
 

Some aspects of emission and absorption of radiation by
semiconductors (I)
Citation for published version (APA):
Wyk, van, J. D. (1966). Some aspects of emission and absorption of radiation by semiconductors (I). University
of Pretoria.

Document status and date:
Published: 01/01/1966

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/ca351d21-cdab-41c8-902c-3057ec3c7950


UNIVERSITEIT VAN PRETORIA 
DEPARTEMENT ELEKTROTEGNIESE INGENIEURSWESE 

NA VORS I NGSVERSLAG 

RESEARCH REPORT 
DEPARTMENT OF ELECTRICAL ENGINEERING 

UNIVERSITY OF PRETORIA 

AURORA-t0/65-4333 



Hierdie verslag is uitgegee met hulp 
van 'n geldelike toekenning deur 

Die Navorsings- en Publikasiekomitee 
van 

Die Universiteit van Pretoria 

This report is publishad with the aid 
of funds provided by 

The Research and Publications Committee 
of 

The Univarsity of Pretoria 

REPORT / VERSLAG : 6 

S01'1E ASPECTS OF EMISSION AND ABSORPTION 
OF RADIATION BY SEMICONDUCTORS (I) 

by 

J. D. VAN WYK 

Department of Electrical Engineering, 

Univarsity of Pretoria 

April, 1966 

··, 

'· 'f -:.; 

._ . ' 



LIST OF RESEARCH REPORTS 

1. Avalanche Transistor Characteristics by 

F.G. Heymann and L. van Biljon 
September 1963. Published in the Transactions 

of the S.A.I.E.E. 55, 1964. 

2. Determination of Transistor High Voltage Charac
teristics by 
L. van Biljon September 1964 (out of print). 

3. Corona on Electrically Unbalanched Parallel Wires 
by F.G. Heymann November 1964 
Published in the International Journal of Electrical 
Engineering Education 1965. 

4. Corona on Wires in Air 
by F.G. Heymann January 1965 
Published in the Transactions of the S.A.I.E.E., 

56, 1965. 

5. Corona on conductor bundles by 
F.G. Heymann March 1966. 



-1-

EMISSION AND ABSORPTION OF RADINriON BY 

SEMICONDUCTORS (I) 

CONT:r;NTS 

1. 1.1 Summary. 

1.2 Opsomming in Afrikaans. 

2. Introduction. 

3. Recombination in emiconductors as a Photon-emissive 

4. 

5. 

Phenomenon. 

Absorption of Radi on by Semiconductors. 

Mechanisms for Obt ning Carriers Radiative 

Recombination St es. 

6. Spontaneous Emission from Ser.1iconductors during 

7. 

0 
(.) . 

Multiplicative Bre down. 

Spontaneous Emission from conductors due to 

Externally Injected Carriers. 

Spontaneous ssion from S conductors due to 

Carriers Tunnell into Recombinative Levels. 

9. Stimulated Emis on and Amplification of Stimulated 

Emission in Semiconductors. 

10. Conclusion. 

11. Appendices. 

11.1 Bibliography 

11.11 Periadie Id te rature. 

11.12 Books. 

11.2 Some Theoretical Derivations • 

• 3 Values of Certain Constants. 

11.4 Symbo1s used. 

12. Erkenning. 



-2-

l.l SU:lYIMARY 

A theoretical survey of the mechanisms of sorption 

and emission of photons in semiconductors is presented in 

this report. The photons of interest have wavelengtbs 

in the sible to infrared range. (0.1 microns to 10 

microns). Due to this limited spectrum the only energy 

bands which need be considered are the valenee and con

duction bands. 

The following subjects are discussed: 

(a) Recombination. 

(b) Absorption. 

( c) Spont2J1eous emission by carriers introdtteed 

into the higher energy levels by one of 

several mecha..YJ.isms. 

(d) Stimulated emission of ra ation from semicon-

duotors. Conditions necessary for the ampli-

fication of the sti~ulated emis on. 

As the erials of primary interest are Silicon 

and Germani urn, relclting to experiment al work to be re

ported on l er, these materials are discuseed in most 

of the cases where experimental results are involved. 

3/ ..... 
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1. 2 OPSO.MMING 

1n Oorsig vc:m die teorie va_,_"'l c:1.bsorpsie en emissie 

van straling in halfgeleiers word in hierdie verslag 

beoog. J\angesien die fotone van belang golfl·.::ngtes 

in die sigbare tot infrarooi gebied besit, (0.4 mikron 

tot 10 mikron) is die eni te energiebande 'sat by die 

bespreking betrek hoef te word, die valens~ en geleidings

bande. 

Die volgende onderwerpe word ondersoek: 

(a) Rekombinasie. 

( b) Absorpsie. 

(c) Spontane uitstraling veroorsaak deur draers 

'Nat op een van verskeie metodes in die hoër 

energievlakke ingevoer is. 

(d) Gestimuleerde straling, en die nodige voor

waardes vir die versterking van gestimuleerde 

straling. 

Aangesien Silikon en rmanium van bel&~g is by 

reeds gedrme eksperimentele werk, word hierdie halfgeleiers 

meestal l:)espreek waar eksperimentele waarnemings ter sake 

is. 

,~I . ..... 
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2. INTRODUCTION 

The spontaneous emission ru1d absorption of photons 

semiconductors have received a considerable amount of 

attention in the t. During years after the in-

vention of the transistor, activity in the fi ds of 

theoretical and experimental semiconductor physics in-

creased markedly. The praetic applic ons stimulated 

advance in fabrication techniques, enabling the investigators 

to avail themselves of materials of increasing purity, a 

neces ty for the supporting experiments. Perhaps the 

two most intensively investigated semiconductors are 

Silicon and Germanium. In these materials investi i ons 

quite often centred around the P-N junction structure. 

Since some time after the invention of the maser 

[55(2)1, schemes have been su sted for obtaining ampli-
L J 
fi on of stimul ed emission from semiconductors by 

employing the known mechanisms of photon emission. Re-

cently, stimulated emis on been reported on by a 

number of workers { See for instanee: [ 62( 4), ( 7), ( 10), 

( n1} on differen~ band gap materials. Tb is has also 

stimulated interest in stimulated photo-emissive proper-

ties of indirect baDd gap semiconductors, particular 

Si con and Germanium. 

As no other material was readily available, experi-

ment inves gation (to be reported on later) was 

conducted on transistor units of licon and Germanium. 

5/ ..... 
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This survey of certain aspects of the eld has been in-

tended primarily to support the experimental work, and 

therefore the properties of licon and Germanium, rather 

than those of MlY other material, have been stressed. 

The recombination of holes e~d electrans in semicon

ductors as a photon-emissive phenomenon is considered, in 

comparison with non-radi ve processes. The counterpart 

of the radiative phenomenon, absorption of photons, is 

investigated. Experimental results obtained during the 

past for Silicon and Germanium are referred to. 

In the consideration of the recombination mechanism 

it is found that electrens must st in higher energy 

levels to obtain radiative recombination. Several ways 

to achieve this are investigated, and the experimental 

results obtained by experimenters are cited and discussed. 

As soon as two energy levels are coupl by a spon-

taneous radiative transition, stimulated ssion may 

occur. The necessary conditions for obtaining amplifi

cation of this stimulat emis on in semiconductors are 

examined. Aspects of the tical results obtained in 

this field illustrate some of the imposing theoretical 

problems still existing. 

Several conclusions may be drawn from the survey 

presented in this report, and only the most important 

of them wi be presented here. 

6/ ..... 
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Recombination invalving electron transitions between 

the conduction and valenee bands, shallow imperfection 

states and the valenee or conduction bands, and between 

shallow imperfeo on states themselves, account for the 

most probable origin of spontaneous and stimulated emission. 

The absorption in any semiconductor rises steeply, 

once the fundamental absorption edge, eerreeponding to 

the band gap (whether direct or indirect), has been ex

ceeded. A definite relation between the absorption as a 

function of wavelength and the energy band structure is 

found. The experimental observations on the recombination 

processes induced by the carriers introduced into the high

er energy levels bear out the above remarks ooncerning the 

recombination and absorption. 

Amplification of the stimulated emission is a function 

of the absorption and excitation, and the necessary condi

tions indicate either a modification of the intrinsic band 

structure by high impurity content, or modification of 

equilibrium carrier concentrations by high injection levels, 

or both. At present the detailed theory of the semicon

ductor junction laser raise several theoretical and prac

tical problems, although the general ideas seem to have 

been accepted. 

7/ ..... 
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3. RECm1ffiiNATION IN SEMICON:DUCTORS AS A PHOTON-EMISSIVE 

PH:ENOMENON 

3 • 0 SUinmary. 

3.1 Recombination and radiation. 

3.2 The different recombination processes to be con

sidered. 

3.3 Radiative recombination across the band gap. 

3.4 Radiative recombination invalving energy levels 

in the band gap. 

3.5 Non-radiative recombination mechanisms. 

3. 6 Evaluation. 

3.0 Summary 

Radiative and non-radiative recombination pro

cesses may occur in semiconductors. These proces

ses, and the probabilities that they occur, are 

examined, i.e. : 

(i) Radiative recombination across the band gap 

from conduction to valenee band in the bulk, 

neutral semiconductor and in space-charge 

layers of P-N junctions. 

(ii) Radiative recombination invalving imperfection 

states in the band gap, occurring under the 

two previous conditions. 

8/ ...... 
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(iii) Non-radi ive processes. The two most im-

portant proce ses this category are multi-

pbonon recombi.nation and Auger recombination. 

It is found that the most probable energy 

dissipative mechanism during interband recombination 

at room temperature may be the radiative process. 

The hultiphonen process beoomes dominant once 

imp ction levels are introduced into e band 

gap. rrhis is the case for most samples of ~3ilicon 

and Ge rrr.ani um. 

3.1 Recombination and radiation 

Radiation a semiconductor may be ex-

peeteel when an ectron r:Jakes a transition from a 

hi ene level E1 to a lower level E2 • The 

liberated energy E may mani st itself in several 

emitted phonons of energy 

r=l 

This increases the 1 tice ehergy. On the other 

hand, a photon with energy Ephoton may be emitted 

1~photon • 

More generally, however, a photon ancl several 

phonons may be emittecl during the recombination 

process. Thus it may be s ed that: 

9 I . .... 
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n 
"' = Ephoton + !~ E, 3 l r ......... • • . • . 

Whether all the energy wi be emitted as a 

photon, or a photon and phonons, or phonons alone, 

i:s intimately conneeteel witb the structure of the 

host lattice, the impurities included and the imper-

fections encountered. 

The photons of interest have wavelengtbs in the 

visible and near infrared part of the speetram. 

This implies that for the semieond'..letors in question 

in this report, the only two energy bands neeessary 

to eonsider are the valenee <:tnd conduction bands 

respectively. 

As predieteel by Fermi-Dirae Statisties 

[11.1.2(6)] the conduction band will be empty at 

T = 0°K, and no reeombination is to be expeeted, 

unless injee on oeeurs. During condi ons of 

thermal equilibrium tt.e rate which radiative 

recombination t es place is ec;ual to the net rate 

of absorption of photons, according to the princi-

('II ~OOK) 
I -l 

ple of det led balanee. .54(5)!. 
!_ J 

The c:=:tse to be st i ed then will be the non-

equi rium condition where excess carriers exist 

above the eoneentration predieted by gures 3.l(b) 

and 3.l(e) for intrinsic as well as for extrin c 

material. 

10/ ...... 
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3.2 The different recombination processes to be 

considered 

.As has already been emphasised, not all the 

recombinB on processes will lead to photon emis-

sion, and a consideration of the different mecha-

nisms is necessary in order to assess the probabi-

lity of achieving photon emission. In table 3.1 

a comparison between six recombination mechanisms 

ac eerding to Hall ~9 ( 2 ~ is de pi cted, supplemen ted 

with exciton effects according to Bernski ~8(1)] 
and Lax [63(24)]. -

From table 3.1 it is evident that multiphonen 

recombination is one of the most likely processes 

to occur in ordinary semiconductors, since all of 

them usually have a fair amount of reco~bination 

eentres in the band gap, even in the purest state. 

(át present). Under conditions of high excess 

concentration, Auger recombination and radiative 

recombination become important. Exciton recombi-

nation may be important at low temperatures. 

(Same of the semiconductor lasers operate at very 

low temperatures). Unfortunately, relatively 

lit e has yet been done to clari this picture, 

and it will not be discussed here. 

11/ ••••• 
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IN HOST LATTICE, 
(I.E.RECOMBINATION 
ACROSS THE BAND 

r'A"P) J ~ • 

Becomes important 

nt high carrier 

concentrations. At 

1ower concentra

tions mostly domi

nated by other 

mechanisms. 

Probabili ty of 

occurrence very 

small. 

i 

AT IWLPERFECTI ONS 
ACTING 

RECOMBINATION 
CENTRES 

j Sensi ti ve to band 

l
gap. Prominent in 

materials with a 

!large band gap, 
li.e. increasing 

I wi th band gap. 

I 
)High probability 
' lof occurrence in 

!most semiconduc

!tors. Mostly domi

lnating other pro-

! cesses. 

1

1 

Probability in-

creases with 
1 Sametirnes seen in 1 

! trapping phenomena.l 
: Generally negligi- · 

' 
I 
I 

temperature. High 

with small band-

gaps and large 

carrier concen-

tra ti ons. 

ble compared to 

other processes, 
. I 

unless carr1er con-[ 

centrations are ex-I 

cessive. I 
Probability increa-/Probability increa-~J 
ses with decrea- lses with decreasing 

ng temperature temperature and 

and increasing 

concentration. 
increasing coneen-

I . 
jtrat1on. 

TABLE 3.1 Comparison of Same Recombination Processes in 
Semiconductors 

13/ ••••• 
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Depending on the surface conditions and oxide 

layers of the semiconductor, an appreciable amount 

of recombination may take place at recombination 

eentres within the band gap at the surface. 

These transitions mayalso be radiative, and as 

will transpire later, it is important to know the 

surface condition 'Nhen studying the radiation 

spectra of junctions. 

Although strictly speaking not a recombina-

native mechanism, trapping may introduce time ef-

fects into recombination radiation observations. 

This is [:3hovrn diagrammatically in figure 3.4, and 

is usually caused by localisedt relatively shallow, 

n r l energy levels in the band gap I 58(1). 
I_ ~ 

Whether 

a specific imperfection energy level at Et will 

act as a recombination centre, an electron trap 

or a hole trap, is determined by the relative 

magnitudes of the probability fora transition 

from the conduction band to the imperfection, 

P (k., kt) and its inverse P (kt' k.), as wellas 
J J 

the probability for a transition from the imper-

fection to the valenee band P (kt, ki) and its 

inverse P (ki' kt). 

Recombination centre: 

p ( k . ' kt ) = p (kt' k. ) J . l 

14/ ...•• 



Hole trap: 

p (kt' ki) ~ p (kt' kj) 

Electron trap: 

3.3 Radiative recombination across the band gap 

3.3.1 Recombination in the bulk 2 neutral semiconductor 

During conditions oÎ equilibrium in 

se,mple the e oÎ gene on OÎ electron-

hole pairs g (or the rate of sorption oÎ 

photons) will equal the rate of electron-hole 

recombination r. The rate of recombination r 

is a function of the carrier concentrations: 

g = r(nopo) ••.••••• •. • • • •. • •••••••• • • 3.2 

Van Roo roeck and Sho ey have shovm that 

under condi ons of small excess concentrations 

the recombi r :1 
on ra te is ven by L54( 5 )J : 

r(n,p) [n.p/ni 2
] r(n0 ,p0 ) •••••••••• 3.3 

where n, p are the electron 

respectively, n
0 

and p
0 

b 

values under thermal equilib 

hole concentrations 

the corresponding 

15/ ..•.• 
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It :may then be shown that (refer to sec on 

.2.1) 

~ ,- 2; 
(no,po) r ..: n Lpo + n /n. j r . . . . . . . 3 0 Lt e a 0 l 

-·-· 

with condition that n Pa <: <: JP
0

+n
0
l, a --

where n D a ~a 
denote the additional carriers, 

and the excess of recombination rate over 

the thermal equilibrium value is ven by re 

as in equation 3.5 

P and N material the excess radiative 

recombination 

r en 

respec vely. 

e is found as: 

. . . . . . . . . . . . 3 .. 6a 

•••••••••••• 3.6b 

By definition the mean li time for the 

carriers befare reco~bining is: 

t = n /r . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3. 7 a e 

The longest li time may then be expected 

intrinsic material as 

ti = ni /2 r ( n 
0 

, p 
0 

) • • • • • • • • • • • • • • • • • • • 3 • 8 

from equations 3.1 and 3.7. Squation 3.8 may 

b e compared 'Ni th figure 3. 3 for small jections. 

