth and C.J. Mullin, P hys. Rev. 59 575 (1941) 

43 



3. PREPARATION OF THE SAMPLES 

3.1. GENERAL 

The preparation of compound semiconductors, especially with a large b:md 

gap, is much more complicated than the preparation of elemental semiconduc

tors like germanium and silicon. In forming compol;!Jld semiconductors care 

has to be taken to get a stoichiometric composition and here difficulties arise 

because almost always one of the components is much more volatile than the 

other. Elemental semiconductors can be purified by zone-leveling techniques 

without the necessity of special precautions to keep the s toichiometric r atio 

constant. A small deviation from this stoichiometric composition does increase 

the number of defects already considerably and can thereby vary the magni

tude of the conductivity. Also the type of conductivity can change by a change 

in stoichiometry. Another point is the possibility of self compensation which 

means that in doping the compound semiconductor, this material is able to 

create vacancies to compensate the influence of dope. For these reasons it is 

often not easy or even possible to vary or reproduce some of the important 

material constants intentionally . 

It is of great importance for the investigation of the physical properties of a 

semiconductor material if one can dispose of single crvstals, but tmfortuna

tely, at present many compound semiconductors are not available in s ingle 

crystal-form large enough to handle in physical measurements. More general

ly available are polycrystalline ingots with many randomly orientated small 

single crystals. 

Physical constants like resistivity or Hall mobility measured from polycrys

talline materials can at least only be interpreted as an average value over 

many crystals. 

The heterojunctions discussed in this thesis were fabricated from polycrys

talline GaP partly placed at our disposal by Dr. H. Koelmans of Philips 

Research Laboratories Eindhoven and partly bought from White Cross 

Laboratories U . S. A . The germanium was purified and doped at our laborat-
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ories. Tabel II gives a comparison of the quantities of both materials as far 

as presently known. 

Properties 

C rystalstructure 

Lattice constant (A) 

Refractive index 

Melting point (OC) 

Knoop microhardness 

Rei. dielectric constant 

Electronaffinity (eV) 

Energy gap at 300 °K (eV) 

Energy gap at 0 °K (eV) 

Elcctronmobility at 300 °K 
2 (em /v. sec) 

Electronmobility at 77 °K 

Holemobility at :300 °K 

(cm 2/v. sec) 

Holemobility at 77 °K 

Temp. dependence of mobility•: 
-X 

T : e lectrons X ~ 

holes x= 

Thermal expansion 

Table II 

Ge 

diamond 

5 . 64 

4.00 

936 

880 to 700 1) 

16 

4.35 2) 

0 . 66 4) 

0.79 

3!l00 

3.6 X 10
4 

1900 
5) 

4 . 8 X 10
3 

1.66 

2.33 

H) 

GaP 

zinc-blende 

5.45 

2.91 

1450 - 1500 

950 + 160 

10 

4 - 35 + 0. 3 

2. 25 

2.40 

110 

500 

75 

420 

1.5 

1.5 

1) 

3) 

4) 

6) 

7) 

8) 

•) These values are calculated under the assumption that the s cattering process 

is due to lattice vibrations only. 

3.2. EPITAXIAL GROWTH 

As already mentioned in the introduction, on a GaP substrate germanium can 

be epitaxially deposited by the following reversible disproportionation reaction. 

2 Ge 1
2 
~ Gel + 

A deposit is said to be epitaxial if its crystalline orientation corresponds to 

the crystalline orientation of the substrate. For a constant amount of iodine 

the equilibrium shifts to the right hand side of the equation if the temperature 

decreases. This enables one to transport germanium from the high tempera-
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ture zone to a region of low temperature. If the reaction products can diffuse 

in a cyclic way all the germanium can .be deposited on the GaP substrate. 

Fig. 16 shows the furnace used in this work . It is a two-zone apparatus con

sisting of a Hereaus furnace RL 200 (low temperature region) coupled to a 

Kantall wire-wound resistance furnace. The temperature gradient of this 

combination is given in fig. 17. The Hereaus furnace has a built-in forced air 

convection system which keeps the temperature variation in the useful space 

less than 0.1 °C. The source temperature is controlled by a thermocouple

driven proportional control system. 

Fig. 16. Combined fum ace 

ror vnpor growth 

I. Hereaus fl.!. 200 

furnace 

2. rurnac~ door 

3. Kantnll wire-

wowtd furnace 

The GaP seed was fixed in a platinum holder at one end in a closed pyrex tube 

of 300 mm length and having a diameter of 20 mm. At the other end of the tube 

some pieces of Ge were placed (the "source"). The distance between the 

Ge source and the GaP seed was 170 mm. The iodine was added in a container 

(See fig. 18) and cooled by liquid air during the evacuation of the tube . 

''! ... 
... ~--------------~ 
400 

lOO 

,.. 
100 
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The iodine concentration was chosen rather low (0. 3 mg/cc). This makes it 

possible to work at a low temperature in the seed zone so that the development 

of large thermal stresses between seed and deposit is avoided and cross dif

fusion effects can be neglected. The temperature in the source zone was 

550 °C and in the seed zone 330 °C. The growth rate was 10-201-l/day . It 

turned out that an excess phosphorus of 0 . 03 mg/ cc gave an increase of the 

growth rate up to. 10-40 J.l/day . Each run takes about 3 days resulting in a 

thickness of the deposit of 50-100 J.l (measured by means of a cross section 

under the microscope) . 

-:: -

-> 

Fig. 18. EvacuaUon and preparation 

of the reaction tube 

1'. lod!Jle 

2. Source Ge 

3. GaP seed In oint inurn 

holder 

4 . Liquid nil rogt'l 

The GaP seeds were poiycrystalline, n type containing single crystals of 

approximately 2 x 2 mm . They were cut into round discs of 8 mm diameter 

and 2 mm thick. The discs needed no chemical etch because during the time 

of warming up the furnace they are automatically etched by the iodine vapour. 

A piece of Ge deposit of about 80 J.l thickness was removed from the seed by 

heatingto 800 °C in an inert atmosphere, and cooling rapidly to room tempe

rature, afterwhichit was mechanically removed. This piece was investigated 

by X-ray examination by Mr. J.C.J. M. Terhell of this laboratory. It turned 

out that this Ge piece was a single crystal with the same orientation as the GaP 

substrate, on which it previously was deposited. 
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3.3. PREPARATION OF THE DIODES 

After each run the high temperature region was quickly cooled down to the 

same level as the low temperature zone and the reaction tube was pulled out 

with the source region first so as to ensure condensation of the reaction 

products in this part of the ampoule. The germanium deposit shows clearly 

the form of the individual substrate crystals. One or two of the biggest singi.., 

crystals were selected and covered with wax. The unprotected germanium is 

then removed by etching and the discs are sawed into pieces convenient for 

making ohmic contacts. These contacts were alloyed in a conventional furnace 

(see fig. 19), somewhat modified so as to keep the time-temperature cycle as 

low as possible to suppress diffusion effects. The thermal expansions ofX}aP 

and Ge are about the same at room temperature but GaP has a slower increase 

at higher temperatures 8). It is even more important to keep the alloying 

temperature low in order that damage due to thermal stress be avoided. The 

contacts prepared in this way were tested in a Tectronix type 575 curve tracer 

and only those units were studied where all contacts proved to be ohmic. The 

crystals were soldered to four terminal transistor headers with conventional 

techniques. The diodes used for optical measurements were painted black ex

cept a small area of about 80 1J. thick with the heterojunction in the middle of 

it. The p~t did not change the electrical characteristics and protected the 

diode for undesired photo-effects from the electrical contacts. 

