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ABSTRACT

The magneto-absorption spectra of Ge, InP, InSk and GaAs at
6% were investigated for photon energies corresponding.ﬁo direct inter-
band optical transitions. Magnetic fields upﬂto 7 Tesla cculd be used
and high sensitivity was achieved by using the photovoltaic effect as 2
new methed for cbserving small variations in the absorption coefficient.
The data associated with transitions between Landau levels in the
vaience and conduction bands were —analvzed in terms of the coupled
band theory of Pidgeon and Brown {6ePl) . Exciton participation in the
spectra is also observed and discussed.

Ge was used as a2 test specimen to establish the method. The
correspondence between +he theoretical and the observed line shapes of
structures is considered, the conclusion being that the Landau level
positions correspond closely with the maxima of the derivative of the
photoresponse-

TIn order to confirm the above conclusion the wavelength modulated
spectra of the photovoltage,é&vov, and the wave}ength modulated reflec-
rivity spectra AR/R are compared in InP. The ;xpefimental positions
corresponding te Landau levels are analyzed in terms of the ?idgeon and
Brown theory. The best fit between theory and experiment provided the
following parameter yalues: the conduction band effective mass

.

mc/mo - 0.079 * 0.00l and the Luttinger parameters Yi = 5.15 * 0.05,

L

Y2 = 0.94 = 0.03, and y@ = 1.62 = 0.03. The direct observation of the



- ii -

split-off valence band tc conduction band transition gives

éz = 0.108 + 0.003 ¢V and an approximate effective mass of
méo/mo = 0.21 + 0.02. The effects of exciton participation are

discussed in terms of the argum;nts presented by Vrehen {68Vl .

In InSk, Landau levels and exciton states are separately
identified. The behaviour of the exciton states is analyzed in terms
of the theory by Alterelli and Lipari {(74Al). The data'corresponding
+o the Landau levels are again analyzed in terms of the Pidgeon and

AN

Brown theory. In both cases the best fit to the data is obtained
by using the Pidgeon and Brown (66Fl) band éarameters for InSh.
Impurity absorption is also observed‘and its-behaviour in a magnetic
field is considered.

The preliminary results obtained for the magneto—optical ‘

structures in Gahs are seen to be comparable to that of Vrehen (6&V1}.

From an analysis of the data the band parameters are estimated to be:

m Jm = 0.067 % 0.002, Y. =7.14 0.1, Yy = 1.6 0.1 and

c o 1l 2

7; =2.7 £ 0.1. - impurity absorption is observed at room temperature
at an energy of 50 meV below the gap. The participation of L.O.

phonons of energy 35.6 meV is also-detected-

THroughout this work the photovoltaic effect and its wavelength
modulated derivative proved tc be advantageous methods for observing magneto-
optical structures. The observation of weak structures, such as those
due to impurity absorption, further demonstrated the sensitivity of this

method.
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INTRODUCTION
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pinding encrgy, exciton states can me associated to each Landau level.
The interpretation of rosults associated with Landau levels andé

.
ex;iton states with the aié of theories expressed in terms of the
sundamental band parameteXs of the semiconducter should result in an
accurate determination of these parameters.

.Magnetd—optical affocts were First studied by optical trans-
mission, however the rapid inerease in the aksorption coefficient for
photon energies greater +han the fundamental gap reguired the use of
very thin sampies and restricted the spectral region that could be
studied. The observation of magneto—optical structures in the
reflectivity spectra could remove the above restrictions, but the
structures were found to be SO+ ak that magneto—reflectivity experi-
ments proved guite difficult to perform.

In +the early 1960's differential technigues were developed to
enhance the sensitivity of the abso;ption and reflectivity methods.

An externally applied periodic perturbation, such as an electric field,
a stress, or a temperature variation modulates the absorption or
reflection spectrum of the material. However these modulation
technigues, which directly affect the semiconductor, will often greatly
perturb the parameters themselves, therefore proper anéd often difficult
corrections must be ineluded in the analysis of the results. An
interesting alternmative to the experimental complexity of the
modulation technigues is to study the spectral @istribution of the
photo-effects of a semiconductor in a magnetic field. Filion (73FL}

has studied the photoconductiﬁity spectra of GaSb in ‘intense magnetic




£ields and thelr results were comparable if not better than those
published bleeine et al. {72R2) who used a stress moddulation technigue.
More recently, Barbarie {7451) investigated the photo-electromagnetic
effoct of some semiconductors and showed that this photo-effect could
also be used to observe magneto—opti;gl structures. One purpose of
the present research was to develop and make use of vet another phote-
cffect technique, spgcificalLy the photoveltaic effect produced at a
me+tal-semiconductor contact, for research in magneto—-optics. ~
The photovoltaic effect at 2 metal-semiconductox contact has

some practical applications in the areas of detectors. The most

notable advantages of this effect over photoconductivity and the photo- ‘

electromagnetic effect include high signal to noise ratios and fast
response time. In addition the photocell can be made to reflect small
variations in the absorption coefficient of the semiconductor with a
high degree of sensitivity.

when & Schottky barrierx is made, a space charge 1is huilt up
at ané near the metal-semiconductor interface. near the semiconductor
surface the ionized donors, which form the space charge, produce a local
clectric field inside the semiconductor to & depth W, called the barrier
depletion width. This depletion width is in part determined by the
donor impurity concentration of the cemiconductor and is therefore a
controllable parameter. If a photon of energy grgater than the fun-
damental gap enters the depletion region it may be absorbed to create an
electron hole pair-which, because of the electric field, will immediately

be separated and as a result produce a photocurrent.



The photocurrent produced is directly related to the generation
]
rate of electron hole pairs within the depletien layer and is thercfore
directly related to the absorption coefficient, &, of the semicon-
ductor. The photoresponée of the cell will, in fact, best reflect
small variations in the absorption coefficient when oW = 1. In
addition an even greater ?isibility‘oﬁ the structures in « can be
achieved by using a modulation technigue, for example wavelength mod-
ulation, to obtain the differential spectrum of thé photovoltage. The
advantages of the wavelength modulated photovoltaic effect has recently
beenr used elsewhere (76N1) in order to observe small changes in- the
-

absorption coefficient of semiconductors.

1In the following study the experimental results obtained on Ge,

Ld
InP, InSb and Gaas are discussed. Germanium, being one of the best
known semiconductcrs, was used as a test material to determine the
foasibility of using the phetovoltaic effect in magneto-cptics. The
results were analyzed in térms of the coupled band theory of Pidgeon
=

anéd Brown, fhe hest non-excitonic theory available. The band para-
meters obtained from the fit were compared to those of Aggarwal (70A%).
Because of% the éucceSs of the method in Ge, the photovoltaic e¢ffect and
its wavelength derivative were used to observe the magneto-optical
structures in alless xnown semiconducter, InP. New bané parameters
were determined by the analysis of the Landau levels. Excitonic
participation was observed and is discussed. Both the exciton states

and Landau levels in InSb could be observed. The analysis of these

phenomené 1ed to the conclusion that the pidgeon and Brown (66P1)




parameters best Jescribe the bands in InSb. Finally the band para-
meters of Gaas were‘cstimated from prelim}nary results.

The following is sepg;ated into three main chagters:

1- In chapter I the thecretical background is reccalled and those
4spects used in our analysis are stressed. !

2- Chapter II deals with the apbaratus and experimental procedure.

3= Chapter III presents the results and analysis for the semicon=

ductors we have studied.




CHAPTER 1 THEQRETICAL BACKGROUND

S

This chapter, separated into two sections, 1s a resume of the
theories which were considered for the present work. In the magneto-
optics section the nehaviour of Landau levels and of exciton states as
a function of magneﬁic field are reviewed. The ghotovoltaic effect was
used to observe magneto-optical structures and tie relevant properties

of this photo-effect are summarized in the second section.

A. MAGNETO-0PTICS

In 1897 Zeeman (97Z1) made the first successful cbservation of
the influence of a magnetic £ielé on the properties of light emitted or
absorbed by a substance. Subseguent studies and analysis of the spectra
of atoms in magnetic fields helped greatly to elucidate the electron
structure of the atom. 1In solid state physics the advent of high purity
crvstals combined with the availability of low temperatures and high
magnetic fields later permitted the observation of magneto-optical
phenomena in semiconductors. The oscillations observed in the magneto-
absorption spectra of InSb (5781) and of germanium (5721) at energles’
just above the energy gap were immediately interpreted in terms of

transitions between the quantized magnetic levels in the valence and




~

conduction bands. Research has been dong on many magneto-optical

phenomena, for example: cyclotron resonance, magneto-plasnma reflecticn,
¥

and Faraday rotation; the present work will however be concerned with

interband magneto-optical transitions.

‘A great deal of theoretical and experimental effort has been
expended in oxder %o understand the electronic states which give rise
o the structures observed in magneto-optics and, as a result, 2 wealth
of information related to these interband transitions and to the band
parameters of the crvstal can be obtained from the analysis of experi-
mental results. Moreover, the observation of the wehaviour of bound
electron-hole pairs, known as excitons, in a magnetic field will result
in additional information about the properties of the semiconductor.

This section is a summary of the existing theories which were
used in the interpretation of our experimental results. Excellent
reviews of magneto-optical phencmena can be founé in the literature;
for example Jchnson (67Wl), Lax ané Mavroides (67W1l) , and Aggarwal (72W1)
consider the behaviour of Landau levels, ané Dimmock (67W1) and Knox
(63K1) spmmarize the properties of exciton states. The optical transitions in

solids have also been recently reviewed by massani ané Pastori parravicini (7581).

1. Landau levels

The study of magneto-optical phenomena begins with the

investigation of the effects of a magnetic field on the band structure




of a semiconductor. Consider a simple band structure consisting of
& - ) - - v
swo bands for which the encrgy-momentum relaticn near k = 0 are given by
w

1]

2
k
Z = ml
o] 2m .
c
- ~
and
2.2 B
E_ = _Ek - £ -
v 2m
- g

where the indices ¢ ané v denote she conduction and valence bands
respectively, M and m, are +he electron and hole effective masses, and
Eg is the energy gap between ehe conduction and valence bands. in the

effactive mass approximation, Schrodinger's egquation, including a tem

-
for the presence of a magnetic field B, 1S written as

28]

N -

-~
2m* o+

0o
By
=2

n
Y]
R

[ 3
5
3]

- -
where p is the momentum operator and A = (82 x ¥) is the vecior poctential

-
of the field. The eigenvalues of eguation m2 in the case where H is in

-

the z-direction and spin is neglected are given by

J
|38

m3

for the electron in the conduction band, where n 2 0 is the magnetic

ch

m
c

the cigenvalues of equation m2 for the holes in the valence band are

guantum numbexr and L. = ig the cyclotron freguency. Similarly



given by

The solution of eguation 32 was first obtained by Landau (30LL)
for the case of free electrons. The simple case considexed here
demonstrate%‘that the solution can be represented as‘a series of harmonic
oscillator-like levels, known as Landau levels, with the spacing between
she levels equal to the cyclotron energy hw. Figure MFl illustrates the
energy levels for this case. In considering this simple model we axe
led to expect that the absorption coefficient as 2 function of energy
will exhibit structures related to transiticns between magnetic sub-
levels. Figure MF2 illustrates this phenomena for direct transitions.
From the observation of cuch structures and the ensuing analvsis the
vand parameters of the solid near i = 0 can be determined. However,
the data that is obtained for most semiconductors cannct ne fully analysed
in the light of the simple model presented above.

The existence and degeneracy of the light hole and heavy hole
valence bands at ﬁ = 0 in many semiconductors considerably complicate the
study of the effects of a magnetic field. Luttingexr and Xohn {5611}
investigated this problem in the framework of the effective mass appro~
ximation assuming the bands to be parabolic. rheir theory also includes
the effects of spin orbit coupling. Roth et al. (59R ) and Burstein ct
al (5931} applied Luttinger and Kohn's theory to the case of the interband

magneto-optics.
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The theory in magneto-optics was further developed by Pidgeon

and Brown_(66?l) in order to take into account the cffects of the neon-
parabolicity of the bands due to i.ﬁ interactions (Kane SGKi). This
was done by treating the two conduction bands (spin degenerate) ané the
six valence bands (heavy hole, 1ight hole, split-off Ispin degenerate)
simultaneousiy. The. theory also includes the interactions of the
coTuction band with higher bands as well as the effects of the ani-
sotropy of the bands.

In the Pidgeon and Brown theery, the energy positions of the

Landau levels are found to be the eigenvalues of an 8 X 8 matrix repre-

» oo

sentation of the hamiltonian. 1€ the magnetic field is in the (110)
plane, the hamiltonian can be written as
D=D_ + 0D
o 1
\
where part of the valence band anisotropy is included in Do. D, is &

small perturbation alsc due to the anisotropy andé Pidgeon and Brown sShow

that Dl can be neglected. At k_ = o, Do is represented by two 4 X 4

matrices, table MTL, whose eigenvalues are the energies of the Landau

jevels at a given magnetic field. A schematic representation of the

Landau levels is shown in -figure MF3.
The conduction band in the presence of a magnetic field splits
A

. . c . . . 1
up into two serles of levels: the a series with spin m =5 and the

b~ series with spin m, = - %-. The valence bands become four series
; + . ; . . ‘ 1 3 - .
of levels;-a is the light hole band with spin m. = =5 or =i a is the

5’.‘#
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. . . + . .
heavy hole band with spin rn:.l = = % ox %u b is the light hole band with
) 1 3 - : :
spin mj = 5 or - % , and b is the heavy hole band with spin mj = % or
_3 |
> -

In figure MF3 the allowed direct interband transiticns have
been indicated for both the right circular (R.C.P.) and left circular

(L.C.7P.) po}ari:ations of incident light whose wavevector is parallel

. to the magnetic field direction. The cuantum numbers of the levels are

labelled as in the Pidgeon and Brown scheme and the selection rules for

’

the interband transitions are as ‘given by Filion (73F1) ané Reine (7OR1)

+1 L.C.P.

n=(n-n"

where n is the conduction band magnetic guantum number and n' is the
valence bandé magnetic cquantum number.
The matrix elements of the hamiltoniig are expressed 1n terms

of the following parameters:

-Eg: . the zero magnetic field band gap
- -cb: the split-off band energy
-71, Wa, yg, k : +he Luttinger (56L1) parameters which

describe the valence bands
-E +he interaction energy between the cdonduction band
and the valence bands'as defined by Xane (56Kl)
~-£: a parameter describing the interaction between the

conduction band and higher bands
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]
5

. -f{&) = % (3 cos%? - 1}° is a function to take into account
the angle pbetween the magnetic field and the (001)
direction of the crystal (figure ME4) .
These parameters which can be obtained by fitting experimental - -
‘data are related to others found in the literature, for example the

conduction band effective mass mc is written as

+2f Me

Aggarwal (72Wl)

and the conduction band electron spin g factor is

1
It
=
]
=
=
3

Roth et al. (59R1)

Lawaetz (71L1) writes the light hole effective mass, m and the

ir’

heavy hole effective mass mhhp in terms of Luttinger's parameters, .i.e.