18/ ••••• 
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\tVhen conditions of low injection are con-

sidered, the recombination rate may be expressed 

as 

r(n,p) = .r.1...p •••• ,. ••••••••••••••••• 3.9 

where the probability of radiative recombination 

occurring, , is a function of crystal structure. 

Considering radiative recombination, the hole 

and electron li times are equal, 

t n 
r = ·p (n + p + L r o o 

)ll -l J . . . . . . . 3.10 

This reduces to the following expressions for the 

lifetimes in P and N material respectively (also 

obtainable from equations 3.6a, 3.6b and 3.7). 

tpn t p -1 -1 3.11 :::: Po . . . . . . . . . . . . . . . . nn r 

and tpN t N p -1 n -1 3.12 :;:: = . . . . . . . . . . . . . . . . 
n~ r 0 

(Refer to section 11.2.2). 

The recombination probability Pr differs for 

direct and indirect transitions across the band 

gap. If a semiconductor has a multivalley 

structure of the conduction and valenee bands, the 

probability may be found by summing over all the 

possible direct and indirect transitions in all 

the crystal directions. 

1) = "" prd [lmn] + ) p . llmn-, 3.13 ..._r L" ('_j rl . . . . . . . 
q q - _j 

19/ .•••• 
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Fortunately, for most semiconductors 

having their band edge at i = 0, only the direct 

transi ons need be considered for small values 

of injec on (for example Gallium Arsenide). 

~men t~e band edge of a semiconductor occurs well 

out into the Brillouin zone, both the direct and 

indirect transitions should be taken into account. 

It may be, however, that the direct bandgap is 

several kT larger than the indirect one, in which 

case it may be suffi ent to con der only the 

latter. This holds only for small injection 

concentrations and thermalised carriers. Sili-

con and Germanium falls into this class of mate-

rials. 

It has been found that the direct and indi-

reet transition probabilities may be expreseed 

as ~9( 2 )] 

and 

cm+3 sec-l ••• 3.14 gap 

for materials in which either the direct or the 

indirect process occurs. Sd and Si is constante 

depending on the effective massAs for electrans 

and holes, and the index of refraction. 6 is 

20/ •..•• 
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an experimentally determined constant, and E gap 

is expressed in electron volts. 

In Silicon and Germanium the valenee bands 

show only one maximum - k = o. According to 

figure i~8(a) which shows the band structure of 

licon, no conduction band ey exists 

k = 0, and reet transitions have therefore been 

estimated to be ne i e below melting point 

of Silicon by is9(2)l. Germanium(see 
L ~ 

g. 4.8(b).) this occurs somewhat be1ow room

temperature [59(2), 54(3), 55(1)]. In deri 

e on 3.14 for Germanium , an additional 

exponential 

used is s 11 

[111] valley. 

or is added if the value of E gap 

the indirect energy at the 

This wil1 hold for any semicon-

ductor vvhere trte direct gap k = 0 may be ex-

pressed as 

and 

Egap (k = 0) = Egap + (d ta E ) gap 

(delta E ) is of the order of kT. gap 

Thus 

Pr Pr
1
· + P exp (-delta E /kT) •• 3.16 rd gap 

where P . and P d are given by equations 3.14 and r1 r 

3.15, and 

found by 

is the same value in bo , as 

[sg ( 2 8 , who also compu ted tab1e 

21/ ••••• 
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3.2 to campare the different semiconductors. 

In table 3.3 the observed and calculated life-

times of three semiconductors are compared. 

From equations 3.6(a) and 3.6(b) the 

excess recombination rate in P and N material 

is found as 

re~~ Pr na Po ••••••••••••••••••••• 3.17a 

reN :::::;: Pa n
0 

••••••••••••••••••••• 3.17b 

under conditions where r , p minority carriers a a 

are injected into P, N material respectively 

(See section 11.2.3.). 

From the preceding it may be concl~ded 

that the theory prediets a lifetime inversely 

proportional to the doping concentratien in 

non-intrinsic semiconductors, in the case of 

non-degener:ite doping and low injection le-

vels. (Equations 3.11 and 3.12). This 

implies (Equation 3.17a and b) that fora 

given semiconductor sample the emis on will 

increase in proportion to the amount of injec-

tion, as is to be expected. If the injection 

level remain fixed, the emission may be increasedqy 

increasing th~ doping. The recombination pro-

bability is assumed constant, and independent 

of doping level. Increase of temperature de-

creases the probability of radiative recombination. 

22/ ••••• 
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t = tp tn = t 
Material E 

!l p 
gap cal ed(sec served(sec.) 

licon 
l0-2 l.l2eV 3.5 

Germanium 
l0-2 0.75eV 0.3 

Indium-
Antimonide 

0-6 l. 5xl0-? In Sb O.l7eV l. 

and In 

TABLE 3.3 : Comuarison of observed lifetimes and cal

oulated radiative lifetimes b~ Bemski [58(1)1. 

The deorease the probability indire 

recomb on tends to saturate at hi tempe-

ratures. 

Campari the observed li times in such 

indirect band gap semiconductors as icon and 

Ge with calcul ed values for 

radiative recombination across band 

(Tables 3.2 and 3.3) supplies evidence that 

there must be some other very effec vely com-

pe process occurring in the erial. 

will be scussed subse 
' 

s process 

turns out to be multiphonen recombination 

( 3. 3). 
2 
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3.3.2 Hecombination in si,Jace-charge la,zers 

The presence of fields in the space-charge 

layer of the P-N junction influences the carrier 

concenTrations in these regions, tending to change 

the excess recombination rates. The cases for 

reverse and forward bias must be treated separate-

ly since the carrier distributions differ under 

these two circumstances. 

(i) Reverse bias 

From equation 3.9 the recombination rate 

for an interb process in the reverse 

biased depletion layer may be expreseed as 

ren ( R. B. ) 

(See sectien 11.2.6) under the conditions 

where multiplication and field emission are 

negligible. This indicates that in the 

reverse-biased spacecharge layer the radiative 

generation will be higher than the radiative 

recoffibination. 

(ii) Forward bias 

Under conditions of forward bias the relation 

between the hole and electron concentratien 

in the deple on layer differ with posi on, 

and the plane where the two are equal will 

25/ ••••• 
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be rega.rded for purposes of comparison. 

At this p~rticular plane the excess rate 

of radiative interband recombination is 

r en (F.B.) = r ep (F.B.) 2 
.-v P n . e xp q V /k'J:l 

r l 

. . • • . • • • • 3 .19 

when the P-N junction is under forward bias 

V. Increasing the forward bias in this 

idealised case will increase the radiative 

recombination in the "centre" of this 

region. 

In some oircumstances the photon yield of 

the P-N junction region may not be negligible. 

As shown in sectien 11.2.10 the radiative 

interband recombin-=ttion rate in the centre 

of the spece charge region may approach the 

radiative interband recombination rate in 

the bulk neutral semiconductor under condi-

tions of moderate forward bias. 

3.4 Radiative recombination invalving energLlevels 

in the band gap. 

3.4.1 Recombination in the bulk, neutral semiconductor 

As discussed with reference to figure 3.2, 

radiative recombination via an imperfection state 

26/ ..•.• 
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in the bandgap is a possibility to be considered. 

From the discussion in section 3.2 it may be con-

cluded that state should be of deep-lying 

nature, probably near the centre of the energy 

It will subsequently be assumed that only 

one type of recombination centre at a specified 

energy level in the gap is involved. Although 

morel s have been treated simultaneously in 

the li terature ( See for instanee Hose, [s5(ll ~ ) 

it will not be considered present. 

If a concentration of free carriers n exist 

in a sample with recombination centre density N.", 
Ji. 

the excess recombination rate may be expressed as 

r =P+Tif n et r v ..._ R a ..................... " 3. 20 

where l' is the probabili ty of radia.ti ve recombinart 
tion taken pLwe due to the presence of the imper-

feetien level. Tbis is seen to be independent 

of the type of doping present, inasmuch as Prt 

is doping independent. 

Althcugh bath the theoretical predictions and 

experimental observations seem to be much less 

accurate than those concerning interband recombi
r .... 

nation, Hallj_59(2~ has c culated the probabili ty 

as 

P ~L ....--. Ei 2/( 'l, )-~- " 21 rt ...._, , . ..,~ l · _._ • • • • • • · • • • • • • • • • • ,./ • 

21 I .. ... 
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where the ionize.,tion energy E1 is associqted 

with the recombination level of capture cross 

section c< .• 
l 

The value of the constant SL depends 

on the effective mass of the carrier trapped 

U:lee section 11.3.2. ). 

As it is possible to calculate the ionization 

energy E1 , or to determine it experimentally, and 

to determine the absorption cross section 0--. 
l 

for light experimentally, values of the recombi-

nation probability may be calculated, as done by 
,- l 

Hall 159(2)j and presented in table 3.4. 
c- __j 

Oomparing tables 3.2 and 3.4 it is evident 

that for the acceptars cited, Prt is higher than 

P for Silicon and Germanium. 
r 

rrhi s would lead 

one to expect that introducing recombination 

eentres into the band gap may lead to an increased 

yield of photons. Unfortunately the probability 

for multiphonen recombins_tion at a recombination 

centre exceeds the probability for radiative re-

combination by several orders of magnitude 

~8( l), 59 ( 3 ~ • I~xperimentally determined values 

indicate that the radiationless mechanism is more 

probable by a factor of 10
4 

- 10
6 [59 ( 2 )] • As 

soon as impurities are introduced into the band 

gap, radiative recombination becomes negligible. 

28/ ••••• 
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.Ei ( eV) i i I 
Chemie al ! 

(di stance xlo-
16 1cm3/sec -14! imperfection 0 : above valenee (acceptors) band edge). 

I 

B in Si 0.046 13 2.8 

Al in Si 0.067 6 2.7 
Ga in Si 0.071 5 2.5 

in Si 0.150 0.7 1.6 
Cu in Ge 0.055 12 

TABLE 3.4 : Probability of radiative recombination at 
negative accepters in Silicon and Germanium at 300°K. 

It must be pointed out that at low tempera-

tures the tuation will not answer to the previ-

ous description, since most of the donors and 

accepters Will be neutral, and activity of the 

lattice considerably reduced. 

3.4.2 Recombination in Space-charge layers 

(i) Reverse bias 

If it is assumed that the trap levels are 

all located at the same energy level in the 
r 1 

band gap, Et, then Sah et al. \57(14) i 
i i ..... -~ 

have obtained the following expression for 

the excess recombination rate at the trap 

level 

29/ •••.• 
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under certain aircumstances (See section 

11.2.7) t
0 

is the lifetime of a carrier in 

very heavily doped material. 

In a reverse-biased deple on layer the ex-

cess recombination rate will then be 

( R. B • )~ - ni /2 t 
0 

, • • • • • • • • • • • • • • • 3 • 2 3 

also giving an excess of generation over re-

combination due to the depletion of carrier 

concentratien caused by the strong fields. 

(ii) Forward bias 

Under conditions of forward bias the excess 

recombination rate at the trap level will 

so increase with forward bias, as: 

3.24 

(See section .2.9). 

Since the Sah expression in equation 3.22 

considers all mechanisme at Et, the excess 

rate of radiative recombination is ven by 

10.5 ni exp qV/2kT!t 0 
:....-4 . . . . . . 3.25. 

It has already been pointed out previously 

that the probability for photon emission 

30/ •..• -
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occurring during recombination through an 

imperfection level, is many orders of magni-

tude smaller than the probability for multi-

pbonon emission. Thus it is not to be expec-

ted that recombination at this particular 

kind of trap level considered will contribute 

much to the spontaneous emission from semi-

conductors. 

3.5 Non-radiative recombination mechanisms 

Different non-radiative recombination 

mechanisms mayalso limit the lifetimes of car-

riers in semiconductors, depending very much on 

the absence or presence of imperfection states in 

the band gap. Vmen considering recombination 

across the band gap on the other hand, a multipho-

non process or an Auger process may also account 

for the energy difference. Theoretically, however, 

the probability for the multiphonen processis be

lieved to be extremely small. (See the workof 

Hall [ 59 ( 2 ~ and Landsberg l~g ( 3 )l The Aug er 

process occurring across the band gap is not neg-

ligible. 

In material 11Vhere the aforementioned recombi-

nation eentres in the bandgap are readily available, 

a multiphonen or an Auger process may result. 

31/ ..••• 
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done by the author, this constitutes the bigger 

part of this section. 

4.1 Absorptive processes 

In a certain sense the absorption of a pho

ton in a semiconductor may be regarded as the re

verse of the emission of a photon after recombina

tion. It is then to be suspected that the condi

tions of absorption will be just as intimately re

lated to the lattice structure and the free car

riers in the crystal as the different recombination 

mechanisme. 

Absorption in semiconductors may be attribu

ted to one of four mechanisme operative in the 

crystal ~ 

(a) Light energy may be absorbed by exciting 

a valenee electron to the conduction band, 

a mechanism present in the purest crystals. 

(b) Free charge carriers existing in the crystal 

may be induced by photon absorption to occupy 

a higher quanturn state on the energy scale. 

(c) Absorption of a photon may result in coup

ling the absorbed energy into the lattice. 

Thus one or more phonons may be emitted du

ring absorption. 

36/ ....... . 



-30-

occurring during recombination through an 

imperfection level, is many orders of magni-

tude smaller than the probability for multi-

phonon ernission. Thus it is not to be expec-

ted that recombination at this particular 

kind of trap level considered will contribute 

much to the spontaneous emission frorn semi-

conductors. 

3.5 Non-radiative recombination rnechanisms 

Different non-radiative recombination 

mechanisms rnay also limit the lifetimes of car-

riers in semiconductors, depending very much on 

the absence or presence of imperfection states in 

the band gap. Vfuen considering recombination 

across the band gap on the other hand, a multipho-

non process or an Auger process may also account 

for the energy difference. Theoretically, however, 

the probability for the multiphonen processis be-

lieved to be extremely small. (See the work of 
r- ~ 

Hall l 59 ( 2) l 
l 

and Landsberg l59 ( 3 )l. ,__ J The Auger 

process occurring across the band gap is not neg-

ligible. 

In material 1~Jhere the aforernentioned recombi-

nation eentres in the bandgap are readily available, 

a multiphonen or an Auger process may result. 

31/ ..•.• 
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Theoretically, the Auger process may be shown 

to be the least likely, as has been calculated 
r· 

by Hall !59(2) and shown in figure 3.3. 
I 
I 

Multiphonen recornbination is the limiting 

process responsible for the observed short life-

times of carriers in the indirect band gap semi-
.- . 
' ' 

conductors Silicon and Germanium j58(l)j as de-
~._. - __ t 

noted in table 3.3, being dominant in the tempe-

The estimated order 

of magnitude of the probability of this process 

occurring at a recombination centre may be between 
··- -, 

lo-6 cm3 sec -l and 10-9 cm3 sec -l ( See Hall, 1 59 ( 2) f ) 

1 7' ' 
for free carrier densities as high as 10 ~m-3 .-

Although the Auger recombination process 

does not result directly in photon emission, it 

must be borne in mind that the energy of the re-

combining hole-electron pair is still available 

in the form of an excited carrier for photon emis-

si on. This process may beoome important at high 

level injection. As the Auger process at imper-

fection states is negligible 9 only the recombina-

tion across the band gap by Auger mechanism is to 

be considered. 

Hall has shown the lifetime in the intrinsic 

region due to band to band Auger effect to be: 

32/ ••.•. 
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il 6 21-1 = PAn. j l . 
. . . . . . . . . . . . . . . . . . . 3. 2 6 

where PA is th; prob~bility for the interband 
i i 

Auger process f 59(2)~. Under conditions of low 
' 

L.. ---· 

injection and charge neutrality it may be shown 

that the respective lifetimes in N and P material 

are (See section 11.2.5) 

and 

2 ~··-= 6 n. ,p n 
1 ' a o tAi ••.•••.••• 3.27a 

2 
;·· ·-r -1 

tAP= 6 n. In p + p
2

i, tA .••.••••••• 3.27b 
1 i a o 1 · J 

From equation 3.26 it is evident that the 

intrinsic Auger lifetime will be temperature de-

pendent, since the intrinsic concentratien rises 

with temperature. This makes the extrinsio life-

time also strongly temperature dependent. During 

conditions of low injection the lifetime may be 

expected to decrease with increasing doping con-

centration as shown in fig. 3.3. 