Fig. 19. Arrangement for alloying ohmic contacts 

1 . graphite 4 . thermocouple 

2. transportable furnace 5. window 

3. silica tube 
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4. EXPERIMENTAL 

4.1. GENEHAL 

The results of ·thc meas urements can be divided into two main groups. 

1. Current- voltage characteristics in the dark a t diffe r en t temperatures. 

2. Open circuit photovoltage as a function of the wave length of the incident 

light at room temperature. 

The measurements were predominantly performed on n-n hcterojunctions be

cause these are of physical interest for the investigation of electron reflec

tion and, furthermore, because these were easy to prepare. Moreover, as 

regards the interpretation of the measurements, the n -n junctions have the 

following advantage; the electrical current is in both materials supported by 

majority carriers (e lectrons) and recombination effects can therefore be 

neglec ted. 

H a certain sample was chosen as representative of the electrical measure

ments the same sample was selected for the optical measurements. 

4 . 2. M E A S U R E IV[ E NT 0 F T H E I - V C H A RA C T E R I S T I C S 

Fig. 20 shows the arrangement used in the current-voltage characteristics 

measurements. The diodes had at each side two ohmic contacts so that one at 

each side could be used to measure the voltage while the other two provided 

the current flow. By this arrangement the voltage drop across the contacts 

was eliminated . Because the junction resistance never exceeded 10
5 

Q we 

could neglect the current passing the Keatly voltmeter which has an internal 

resistance greater than 10
14 

Q in its lowest voltage range, (in other ranges 

it is even higher). 

The measurements a t elevated temperatures were carried out with the diodes 

placed in a vacuum oven, Hereaus type FVT 420 K, while for the measurements 

Fig. 20 
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at temperatures below roomtcmperaturc a cryostat was used. The cryostat 

shown in fig. 21 which was kindly put at our disposal by Dr. J . ncunofthcsc 

laboratories. 

<D---.:0.===:::;.., 

Fig . 21. Cryostat used in the 

experiments 

1. sample 

2. brass bloc 

3. connection to 

vacuum pump 

4 . inlet liquid 

nitrogen 

A = amperemetcr 

B = voltmeter 

After each measurement at a certain temperature a check was made that the 

diode could reproduce the room temperature characteristic. Only at the lowest 

temperature used (77 °K), the diodes did not reproduce their roomtemperature 

characteristics . This may be due to the difference in thermal expansion. The 

corresponding I-V characteristics were not considered in the interpret

ation of the results . The lowest temperature which could be reached without 

damaging the diode was 100 °K. 

4.3. MEASUREMENT OF THE PHOTOVOLTAIC EFFECT 

The measurements of the open photovoltage were carried out with an equipment 

as shown schematically in fig. 22. The light source was either a tungsten 

filament light bulb or a super high pressure mercury arc SP 50 0W at choice. 

The mercury light source has strong emission bands at 4050 A, 4300 .A, 
5500 A, 5800 A and 10000 A and in between a useful continuous light emission. 
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The data obtained at wavelengths corresponding to the slopes of the emission 

bands of the source are not reliable and therefore they are not used for the 

calculations. The data shown in the figures thus correspond to the band maxima 

and the continuum. 

Fig:. 22. Arrangement for 
measuring open circuit 
photovol tage 

L = light source 
S1 2 3 = mirrors 
M '='Leiss monochromator 
P = quartz prism 
Kl, K2 = screened-orr box 
H =sample 
V = Keatly 150 A voltmeter 
R =recorder 
C =chopper 
W = water cuvet 

The mercury light source was mounted in vertical position to collimate it on 

the monochromator entry slit . To prevent ~xcessive heating the mercury arc 

was cooled by a safety system which switched off the electric current if the 

water stream was unsufficient. 

N"a.11Lt rn .. a 

Fig. 2:1. Screened-off box 

1. insulating support 

2. aluminium hox 

:I. clamp for filters 

4. sample 

5. screened-off lead 
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The monochromator was a Leiss single monochromator with a quartz prism, 

a little modified to keep the stray light in the monochromator within permiss 

ible limits. The light path before the monochromator was screened of by a 

metal box to avoid spurious effects from stray light before the monochroma

tor. During all the measurements the entry and exit s lits were adjusted at 

0. 1 mm. In this case the resolution of the monochrom ator amounted to 

!';. ::\ = 20 A. This value is much smaller than the width of the mercury emission 

bands which was a great advantag·e for the transformation of the data in :m 

equiquanta scale. The w:we length indication of the monochromator was 

calibrated by means of a set of 13alzers interference filters, giving an accuracy 

of 10 A. 

The hetcrojunction was mounted in an aluminium box (fig. 23) to avoid un

desired electromagnetic influences on the voltmeter. The photovoltagc was 

measured by a Keathly 150 A microvoltmeter which had an internal resistance 

higher than a megohm on the scale with 1 J.L V full deflection. The output s ignal 

of the voltmeter was connected to a Philips recorder PR 2010A/21. F urther

more there was a chopper just behind the monochromator exit slit which 

permitted the light to pass for 10 seconds and then cut the light of for another 

10 seconds . For 10 seconds thus the photovoltage and the zeropoint were 

regi s tered alternatively. W1th this method drift effects of the zero point could 

be eliminated. With this apparatus a wavelength range of 0. 4 J.L - 1 . 2 fJ. was 

scanned in two hours. The drive of the monochromator was coupled to the 

previously mentioned chopper so that the photovoltage and automatically also 

the zero point were recorded as a function of the wavel ength. 

The photovoltage must be corrected for the difference of the intensity of the 

incidental light. By a thermopile (Kipp, type. E5) this intensity was meas

ured at the same position as the junction. The sensitivity of the thermopile 

was about 10 MV per unit of intensity (1 Watt/ m 2). In our arrangement the 

thermovoltage amounted to several microvolts . The distribution of the in ten

sity obtained in this way was divided by the magnitude of the light quanta, to 

determine the number of quanta as a fwlCtion of wavelength . To avoid effects 

of variable radiation from the chopperwing we placed a waterfilter in the 

light path. 

The current generation in the jtmction is a linear function of the density of the 

light quanta. Thus we may assume that the photovoltage is also a linear 

function of the intensity of the incidental light due to the fact that the junction 
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is by-passed by a relatively low internal leakage resistance . 

The maximwn photovoltage measured at the sample shown in fig. 26 amounts 

to 10 mV. This means a photocurrent of 10-7 A asswning an internal resis

tance of ~105 n. 

The energy per second of the incident radiation was 10-7 Watt measured with 

a calibrated thermopile. A voltage of 10 JJ.V corresponds to a radiation density 

of 1 Watt/m 2; the voltage at the position of the junction amounted to 1 JJ.V . The 

junction area of the sample was about 5 mm 2 so the power of the light was 

0 . 1 Watt x 5 x 10-6 
= 5 x 10-7 Watt. The nwnber of excitations per second is 

thus2.5 x 10-7 . Thequantwnefficiency is thus about 25% which justifies a -detailed investigation. 