2= ooy + 0 M8
lh -

and

L

]

{v.

m
Thh 1

— 2 2
- v} (1 + 0.05 Y‘_1 + 0.0%164 Yh}s/

-

where ;: and Y% are defined-to be

2
‘-?-’=’(2Y2L N 2‘}43)1/2
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TABLE MT1 The Pidgecon and Brown matrix

1/2

sM l+ Eq s M
sl/2M2 sM3
sl)2M sM

4 5
1/2M7 . SMS

2

1/2M. l/zM-—W
4 7

s'“5 SMS

sM6 5M9

sM, SMlO-Ci_

matrix b

n+1+2£ (n+l/2)

L 172
(1/2 n “o)

—(71+W’)(n—l/2)—3/4K

,
(1/6 (e E)

-
/ Y“

=0

-{3n(n+l))
—'wl—w) (n+3/2)+1/2K

- - 1/2
(l/J(nbl)uD)

(6(n+l}n) l/ZY"
—/2(Y" (n+3/2) - (X+1) /2)

—YH(n+3/2}?K+l/2

szehB 'm

n+2f (n+1/2}

n
(i/6 n E )l/“

?

(Y, - Y (n-1/2)-1/2K

o
(1/2(n+1)E )l/“
D

—(3n(n+13)1/2v"
- (Yf-Y' ) (n+3/214+3/2K

5
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Figure MF3.

Landau levels as seen in the Pidgeon and Brown theorv. (70R1)
ac and bc are the conduction bands, a and b are the light
iole valence Bands} a  and b are the heavy hole valence bands.
The transitions for both L.C.P. and R.C.P. are indicated for
a sample which is placed in the Faraday configuration. The
transitiens origiﬁat;nq from the split-off band have beexn

cmitted.
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[001]

The angle between the magnetic £ielé and the crystal

direction [OOl]
The magnetic field is in the (110) plane ané the
£(8)

angle & is that which is includeé in the functicn

in the Pidgeon and Brown formalism.




and

2 <
L” L” - L -
Y= ety, - Yo /Y - YD

- -
The split-off band effcctive mass, L the electron spin g-
factor arc also given by Aggarwal (72W1) as

)

4]

m 4L D JaN
m - Yl - 3E = o ne
S0 g g
and o~
N _ _=» JAY
gSO 2 |2k + 1 35 { N )
g g

The theorv should now permit the determination of the band

parameters from the analysis of Landau 1evels observed experimentally

in real cvrstals. The above theorv, however, has so far neglected the
Ccoulomb-interaction between the electron and the hole. Excitonic
participation in the spectra can be very important and, as a consecuence,
+he origins of the cscillations observed can be ambigquous.
and Louden (&0El) demonstrated that in the presence of high magnetic

fields 'exciton states can be associated with each Landau magnetic sub-
level and that these states can be expected, in some cases, to be dhe
dominating features in the absorption spectrum. Therefore in order to \L
fully interpret the observed spectra and obtain +he band parameters of

a semiconductor the theory for the behaviour of exciton states in a

magnetic field is a necessity-



2. Excitons in a magnetic field

Theories have been developed for +he behaviour of exciton states
in low and high magnetic fields. These two regions of magnetic field
strength are defined by the parameter EE introduced by vafet et al (56Y1)
ané Ellioctt and Loudon {6OEL) . The parameter GE is given as

e = nuw /2e (0 M10
e [ X

e . . .
where W is the reduced cycleotron freguency of the electron hole palr

- L
e o !
w = — (= + )
C m m
[ Q

and &x(o) is the exciton binding energy in the absence of a magnetic
field. The exciton binding energies andé the magnetic field {alues for
ee = 1 for some semiccnductors are presentedé in fable MT2. The
effect of a low magnetic field, G% << 1, can ke eonsidered as a small
perturbation and can be handled by using standard perturbation theorv.
This is the case, for example, for the Zceman effect in atomic spectro-
SCODPY - | The influence of a low magnetic field on +he direct exciton
states has been investigated by Altarelli and Lipari {73a1) and more
recently by Cho et al (75CL) . In these papers the¥behaviour of the
ground state oI the exciton is mainly considezed and the calcﬁlations
are done to second order perturbation. In the present research,

however, the high and intermediate magnetic £ield regions are inves-—

tigated.



TABLE MT2
Energy §ars (Ec}, Binding energy of exciton (Eex}, and the
value of magnetic field &) at which the effective field &-1

for some semiconductors.

material E, {eV) Eex(ev) B (Tesla)
Ge 0.889 0.001¢ 1.18
GaAs 1.520 0.0053 6.12
Gasb 0.811 0.0021 1.41
Inp S 1421 0.0052 5.05
Inas 0 .410 0.0015 0.60
InSb 0.2357 ) 0.0005 0.11



The adiabatic method introduced by £lliott and Loudon (60E1)

was considered an excellent approach to the theoretical problem of
. - -

oxciton states in a high magnetic field, ee:>> 1. The extension of
Elliott and Loudon's woxrk to the realistic case of semiconductors,
whore valence bané degeneracy and anisotropy as well as bané te band
interactions are taken into account was investigated by Rees (72R1)
ané Altarelli and Lipari (74A1). These authors express the results in
terms of the zero magnetic field bané parameters of the semiconductor.
- ) . . "
Tn order to analyze the exciton structures in oux spectra of InSbh, the
theory for the case 3 h’hll] had to be developed in the light of
Altarelli and Lipari's results and is presented in Appendix A. An

analysis of beth the exciton behaviour ané the Landau ievel éistribution

should, in principle, result in an accurate determination of the band
parameters. However, the experimental results obtained for many

semiconductors are neither in the low Or high magnetic field limits.
the analysis of the results chrained at intermedlate field, eefi 1,
can become very complicated cince the identification of the structures
is uncertain. An estimate of the band parametexs of the semiconductor
can nevertheless be cbtained if the experimental results are empirically
corrected for exciton effects and are then analyzed using the Pidgeon
and Bfown theory for interband magneto-optics. (Vrehen 68V1).
The binding energy of exciton states associated with Landau

levels of guantum numbers nL> 0 can be estimated following a gualitative

argument given by Elliott andé Loudon. The binding encrgy of an exciton



)
i

in a magnetic field depends mainly on the average radius of the state
n with which it is associated so cthat its energy can be related to
the binding enexrgy of the exciton associated with the lowest level,

n. =0, as given by:
P

.

€ (n, €O E'\:(OL' eé)

ox e
where
' el
GE _ 1 _ 1/2 ﬁuE
& 2n, + 1
54 L 1 e
(ﬂz + Eﬁﬁ .

t£ the binding energy of the exciton associated with the lowest level
is determineéd as a function of field, the binding energy of the excitons
associated to the higher Landau levels can thus be estimated and
appropriate corrections to the data can be made. = should be noted
——
that since the binding energies decrease with n, the parameters of the
semiconductor can be determined by considering high levels as Landau
-
jevels only and analyzing them as such.
1In our case, the Pidgeon and Brown theory for Landau
——r
levels was used to analyze the results in Ge, InF, InSb and Gaas.

The exciton states were corrected for in InP and GaAas using the

above arguments. An analvsis of the data using Altarelli and
”



and Lipari's theory £for the behaviour of exciton states in
high magnetic fields also resulted in the determinatien of the

band parameters of Insb.

Many experimental methods have been developed in order
+o obtain data to be analyzed in the light of the above
theoretical considerations. The study of the spectral éis-
tribution cf photo-eflects such as phetoconductivity (7371}

’ - -
and the photcelectromagnetic effect (74Bl) has proven
effoctive in overcoming some of the drawbacks of the absorption

and reflection technigues. The advantages of the photo-

veltaic effect such as high signal ©o noise ratio and fast

response time have provided an impetus to the present research.



B. - THE METAL SEMICONDUCTCR CONTACT AND THE PEOTOVOLTAIC EFFEC

¥

-

The barrier height of a metal-semiconductor contact is, 1in
general, determined by both the metal's work function and by the
density of surface states on the semiconductor. A detailed energy

A
band diagram of a metal to n-type semiconductor contact is shown in
f . )
figure PFl as presented by Cowlev and Sze (65C1).
. Before the metal is brought into close contact with the semi-

conducter a barrier alread exists at the surface of the semiconducter

due to the presence of surface states. The

i

ermi level at the surface
is &t‘an cnergy ofqﬁb above the valence bané. When the metal of work
function @m is made to come into contact with the semiconductor the
the barrier is built up even mcre. flectrons originating from the

donor levels near the surface of *he semiconductor flow into the metal
_— _
and the surface states until thermal eguilibrium 1s achieved. The

barrier height an resulting from this space charge distribution can be

approximately written as (69S1)

.

?Bn=C( -X) + (L ~-C

E
_i- [l
2 SR P

£
2
(&, + g 5?5)
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Figure PFl Detailed enecrgy band diagram of a metal n-tyee
semiconductor contact with an interfacial laver of the order

of atomic distance. After Cowley and Sze (65C1) .




In this expression the parameters arc those shown and defined in figure PFl.

From ecguation Pl we can considexr, for example, two limiting cases:

a) When the density-.of surface states is very large, DS—°C°

’

+he barrier height is given by

] . .
a®. = (E_-g@) P3
Bn S .
In this case the fermi level at the interface is pinned by the surface
states at the-value of q?% above the valence band and the barrier is -
{ .
entirely determined by the doping and surface properties of the semiconductor.
b) When the density of surface states is low, D_ — 0, the
s
barrier heighi is given'by
/
q ¢ = glp - P4
‘?Bn ‘(ﬂn x ) 4

whieh is the expression for|an ideal Schottky barrier when surface states

are neglected.

| 7] -

The experimental results ficad and Spitzer (66M1) indicate that

.

for various gold-semiconductor contacts the energy of q¢o can be found using !

»

the relation

E - qp = 2/3 E 25
c o g

These results indicate that for most semiconductors the density cf surface
states is peaked at an energy of one third of the gap value above the wvalence
band edge. 1t should be noted that there is of vet no generally accepted

/ . .
model for the formation of a Schottky barrier and intensive, investigations of

I
/ . . - . . .
/ the problem are s+ill underway, using tools such as external photoemission for
A .

ihstance‘(Gregory and Spicer 75Gl}. Mead qu Spitzer (66M1) favour the idea

. that the ‘Fermi level 1is pinned-at the surface by the intrinsic semiconductoxr

-

- surface states. Others (74P1) suggest that the Fermi level pinning is due to

various interactions between the metal and semiconductor. Qur present CONCErM

is however only that a barrier cxits. '
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The presence of a barrier at the surface of the semiconductor

orovides a localized electric field

region in which free clectrons or

hol can be accelerated to give a resulting current. If the metal

contact on the front surface is semi

can be injected into this interface

transparent, electrens ané heles

region by photo-excitation.’ (a

metal-semiconductor contact is schematically represented in figure PF2

where the electric field region and
by'photo—excitation are indicated).
possible. Ié one case electrons <a
+he barrier, andé into the electric £

regién. This would ceccur for light

rhe methods of electron injection
Two types of photosignals are *

n be excited from the metal, over

ield region, kneown as the depletion

whose energy exceeds the barrier

heigﬁt, hv> g @Bq. On the other hand, the light which arrives into

the depletion region can, if hv > Eg
which will be immediately separated
of these mechanisms would normally g

our main. interest.lies in the second

signal 'will be directly a2 function ©
of the semiconductor.
~ _
The expression for the photo

been developed’ﬁy Gartner (54Gl).

density through the depletion layer

, create an electron-hole pair

and produce a photo-current. Both

ive rise to a photosignal, however
type of transition since this photo-

£ the intrinsic optical properties

signal of a contact barrier has
The total short cirzcuit current
is given as

P6

where J__ is the drift current density due to the carriers generated

DL

inside the depletion layer and J ..z

.

ig the diffusion current density of

.

Y
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minority carriers generated outside the depletion region in the bulk
of the semiconductor. The thermal generation of carriers within the
junction wifi be neglected herc. Under monochromatic radiation, the
electron-hble pair generation rate at a distance x from thelsurface of

the semiconductor is given by

gix) = & o exp (-wx) P7

where ¢ is the incident photon flux times the guantum efficiency ané
« is the absorption coefficient. If recombination is neglected for

carriers created within the barrier depletion width W, the érift
N .

current density will then be given by

-

Il

. W .
3 pe]
JDL =1 i: g (x}déx 8

o @ {exp (=aW) = 1)

Tn an n-tvpe semiconductor for x> W rhe diffusion current is given

by (5451)
SRR RS D,
JDIFF = - ————— exp (XW) - &g Pq Eh PO
1 +olL o]
?
1/2 , . . ..
where La = (Doq‘) ' DD is the diffusion ccefficient for +he holes,

a~ is the minority carrier lifetime, and P is the eguilibrium hole

-

density. Under normal conditions the equilibrium hole density Po will

be small so that the second term of equation P9 can be neglected. The
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current density produced by the light is thus written as

exp. [ =4W) )

3. = -g¢ (1 -
1l +aL
P
The photovoltage preduced by the light can be calculated using
+he current-voltage characteristic equation for a diocde:

P11l

gv
J=J (exp (32 -1
s - kT) )
is the reverse bias saturatien current density and V 1is the
current density J.

where J
5
voltage needed across the junction to procuce the
£ light and an applied

The total current density J in the presence o

voltage is
2
J=J +J5_(exp (EEQ - 1) P12
L - kT i
and setting J = 0, the open circuit photovoltage is
J .
T i
v :l.c_*j,n(l_._—‘)
oV > v ~
B s s .
t - —
= X n | &8 (1 exp (Z2W) 4y 4 P13
c J 1 + <L
1 s o
bl 1
The functional dependence of the photovoltage on the absorption
coefficient e« is mainly characterized by the value of the depletion
width W as seen in figure PF3. The photovoltage beccmes insensitive
2 2
and «W > 10 . Small

+o small changes in « for values oW < le



ﬂhotovohage

1
\\\

"
f ,

-1 0 1 2
LOGm(Gw) -

1y

igure PF3 The photovoltace as a function of «W.