During conditions of high temperature and 

high injection concentrations the interband Auger 

process may then dominate, supplying a certain 

amount of highly energetic carriers to the semi-

conductor. 

3 3/ ••••• 



-33-

3.6 Evaluation 

In discussing the recombination mechanisms 

in semiconductors, it has been found that the most 

favourable conditions for spontaneous radiative 

recombination exist in a material that does not 

contain deep lying impurity levels acting as re

combination centres. vilhen this does happen, es

pecially in indirect band gap semiconductors such 

as Silicon and Germanium, the multiphonen process 

becomes such a successful competitive mechanism 

that the radiative recombination becomes negligible. 

Under conditions of high injection levels and high 

temperatures, the Auger process must be taken into 

account. 

It should be 'stressed that the whole problem 

changes when the carriers are no more thermalised 

in mean energy, very high injection levels exist 

and conditions of high doping are introduced. 

The spontaneous nature of the previously consider

ed radiative recombination disappears when amplifi

cation of stimulated emission occurs in a semicon

ductor crystal. 

3 4/ ••.•• 
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4. ABSORPTION OF RADlATION BY SEMICONDUCTORS 

4.0 Summary. 

4.1 Absorptive processes. 

4.2 Absorption by induced transitions across the 

band gap. 

4.3 Absorption by free charge carriers in semicon

ductors. 

4.4 Absorption by the lattice and impurities contained 

in the lattice. 

4.5 Evaluation. 

4.0 Summary 

The main processes for photon absorption 

which are discussed are the absorption by the 

crystal due to interband transitions, absorption 

by the free carriers into the far infrared region 

and absorption due to excitation of crystal vibra

tions and impurities in the far infrared region. 

Practical results obtained by investigators on 

Silicon and Germanium are used to illustrate the 

theoretical possibilities. 

On oomparing the different processes, it is 

found that the most important mechanism for the 

visible and near infrared region is the fundamental 

(or band to band) absorption process. As it is 

in this region that experimental work has been 

35/ .•..• 
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done by the authort this constitutes the bigger 

part of this section. 

4.1 Absorptive processes 

In a certain sense the absorption of a pho

ton in a semiconductor may be regarded as the re

verse of the emission of a photon after recombina

tion. It is then to be suspected that the condi

tions of absorption will be just as intimately re

lated to the lattice structure and the free car

riers in the crystal as the different recombination 

mechanisme. 

Absorption in semiconductors may be attribu

ted to one of four mechanisme operative in the 

crystal: 

(a) Light energy may be absorbed by exciting 

a valenee electron to the conduction band, 

a mechanism present in the purest crystals. 

(b) Free charge carriers existing in the crystal 

may be induced by photon absarptien to occupy 

a higher quanturn state on the energy scale. 

(c) Absorption of a photon may result in coup

ling the absorbed energy into the lattice. 

Thus one or more phonons may be emitted du

ring absorption. 

36/ ..••• •-. 
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(d) Imperfections in the crystal lattice, 

whether due to dislocations, or being of 

a chemical nature, give rise to energy levels 

in the forbidden energy gap. Transitions 

to and from these levels, coupling with the 

allowed bands, may result in photon absorp

tion. 

Depending on the energy band structure of 

the semiconductor, one or more of the previous 

processes may be necessary for the absorption of 

a single photon. The probability of absorption 

of the photon decreases with the number of pro

cesses necessary for its absorption. Th:s 

a material having a direct band gap will have 

a much steeper fundamental absorption edge than 

a semiconductor with an indirect band gap of the 

same energy value~ 

On examining the typical transmission curves 

for Silicon and Germanium in gure 4.1, it is 

evident that the fundamental absorption edge is 

located in the region of l.l micron and 1.8 micron 

for Silicon and Germanium respectively. The lat

tice absorption, free carrier absorption and later 

the impurity absorption usually occurs beyond 2 

microns in the infrared to far infrared regions. 

A typical absorption curve for free carriers in 

37/ ..••• 
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the vicinity of a P-N junction, as determined by 
' -~ 

Briggs and Fletcher ;53(l)j, is shown in figure 
' 

4.2. 

4.2 Absorption by induced transitions across the 

band gap 

\Vhen studying the absorption by interband 

transitions, the semiconductors may be convenient-

ly divided into two groups: 

(i) Semiconductors where the absorption occur 

via direct transitions from the one band to 

the other, i.e. the extrema of the energy 

bands coincide. (In this case the valenee 

and conduction bands). 

(ii) Semiconductors where the absorption occur via 

indirect transitions from the one band to the 

other, i.e. in these semiconductors the ex-

trema of the valenee and conduction bands do 

not coincide. 

38/ ••..• 
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:1 

a,(f) == K(hf Egap )"
2 

hf > Egap ~ 
) ..... 4.3 

a:(f) 0 hf < E ) gap 

when the energy surfaces are assumed to be 

spherical in the vicinity of k == 0. This 

then prediets no absorption for energies 

smaller than the band gap, and a square root 

dependenee of the absorption coefficient on 

energy for energies far in excess of the band 

gap. This is shown in gure 4.3. In 

practice this is not observed exactly, since 

the situation is complicated by vertical 

transitions to intermediary states in the 

band gap. (See section 11.1.2(3)). The 

materials of prime interest, Silicon and 

Germanium, fall into category (ii), and there

fore direct interband absorption will not be 

considered in more detail. 

(ii) The situation in semiconductors having an 

indirect band gap is mostly much more complex. 

In the case where a direct bandgap exists, 

and thus a very strongly coupled transition 

between valenee and conduction bands, this 

tends to overshadow the effects caused by 

indirect transitions due to a possible multi-

valley character of the valenee or conduo on 

42/ •••.• 
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bands. With indirect transitions, the 

transition probability is considerably 

lower, and it may be necessary to take the 

contribution from all the conduction band 

valleys into account. 

~Tien the conduction band edge occurs well 

out into the Brillouin zone (figure 4.5), 

conservation of momenturn requires that: 

ki + kphonon = kl ········•·•······· 4. 4 

and energy conservation that: 

where the absorption irru'Tiedie,tely above the 

absorption edge is considered. In this case 

the electron-pbonon interaction will be im-

portant, and the apparent absorption edge will 

be a function of temperature, since the pho-

nons present are a function of temper~ture. 

If the band structure of the crystal contains 

a minimum in the conduction band corresponding 

to the maximum in the valenee band (In this 

case at k = 0, see fi~~re 4.5) representing 

an allowed transition, a change in the absorp-

tion coefficient as a function of energy may 

be expected at the frequency corresponding 

to the gap Ei j : gap 
43/ ...... 
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fl. J. = Ei j /h gap . . . . . . . . . . . . . . . . . . . . . . 4.6 

When the probabilities of a transition from 

i to m, Pim(E), and from i tol, Pi1 (E), 

differ, and at a certain energy of incident 

pboton flux 

pim(E) >pil (E), when still 

expect a change in the absorption coeffi-

cient as a function of energy at frequency 

f. as shown 
liD 

gure 4. 6. 

The band structure of Silicon and Germanium 

is shown in fig. 4.8(a) 
t-· 

ly, er Herman 155(4)·. 

(b) respective-

In the Silicon 

crystal the conduction band edge occurs 
; '! 

ong the !lOOI crystal direction 
I I ,__ ~ 

k ~ 0.8njä, where a is the l tice constant. 

In rmElni um the conduc on band minimum 
I : 

occurs at the zone ,:;dge in the : lll! crystal 
~ , ~ ~ 

direction l55(7)l. In bath cases the 
• I 

valenee bands show e maximum at k = 0 in the 

Brillouin zone. 

The probabili ties P .. and P1 . have been 
lJ l 

calculated theoretically by Hall, Bardeen 
-, 

I 

and Bl t for Germanium 54( 3) f , as shov-m 

in figure 4.9. 

4 
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The direct transition from the maximum of 

the valenee band to the k 0 valley of the 

conduction band bocomes dominant above about 

0.6 micron in Germanium. A comparison 

between figures 4.9 and 4.10 indicates that 

the absorption t l extends to about 2.2 

micron, i.e. farther than the 1.8 micron 

predietod theoretically. onset of 

direct transitio~s mayalso be deduced from 

8~ examinatien of gures 4 .• , 4.12 and 

4.13 for Germanium and Silocon. In Germa-

nium this occurs at about 0.8eV( À 1.55 

In Silicon this same 

change is not so evident, since there ex-

ists no valley at kc = 0 in the Brillouin 

zone. In gure 4.13 a trace of this may 

b t . d t th l t t of 77°K. e no 1ce a e ow empera ure 

4.3 Absorption by free charge carriers in semicon-

dueters 

Since the free carriers a semiconductor 

may be induced to make a transition from one level 

to another, they may cause absorption. These 

energy levels (in the conduction band for in-

stance) are close together~ and therefore the 

absorption may be expected to continue into the 

far infrared region. Theore cally it has been 

4-1 I . .... 
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show:n (refE-~ to 11.1.2 (3) ) that the absorp-

tion coefficient for free carrier absorption is 

given by 

' 2 
t J 

nA-
Cons -an c • 

a e•"~,."'•tJ~D•#I•••.,••• 4.7 

where n is the carrier concentration and a the 

carrier ulObili The co:1.st'1.nt is determined by 

the refractive index for the material and the ef-

fective mass for the carriers of concentration n 

(see section 11.3.3). 

Equation 4,7 prediets that sor_?tion will 

increase 1vi th the of the ength above 

the fundamental ;:tbsorption edge ~ for a certain 

constant carrier concentration and mobility. 

It is also to bc expected that the sorption 'Nill 

increase when either injection or the doping 

intensity i3 in~reas The effe8t of increased 

carrier concentrations and doping on the mobility 

may not be negl_ected. 

All this d if ~he band structure of 

the semiconductor is the cimple parabalie mono-

valley, mono-band strurJture of figure 4.4. As 

soon as more than one for ther the 

conduction or valenee oand ars, phonon-assisted 

absorption is possible by se ng a carrier 

from one valley into smotherb When tho bands 
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become multiple at their extrema, the possibility 

of intra-band transitions appears. Fermi-Dirac 

statistics predict that at lower temperatures, 

only the valley at k1 and the maximum at k = 0 

will be significantly populated (figure 4.4). 

This gives the possibility of an absorption band 

corresponding to the energy difference (delta 

Ekl) in N-type material, or a band corresponding 

to the energy difference (delta E ) rp in P-type 

material. As the temperature is raised, the 

other valleys may becorne significantly populated, 

causing additional carrier absorption bands. In 

general, the intensity of the absorption will de-

pend on the number of carriers in both bands be-

tween which the intraband transitions occur. 

This is a function of temperature, ahd this ab-

sorption mechanism may therefore be expected to 

be a function of temperature. (See figure 4.14). 

The Drude Theory, expressing the free carrier 

absarptien as proportional to the square of the 

wavelength, is an oversimplification of the actual 

situation when extended to the specific semiconduc-

tor materials. It has been treated by Fan, 

Spitzer and Collins for Germanium 56(2)1 and by 
1- ~ 

Fan 2..11d Spi tzer for Silicon 
1
57( 16)1, whilst a theo-

~-- __ : 

ry for the infrared absorption by conduction elec-
i- -, 

trans has been formul8.ted by Meyer 158( 8)! • 
I . 
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For N-type Silicon, Spitzer and Fan have found 

an approximate ), 2 dependenee, while Haas J62( 3 )l 
1-- _J 

bas found this approximate agreement in heavily 

doped N-type Germanium. Such an agreement bas 

also been approximately found for a host of dif-

ferent semiconductors. (See for instanee the 

investigations on SnS by Albers et al :60(2)! ). 
. : 

' 

Differences with the classical Drude theory 

due to band structure and scattering mechanisms 

operative on the carriers (particuln.rly at high 

temperatures), have been found in numerous instan-
r 1 

ces. Grothand Memming found j61(8)!, in agree-
1 

ment wi th Meyer' s theory, a A 3 - depe-ndenee of the 

absorption coefficient at 90°K for CdS crystals, 

while Groth and Kauer have found a ;\. 1 • 2 dependenee ,- -·, 

for a-SiC crystals j61(7)j. These experiments 
! _j 

indicate that a satisfactory theory for the free 

carrier absorption phenomenon bas not yet been 

evol ved. 

Excitation of carriers into nearby bands has 

been observed for P-type Germanium by Kaiser et al 

~53(5)l as shown in figure 4.14-. As previously 

mentioned, the temperature dependenee of this 

process may be seen from this figure. From fig. 

4.8(b) it may be observed that the bands are caused 
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giving the longest wavelength (about 20 microns) 

and v3g- vlg the shortest (about 4 microns). 

A similar mechanism may be expected to occur in 

P-type Silicon. However, as (delta E18_38 ) from 

figure 4.8(a) is approximately 0.035 eV, this band 

will be beyend 25 microns, and consequently dif-

ficult to detect. 

4.4 Absorption by the lattice and lattice-contained 

impurities 

As pointed out previously, it is possible 

that energy may be absorbed by lattice vibrations 

induced by photon absorption in the semiconductor. 

Experimentally this theoretical expectation has 

proved to be correct in the case of certain inves-

tigated semiconductors. Figures 4.15 and 4.16 

depiet these absorption bands as determined for 

Germanium and Silicon. In both instances absorp-

tion bands beyend 8 micron may be distinguished, 

corresponding to the different phonon energies. 

These will depend on whether acoustical or optical 

phonons are excited by the incoming radiation. 

Impurities contained in the lattice may con-

tribute to the absorption in two ways: 
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(i) Aiding indirect band gap transitions, thus 

tending to lower the fundamental absorption 

edge, as has already been discussed. 

(ii) Tonization of the donors and acceptars them-

selves by the photons. The intensity of 

this absorption will be mainly a function of 

temperature and impurity concentration. 

At high temperatures the impurity eentres 

are mostly ionised already, whereas they are 

almost filled at low temperatures. Ins pee-

tion of the activation energies of the chemi-
,-

cal impurities as given by Conwell I ( 6) i 
! 

leads to the conclusion that for the commonly 

encountered impurities in Silicon and Germa-

nium transistors the absorption bands will be 

in the far infrared region, the impurity 

states being shallow. Considering the expe-

rimental work done, this will not be investi-

gated in detail. 

4~5 Evaluation 

In discussing the different absorption pro-

cesses in semiconductors it has been found that 

the fundamental interband absorption process is 

the most significant absorption mechanism for 

Silicon and Germanium in the region 0.4 microns 
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to 4 microns. At the fundamental absorption edge 

the absorption coefficient may be of the order of 

4 -1 6 -1 ( 10 cm to 10 cm • See figures 4.1, 4.11, 

4.12, 4.13, 4.14, 4.15 and 4.16). In the case 

of very high injection levels the absorption by 

free carriers may not be negligible, particularly 

in certain speetral bands. 

It should be stressed again that the assump-

tion has been made that the crystal is either in

trinsic or lightly doped, thus maintaining the cha-

racteristic band structure of the semiconductor. 

At impurity concentrations of 1018 - 1019 impurity 

atoms per cubic centimeter the band structure tends 

to become degenerate, the Fermi levels shifting 

into the valenee and conduction ban~s. 'Ihe band 

edges become very diffuse, tending to shrink the 

energy gap. This problem has been investigated 

r ] further by Nevvman and Tyler :_57(9) • 
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5. MECHANISMS FOR OBTAINING CARRIERS IN R~DIATIVE RE

COMBINATION STATES 

5.0 Summary •. 

5.1 The radiative energy levels. 

5.2 Optical excitation. 

5.3 Excitation by accelaration of carriers in high 

electrical fields. 

5.4 Obtaining carriers in radiative levels by in-

jeetien across boundaries. 

5.5 Obtaining carriers in radiative levels by tunnel

ling mechanisme through barriers. 

5.6 Discussion. 

5.0 Summary 

Although the radiation emitted from a semi-

conductor all result from the same mechanism, i.e. 

downward transitions of electrons, different pos

sibilities exist to introduce the electrens into 

the higher levels from where they start the down-

ward transition. The structure of the speetral 

characteristic is a function of the populated 

levels. In some cases these levels may be rela-

ted to the mechanism of excitation. 

The mechanisme of excitation discuseed are 

as fellows: 
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Excitation into higher energy levels by in

cident photons. 

Accelaration by high fields existing during 

the avalanche breakdown process. 