4.4. STEADY-STATE CURRENT-VOLTAGE 

k,...,.'I-L,f 

CHARACTERISTICS 

On many samples of Ge-GaP heterojunctions I-V characteristics were meas

ured. Fig. 24 shows a typical example measured on an n-n Ge-GaP hetero

junction, consisting of GaP with 4 x 1017 free carriers and heavily doped 

1.0V 1.0 

Fig . 24 . Linear 1-V-characteristic of heavily 

doped n-n Ge-GaP heterojunctions 
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Ge junctions, consisting of a combination of two heavily doped materials, 

all prepared from runs in which a little excess phosphor was added in the 

reaction tube (see section 3. 3. 2.). Fig. 25 shows the current voltage 

characteristics of the n-n Ge-GaP heterojWlclion consisting of the highest 

resistivity n-type GaP that was available rmd undopcd Ge. (ln this case no 

2.0\1 " 
100 

200 

lOO 

<00 

100 

600 

700 

soo 

Vl 

Fig. 2!; L inl':tl· 1-V Cllaraclcrislic of weakly 

n-n Ge-GaP hctC'rOjWlclions 

phosphor was added during the preparation.) Fig. 26 and 27 show the lnl-V 

curve of the same diodes (fig. 24 and 25 resp. ). The junctions from fig. 24 

have the best rectification properties and those from fig. 25 the worst. It was 

found that heterojunctions prepared from moderately doped Ge and GaP show 

an intermediate behaviour. 

Fig. 28 gives a set of lnl- V curves of an n -n heterojunction from fig. 24 

(heavily doped), at different temperatures. It is seen tha t the current is an 

exponential function of the applied voltage and in the semi log plot the slope 

of the linear part of the curve is nearly independent! rom temperature. At 
0 -1 0 - 1 353 Ktheslopeamountsto 58 Volt and at 110 K the slope is 50 Volt i.e . 

55 



10 

I/ /Ge pos 

--

/ 

1 

[( mA 

l(f 

I /-------
~GaP pos 

/ 

1/ v ·- --ltr 

liT l 
I 

0.0 0,5 1.0 1,5 2.0 

---v 

Fig. 26. Semilogarithmic plot of the 1-V characteristic for the junction of fig. 24. 
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Fig. 27. Semilogarithmic plot of the 1-V characteristic for the junction of fig . 25. 
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even somewhat smaller. From the latter fact it will be clear that in this case 

the diffusion model c:umot IJc applit.>d. 

100)Ja 

10 )J3 

NGe-NGaP 
tORW.ARO 
+-- ---
Q[Y[RS( 

Fig . 2~ . Scmilogarithmic 1-V c urves at different t<'mpcraturcs 

for the hcterojUilction of fig. 24. 

Fig. 28 suggests that the reverse current shows a similar behaviour . Due to 

the much smaller magnitude of the reverse current the accuracy is less and 

thus the experimental evidence is perhaps not as convincing as in the forward 

case. 

Fig . 29 shows the current as a function of temperature at a fixed voltage on a 

semi log scale. The plot shows two linear regions corresponding to two dif 

ferent values of an activation energy 6E . 
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Fig . 29. Forward current at 0 . 4 Volt forward bias versus T -l 

for the junc tion of fi g . 24 . 

The relation between current, voltage and temperature as found from the ex

periments obey the relation: 

where 

(51) 

= a constani value with the dimension of an electric current depen

dent from the junction area; 

C.E1 and C.E 2 = activation energies, each belonging to a certain temperature 

region; 

b = a factor related to the "steepness" . 

In a later section the experimentally found dependence of eq. (51) will be dis

cussed in detail. 

4 . 5. PHOTOVOLTAIC CHARAC T ERISTICS 

The photovoltage of a Ge- GaP n - n heterojunction is depending on the direction 

of the incident light. For instance, it was found that when excited by ambient 

light the Ge becomes positive with respect to the GaP if the GaP-side is il

luminated and the Ge is negative with respect to the GaP if the Ge-side is 
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illuminated . Therefore the more quantitative analysis of the photo-effect was 

based on experiments when the illumination was parallel to the interface and 

the beam was focussed into a narrow slit. 

The interpretation of the photo-effects when illumination is in a direction per

pendicular to the sandwich, is however rather difficult. In the first place in 

such an experiment it is difficult to avoid spurious photo~effects arising from 

illumination of the contacts and in the second place the exact excitation den

sity and the spectral distribution inside the sensitive region close to the in

terface is depending on the optical absorption in the materials. With this ar

rangement the wavelength dependence of the photovoltage is investigated in 

detail. 

Fig . 30 shows the photovoltage 

per incident photon in arbitrary 

units as a function of the Photon 

energy for the two junctions of 

fig. 24 and fig. 25. It proved that 

in this case the sign of the open 

circuit photovoltage was depen-

Fig. 30. Photo response (in arbitrary 
Wlits) to monochromatic 
r adiation for the d iodes of 
fig. 24 and 25. Full prawn 
l ine GaP negative with r es
pect to Ge, dashed line Ge 
negative with r espect to GaP. 
Note that the point of s ign 
reversal is a.t the same wave
l ength while the difference in 
position of the Fermi level 
in the GaP is 0.8 <>V . 
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dent of the quantwn energy of the incident light. The fuldrawn curve corres

ponds to Ge positive with respect to the GaP and the broken line to Ge nega

tive with respect to the GaP . As one can easily see from the fi-gure the photon 

energy at the point of sign reve·rsal is the same for both cases. The position 

of the Fermi level in the bulk of the GaP however, differs in both cases by an 

amount of at least 0 . 8 cV. Thls suggests that the reversal point correspond

ingto an optical transition of half the energy gap is independent from the dope. 

The magnitude of the photovoltage which is related to the barrier heights in 

the junctions is strongly different . The photovoltage from the heavily doped 

junction is orders of magnitude larger . 

Finally fig . 31 gives the photovoltage of an arbitrary n-n Ge-GaP sample 

which was illmninated with photons having a wider energy range. 
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5 DISCUSSION 

5.1. PHOTOVOLTAIC EFFECT 

5.1.1. GENERAL 

Uptonow no optical measurements on n-n heterojunctions have been reported 

in litterature. The physical mechanism of the photovoltaic effect is essentially 

the same as that in the p-n homo junction i.e. absorption of a light quantum 

creates an electron -hole pair after which the carriers are separated geo

metrically in one preferred direction. In devices containing junctions such a 

separation is mainly caused by a built-in electric field. For the stationnary 

state a necessary condition is that in one way or another the excess charge 

carriers, created by the light, should recombine after some time. This re

combination after the separation has to fullfil R continuity condition for both 

particle currents. Now it can be shown that from this it follows that both types 

of charge carriers must be mobile. The expression for the open-circuit photo

voltage as derived by Tauc 1) has the following form: 

u = - _1 11 Gn . d (J z 

~ J l 0 ~n 
U = open circuit photovoltage 

q = electronic charge 

" = u + u = electrical conductivity 
n P 

op } -d!J.z 
6 "(D 

(52) 

Z = deviation from the thermal equilibrium position of the quasi Fermi -yn, p 
level of electrons or holes r espectively. 

Integral (52) deviates from zero only when u /u, u /u, Z or Z undergo 
n p "Yn "YP 

changes along the sample. The integr al equals zerc wherP anly one single type 

of current carrier is involved i.e. where either u /u = 1, u /u = 0 or u /u =0, n p n 
u / u = 1. Thus after an excitation from a local state e.g. cif an electron from 
p 

a filled acceptor into the conduction band a second step has to follow in which 

a valence band electron is excited into the acceptor level . The second process 

can be dependent of the position of the state, either thermally or optically. 
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The separation of charge carriers induces a photovoltage which tends to com

pen sate the inte rnal electric field and so the maximum photovoltage is equal to 

the built-in voltage. 