For a fixed derletion width, W, the vhotovealtage is
insensitive to changes in the rahsorption coefficient %,
-1 1 L.
for «W<10 and «W>10~. The highest sensitivity to small

changes in « occurs at *xW=l.

-




changes in the ahsorption coefficient can most casily be detected in

samples with «W 3 10-1 and oW < 10. Assuminé that the depletion

width, W, is given as in the abrupt junction approximation (69s1) .,

3%
0

kT /2

S V.. = —
W (Vi q) 1

WQ
Z
Dl
'
A

and since the barrier height vbi is fixed for a particular metal-semi-

conductor contact, the proper donor concentration, N., must be

a
selected in order to obtain a sample which will produce a measurable
chotovoltage as well as reflect small variation in the absorpticn
coefficient.

The correspondence between structures in the absorption
coefficient and structures in the photovoltage is easily establ;shed.
For example it can 5@ shown (Appendix B) that the maxima (minémgk_
iﬁflection Doints) in o correspond to maxima (minima, inflection points)
in the photovoltage va. One can therefore use the photovoltaic
response to study the effects of an external magnetic field on the
abscrption‘coefficient of a semiconductor.

The main objective of the present work was to observe and
analyze maggeto-optical structures of Ge, InP, InsSh, and Gars at low
temperatures using the photovoltaic effect and its derivative. In
addition to the effects of a magnetic field on the samples, various
temperature dependent phenomena could also be investigated. In
particular an important variation in the magnitude of the photovoltage

in InSh as a function of temperature was observed and an interpretaticn




of this phencmenon was developed (see Appendix C)

theoretical considerations.

following the above




CHAPTER II EXPERIMENTAL METHOD AND APPARATUS

The apparatus used in the prescnt magneto-optical studies has
been described in some detail by Filion, A. (73F1) , Barbarie, A. (74Bl)
and Davoine, J.M.V. (75D1) and sinﬂ?tjds work necessitated very fﬁttle

5 b}
change in the basic set-up, the design and methods of fabrication of
the varicus compenents will not be stressed here. The following is a
straightfecrward description of the equipment and how it was used. The
sample preparation technigue that will be osresented will hold Zor all
our samples and any specific details pertaining to individual specimens

will be included in the next chapter when the results are presentec.

This chapter is divided into four sections; <the first sectien presents
the method of selecting the optigal radiation; section two describes

the crvostats and their use; in section three the sample preparation 1is
simmarized; and in section four a brief account of the signal detecticn

system is given.

A. THE SELECTION OF OPTICAL RADIATION
The apparatus for the cselection of the reguired optical
radiation is presented in figure APl where the different elements of the

system have been noted. Beginning at the light source, the components

.
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are described following the light path. Two light sources were used:
s R
a guartz iodine tungsten filament lamp for the wavelength region of
600 nmestecrs to 2,000 nmeters and a Nerntz filament for the wavelength
region 1,500 nmeters O 6,000 nmeters. The white light emitted from
she source was focused onto +he entrance slit of the spectrometer.
Just before entering the spectrometer the light could be chopred in a
sguare wave pattern at a frequency of 85 H=. The Czerny-Turmer, SpeX
model 1700, 3/4-meter spectroﬁeter was equippedé with variable entrance
and exit slits allowing the selection of the spectral resolution
required in a particulaxr experiment. wavelength medulation could be
done by using the vibrating plate mechanism which had been installed by‘
Filion (73F1l) inside the spectrometer near the entrance slit. The
original glass plate could easily be replaceé by guartz and calciumi%
fluoride plates of various +riicknesses to select the amplitude of the
modulation reguired in specific spectral regions- Monochromatic
;adiation was obtained by using the 10 x 18 em roflection gratings: a
600 grooves/mm grating blazed at 750 nmeters, a 600 grocves/mm grating
blazed at 1,600 nmeters, and a 150 grooves/mm grating blazed at J,OOO
nmeters. Most of the second and higher order radiation was cut off
. -
by low pass filters: (600 nmeters, 1,040 nmeters, 3,000 nmeters) placed
oo
at the exit slit. The monochroﬁitic radiation could be circularly
polarized with the helﬁrof either an H.R. polarizer and a Fresnel rhombd

made of high index of refraction glass {(for the visible and near infra-

red) of a nickel filament polarizer and a codium chloride Fresnel rhombd




(for the medium infrare&). The advantage of the rhomb over the 1/4
wave plate is that the light can be cirecularly polarized over an extended
wavelength region. The rhomb; were built by the author following the
criteria given by J. M. Bennet (70B1) . The outgoing radiation could
be separated into two beams allowing the simultaneous detection of
noth the intensity variation in the incident beam and the sample response
variation as a function of wavelength. -

‘ The wavelength calibration and the optical resolution were
checked before ané aftér cach experiment with a helium-neon laser and a
‘?EFury arc lamp. . The direction of polarization of the bheam incidént

5 -
on to the sample could be determined by using a guarter wave plate and

the percentage of polarization could be estimated by measuring the ‘

ellipticity of the radiation. It should be noted that the radiation
coming £rom the sSpectrometer is partially linearly polarized and that

the spectral distribution of the intensity will therefore depend on the
Girection of the circular polarization. ;ardona EE9C1} pointed out thag
when wavelength modulation 1s being dene the modulation amplitude to bé
used shoula be approximately equal to the spectral resolution. An
experimental study of wavelength modulation and resolution was deng for

our apparatus by Davoine (75D1) and his results shoulé be considered

when an experiment is planned.



B THE CRYQOSTATS

Three types of crvostals were uscd throughout the experimen-—
tation peried of this work. All sampleg underwent preliminary tests
in portable liquig nitrogen crvostats which wexe built here in the

- department following the plans by Fortin;%?OFl). In these cryvostats
)

the samples were attached to a copper cold finger where, upen £illing
the‘cryostat with liguié nitrogen temperatures of.the order of 100K
could be attained. . v

To perform experiments at lower remperatures and in the presence
of a magnetic fielé two cryostats equipped with superconducting solenoids
were available. Although the two cryostats were basically of the ‘
same design, theyrdiffe#ed in their maximum magnetic field available
as well as differing greatly in their use and portability. Figure AFZ
i? a schematic representation cf-a créss section of both ‘cryostats.
Sach crvostat shall now’ be described in more detail including, some of
their advantages and disadvantages.

The "larger" cryostat was built by Sulfrian Cryogenics Inc. A

niobium titanium supercenducting solenoid fyom Ferranti-Packard was

e v .
, -
mounted horizontally in the cryostat. The experimental chambex had
an inner diameter of 3.5 cm allowing an effective f number of 4.8. The

chamber was scaled in Zront by a removable quartz or sapphire window
assembly which could withstand the- thermal.shock upon being quickly cooled

to 4.2K. The front optical windows, Can, were attached to stainless

.
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steel rings with Shell Epon B28 epoxy and Shell D hardeniﬂé agent as
suggested by Mollenauver et al. (68M1) (Note: Vthe epoxy may crack with
thermal recvcling and therefore-could be a source of leakage at low‘
temperatures) . The back seal of ;he chamber, also capable of with-
standing thermal shock, consisted of a stainless steel plate'in which
an eight wire ceramic electrical feedthrough was installed. {The

feedthroughs may crack at low temperatures; it was found that this

would occcur when the ceramic had been overheated while making electrical

connections) . The front ring and the bdck plate were bolted to the,
chamber while an indium 'O’ ring was used to assure a vacuum tight

seal even at low éem?eratures- (The indium *0' rings should be changed

v

-

every time the seals are broken) .
The experimental chamber and the liguid helium container were
surrounded by a liguid nitrogen cooled copper shield. The whole
o
apparatus was finally enclosed in a vacuum—tight stainless steel casing.
\
The ober casing was equiped with removable front and back plates wnich
= 3
were bolted on to the chamber while 2 rubber 'O' ring ensu;sfhidgood
: ” - | )
seal.  The space between the outer casing and the inner chamber was

evacuated by an oil diffusion pump in series with a mechancial pump.

secause of the large volume and the many seals involved with this

~ .
crvostat, pumping of this space would take a minimun of two days before

a vacuum of the order of 10—3 pascals could be achieved.
[
The crvostat being pumped, the inner chamber was also evacuated

through a small capillary. The liguid nitrogen reservoir for the

Ny

. - '
P TP & ] A‘IEI:\”“'
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copper radiation shield was then filled. Liguid helium was intro-

N [l

duced into the inner veservoir via a guide pipe which allowed the cold

helium gas to cool the system from the bottom up. Primary cooling

&

coulé also be done by introducing liguid nitrogen into the inner con-
tainer and letting, it evaporate. However,’grea;j re had.to be taken
that no nitrogen ‘remained in the chamber when thelliqu 3 helium was
introduced sincé the nitrogen would quickly solidify and, thereforqf
block £he access of the he;ijy +o the lower part of the cryvostat.
During the cooling ‘process i+ was noticed that the outer chamber would
sometimes cool and fog. This was not necessarily an indication of ai‘
aivr leak but was often the result of a poor vacuum in the chamber.
7

Further cooling of the inner chamber often provided enough cryo-pumpling
+o eliminate this problem. If complete free;e—outﬁgf +the stray gases
in the chamber &éid not occur, the experiment had to be stopped and once
the systeﬁ had reéurned to room temperature al; seals had to be checked.

The helium level in the inner reservolr was monitored by
firstlv recording the resi;tance of the superconducting magnet; its
resistance varied from 650. ohms at room temperature, to 90 cohms at
liquid nitrogen temperature, and finally to zero at approximately 10K.
Once the magnet was superconducting the liguid helium 1evel was monitored
by recording the values of various carbon resistors placed at regular
depth inter&als inside the reéérvoir. Under normal operating con-=

ditions 15 to 20 litres of liquid helium were required to cool the system

down and an additiomal 3 litres per hour were reguired to compensate for

$
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LY
losses. A helium exchange gas at a pressure of 10 to 100 pascals was

.introduced via the capillary into the experimental chamber where
temperatures of the order of 6K were attained.
. o = .
Because of the time and expense involved in the preparation and
. . . ™
use of the ¢rvostat a minimum of four and up to eight pretested samples

woul@ be fixed onto the sample holder in order to avoid cancelling a
AY

- -

run due to sample or contact breakage during cool}ng. Tiffgémples were
mounted on-an ebonite cylinder with Silicone DC-Z9 grease, a compound
which remains soft-at low temperatures and assures that minimum stress
is made on the sample while cooling. - The samples were placed in the
center of the experimental chamber where the magnetic field would be
parallel to their surface directicn. In this regicn the magnetic ‘
field factor of 0.1448 Tesla/Amp was found to be correct to within 0.5%
by Filion (73Fl) and the radial field homogeneity over the diameter of

- the experimenggl cﬁamber was found to be superiér to 99.5%. The liguid
helium temperature c;itical field of the magnet was estimated to be 7.37
tesla with an average rate of field increment of 0.2 Tesla/min.

The electric circuit fo; the magnet is presented in figure AF3.
Starting a; the magnet, the system was equipped with a persistent switch
which could provide a field stability of one part in lO3 over'lO3 seconds-
We have however not used this mode of the systém since we were interested ’
in stopping‘at many magnetic field values for a re%atively shoit time.

The magnetic field at the sample was estimated by monitoring the current

fed into the magnet through a standard resistor of 5.00 * .02 x 10 ohms.
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Figure AF4 -Current output vs time characteristic of the
control circuit.
{ ; '
At any specific cuxrrent value, the output is adjusted such that

the magnetic field can be increased in a minimum time.



Should the magnet become normal during operation at high magnetic ficlds
a ﬁigh back e.m:f. would be induced into the circuit , (the magnet has
a self inductance of 20 henry) and could seriously damagé‘the sower
supply. To prevent damage of this type a network of pretection diodes
tvee 70H10A made by International Rectifier was in;ta;led in parallel
_with the power supply Qutput. It was pessible to program the Hewlett
packard model 6260A direct curreni DoOwer supply by varving & resistance
which was monitored by the power supply. In oréer to obtain any
specific magnetic field value in a minimum time,a non—line?r current

-~

control was made. The contreol resistance consisted of three resistors,

figure AF3, Rl’was motor driven to vary linearly from 0 to 500 ohms;

.R2 could be manually set from O to 100 ohm and permitted the selection ‘
of the maximum allowable current, andé R3 30 ohms, was added to permit

a maximum field of 7.2 tesla when Rz was at 100 ohms. Figure AF4 shows
the current ocuiput as a fumetion of time for this control system. It
takes approximately 38 minutes to go from 0 to 7.2 tesla and, considering
the rate at which nelium is lost, this long rise time can be a great
inconvenience if many runs are planned. In fact in order to obtain

the spectra for one sample at every 0.5 tesla for both circular
polarizations a minimmm of 10 hours had to be regerved once the system was
cdoled down and ready for operation. As previously noted, fogr samples
were normally installed in the cryostat and if scans of all the reason-

able samples were to ?e made a minimun of 75 litres of ligquid helium

would be reguired.

r
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In order to circumvent some of the disadvantages cf the "“larger"

cryostat we have built a small portable model. In this crycstat a super-

conducting solenoid from Supraconducteur ct Crvogenie du Canada Limitee

1

permitted fields of at least 3 tesla. The magnetic fiecld factor was_/

-

of 0.0693 tesla/Amp ané the current could be guickly increased manually.
The low temperatu;e fro;t window was made of‘sapphire cbtained from
adolf Meller Co. N.Y. This window in combiqﬁtion with the room tem-
perature exterior wi;dow cf CaF2 allowed work to be dene in the infrared

up te 7,000 nmeters. Ccniy one day of pumping was required to achieve

a vacuum necessary for the experiment to proceed.
s

’
The cooling down of the system required from 3 to 5 litres of

liguid@ helium ané with a current of 40 amps flowing through the magnet )

and copper leads the rate of helium loss was of the oxder éf 1.5 litres ‘
per hour. Although four samples couié be placed cnto ordinary sample
holders, a special holder (figure AFS) with both a germaniu¢ resistance
thermometer and a copper resistance thermometer was installéd allowing
us to put one sample with electrical leads anéd two or three samples on
which reflectivity experiments coulé be dene. Since the cryostat under
normal operating conditions would warm up very slowly, experiments to
follow the temperaﬁure variation of several phénomena in the absencé of
magnetic field could ecasily ke performed. The c;yostat was made to be
portable so that its total ligquid helium capacity was small (~ 2 litres)
and therefore many helium transfers could be reguired during one single
run. It was found well-advised to-reduce the magnetic field to zero

each time a transfer was done since the initial hot helium gas could make



the magnet normal. gut these are small inconveniences when we consider

the total turn around time (approx. 2 days) for one'run with the.small
crvostat in comparisen to she turn around time (approx. 2 weeks) foxr a
similar run with the larger cryostat. Moreover all samples were
tested for magnetd—optical structures inuthe small crvostat beforc con-
sidering putting them intc the‘larger svstem. In the case of small

band gap materials such as InSb the complete study can be done in the

smaller cryvostat.