Injection of minority carriers into the va

lence or conduction band across a boundary (P-N 

emitters). 

Tunnelling by majority carriers under respec

tively forward and reverse bias conditions across 

the P-N junction. The tunnelling occurs in both 

non-degenerate and degenerate semiconductors. 

5.1 The radiative energy levels 

Radiative recombination always requires the 

transition of a carrier in a higher energy level 

to a lower level, releasing a certain amount of 

energy. As previously discussed, the levels con

cerned are the conduction and valenee band levels 

in semiconductors for radiation in the visible and 

near infrared regions. During periods of exter-

nally observable radiation in semiconductors, a 

necessary, but not sufficient, condition is the 

population of these upper quanturn levels in ex

cess of the equilibrium population value. It 

will later on be apparent that this is also a 

necessary condition for amplification of stimula-
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ted emission from any system of levels. 

5.2 Optical excitation 

Semiconductors will absorb photons by the 

excitation of carriers to higher energy levels 7 

which provides a possible mechanism for achiev-

ing excess population under suitably intense radia-

ti on. Depending on the material used, the exci-

tation to the higher levels may be either direct 

or indirect, or bath at sufficiently high incident 

photon energies. When the transition is indirect, 

invalving one or more phonons, the absorption pro
r- l 

cess will be a function of temperature. ls5(4.)j. 
I ' l ! 

0 - -
At extremely low temperatures (near 0 K) there 

will be almast na phonons present, and equation 

4.5 becomes: 

because a phonon must be created to conserve momen-

tum, since in the reduced zone: 

. . . . . . . . . . . . . . . . 5.2 

At higher temperatures there will be more 

phonons present 
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Thus at low temperatures in semiconductors ab

sorbing by indirect transitions (as Germanium and 

Silicon) it may be found that the incident radia

tien partly heats up the lattice, while at higher 

temperatures a cooling effect may result. 

Optical excitation for obtaining excess popu

lation in a semiconductor is limited in its appli

cation. Inducing transitions across the bandgap 

by optical excitation corresponds to the fundamen

tal absorption edge of the material, and if the 

material is of any appreciable thickness, only the 

surface layers will be activated. This is espe

cially true for direct band gap materials (GaAs). 

Deep lying levels of sufficient density may be in

troduced into the bandgap and activated through 

ratiation for which the rest of the crystal is 

transparent to surmount this difficulty partly. 

Especially in the cases where amplification 

of stimulated emission is sought, it must be borne 

in mind that a certain number of emitted photons 

vûll be absorbed again. In materials of direct 

band gap structure, a high threshold for obtain

ing amplification of stimulated transitions across 

the band gap will result. 

In the systems and materials to be discussed, 

optical excitation has notbeen used successfully 
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to date. One of the chief practical sadvanta-

ges of continuous optj_ca~i- exci tation is lov; 

efficiency obtained in converting available energy 

(usually elec cal into li , and thcn 

ex ei ting a secor1d light er:li s on pro ce ss. It is 

much more efficient to excite the carriers elec-

trically in the rst ins e. 

5. 3 Exci tation by accelar3tion_21__ carrif!rs in high 

electrical fields. 

Energy received by a carrier from an ectri-

c field leaves the c er in a quantuill state 

high above the conduction band edge in case 

of an electron, or bel ow the valenee band 

in the case of a hole" Upon racombination across 

the band gap this energy, or part of it, may ap-

pear as a pho~on. This view is 3trengthened by 

the fact in Ge , for stance, elds 
".. 

of the order of 4 x l0°V ;~n. electron tempera-
r·· -1 

ture may be 400°K 
! 

(See Henisoh's work i .1.2(1~1) 

Ioni on of the 1 tice may occur in the 

preserree of c ers having energies excess 

of the threshold electron--hole pair production 

• In general the o of curvature of 

conduction and valenee bands in k-space (and 

therefore the effective maszes) ani the mean 

'?/ b......_ •••• 11> 
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free path between carrier-pbonon collisions differ 

for electrans and holes, and it would be reasonable 

to expect different lattice ionisation thresholds 

for holes or eetrans initi ng the process, i.e. 

etp and etn respectively. 

The region of high fi ds in the semiconductor 

ly investigated, especially Silicon and Germanium. 

The problem of charge multiplication, charge ionisa

tion rate, ionisation threshold and field distribu-

tions in the P-N junction not been solved satis-

factorily at present, and will not be discussed. 

From the work that has already been done on this 

subject, i t may be possible to ·2stablish an order 

of magnitude fora mean value of the pair produc-

tion threshold , and the mean free path between 

carrier-pbonon collisions and carrier-lattice col-

lisions. 

Carriers with energy larger than et thus 

have the possibility to multiply. This would re-

sult in a plasma of high energy excess carriers in 

the conduc on and valenee bands. 

(N> 1018 cm-3 fs7(120 ). ·These carriers may be 
; ! 
!_ .,.J 

spread out over the comple band structure of the 

conduction and valenee bands of the semiconductor. 

Even if the extrema of the two bands in the Bril-

,..,/ 
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louin zone do not coincide, direct transitions will 

be present with the indirect transitions, and may 

even exceed it. The en2rgy of the electrans in 

the conduction b2nd may then be taken to fall more 

or less in the range 

Ec :j Eelectron _:::: Ec + etn • · • • • • • • • • 5. 4 

and those of the holes in the range 

E 
V 

E hole • • • • • . • • • • 5. 5 

The photon energies may be expected to fall 

in the range~ 

where the phonon interaction during indirect tran-

sitions has been included. 

These expressions only give an indication of 

the range, and is insufficient on several accounts. 

It does not take the individual band structure of 

the semiconductor into account, and have been de-

duced for the simple, parabolic, non-degenerate 

multivalley semiconductor of figure 4.5. Due to 

intraband tr2.nsi tions the lower cut-off edge will 

not be sharp, but possibly extend into the far 

infrared region. 

On the other hand the distribution function 
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does not cut off abruptly at the mean pair produc-

tion threshold, but continues to higher energies. 

Some of these eetrans are energetic enough to 

overcome the thermionic work function, and have 

been observed experimentally in Silicon from miera
r ~ 

plasma regions t62(6)\. Under experimental condi-
l j 

tions the recombination radiation emitted during 

downward transitions of these high energy carriers, 

if allowed by the band structure, will be very dif-

ficult to detect due to low intensity and high 

absorption. (See so figures 6.2(b) and 6.8(b)). 

5.4 Obtaining carriers in radiative levels by injection 

across boundaries 

Cantacts used to inject carriers into the con-

duetion or valenee band of an adjoining P or N do-

ped semiconductor region may be either of the metal 

to semiconductor type, or of the P-N emitter type. 

The function remains the same, namely to obtain 

carriers in levels available for recombination. 

As the experimental work done was concerned ex-

clusively with P-N junctions, only this type will 

be considered. 

The excess concentratien n a ·will be pro-

portional to the injection current density. De-

pending on the impurity concentrations on the N 

6 51 ..... 
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and P sides of the injecting junction, the high-

est npopul on inversion" may occur in either 

the N or the P region. It is shown in section 

11.2.10 that under conditions of moderate forward 

bias, normal non-degenerate doping and spontaneous 

radiative interband recombination, the photon emis

sion from the centre of the P-N junction may equal 

that in the bulk materi on the e of the junc-

on. Since the excess recombination rate is 

proportional to the product of the different caf

rier concentrations (equation 3.9) it is not 

inconceivable that under certain conditions of 

high forward current densities the recombination 

in the space charge layer may exceed that in the 

bulk material. This is only speculation, since 

it has not yet been proved theoretically, due to 

the inadequate physical and matheme.tical models of 

the P-N junction. 

D~ring the injection of carriers it is as

sumed that their effec ve temperature remain at 

the lattice tecperature. The injected carriers 

will t:t:.en concentrate around the valenee band max-

i mum 0 and the conduction band minimum 

k == k1 , figure 5.1. The spontaneous radiative 

recombination radiation observed in this case, 

should be of a narrow, peaked distribution, the 

peak of the radiation corresponding to the apparent 
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band gap in indirect gap materials, and to the true 

band gap in direct gap materials. (For Silicon 

Emd Germanium these peaks occur in the infrared 

region beyond l micron). 

A possible scheme to obtain radiation of 

higher energy from a forward bi~sed P-N region would 

be to inject high energy electrans or holes into 

tl1e material. The high energy carriers will then 

popuL=tte the higher valleys of the conduction band, 

possibly that at k = 0, making direct transitions 

possible. The probability for this high energy 

emission to occur via the direct trn,nsi tion T1 is higher 

(figure 5.1) than for a carrier to be scattered 

into the valley at k = E1 by an optical phonon, 

and tt,en to recombine indirectly to k = 0. De

pending on the curvature of the valenee bands, this 

scheme may also be applied to hole injection. 

The souree of energetic carriers may be an ava-

lanching junction located nearby. 

At high injection densities, amplification of 

stimulated emission may be podsible. Considering 

only the probability of the two transitions T1 and 

T2 , the threshold for stirnulating T1 should be 

lower. Unfortunately the absorption for these 

high frequency photons is much higher, and only 

exact quanturn mechanical calculations for the 
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prohahili es of tren tion absarptien ll 

indicate lower threshold. 

5.5 Ohtsining carriers in rediative levels by tunnel

ling mechanisms through harriers. 

In bo degenerately non-degene 

doped semiconductors, tunnelling may be observed 

through the potential harrier presented by 

P-N junc on. In degenerate erial ing 

across the barrier is found under l condi-

tions of reverse bias, and r a certain 

of forward as voltages. Under forward bias the 

electrans into the ence band, ar..d s-

sion will not occur, or be of a low energy. 

In non-degenerate mate , turmelling 

set in above a certain reverse bias voltage, 

causing the phenomenon of Zene reakdown. 

5.5.1 Tunnelling in a reverse-biased, non-degenerats 

P-:N junction. 

'J1he 

through a pot 

exponential 

the harrier 

verse volt 

ling prcbabili for an electron 

i harrier is approximately an 

tion of the b er width. If 

decreases wi increasing re

across the junc on, the tunnell 
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probabili ty wi t~erefore increase th 

er eH voltage. 

probability of l tice ioniz on will 

so increase th incre voltage, and the re-

la ti ve tude of this effect compared with 

the tunnelling probabili at ce ain cri tic 

volt will deterrnine 1Nhe the ultimate break-

dovm ;vill occ"J.r by Zener or Aval3,nche me anism, 

or by bath. 'L\unnel reak:down is usually found 

in junctions of small width (500 Angstr6m), 

showinga relatively low breakdown volt 

If an ide ised step junotien end band struc-

ture as s.hovvn fïgure 5.2 be assumed, it may be 

shown that the probab ity for Zener-tunnelling 

may be w-ritten~ 

(See sectien 11.2.11), where e constant is 

primarily termined by the type of impurity 

distribution impurity densi es on bath sides 

of the junc on. 

\.Vhen i t is borne in mind th W <: l ( Vv=O. 5 

fora step junction) it may be seen th this 

tunnelling prob ility wi increase rapidly wi 

volt may lead to Zener-tunnelling bei 

the dominant bre d01vn r.J.echanism in a junction. 
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rhe ectron thus tunnel into the conduc-

tion band, various energies, across the whole 

face of the barrier (uni junc on as-

SUIJH:;d). The radiation tted from a junc on 

suffering pure Zene reakdown should then be 

characterised a uniform glow across the sur-

e of the whole P-N junction. ctrographically 

rad i on may show some structure, since some 

ene levels will 1Je favoured due to momt';ntum 

conservation energy conservation laws 

[n .1. 2 ( 4 l] . 
In semiconductors having a direct band gap, 

the tunnelling wi be direct, and no sudden 

change in int ty (or probability of 

tunnelling) as a func on of voltage is expec-

ted. eh a may be expected in indirect 

b gap s conductors. s wi hold 

for Z ener-breakdovm. Usually some multi-

ication is so present in the junctions, and 

since the amount of ionisation (and s the 

intensity of e,tion) is also pend on 

tage. 

J)uring Zener-breakdown the electrens 

are tunnelling from the de to tbe N-side, 

where they are maj ty c ers, a long 

72 1 . .... 



2-

lifetime. Intense radiation due to recombination 

may therefore not be expected, no probability 

for .<">IDpli fi c on of stimul ed emis on exists 

unless a gh concentration of minority carriers 

is inj2cted from ancther source. 

5.5.2 Tunnelling in degenerata P-N junctions 

For all reverse voltages of a degenerately 

doped se~iconductor junction eetrans tunnel from 

the valenee band on the side to the conduction 

band on the N-si Since energy is conserved 

during a tunnelling oparation (direct or indirect 

tunnelling), no photon emis on occurs during 

this stage. Subsequently photons may be emitted 

during int or intraband transitions. The 

band e tailing will ct the frequency of the 

emit d radiation due to the decrease in the band 

gap. rrhese carriers ll most probably have long 

li time in the lJ-region; and suffer no intense 

recombination, as discussed in section 5.5.1. 

Tunnelling during the application of a reverse 

bias to a degenerate P-N junction in a direct 

band gap semiconductor will not be subject to a 

sudden change due to the onset of direct tunnel-

ling. Tiepending on the current densi es, 
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however 9 this e ct should be observable in 

indirect band gap materi s su as rm.anium. 

In forward on, the maximum energy 

of recombination ation may be given by: 

hf ~ E -VP + ~ Ephonon 
r 

. . . . . . . . . . . 5. 8 

where EVP is the valenee band edge, the rmi 

level in the P-material, and last term in-

cludes the energy contribution by the s tering 

s necess for a dovmward tr2.nsi on of the 

electron in e valenee hand. If there e st 

more than one ence band v1i a ma.ximum at k 

raband transitions rnay be expected to be im-

portant. 

0, 

The ghest int ty of this may be expected 

the point hi st tunnelling current, that 

is at: 

EPN ":::::! EVP • • • .•. • • • .• • • • • ••• • • • • •• • • • • 5 • 9 

under the assumption that the maximum tunnelling 

current is a single definable point, i.e. the two 

materials are doped to the same degree of degene-

racy. 

E 'i' 
FN - .DCN Ti' - E 5 10 ..,;:JVP F·P •••••••• • • •••• • • • 

and no impurity bands in gap d the tunnelling. 
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The possibility exist thnt the observaticn of ra

di2tion frcm tunnel diodes in the forward tunnel

ling region mny be due to impurity effects or in

traband transiticns, ratherthen the above effect. 

These trc:msi tions from c>_n impuri ty band or state 

e,t k = 0, or intraband trr1nai tions, will have a 

much higher probability of occurrence, being first 

order processas with (delta k):::: 0. 

5.6 Discussion 

Mechanisms leading to the emission of photons 

in semiconductors have been discussed. These 

mcchanisms all introduce carriers into energy 

levels from vvhere they make 2 first or secend order 

trqnsi tion dovmv.rards, libera.ting radiative energy. 

It is extremely difficult to quote or calcu

late absolute order of magnitudes in general, 

since the calculations must usually ~pply to a 

specific material. Wi trwut reverting to detailed 

q_uevntum machanical calculations i t is only feasible 

to discuss the different possibilities, as done. 
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6. SPONTANEDUS EMISSION FROM SEMICONDUCTORS DURING 

MULTIPLICATIVE BREAKDOWN 

6.0 Surnmary. 

6.1 Observation of emission from crystals undergoing 

breakdO\.VTI. 

6.2 Light emission from avalanche breakdovm regions 

in Silicon P-N junctions. 

6.2.1 Experimental observations. 

6.6.2 Crigin of the radiation. 

6.3 Light emission from avalanche breakdov...rn regions 

in Germanium P-N junctions. 

6.3.1 Experimental observations. 

6.3.2 Origin of the radiation. 

6.4 Discussion. 

6.0 Summary 

Although spontaneous emission of photons from 

regions suffering multiplicative breakdov...n may be 

observed from a number of semiconductors, this 

sectionis mainly concerned with Silicon and 

Germanium. The experimental results obtained to 

date are discussed in some detail. 

A theoretical explanation related to the cha

racteristic band structure of the particular semi-
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conductor is given in each case. 

6.1 Observation of emission from crystals undergoing 

breakdo·wn. 

As has been discussed, the carriers in a so-

lid state brec!.kdovm are in exci ted states in the 

conduction scnd vs,lence b:-:1nès, e.nd on recombination, 

light may be emi t;teèl. This has been a much in-

vestigated problem in the case of flilicon and Ger-

manium. Much work has alc;o been done on other 

semiconductors undergoing breakd0\1\'11 at crystal 

boundaries, P-N junctions and in bulk crystals. 