The processes which are in this case of particular interest are those with an 

energy hv < E . These processes which have been studied by many investiga

tors 
2

• 
3

' 
4

) c! be divided into two main groups: 

1 . there is an impurity band between the valence band and the conduction band 

due to interaction of the impurity l evels. If an impurity band is present there 

is a possibility of carrier transport in the forbidden zone of energy and thus 

the condition of Tauc is fullfilled hence with photons having an energy hv < E 
g 

a photovoltage can be built up . However, there will be an appreciable 1 photo-

voltage only if the wave length of the irradiated light corresponds to the energy 

difference between the impurity band and the valence band or conduction band. 

In our work the photovoltage due to impurity-band excitation can be excluded, 

because these bands are not found in our measurements and moreover a 

density of impurities which gives r is e to overlap i s improbable. 

2 . a photovoltage due to a two step optical excitation 5) can only play a role 

at hv values somewhat smaller than E 2). At hv ~ t E , however, it appa-g g 
rently can be excluded because at the wavelength corresponding to this energy 

the photovoltage was zero. Therefore, in our GaP other types oflocal states, 

interface states, must be responsible for the photo effects in the latter wave

l ength region . Accor ding to the model presented in section 2. 2. 3 ther e ar e 

many interfacial states at the GaP surface which have a fast thermal exchange 

of electrons and holes with the narrow-gap semiconductor (Ge). With exci

tation processes involving these interface states the continuity of the particle 

current is thus conserved. 

5 . 1. 2 . GENERAL INTERPRETATION OF THEWAVELENGTHDEPENDENCE 

The experimental results given in fig. 30 and fig . 31 will be discussed in the 

sequence of increasing wavelength . In fig. 31 the scanned energy range is 

0.7-3 . 00eVandinfig. 30 l.0 - 2.25eV. 

5. 1. 2. 1. Direct band-band excitation in the GaP 

In this c ase the energy of the inc ident photons corresponds to a direct t r ansit

ion from the valence band to the conduction band in the GaP. This process 

has the highest probability (see fig. 31 ); all the incident photons are absorbed 

and produce electron-hole pairs which are separated in the diffusion field of 
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the GaP. GaP is now negative with respect to the Gc because the eli recti on of 

the diffusion field is such that the electrons arc driven into the bulk material 

and the holes into the Ge (sec fig. 31). 

5. 1. 2. 2 . Indirect transitions in the GaP (2. 2 - 2. SO cV) 

Excitation of electrons from the valence band of the Gal' to the absolute mini

mum of the conduction band (thermal band gap 2. 25 eV) is less probable than 

the direc t band-band transition. This is because the cxc it:1tion has to be 

assisted by phonons. The photovollagc in our me:tsurcments s hows this 

d ecrease and the energy difference of the relative mi nimum :Uld the :tbsolute 

minimum (0. 3 cV) is in good agreem ent with the v:tlucs found in Jitter·aturc G) 

5 . 1. 2. 3. Optical two-s tep cxcit:ttions in the Ga I' 

This mechanism docs not play part here s inc e its presence would l>e indicated 

by two peaks, one at a w:wclcngth corresponding to :UJ energy difference 

between the local s tate and the conduction i>:md :UJcl the other to a wavelength 

corre sponding to an energy difference between the local state and the valence 

band. 

5. 1. 2. 4 . Transitions between valence - or conduction band and interface s t ates 

As can be seen from fig. ;lQ for hv < 2. 25 e V the photovoltage decreases strongly 

with increasing wavelength of the irradiated light. The explanation of this 

phenomenon can be given in terms of the dens ity of states as a funct ion of energy. 

The lowest density is found nca r the middle of the band gap (1. 2 eV) and in

creases rapidly to the valence band and conducti on bands. It will be clear that 

those interface states situated above the Fermi level ener getically will be 

empty. The following two processes will r esult in a photovoltage ; an e lectron 

is excited from a filled state to the conduc tion band or a va lence band electron 

is excited to an empty interface state. 

5. 1. 2. 5. Band-band excitation in the Ge 

A second reason for the rapid decrease of the photovoltage is the concurrence 

of this process with the band-band excitation in the narrow-gap semiconductor 

(Ge) which gives ri se to a photovoltage of opposite sign . The electric field 

in theGe, with opposite direction, is much less than in the GaP, and also the 

hole transport which has to take place via a recombination process in the GaP 

is more difficult. If however, the photon energy is decr eased to a value smaller 

than half the band gap of the GaP the corresponding photovoltage of this process 

goes to zero and excitation inside the Ge is the only possible process. 
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5. 1. 2. 6. The region in which direct band-band transitions in Ge are dornwatin{?; 

(0. 8 -1.1 eV) 

This region shows an increase of photovoltage with increasing wavelength (see 

fig . 30). The s ign of the photovoltage in this region is such that Ge is negative 

with r espect to GaP which corresponds to the band diagram of fig. 7b. The 

maximum photovoltage is reached at a wavelength corresponding to the direct 

band-band transition in Ge (hv = 0. 8 eV). At this threshold wavelength the ir 

r adiated light penetrates still r ather deeply in the Ge arid the loss due to sur 

face r ecombination is rather small . The interface states and excitation in the 

GaP cannot contribute to the photovoltage in this region as is r emarked earli er. 

5 .1. 2. 7 . The region in which indirect transiti ons in Ge are the only process 

(0 .7 -0.8 eV) 

This region with the longest wavelength of the incident l ight gives another de

crease of the photovoltage with increasing wavelength. This can be explained 

by the indirect optical transitions at these wavelengths in Ge which have a much . 

lower probability than the direct transitions as is first r eported by Roberts and 

MacFarlane 8). The inaccuracy in this region of longest wavelength is so large 

that these measurements can only be interpreted in a qualitative manner . 

5.1. 3 . DETAILED DISCUSSION OF THE SJGN-REVERSAL REGION 

ll .l- 1. 3eV) 

As was already m entioned, in thi s r egion there are two competing prvcesses. 

The first process is the photovoltage caused by excitation of electrons trom 

fill ed interface states to the conduction band of GaP giving r ise to a photovolt

age in which GaP is negative with respect to Ge. The second process is the 

band-band excitation in Ge giving rise to a photovoltage of opposite sign. The 

interesting point in tHis phenomenon is that the point of sign r eversal in all 

inves tigated samples in the region of 1. 1 - 1. 3 eV is independent of the dope 

in both materials. The position of the Fermi level in the bulk of the GaP for 

the two samples from fig. 30 have a difference of 0. 8 eV. The position ofthe 

Fermi level of the GaP is determined from r esistivity measurements as a 

fnnction of the temperature. 

The absolute magnitude of the photovoltage in both directions are of course 

dependent on dope. As one can see from fig . 30 the magnitude of the photo

voltage in the case of the nearly undoped GaP and G e is orders of magnitude 

smaller (triangles in the fig . 30) than in the heavily doped case (dots in fig. 30). 
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The only consistent explanation for this phenomenon is that the position of the 

Fermi level at the heterojunctions interface is in all cases the same. L e _ 

I. 2 eV below the conduction band of the GaP and 0. 4 eV below the conduction 

band of the Ge. This would suggest a difference in e lectron affinity of 0. 8 eV 

between Ge and GaP. However, Scheer and Van L::wr 7) found experimentally 
/ -

that this difference was at least 0 . 5 e V smaller. The threshold enP.tgy for 

emission from the valence band of a free GaP surface was so large (~ 6 {N) 

that Scheer and VanLaar could not give this value .with great accuracy. 