C - SAMPLE PREPARATION

. S
Throughout this work a large number of samples were mace and
tested. However only a small percentage of the samples actually
survived all the preliminary tests in a way as to be considered accep-

table. The samples, in general, were cut from large monocrystal: the

actual specimen would be a parallelipipedé of approximately 4 X & x 1 mm.
Both the £ront and béck surfaces were lapped using 5 micron Alzo3 powder.
The samples were then etched with appropriate etchants as suggested by
Milnes (72M1} and as given in rable ATI. The highly polished samples
were mounted on glass slides and indium was evaporated over most of the
back ;urface. The indium was then diffused by heating the samplelin a
nitrogen atmosphere furnace to temperatures of up to 300C. The front
surface was re-etched and a thin gold film ( 30 to 800 nmeters thick)

was cvaporadted onto this surface. The transmission spectrum of the

.



TABLE ATl

crch for various semiconductors

material HCL H SO4 BNO, - 'B'  'C’
-

Ge N N S Y N
Si N N N v N
5iC N N. N N N
GaAs S,N S S,N S, M
GaN N N N N
Gar N N N [ s
GaSbh Nq N v v M
InAs ut N M M M
In? VM N N N ot
Insb  Ns¥ N v v oM
- Cas M N \Y s s

th

n &

A

b4

Z w0
h

A A S N1

Z

A

A A

-

a-All sclutions are at room remperature and concentrated unless

dtherwise noted.

v-etches material vigorously
M—etches material moderxately
S-etches material slightly

N-does not perceivably etch material
B-1 Hr:4 HNO

3
-Approximately 5% Bromine in Methanol

(]

a0Cl

v}

-301

2

i

£-50% NaOH and hot 90-100°C
g-Hot 90-100°C
1-20 to 100°%¢

; o] .
-Approximately 20% NaOHE and warm 40-50"C unless noted otherwlse
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A

gold films, figure AFG,‘was checked for sharp structures which could
hinder the data interpretation. No, evident stryctures were found in
the spectral region of interest. Golé or platinum wires were attached
to both front and back metal contacts with indalloy or silver paint.
Finally the samples could be mounted into the various cryvostats to be

rested for their photoveltalc response.

The Svnchronous Detection Svstem

A schematic representation of. the detection system used in most

~

- . -
of the present experiments is included in figure AFl. Systems such &s. /
-

this are in genmeral use today and we feel that a lengthy description of
. . +
the compecnents is not necessary.

B as previously mentioned the monochromatic radiation coming from

'3

the spectrometer has been chopped at a freguency of 85 Hz. Once the
light has gone through the optical system.it is split intc two beams,
one of which goes to the sample and the other goes to 2 detector suit-
q?le‘for +he wavelength region to be studied. )
The photosignal coming from the sample wag fed intc a PAR 213 pre
amplifier whose variable input impedance permitted the matching of the
different sample impedances encountered in this work. The output of
the prea;plifier went to a PAR 210 selective amplifier and finally the

signal was fed into a PAR 220 Lock-In amplifier. The signal from the

detector was similarly processed through separate preamplifier, selective

-

~




-
amplifier, and Lock-In amplifier. The signal to noise ratioc could be

’
v

maximized by matching the electronic time constant to the spectral

scanning rate and the recuired resolution. The resultant D.C. signals
fron!:he Lock-In amplifiers were processed by a PAR 230 multiplier unit
where the sample's photosignal was divided py'the detector's photo-

signal in order to eliminate from the sample's signal any structures

which might arise £rom variatiens in the Imput light intensity.

-

ﬁ-l';




CHAPTER III . EXPERIMENTAL RESULTS AND ANALYSIS -

-

The spectral response of the photovoltaic effect in the presence

of quantizing magnetic fields were obtained for germanium, indium
phosphide, indiuwn antimonide and gallium‘aisenide. The results and

analvsis of the experiments will be presented in chreonelegical order.

-

Germanium was the first semiconductor to be studied. ts' ‘primary
role as test sample was to confirm that magnetic field dependent struc-

tures could be cbserved in the photoresponse and that such structures

’

could be analvzed in the light of the latest magneto-optical theories.

Magneto—optical structures were readily observed and from the analysis

it was concluded that the energy positions of the maximum slope of

N

these structures corresponded to Landau level energies. . Indium
chespghide was then studied in order that the conclusion reached in the
study of géxmanium be verified and, more importantly, in order that its
_band pa;ameters be precisely determinedl Exciton participation was
evident in the spectra of InP and empirical corrections of the data

had to be done following the method suggested by Vrehen (68V1) . In
InSb, both the exciton and Landau level traﬁsitions could be separately
seen and as a consequence the band parahgte:s could be made to fit both
the exciton and Pidgeon and Brown ;heoreti&al developments simultaneously.

Tinally, the ?geliminary results obtained from the photovoltaic effect

on gallium arsenide are analyzed. - -
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1 GER_I‘\{ANIUM
’ . Germanium was one of the first semiconductors to be studied in

. £
magneto-optics (57Z1) and since then it has-been investigated by many

_ authors and by the various magneto-optical'iechniques available. Becaﬁge

of this extensive research the baﬁd paragﬁteré of Ge are considered well

known and,ffom our point of view Ge could serve as an excellen% test

_saméle for our studies qsihg-;%g photovoltaic effect for the oﬁservaticﬁ— .
of magneto-optical struc;ufes.Ar

The results were obtained on samples cut frem a monocrystaliine

bloék of n-type Ge with a carrier concentration of 3 x lOlscde. A

" rapid estimate gives a depletion: laver width of W =5x 10_4 an and a

- .

maximum electric field of 2 x 103 v/cm at the barrier. For this sa:ﬁple ;\’"\ i

no Franz-Keldish* effect could be detected; The samples were polished 1

with Al,0, powder and etched in a solutIon of ISHF:ZSHNOB:].SCHBCOOH.

The back surface ohmic contact was made by evaporating indium onto.the

face and alloving in a nitrogem; ‘mosphere furnace at 300C. The front

' »

+ rThe Franz-Keldish effect (5871). An exteérnal electric field modifies
the optical properties of semiconductors because it produces a2 change in

" the electronic levels and the transition probabilities. Near critical
points in-the absorption coefficient this effect would give rise to a .
tail and oscillations, in the spectral distribution. Neither of these
+wo phenomena were observed.in our samples including Ge, InP, InSb and
GaAs. Therefore we believe that the electric field at the metal semi-
conductor contact was not high enough to affect the results in magneto- °
optics. .
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*

surface contact cphsisted of an evaporated semi-transparent gold film.
.. The specimen was then mounted in éhe Faraday configuration with
-B:// [110] within the experimental Mamber of the:superconducting
‘magnet. ‘%he quartz iodine tungsten fllament lamp served as light
sou{;g?and the 1,600 nmeter blaze gratimg proyided the 11g t dis- -

persion. The mcnochromator was set ar alo ceter {1 meV) resolution.

Ge-A Preliminarv™gs¢a and fit
Tvplcal spectra: of the photovoltage in the presence of a
magnétic field are shown in’ figure dé?l. oOne such spectrum for each

of L.C.P. and R.C.P. was obtained at every 0.5 tesla in the range zero to

seven tesla. The signal to noise ratioc was estimated to be better than
1006:1, howewver the actual portioﬁ of the required signal was‘;btained *
by-working with a zero d.c. off-set and mﬁltipling the basic signal by
affactor of 10. Therefore the os;@;lations as seen in figure GeFl

represent, in amplitude, approximately .1/100 of the %S;al signal.

Initially the energy values of the maxima of the structures

were thought to correspond to the positions of Landau levels and

—

were taken as the significant data and labelled {Table GeTl) as in
the Pldgeon and Brown scheme. - The energies of the maxima for L.C.P.

and R.C.P. light are nlotted as functions of the magnetic field in

figuies GeF2 and Gegﬁ respéctively where again-the labelling is in

+

accordance with Table GeTl. A linear fit of low field, low quantum
5

3
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TABLE GeTl |

Identification of transitions in Ge.

hl

EE(L,3) = a (1)aS(3) b (110" (4)

-

)
R.C.P.
A a (1) atw A b (=13 B°(0)
3 at (1) a%(0) . 1 HE(0,1)
1 mm(2,1) "B 5 (0) p° (1)
c 5@ x5O > TuE(1,2)
. 2 HH (3,2) . 3 HE (2, 3)
D at 2y a5 c BT (1) »°(2)
3 H=(4,3) 4 HH(3,4)
E a " (2y«a% (1) 5 (4,5)
4 wH (5, 4) D st (2) b°(3)
s  =E(6,5) 8 HE (5, 6)
, 6 HN(7,6) ¢ 7 =EH(E,T)
7 w=(8,7) 5 ®H (7,8)
=) HH=(8,9)
A
%
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number lines gives an extrapolated band gap of 0.8892 * 0.0005 eV,

a value close to 0.888 & 0.001 eV obtained by Aggaxwal (70al) at 30 X.
The fui! lines on the fan diagrams (figures GeF2 and GeF3}

represent computer £its of -the experimental data to the Pidéeon and

érown theory. For theée £its, the bandgap Eg was taken from above as

0.8892 eV; the split-off energy & = 0.296 eV, the upper band inter-

action parameter £ = 0, and the ani;ot:opy factor Yg - Yé = 1.38

were taken from Aggarwal (70Al). The data were, fitted with respect to

. ) L -
the three most important parameters 1n the thecry: Yl' Yé, and »_.

Tn an attempt to avoid excitonic effects (Edwards and Lazazzera {60E2}})

-
the f£its were made only for the field values of 3 teo 7 tesla and +

gquantum numbers of 2 to 7 for the heavy hole transitiocns. The values

-
i

obtained for different parémeters are shown in table GeTZ along with

&
the values quoted from Aggarwal (70Al1).

S -

Ge-B Excitonic participation

&

The effects of excitonic contributions to the spectra are easily
seen in the data. A consistent offset of fhe experimental points from
the theoretical lines at low gquantum numbers (eg: lines A and B, figures.
GCer2 and GeF3) is a preliminary indication that these points are of
excitonic origin. Moreover a precise plop (figure Ger4) of the

average energy of the lowest light hole transition labelled "A" shows
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TABLE GeT2
BAND PARAMETERS FOR GERMANIUM -

Present work ¢ Aggarwal (70Al)

m /m 0.0360%.0003 0.0380

¢ o .
Yi 12.6+.3 . l3.3§
v; 5.66%.04 5.68
ED : 28.1+.2 eV 26.8 eVv
YL 4.3+.5 4.3

2

-3.2*.3 -3.0

9e
KL 3.7%£.6 3.4

Drms .8 meV
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a non-linear variaticn with magnetic field. This behavicur is exciton
like (60El) as opposcd to the linear fit expected in the Pidgeon and
Brown formaliism for Landau levels in that magnetic field and energy

range.

Ge-C Discussion

The values of the band parameters giving the best fit to the
maxima of the structures observed in the spectra differ‘signiﬁicantly
from the accepted vaiues. Tor example, the value/pf 0.036 ;o cbtained
here for the conduction band effective mass is lower than the rather
well known value of 0.038 mo obtained by Dresselhaus and Dressglhaus
(67D1) . Figure GeF5 is a reproduction of the spectrum of fiéure Gerl
but with the labelied rransitions being those obtained from the Pidgeon
and Brown theory using the parameters pfoposéd by Aggarwal (70Al). The

¢ theoretical points lie on the low energy side of the maxima but are yet
consistent in their positions’ on the structures. As was pointed oét
by Roth et al. (59R1) and Barbarie (7481) the theoretical transition
energies between Landau levels correspond‘kp the eﬂergy positions of
maxima in the absorption spectrum only when broadening of the levels can
be neglected. Wwhen a finite relaxation time T is included,the
absorption coefficient is written as {67W1)

2 L
AW (x + 1) + X
e = JT g n L

c
2w 2% + 1)
n
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where_xn = (W - wn)T , W is the incident photon frequency, .o -
1 . . ,

u; = Lug + (n + ;ﬂw;. anq \u; is the effective cvclotren frequency,

\u; = eB/u . The absorption coefficient and its derivative are

-
plotted as a function of frequency in figure GeF6 for.w*™ = 3.
The energy positions of the maxima do not correspond to the Landau level”

energies and a line shape analysis of the structures observed in the’

.
.

spectra would be required if high pfecision is needed on the positions
of the Landau level transition enexgies. Oon the other hand a good

estimate of the regquired energies can be made by +aking the positions
. : N

>

of the maximum slope and the erroxr introduced by taking these points is

usually less than the experimental error itself. This conclusion seems

. - .
+o be confirmed for the results on Ge (figure GeF5) as well as the d

results on InP.