Breakdown '-=md light emissim'l in sint;le crystals 

somatimes shovv close anc.logy wi th the discharge 

in gases, as has for instanee been investigated 

by Diemer 

eh of the aarlier work on emissive semi-

conductor cry~tals, such as had been done by 

Lossew, were marred by impure materials, ndirty't 

surfaces and other experimental conditions. 

Although light emission from SiC crystals was re

ported as far back as 1924, Pettrick,57(11~ se

parated the injection emission and breakdown 

emission in 1957. In this case the injection 

luminescence in the forward biased region of the 

junctions appeared yellow; the light emitted du-
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ring brec:tkdovrn reverse biased condition 

ori ed mna.ll spots out one micron in 
,, . + 
c1l aJ:n e ~.,er • is 

consist 'Ni th the expect 1. o:n that in high 

:field re ons e recomt) tton ;:!.tion shou.ld 

anche breakclovm in ium Phosphicle, 

for instance, ls men oned by en e.nd Gibbons 
r -
: sg ( 1) I . come to e conclu cm that the 
,_ J 

breakö.own is entirely similar to e breakdown 

that has been reported licon. Kiktlchi and 

1

- -1 
Iizuka 60(8)j have demcnstratcd the 

L. t 

exts nee of 

microplasmas duri tn:::se bre own enomena in 

Ge.P, using point contact ect:codes P.nd BJ e 

c:cystal. 

The ssicn from Silicon and rmanium 

junctions unl r bre own condi ons has also been 

investigai;ed, bc scribed fully the 

next subsections. 

6.2 Light emission from e.valanche breakdown :reg_:h_~ 

in Silicon P-N junc~jor.:_~.-

6.2.1 Experimental observations 

Visible light om a revcrse-biased Silicon 

P-N junction was first orted by et al 

I ... ., ., 
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r î 

js5(9)j from grown junctions. 
L _ __! 

They were doubt 

concerning the ori of the li t, mentioning that 

it rasult from breakdown in the oxide film, or 
r· -, 

in the Silicon i tself. -::er Newman L55(10)_j ob-

served that the light was emitted from small spots, 

by 

crons or less in ze, in the bulk material. 

'rhe formation of micropl ::csmas 1Nas postulated 
r- -, 

Rose 157(12)1 in Silicon, comprising extremely 
,J 

re ons where high current densities are 

encountered, and associating e regions of li t 

s on with Judging the 

field strength to be of the order of 700 kV/cm, 

18; ~ the carrier ty lea.st 10 , cm--' the 

current density 2 x 10
6 A/ 2 '· cm , Rose estimates the 

0 
cross sectional e.rea 5 One of the most 

important conclu ons reached is thnt the tempera-

ture the microplasma spot may be about 36°K 

ove the surrounding lattice, nee the thermal 

time constant is extremely short. 

Chynovveth and McKay l56 ( 1 )-~ investi ed 
!._ _j 

primarily the li emitted by avalanching junc-

ti ons. The spectrum abt ned is shown in gure 

6.1. Radiation emitted from the si of a di 

fused P-N junction in a rectangular bar, in the 

pla..ne of th:.: junction, vv-Hs reeg,sured, assuming this 

to be the true distribution of light tted 

79 ;' .•..• 
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c:.lt the breakdown loc2,li ty. This tends to make 

the results inaccurate, since it is not known how 

~1ch of the lower energy radiation from deeper 

down in the junction 2dds to the measur.ad output. 

Unfortunately the other speetral distributions 

included for junctions in a plane normal to the 

diraction of observation were not corrected for 

photomultipli.ar response. Since the distance 

of the junction below the surface -vvas known, the 

curve could have been corrected to a reasonable 

degree for absorption. 

On investigation of the influence of the 

lattice temperature, these workers found that 

cooling to liquid nitrogen temperature did not 

affect the location, size or apparent colour of 

the light spots noticeably at tb8 same junction 

curn~nts. On heating the crystal uniformly from 

an external source, it was found that on approach

ing the intrinsic region, (2: 300°C), the light 

spots were extinguished. Tbe speetral distribu

tion for 30°C and l75°C did nat seem to differ. 

Increasing the current did not seem to in

crease the area of the microplasmas, but rather 

to create new light emitting spots. This has 

also been verified experimentally by the present 

author. 

so 1 . .... 
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Chynowe and Pearson proved by their 

work that a very strong correla on exists be en 

points of di ocation in a junction, and the 

light tti spots. This was checked by inves-

ti 

Müller 

et eh t arr1s, owing up the 

(9)-i tried to locate the micro
I 

ple~.smas, to identi:fy • -1- • 
l to \Vl the li emitting 

area. pas a li beam (diameter 

approx. 30 crons) over a shallow diffused 

junction, e photccurrent was studied. 

found when e beam coi d':::d v;i th a 

nescent spot, the photocurrent increased arply. 

This Ivl'üller assumed to cate a microplasma te. 

characteristic pulses of the micro asma, 

assumed to occur viben e s arge switches on 

and o be eliminateel by forcing the dis-

charge to stay contiwJ.ou on. This may be done 

by illumineting by a.n intense light. I:f a 

junc on wi one eraplasma is thus biased so 

these pulses appear, and a light spot is 

moved across e surface of junc on, 

microplasma should tch on when e li t spot 

coincides with microplasma. By u g a 

berun of light (diameter qpprox. 70 crons) 

Kiku and Tachi r 
L 

l 60( 9) 1 found that when 
I 

-l 

.'32/ ••••• 
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the beEt.m is in the ghbourhood of the light 

emi tting spot, this dOé'!S happen, but nat when i t 

coincides ~~Ji the light e~itting spot. ·:rhey 

assumed this to be evidence of the t that the 

cro asma does not neces ly coincide with 

the point of ght emis on. s semringly 

dis es wi the results abt ned by MUller, 

and vvill be discuseed later. 

'Eatdorf et [6Ci( 3 )] have di scussed the 

problem of breakdmvn in atively uniform licon 

junctions. se junc ons, bei rel a ti vely 

free from de cts that tend to form gl1 eld 

concentrations, appeared to emit li in a uni-

farm pattern. Whether ese "macroplasmas 11 

di in mechanism from the microplasmas is nat 

clearly evident from e reported results. 

though li emission pattarn appears uni-

form, no eetral resolution of li t is given, 

and it is not pos le to derive any significant 

current or voltage-intensity relationships for the 

rnechanism responsible for the emission. 

T3efore i t is possible to exe.mine the popula-

tion of carriers ::Dlong the quanturn states, an 

indication must be abtairred pair produc on 

sholds for Silicon. ing diodes, exci-

ting • • .L • 1 · t · 11 " · 11 rl. ~ 7 Î s )l __ . lUlGla carr1ers op 1ca y, ~l er ~ , ~ 

found the pair production threshold for electrons, 

84/ ••••• 
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for holes e = 3.5 eV. 

se 'l s are compr:tred these ob d by 

o er workers ta.ble 6.1. e values ob d 

Overstraeten [63( 31 )] will be 

used in oretical scussion. 

~tn I etp 

L Investigators 

(ev.) (ev~_._)~~--------------------~ F1 3.5 Miller [57(8): 

2.3 2.3 

3.6 3.6 

+ + 1.8 0.1 2.4 0.1 

' 
4(6)! 

_I 

l, Van Overs i 6 ( 31 )-] 

ten 

T/231E 6 .l Camparisen of values found for Pair 

production threshold in Silicon by various in

.Y:.fstigators. 

6. 2. 2 Q_rig_in of the ra,diation 

it is pcs e to discuss dis tri-

bution of popula.tion of carriers the 

various ence and conduc on bands, the stri-

energy must be found. If e distribu on is 

assumed to e the same as given 

[60(11~ GermoniQm, e curves shovm in 

85/ ....• 
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figure 6. 2(b) are obtaü1ed. density of 

carriers ven by these curves diminish rapidly 

in the on of the pair production threshold, 

e a carrier with this energy s a high 

probability of being thermalised through a pair 

production collision. The distribution function 

:must make allowance for electrans of higher energy, 

since these have been observed experimentally 
r -; 

from microplasma regions by dgkinson ,62(6)1. 
L _j 

Neglecting spin-orbit coupling, since this 

could cnly introduce radi on in the far infra-

red re on by interband transitions, the following 

possible transitions will be considered: 

r- ·-1 

(i) Transitions from the j111l valley in the 
~ J 

conduction b to a valenee band. 

( .. 1 
ll/ Transitions from the conduction band to the 

valenee band k = o. 
,~ ï 

(iii) Transitions from the j lOOI valley of the 
l- -

conduction band to a valenee band. 

(iv) Intraband transitions amongst the valenee 

bands. 

(v) Intraband transitions amongst the con-

duetion ba21ds. 

(vi) Indirect transitions across the band gap. 

86/ ...•• 
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e s gi ven in 

been c ed from the re ts given by 

lips [58 ( 10 )-~ for t'1e b structure of con, 

and is an rovement on ose given by rman 

1

- l 
55(,4-)l. 

L- j 
ovm by fi 

6.2(a) ( lines) are ated, reet 

trc:msi tions across -the band are pos le 

a number of points. The ition probability 

in this case will be a few orders of 

higher for indirect transitions (see 

table 3.2 culated by ), and there the 

indirect tions vdll be take:::: as con ting 

negli.gi bly to ". +. e racuaulOn. 

Equation 5.6 predi~ts radlation of 

must dimini ra-

pidly. results of 

no such decrease in the long ength range 

(such as the curve for fo bias, figure 6.1, 

h"h"t ) ex .. ~l ul s • s may be expl d oy intrab 

transi ti ons. Inspeetion of 6.2(a) ows 

that due to population, a strong tendency 

for these tions to occu.r ll be found 

both the valenee and conduc on bands near k O, 

and in the conduction band b - l. 2n r: en k = 1 a 

k = 2n/ ä the l1ool rection. 
I_ J 

At the 

87 I . .... 
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'lvOUld dict an energy of (1.8 + l.l + 2.4) 
' 

i.e. 5.3eV, for the most ene tic p of the 

radiation by direct transitions. This g,gain does 

not take the irtdi vi al c 

ce into account. 

the transi on any of 

structure 
1-

After IVolff l60( 

c 

to the ence band 
, 

is taken to ;3. be prohi 

for any k ficantly ff·:?rent from 0 and 

I 
) ! 
J 

ted 

thus this energe c radiation will not be observed, 

as experienced prae cally. 

oording to the assumed carrier population 

2nd band structure, all the reet radi ve 

transi ons must be the region above 2.0 

and the most ene tic intrab 

•r' v' d l q ~lS - '3S' un er .~ 

tained by Chynoweth and 

t ti ons 

smooth curve ob-

seems to point to 

an inconsistency in the ore cal explana on. 

Anotber al t?rna,tive is 

did :not originate in 

so the surface layer. 

r :l 
r/Iigitaka 162(9)1 obtaine 

l- ~ 

rad i on observed 

junc on alone, but 

the eetrum shown 

in figure 6. 3 a:n alloyed Silicon junction. 

s sagrees vli the previous workers 1 results, 
r 1 

in particular Chynoweth's and 's j56(l)j 

resul ts. 

nvi si ble l . 
-Ll 

' I 
!_ _J 

Although s investi or mentions 

in his comillunication, the 

88/ •..•• 
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Gctrum sented lies tot ly infrared 

re on. gin of this error is not clear 

from the material presented. 

Howevert c~·ctrums obt ned by git .ska from 

presum;::tbly e de of a junc on lapped th an 

ve polishing agent (fi 6. 4 I ) 'illd 

from samples e by e i ,=üuminium onto 

n-type Silicon Tafer ( gure 6.4 II) agree with 

the results of Chyno~eth and in general form. 

If it is assumed that e p ishing introduces 

surf2.ce de cts' the junction vrill break dovm 

near the ce, and the rel vely tenuated 

light should e in eetral resulution wi 

of Chynowe l\CcKay. s will so 

hold for II, as e junc on is shallow in 

this case. It may be observed that II corres-

ponds to I, but for a vertical (Presum-

:1bly caused by e gher absorption). 

Hemaval of surface de cts will remove 

tbe breakdovm tendency from the e, and thus 

the li emission from that region. Su an 

observation is in fact reported by tak a, 

though he attributes e s earance of e 

emission a er et merely to e remaval of 

an de layer on the surface. In view of the 

good correspondence be en curves I and II 

89/ ....• 
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(fig. 6.4-) breakdown in an oxide layer seems 

improbable in this case. The results obtained 

by Migitaka, r=md depicted in figure 6.4, agree 

very well with the theory put forward previously 

in this sectien to explain the emission. In 

the region of 3 eV it decreases sharply, in 

2greement with Chynoweth and McKay. Between 

2.0 eV and 1.8 eV, where tl1e intraband transi tions 

may be expected to beoome important, the spectrum 

indicates a sudden increase in emission. Al-

though i t exhi bits a peak near 1. 0 eV net obt2.ined 

by the previous werkers, this is the region whE:re 

the photomultiplier correction may beoome inaccu-
r l 

rate j60(5)1. 
,_ ~ 

Kikuchi and Tachikawa ~~0( 9 )1 tried to ear-
L _j 

relate the emission from junctions during break-

dovm vd_ th the oxygen content of Silicon and Ger-

manium, as oxygen introduces deep-lying impurity 

states into the band gap. The difference in 

oxygen content between ~)ilicon o.nd Germanium 

should then account for the readily observable 

radiation from Silicon in camparisen to Germanium. 

Silicon crystals are usually pulled from a quartz 

crucible, acQuiring a high oxygen content in 

contrast to Germanium. Although they appear to 

have obtained some correlation, it may net be 

90/ ....• 



-90-

si fic e influence of surface ef-

cts, C':lU Germanium to su er ationless 

surface breakdov.m more fre tly than body break-

been neglected. (See for tance 
·-, 

Chynowe r Gummel [6C( 5 )J Poleshuk 2nd 

\63( 35 )l. 'l1his radiation has been ob-
I .J 

served by e a.uthor from ts e by the 

t al technique, not pulled from a quartz 

cruci ble. The photographs are shown in gure 

6.5. 

Regardi the apparently contradictory results 

obtained by MUller and Kiku and Tachikawa, it 

must be remembered in their experimental tech-

que tbey used scanning light ots 

times bi than the cropla.sma si te ( sooR, 
Rose [57 ( 12 )] • _rr mean free pqth between 

electron-pbonon interaction be taken as approxi

mately 100 i, then the ~ean free path between 

electron- ectron interaction in the microplasma 

must be much snaller, probably of the order of 

10i, for the pair production to be main 

ene dissipative process. would mean the,t 

2~ excited electron in a microplasma must recom-

bine thin out l ~, otherwise it is thermalised 

by r production, and can only a te the 

infrared. It therefore ears that though 

ere ght be a fference be en e loc on 

91/ .... " 



FIG. 1. Magnification: x 155; Film: Kodak Ektachrome 
high speed tungsten (125 ASA) ; Camera: Leica M2; 

Microscopc: Leitz Ortholux; Transistor: 2!\706. 

(a) Transistor used. 

(b) Base-emitter short circu it 
(exposu re 20 min.). 

(c) Base-emitter open circuit 
(exposure 7 hr. ). 

[facing p . 804 
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of the b vm site and the recombination site, 

this di erenee is 1ike1y to be of the order of 

10 R or 100 R, but not microns. In view of 

dir:ensions of the scanning s ts used to inves 

gate this phenomenon, it must be conc1uded 

the expe s havenotbeen re ned to a suit le 

degree to 1 signific2nt to the results. 

Hec , the prob1em of mesoplasma break-

down (second breakdown) 
r- l 

Engli 163( ) 1. This b 
L J 

characte s c radiation 

red, from the above 

It h~ts lJeen orted much e 

en considered by 

own condition a 

red and the i 

scussed emissions. 

ier by Tauc and 

t erature appe:trs 

to rise to me1ting point this case, 

cc:.using a me1t of 10 crons or less 

most of the 

ti on passes. This ew appears to be 

supported by e difference in li t being emitted, 

con now exists li1uid. phase, 

and the teri stic band s ture has been 

destroyed. /\.1 though to no tempt known 

has been to obt<:ün eetral distribution 

of the s on, it should extremely in-

teres e it may the theore 

ce.1 vievv by English. 

