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the samples Wlth the apparltlon 1n the photoelectromagnetlc effect
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- of broad osc1llat10ns assoc1ated wzth 10ng1tud1na1 opt1ca1 phonons

(of the type usually observed in photoconduct1V1ty)
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ABSTRACT-_‘ B ._{-ﬁ_ : .

Some theoret1ca1 developments demonstrate that ‘the magnltude

Y the photoelectromagnetlc (PEM) effect varles with the absorptlon

coeff1C1ent of the semlconductor above the fundamental cdge. A rather -

L]

51mp1e and stralghtforward method.of studying* dlrect 1nterband T

magneto-optical transrtr/ns between Landau levels can be achleved by
observ1ng the.OSC111atory spectral dlstr1but10n of the PEM effect.

The method was fzrst applled to'*wo germanlum.samples at a-temperature

of 4.2K, over the energy range D 9 - l 1 eV, u51ng llnearly polar1zed
. llght parallel and perpendlcular to magnetlc flelds of up to 70 kG

-applled along the [111]'d1rect1on of the crystals. The spectral

osc1lfat10ns are analysed in terms of the degeon and BrOWn formula—

: .tlon. The analysxs yields values for the dlrect bandgap energy, -
the‘ground state exciton blndang energy, and the band parameters.

A 11ne shape study of the magneto opt1ca1 structures predlcts a

.shift of the energy p051t10n of the maxlma towards the hlgher energles

.w1th 1ncrea51ng 1mpur1ty scatterlng. P59v1ded one accounts for.the

above energy shift, the band parameter values obtained for Ge’using;

the PEM technique are 1n excellent agreement with the prevlously
.\'

publlshea/kheoretlkal and experlmental results *Having verified that
the PEM technlque is accurate—ana rellable, the method was extended -

to the study of other less @nvest*gated‘sem}conductors such as GaSb

o,
~r "

R
»

and InP. These are heterOepolar materlals “and under certaln specific

surface condltlons resultlng from ox1dat1on broader spectral
. H‘ o , ’
. _-4;- o \_______,. ,"‘ - .
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"osc11Latlons aSSOC1ated with f::;etndlnal opt1ca1 (LO) phonons couid )

P

be’ observed A nyrolytlc coatlng process was used to preserve the
_clean surfaces necessary to observe the Landau structures in. these
materials. Contrary to the above, the photoconduct1V1ty spectra of

GaAs exhibit bettqr rcsolved magneto opt1cal structures than the

-

‘PEM effect. The study of both an epitaxlalqand high r051stivitv

-

. GaAs gav&\h_/some 1n51ght in, the mechanlsns relatlng 0t1dat10n to -

the broaaer w0 phdnoh structures. Photo-effects sucas. photoconduc-

t1v1ty and the PEM effect offer an 1nterest1ng alternatlve to the more

L]

complrcated modulated reflect1V1ty techniques.__ [ R
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materrals (1.1.-‘1

~ ~ Ever 51nce the dlscovery of magneto opt‘h interband tran-

sitions 1n 1959 (1\1 1.2), magneto opti technlques Have'playe& an
important rele‘in the deterni on of band parameters in a number of
. Of_these materlars germanium and III - V

/
ompounds -are characterlzed by strong dlrect 1nterband trans;tlons 1n

"'—-__'____‘ e

whlch electrons at-the top of the valence bands are photo exclted

across the forbldden energy gap-to the bottom of the conduction band.

s

' In a magnetlc field the valence and conductlon bands Spllt up into a

. series of magnetlc sub- bands called Landau 1evels jThe energy

separation between these levels and the photon energy requlred fbr an

rnterband transxtlon between them increase with 1ncrea51ng magnetlc

. field strength. in this‘nanner tHe;optical pr0perties of a2 semi-

conductor §uch_as absorption and reflection axe nerturbed'by the pre- -

sence of a naénetic field. At first these effects_wnere studied bxr

_ optical transmission. (1.1 - 1.2, 1.5 - 1.7).. The rapid increaSe in .

the absorptlon coefflclent wrth 1ncre351ng photon energy greatly

restrzctsthe\fpectraI regron whlch—can be 1nvest1gated u51ng this

- magneto-optical technique.” The study of reflectivity removes the
above restrictions. However, the magneto-optical srructureg‘oﬁ the

,refleetivity spectrum are ‘so much weaker than those of the absorption.

spectrum that the maigneto-ref_'lectivity experiments'prmied even nﬂ:\‘ef
dlfflcult to perform. .
In ‘the early 60's dlfferentlal technlques (1 8) were

developed to enhance the sensitivity of ‘the absorption and reflectivity
. - e ol ; ;




AR spectra of GaSb in 1ntense.magnet1c flelds and they obtalned results e

-

fto small changes such as those due to ‘the presence of aipagnetlc f1e1d '
An externally applied perlodlc perturbatxon, such as an’ efectric field,
a stress, or a varlatlon in: temperature modulates the absorptlcnlor
-reflectlon of the materlal.: To do so ﬂlthOut—PS‘ bing the para- - <g; o
meters to be'measured is experimentally difficult\ " An intereSting - )

- alternative to the experimental.ccmpiexity of the modulated techniqﬁes

- -

- 15 to study the spectral dlstrlbutlon of photo -effects in as magnetlc ‘ 7

'fleld. Flllon and Fortln (1.9 have studled the phctoconduct1v1ty

—_— . ~

e
, . ) R , _ P
_comparable to or better than those published by Reine et al. .(1L.4) who

used a stress modulated reflectivity technique. . More recently, Rochon

~and Fortin (1.10) have reported magnetofopticalyet

ctures»obser@éd;in
the spectral distribution of the photovoltaic effect in'germaniﬁm..
* The broad aim of .this research project is.to'develop and make use of

yet: another photo- effect technlque the photoélectromagnetic (PE&D

effect. ’The study also serves to 1nvest1gate the PEM an& assoclated '

Dember effect in quantizing magnetlc flelds.kn_ o _ '
The PEM effect was flrst reported in 1934 by K. Kikoin and

M. Noskov (1.11) in Cu 0. More: recently, Zlellnger (1. 12) exten51ve1y_e'

:‘studled the PEM effect in Cu 0. The effect has had some practlcal

appllcatlons in the area of detectors (1 13). The main advaatage q£

a PEM detector 1s that it doeS»not Trequire any voltage bias. | To date‘

the most complete -classical f0rmu1at10n for this -effect remalns that of "

W. van Roosbroeck (:.14) in 1956.

| When a semaconducter crystal is placed in a magnetlc field,



in a Vblgt conflguratlon and llght (hv > e ) 1& shone on. 1t, an electrlc

/ .
potentlal develops at lts’Boundarles ThlS effect, called the PEM

.effect, arxses‘as a result et-the.Hall effect associated with the
diffusion of ebticaiI} injecteélcarriers. Thgiaiﬁfhsién velocity‘oé-
~the excess carriers depends on thelr _concentration gradzent Wthholn
‘turn depenas on the absot;tlop.coefflclent. The PEM effect is thus
. expected to reflect the spectral distfibution of the absorption coef:
f1c1ent in 2 semlconductor and can thus be- used as a magneto optlcal i
technlque. The advantage of thls technlque over the photoconduct1V1ty
'technlque 15 that 1t does not requlre a blas voltage which usually
. L

- reduces the 51gna1-to-n015e ratio. As p01nted ouk by Filion and
Fortin (1 16) the PEM technlque is also superlor in that it depends
dlIiS}ly on the absorptlon coeff1c1ent and does not requlre, "as photo-
"conduct1v1ty does, a‘surface-volume dependence of the photo-sen51t1V1ty.

An 1mportant aspect of th15 research pro;ect was to establlsh
the PEM technique as an acccrate and reliable mpthod of‘magneto-optlcai
1nvest1gat10n. - In order to analyse the magneto optical structures

present in the PEM spectra it is necessary to have a_theo r which pre-

dicts the change in the direct interband magneto-optical transition

‘ energies with the magﬁetic field in termslof the reiévant band “para- -
meters. 'Ih Chafter.s we Teview the-theoreticai developheﬁts~coh- |
cerniné the magneto-optical'propett;es of a semiconductor. We first
present the linear.medel;df Lﬁttinger and.Kohn (1.16), and‘then“the-.
' more complete fbrﬁﬁlation Ey Pidgeon and Browﬁ'(l.ej whichttakes-intO'
account the ﬁon—parabolicity effects of the conduction band. ,§ince

!