2 TNDIUM PHEOSPHIDE (75P1)

Tndium phosphide is a III-V compound which has not been the
subject of many interband magne;o—optical investigations, one reasen
being that this mater;al is difficult. to obtain in pure form. Tc our
best knowledge only a partial study done by sarbarie (72B1) has been —_—

reported up to now.

The determination of the band parameters through magneto-optics
’

presents both experimental and theoretical difficulties. Due to the

- .
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relatively high effective masses involved, high magnetic fields are
required to produce observable energy guantization, and even at 7 tesla

only the transitions from the light-hole wvalence band will produce any

observable effects, these effects being small in comparison to the
background.‘ The exciton contributions to the spectrum are laxge

vecause of the exciton's large binding energy; therefore the observed
guantum oécillationé.must be corrected for these effects. Thg“
correction in the case of InP is diffiéult to perform explicitly.since
the field involved is in the inte;mediaﬁe region, ee:: 1, where nc

theory has vet been developed-

Qur samples were cbtained frgm a menocrvstalline block of n-

- . : . : . 15 -3
tvpe InP with a.room temperature carrler concentratign of 2 x-10 om .

4 '

As in germanium the depletion laver width is estimated at W = 5 X 100

~ . .
with a maximum electric field of E=2x 103 v/cm at the barrier. The

4 -
cm

.

samples were polished with 31203 powder and etched in a 10%/vol Br-

methanol solution. Again the contacts were placed in a "sandwich"
ccnfigufation, the back chmic contact being made of diffused indium and

the front rectifying contact consisting of a semitransparent gold film.

The samples were\piaced in the-?araéay configuration with B //[}ll}.

In order to obtain the wavelength modulated reflectivity spectra, a
similar sample of InP was made without contacts and a low noise silicen
. , A .

photodiode (EG and G-type HAD-1000} was used as the detector.
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InP-A Comparison of wavelength-modulated photovo.ltaic effect and

. . \
wavelength modulated ref lectivity.

-

In the discussion of the results on Ge, we had suggested that

.the energy positions for Landau levels should closely correspona to »

-voltaic spectra. 'I‘th signal from In? samples?./‘s found to be noise /

L]

“

e maximum slopes' ofl the structures cbserved in the direct photo- e

free to the extent that wavelength modulation could easily be .msed £o
obtain the derivative| of the photoresponse.
. ” . M ' -

Thus in ordey to establish experimentally the correspondence -

between the: structurds seen in the photovoltaic spectra and the pertinen_t
: ., )
transition energies, ja ccmparlson was made betweenxthe wavelencjth . ‘o
LT . \.\

modulated photovoltailk AV ' sbectrum and the, wavelength modulated

reflect:.v*tvrAR/R spgctrum. On figure InPFl the AR/R ,spectrum near
the 1s exc-ton ln.ne at l 4183 eV is nrese% together ‘ﬁ'lth the AVP

spectrum. The re lectlv:.tv curve was f:.tted to, the formgl69Cl) -

+

oR € ‘23 - gy, °
2wy - R, Gy R D) )
»
I'd R - ) . T p-\

c:.ton—asvmetrv broadening paramete"' and € is the"’ . ey
. -

i
cormnlex dieledtric consfnt._ which includes excitonic participatien, _

"as given by ene ’“al ‘and Woolley FflSI) The parameter A was found- to

.be A=

i, -

0.6/and the Lorentzl%h bioaden:.ng parameter, T' ’ wh:.ch is

nt, was found to, be T = 1 meV 3
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L
) It is noted that the éxciton energy, which correspond; with
the minimum in the AB/R curve, is associated to tﬁe Tero-cross over
of‘the Avpv curve. As a ccﬁsequencé the pertinent energies to‘be

related to excitonic behaviour will be the maximum of these structures

observed in the direct photovoltaic spectra or will be the zero Cross-—

over of the structures obsexrved in the Avpv spectra.
- fThe more complete spectra of AR/R and.AVpv at 7 tesla are
presented for comparison in figure InPF2. The pertinent transition

energies (as labelled in table InPTl) which were taken as data are

. .
indicated on the figure. \‘In the case of the Landau like oscillations
having a large broadening parameter, the maxima of the Avpv curves.

correspond to the minima of the AR/R curves to within 0.5 meV, which

is as good as the resolution of the apparatus. A major difficulty in

-

using only the AR/R data was +that the reflectivity signal was very

-

weak and noisy, in contrast to the photovoltage: This is clearly
demonstrated in figure InPF2 by the high visibility of the split—off
band to conduction band (5.0.) rransitions and higher guantum number

Landau level transitions in the AVDV spectrum in comparison with that

-~

of the AR/R spectrum. . l ‘

Figure InPF3 presents a comparison of the direct ‘photovoltaic
s t
spectrum and its associated wavelength modulated spectrum at 5.5 tesla

.

for L.C.P.'light. . The transitions which can be seen in the direct -

spectrum appear as very small oscillations even when the signal is

amplified and offset. These oscillation?, however, are gquite evident

-
v

o~

A -



-~
0]
3
. -
o «——
Q =)
by
R =
= <o
[~
& -
- I = o2
— o
o
(oo
—S
4—@ |
<
'r- o
-_—
. o
‘ﬁs*‘
.-"" [$= 20
- ({e]
-"‘-—__ (0]
e — .
v —©O
-‘---""—-—..__
-Eh-‘
_-FT
d/-.' '—‘Q
- o
----_________-
---"—' ™
-—— h'
(o0]
— E
- ey g T Y i Sy . —— - o
_______ ‘:._
(00]
R (o]
— L d
(o]

AAA g

Figure InPF2 -Spectral distribution of the wavelength modulated .

»

photovoltaic (&V

478V
TYNDIS— .

(&AR/R) signal at a magnetic field of 7 Tesla.

3

o .

v) signal ané its correspondismy reflectivity

{ microns)

WAVELENGTH




4
o

TYNDIS

Figure InPr3 —S?ectral éistribut; of the direct ahotovoltage
( solid line ) and its associated wgbelength modulated derivative

{dashed line ) at ¥.5 Tesla.

-
<

0.86 0.85 0.84 083 0.82 0.81
WAVELENGTH (microns)

0.87

0.88



- 73 -

”~

in the modulated spectrum and the high signal to noise ratio would

permit even greatex amplification if it were required.

—

InP-B Landsu level analysis

For each magnetic field value and each polarization of incidenfi
Al
light, the datawere accumulated from the AR/R spectra, theyﬁvvv spectra,
as well as from the direct vav spectra. The energies of the pertinent

points are plotted as functions of the magnetic field in figures InPF4

and InPF5 for right- and left- circularly polarized light respectively.

Following Vrehen (68V1), it was assumed that the binding energy of d
excitons associated with Landau levels of higher guantum numbers 3
(eg. n = 4, 5, 6) is negligible whé% comﬁéred +o the experimental
resolution. Therefore these three levels for both pokarizations were
simultaneously fitted to the Pidgeon and Brown theory for Landau level
transitions. For the fit the band gap value of Eg = 1.423 eV was
obtained from the zero-fieid convergence p;int of tﬁe three upper curéeg
of moth polarizations. The S§.0. energy of & = 0.108 eV was obtained
directly from the spectra at B = 0. The higher-band interaction para-
meter f = 0.0 was estimated by minimizing the r.m.5. error of the fit

. with respect to this pdrameter. YThe anisotropy factor (Yg - Yg) = 0.68

was taken from Lawaetz {71L1). . ’

The fit produced the Band parameters presented in,table'InPTz,
) &
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where the parameters such as 9+ Seo’ Moo and En are calculated using

the approximate eguations of Aggarwal (72Wl). ¢The parameters obtgéned
differ somewhat from the theoretical values bx;t are however in goo’fi
agreement with the latest experimental wvalues obtained by cyclotron
resonance; for example, mlh/mo = 0.12 of Leotin et al..(74Ll) d
mc/F:o = 0.0803 of Chamberlain et al. (72C1).

The theoretical lines produced in figures InPF4 and InPX> are

derived from the parameters obtained in the fit and are identified in

cabie InPTl. TH® lines are labelled according to the Pidgeon and BIQwn
no;ation in the case of Landau levels; in the case of exciten levels,
the lines are l1abelled as the corresponding LarNau level (which is
R(H) /(2n + 1) above the exciton 1§vel). For ewample, in the i.C.P.
data both the Landan transition a+(l)oﬂc(0), line 3, anéd its, associated
exciton level, Y¥ine 1, are seen. The higher gquantum number lines,
n= 4; 5, 6,:§tem from an unresolved mixture of Landau and assaci
exciton levels. Dgg to the admixture of a number of possible Landau
and associated excitoﬁ levels, the exact identity of the data at low

energy was difficult to establish. Thus, among the possible verlapping

theoretical lines, the line which bes?—described the data was ¢

label. . e
*

-
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TABLE InPTl IDENTIFICATION OF TRANSITIONS IN InP.

The notation used is as in the Pidgeon snd Brown scheme.

In the table the transitions are identified as Landau levels

~ (L) or as the exciton states assaciated with the pertinent

Tandau level. For n>4 the experimental resolution does not

allow the differentiation between a tandau level and its

R.C.P. L.C.P.

No. notation tvoe . No. notation tvpe
-
+ = )
1 W ao 1 b (0) B°(1)  Ex
a ¢ 8. 0 - €
s 1) a0 L 2 TN BT (1)- - L
3 at(y a%wy 12 3 5t b5 e
4 a™(2) &%) m2 4 attyy 2% 12
5 o (20 T 1o 5 a2 253 w2
6 & i3) a“ (2 2 6 g (2) p°(3)  Ex?
+ ¢ '
7 ar (4) 2% (3) L,Ex 7 5™ ¢3) b°(4) L,Ex
: c
8 a (5), 2% (4) L,Ex 8 5T(4) b°(5)  L,Ex
ol ' .
o atie) a(5) n,Eex 9 57 (5) 5°(6)  L.Ex
10 a™(7) a® (6 L,Ex
. T -

A
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& -
TABLE InPT2
. BAND PARAMETERS OF INDIUM PHOSPHIDE N
,//\
rd
parameter present work theow/’ %}hg:s (exp.)
v d
EC,IY 1.423%.0005 eV 1.42* 1.424
AN 0.108x.002 eV L13* o1t
. b
ED 171 eV 20.4%* 16
l ’ -7 0%
£ 0.0 - 2.0
£ a c
mc/mo .079_-*-'.001 .0B0*,.072 L0803
L ,
V] 5.15+,05 6.28%
YLz .94£,.03 2.08*
L . B
v, 1.62£.03 2.76%
m. . /m .12%.01 .089*, 086" a2b
1h' "o !
) Jo]
m, /m .45%.05 .g5*,.50% .60
n /m ,21+.01 .17, .18°
so’ o
KL L12=.03 - 1.47*
*
S, 1.48%.05 1.20
. -1.90=,
Sep * 90=.05
Drms 4 .5 meV .
. o
* -Taweatz (71L1) «
«3s & —Cardopa (GSCEL
b -~Leotin et al. (74L1)
¢ -Chamberlain et al. '(72C1)
d

—Fighback et al. (72F1)
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InP-C S.0. transition energy shift

The high visibility of the S.0. transition in thec.vpv and

-

Voy spe®tra permitted the observation of the energy shift of the §.C. :’_
structure as a function of magnetic fieid. A comparison of this shift

to that predicted by the theory verified the band parameters obtained

above. )
Beoahsevof‘the observed spectral width of’the $.0. transition
the exact energy positio;s of these transitions were limited to a
resolution of approximateiy 1 mev. It was therefore difficuit to
observe differences between the L.é.P- and R.C.P. spectral positions
at a given magnetic field. A general s-hift as a function of magnetic ‘

field was, however, observed and is presented in figure InPF6. In

the figure the points repregent the average shift in energy AESO of

both polarizatidns. The theoretical line shown is given by (72Wl).
v = Py (m_o _ TQ_} ehs
“sot 2 m m .
c 50 o ]

which is ; first order approximation for the energy shift of the §.0.
transition. In this eguation .the values of m = 0.079‘mO and

o= 6.21 m £rom table InPT2 were used. . Th? agreement of the data
with the fit again increases our confidence in the parameters derived

: . I L !
* from the r,andau-level analysis, specifically the values of gc. Yl :

~a

and m__ - )
so

{ | ’
r t‘.
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points ggpresent the averages

?lguze InPF6 ~Enexgy Shlft of the splxt—off o conduction band tran

as a function of magnetic fleld The

for both polarizations; the line is a theoretical fit using the

parameters of table InPT2 (present work) . .

-
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InP-D Exciton parameters

. '. . . M .
Although no detailed analysis of the exciten behaviour was. done

for InP a description of some of the propérties of the exciton could be
-

s
* PR
>

obtained from the data and Landaun level analysis.

The exciton positicn at ‘zero magnetic field-is found to be
. . T ¥ .

E = 1.4183 * 0.0002 ev, which agrees with the values of 1.4185 eV of

x

Evangilisti et.al. (74E1l) and of -1.4182 eV of White et al. (72W2}.
Using the expression c'ievel-oped'byisaldereschi and Lipari (71Bl)
! - . <
for the exciton-reduced effective mass, A together with the band

parameters of table InPT2 we obtain ) ' -

- . - r

In turn using

.4 ’ ..
+ /ue . |/L{ a_ ]
RZ’{ - 2 = 136 ;n—c’- ('E—O)Z'ev .
) 2nh & ’ o s )
s ) ‘ .
L]
gives the exciton binding energy 'sz = 5.2z 0.1 meV. The binding

energy of the excitcn and its position at zero magnetic £ield gives the

N i -

Band gap value of ) ) .

E.=%f + R = 1.4235 eV
g Tx . ex ) .

es%entially the value deduced frép the ext:apolqtéd Landau lewvels.

’

< - . '. BE . : ‘ .

m ; _ I ]
L2 S ¥ TE = 0.0 ‘
o 71 _
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InP-E Discussion ] -

The above study of thé interband ﬁagneto—optical properties of
InP has again shown that the photovoltaic effect and- its ;avelength
derivative can be powerful methods for observing very small changes in
the optical properties of semiconductors. Considering the high
visibility of the excitpn structure in the photovoltaic spectrum (peak

- .