This discrepancy and the independence of the position of the Fermi level in 

the bulk forc ed us to conclude that the interface states can form a dipole which 

compensates the difference iri work function at the interface of both materials . 

This conclusion means that the interface states in both materials are numerous 

enough to form a thin layer with metallic-like properties. 

Pig . :!2. Energy band profile for 

the heavily doped _n-n 

Se-Ga P hcterojwJCtion 

5. 1. 4. CONCLUDING REMARKS 

As a final remark we can say that the interface states play a very important 

role in the photovoltaic effects. Their large contribution can be helped by the 

fact that the incident light travelling through the depleted region is reflected 

to the interface because it is enclosed by two absorbing regions as shown by 

Diemer and Bolger 9). The main result from these measurements is that the 

band diagram can only be represented by the third model (fig . 7b, the extreme 

case), because it is the one that considers dipoles at the interface which are 

necessary to eliminate the discrepancy between the results of photo-emission 

experiments and our photovoltaic data. 

Fig. 32 gives the resulting band scheme of aGe-GaP n-n heterojunction and 

the values of the different quantities are also indicated. 
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5.2. THE I-V CHARACTERISTICS 

The relation between current, voltage and temperature as found from the for

ward characteristics in fig. 28 has the form: 

where 

I (53) 

= a constant value with the dimension of an electric current depen

dent on the junction area; 

LlE1 and LlE 2 = activation energies, each belonging to a certain temperature 

region ; 

=a factor (eV - 1) which theoretically should be related tothe 

"steepness". 

The band diagram of this heavily doped n-n Ge-GaP heterojunction is repre

sented in fig. 32. This has been deduced from the optical measurements (see 

section 5.1). The electric current in the forward direction can be regarded 

as an electron current flowing from then -type GaP to the n -type Ge. In contrast 

to the case of a homo junction there is a possibility for the electrons to tunnel 

through the barrier. The theoretically derived relation between current and 

voltage for this case is given in section 2. 3. 4. It will be discussed now how 

far the experimental results fit the theoretical expression. 

Formula (47) gives the tunnel current per energy interval 

The total current per unit area is now found by integrating equation (47) over 

the total barrier he ight. 

(54) 

Since it is not possible to get an analytical expression for the tunnel- current 

a graphical method has been chosen . 
.i 

The constant b 2 which is expressed in the material parameters by equation (43) 

is first calculated . TheGaPofthe sample under consideration was n-type with 

4 x 1017 free carriers per cm3 measured from resistivity measurements . In 

the carrier concentration calculations for the electron mobility the published 

value of 100 em 2 /Vsec was used 10). This free carrier concentration, however, 

is not representative of the space charge density in the depleted region. The 

starting material GaP was prepared in a silica container and then zone-refined . 

This material turned out to be n - type; Frosch at all ll) showed that their GaP 
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ingots were n-type if made in silica boats :mel p-typl' if made in graphite. It 

will be clear from these experiments that the GaP used in our ('Xpet·iments 

will contain a certain amOLmt of silicon. Silicon in Gal' c:m :1cl as a donor or 

as an acceptor depending on the circwnsl:lllCl' ll'l'lher il I'l'placcs a Ga or a 

P atom in the lattice. Due to the amphoteric cha raclcr 12) or silicon il wi II be 

likely that the material will be compensated. This assumption is in good agree

ment with the capacity measurements. The space clwrge density measured 

from the capacity measurements was 7 x 101 He m - :l . This value is not in 

contradiction with the free carrier concentration for the follo\\'ing r eason. If 

the donor depth is greater than the energy clil'fcrencc or the Fermi level :mel 

the conduction band in the bulk, this type or donors will be partly ionised. 

The position of the Fermi level al the interface lies as deduced earlier in the 

middle of the band gap and thus the donor levels arc in the depleted region 

considerably raised with respect to the Fermi level, and so they can all con

tribute to the space charge. The depth of the s ilicon donor and acceptor levels 

is not known. However it is plausible that an impu rity with s uch an a mphoteric 

character will have deep lying levels. 

The effective mass of electrons in GaP is also an unknown quantity . On the 

basis of a theory due to Kane 1 ~>. Moss and Walton 14
) have suggested that 

this value in the k = 0 conduction f>ancl minima would be m • = 0. 12 m . We 
I 0 

will use this value in our calculations. The constant b " becomes in this case 

(see eq. (4 3)) : 

b~ ~25cV -l 

where the following values have been inserted: 

m* = 0.12m 
0 

= 10 t 0 

N
0 

= 7 x 1018 cm-3 

The voltage dependent factor It in the right-hand side of equation (4 7) is given 

in table III. The different columns give the values of 1; at 353 °K, :JOO °K, 

207 °K, 154 °K and 110 °K, which temperatures correspond to the different 

temperatures at which the 1-V c haracteristics are measured. 

Table IV gives the values I;Jit max (lt max is the m aximum value of r;> pre

sented similarly. 

To compare the energies at which the maximum current will tunnel, E 
0 

is 

assumed to be 1. 0 eV at all temperatures in fig . 33. As can be seen from this 

figure this energy shifts with increasing temperature to lower values. For the 
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sake of clearness we remind that the quantity E
0 

in our calculations is the same 

as what is usually represented by q (V 
02 

- vt where V 
02 

is the diffusion volt

age in material 2 and V the applied voltage over the barrier. Thus these cal

culations result in the following formulae for the current as a function of applied 

voltage. 

= IR353 exp - 21, 6q(V 02 - V) 

= IR300 exp- 23 q (V02 - V) 

= 1R207 exp- 24 C! (VD2- V) 

= IR154 exp - 25 q (V D2 - V) 

= IRllO exp- 26 q (V02 - V) 

The relation found from the experiments: 
1 

353 °K 

300 °K 

207 °K 

154 °K 

110 °K 

I = IR(T) exp - b~qV 02 + 18qV 

agrees approximately with the above calculated results. The discrepancy can 

be removed by assuming a smaller value of the effective mass. 

5.3 . THE CALCULATION OF THE TOTAL CURRENT AS 

A FUNCTION OF TEMPERATURE 

The total current is the integral of the curves shown in fig . 33 multiplied by a 

temperature dependent factor . This integration is carried out numerically and 

the result multiplied by the non-reduced maximum value from table III. 

The total current is thus (see eq. (47)): 

I 

X = transmission coefficient 

a = area of the junction (5 x 10-6 m 2) 

v x = velocity of the electrons striking the barrier 

N = number of free electrons in the conduction band 

z = integrated area 

bT= calculated constant related to the steepness of the lni-V curve 

For the calculation of the electron velocity in the x direction (eq. (45)) the mean 

freepathoftheelectronsisneeded. This is found with the aid of equation (44). 

All the quantities of equation (55) are listed in table V for the case of 0. 4 Volt 

forward bias . In these calculations there is some uncertainty as regards the 

temperature dependence of the mobility p., since we did not perform Hall measure

ments. We estimated that in the temperature region under discussion p. would 
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Fig. 33 . 1;;11 max versus qV for different temperatures 

1.0 

vary approximately proportionally to the absolute temperature T which does 

not seem unreasonable for a material with moderate free electron concentration 

such as was used here 15) . Fig. 34 gives the calculated current (dashed line 1 

in comparison with the measurements (full drawn line) . The left-hand scale 

refers to the experimental current I , the right-hand scale refers to the exp 
theoretical current Itheor divided by the thusfar unknown transmission factor X. 