3



-

the PEM technlque is'a dlrect method of 1nvest1gatlon, a 11ne shape ~

. study of the magneto optlcal struetures was necessary in. order to’

- ~,

{_31ate the energy p051t10n of the structures to the 1nterband tran-
“srtlon energy. : . o i . |

- Chapter 4 deals Wlth some transport propert;es of semicon-
duetors. The chapter_lncludes a theoret1ca1 development-explalnlhg_

i whp-the PEM effect and the associated Dember effect should reflect
the magneto-absorption structures. e also study the influence of .
phonon-electron interactions on the spectral distribution of photo-

'effects'in'III -V compounde. , _ .
. o~ . . -

Two germanrum crystals are extensx?ely studied in sectlon

5,1 of Chapter 5 - The PEM technlque is seen to yleld band parameter : b

values in excellent agreement W1th prev1ously published exPerlmental

and theoret1ca1 values (1. o, 1. 1:) In sectlon 5. Z.and 5.3lof - T .

|

Chapter S the PEM technlque is extended to the study. of GaSh and InP:

‘Tespectively. The band parameter values found for GaSb are in better =
: o !
. agreement with the theoretical predlctlons of Lawaetz.C;.17).thanf

le

. those of Filion‘(l,g)-and Reine (1.4).. To.the best of the author's

knowledge no 1nterband magneto-optical information had even been pub- -

-

lished for InP prior to this work " Both GaSb. and InP are hetero-polar —
) materlals and under certain spec1f1c condltlons they exhlblted in the

spectral dlstrlbutlon of the PEM effect-the broader structures assoc-

iated with phonon- electron 1nteract10ns usually observed 1n photocon-



~_ = -23 -

ductivity. By measurlng the energy separatlons of these broader '

-

' :osczllatlons 1t was p0551b1e to evaluate the longltudlnal optlcal (LO)

i L -
——

phonon energy for these semlconductors.
| 'In sectlon 5.4'of Chapter 5 we investigEte GaAS"- Contrary
:to the prev1ously studled materlals, in GaAs the photoconduct1v1ty
spectra exhlblt better resolved magneto-optlcal structures than the
PEM snectra. Some resuits obtalned on a hlgh re51st1v1ty GaAs sample
“are compared to those of Nahory 1.18) for an Odel’ed epltaxlal GaAs

'sample.. ‘Thls gave us some 1n51ght on the mechanlsms relatlng surface

oxzdatlon and 1mpur1ty concentratlon Wlth the observed spectral dlS--
Q

‘tt;but;on of - the photo~effects. Trapping is suspected to be 2 deter-

s .

. . . 3.
mlnang factor in the spectral character of the photo-effects. .-
e ) - - . . 4 .
o Y
E . )
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. Spex 1700-111, 374;meter, Czerny  Turner sﬁedtromete;.

R : : - .
2. - EXPERIMENTAL METHOD . S
. T sl "k :

2.1 Apparatus

":- A schematic description of the apparatu;’necesséry to study

) pﬁoto~¢ffects in intensé magnetic fieids-ié_given in Figure 2.1. The

Lo

,pxperiméntal set-up may be broken down into three parts; the optical
Tset—up, the super;onducting magnet'gnd associated cryostat, and the

- synchronous detection system.’

~

v 1

_ . S . . 4 L
The optical set-up: The optical part of the apparatus:consists of a

Either a |
. . ‘ o
Nernst filament or a quartz-iodine lamp was used as infrared source.

-

Two 600 groves/ﬁ@;gratings:with their bla;erét 0.751 and 1:6u respec-

<

‘tively'aﬁd, two iow-pass filters at_b.652uv.éhd 1.04u used té,cut off

the second order radiation, complete the accessories of the spedtro-

" meter. = The incoming ;a@;étiqﬂ.was chopped at either 85 Hz or.500 Hz

. .< . . _"‘ . -‘-. s . . C . .'-
and the outgoing radiation was polarized using HR~Folaroid polatizers.

" ‘Both slit openings were normally kept at 50071 giv&ﬁg a resolution of

o : .
10A or 1 meV'at. 1.2u., =~ 5

b
Kl

e -

, : . s o

The suEerconducting magnét and associated cryQStat:' The mohochromatic-

- ——— T o " o Sk o - —
-

light emerging from the spectrometer was focussed on.the samples . .

installed in a Voigt configuration iﬁéide the magnet. the'REMfeffect

only occurs . in sampigs in a Voigt'qoﬁfiguré;ioh. ' Figure 2.2

“shows a top view of the sample holder. Two alumimum front surface

. : S o . N
mirrors are placed at 45? with respect to the incoming ra@}at%gn.

o - . ’

W
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INCIDENT

BADIATION

| /‘FRQNT SURFACE MIRROR ‘(ALUMINUM)

v

Figure 2.2:

o - ._,. ] .. -' ‘ . . .
_,/(“,. ) N -
A description of the sampie holde;;: o -

8

P

‘o - - ’ Tt . - LA

The four samples could then be instailed perpendiculaf to both the

incident radiation and the magnetic field.- - The lower part of the -

cryostat*containiﬁg the magnet, the experimental chamber,fand the

- sample holder s descrlbed in- Flgure 2.3, take? from Filion (2.1).

The samples ﬁ;ré/;ept at the surroundlng 11qu1d helium temperature by |

-1ntroduc1ng approxlmately 10'mm Hg ‘of hellum gas 1n the experlmental

chamber.

The 1nfrared radlatlons reach the samples 1n51de the magnet

via two sealed quartz w1ndows. " The resultlng photo—51gna1 from the,

- samnles then leaves the exper:.mental cha.mber the 0pp051te way. V:La

ceramlc feed-throughs.

.The supereonducting magnet was cpnstrﬁcted by Ferranti Packard

=

Len)
it

(L_
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A descr1pt10n of the lower part of ‘the cryostat

contalnmg the superconductmg soleno:.d
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"and 1nstalled in’‘a Sulfrlan cryostat The solenoid-is made with .
f _nlobxum tltanlup wire, It has a clear bore of 1.55 1nches Wlth an

homogeneity of 1 over a1 1nch d.s.v. at its center. The critical

N

current is'SI Amperes allowing fields‘of'hp to 72.5 kG. Flgure 2 4,
also takén from Flllon (2 1), schematlcally descrlbes the current

supply and.control for the superconductzng solenozd.

4

The synchronous detection systemt .The photo- 51gnal of the sample was

__._.—_—-———-_-——_—-—_.-—qo----——n-q-

‘fed into a, first Lock- In Ampllfler a PAR model 220 U51ng a bean

splltter,‘a 10% portlon of the infrared radlatlon was<3ef1ected onto

~

s
a PbS detector and 1ts 51gnal was fed o a second Lock-In Ampllfler,
. -
a PAR model 122, . The lelSlQn of the flISt sxgnal by the second -3
/, :

corrected for variations in 1ntensrtx/of the light 1n51dent on the

samples. ' The resulting sigﬁal as finally recorded on a ﬁoneywelr

Recording Unit. .
In‘order'tofmax1mlze the sxgnal to-golse ratlo wlthout 10051ng

-any 1nformatlon/’the electronlo time"’ constant had to be matched with

' the scannlng speed and the slit openlng i. e.,.the resolutlon. - For

example, an electronlc time constant of apgroxlmately 3 seconds nec- -

'_e551tates a 10& resolutlon w1th a oA/sec scanning speed. 'The average
651gna1 to-noise ratio of the photo-signals recorded was always > 10.
The 1mpedance of the hlgh purity’ samples at low temperatures
was—io.excess of 100 Még and the input impedance oflthe Lock-In is
'only_lo ﬂeg. 1_;ﬁ¢the‘case'of a.PEM‘signal, to a gooa.appro;imation

this means that a short-circuit current is measured. . This information
. . . . . ?
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2.2 Sample preparation B ' S T
" The surface preparation'Qf the - samples represent an important

aspect of this research project. Because of the lohg proééss‘df trial

and error involved in surface preparation we.eszimate that over ‘one , _ ‘
hundred‘samplés were prepared during the,@oursé of this work. Only
ten of these samples were fully inféstigétéd and they will be described g
later in this section. =~ - - . )
.The- f£irst step in sample préparatidn”is the cutting of the . _.l s
samples into péfallglepipeds of approximately 1 X 2 x 10 mmn. The ' N
crystal axes are then determineg so that the [111] direction’be
oriented‘parallel to the magneﬁ{& field.nm“A mechanical lapping of.the_”
surfa¢es:follows using's‘micron A1203 powder. . Ngxt the samg£es are
chemically etched: = the various etches used are_given'in'fabie 2.1.
. ~ Table 2.1 1T . .,,}\1
L s
Etch Chemical Components -
“ep-8 T 3HF, SHNO;, 3CHCOOH o -
10% Br : _ 18r,, 10CH.OH :
. . " . )
RT-1 . | 2H,50,, 1H292,‘2H2c-)
_R?ﬁz - _ o 2QH2504, “1H202, -lHiO



.