9 3/ .•••• 
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6.3 Light emission from avalanche breakdown regions 

in 

6.3.1 Experimental observa ons 

Visible ation from breakdovm regions in 

Q,armanium ?-N juncti ons 1.rvas 

a.nd rvin 
1- ' 

1
6Q(Q)! , __, , I 

L_ _j 

r -~ 

j59(4)j 
1- -·· 

s li 

by IJelson Kikuchi and 

t emission been 

stuclied e al in detail by Chynoweth and 
r , 

Gummel J60( 5) i 
, I 

on the emitter base dio s of oy-
L , 

di i ' . sea .Gl quency mesa transistors. se 

junc ons had the usual soft breakdovm characteris-

es of rmanium junctions of this type. The 

investigators mention ft effects observed 

e bre O'Nn voltages, b ng typical of surface 

cts. the photographic records included 

by Chynowe and Gummel, it does not ar pos 

ble to resolve the li into localised spots, 

although it was observed at some parts the 

li ared more red than in other. 

spectrum obtained, shovvn in figure 6.6, 

is subject to some modi cation due to experiment 

conditions. From the photomultiplier response 

given figure 6.7, it would seem that results 

ove 1.15 eV must be tre ed wi caution, since 

the correction factors in this must been 

l No correc on for sel sorption in the 

94/ ••••• 
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been Such a correction is 

extremely diffi t, not flOW de 

li sourees are bene surface. This mu 

be borne in nd when eva.luating results o-

retic ly. 

Investi ons as to whether spectrur:J. 

was a on of volt a:nd in the 

limited range 5 to 35 mAand 5 to 9 volts r 

e speci c wavelengtbs (1.03 eV, 1.12 eV, 

1.77 eV) negative results. ese effects 

may ac ly only be judged current den ty 

ectric d strength are changed, since 

Qn increase current usually ten to increase 

bre clown area, and not necessgrily cur-

density. the emi er contact s most 

of th::; the on is intense-

ly re sorbed, it is fficult to estimgte e 

e ency of process. 

e cteris c noise associated vti 

micropls,sma breakdovvn in licon was not observed 

by Chynoweth Gurr::r1el, has been orted 
r- --, 

on by and previously l57(18)!. 
I_ -

Su.bse inves ons by I' eshuk and Dowling 

lr:cz.(""5)l 0..; ;; ' 

·- J 
into enomena in rmanium 

illustrate in mu the 2 i er work, sur-

face e cts masked the formation of mie as ma 

ses. 

9 5/ ••••• 
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6.3.2 Ori~in of the radiation 

possibility that the light is emitted at 

surface st es capturing hot carriers seems to be 

eliminated by the observation that the light in

t ty differs over emissive area, i~dicati 

that some of the photons originate some distance 

below the surface, in the bulk material, the 

di rence in colour being due to absorp on (see 

sectien 4). 

As apparent froffi figure 6.10, the absarptien 

curve does not show any in ent in the 

region of observation, and this elim~nates the 

possibility that ab o~ption may be responsible for 

the noted in gradient of the emission 
~ .• ..J 

curve at out 1.3 eV. From the scussion of 

impurity, 1 ce free-carrier absorption 

sectien 4, it fellows that none of these mecha-

nisms may be d responsible. It may be assumed, 

however, that when sorption of the hi fre-

quencies is taken into account, the emission curve 

will not rise as steeply as in fig. 6.10. 

Fi s 6.8(a) and 4.8(b) make it possible 

to isolate the transitions responsible for the 

radiation if the carrier density as a function 

of energy after Wolff in fig. 6.8(b), is taken 
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into account. This indicates that the valleys 

at tl~e b~nd edge in the r-ll{j direction, and in 
! I ~ ~ 

the j __ lOO_! rhrection, should be well populated, 

making the following transitions possible: 

( i ) 

(ii) 

(iii) 

[lll] 

k == 0 

[~ooJ 

Valley 

Valley 

Valley 

to a valenee band. 

to a valenee band. 

to a valenee band. 

(iv) Intraband transitions arnong the valenee 

bands at k = 0. 

(v) Indirect transitions from the conduction 

band valleys to the valenee band maximum 

at the centre of the Brillouin zone. 

Te,uc [:9( 5)] bas obtg_ined a reliable value 

for tbe mean threshold energy in Germ:::mium, i.e. 

:B'igure 6.8(a) has been 

drawn according to this value. 

Wolff has shown that direct transitions 

from the conduction bands to v
3

g (figure 4-.B(b)) 

becomes forbidden for k significantly different 

from zero. Radiative transitions will therefore 

only occur between the conduction band and V{g 

( when spin-orbit coupling is neglected). As 

the direct gap separation at the [lll] and !1ool 
I - -' 

valleys is large, Wolff does nat consider (i) 

and (iii) to be important, yet they may well be 

of importance, as thay will be well populated. 

99/ ....• 
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the case of Si con, the indirect 

to the ative output. 

Cal ons by Wolff show that the possi-

bility r intrab transi ons the .;::nee 

bands increases n:tpidly es 'K increases from 0. 

(It may be noted that inclusion of orbi t 

interac on may ve a radi ve output beyond 4 

microns, on not of the moment. 

See gure 4.13). on is therefore 

explained :rolff on1y by tions 1 and 2 

in g. 6.8(a), ough 

the [m] and rl 
l 

va11 I 
I 

' j 
s ~ay probably not be 

neglected. 

theore cal curve thus found by 

for a mean c er t erature of 0.25 eV ~ 

4650°K ( g. 6.6) indicates that the change 

about 1.3 eV is caused by the intraband t ti on 

l becoming important. Carrier density the 

breakdown region was esti~ated at 1018 - 10
1

9 

carriers per cubic centimetre. s theory al so 

sts another way of observi the agreement 

th experiment. Transition 2, being erband, 

should vary as square of the current densi 

(See eauation 3.9), while transi on l should be 

lOl/ ••••• 
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proportional to the current density. Although 

Chynoweth gnd Gunnel found :no such verification 

of the theory by increasing the current, it is of 

no particular gnificance. It has been noted 

section 6.3.1 that increasing the current 

tends to rm more microplasma spots, instead of 

increasing the current through the existing bre 

down sites. These sitesmayalso fluctuate in 

size with current through the junction. 

In view of the remarks regarding the photo

multiplier response below 1.15 eV made in section 

6.3.1, it is not possible to judge the signi 

cance of the peak observed in fig. 6.6 experi

mentally. 

6.4 Discussion 

It has been seen tbat bath licon and Germa-

nium ate photons the visible and infrared 

regions of the spectrum, presumably from micro-

plasma sites during avalanche breakdovvn. In both 

cases direct interband recombination of energetic 

carriers, and intraband transitions runong the va-

lence bands the centre of the Brillouin zone, 

are the two most important contributing mechanisms. 

These carriers exist in high concentr2.,tions in the 

eraplasma regions. 
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7. SPONTANEOUS EMI SSI ON FROivi SEMI CONDUCTORS DUE TO EXTER

NALLY INJEC·TED CARRIERS 

7. 0 Surnrnary. 

7.1 Experimental observation of spontaneous recombina

tion radiation in different semiconductors. 

7.2 Spontaneous emission due to externally injected 

carriers in licon. 

7.3 Spontaneous emission due to externally injected 

carriers in Germanium. 

7.4 Comparison of the processes 

nium. 

7 • 0 Su:rrJllar_x 

Silicon and Germa-

Observation of the phencmenon of jection 

electro-luminescence is discussed, th reference 

to Silicon and Germanium in particular. The in

fluence of impurities in the hand gap and mechanical 

deformation at low temperature is included. 

Explanations in terms of the previously treat

ed material is put forward for the speetral struc

ture of the emission from each semiconductor. 

7.1 Experimental observation of spontaneous recombina

~ion radiation in different semiconductors 

Observed recombination radiation due to 

103/ ••••• 



-103-

carriers injected into the material has been re-

ported for a great number of materials, a few 

ex~~ples of which are: Silicon Carbide ( C) 
!-· i : ; ;---· l 
5l(l)j, i53(6)l, 161(3)(4)!; Gallium Phosphide 

(GaP( '66~(7)-l,_: ~-6{·(5)-!, ~-6{(6)-!, 162(1)-
1
1, 

\ t ' • 
! t . ! -~ 

(Ga AsxPl-x) 
-- , ... ; 

Gallium Arsenide Phosphide 
I ~ 

: 63( 23) i ; 1 64( 1) i ; Gallium Arsenide (Ga As) 
~·- -< ·" r· -1 r· 'j 

t~3(32)l; Germanium ~53(3)j; Silicon 152(3)(..1.)j. 

Some of these spontaneous effects were in the vi-

sible region of the spectrum, notably those from 

Si c, Ga As x and Ga D Radiation in the 
' '"- . 

infrared part of the spectrum has been observed 

for Ga As, Ge and Si. These materials,especially 

the direct band gap crystals such as Ga , have 

been investigated for stimulated emission and am-

pli cation of stimulated emission, obtaining ex-

cellent results for Ga As. 

As has been discussed in detail in sections 

3 and 5, these effects occur mostly through inter-

band transitions, being influenced by the band 

structure and condition of purity of the lattice. 

Since the temperature influences the occupancy of 

donor and acceptor states, the emission spectrum 

is usually found to be a sensitive function of 

temperature. The availability of phonons in the 

lattice as a function of temperature influences the 

indirect radiative transitions through scattering. 
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7.2 Spontaneous emission due to externally injected 

carriers in Silicon 

Emission from Silicon junctions under forward 

bias have been reported by Haynes and Briggs 
.. -, r .. 
l 52(3),(4)1, noted by Chynoweth and McKay l56(1)1 
! : t I 
·-· ~·-' 

and subsequently investigated by Haynes and West-

phal r56( 3 )-j. 

The spectrum as obtained by these workers 

peaks a little below 1.1 eV at room temperature 

( figures 7 .l and 6 .l), while the peak shifts to 

higher photon energies during cooling, the emis-

sionband decreasing simultaneously. At lower 

temperatures the effect of impurities also become 

evident (figure 7.2). 

As may be expected from the discussions in 

sectien 3, and from the band structure of Silicon 

in figure 6.2(a), the radiative transitionsin 

Silicon at low injection densities will be indirect, 
l 

occurring between the :lOOj valley and the valenee 
.. 

band at 'k o. For the transi tions in intrinsic 

material, or material where all the donors and 

acceptars are a1ready ionized, the frequency is 

given by: 

+ 

~ Ephonon(T) •••·•••••••·•••••••• 7.1 
r 
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Vvhen it is assumed that the j-th electron in 

the conduction band has a mean thermal energy 3/2kT 

above the conduction band edge, and the correspond

j-th hole an energy 3;2 kT beneath the valenee 

band e , this may be written as 

= E (T) + 3 kT: l. ~ w ••••••••••••• 7.2 gap r r 

where the phonon angular frequency w is still 
r 

a function of temperature. Equation 7.2 suggests 

that as the temperature is lowered, the emitted 

band should decrease, as observed experimentally 

(fig. 7.1). 

The indirect band is itself a function 

of temperature (due to lattice expansion) be-

coming smaller with increasing temperature. It 

will then be reasonable to expect that the peak 

of the eetrum will shift to lower energies 

higher temperatures, predict by equation 7.2. 

dentally, the occurrence of sel sorption 

may be no eed at higher energies from the di 

ference of the speetral curves for the two 

s es at 300°K in fig. 7.1. At lower energies 

the absorption difference is negligible (see 

sec ti on 4). 

At very low temperatures the donors and ac-

ceptars in the Silicon lattice are still in ir 

neutral state, may beoome the terminal state 
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for holes from the valenee band or electrans from 

the conduction band. These transitions will peak 

on the long wavelength side of the intrinsic peak, 

evident from fig. 7.1 at 77°K. 

All the spontaneous recornbination radiation 

that has been reported for Silicon P-N junctions 

in the forward biased condition has been in the 

infrared part of the spectrum. Recently radiation 

in the visi ble part of the spectrum under these 

conditions has been reported by Van Wyk Î64(5)' 
I . 
-

( see also part 11 of this report) under special 

circumstances of the injection of energetic car-

riers from an avalanching junction into the for-

ward biased junction. 

7.3 Spontaneous emission due to externally injected 

carriers in Germanium 

Spontaneous recombination ernission from Ger-

manium was first reported by Haynes and Briggs 
r- ; r"" .... 

i 5 2 ( 4 ) ! and by Gunn ! 5 3 ( 3 ) 1 . The speetral dis-

tribution was first investigated by Aigrain, who 

actually found that the emission increases into 

the infrared region, carrying out measurements 

up to 6 microns (figure 7.3). As was correctly 

judged by Aigrain at that time, the cause was the 

use of specimens with a very low carrier lifetime, 
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thus having a large amount of imperfections in the 

band gap. Investigating extremely thin samples of 

Germanium, Haynes found that the recombination ra-

diation from intrinsic material exhibited two de-

finite peaks, at 1.52 micron and 1.75 micron. 

(The high absorption of the high frequency peak 

necessitated the use of extremely thin samples, 

otherwise the peak was completely obscured). 

The recombination radiation as a function of 

the injected current density have been investiga-
! 

ted by Bril1 and Schwartz l 58(3) • For current 
I 

densi ties between approxime.tely -1235 4./cm2 and 

12.35 A/cm2 the amount of photons emitted per 

second, M, seemed to be related to the current 

density Jas 

M ~constant Ja •••••••••••••••••••••• 7.3 

where the exponent "a" ranged between 1.3 and 

1.7. In the low and high injection regions it 

was difficu1t to estimate the effects, due to de

parture from ideal diode theory. 

Interesting resul ts have been obtained by 

Newman \57(10): in an endeavour to couple observed 
i ' ... 

radiative transitions with known introduced de-

fects in the crystal. Both mechanical deforma-

tion and slip among the crystal planes introduced 
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an emis on peak at about 0. 55 eV ( figure 7. 4). 

Investi the current dependenee of the emis-

sion int ty of the two types of emission, 

man also found the inten ty vary according to 

equa ti on 7. 3, wi th 1 ..:::: a ..:::: 2 r the intrinsic 

peak, and a ~ 2 at the de on peak, p 

to a di rent recombination mechanism. Diffu on 

of Copper atoms into the Germ~~ium caused an ex-

trinsic at 0.59 eV. (Note the temperature, 

cording to Conwell, Copper introduces 

three acceptor levels into Germanium, i.e. 0.04 

above ence band, 0.32 above the valenee 
~ -: 

b~~d, and 0. 26 eV below the conduction band ; 58( 6) i • 
L _! 

Newman not identified the wi th any spe 

fic l of the three. 

In Germanium the vall k = 0 in the con-

duetion b is of the order 0.1 to 0.2 eV ove 
r , 

the true b edge at the Jl j valley (fig. 4. 8). 

This would or: of the f ooo-l 
! ' 

e the popul 
- -· 

feasible relatively low eetion levels, 

ccmsing reet transitions to occur at a higher 

energy indirect intrinsic band gap. 

intrinsic itions will normally occur from 

true band e 
-· .., 

at the !111j ey to top of the 
]_ J 

valenee b at the centre of the Brillouin zone. 

Both these transitions are dence in 

7 .. 2. 
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7.4 Oomparisen of the processes in Silicon and 

Germanium 

Both Silicon and Germanium have an indirect 

band gap. Spontaneous emission of recombination 

radiation is due to the phonon assisted transitions 

across the indirect band gap in both cases. Due 

to the characteristic band structure of Germanium, 

direct transitions are also possible at low injec

tion levels and thermal carrier energies, giving 

a second radiation peak at shorter wavelengths. 

No raferenee has been made to the experimen

tal observation of radiation due to exciton forma

tion or intraband transitions in degenerata valenee 

or conduc on bands in the far infrared region, as 

these problems have ree ved little attention to 

date. This is presumably due to the i~~ense range 

of wavelengths to be considered, and severe experi

mental difficulties, in particular reliable detec

tion. 
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8. SPONTANEOUS EMISSION FROM SEMICONDUCTORS DUE TO CARRIERS 

TUNNELLI INTO RECOMBINATIVE LEVELS 

8.0 Summary. 

8.1 Zener tunnelling, breakdown and light emission 

from Silicon and Germanium. 

8.2 Recombination emission due to 

into the valenee bands. 

ectrons tunnelling 

8.3 Emission due to carriers tunnelling into levels 

available for direct recombination. 

8.4 Evaluation. 

8.0 Summary 

The radiation observed from junctions break

ing down under reverse bias due to Zener tunnel

ling (in Silicon) is discussed. Recently ob

served radiation during tunnelling under forward 

bias conditions is mentioned (Ga As). Experimen

tal results as obtained by some inves gatars after 

a previously proposed novel scheme for obtaining 

ampli cation of stimulated emission by tunnel

ling carriers into the correct level for direct 

recombination are presented. 