1 in figure InPF3) it is indegd regretabi; that no theorv exists to
-analvze the excitons behaviour at intermediate magnetic field.
Although the experimental resolution had not been preset for rasearch
of this specific peak a shift in its energy position as a function of
magnetic field was cbserved and the results are presented in figure
InPF7. The energy position of the exciton in the absence of magnetic
'field could also be followed as a functicn of temperature as given in
figure InPFE. | i}

The analvsis of Landau Ievels permits a determination of the
band parametérs of the semiconductors; in addition the analysis of the
behaviour of exciton states in a magnetic field would also result in
+he determination of these same parameters. Since theories exist for
both the exciton states and'Landau level behaviour in a high magnetic
field, the analvsis of the structures in the photovoltaic spectrum of

InSb, a more suitable material, in that respect, was attempted.
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Figure InPF7 -The average position of the 1S exciton line as a
function of magnetic fielid. No attempt was made to £it these peints.
They are presented as a matter of record since they may prove

useful in future work.
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3 INDIUM ANTIMONIDE

Indium antimonide was one of the first semiconductors studied

in magnéto—optics and has since been often subjected to further inves-

tigation. Its low conduction band effective mass has permitted the

observation of spectacular magnete—optical structures at moderately

high fields. Because of this light effective mass the high magnetic field
\\\;’éondition reguired for the dse of Altarelli's andé Lipari's theory (74A1) on

exciton behav}our could easily be satisfiéd in the present experiments.

As a consequence the band parameters of InSb which best explain both

+the exciton and Landau level behaviours could be estimated.

The results were obtained on samples cut from a monocrystalline

block of n-tvpe InSb with a carrier concentration of 1016cm_3. The .
contact barrier depletion width was estimated at W =5 ~c 10—4cm with a ‘
maximum electric field of 2 x 103V cm. The polished samples were etched E
in a s?lution of HNOB. Th? back ohmic contact was of diffused indium

while the front rectifying contact was again a semitransparent gold

film. some care had to be taken not to overheaﬁ the front contact
during soldering since this could very well remove the barrier. The
photoresponse of these devices could only be checked at low temperatures
(see Appendix C). Thd spgcimen was mounted in the Faraday configuration
with B // ﬁll] . A Nerntz filament was used as light souxrce for the
infrared and the 400 nmeter blaze grating easily. allowed the use cf a

0.3 meV reselution at a photon energy of 0.3 eV.
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IaSb-A Landau level analysis
f

A typical spectrum of the photcresponse in Insb in the presence
of a magnetic field is presented in figure InSbFl. The figure is a
reduced version { 5) of the actual spéctrum. The structures at
high energy were assumed to be due to fransitions between Landau levels.
Spectra were obtained at every 0.5 tesla in the range 0 to 3 tesla and
in the wavelength range of 540 nmetexrs to 380 nmeters. Following the
arguments in the previous section on the pertinent positions of Landau

level transitions, the energies of the maximum slope on the low energy

side of the structures were taken as data and were plotted as functions
of the magnetic £ield in figure InSbr2. By extfapolatirfg the ‘values ‘
of the points corresponding to Landu levelé +to zerc magnetic|field the

band gap was fdund to be Eg = 235.? meV _in agreement with Zwerdling et al.’'s

vaine of 235.7 meV (61Z1). The data of the lines 9 to 19 were considered-

as Landau levels and compared to the theoretical lihes(predieéed by

various sets of parameters for InSb found in the literature (taﬁle

InshTl) - The Pidgeon and Brown parameters (66P1) gave the best fit to

the data and the theoretical lines indicated in figures InSbFl and InSbF2

are those obtained by this fit aﬁd are labelled in table InShT2.

Although'the data for Landau leveié of high guantum number were very

well fitted, the lowex energy structures differed in both their shape

and position from the structures expected frem Landau levels.



- 87 -

*ZILgsul ofgen. Ut

oubptd oul Aq pa3jotpead asoyl 2ae sUOY3TEULI} pAIedTPUT UL

paroqe] se Aiooyz umolg pue u
1T4qsur 2anbrg

‘o189l € JO PI2TJ aT3Pubry v Ut mamuao>0uo:mtmzu 3O UOTINYFIAISTP tea3oeds-

(SU0dolw) -Uibua|aADM

o¢ 2¢ b€ 9.¢ 8¢ 0b r A% bt 9-b 8- 06

1 1

1 T T T

L lL¢=d9 Aasy

Il

%9

.3bpj}joA0ioyd

Y



e W i -
. |

) NN ﬂ_/ﬁM NV | AR\ s
LRI, W T
| ////////// // \ // L

/ o,
. 4 ///// WL

.‘\r\

!

MAGNETIC FIELD [Tesla



- 89 -

o

TABLE InSbTl
BAND PARAMETERS OF INDIUM ANTIMONIDE

2

SOURCE

parameter A B C D E
m_/m_ 0.0145  0.0145  0.0145 - 0.014
S, -48 -48 -48 - | -48.4
Yi 32.5 33.5 36.0 25 35.08
¥ 14.3 14.5 14.5 10.5  15.64
Y; 15.4 15.7 16.2 11.5 16.91
L

K 13.4 13.5 14.76
* 0.4 0.4 k 0.15

A - Pidgeon and Brown (66P1)
B - Pidgeen and Groves (6921)
.

¢ - Zwerdling et &l. (61Z1)

D - Bagguley et al. {63B1)

L}
I

Laweatz,theoxry, (7111}

-
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TABLE InSbT2
Tdentification of the transitions in InSh { in the

ridgeon and Brown notation )

s (m)_a (n Daf (m b (n=1)b (n)
el

No. transition ) Ne. transitidn

1 a (12 (0) 11 HE (6)
-2 b (165 (0) ;b (-1 (0) 12 HH(7)

3 a (1aSia (@a%m |13 5 (8)

a v ()5S (1) ;b ()65 (AT 14 EH(9)

5 a (3)a°(2) ‘ 15 - 1 (10)

6 » (b (2) 16 HE (11)

7 a (4)a"(3) 17 HH (12)

8 p~(4)°(3) ;b (2257 (3) 18 HH (13)

9 HE (4) 19 HE (14}

0} HE(ES) 120 HH (15) )

TABLE InSbT3

1
_ Identification of transitions in InSb. Exciton states,

following the notatien of Altarelli and Lipari.

corresponéing
Peak No. Spin 'L’ l 'n’ Landau edge
: = c
2 up 0 -3 B (1)b (O)

c down 0 -3 B (1355 (0) ‘
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InSb-B Exciton analysis

An expanded spectrum of the photovoltage in the energy,

regién near the fundamental gap is presented in figure InSbhF3.

Except for the impurity absorption structure (I} below the gap,
‘the zero magnetic field spectrum has no evident structure. The

‘ ) ST
exciton is not resolved in this spectrum because of its {ow binding
energy ( 0.45 meV). The photorespense in a high magnetic £field,
where E% 3 1, for example at 3 tesla in the above figure, does

show well defined structures (labelled A, B, C). These structures
differ from the expectéd structures for Léndau'févels in both their
line shape (they are strong and sharp) ané their positiens {they are
below the expected energy position) . The structures were then taken
to be exciten states associated with the lower vandau level edges and
following the arguments presented for the case of InP (III section
InP-A) the perfinent energiesrwere taken to correspond to the maxima of
+he structures. The structures could be seen at the various magnetic
field values studiedqéng the energy positicns of the maxima were plotted
as a func?ion of field in figure InSSFé. Using the various sets of
band parameters (table TnSbT1l) the theoretical energies for exciton
states were computed following the theory of Altarelli and Lipari (74Al)

with the hamiltonian matrix for B ff [llﬂ developed in Appendix A.  AS

in the case of the Landau level analysis the Pidgeon and Brown parameters



(66P1) again gave the best £it to the data and the predi;:ted
positions are re'g.:resented in figure InSbF4 by the soltd lines.
These theoretical linés were seen to correspond to exciten states
associated with the Landau level labelled (b‘r(l) i:c(o)) and are
labelled in the Altarelli and Lipari formalism as (A~ l=-o,
n=-3 spinup; C— X=0,1n=-3 spin down) (tuble InSbT3).
The structure B was not vet identifie.d. The structure I was

identified as a transition originating from an acceptor impurity

of the type reported by Johnson and Fan (63J1).
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Figure InSbF4 -Fan diagram for the structu;:es observed in fig. InSbF3.
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InSb-C Impurity structure

The theory for the behaviour of impurity transitions in a mag-
netic field has been reviewed by Johnson (67Wl) . Structures corres-
ponding to these impurity transitions should occur at a photon energy

hv = Eg - EA + EC(H) + EA(H)' InshEl

where EA is the acceptor ionization energy in the absence of magnetic

field, EC(H) is the shift of the lowest Landau level (n = 0) of the
conduction band, and EA{H) is the shift of the impuxity levels in 2
magnetic field. For low magnetic field values, when £ (H)<< E_, the

S
shift of the lowest Landau l1evel of the conduction band can be expressed

as .
& 1 m A& H
By N (— - = y . o -l
g ¥ - = 3 9JAE |1 G- * 8d
c o S
InSbE2
where & is the Bohr magneton. .

The magnetic field induced energy shift of the acceptor stata,
?h(H)' ineludes both the Zeeman splitting and diamagnetic shift; but
hecause of the high effective mass of the state, the contribution of
EA(H) sWhuld be small and can be neglected. The theoretical line I in
figure InSbF4 was computed using equation InSbhbEl and InSbEZ with )
mc = 0.0145 mo, gc = =48, and Eg é 235.5 meV (Table InsbkTl) . The f£it

predicts an extrapolated acceptor jonization energy of 5.4 mev.

The above calculation nas assumed that the structure observed
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is due to a free state of the electron in the condﬁction band. The
curvature of the points at low magnetic field howevexr suggest that
Coulomk interaction between the hole in the acceptox state and the
electron in the conduction band should not be neglected and that the
structure I ‘corresponds to 2 bound state of the electron-hole pair.

In this case the photon energy required for absorpticn is written as

‘ hv = Eg + EC - R(H) - B4 InSbE3
where R(H), the exciton binding eﬁergy as a fugction of magnetic field,
was estimated following the caleculations by Yafet (56Y1) with
R{O) = 0.7 meV. Using egquation InSbE3 the .acceptor ionization energy
which fits the data is qalculated to be EA = 2.8 mev, a value identical
+~o that reported by vinogradova et al. (64V1) . The theoretical line

predicted by equation InSbE3 is represented in figure InSkbF4 by the

dashed line. -

InSb-D Discussion

*
The band parameters proposed by Pidgecn and Brown for InSb were

seen to give the best fit to both the Landau level behaviour and the

.

exciton states behaviour ?n a magnetic field. It is indeed pleasing
' , / : .

to find that wi ese parameters most of the structures opserved in

the spectra can be identified. On the other hand, as previously
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pointed out, peak B of figures InSbF3 and InSbF4.has vet to be explained
and should be subject to further investigation.

The power of the photovoltaic effect as a metﬂsd of obsexving
weak variations in the absorption coefficient wgs again demonstrated in
the case of the impurity level absorptiqn. Tn the light of this and

of the previous success of the method with Ge and InP preliminary

studies were done on Gads. .

4 GALLIUM ARSENIDE

Gallium arsenide has receﬁtly been under extensive research by
industfy and others for its applicatien in eiectronic and optical
devices. The determination of its band parametexrs and optical pro-
perties is thus of major importance. Interband magnete-optical
studies have not as vet proven very successful in this respe;t because
of both experimental and theoretical_difficulties. The most recent
research andanalysis of the Landaullevgls in GaAs has been done by
vrehen (68V1) who haé to use an empirical correcticn to analyse his
data. More recently Reine (70R1} had obtained very good spectra of
magneto-optical structures in Gams; he did not however attempt to

—
analyze his r§sults. On the other hand many authors, including
Willmann et al. (73Wl) and ;fgpgiliste et al. (73El) have recently

\ . . !
investigated the properties gf exciton states in Gads. Since the
I
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photévoltaic signal of Au-Gaas Schottky barriers were usually found to
be strong and largely noise free, we have made an attempt €O observe and
analvze magneto-optical structures in Gaas. The following is a report
_on the preliminary results which were obtained on the few samples we
had.

The samples were cut from a monccrvstalline block of n-type Gaas

. . . is -3 .
with a carrier concentratlon of 5 x 10 "cm -, Ths specimens were

polished with A1203 powder and etched in a solution of 1EF:4HNO The

5
back surface chmic contact was of diffused indium and the front surface

rectifying contact was a semitransparent gold f£ilm. The sample was

mounted, as usual, in the raraday configuration with'g //[}lﬂ .

GaAs-A Landau levels and excitons.

Typical spectra of the photovoltage ané its wavelength ‘modulated
derivative in the presence of a magnetic field are presentéd in figure
GahsFl. on the direct va spectrum the 1s exciton peak is guite pro-
nounced however the magneto-optical structures above the gap are émall
in comparison with tﬁe background signal. These same structures, On the other
hand, are readily visible on thédﬁvnv spectrum. The energies of the
maxima of AVDV for high guantum number were plotted as a function of
magnetic field in fiqure GaAsF2. A fit was done of these points which

were assumed to correspond to Landau level structures. secause of the
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a function of magnetic f£ield. The £ull lines are the predicted
transitions for Landau level. The dashed lines are the predicted

. positions for exciton states empirically ealculated following Vrehen.
‘The transitions are labeled \in table GaAsT2.
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small number (50) of points and of their dispersion a.method of

indirectly estimating the band parameters had to Be used. In this

method the contours of the r.m.s. deviation between the experimental

points and the values predicted by the Pidgeon and Brown theory were
. . L

pletted as a function of the band parameters m e Yy and‘yl.