- -

- The aormal eaposure time to air necessary‘for the 1astallat10n
: of-the samples usually sufficed to oxldlze thelr surface.‘ Otherwlse,_
'0x1dat1on of the surface can ea511y be achleved by heat;ng‘the sample in
air. Preventlng unwanted surface ox1datlon 1s a2 more dlfflcult task..
The coatlng of the surfaces by a pyrolytzc dep051t10n of an Al 0
fllm (2.2) revealed 1tself an excellent solutlon to the problem of
preseIV1ng clean surfaces. The dep051t10n apparatus is shown in
Figure 2.5. 'The temperature inside‘the-depesitiea chaaber is'fafst"
taised to SZQ?C ;p the'presence ef a circulating‘teducing'gas,-iO%V
hydfegea ana éﬁ% nitrogen,.aad theallowered*to-ééobc. The alumin
trl-zsopropoxlde [Al(oc H7) 1'is heated by an 0il. bath to 140°C and a -

transport ‘gas, nltrogen carries the emanatlng vapors to the pyroly’lng

. reglon over the speclmen, where they decompose and deposat the oxide -

.

fllm., S
Pinaily,.the.contacts'censist.of'iﬁaiaa-dreps, 0.5mm in
diaméter, alloyea_to thefsampie wity gold_ﬁires attached tolthea;»“'
‘ Between treparation;and ipstailation the'samples were‘keﬁt in an
e#acuated chamber. ‘ -
The ten samples studled are labelled and described in Table 2 2
‘ Wlth the exceptlon of the GaAs samples these are all szngle crystal
"-samples and they were all .installed Wlth the1r f111] dlrectlon parallel

to the magnetzc fleld
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_Table 2.2 y
Sample p  “ ’ Impurity Chemical - Contact Surfaée Tfeatment-
) L f<cm cmz_ concen- ' etch . alloy - '
volt-sec  tration ' - .
.o 111 ; cm” ) -
Ge(M) 47‘ ] 4 x 1012 (n CP-8 ., In o none
‘ . ’ : ) at 410°¢C
Ge(N) 45 CpP-8 In | none
- = at 410°C
PN ) . 12 (1) ; ;
Ge(M2) 47 -4 x 107 CP-38 In ° A120_ coating
' at 410°C 2
L | - . . .
.Ge(M3).. | CP-8 In ° . Irradiated with
‘ ; ' at 410°C " neutrons
T o2 (2] 1712 ‘ -
. GaSb(l) 0.0412 . 670 2.5 x 1077 CP-8 “In o . none
\\““#\\\\\\- AR _ - at 410°C
Gash(2) .@&‘?’mm 25 x 1087 Cp-8 In'  Heated to 150°C in A
' : s at 410°C air for 2 minutes
. | - ' [3} ~ . ‘— ‘\
me) . 0.7 4,800 2x 108 1B . o A1,0_ coating
- _ e - at 520°C - . 7
iz - - {3) '
InP(2) 0.7 4,400 2 <1025 © 10% Br In none
s - ‘ : at 520°C
o (4] .
. 4) - 4 v . .
Gaas(1) - 202,000( Hax10? rr2™ - sTn . ALO; coating - -
Lo T at 77K ) ’ _ IR
¢ . ; ) - 7(2) ‘ (5]"\:’. , ) . *
GaAs(2) 2 x 10" 2,000~ . RT-1 o In o AI,)O3 coating
‘ L 4,200 “at 520°C <

All

(1)
(2)
(3)
* {4)
(5)°

o~

Ge and‘GaSb samples #ére p-type. .%he oth

(U.S.A

« .

er samples w

Dr. H. Pullan, Ontario Research Foundation
Monsanto, St.Louis (U.S.A.) '
Semimetals, Inc., Allendale, N.J.
Dr. D. L. Rode, Bell Laboratories, MursQy ¥ill, N.J.
F. Prat, Master's Thesis, University of Otftawa. .~

\ ' .
ere not measured.

(U.S.A.)
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.
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Absorptlon Coeff1C1ent for a Semlconductor in a Magnetlc F1e1d

572.1 Direct 1nterband magneto- absorptzon '

-

3.2.2 A line shape study of the absorption structures.




3. MAGNE‘I‘O OPTICAL PROPERTIES

‘In thls~chapter we begln by’ rev1ew1ng some of the more fum-

‘_damentalrtheoret1cal developments concerning the dlrect magneto—opt1cal

interband transitions in a semlconductor The theoretical results.
presented w111 prove essentlal *o the proper ana1v51s of the magneto-
optlcal spectra In order to adequately ipterpret. these spectra,

it also became necessary to 1nvest1gate the line shape of the pre~

dicted absorption structures.

-

-3.1 Dlrect Interband Tran51tlons in a Magnetxc F1e1d '

In this flrst sectlon we descrlbe how the valence and con-

duction bands of a -semiconductor split up-under.the influence of

;

‘magnetic field into sub bands c¢alled Landau levels.- A 5simple two-

band model is used to introduce thas phenomenon. : In the case'of

“

-

o degenerate valence bands the task of evaluatlng the energy p051t10n of

I

the Lardau levels becones more. dszlcult. Luttlnger and Kohn (3.1)
were the flrst to solve this problem ‘and ve present their results._.-
Thelr solut1on for the 1nterband tran51t10n energles between the
levels vary linearly with the magnetlc field. A rapid inspection '
of ouxr experimental results should satisfy the meadef that this theory
faals at hlgher magnetlc fields. Having encountered the same problem
in inditm antlmonlde, Pldgeon and Brown (3. 2) overcome thlS d1ff1culty
.by including in their caléulation of-theltran51;;on'energles the non-

parabolicity'effects of the conduction band. . Here again we shall



o S - - 36 - - - : ;
Lo/

i
¥
{
present their results. The above theoretical developments enable us

,tQ.evaluate the band‘parameters that will best flt our exPerlmental |
data. .The iterative process employed to achleve such a’ flt is fully
descrlbed We conclude this: sectlon by giving the’ selectlon rules

which govern the direct 1nterband transitions between the Ievels

5.1.1- A simple two bapd model
In the vicinity of k = 0 the énergy momentum relations for a

simble two-band ,model are given by:

eg‘. e+ (h2k2[2mc) ) A. | o 3.1

. o

(4]
"

- oAbm) T sa
where the indices c and Q_denote the conduction aﬁdlvalence band res-
pectifely,’mé and = for the electron aﬁ& hoie effeétiﬁe'mgss and €
for the energy gap between “the two bands at k = O

The Hamlltonlan for ‘the motlon ‘of a free- electron.Cneglectlng
spin) in 2 magnetic fleld is: |
R s B (e/e) K Fym - .' BERY

where . s _ IR L .

i}

#¥/i  is the momentum operator,
K', is the vector‘pcfeﬁ;ial of thé dc magnetic field,“and
m, the free.electron mass. . |

Forda conductlon band electron the Hamlltonlan is 51mp1y ehat of the .

free electron plus the periodic potent131 energy V(r)of the electron

LY
-



" _

in the crystal. The effective mass approximation accounts for this
periodic_potentia} energy and the Hamiltonian for the conduction band
electron may be expressed as:.

o | 7’? = [%f (e/) K1/

A
y
F-9

a

B
s
-

where the conduction band effective mass m_ now replaces the free -

electron mass m ‘ -

-

The conductlon electron wave functlons are:

w
.
wn

VB 2 5 @ £,0

_where nc(;j is‘thefﬁériodfé-part_of'the-Bléch functions:for K'# 0

and £ _(r) is 2 slowly varying function oflpositipn compared to the

Bioch functions.‘ From the solution, of tne fbllow%gg Schrodingervlike
equation:_
i . — —~, _ ' o = L
[P+ (e/c) K17 £, @/, = (e, - E;g) £, .38
. . ! ' . - .

one obtains the foliowing eigenvalues for the conduction band electron:

M) = e + (i+ne + %20 ) L4
e.(n) = eg n R, - e . .
where'n (> 0} is the magnetic.quantum'number-and:.