8.1 Zener tunnelling, breakdown and light emission 

from Silicon and Germanium. 

Thin, highly doped junctions in icon have 
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~-- l 
been stud i ed by Chynoweth and McKay ! 57 ( 4) i to 

L : 
determine the breakdown characteristics they be-

lieved to be controlled by field emission. Du-

ring these experiments they also observed the 

light emission to differ from that which they ob-
I i 

servedon avalanching junctions i 56(4),. The 
' 

emission was observed to be a continuous, dull 

glow over the whole junction, instead of the 

localised spots observed previously. To make 

photographic records of this emission necessitated 

exposure times langer by a factor 102 in comparison 

with the exposures needed for the microplasma emis-

sion, for the same current densities. No speetral 

analysis of the light is presented. 

Migi taka r62( 9 )l has obtained a speetral 
L ! 

distribution curve for Silicon under Zener break-

down, exhibiting a smaller bandwidth than the emis-

sion he investigated from avalanche breakdown 

regions (fig. 6 .. 3). In view of the discrepan-

cies existing between his work, and that of New-

man and Chynoweth and McKay, and in the absence of 

any further details of actual measurement, no con-

clusion may be drawn pertaining to this speetral 

distribution. 

Chynoweth and McKay mention that the width 

of the junctions they were investigating was of 
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the order of 400 Jl [57( 4 Jt . At a reverse bias 

of approximately 6 volts, the estimated depletion 

layer width was approximately 700 R, and the field 

strength a maximum value of 1.2 x 106 V/cm. They 

observed multiplication in the range of voltages 

above 2 volts. 

The theoretical possibility for Zener tunnel-

ling has been discussed in section 5.4. Si nee 

the electrens tunnel into the N region as majority 

carriers, it wasthen remarked that no intensive 

recombination should result. Whether the factor 

102 mentioned by Chynoweth and McKay in obtaining 

the exposures is due to the spreading of the point 

sourees over the whole junction area, thus giving 

lower intensity, and whcther it may betaken as an 

experimental confirmatien of the expectation ad-

vaneed theoretically in section 5.4, is not possi-

ble to conclude from the results. Chynoweth and 

McKay do notmention explicitly whether they have 

observed the emission in the N region, as expected 

from section 5.4. As they also observed multipli-

cation, some of the radiation may have been due to 

that cause, as it is expected that their breakdown 

mechanism was not pure Zener tunnelling. 

At present, no work in the field of Zener -

tunnelling emission in Germanium has been located. 
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8.2 Recombination emission due to electrans tunnel-

ling into the valenee band 

As may be expected, recombination radiation 

is observed from Ga As tunneldiodes when ope ed 

in the normal forward injection mode above the 

tunnelling voltage, as reported by Anders on r-6 3 ( 1 )l. 
~- -l I I 

~~ -· I I 
Hoover and Zucker !63(19)1 have recently reported 

L _j 

radiation from forward-biased tunnel diodes in the 

tunnelling re on (figure 8.1) located in the 

infrared part of the spectrum. form of the 

tunnel dio characteristic and the low tempe-

rature of operation seem to indicate an impurity 

level. 

Presumably this is the type of radiation 

speculated on insection 5.4.2, vdth an impurity 

level in the band gap causing the radiation to 

peak at a point di rent from the peak of the 

tunnelling current. Unfortunately not enough 

experimental detail is sented to enable more 

deductions to be made in confidence. 

843 Recombination emission due to tunnelling of 

carriers into levels available for direct re-

combination. 

It has been pointed out previously in this 
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report that intense recombination may result when 

enough minority carriers are injected into the N-

region, where the high concentratien of majority 

carriers due to Zener tunnelling 

ing to a scheme proposed by Wang 

exists. 
r 1 
163(39)! 
I : 
L ! 

Accord-

for ob-

taining lasing in Germanium through a P-N-P struc-
r l 

ture, Wang, Yee and Nosaka j63(37),(38)J· investi-
L -

gated this possibility (figure 8.2). 

They used a 2N 700 transistor in which the 

emitter junction, being heavily doped, was reverse-

biased to obtain Zener tunnelling into the base 

from the emitter. Injection of minority carriers 

into the base by the forward biased collector 

junction resulted in intense recombination radia-

ti on. This may be explained by the tunnelling of 

electrens from the valenee band in P-region 

into the k 0 valley of the conduction band in the 

N-base. Injection of holes from the collector 

into the k = 0 maximum of the valenee band then 

gives the intense direct recombination. 

The abovementioned authors found that at a 

certain voltage across the tunnelling junction a 

great increase in radiation output occurs. This 

may be explained by the indirect band structure of 

Germanium. At this particular volt , direct 

tunnelling becomes possible Jll.l.2(4)l, 
~ ~ 
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increasing the direct recombinative tr~nsitions 

at the K 0 valley. 

8.4 Evaluation 

It may be stated that the Zener emission from 

Silicon is reasonably well understood. Apparent

ly no experimental work has been undertaken on 

Germanium. Wang's proposal fora two-stage 

Germanium laser seems promising, while the radia

tien observed during forward-biased tunnelling 

will definitely benefit by further investigation. 
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9. STIMULATED EMISSION AND M1PLIFICATION OF STIMULATED 

EMISSION IN SEMICONDUCTORS 

9.0 Summary. 

9.1 Materials and possible stimulated transitions. 

9.2 Problems relating to semiconductor masers. 

9.3 Theoretical considerations for ampli cation of 

stimulated emission of radiation from semicon

ductors. 

9.4 Considerations for threshold excitation. 

9.5 Evaluation. 

9.0 Summary 

Stimulated emission in semiconductors is of 

interest primarily because of the possibility to 

obtain amplification of this emission by resti

mulation, as embodied in the maser and laser. 

Unfortunately the basic questions seem to be 

unanswered at present, and these are noted. The 

theory as far as has apparently been generally 

accepted is presented, but na practical detail ar 

specific cases are discussed. 

9.1 Materials and possible stimulated transitions 

A host of different materials and schemes 
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have been proposed to date for obtaining laser 

action in semiconductors. Practical ampli fi ed 

stimulated emission has only been observed from 
r -; 

direct band gap materials as Ga 
r l r -1 
162(ll)b 163(34)1, InAs and InP 
~-- _! :.._, _I 

As j62(4)!, 

~-6 3 (\ )l i~ the 
L 

in-

frared region, and from Gallium Arsenide Phosphide, 
r -

~a(As~x Px) in the visible region 1_62(71 
! 64( l) j • Al though Ga P has an indirect band gap, 
' ' -' 

the Ga(As1 P ) compounds seem to offer a direct -x x 
band gap at certain constitutions of Ga As and 

Ga P. Two-boson semiconductor masers, whether 

excited electrically or optically, have been pro-

posed for indirect band gap materials, mainly 

Germanium • They have not yet been developed suc-
....- --
1 i 

cessfully i 63(24)!. 
!_ -' 

As in any system of energy levels between 

which interaction is possible, the transitions of 

electrens from one level to another in semiconduc-

tors, with the corresponding emission of aphoton, 

may be used to stimulate the emission of the same 

frequency from other transitions through inter-

action of the existing photon wave functions with 

the wave functions of the existing electrons. 

Oscillations may be excited in this way above a 

certain threshold. The initial photons may be 

those of an incoming electromagnetic wave, thus 
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(iii) The nature of the stimulated transitions, 

responsible for the laser action still seem 

to be in doubt, and the problem remains to be 

solved explicitly. Possible transitions are: 

(a) Conduction band to valenee band. 

(b) Conduction band to an acceptor state. 

(c) Donor state to a valenee band. 

(d) Exciton state to the valenee band or 

an acceptor state. 

(e) Donor state to an acceptor state. 

A comparison of figures 9.1 and 9.2 shows 

that at high doping levels the problem becomes more 

complicated, since the donors and acceptars form 

bands which merge with the valenee and conduction 

bands at doping levels of 1018 - 1o19;cm3. If 

the energy of the photons emitted in this situa-

tion is observed to be smaller than the intrinsic 

band gap, it may indicate almast anything, and it 

becomes a formidable problem to identify the 

transition. The practical construction of the 

diode complicates the analysis considerably, since 

a P-N region is usually formed by diffusing P-

impurities into an N-region, or vice versa 
r -, 
L63( 21 >J. The P-concentration must therefore be 

at least double the N-concentration. Electrical-

ly, the diode will behave as a compensated N-region, 
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but the bands the crystal will answer to 

description of figure 9.2(c). Only transitions 

a, b, c, and e will be considered at present, 

since the problem of determining the transi on 

has not been solved, and may prove to be different 

each case, there being much less information on 

the exciton transition. 

It must be noted that the recombination ap

proach taken earlier for spontaneous statistical 

recombination, in section 3, is not valid in the 

present case, due to the hi injection levels and 

the fundamental difference between spontaneous and 

stimulated emission. It is still true, however, 

that a material with a high probability of direct 

recombination may prove to be a semiconductor with 

a low threshold for amplification of stimulated 

emission. 

9.3 Theoretical considerations for amplification of 

stimulated emission of radiation from semiconduc

tors. 

If it is de red that the conduction band 

state be the ini ti al state, and the valenee band' 

state be the terminal state of stimulated trBn-

sition, it is possible to rmulate a necessary 
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condition for amplification of the stimulation. 

This condition has been obtained by Bernard and 

Duraffourg f-61 ( l )-~ as 
L , 

EFQC - EFQV :> hfCV •••••• • • • ••••• •. • • 9.1 

(See also 11.2.12) 

fora direct transition as shown in g. 9.3(a) 

between the state E0(kj) in the conduction band 

and the state Ev(ki) in the valenee band. 

EFQV and EFQV are the quasi Fermi levels of the 

carriers in the conduction and valenee bands re-

spectively. 

In general the transition will be indirect, 

and Bernard and Duraffourg shows that 9.1 still 

holds, with a modification to the frequency fcv 

emitted in the case kj = ki 

. . . . . 
+ where s = l, depending on whether the r-th 

r 

9.2 

phonon is emitted or absorbed during the process, 

(fig. 9.3(b)) and wr is the angular frequency 

associated with the photon. 

If the transitions occur between an acceptor 

level E (k ) and the conduction band, these a a 

workers have shown that: 
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EFQC - EFQl :> hfc . . . . . . . . . . . . . . . . . 9.4 a 

where 

hfca Ec(kj) - E (k ) -a a L 
r 

Sr nw r . . . . 9.5 

and EFQl is the quasi Fermi level of the impurity 

st e. (This transition has been shown fig. 

9.3(c) for l phonon and as an acceptor level). 

The previous conditions, mentioning that the 

difference in quasi Fermi levels of the states 

must be higher than the energy of the radiation 

it is wished to stimulate, outline a necessary con-

dition 9 though not a suffi ent ene. 

Keyes 63(22) hss considered the result of 

Bernard and Duraffourg further for the specific 

case of P-N junctions, relating it to the impurity 

levels (fig. 9.4). 

In the case of a P-N junction, the fference 

between the Fermi level in the P-material ~p 

and the Fermi level in the N-material, ~N' is 

equal to the diffusion voltage VD across the 

junction. If only direct transitions are con-

sidered, equation 9~1 beoomes 

. . • • . . • • • . . • . . • • • • • • • • • • 9. 6 
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This indicates (fig. 9.4(d)) that if a di-

reet transition is to be stimulated from conduction 

to valenee band, the junction must be doped dege-

nerately. In the case where only one side of 

the junction has been degenerately doped, (fig. 

9.4(b) end (c)) a scheme may be constructed for 

lasing, using a donor or acceptor state. When 

neither side of the junction has been doped to 

degeneracy, lasing conditions in a direct band 

gap semiconductor may not be established under 

conditions of low injection (fig. 9.4(a)). 

Keyes does not point out, however, that 

lasing conditions rnay be established in an indi-

reet band gap semiconductor with non-degenerate 

doping, since it may be shown that 9.1 is satis-

fied if 

. . . . . . . . . . . . . 9.7 

This may also be conclud8d for the case where 

an acceptor level is included as the terminal state 

at low temperatures (11.2.13). 

As shown in section 11.2.14, conditions un-

der high injection may be suitable for satisfying 

the necessary relation 9.1 for direct and indirect 

radiative transitions, although the junction has 

not been degenerately doped previously. 
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9.4 Considerations for threshold excitation 

After the previously mentioned necessary 

conditions have; been established, sufficient con-

ditions are that the differentlossesin the system 

should be less than the gain. Different calcula-

tions of these thresholds have been done for the 

different geometries and materials used r63(17)1' 
r -~ L J 
l63(28) ,• At present these calculations pertain 
L. ..J 

to specific cases, and will not be included. 

Characteristic of the threshold for all the 

different geometries is a rapid rise in threshold 

current with a rise in temperature (fig. 9.5) 

since the dissipative mechanisms, in particular 

the absorption of photons, increase with the tem-

perature. Thus, although room temperature sti-
- -, 

mulated emission has been reported, L63( 7 )j for 

a practical Ga As laser, it was obtained at a 

threshold current density of higher than 

1 x 105 A/cm2• 

As the state of the art is developing extreme

ly rapidly at present, an attempt to cover the 

practical aspects, or the discoveries that has 

been announced, will not be made. Investigations 

into the spatial characteristics and applications 

are included in some of the references in the 
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bibliography, which incidentally is far from 

complete concerning this new subject. 

9.5 Evaluation 

Although the practical situation is at pre

sent somewhat uncertain, it is possible to obtain 

at least a general expression for a necessary 

condition to obtain amplification or oscillation. 

This has been related to the doping levels in the 

case of the P-N laser. It may be concluded that 

although amplification of stimulated emission is 

possible in Germanium or Silicon, the thresholds 

will be much higher than for direct band gap 

materials. 
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10. CONCLUSION 

This report has considered the absorption and emis

sion of visible and near infrared photons in semiconduc

tor materials, chiefly Silicon and Germanium. At low 

injection levels, or low incident photon energy, the 

emission and absorption occur through indirect transi

tions across the fundamental band gap of Silicon and 

Germanium. At high injection lev2ls or carrier tempe-

rature, or high incident photon energy, the transitions 

beoome direct through population of other parts of the 

characteristic band structure of these two m~terials. 

In order to obtain spontaneous or stimulated emis

sion of photons, and eventual amplification of the sti

mulated emission, carriers must be introduced into the 

higher energy levels from where they will be able to make 

downward radiative transitions. 

Different schemes to attain this by opticnl means, 

high field ~ccellar~tion, injection and tunnelling have 

been proposed, ~nd the experimental observations already 

reported on in the literature have been exRmined. The 

most promising practical scheme of these to date has been 

injection ncross a P-N junction, offering a high effi

ciency. 

Al though some bssic problems rege,rding l~.ser action 

in P-N diodes are still not solved even for direct bnnd 
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gap materials, it would appear possible to excite enough 

stimulo,ted direct or indirect transi ti ons to obtain 

eventual 2mplification in indirect gap materials such 

as Silicon 2nd Germanium. Of these two materials, 

success with Germanium appears more probable. 

APPENDICES/ ••• 
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11.2 SOME THEORETIC.AL DERIVATIONS 

11.2.1 (See section 3.3.1). 

DetermiLation of the excess recombination rate 

under low injection levels. 

r 21 
= j(napo + pano + n P )/ni ·,: L a a , 

Condi ons of neutrality dictate that na= Pa 

r 2-1 
re-:::: na! Po + no/ni I r(no,po) ••. • 3.4 . . 

.:..... -...J 

when n p <i <i( n + p
0

) • 
a a o 

11.2.2 (See sec on 3.3.1). 

Determination of the lifetimes of holes and 

electrans due to recombination across the 

band ga12_. 

During recombination across the band gap it is 

found that 

r p n.p r 

rn.p 
-1 

' . 
.ren r = p n p l . = ep r 0 0. 

L I 
..,.J 

tp = Pa/Pr (_n_o __ + __ n_a~)~(-p_o __ + __ P_a~)----n-l-.2 
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Under conditions of charge neutrality where 

n a it is found that 

. . . . . . . . . . . . . . . . . . . 
With injection occurring into P-material, and low 

injection level ass~~ed, 

3.10 

••• tnn = tpn == 1/Prpo •••...•••.••.•.••••••••• 3.11 

and for N-material: 

tnN = t N = 1/P n p r o . . . . . . . . . . . . . . . . . ~ . . . . . . 3.12 

as may be obtained directly from 3.6a and 3.6b. 