For example, figure GaAsF3 shows a contour graph for m, = 0.067 m,

L . . -
where Yg and Vi are varied. The £inal parameters for GaAs were

~

taken to be those parameters which best describe the central position
of the contour lines on the accurmulated graphs. The parameters in

this case were estimated as mc = 0.067 % 0.002 mo, v;

1 = 7.14 * 0.1,

anéd v, = 2.7 * 0.1. These parametgrs and the others necessary for
]

the f;t are given in table GaasTl. The'theoretical lines derived by
using the parameters in the Pidgeon and Brown theory are shown in

figure GaAsFl and GaAsf2 where the labelling is as in table GaAsTZ.

The dashed lines alsc seen in the above figure were calculated using

the method suggested by Vrehen (68V1) explained in section 2 of Chapter T.
The band gap value Eg = 1.528.eV was obtained by extrapolatinq the Landau
levels to zero magnetic field. This value agrees wath the values .of

Eg = 1.521 eV reported by Sturge (6281) and Eg = l.SéOS reported by

Gilleo et al. (B8Gl}. The exciton energy positién'of Ex = 1.516 eV in
the absence of magnetic field agrees well with the value of 1.513 eV of

Willmann et al. (74Wl).
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M_=0.067 M,
3.2
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=

245

-An example of the contours of the deviation between

Figure GaAsF3
experimental values and the theoretically predicted

wvalues. In this case both Yi and 7% are varied while
mé:0'067 m, is kept constant. The central position -

of the contouxs gives le'=7.14:0.l and713‘=2.7:o.1 i
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TABLE GaAsTl

BAND PARAMETERS OF GALLIUM ARSENIDE

Parameter - . present work others
: a
mc/mo 0.067 0.0665
0.087
0.0648 }
vﬁ - 7.146 7.2 Z
6.8
2' 1.83 2.5 :
2.4
Y; 2.70 3.4 3
3.3
a - Stillman et al. (6952)

o2
|

vrehen (68V1)
c - Chamberlain ané Stracdling (69C2)

d - Stradlig (68S1)
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TABLE GaAsT2

Identification of +transitions in Gallium arsenide

R.C.P.

No. Landau notation type of tranéﬁticn
1 a” (12 (0)+b (1B (0) Ex.
2 a”(2)a (LFd (2B Ex.
3 at (1)a%(0) L.
4 57 (1)6° (0) EX.
5 B (1)65(0) L.
6 am(3)2°(2) L.
7 a”(4)a5 (3)Fb (4)b° (3) £x.
8 5" (2)p°5 (1) L.
9 am(3)a%(2) L.
10 Bt (3)5° (2) L.
11 at(4)a“(3) L.
12 5~ (4)b° (3) L.
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Gaas-B Impurity absorption

3
The photoresponse at room remperature and just below the fun-

damental edge is shown in figure GaAsrd. The structure peaked at
approximately 50 meV below the gap was identified as originating from
impurity absorption. This structure corresponds well with the peak
observed in emission in zn-doped Gahs by Nathan and Burns (62N1) and

in absorption by Sturge (6251) . The impurity absorption which originates
from an ionized acceptor level did not appear at low temperatures and,

as a consequence, its behaviour in the presence of a magnetic f£ield

could not be observed with cux present eguipment.

Gans-C Optical phonon participaﬁion &
* in photoconductivity ané the photcelectxomagneﬁic effect,

spectral oscillations oéiginating from longitudinal optical

vhonon participation to the transport processes have previously

been cbsexved (Filion, 73F1, Barbarie 74Bl) and explainec

in terms of a model proposed by Habegger and Fan (64EL).

Because of the high signal-to-noise ratio of the photosignal in GaAs,

the signal could be amplified and offset to such an extent that these

same oscillations, with an amplitude of 1/50- of the basic signal,

could also be obsexved. A spectrum where this has been done is pre-

cented in ‘figure GaAs5. The energy position of the minima of the
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oscillations were plotted as a function of energy in figure GaAsF6. =
A slope of 40.6 meV/N was calculated and using {68NL)
- m

£ = E + nhug (1 +—)
Thh

for the energy positions of the minima, with m_/m, = 0.153 {table
GarsTl). The L.O. phonon enexgy was found to be 35.6 mev. This value
agrees with the value of 36.8 meV obtained by Mooradiar (66M2) and the

value of 36.2 calculated from Barbarie (74B2).

Gaas-D Discussion ‘

The analyvsis of these preliminary results on GaAs indicate that
+he results obtained here are comparable to those obtained by Vrehen (68V1}.
However, the use of the photoveltaic effect for observing magneto-optical
structures in Gahs has not to this point been optimized and further
research, with specimens of high purity for example, should indeed be
profitable. The present work could alsc be extended to study the
behaviour of the acceptor impugity level with temperature and in a

.

magnetic field.
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Figure GadsF4 -The photosignal at energies below the fundamental gap
showing a structure due to impurity absorption. The
dashed line shows the signal that would be expected

if no structure were present.
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CONCLUSION

The above study of the interband magneto-optical properties of
Ge, InP, InSb, and Gads has shown that the photovoltaic effect and its “\;:'
wavelength derivative gan be powerful methods for observing very small
variations in the optical properties_of semiconductors. A first

indication of the success of the method are the prominent noise free

structures observed in the spectra. Secondly, ané of greatir impor-

tance, the band paraméférs of the semiconductor cculd be determined with
some degree of confidence. Finally the observation of other phenomena
such as impurity absorption and excitons shows that the method is com—
parable to if not heteer than absorption or reflection technigques.

The main advantages of the photovoltaic effect for studies in

magneto-optics are the simplicity of sample preparation, the sample size

itself, and finally the fact that it acts as its own dtictor. The
samples can be made guickly and efficiently. The contacts which cover

most of the surface of the specimen eliminate +he necessity of protecting

the samples against oxidation or other reactiocns with .the atmosphere.

The sample size reduces the effects of strain and stress, & major problem

in the absorption techniques where very thin samples are regquired. In
addition, specimens can be made out of very small chips of the semicon-

y A s . -
ductor when large crystals are difficult to obtaln. The actural detection
depth, approximately the depletion barrier width, allows the data to be

interpreted in a fashion similar to the data obtained in absorption
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. technigques. Finally the fact that the sample is its own detector
excludes the p?oblem of finding other good noise free detectors which
could be used in the spectral region of interest.f

Germanium served well as a test sample in this study. The high
signal to noise ration displaved by the samples and the observation of
well defined magneto-optical structures in its photoresponse indicated
+hat the use of the photovoltaic effect would indeed be advantageous.
Tﬁe analvsis of the magneto-optical results demonstrated that the maxima
of the derivative of the F.V. signal should be considered as pertinent
data. Excitonic éarticipation is also seen in the spectra. Furthexr

.
investigation in the magneto-optical cffects in germanium could involve ‘

combining wavelength modulation with the PV cffect to observe the i
behaviour of exciton states in a magnetic field as well as the
* .
behaviour of Landau ievels of very high quantum nunbers.
The first analysis of the interband magneto-optical structures
obgerved in InP is reported. Some of the band parameters, m, and Mo
compare favourably with those obtained bl cvclotron rescnance.  Exciton
participation is verv evident in the spectra and the data for Landau
levels of lower guantum number are empirically corrected for this effect
following Vrehen's (68V1) suggestion. The bané parameters are con-
firmed in the behaviour of the split-off transition as a function of
. . W
magnetic field. The high precision on the position of the ls exciteon
peak permits the observation of the excitons behaviours as 2 function of

magnetic field and;temperature. Considering the high signal to noise

ratio of the signals in both the photqvoltaic effect and its wavelength



derivative, future work could be done on the behaviour of "the exciton
states in low magnetic field or on the Landau levels associated with
the split-off transit%on.'

The spectra in InSb clearly showed structures which could be
associated with andau levels and structures which couid be asseciated
wi;h exciton states. From the analygis of the behaviour of both
these types of structures we concluded that the Pidgeon and Brown
(66P1) parameters fox InSk gave the best description of the magneto-
optical data. The observation of the behavicur of an impurity peak
in a %agnetic field again confirms the strength of the method used here.

Research on InSb could be extended even further by observing the very

high guantum number randau levels. This would permit a rigorous test
of the Pidgeon and Brown theo?y £or the effects of vpper bands on the
conduction band. In addition more information about exciton states
cbuld be obtained by specifically studving the magneto-optical struc-
tures near the fundamental edge.

The preliminary results on Gahs show the complexity in the
determination cf the origins of magneto—cptical structures. The analgsis
of the results was the fl*st attempted since tne work done by Vrehen
{eavl) . The experimental results are comparable to V*ehen s, however
a great improvement of these resulis can probably be made by finding
the correct samoles to be used. Finally a great deal of theoreti&al
and experimental work has recentlb heen done to analyze the behaviour
of the ls exciton in a2 magnetic fig}d, further research of this pheno-

js
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menon would eventually result in a solution for the exciton states at
intermediate magnetic ficlds.

Finally, the recent studies of the photovoltaic effect of
cther compounds (eg.: Mosz, wSe,, Gase, Gas, Cuzo, and HgIz) have shown
that a great deal of information can still be obtained by this methed.
furthermore, preliminary results have been obtained fog the magneto-

optical properties of the ITI-V alloys {eg.: GaYIn Sb) by A. Roth,

1-x

a1 member of our group, who has found the photovoltaic effect to be

advantageous in this research.
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APPENDIX A EXCITON STATES IN A MAGNETIC FIELD B // [111]

Altarelli and Lipari (74Al} have developed the theory for

" exciton states of diamond and ~inc-blende tyvpe semiconductors in high

magnetic fields for the cases 8 //[110] and B // [oo1]. The
hamiltonians are expressed in temms of 4 x 4 matrices. The following
is the development of the matrix for ﬁ/?’[lll]. This matrix was

reguired to analyze the results in InSb (Chapter IIJ.
The hamiltonian for exciton states in the presence of a magnetic
. - « . - _l-n.- kY
field H is wrxitten as, usang the gauge A = 5(& % ), L
—

?7;<:: j?i (— (T - e (}4X'F))

z2hc
N
Fh (7 7)) - & :
_Fh( (T e (AxP)) - &l ALl
Y
- . - - .
where A is +the wvecter potential describing the field E, anc £ is the 'Y
static dielectric constant. The explicit expressions £or the conduction
and valence bané namiltonians are:
m —
S [ o -
N (x)e w06 mmEH a2

1,mﬂt
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and (Dimmock 67W1)

as V2 2y W Lo gt T R TR
- /{(N,):_ﬂ__ L()’,J—E}C)_J_‘L_}’;(éﬁv* ‘V"EAUM""R‘U‘ s
A = 2 R
/mc P -
e
( - { T { f \"
-_2 }/3 R/y‘: \/JI,'{?"' 23 Ll/;‘/;’ + Qag Ué‘/( -
- -~
- T pT 3y T30 @Y
€ X v |“'__@_0ku’j;: TN ,"TAJ-\J..J,//
< c L - c 7 e
)' AL3
where Vi, V;, \g, k and g are the five valence band parameters intro-
duced by Luttinger (56L1). In equation AlZ2, me is the conduction

band effective mass and u* is the effective magnetic moment of the

conduction band; in eguation AL3 m is the free—-electron mass, Jx' Jv

Jz are the 4 x 4 angular momentum matrices corresponding to a spin 3/2

state, and, following Luttinger

B
il

where kj is a pseudo-momentum operator.

The X, ¥, Z, directlions above were selected to be the cubic crystal
axes [100], [010],[001]. A new Eubic coordinate system u, VvV, W is
defined with the magnetic field in the w direction. Por w in the [lll]
direction the new coordinatg system can be written in terms of the X, ¥,

z coordinates as .
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The pseudc-momentum OpPerators of eguation AL2 and AL3 can now

be expressed in terms of the pseudo-momentum operators in the new

coordinate system as

}?ﬂ = :%L k4k +_1 kv- e i Rw
e e 3

ALB

k - - r’1 k I . }?w
3T s TS

For the angular momentum matrix representation Ju, Jv, Jw we take

o o Li3e ©
— 3.
Ju = o ) - éJﬁ:
il i o o
A
O _,L‘G(' O 0
pl
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430
/ C c | T3
J = —
v I -
L3 ! o c
0 & 6 C :
o>
3
= O O o
g = o -L C ©
w -
o] L O s c
© ° -2
© 2
AL7

. can now be easily

The products of the type k?J?, k..J,
11 J 13

chtained from equation ALG and AL7. after some lengthy but straight-

forward calculations we write the hamiltenian for the hole contributicon

(3L6) in the u, Vv, ¥ coordinates as:
2 (k)= 42 ( (v+5R)E -7 CYNATE SN
Mo = o

2 (37-8) (huw Juv + heres Jazew & A Jrws )

W
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where ¥ = and §=

Tn order to obtain the matrix elements, new operalors k+ and k are

defined as

-
r'éf_:/'%’_“a/?,-

w %]

Following Rees (72R1}, Altarelli and Lipari wrote the eigenfunctions of

the exciton states as ©

W, (w) yom 2>

' holw) | m,4?

ﬁf"’*‘- ! - hy lw) | m, &P
holw? | om,a?
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which are eigenfunctions similar to +hose of the Landau problem. These

authors also determine the effects of the operatorxs k+, k_, and
2 2
(k ° o+ %7+ 2L on the states n, %>

! / i Vmr
r{&]m,,n> = L:)*\ m iMoo /_«/>’ N
¢ ’ \I.'-L ‘ \1;‘_“ ; _
Roim o £> = 2yl imet v awe> L < C
V2 V-
! N N e s AR s
R "7\.L> — LY. {7+ P LTED C"“.’> L 70
- /
Ifm

IR | ! - . Y
ﬁ('ukf'-fiq/.*li’—;-w ,"/nj.,!.->_—_- 4 (2/74"’.-‘.}. r-!JfM/.L> A2

;-l . .,
N uff,—f-lYlw f‘//”“,i‘}.\ = ¥ { P+l D fmj:> PR

et

where ‘Y is the "reduced field" defined as

nE
2/uOcRo . !

t - i

\/ =

——

In the following a new set of mass parameters {7421) will be used with

I} - Y:.
ALy SMe
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ané the effective units will be adopted:

4
ALE
2ﬁ232

as units of energy and length
_ ! .
explicit terms for the matxix

example consider the term (1,

matrices arec computed-

(1, 1) = R

4

|

respectively. We can now calculate

namiltonian.

values for the é;>‘

representation of the

1) where the numerical

the

For
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In (1),1) operators like k_, x°, k., k , and therefore, k .= 37 (k” - k)
) + =0+ - uv 41 0+ -

Therefore,

and k =

1 . e
w :J:(k+ - k] kw, will not contribute to the energy.