We = eH/cm":

w
L)
o

1s the cyclotron frequency of the electrons in the conductlon band.

In a- szmllar fashlon one obtalns fcr the holes in the valence band.

e
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Figure 3.1 illustrates how- the valence and conduction band split up

“under the influence of 2 magnetic field.

"

Figure 3.1: Energy levels for a simple two-band model in a magnetic field.:

. ~
-

 Equations (3.7)-and (3.9), first obtained by Landau (5.3),

. _ : _ T
contain a very important result, namely, that the-appiied magnetic
fleld splits tgs three d*men51onal conductlon band into a series of

two dlmen51onal harmonlc osc111ator-1:ke levels separated by an energy,

—

fw.. This produces a ladder.of one-dlmen51ona1 sub-bands knpwn as the

- Landau levels. The next two sub-sections: deal with the problem of cal-

culating the energy position of these 1eﬁels in germanium and III-V compounds.
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LB l 2 The treatment by Luttﬁnger and Kohn S
- ~ - . ) .
Luttlnger and Kohn (a 1) were ‘the flISt to calculate the =~

o~

energy'p051tlons of the Landau levels for'the'more complicated case e
of” degenerate valence bands whlch character:ze germanlum and III -V

* compounds, '.These materlals all have, -in ‘the vicinity of k =0 >

. . -

e (k) versﬁs“k, curves similar to.those shown in Figure 3.2
u
[

\ .
LY L ’ -

Eiéure 3.2: A schematic of the E(E) versus K curves in the V1c1n1ty of k=0""

-

i for the conductlon and valence bands of TIT - V' compounds.

- The 'conductien ban&'is similar to the one considered .in the simple
a - . E

‘two—band model : On the other hand the valence band is degenerate at

K = 0 and at an energy A below whlch point 1&gs the spin orblt spllt -off

-

. . N .
B - . ',
t

e



valence band extremum ' The three valence bands belong to a p- 11ke

. atomic orbltal whereas the conduct:on band is s- llke In the pre-.

‘sence of a magnetlc ‘field both the spin degeneracy and. the :

degeneracy at'’k = 0 are lifted resultlng in elght Landau 1eve1 1adders.

The 11ght-‘and heavy—hole valence band ladders are labelled

+ - + -
a ,—a » b, b, Two quantum paxr numbers characterlze these ladders,

(M 5 n) and CMJ + 2 n - 2), where }h.denotes the total magnetlc quantum

y L. [y

-~
-

number’ and n the’Landau quantum number., Depending on whether the
" levels are denoted by n or by n -, 2, th%\a‘ ladders have MJ = -k or .
. ~+3/, and the b ladders have M,

ladders are'denoted a® and b, For an s- llke band the .total magnetic
quantum.number of the levels is equal to the spin magnetlc quantum
‘ number. Consequently, M = MS = 7- for the conductlon band‘W1th M =

J
for the a ladder and M

band ladders are denoted a and b Wlth MJ = -k for the a® ladder and

N M. = +k for the b° ladder.

J - _
- Luttinger and thn calculate in units of s =:§E?i the energy

J-é -3/m;0r +s. - The two conduction band -

. +3§‘
5 =% for. the b° ladder. Flnallr the spllt-off -

p051t10n of the Landau levels.for the degenerate valence bands. Their .

. . . . L
solutlons are~expressed‘as funct1ons of thE'fOIIOWIHg parameters: s

Yg and - YE, called Luttlnger s Darameters. These may be related to-

Klttel's parameters A, B and C in. the follow1ng manner:
-~ -‘\_':‘
Yy o= AP S = -B/2; viiek TC5 + ¥ B 3,10

where the constant energy surfaces of the degenerate valence bands is -

1
o

“

, W




given by,

L2 o L,
oo . Wooe2 24 2022 22 2.2 %
e®) = - = + [B°%" +.c” [kykz + Kk, +7kxky]] b _
: o : ) 3.11
. - . : ’ \ ' ' ' .
- In the Pldgeon and B:r:ow'n numbenng system the express:.on
for the energy p051t10ns of the Landau levels are for the a’ and a”
la.dders. ’ . . ‘ B - ' ) | N - o
. . . " ) L 'L L B ’ .‘ ) _. ) l . l-
v - = i - : . .
e (-1) | SERII . k) .
-. ' ' ‘ | . ‘ h -
- 5;(0) ‘ = _;5(3-\;§ - 3 L _ kL)

. 1] ¢ R
e, = - Ly -y emty

R (GRS "

s 1) (' H2TE

‘;her_e n==%2,3 --——; and "s'imilarl)'r for the b’ and b- la'c_iders:

eyt ahy

o
oY
(=]
L
n .
= <
B N
i

| -Itn +'537? o+ yPoudl -

o‘r‘) .
-
=2
e
1]

Pl DY " v gt - b - L

B e T
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e
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. } \_ -
where n = 1, 2, 3'--»; and where
4 |L L ' "-.‘ - . . N _ . _ . . "-__

Y = 3.- (Y~ - Yz)f(e) o _ : o 3.14 _
i L L 1L L | | 2 e

Y = Y3 -.g{ 3 —Yz)fl + f(e)]‘ . S N N

£(8) = 7(3cos2s - 1)2 S 36

<

- with 8 as the angle between the magnetlc field dlrectlon and thew' ‘

. z-axis (the [001] dlrectlon) in the aio plane. The paTameter k- is

. excluslve to the magnetic fleld_problem and plays the Tole of a - if
g-factor o | - . o o - o
L L .2 L 1L 2 o :
K= vt 30 3 03 3. 17

- ’ - - ' *
- .

LOTEEEEE

As the- Landau quantum number n increases the energy separa-

tion of the Landau levels tends to s(m/mlh) for the llght-hole ladders

and to s(m/mhh) for-the heavy-hole ladders where mi

the effectlve masses at the’ top of the llght- and heavy-hole bands

~respect1vely.. For tbeglimxt of large n values Roth [3. 4] deduces

and mhh denote

P
from equatlon Ga 12) and (o la) that: : . -

Therefore'the'energy separation of:the Landau levels for the valence

"band ladders becomes uniform as n increases. This is also true for the

-~



a3

- b

conductlon band ladders where the energy p051t10n of the Eandau levels ,: . ]

-,

is gzven (1n unlts of s) by the followlng expre551on.

- -
c., . ‘ - C - . : o . .

Faps T MREEE gy, T s

s o ity S T
where m/mcr =1 + Ep{SEZ/Eg‘.f E__:_EJ,~ . 3.20 SRR
and - g =-2T[1 - -E/301/c - —2—17] 3.21 -

¢ - A
P &5

g, being the effective spectroscopic splitting factor and Eﬁ the‘
conduct{on band interaction-enefgy'defined by Kahe'[S.S 1. The hlgher.;

dlrect 1nterband transition energles are’ therefbre expected to be

‘equa.lly spaced. Ou'r experﬁhentel results ver1fy-th1§ prediction, Co ‘ %

however, the same results do not verlfy the linedr dependence of the.

tran51tlon energles on the magnet1c field as predlcted'by the theory
A of Luttlnger'and Kohn.,
In the hext sub-section we‘descrihe how Pddgech ahd Brown - L
ES.2J partialiy eccount.for thds-diécrepaﬁcy hy includidg in the;
expressions for the energy position-of the Lendaullevels-the'Effects

¢

‘of the.non-parabolicity of the conduction band. -

3.1,5'-The Pidéecn and Brown echeme | .‘ S _ K
'V’”} ‘.In their’calcﬁiatich of the energy position of, the Landau
levels Pldgeon and Brown 1nc1ude the non-parab011c1ty effects of the
bands by treatlng the e;ght bands as be1ng allfhearly degenerate.