69 



' 

llf 

• ~ 
\ \'' YS ~ /vF- 0,4 Vall (experiment all 

\~ 
\ 

~ 7 
) 

ltheoreticall / 

\ 

\~ 
I _. \ ~ 

liT 

10-" 

10 
0 1 2 3 4 5 7 8 9 10 11 

1000 
T 

Fig. 34. Comparison of the theoretical and experimental current 

at 0.4 Volt forward bias versus T-l 

'0 
A 

1 

1 

1 

With optimal fitting of the theoretical and experimental curve the transmission 

factor X can directly be read from the ratio of these two scales: X= 10 -s. 
\ 

The shape of the theoretical curve is in good agreement with the experiments, 

The activation energy of the low temperature branch, however, is a bit larger. 

This can possibly be due to the fact that the position of the Fermi level in the 

bulk is . slightly temperature dependent. However, we do not think that 'the 

accuracy of the experimental data would .make a more detailed calculation 

worthwile. 

An interesting point of these heterojunctions is the homogeneous current dis

tribution over the junction area while investigations at homojunctions often 

show inhomogeneities . This uniform current distribution is another argument 

for the stabilised position of the Fermi level at the heterojunction interface. 
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Table m 

J . -1 
I* values versus hmneling height qV for b 2 = 25 eV 

qV 353% 

0,01 E 
- - 0 
~25,3 E_0 

0,05 E
0 

exp-22, 6 E
0 

0,1 E 
0 

exp-22, 3 E
0 

0,2 E 
0 

exp-21, 6 E
0 

0,3 Eo exp-22 E 
0 

0,4 Eo exp-22,3 E
0 

0,5 E exp-23,4 E
0 0 

0,6 Eo exp-24,4 E
0 

0,7 E 
0 

exp-26, 0 E
0 

0,8 E 
0 

exp-29, 0 E
0 

0,9 E 
0 

exp-31, 3 E
0 

1,0 E 
0 

exp-33 Eo 

353°K 
I 

qV 

0, 01 E
0 

.exp-3, 7 E
0 

0,05 E 
. 0 

exp-1, 0 E
0 

0,1 E 
0 

exp-O, 7 E
0 

0,2 E 
0 

exp-0,0 E
0 

0,3 E 
0 

exp-0,4 E
0 

0,4 E exp-O, 7 E
0 0 

0,5 E 
0 

exp-1, 8 E
0 

0,6 E 
0 

exp-2, 8 E
0 

. 0,7 E exp-4,5 E
0 0 

0,8 E exp-7,4 E
0 0 

0,9 E 
0 

exp- 9, 7 E
0 

1,0 E exp-1,4 E
0 0 

300°K 207% 154°K 

exp-25,4 E
0 

exp-25, 57 E ~,78E 
~ · - - o_ - -o 

exp-23,5 E
0 

exp-23, 93 E
0 

exp-23, 0 E
0 

exp-24, 7 E 
0 

exp-23, 0 E
0 

exp-26,4 E 
0 

exp-23, 9 E
0 

exp-29,2 E 
0 

exp-25,1 E
0 

exp-31,9 E 
0 

exp-26, 7 E
0 

exp-35, 2. E 
0 

exp-28, 6 E
0 

exp-38,8 E 
0 

exp-31,0 E
0 

exp-42, 9 E 
0 

exp-33,6 E
0 

exp-47,2 E 
0 

exp-36,6 E
0 

exp-51,9 E 
0 

exp-40, 0 E
0 

exp-5'1, 0 E 
0 

Table IV 

I*/f.' 
t"tmax 

300% 207°K 

exp- 2,4 E
0

. exp- 1, 72 E
0 

exp- 0,5 E
0 

exp- 0,0 E 
0 

exp- 0,0 E
0 

exp- 0, 85 E
0 

exp- 0,0 E
0 

cxp- 2,5 E 
0 

exp- 0, 9 E
0 

exp- 5,3 E 
0 

exp- 2,1 E
0 

exp- 8,0 E 
0 

exp- 3, 7 E
0 

exp-11, 3 E 
0 

exp- 5,6 E
0 

exp-14,9 E 
0 

exp- 8, 0 E
0 

exp-19, 0 E 
0 

exp-10, 6 E
0 

exp-23,3 E 
0 

exp- 13, 6 E
0 

exp- 28,0 E 
0 

exp-17,0 E
0 

exp-33,1 E 
0 

exp-24, 90 E
0 

exp-26, 8 E 
0 

exp-30,6 E 
0 

exp-35,5 E 
0 

exp-40,3 E 
0 

exp-45,7 E 
0 

exp-51,4 E 
0 

exp-57,6 E 
0 

exp- 64, 0 E 
0 

exp-70, 8 E 
0 

exp-78,0 E 
0 

154°K 

exp- 0, 88 E
0 

exp- 0,0 E 
0 

exp- 1,9 E 
0 

exp- 5,7 Eo 
exp-10,6 E 

0 

exp-15,4 E 
0 

exp-20, 8 E 
0 

exp-26,5 E 
0 

exp-32,7 E 
0 

exp-39,1 E 
0 

exp- 45,9 E 
0 

exp-53,1 E 
0 

110°K 

e_xp- 26 E 
exp- 26.5 :E 

0 

exp- 29, 9 E
0 

exp- 36,8 E
0 

exp- 44, 8 E
0 

exp- 52, 7 E
0 

exp- 61,2 E
0 

exp- 70,0 E
0 

exp- 79,3 E
0 

exp- 88,8 E
0 

exp- 98,7 E
0 

exp-109, 0 E
0 

110°K . 

exp- 0, 0 E
0 

exp- 0, 5 E
0 

exp- 3, 9 E
0 

exp-10, 8 E
0 

exp-18, 8 E
0 

exp-26, 7 E
0 

exp-35, 2 E
0 

exp-44, 0 E
0 

exp-53, 3 E
0 

exp-62, 8 E
0 

exp-72, 7 E
0 

exp-83, 0 E
0 
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Table V 

353 °K 300 °K 207 °K 

4, 5 X 105 
4 X 105 3 X 105 v 

X 

13,5 15 18 

Eo=q(VD-V) 0,6 0,6 0,6 

N" 5, 93 X 1023 
4 X 10

23 
8, 7 X 1022 

bT 21,6 23 24 

exp 12,6 13, 8 14,4 

f 33 X 10-7 
9, 9 X 10 -7 

5, 4 X 10 
-7 

1 
33 40 57 kT 

z 0, 30 E
0 

0, 28 E
0 

0, 10 E
0 

I X ll 'lOO X 10-27N 3991xl0-27N 641x1o-27N 

I 7 1,6 5,58x10 
-2 

Jl 118 100 69 

*These values are based on resistivity measurements 

154 °K ll0°K Units 

3 X 105 
3 X 105 

m sec 
-1 

21 24 A 

0,6 0,6 eV 

15,6 X 1021 
10, 9 X 1020 -3 

m 

25 26 eV 
-1 

15 15, 6 

3, 0 X 10 -7 
1, 7 X 10 

-7 

78 109 eV 
-1 

0, 08 E
0 

0, 05 E
0 

eV 

449x1o-27N 222x10-27N 

6,37 X 10 -3 
2, 42 X 10 

-4 
A 

51 ,5 36,7 cm
2
/Vsec 
--
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6. CONCLUSIONS 

In this thesis it has been shown that local states at the interface of a hetero

junction can form a dipole . This dipole compensates for the difference in work 

function at the interface while in outh materials the electron affinity has kept 

its free surface value. 