11.2.3 (Section 3.3.1) 

Determinatian of excess radiative recambination 

rates for holes and electrans in P and N material. 

r p ren + n )(p + p ) 21 fram 11.2.2 e r a a o a - ni I 
l_ -' 

= pr rn + Pa + n -~ n under conditions of I o al a 
L ...J 

charge neutrality, na= Pa· 

In P-material, under conditions of law injection 

•·. ren~ pr na Po ......•...•.•.....•.•.• 3.17a 
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Similarly 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.17b 

11.2.4 (Section 3.4.1) 

Determination of excess radiative recombination 

rate at an imperfection level in the band gap. 

recombination rate under the condition of n 

minority carriers present is: 

• • • • • • • • • • • • • • • • • • • • • • • • 0 • • • • 3.20 

11.2.5 (Section 3.5) 

Obtaining the band to band Auger lifetime of 

carriers in N and P material. 

The recombination rate for an Auger process be-

tween holes and electrans may be taken as proportional 

to the concentratien of the two carriers recombining, 

and proportional to the concentratien of the carrier 

being emitted with the excess energy. These two types 

of Auger processes will generally be possible within 

the lattice 

• 
• • PAn n2p +PAP p2n 

r 2 2 l ::::PA In p + p n, 
! J 

• • • • • • • • ....... • ••• • • (A) 
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when the tvvo probabili ties for the Auger process 

occurring vrith an electron or a hole carrying off the 

excess energy are assumed equal. 

The excess recombination rate is then 

and when expanded: 

n a 

l 
( 2 2) i 
Po + no ! 

Under charge neutrality: 

Thus the lifetime is found as 

,- 2 21 
t A = 1 /PA i na ( n o + Po ) + p + n 2 + 4ni j -

from equation 3.7. 

N-material then n
0 

:> :> p
0 

and under condi tions 

of low injection 

2 2 
n >>P' 

and further 
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Substituting from equation 3.20 

Corresponding1y: 

r 2 2 1 
tAP = I 6 ni /(nap o + P ) I t Ai • • • •. • ..... • • • 3 • 27b 

L. 

11 .. 2.6 (Section 3 .. 3.2) 

The excess recombination rate in the space

charge region under reverse-bias (band-to-band) 

From sectien 11.2.2 the recombination rate may be 

expressed as 

r = r en ep 
r p "n.pr. 
L 

2i n. j 
1 ; 

_J 

Assuming that in the space charge region under 

conditions of reverse bias the fo11owing re1ations ho1d: 

n <: .::; n. 
l 

the excess radiative recombination rate may be expres-

sed as 

r (RB)~- P n. 2 ................ 3.18 ep r 1 

11.2.7 (Section 3.4.2) 

The excess recombination rate in the space

charge region under reverse-bias (Imperfection

to band). 
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The expression obtained by Sah et al [s?( 14 ~ 
for the recombination rate in excess of the thermal 

value is: 

where Nt and Pt' tno and tpo denote the lifetime of 

minority carriers in heavily doped material, a satura-

ting value theoretically. 

If the trap level now coincide with the intrinsic 

Fermi level, Nt = Pt ni and the lifetimes tno and 

tpo may be assumed to be more or less equal, 

• . . . . . . . . . . . . . 3.22 

In the reverse biased depletion layer 

and thus 

n. 
l 

-2-t . .. . • . • . . . . . • . • • .. • • • . . • . . . • • 2. 23 
0 

11.2.8 The excess radiative interband recombination 

rate at the "centre" of the depletion layer. 

As mentioned previously: 

170/ ••••• 



70-

Where the carrier concentrations are equal, they 
r- ., 

are given by \ 57(14)j 
L. -.1 

n ~ p = ni exp qV/kT 

under forward bias V. 

Therefore the radiative recombination rate under 

forward bias is~ 

[exp qV/kT 

r ( FB) en r (FB) ~ P 2 qV/kT ep r ni exp . . . . . . . . . .. . 3 4: 19 

11.2.9 (Section 3.4.2) 

that: 

Excess recombination rate in the "centre 11 plane 

of a P-N junction at a trap level under forward 

bias. 

For the trap level Et holds 

From sectien 11.2.7 

Substituting n p n. exp qV/kT, it is found 
l 

R(F.B.) ... ~ 
2 = ni (exp qV/kT 

r , 
l )/~! 2ni ( exp qV/2kT +l)t 

L. _J 
and when q'" V :>:>kT 

r- 2 .... 
Ret(F.B.) =~i exp qV/2kTJ /2t 0 

• 41 • • • • • • • 3. 2 4 
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11.2.10 (Section 3.3.2) 

Estimating the relative magnitudes of the pho

ton yield density of the bulk, neutral semicon

ductor material, and the space-charge region of 

the P-N junction. 

A neutral point in the bulk semiconductor material, 

adjacent to the hypothetical "edge" of the space

charge region, is compared with the point in the space-

charge region where the two opposite carrier densities 

are equal. 

Fr om • 2. 3 

n 
a 

At the edge of the space-charge re on (charge neutra

lity observed) in P materi , it is found for instance~ 

r en = P rp
0 

+ n exp qV/kTl n
0 

exp qV/kT r , o , 
L -J 

when qV :>:>kT, and a forward voltage V is applied across 

the junction 

• . . r en 

From sectien 11.2.8 

2 
+ n

0 
exp 

n. 2 

qV /kTl •• ( C) 
_j 

l 

In a typic practical case for Silicon at room 

temperature (q/kT ~ 26 mV) 

172/ ••••• 



-172-

2 ~ 1020 /cm 6 n. 
l 

Po z: 1017;cm3 

n ':i 103 /cm3 
0 

Under forward bias conditions of 260 mV 

exp qV/kT ~ 2.2 x 10 4 

so that 

11.2. 

r 
ere 

(See section 5.5) 

]erivation of the Zener-tunnelling probability 

through the triangular potential hill presented 

by the band gap under high field conditions. 

If the form of the potential barrier be assumed as 
r& ~ 

I I 

in fig. 5.2(b), it may be shown l_ll.l2(a)J that the 

tunnelling probability for a partiele from x= 0 to 

exp ••• • ••••• • • •• • • • • • • • • ( E) 

and 

j E( x )
7 

dx 

0 

Assume the electron effective mass in the valenee 

band ~ electron effective mass in the conduction band 

i.e. m* (This is an idealised case). 
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x 

l
r * 2lt ro 

~ ,._, 2 2m I qn I f 1( E ( x 
I v gap 0 

- -· 0 

= 2 
1
2rn * E I Iï2 I; gap q 

dx 

l 

x) 2 dx 

- ~l 

= 413 t2rn*lqli2 1

2 
E t x ••••.••••.•••.•• (F) 

L -' gap o 

In accordance with fig. 5.2(a) the following rela-

tion is now assurned~ 

x1 = S(V + 0)w, where V is the reverse bias across 

the space-charge layer, 0 is the diffusion voltage, and 

S and Ware constants, S being deterrnined by the irnpurity 

doping on both sides of the junction rll.l2(6)l. 
l _J 

x
0 

rnay be expressed as: 

x 0 = x1 Egaplq(V + 0) 

= r
1 
s E PI q l ( v + 0) w-l • • • • • • • • • • • • • • • • ( G) ga , 

'- _j 

Frorn equa. E, F and G 

= exp(- Kz Egap312 VTW-l) .....•.••..•...••.• 5.7 

where Kz = 
l 

r * 2l-2 4SI3q !2rn lqn 
1 

and VT is the total reverse 
L -

voltage across the junction. 
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11.2.12 (Section 9.3) 

_Tf1e necessary conditions for obtaining 8lllplifi

cation of stimulated emission between two levels 

in a semiconductor. 

It is assumed that the valenee and conduo on band 

structure, fig. 9.3, may still be regardedas of the same 

form as under intrinsic conditions. 

If a state in the conduction band, E (k.) be 
c J 

coupled radiatively to a state 

Ev(ki) 

ti on, i.e. 

the valenee band by a direct transi-

k. k., and the following two Fermi
J l 

Dirac functions are assumed to give the populations 

under conditions of injection: 

~ l 
!,. l + ( E (k ) Tl /kT )J -l L exp C j - ~FQC 

where P0(kj) and Pv(ki) are the probabilities that 

the conduction and valenee band statee respectively are 

occupied, and the quasi-Fermi levels are denoted by 

EFQC and EFQV' then the absorption quantity of photons 

per unit time may be written dovm as 

N a 

r- 'l 
CPv(ki) ll - Pc(kj~f(photon ••• (H) 

where the probab ty of direct photon absorption 

p d v - C and the photon densi ty r:J photon are known. 
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C-V Correspondingly, when the constant Pd is known 

for stimulated ernission, the quantity of photons ernit-

ted per unit time may be written down as 

The proportionality constants K and K includes a e 

the density of statesin the conduction and valenee 

bands, and are assumed to be equa.l in this case. 

The necessary condition for amplification or os-

cillation of the maser will be: 

N :> N e a 

vVhence follow from (H) and (I) 

when 

= 

which indicates that the difference in Quasi-Fermi 

levels must be larger than the frequency of the sought 

stimulated emission i.e. 

EFQC- EFQV :> hfCV •••••••••••••••••••••• 9.1 
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r- ...,. 
l ! as obtained by Bernard and Duraffourg ! 61(1)1. 
'- -

11.2.13 (Sec on 9.3) 

Conditions for the amplification of stimulated 

emission for an indirect transition. 

Keyes I resul t state that r63( 22 )1 in the region of 
L~ .....J 

a p-n junc on 

q_V D :> hf, and in the case of an indirect transi-

ti on 

hf = 

where the constant sr may assume either the value ( ) 

or (-1) and wr is the angular 

the energy of the r-th phonon. 

quency eerreeponding to 

• . . • • . • • • . • • 9. 7 

11.2.14 Conditions for obtaining amplification of 

stimulated emission at high injection levels. 

Let it be assumed that and EFQH give the 

quasi-Fermi-levels for electrens and holes respec ve-

ly. 

The hole and electron densi es under non-equili-

brium condi tions may then be ssed as [n.l2(7~. 
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p.n = ni
2 

exp (EFQE- EFQH /kT.) •••••••••• (J) 

If ideal diode theory is assumed to hold, the mi

nority carrier density (example:electrons) may be ex-

pressed as: 

n = n 
0 

e xp • ( q V/kT ) • • . • • . • . • • • • • • • • • • . • • • • .. ( K ) 

at the boundary of the depletion layer. On the other 

hand 

P + n exp qV/kT 
0 0 

rJ 

Po 

• p.n '::! n.2 exp qV/kT (L) • • l 
. . . . . . . . . . . . . . . . . . 

Fr om (J) and (L) it may be stated that 

qV ~ EFQE- EFQH ••••••••••••••••••••• (M) 

As the forward voltage across the diode is in-

creased, the two quasi-Fermi levels will move away 

from each other. The maximum value of the applied 

forward voltage may be taken as~ VD (This may be ap-

proached practically, but not attained) . . 
Then it may be stated again that 

qVD ~ EFQE - EFQH' which agail approaches the 

condition derived by Keyes ~63(22~!. Thus, even if 
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a junction has nat been doped degenerately the necessary 

conditions for amplification of the stimulated emission 

may be approached by high injection. 

11.3 Values of Certain Constants used in the Text. 

11.3.1 Constants involved in the transition probabili-

ties. 

sd = 0.58 x lo-12 b(m/r~ + m l )312 (l+m/m +m/m) 
Ln P_j n p 

Si= 2.17 x lo-20 A b 2 (m2/mnmp)3/2 

where b is the index of refraction of the material, m 

the free electron mass mnand mp the effective electron 

and hole masses respectively, as calculated by Hall 

l59(2)l. 
~- -~ 

The constant A is equal to 2600, 3600 (eV)-2 for 

Ge and Si, and 8 (see paragraph 3.3.1) is equal to 

260°K, 600°K respectively, as determined experimentally 
r I r l 
l57 ( 7 ~l ~8 ( l 7 )_t . 

11.3.2 Constant involved in the radiative recombination 

probability at a recombination centre. 

where m* is the effective mass of the carrier involved, 

and the other symbols as insection 11.3.1. 

In equation 3.21 the value of E. is in electron 
l 

lt d 
. . 2 vo s , an u . l s ln cm • 

l 
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11. 3. 3 Constant in vol ved in the Drude 'I'heory of Free 

Carrier Absorption. 

2 
a = ( }._ 2 q2/4n 2 c 3b E

0
)(N/m* a) 

'2 
= constant (NA ) 

a . . . . . . . . . . -. . . . . . . . . . . . . 4.7 

This constant = (q2/4n 2c3b E
0

) where /q/ is the 

charge on the carrier, c is the velocity of light in 

vacua, {
0 

the permittivity of free space, and the 

other constants as defined in sections 4.3 and 11.3.1. 
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.. 4 SYMBOLS USED IN TEXT 

-a Lattice Constant. 

A. 

b 

E 

f 

Carrier mobi ty. 

Index of refraction. 

Energy, appropriate subscript added. 

Higher energy level. 

Lower energy level. 

r-th phonon energy. 

Photon energy. 

Lower conduction band edge. 

Upper valenee band edge. 

Energy of trap level in the band gap. 

Recombination level in the band gap. 

Energy value of the forbidden between 
the lower conduction band edge and the 
upper ence band edge. 

Quasi-Fermi level of carriers in the 
conduction band. 

Quasi-Fermi level of carriers in the 
valenee band. 

Intrinsic Fermi level. 

Threshold for electron-hole pair production 
by ectrons. 

Threshold for 
by holes. 

ectron-hole pair production 

Energy of electron in the j-th level in the 
conduction band. 

rgy of electron in the i-th level in the 
valenee band. 

frequency of a partiele corresponding to 
its energy. 
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g 

h 

1'i 

J 

K" : 

k 

[lmnl 
m p 

mn 

m* 

no 

n 

n a 

NR 

n. 
l 

Po 

p 

Pa 

prt 

pz 

Pc(k.)) 
J ) : 

Pv(ki)) 

p . 
r . 

PA 
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Rate of generation of electron-hole pairs. 

Planck's constant. 

h/21t. 

Current density. 

Reduced wave vector, subscripts referring to 
partiele or quantium state. 

Boltzmann's constant. 

Miller indices of a crystal direction. 

Effective hole mass. 

Effective electron mass. 

Effective mass of a particle. 

Electron concentration, thermal equilibrium. 

Electron concentration. 

Added (Excess) electron concentration. 

Density of recombination levels in the 
band gap. 

Intrinsic carrier concentration. 

Hole concentration, thermal equilibrium. 

Hole concentration. 

Added (Excess) hole concentration. 

Probability of radiative recombination taking 
place at an impurity level. 

Probability for Zener tunnelling. 

Probability that a conduction or valenee band 
state will be occupied. 

Probability of radiative recombination. 

Probability for Auger recombination, band to 
band. 
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Probability that an electron transition 
may occur between the states described 
by wave veetors Ki, kj, the states being 
specified by i and j. 

Electronic charge. 

Rate of recombination - a function of 
n and p. 

Excess radiative recombination rate above 
thermal value. 

: Excess radiative recombination rate above 
thermal value in N and P material raspee
ti vely. 

Excess radiative recombination rate above 
thermal value at an impurity level. 

Auger recombination rate, band to band. 

Excess Auger recombination rate, band to 
band. 

Excess radiative recombination rate across 
the band gap in space charge layers under 
reverse bias. 

Sah excess recombination rate at a trap le
vel (not necessarily radiative). 

ren ( F. B. ) ) 
) : 

Excess radiative recombination rate across 
the band gap in the spaca-charge layer under 
forward bias. rep(F.B.)) 

Sr 

tn' tp 

tnn:' tpn 

tnN' t pN 

tAi 

tAN' tAP 

t. 
1 

T 

Constant. Me.y assume (+1) or (-1). 

Electron lifetime, hole lifetime respec
tively. 

Electron and hole li times in P-material. 

Electron and hole lifetimes in N-material. 

Auger lifetime in intrinsic material. 

Auger lifetime in N and P material respec
ti vely. 

Lifetime of carrier befare recombining in 
intrinsic material. 

Absolute temperature, 0°K. 
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External bias across a P-N junction. 

Total voltage across a P-N junction. 

Number 

Diffusion voltage across P-N junction. 

Fermi level under thermal equilibrium in 
n-material. 

Fermi-level under thermal equilibrium in 
p-material. 

Angular frequency of the r-th phonon • 

Wavelength. 
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