N Y
The . energy 9051t10ns are solutlons to an 8x8 elgenvalue prcblem. :



-

| By changlng the ba51s functlon the ezgenvalue matrlx can be factored

‘1n two 4x4 symmetrlc matrices of the follow1ng form' : | .

‘le-g N T
‘ {E-MS." _l_s Mé_ ‘s Mg --e'- | s M :

F”‘r | .‘;”"3' .."'SMS— SR TR

-~

The matrlx elements are glven in Table 3.1 The'”a—matrix"'givés'the : /

energy p051t10n of the leVels for the ac, e and a® ladders whlle the

'"b-matrlx" glves tbe energy p051t10n of the 1eve15 for the b© b‘ and

- . . ‘
b° ladders. Elght parameters def1ne these elementS‘ eg, A," Ep; C ‘ ‘

T =£(h%*/m) a matrix element Tepresenting the 1nteractlon of the

, . | Tt .
_.conductlon band with hlgher lying bands, Yy = Ti - T,y = Y L. T, .
e re ’ ’
Y =¥ - T, and k = L - T wbere T E /Beg. Unfortunately, no

'su1table analyt1ca1 form exlsts for the solution of. these matrices

and they must be solved numerlcally
The solutlons e for the two symmetrlc matrzces given 1n

- €quation (3. 22] can be'expanded in a power series in s as follows.
€= g, + &5 + 52 + g3 & . , 3.23

By substltlng this expan51on in the determlnant equation of the two

._—

<

4
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and Brown matrlces

N
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_complexlty of. these coeff1c1ents no expre551ons are given for the

..-'46_-'-['_ LT e

matrices and regrouplng the terms contalnzng equal powers of s, -
quat10n§ for the expanszon coefflclents eo, el, ez e etc may be

obtained. The equatlon for the eeroeth order in s is then:

n
o

[eo - egje%(eo + 4) 3t24

Lo

whichthasﬁfour selutions Eg = eé; 0, '0 =& correspondlng to the zero >

" field band edges.. The equatlon for the ‘first order in s is:

HECEOl;‘éé)_t_CEO +'A)];%31‘5'53[#1CE0‘+-43 + Mio(eo -eg) + M%]"

L2
E
TN

tn

| . : o A2 e M2 e K
- g M (ep + )
: \ ' L LT )
The expanszon coeff1c1ent e for the‘honduction band is obtained by

‘Itfting € =-eg. The r 'ult is the same as that given in equatlon

(3.19). except for the ddltlonal term Zf added to ‘the effective mass

ratlo m {m.' By 1ett1n ]
for the spllt off The common factor eo in’ equatlon (3. 25)
implies that for the light~- and heavy-hole bands where eo < O,Ino‘
solut:on exists. Therefore it is necessary to go to the next highest
otder in s to find a solution for‘the el-ex?ans;on'ceefficients of
the two velence bands. As exfected, the coeffitients e:,. and ei 1

are exactly those calculated by Luttlnger and Kohn; equatlons (3. 123

‘and (e la) As can be seen:from equatlon (a;Ze) the'e -expansion

‘coefficients will reflect the second” order dependence fbr the. energy'

p051t10n of the Landau levels on the magnetlc fleld Because of the-

éo = -5 one obtazns the expan51on coefficient -

“



R

: -_valence band coeff1c1ents and Aggarwal [o 6] only gzves an approxzmate

~

.expre551on for the conductlon band coeff1c1ent eg

o | 362 wdne +T202
c - ) _(n + 35]2 _ . g m - . .

3.26
szen the above expressions for the expanSLOﬁ'coeff1c1ents,

the nower serles expre551on descrlblng the energy posztlon of the

Landau 1eve15_can now be used to calculate the band parameters that

beét;fit the expgrimental data. Next we will prgsen;:the-iterative

process used in the evaluation of the band pa;ameters.

5.1.4 - A method of‘analysis using the Pidgeon and Brown scheme . :
. L. - ’ . . - ._ N -
 The Pidgeon and Brown approach uses eleven-parameters in -

calculating the energy positions of the Landau levels. These

"parameters are: m_, Yi, ;, 2, kL £, Eg’ 4, H n and the orientation

of the crystal in the maghetic field. U51ng equatlon (o.l?) kL may

-

be expressed in terms of Luttlnger s parame»ers~—~$he~«nﬁm # the

- spin orbit spllttzng energy A, as well as the small dlfference

Yg - Yg can be predetermineq us;ng publlsped values.‘ The ﬁlrectl
bandgap'_eﬁergy eg.is obtained from the ée?o field conye:gencé_of theiﬂf
'iexperimentél interbané transiéion eﬁérgies; Finally, the orientation

of -the crystal in the magnetic field is predetermlned experlmentally. . o

This leaves flve ad;ustable ‘parameters: m, Y?, YE, H n. The 1nterband



s - :

-energies can therefore be expressed as follows:

S E_ = f(ﬁm» H_: n)

- P

T

[72]

wherem = 1, 2,

S AR / /
cend @y =mGs 8y = Y3 o5 % Y5 :
The parameters ¢ can be written as:-

-

3.27

where am's are” approximately.correct initial values and am's are -

" - presumably small correctioms to these values. The new function:
€ = f(ao-w-a'; H ‘n).'
n m m

can be-expanded in a Taylor series about_ag's-as follows:

\
f(e_, H, n) ;Hf(aé H, n) +“3 F'(aO_ H, ma.
m: » -— ..m, 2 ‘ 2=1£'m’ sy N ] B
where F (co, H, n) = 3f(°m,.H, n)J
At m 0
: 36‘9" ‘a

(93]
(5]
o

192
.

192
-

The sum of the square of the deviations betwéen the theoretical tran-

»

. sition energy and the experimental energy will be:

= - 2 -
D - z[ei f.(am’ Hi: n)]

73]
-

[ 2]
3N

‘The purpose of the exercise is to minimize D-with respect to the.

-

@




‘The iteration process consists in using those. iast coefficiehts A

* expression measures ghe ablllty of, Ihe parameters e .to reproduce .

; 49 - e L L

-
Ll

corrections a,. Tﬁeceonditions are: - S
3D i
%, - BE=123 3.33
2 ' .

- -

. This’ produces a set of three simultaneous linear homogeneous equations

for the three corrections a T

3
z A.mza2 = Bm;:m =1, 2, 3 i 3.34
k=1 .

C e ) .N ’ . . V = - . )
_ehere . Amz = i F (u { 52 n)F (a . ﬂi,~n)' : o | _3.;5;

- N 0 . : : . . -

and - B = g Fm(am,vﬂi, n)[eil- f(am,'Hi, n)] | ' B .  :.¢6

5.. ~ | . “ . - . .,

and B to evaluate a set of correctlons a3 the new parameters

S ag *a can then be uSed to find a second presumably smaller

set of corrections and’so on. . The iterative process is expected.to

converge to 2 lower 11m1t of D g1v1ng us a set of parameters a

offerlng the best p0551ble fit. Assoc1ated to these parameters, 2

~- Toot mean square dev;atlon for the experlmental p01nts will be

given by: e . ) -.Vf L

-
.

i S

. i S o
L ] : ._2} L o
Proaws. = Ngi[ti £y, Hys 1)l I 5.57.

5. ’ t

K

where N is the total number of exper1menta1 po;nts. "This last

[y

-

ats
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.the experlmental results, - : B - . ‘ ' -

The above 1terat1ve process can only be operatlonal if the

;experlmental poznts are properly 1dent1f1ed that is, if the 1n1t1a1

Fd

- and flnal states of the observed tran51t10ns are known. . 'The task o

‘Of 1dent1f}1ng the experimental p01nts is greatly 31mp11f1ed by the

exlstence of selectlon rules governlng the interband tran51t10ns.