Experimental evidence was found for the existence of interface states in the 

photosensitivity of the heterojunction at wavelengths corresponding to optical 

transitions with quantwn energy smaller than the wide gap . The sign reversal 

of the open circuit photovoltage at a critical wavelength which is independent 

of the position of the Fermi level in the bulk materials confirms the existence 

of a dipole and a stabilised position of the Fermi level at the heterojunction 

interface . 

Our new model for band alignment at a heterojunction interface explains. th~o 

optical and electrical measurements described in this thesis as well as the 

experimental results obtained by Oldham and Milnes on Ge-Si heterojunctions. 

In addition a tunnel process, accompanied by reflection of Bloch waves at the 

interface as was predicted theoretically by Price, has been experimentally 

checked. The experimentally determined transmission coefficient amounts 

to:10 - 5 . 

6.1. FUTURE OUTLOOK 

The investigations on the system Ge-GaP are far from exhausted by the present 

studies. As a suggestion for future work the following points can be con

sidered: 

1 . Optical measurements at different temperatures. These measurements 

will probably give some information about the maintenance of the stabilised 

position of the Fermi level at low temperature. 

2. Investigations of the I-V characteristics under illumination with small well 

defined samples in a way described by Greebe 1) (SiC homojunctions) or 

Grimmeis at all 2) (GaP homojunctions). 
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In addition it can be suggested to perform similar measurements, at the 

systems Si-GaP and Ge-CdS. These are of particular interest in view of the 

fact that there are indications as previously mentioned that the Fermi level ..:t 

these interfaces will not be stabilised. 

Si and GaPhavea negligible difference in lattice constant (5.43 and 5.45) and 

will therefore produce a small number of interfacial defects which makes it 

good comparable to Ge-GaAs heterojunctions. 

The surface states of CdS are unable to stabilise the Fermi level at the free 

surface position in many metal-CdS contacts as reported by Spitzer and 

Mead 3). The system Ge-CdS is an example for the intermediate case (metal

licity parameter ~ unequals zero) and thus a good check for the model 

proposed in this thesis. 

The author has in collaboration with Mr. R. M.A. Lieth attempted to produce 

Si -GaP heterojunctions by means of the iodine transport process. Unfortunate

ly these experiments produced only polycrystalline silicon deposits. 

6.2. POSSIBLE APPLICATIONS IN TECHNICS 

N -n heterojunctions can have very fast switching properties due to the absence 

of storage effects. The switching time for n -n Ge-GaP heterojunctions has not 

been measured and so the just mentioned application is based on the insight 

that the current in both materials is a majority carrier current and thus the 

negligible role of recombination effects. 

Another application can probably be a logic element of "opto-electronics" based 

on the sign reversal of the photovoltage. 
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APPENDIX 

Abrupt junction model according to Oldham and Milnes with one single plane 

of interfacial states 

This model is constructed to explain the experimental results obtained from 

electrical measurements on Ge-Si heterojunctions . The fundamental point of 

this model is a single plane of local states (no dipoles) at the heterojunction 

interface . The number of these states is correlated with the lattice mismatch 

of the two semiconductors. The heterojunction energy-band diagram is con

structed using the following assumptions : 

1. The discontinuity in the conduction band is again equal to the difference 

fl.() in electron affinity. 

2. The position of the conduction band edge above the Fermi level at the inter

face is strongly affected by the charge trapped in the interface s tates. The 

condition which must be fulfilled is, that the sum of all positive and negative 

charge in the space charge layers equals zero. The position of the Fermi 

level is determined graphically by means of a nomogram. 

The I-V characteristics 

Assumed are long carrier mean free paths and small deviations trom thermal 

equilibrium . Tunneling and image effects are neglected. The calculations 

will be given here for the n-n case, the p -n case being similar to Dolega ' s 

model . 

They considered four types of particle currents, termed emission fluxes. 

F 1, and F 2s are flowing from the interface states into the bulk regions (in

dependent from bias), while F 1 and F 
2 

flow from the bulk material towards 

the barriers . 

F1 
c1 

111 
4 

(a) 

F2 
c2. --- YJ2 
4 
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are the free electron concentrations in the bulk. 

the m ean thermal velocities of the electrons in reg. 1, 2. 

are the reductions in barrier potential in reg. 1, 2. 

~1,2 
c1, 2 

v1. 2 

F'l, 2 are the portions of F 
1 

and F 
2 

sufficiently energetic to surmount the 

barriers in regions 1, 2. 

F' 
1 

and F 
1 

are related to each other by Boltzmann statistics: 

F1
' tt ( vD, -V1) 

F1 ex p - kT 

r.' 2 

are inte rface reflection coeffic ients •) for the fluxus F ' 
1

, 
2

. 

are the interface-state transmission coefficients for the fluxes 

(l-R
1
)F

1
•, (1-R

2
)F

2
•. 

By adding the partial fluxes, we have: 

FI ~ F1' ( 1-R1) - F15 - «2 ( 1 - R2) r2' } 

F::n: - ~, ( 1 - R2 ) ... F25 + 0(.1 ( 1 - R1) ~' 

(b) 

(c) 

where F 
1 

and F II are the total fluxeb (positive if flowing from region 1 to 

region 2) in the region 1 and 2, res pectively . 

In tnermal equilibrium F 
1 

= F II = u and the interface state current to the right 

and left are both equal to zero. These conditions combined with eqs . (b) and 

(c ) l ead to the r el ation : 

1- R2. 

1 - R1 

o<.1 C1 n1 exp (- q Vo1/k T) 
oc..2. C2 n2.exp( -q V02/kT) 

The ratio c
1
/c

2 
and n/nz are related to the effective masses m; 

suiting in: 

= 

(d) 

, 2, r e -

{e) 

8
) Note that this is not the same r eflection coefficient {1 - x) = R from section 

2. 3 . 5. 
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The voltage division across the heterojunction is found from the continuity of 

the total current, i.e.: F1 = F1I" 

Thus, if bias is applied: 

eX p ( q. v2 I k T) - 1 
eX ~ ( ~ v,; k T) - 1 

= 
0(2. ( 1 - o<.1) 
0(.1( 1 - o<.1) 

(f) 

By a suitable combination of this set of equations from eq . (c) the I-V charac

teristic can be derived. 

Oldham and Milnes have prepared some n-n Ge-Si heterojunctions and found 

their I-V characteristics to be in good qualitative agreement with this theory . 
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SUMMARY 

Heterojunctions of epitaxially grown Ge on GaP have been investigated optically 

and electrically. 

A method has been developed to grow Ge epitaxially on a polycrystalline GaP 

substrate containing large single crystals . Prior to the measurements a 

suitable single crystal was selected. 

Measurements of the photovoltaic effect of Ge-GaP heterojunctions, with 

light parallel to the junction area, showed a reversal of the photovoltage. 

When exciting by photons with an energy hv > 1. 2 eV, the sign of the open 

circuit photovoltage was in all n-n Ge-GaP heterojunctions such that the GaP 

became negative with re!7pect to the Ge. The opposite sign was found with 

photons having an energy hv < 1. 2 eV. The critical wavelength at which the 

sign reversal occured, depended neither on the dope in the GaP nor on that 

in the Ge and was such that it corresponded to an optical transition over an 

energy difference eaual to half the bandgap in GaP. From these m easurements 

one has to conclude that the Fermi level at the heterojunction interface has a 

fixed position halfway in the forbidden gap, independent of the position of the 

Fermi level in the bulk materials. 