~

A= iy 2 — Y Y
SRR S P G v R - L (57-75) (ks t e
> - ‘f

and expanding: and transforming te effective units with

o

!
R, = =Ll=e }f&.‘:J_ (-&.-Y/b") ) lj’('ﬂ.f:__!._ C-—Ii-—.*YU.)
g Qg Qg

-_—

we obtain, after scme manipulation,

-

-

(1,1 = (A * 24“__0) !
. /(,4, -
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This process is continued for each texm of the matrix the final product
being given in table ALTI. The solution of this problem now consists of

applving the adiabatic method for the degenerate-band case. Altarelli

has generously provided us with a copy of his computer program which

applies the method to the matrix for the [lIb] direction. Cur work

was greatly simplified from then on since we only had to rewrite the )

program including the new matrix elements of table ALTL for the {}lﬂ -
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P . TABLE ALT1

MATRIX ELEMENTS FOR EXCITON STATES ?3;// l:lll]

..
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APPENDIX B THE CORRESPONDENCE BETWEEN STRUCTURES OBSERVED FOR THE

PHOTOVOLTAIC EFFECT AND STRUCTURES IN THE ABSORPTI'ON

COEFFICIENT

We recall that the expression for the photoveltage (in Chapter

I section B) was given as

L

It can now be easily shown that the maxima (minima, in
in the absorption coefficient correspond to maxima (minima, inflection ‘

point) in the photovoltage ch. ror example if = is a maximum at a

photon freguency V¥ . then

=
av— 0 ;
and
o 5 )
d &
——2-4 8]
ar

For the photovoltage we obtain:

dVDv anv Ao

P av av

Voo kT dn(gd (i top Coauwd —d
% Y

Js [ wockr

)

U
5]

£lection point)
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and o
av
BV A L d \py cl:g\
dy" d._\’ cld- a\/ ;
= & \ng :v-.. - C} b \/E.x 1&'-
L . C\\ o A cl\, ck-"s o
The second term is zexo since gx o 0. To show that V is a
. dv v -
maximum, we must show > "
d2v
— 2 < 0. or
av
2 av
a” .
since < 0 we must show - 2V 2 0.
q oc
awv
g T
From P13 we get . i
1 N
Q\-\;’e@-’- — _k_‘_I (\ \ - 3—--—--" ) “
. d o %, q_© Llf_,;a_i.-_o‘.&\ﬂ
LM o ‘

(_q‘___é_ ( w oy bmaw L ;xpt—-qku)\\

s e lele . L\*“-LP)1 /
>0
) pecause all the parameters are positive.
E/’ Therefore vpv is a maximum when o is a maximum. Similarly

v v is a minimum (inflection point) when o is a minimum (inflection point) -
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APPENDIX C THE PHOTOVOLTAGE AS A FUNCTION OF TEMPERATURE

(CASE OF InSbh).

In order to get some understanding of the effects of temperature
on a P.V. detector cne must keep in mind the mechanisms at work. The
photovoltaic detector is fregquently analvzed in terms of an equivalent
circuit including an external load resistance RL {(Bube 60Bl) as
represented in figure (PTF1). The effect of radiation is represented
by a constant current generator iL' 7 is a nen-linear impedance; Rb is
the shunt resistance of the barrier layer; RS is the resistance of the
body of the sample, and an is the measured phoéovoltage. variations
in any of the parameters (iL, %, Rb, RS) as a function of temperature
can play an important role in determining whether or not the detectox
can be used over a wide temperature range. wWe have already reported
the influence of thermal changes on the P.V. detectors made of CuGaS2
{75R1) and of Cuzo (75F1) . In the following development we will
consider the behaviour of the zhotovoltage in InSb as a function of
temperature.

for the case of InSb, rhe bulk resistance RS will be considered
to always be much smaller than the loagd resistance and its temperature
dependence will be neglected. The behavieur of the P.V. detector is
determined'firstly by the therma% behaviour of the current source iL,

and secondly by the shermal behaviour of the impedances Z and Rb-wﬁich




rigure PTFL - Equivalent circuit for a photovoltaic

detector.

The effect of the light is represented by a current
scurce iL. The }mpedances Z and Rb shunt the source.
The bulk resistance of the sample is Rs. RL is the input
impedanée of the measu¥ring instrument and VDV is the

signal measured.
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are in parallel with the lcad resistance EL. The behaviour of the
current source is almost completely dotermined by the height of the
parrier iééelf. Tn the following we shall show that the barrier
height, and therefore rhe current source, changes little from €0K to
300K, We shall then show that the behaviours of Z and Rb as a

function of temperature are at the origin of the large variation

observed in V__ .
DV

~

Let us consider the barrier itself. we recall that the barrier
heights of metal-semiconductor contacts are usually determined by both

the metal's work function and the presence of surface states on the

semiconductor. However the barrier for a gold-InsSb contact, neglecting
surface states is calculated to be very small. This can be seen in
eguation P4 (Chapter 1, section B) assuming that the electron affinity

of InSb is x = 4.59.eV (72M1) ané that gold's work function is

ﬁm = 4.58 eV (72M1). 1n the following development we shall therefore

assume that the barrier is due to the presence of surface states only.
In order to evaluate the barrier height and its associated

depletion width the abrupt junction approximation (6981) will serve

as model. The surface states are considered to have acéepted the

electrons that wexe in the conduction hand due to the presence of

jonized donors near the surface. A space charge is therefore created.

overall charge neutrality is required and this condition can be

expressed as
' W
S (mb-mu)\——(po-fu)) dx = Mg i
A !

IV



where g and Po are the electron and hole densities respectively when
no barrier is present. The position dependent terms n{x) and p(x)
are the electren and hole densities respectively near the surface in
the presence of the’ barriex. The clectron density in the surface

states is given by n- The above gquantities can also be written as

no = Ne Mg&‘( = N okT) - . P12
p(x) = N ANy (k - { Ecé + Ep(«\c‘\') Ta T, 2T3
and
n_ = ___________lyj_____________ﬁ_
! .'.-_lT JXD C CES- EFs)/h-—>

where Nc, Nv and NS are respectively the conduction band density of
states, the valence band density of states, and the density of surface
states. Es is the energy position of “the surface states and Eoe is

the position of the fermi level at the surface. Eg is the band gap.

-
1A

The position of +he fermi level with respect to the bands, E_ (%), is
b

g

now a function of position, X%, and in the abrupt junction approximation
can be expressed as

3
E_(x) = Er—s &2 (.EFO—-EFS) L x n__\i_X")

B \,'\11'

"
3
w

where E“o is the position of the fermi level in the bulk, W is thg

barrier depletion width which is expressed as

>
{
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PT6

where again Es is the static dielectric constant of the semiconductor
ande is the donor impurity concentration.
We now proceed to rewritc thé charge neutrality equation. The

integral containing n_ and p_ can immediately be written as
o o

W

8 L~ po\, i T qo \W N:k

o

]
+3
-1

The integral for n(x) is

W w . o
in(x)dx S NL /U(F( E{—;(__X.} :"“Q\\, c\;\p

=

N (W / AN
Ne _vma( _stkQ Q o e\ WA{-_EA{U) A

|
5
i
e
-
™
Il
-
QO
=
I
)
pax
1
—
o
~
]
-
m

wfere c = = ( E‘FO_EPS)
AN
Y
and / z = ( il E:S> -
1N o \AT

ERFE () P’J?‘9

|
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»
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Y

values for this function are generally obtainable either in
tabular form or as automatic subroutines in many comﬁutgr facilities.
~

The integral for p(x) is evaluated as

1]

W e ’
| ! = LT ; - T
go p(x)dx r\é,,,,m_z: - Cg ;‘12-13 S\,&xv '\—EFLU; iz Q cLz
NE Nat

4

1l

_T\_gl‘_u xp (& ~;Eé.;/-fi’> * Ip (2) PT10

where ID(x) is the Dawsdh integral of x, this can be evaluated as

y ()
1—)-)\{\‘/:(‘___&1-‘ )O _j_){_:\f,ko.:'-/ OLC?‘\

I_(x)

Ll

[w)

o R
~ 2

. = N Z (—‘]) "‘7‘ Faal [‘ M "~

\ =0 (?.m-e-l\l.

where F(n) can be expressed in terms of a recursion formula

() = x
sm) = Fln- L* 2x
A {1 - 2n)

1.



if x > 5.5 the above sum cannot be evaluated by most computers and one

can then use the asymptotic approximation

good to

when 1t

ID(x)__

NII—‘

within one percent.

The equaticn for charge neutrality is now rewritten as

O

, N W E
Wi, - exp (—F-c—’—\ ERF Qz\j

t1

N W (2 +E)>

-V Fs [~
+ exp | - ——— /1 ( Z 3

~_. - & ( kT D
N . H
— S
E -E \
hn
1 + = exp (__S__-—'E/
kT

This expression can now be solved for values of E_ OF W

.

is supplied with the following parameters:

-Eﬁo = xt Am Na/ch, the fermi level in rhe bulk of the
s /

sample.

—Nd, the density of donors

2,.3/2

-Nc = 2(21‘r‘me kT/h ) the density of states for the

conduction band.



-n = 2{2

2.3/2

#m. kT/h7) , . the density of states of the

d

valence band

-ES.J- the static dielectric constant.

-Eg(T), the temperature dependent band gap

-ES(T), the temperature dependent enexgy of the surface

sta

tes

—Ns, the density of surface sgates.

As an example we consider inSk with

Eg(I) = 0.27 - 0.003 xT eV
m = 0.01l45m
e e}
o oy
. = @’% + o= 3/2)2/3 _ 4.1
< 1 hy
£ = 16
s 60
z ( 2 = (M
E(T) = - 3 “g(
o 16 -3
Nd = 10 cm
NS = lOlb—Q lOl:L c:m—3
The above guantities are in general

the literature.

proposed by Mead (

The value of ES(T) was taken to follow the 2/3 criterion

+he following parameters

m
o

the values one can find ia

66M1) . The density of surface states NS was selected

such that the fermi level at the surface (Ews) would fall within a

reasonable range of the gap at low temperat

expected to exist.

From the above paramet

ures where a barrier is

ers the temperaturec variation
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of thebarricr height was calculated as presented in figure (PTF2).
1t can be seen that the barrier changes very little with temperature
in the range we have considered and ever™ though the change will have
some influence on the magnitude of the photovoltage, this influence
will not be very important.

The presence of a barrier at the surface does no%t however
guarantee the production of a chotosignal. The impedance of such a

[

barrier in the reverse current direction must be considered. since this
guantity will determine the photovoltage that can be measured externally.

Once a barrier is established the photovoltage broduced by an

incident flux ¥ of light is represented by

vp\{_:_ﬁ_{l./{r/n(&é (.f’.wn(,—'o{u;)) -,’-,'>
' © “Us |+ < Lp

Assuming:xLD<i<‘ 1 anéd low light intensity eguation (p7T13) can be

expressed as b 4

[ o= / N
7 v = -rij_? (l - 'YJO ‘L—-KLU)_’; PT13

The thotovoltage that can be pbuilt across the junction is not

only a function of the depletion width W but is also 2 function of the

reverse bias saturation current density JS. This current density is

determines the magnitude of the voltage that can be measured. The

|

i

|

1 essentially a measure of the impedance of the barrierx and 'therefore
l »
1

|

b

|

|

|

|



]

ENERGY (eV)

- 135 -

0;13'_‘

0-12"'

0‘11’“

| I | | | I
4 6 8 10 12 14

4 %103 (k)
=

Figure PTF2 - The variation of the barrier height (C?B )

in InSb as a function of temperature.

It is noted that the variation of the barrier height
is not large and that therefore the contribution of this
variation teo the total variaticn in the photovoltaic signal

as a function of temperature will not be significant.
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reverse bias turrent density can be thought of as being composed of

various parallel current densities

, for example .

J = Y+ + 3
) s JT JA Iy PT14
“*wQFre‘JT is the thermionic emission component as expressed by Sze
.(6;22). - . :
2- L 2 |
S 3, = A* T exp (-a ¢B /KT) DT1S
/ Tt

The thermionic emission current 1s
thermally excited over the barrier

surface.

shat produced when an electron 1is

-~

+o recombine with the hele at the

The current density'JA is dependent on the ionized’acceptor

concentration. A reverse current can exist due to the presence of

-~

holes in the bulk ané in the depletion layer. We therefore express

J3 as

PT16

-

‘where ¢, ig a constant and E_ .is the energy position of the acceptor
S

states above the valence band.

Tinally the reverse current can be composed of many other

sources which have less influence

on the photovoltage than the thermionic

emission and acceptor density dependent currents. Therefore J_ 1S

-

D

considered to be a small leakage current density. The drigin of such

a leakage current may be phencmena such as tunneling ox optical -
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excitation over the barriex. Since this current is small and
essentially serxrves as a lower limit for the reverse current physically

obtainable we write

The cuzve of the photovoltage for InSb as a function of
tempeéature-is presented in figure (PF3). The ‘curve was fitted.to
expression (pT13) for the photovoltage. In this expression the barrier
height and the depletion width wh;ch were used were obtﬁined.by o=
equation (PT12 using tﬁe parameters previously suggested for Insb.

The high temperature resulté are determined by the thermionic emission
component ;;d +he slope of _ﬂn(vpvf vs 1/T c;n be used to obtain the
zero degree eﬁtrapolated barrier height. - ?rom figure (PF3) barrier
height 5f 0.18 ev was found, this wvalue cgﬁpaxes favourﬁbly with the
_yalue of 0.18 eV determined by Mead (eéMl; at 77%. In the intermediate
temperature raﬁge anq?cceptor energy of 35 meV fitted the experimental
results with some accuracy. This acceptor energy is again a reasonable

Pe ]
value for the average energy of various acceptors that can be found

-

in InSb (71X1}.
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Figure PTF3 - The photovoltage as a functio

n of temperature { InSb ).
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