'These selectlon rules.wlll,be'presented next. - -
B o ” ] - -

3.1.5 The selection ruies

Flgure 3.3 schematlcally summarizes the theoretlcal predlctxons.

_for the energy p051t10ns of the Landau levels. The flgure also 1nd1cates

the'allowe&‘interband transitions between the Landau levels. In the

Faraday conflguratlon, where zhe electrlc vector E of the/LnC1dent

v

radlatlon is always perpendlcular to the magnetlc fleld § the

allowed transitions are: ;g" - o

T~ a% (@) AR | o o o -

b%{n'j +:bc(nj.

where An and MMy = +1 for the left circularly polirized light and where
. . . . [
4n and &My = <1 for the right circulafly 'polarized"- light. The above

transitions are ‘also allowed 1n the V01gt conflguratlon prOV1ded the

electric vector E is st111 perpendlcular to the-magnetic f1e1d B. . -
In the latter dhse however, the two ‘circularly polartzed,modes cannot

be phyéically differentiated. , Nevertheless, ‘the Voigt confighratibn -

;\\ ’
€

‘-
=
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Figure 3.3:

The Landau ievzlé for the conduction band and light- and

-

heavy-hole bands (in the Pidgeon ahd Brown numbering system).

The arrows represent the lowest energ)ﬂinterband transitions:

‘the solid arrows for the E /7 B right circular polarization, -

-

‘the. do?ted-"arrows for the ¥ !/ / B_ left ")c_ircula:

and the dashed .arrows for the ELL B pola'giiatidn.
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Faraday Configuration ~ =~ 7 o Voigf Configuration

- .
1 [ - -

" a

,,ff”" does allow the electrlc vector E to be narallel to” the magnetic fleld

- * AR
. - B. This g1ves°rlse to a new set.of allowed tran51t;ons:
e " ] e . t . E .
2 (@) + b°(n); An = 41 £
. . : , bic } C o
‘c . \ i T, L . L ' J.Jg
N LE -
(') ¥a'(n); 4n = -1, / - ;
where M = 0. I N
Having rev1ewed ‘the thecretlcal ?edlctlons concernlngﬁuhe
= energy posztlon of the Landau levels and th alloued tran$1t10n9
B
between them, the next™step is to descrzhe t&e means by whlch these
_ iy
' - X
_ transitions reveal themselves Dhy51calLy.‘ One such means is the .
osc111atory spectral dlstrlbutlon of the;abso tzon coeff1c1ent in a
: .).. \ . W T
magnetic fleld et . .
P N
. ~
. NI
N i

. 1 - Al T N . . ’
-;. A E ’ v - : l . .
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3.2 Absorption Coefffcient of a Sem£COndUctot‘in.a Magnetic Fieloi"

-

- oo In a magnetlc fleld the 1nterband trans;tlons between the? L T

- . .3

Landau levels of the valence and conductlon band w11r cause. osclllatlons

J .»
in the a?ﬁorptlon coefficient above the fUndamental edge. Again a

51mpIe two-band’ model is used in reyrewzng this, phenomenon. The

scatterlng mechanlsms w111‘smooth out the absorption structures and‘r
h ]
. : - ' ‘
shlft the energy p051tlon of their maxlma towards hlgher energies.

-

ThlS energy Shlft is 1mportant in our method of 1nvcst1gat10n and a - -_ e

- -

llne shape study of the absorption structures qualitatively relatestd
- the magnitude of this shift to the.visibility of the structures.

- -~

N

3.2.1 Direct interband magneto-absorption o ) IR

¢
-"‘

In the absence of a magnetlc fleld the tran51t10n probabl—

llty and absorptlon coeff1c1ent for dlrect 1nterband transitions can- —fe
be calculated from the t;me depen@entaperturbation theory, whereby

_.one obtains thé@”golden Tule" given by: A ST 1-

' N 72 - _ _ 3. - ‘ . . L ,
Vot(m) =C S Mcvo[fc &y Nwld3p - | 3.40 .

where'hm is the 1nc1dent photon energy,M » the matrix element between :
s, .

' ‘the valence and conduction‘band, and the coeff1c1ent C involves
'universal constants-and the density of states effective mass; The '

calculatlon of the.absorptlon coeff1C1ent in the 51mp1e case of a LWO-

~ -

band model has been cas:led out by a number of workers . 7] and they

f1nd in- the absence of 2 magnetlc fleld

- - C‘
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T me e

where, for allowed direct ttans;tions'(in-MKS uhits): -
. 2m* ' g ”
A= gel [ J"/z]p ]2'/16':rce1;12

with m* as the reduced mass, Pcv as the momentum matrix, k as the N

o C .
- dlelectrzc constant and € as thg%permlttEVEty The extension of this

treatment to 1nc1ude the effect of 2 magnetic'field glves an absorptlon

edge correspondlng to each palr of Landau levels. oSummlng o%er palrs
+ ., of 1n1tla1 and £xnal states the absorptlon coeff1c1ent becones.

.,n

_,__.' N e U » . ' 3.

- .«,,! . . o
ToET ) - - [‘h ' ]-'-’i -
T c}(w, T a5=s z @ '- € " Sl - . 3.42
- where e = (n {15)_5‘ P
e M - ' -
and _ th'H

m*c
The dashed curve in.Figute 3.4 qualitatively'repreéents the'singula-~.
/.‘ S
rities o: “the absorptlon coefflczent in the presence ‘of a magnetlc

fleld. In the absence of scatterlng the s:ngularltles ocgur when
—— . ) .nu;; .

.

o =¢ e et The solid curve in the‘same flgure_zs also a"quallta—

- tive representation of the absorption coefficient in a magnetic
STIN ' . . . ie
v . ‘ < - . . L ‘ - ' - - - L
field but 1t.1nc1£§e5'the,broaden1ng of the peaks. The S1ngu1ar1t1es»

- 2

in the absorptlon do not extst in a real crystal due to the relaxation

~

fecta of both the holes and the electrons. - Actually, relaxaticn

7 f

-effects can be introduced,Quite readily by rewriting the absorption
« ~ S : ' :

o
LS

-

e
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BEL L T T ' S Flgure 3.4: The. absarrt;on coeff1c1ent
R 1 SO . ofa sem1conductor as a functlon of the
A 1 B incident photon energy in the presence .

"of a magnetic field: in the absence of
scattering‘(dashed line), includipg- '
scattering (solid line). The Iong dashed -

line denotes the absorptlon coef£§c1ent-
" ' 1n the absence of a magnetlc fleld.-
‘\: - o ~
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coefficient as: . " B I A
" o %
N - | B
v = 5 = - '_ - -a _‘ e - 4 %
- a(m, H) : == n [hm Eg €y 1/Tn]_ . _\‘\f.43 - :
v :

where T'fdenotes‘the carrier eollieion time for the nth interband
transition. tAs scatterlng smooths out the 51ngu1ar1t1es,'1t also.
h{;ts the energy p051t10n of the peaks towards hlgher energy Unlike
modulatlon technlques, our method of investigation looks at the dlrect
s;ggalrand not its derlvaﬂgve. Consequently_the importance of the
energy'shift'towatds higher'energies fust be accoué%ed for. Equationi
(3.43) is digficult to manipulate‘aﬁé in the following sub-section
yeféresent a%si%pler approach;te the_qﬁestion of relaxat{on_effects)i