As a result of these measurements a new model describing the energy band 

profile is proposed for heterojunctions in general and for Ge- GaP hetero

junctions in particular. This model assumes that the diffe rence in work 

function at the interface is in first order compensated by an electric dipole 

formed by the local states at both sides of the interface, in a manner similar 

to a metal-metal contact . The existance of these local states are due to the 

discontinuity of the crystal potential and the lattice mismatch. 

A "metallicity parameter" is introduced expressing the metallic character of 

the interfaces. By a continuous variation of this parameter between the ideal 

case (no dipole) and the case with t_he maximum of mismatch (maximum di

pole) this model is able to describe every type of het erojunction . 
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The I-V characteristics of the narrow n-n Ge-GaP heterojunctions measured 

between 110 °K to 353 °K proved that the electric current is a tW1!1el current 

of electrons through the barrier rather than a diffusion current over the 

barrier . 

Price showed that with such a tunnel process reflection of Bloch waves may 

be theoretically expected; this prediction has been verified experimentally. 

SAMENVATTING 

Overgangen van ~~nkristallijn galliumphosfide (GaP) en ~~nkristallijn ger

manium (Ge) met dezelfde kri s talor ientatie zijn electrisch en optisch onder

zocht. 

Een methode werd ontwikl<eld om m et behulp van het jodidetransport germanium 

epitaxiaal over te brengen op een substraat van grofkri stallijn galliumphosfide. 

Voor de metingen werd uit een dergelijke combinatie een geschikt ~~nkristal

lijn gedeelte afgezonderd. Bij de meting en van de open fotospann ing als func

tie van de foton enenergie van het opvallende Iicht ble""' deze fotospanning van 

t eken om te keren. Bij een fotonenenergie hv > 1. 2 eV wordt het GaP nega

tief t. o . v. Ge en bij een fotonenener gie hv < 1. 2 r Jsitief. Dit merkwaarcfige 

verschijnsel wijst op een tegengeste ld t eken van het elektrisch veld in de beide 

materialen aan weerszijden van het grensvlal<. Het bleek tevens dat het om

slagpunt ( 1. 2 eV ) onafhankelijk was van de ligging van het Ferminiveau 

("dope") in beide materialen. Hieruit werd geconcludeerd dat de positie van het 

Ferminiveau op het grensvlal< gestabiliseerd is. Naar aanleiding van deze 

metingen is een nieuw model voorgesteld voor het energie- bandenprofiel voor 

heterojunctions in het algemeen en voor Ge- GaP in het bijzonder . Dit model 

neemt aan dat het verschil in uittreearbe id a an de overgang in eerste instantie 

gecompenseerd wordt door een dipool, gevormd door de locale toestanden in 

het grensvlal< op een soortgelijke wijze als in een contact tussen twee metal en. 

He t bestaan dezer locale toestanden is een gevolg van de discontinuiteit van de 

kris talpotentiaal en misaanpassing van de roosters. Er wordt een parameter 

ingevoerd die de " metallic iteit" van de grensvlal<l<en uitdrul<t. Door deze par a 

meter continu te la ten varieren tussen het geval met ideale aanpassing (geen 

dipool) en het geval van maximale misaanpassing (maximale dipool) kan elke 

overgangssituatie beschreven worden . 
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De 1-V karakteristieken van dunne n-n Ge-GaP heterojunctions gemctcn over 

een temperatuur traject van 110 °K tot 353 °K, tonen aan dat de elcctrischc 

stroom een tunnelstroom is van electronen d66r een ruimteladingsbarri~re, 

in plaats van cen diffusiestroom 6ver de barriere. 

Price toonde reeds aan op theoretische gronden dat IJij het boven beschrevcn 

tunnelproces refiectie van Bloch-golven moest optredcn; hiervan is een ex

perimentele bevestiging gevonden . 
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STELLING EN 

De positie van het Fermi niveau op de grenslaag van een abrupte Ge-GaP 

heterojunction is onafhankelijk van de dope in beide material en 0 

L.J. van Ruyven, Physica Status Solidi;!_ k109 (1964) 

II 

Het is mogelijk een germanium p-n overgang door torsie om een as loodrecht 

op het vlak van de overgang te transformeren in een p-i-n overgango 

L. J. van Ruyven and W. H. Th . Adriaens, 
Physics Letters;!_ 109 (1962) 

III 

Bij de vervaardiging van Ge-GaP heterojunctions door middel van het jodide 

transportheeft een afgesloten systeem de voorkeur hoven een open systeemo 

L. J. van Ruyven and W. Dekker, Physica 28 307 (1962) 

IV 

De verschijnselen welke optreden aan het grensvlak van een abrupte hetero

junction vertonen een grotere overeenkomst met een contact tussen twee me

talen dan met een homo junction, 

v 
Tegen de wijze waarop Oldham and Milnes het bandenprofiel van een Ge-Si 

heterojunction CQnstrueren zijn bedenkingen aan te voeren 0 

W.G. Oldham and A. G. Milnes, 
Solid-State Electronics'!.. 153 (1964) 

VI 

De tekenomslagvan defotospanning van een n-n heterojunction als functie van 

de golflengte van het ingestraalde licht wordt veroorzaakt door locale toes tan

den in de buurt van het grensvlako 

VII 

Het is mogelijk de aangroeisnelheid van halfgeleiders bij groeiprocessen uit 

de gasfase in een afgesloten systeem te meten met behulp van absorptie van 

een hoogfrekwent magnetisch wisselveld 0 

vm~~;a.4 
Bij het ontwerpen van een zone-reinigingsapparaat waarbij de benodigde warm""" ... 

~. . ·... . , 
.,tt.. . ..., p-~ ,.., ~ 



te geleverd wordt door H. F. energie, verdienthet aanbeveling een uitvoering te 

kiezen, waarbij de H. F. generator in zijn geheel verplaatsbaar is. 

IX -----~ 
Een "threshold memory"-element be rust end op het evenwicht van vaste stof en 

vloeistof bij de smelttemper~tuur, kan optpelektronisch uitgevoerd worden . 

X --~~. 
De wijze waarop de fout in natuurkundige experimenten (middelbare fout) ge

woonlijk wordt onderwezen is niet aangepast aan de tegenwoordige denkwijze 

in de statistiek. 

Xl 

Het onderzoek naar de invloed van elektrische velden op de kristalgroei bij 

een gasfase transport verdient meer belangstelling. 

XII 

Een p-n overgang in gecompenseerd materiaal kan zo gedimensioneerd worden 

dat extractie optreedt indien een spanning wordt aangelegd zodanig dat het 

n-gebied negatief wordt ten opzichte van het p-gebied. 

Xlll 

De voorkeur voor material en met een directe band-band overgang bij de ver

vaardiging van injectie lasers wordt voornamelijk bepaald door de staat waarin 

de materiaalbeheersing zich thans bevindt . 

XIV 

De vooruitgang van de natuurkunde in de loop der tijden laat zich beschrijven 

in term en van belangrijke fouten. 

XV 

Enige kennis van de procedure welke voorafgaat aan een octrooiverlening kan 

de wetenschappelijk onderzoeker van groot nut zijn. 

XVI 

Het he eft voordelen bij de bouw van een huis met het dak te beginnen . 

Dissertatie L. J. van Ruyven 

8 Sept. 1964 