—
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: - . e
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. <z -
. .
. -
.
- © vt -
iy -




r-

3.2. 2 A 11ne shape study of the absorpt1on structureé

—

[

In order to account‘for the broaden1ng of the absorpt1on

L

structures resultlng from ‘the scattering mechanlsms, we 1ntroduce a- - -

-

- broadenlng parameter r denotlng the uncerta1nty in the tran51t10n :

energy of the. nth OSC111at10n; This parameter-F is related to the _ | _f
carrler COlllSlOﬂ fime. t ,1ntroduced in equatlon (a 43),by the s o
Helsenberg uncertalnty,prlnc1ple. ,
. t L3
2r_ = h/t_ : T . 3.44 .
. n RS ¢ ] . o . . . : ) .
The relaxation effects can now be'ihtréﬂuced by rewriting. the absorp--
'*tiop coeffiéient .as the convolution " of the absorption coeffieient
- function a(e, H) Wlth a squaxe dlstrlbutlon function £(¢ - e').in the
_ foilowing manner: ‘afes H) = Ja(e) fle - ¢ )de - o :3.45
equation 3.45 .may be rewritten as: .
' N e+ &§72 o ' .
afe, H) = J - ae)defe! —_— . 3.46
.. e-g/2 . " L |
: | . | W v _
_Putting e'/2 =I'n we obtain for the absorption coefficient:
» fet?n [e € en] de
) TAY T E-Tn - £ . o
a(e, HY = 7S oo — 3.47 N
. .n .
‘where  A' = AN/2 | | R
and - € =TMw is the incident photon energy- éﬁ;."
Integrating the right hand side of'equatton (3.45) we get. =
» f
I - A fiw + T - [e + g ] )
N Ay 2 S _ - 1‘7 T, \
afe, H) = A nEO T:—-[Eg en]_ | tan [ed o ] . S
- : ‘ n ° . L i 2\ S
"li'm:-I'--['.E:."'E:I;s : -
4t2;n’ $13 g b, S 3 48
! - 2
. Leg + eﬁ] ~



In the region of interest close to the fundamental e&ge;'@~

-

s £ T - [eg +_en]

;':%; 57 %‘:

-

e

<< 1

and the approximation:

!

G(E: Hjh= Al

“is valid in .equation (3.46) and‘it_gives:.‘ ‘

. . . : . . ) .%
- (y - r - [Fg + Enl)

-1 - '
tan © x &% X when x << 1

- T Ot

m"—-s ‘ .‘_'1.‘ ' - %‘
nEo . ?;' [sg +e J” |G+ T - [eg + en])

-~

" According to this last expression thé'absorption'coefficient will

'3.49

5.51

‘exhibit maxima whenever: hw = ¢_ + ¢_ # T_. As indicated in Figure

g n . 'n

3.5 the energy shift is expected to be equal.tozthe brpa@ehiné'

parametér I_. e ' ; R
. n )

€

+  optical. stracture.

Figure 3.5: A qualitative description

- of the broadening'éffecﬁs on-a magneto-

- 2



In’the 11m1t of low temperatures 1f one neglects.phcnbn

- seattering, only 1mpur1ty scatterlng remalns and the broadenlng patametegpu
_1s\ehen proportlonal to the energy of the carrlers to the power -a/2 (a 8).

" The hroadenlng parameter is thus. expected to be maximum at B =0, whete it

will smear out the energy position of the ebnvergence of the'magnetg~

optieaf‘transitioh Structuree, and to giﬁinsh with incteesiné fiefd_strength.

The ene:gy shift is therefore;expebted to decfeaee with higher magnetic

- fields, naheiy‘the structures become_sharper..ifNeverthelees, if the methoﬁ
of analysis presentedAgp the brevious section is to yield the'proper band
parameter values, the experlmental p01nts taken a; the_energy p051t10n of

the absorptlon structure maximam must be corrected for the energy shift,

even at hlgher magnetlc flelds.‘

- To evaluate this. correction we find it useful to intraduce
the notion of v151b111ty for the absorption struc ures, in a fashlon
somewhat analogous to that for the vzslblllty&?f 1nterference fr1nges

P

1n,oEt1cs. We deflne the v151b111ty of the nﬂh oscillation as follows:‘

L. (nj—&(n) ; S -
.- W('{l) = 2 < (n)t. .‘ o - ‘)‘.52
m ) ‘

nt for the maximum of the nth

5'\)“ |

where c (n] 15 the absorptlon coefflc

]

osczllatlon and qt(n)'lts minimum where the next structure begins.

. . ’ - o oa . . . c . . —“h""
Figure 3.7 illustrates our definition, Neglecting the contribution afﬁ?*

P
v

s - ' th ... .
the preceeding oscillations one has for the n oscillation:

| a (n) = .Ji; (2/I‘n)35 ' \
. g n T - . -y

|72 ]
wn
(72
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Figure 3!65 An 111ustratlon of our deflnltlon of V151b111ty for the 7
_ magneto-optical structures. '

e ——————

~and | cwi(n) = ey .- - 554

+ + s
€ € (s)

‘ .o L P T !
Assuming &gt &y >> 5, the visibility of the nth'structure is:
, - . . - TR =

.'.W(n) =1 - (;n/zs)!s_ e e, S 5.55 -!g‘

A negative value for the VlSlbllltJ has no phy51cal 51gn1ficance and

1mp11es that.the structure is not V151b1e. The structureS‘are there-

-

fore expected to dlsappear as the}rvbroadening parameter tends to

twice their separat;on energy;-namely when the'uncertaint? in the

ol

tran51t10n energles compleFely overlap. In a real crystal we also‘expect

tne structures to dlsappear with. 1ncrea51ng 1nC1dent phonon energy %ecause -

L} -~

the corresponding increase in the absorptlon coefficient W111 tend t

- : : i‘.

recombine faster.and where the broadening is much larger.
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AImeasure efAthe risibiiityiéfnthe escilIations_shouId' enabIe 1'1'5 iar
n_evaluete‘rn, Fn .and the energy Shlft in the posxtlon of the maxima. . S
However, the measured V151b111ty of the structures is. reduced ‘by the
| contrlbutlons of the adjacent ones .- Thls is espec1a11y~true in the
case of III \ compounds where the 1nterband transrtlons pOSSlbllltleS
: 4are numerous Thussour "line shape study only 1nforms us that, given,, . g

"+the ‘same effectlve masses, a better v151b111ty of the absorptlon

structures signify a smaller Shlft in the energy p051t10n ‘of thelr - . ;J
maxima.. . ' ™ : | s S ) - fﬁ—H

’ The oscilletory'spectral;uistributiou.of_the absorpt;en - : -.ﬁ
.eoeffieient'fur'h semreonductbr'in etic field can.be'observed' ‘ Hf

“in a number of ways. Any physicaI henomenon which depends on' the
absorﬁtion‘coefficient‘might do. Imnjthe next ‘section wé discuss the:

PEM effect in the above context. -~ . . L .

.

"
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4. ) TRANSPOR’I‘ PROPERTIES oo T
As udy of the tra?sport propertles relevant to the PEM
effect 1nd1cate5 1ts dependence on the absorpt1on coeff1c1ent above

the fundamental edge. Prior to this work the. PEM effect had

-

nevex been used to 1nvest1gate the changes in the absorptlon coef-

‘flclent tesultlng from magneto Optlcal 1nterband transftlons. Under

l

certain. specmflc conditions we also see how the phonon-electron 1nter-

-

actions can profoundly modify the spectral ‘distribution of photo—

.

effects.

4.1 A The Photoelecttomagnetlc (PEM) Effect o B
. When a sem;conductor crystal is placed in a magnetlc f1e1d in’

r

the “Voigt conflguratlon and llght of hu > Eg is shone-pn 1ts_surface,-

et

a photo-voltage‘W1ll develop at its boupdarles. This is ‘the PEM

effect. In this section we descrlbe the various. transport phenomena
involved and 1nd1cate the dependence of the effect on the absorption

coeff1c1ent. When the electron and hole mobllltles are different, .

the dlfference in dlffu51on velocity of the carriers glves rise to

) another photo effect the Dember effect. Thls effect is also seen to

depend on the absorption coefficient. Finally, the possibility of an,

anomaloys behaviour is.examined.

. . ' o

4.1.1:'The classical treament

~ .. -
v S

- In this section the-PEM effect is described under the following
- ideal conditfens:“ enfhomogenepus §eﬁpIe, nemely,_neglecting.surface effects;

' ’ ' T . / . .
. low intensity illumination (&rn << n); thick sample, £ > LD where Ipis the -



L

L% S

- 63

-y

: injected carriers diffusion length; Based on the most’ complete c13551ca1

-

o treatment of the PEM effect that of W. van Roosbroeck (4 l), the PEM

effect can be descrzbed as a Hall effect assoclated(w1th the dlffu51on of
7

optlcally 1n3ected.carr1ers; The excess concentratlon of carrlers at the .

- -111um1nated surface dlffuse 1nwards 1n a random walk-fashlon ‘The
K ""-" - i . .
diffusion current densztv of the carrlers is glven as .' L o
ol ‘ ﬁ:f‘- -
i . :f,‘_:d__
Jx(x) =ed Vxn(xj 4.1
_where © D = u §1~, N

' n(x) being the carrier concentration at a depth x away from the

1llum1nated surface and u the Hall mobility of the carrier. The ;

-

t case’ occurs when the mobxllty -of both carrlers, the

ectron and the hole, is equal and there 1s no- trapplng. As shown -

\\ .. in Mgure 4.1 the dlfthlng carrlers will be deflected 1n~the .

: \\\ presence of a magnetlc field by the Hall angle ) where.

*>
»

| S 't;ne=u3. . BT T Y %3

For-low megnetic fields where.ten 8 < 1 the current density élong the _

_fnyaxis will be:

. v

: . , l'ﬁl ' . ' ] ‘e ; .
’ : 'Jy(x) 2J (x) tane ER , ) 4.4
T

2
Ty
B

* Unless otherwzse specified, moblllty is o be«taken as -
- meaning Hall mobility. . :
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Figure 4.1: A description of the PEM effect:

- . . ' - F-‘ ’ -
\ - v . ‘
<

Sﬁbstituting equations (4.1) and (4.2) into. equation (4.4j"one/éets:

. , ) !
7 () = 202 ‘ g L | /

Jy(x) = 2u 3 kT ?xn(x) _ / 4.5
e . /

Ameraglng the current denszty J (x) over the thlckness and multlplylng“ o

by tha cToss- section” of the samnle gives the PEM effect short-C1rcu1t

B . . . /’ . -
, curren:t ., ) .':.,‘,- ” . ' . , ! ]

L 2 : _ t : ; L.

iopy = 2WH ‘B kT [n(t) n(O)J‘ ' A 4.6
o ) ' _ Tk i
where w is the width of 'the sample and t its thickness.

-
T i
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Y
' -
I
B
-
——— .
- - >



(%

" G(x) will then be: .

The number of photons absorbed per increment dx is given by:

‘dN . N ; . - ) '
-(?x*-’N Q e . - . ) . - . , 4.7

where - N=N,e™> . : T 4.8

and NO belng the 1nC1dent number of photons per unlt area per unit

.tlme. Assumlng a’ quantum eff1c1ency of one the carrier generatlon rate

G(x) =N, a e % - . | h 4.9

The Tecombination rate R(X) will. be:

- . -

R(x) =_? [nx2 | o . 410

‘since both;carriers have an equal ccncentration-distributioh' T is

a constant dependlng on the recomblnatlon rate of the carriers.

Equatlng the . generatlon-and recomblnatlon rate we get for the carrler

concentration at equllibrium:- ‘ -
. oy ' v .
7 . ] % - 4
: - N c g . ) N
S Alx) = _3__?_-1 e"ox/2 . 4.11

By substituting the above carrier concentration expression in the
. - L ] . ‘- - ) a -._ ) . 'F- L ) _ l
short-circuit current expression, equation (4.6) -and assuming t >> «

above thé.fundamental edge, we get:
.- ‘ ;‘ : . . . .

{No 7 o - ) ) ’

l J L . " 4.12

-

- L 2

S

Therefore under ideal conditions the PEM short-circuit current can be

i v
+

expected to vary as the quare root of -the absorption coefficient.

- " . ~
v




A.more reallstlc case wonld have a dlfferent Hali.moblllty

i

for each type of carrier. In the absence-of trapping, for a“\n-type

.'feiiows: o ; - Ny ; ';
) . Jx{:.q'/e = x%&;\c&) + I_JP lp..(x?Ex(x) ,“ |
J -(x}/'e .==" BDpx g-rl@—c-) +;u [n + n{x)]E tx) -
x ;s Lodx p 0 X
jwlhere‘ Jx(;'g"= S ="—Jnx(x)', IR - T 4.15

u_ is the hole mdbilitv :u is the electron moblllty and b u—/u -

-

P P"‘-.
T, 15 the.electron- den51ty in the.dark n{x) and p(x) are Lhe den51ty

of Fxcess photo—exc1ted electrons and-holes resnectlvely, and -E (x) .
& -""-\_\_
1s an. electrlc’fleld that bullds up across. the thlckness of the sample

as-a result of the Dember effect The Dember effect arises as a result

of the greater mobllltv of one carrleﬁ. ‘Thesg carriers dszuse faster,

transport of the mlnorlty carrier and retgrds that of the maJorlty

° Ed

carrier. « Under such condltlons the' PE%/effect becomes a mlnorlty

carrler effect because f6r every minorlty carrier that dlf‘uses-and

recomb1nes a majorltv carrler must t¢g aleng to malntaln eau111br1um ~

The 51tuat10n is essenxlally'the same as in the preV1ous case and

o equatlon (4.12) is still valld prov1ded the proper correctlons are -

made to. the p:s.ramet‘.e;:'L u and r. The Dember short-circuit current can

g be obtained by'averaging the majority carrier dlffu51on‘current

»”

density over the thickness;df the sample and multiplying by the area
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of the illuminated surface; We then get for the: Dember short-ciycuit '
7% : A o
o% | . ' ’ !
l . 4,16
T . Mgl
. Equations (4.12) and (4.16) “indicaté the dependence of both
the PEM and Dember effect on the absorntn.on c eff1c1ent. These effects
are thus expected to reflect the spectral dlS'tI‘lbuth‘n of the absorp-
tlon coefficient. The next step is _te'venf}*, ‘that equa.tlons (4.12) ' .
. and {4.16) are also valid in the limit of i‘n*T‘ense'magnetié fields. - -
- 4 .—.\ i ’ J . - J a - '
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- 4.1,2. The anomalous PEM effect . = -~ - - L T T
v+ -In tHe case of a very high—surface ecomblnatlon verclty o
resultlng from surface defects or surface oxadatlon the carrler _
LSS 2
concentratlon at the 1llum1nated surface could decrease sufflczently‘
to cause a. szgn reVersal of tﬁe d1ffusaon curreﬁt 'The sztuatlon is
. lllustrated in Flgune_4c-. The fast‘recomblnatlon of the carrxers
: ———T
'r/ -
Lt e
. o -/
~ -
- -
- - {-., R -
~ AN
- .'.P“

‘Flgure 4.2: The qualltatlve demonstratlon of a sign :eversal for the dlfqulOD

—of optically injected carriers due to th€ high surface recomblnatlon
veloclty in a surface 1ayer of thlckness X

3 .
: - RER
. e : _ :

near the surface causes the concentration gradient fo-be'steener towafds

»

the’ 111um1nated surface-*eversang the normal d1ffusaon dlrecelon of the

optically 1n3ecced carriers. Both the DEM and Dember would then also-“ - o
7 , : "

'reverse. ‘Such anomalous behaV1or has been observed for the above T .

effects. f4 2] Under the above condition ax incrgase in the absorption.'

-



, coeffrcrent wouId redlstrlbute more of the 1n3ected carriers 1nto the
%
hlgh recomb1nat1on Tegion at the surface reduclng both the net number
% _
: %
of carriers and their concentratlon gradlent towards.the 111um1nated

surface. The minima rather than the maxima are then.expected to . -,

: refleétfthe magneto-optlcal 1nterband transxtzons in the case of an

o [
1

' anomalous PEM or Dember effect. As wifl be seen 1n sectlon S 3.1,
;InP 1s.b£11eved to exhlblt the . above anomalous condltlon.
Ne have now seen that both the normal and anomalous behavzors

of the PEM and Dember effects can;%eflect the osczllatory spectral

g ) .
fdlstrlbutlon of the aba:--tlon coefflclent for a semlconductor in a

L4

?agnetlc fleld Gi ‘rrtaln speczfrc cOndztlons the AEM effect

éan:also reflect the privn - electron.lnteractlons present in III V

*o—

compounds; In the next sectlon'we will reV1ew the mechanlsms whereby

'the phonon-electron rnteractlons give rise to broader oscrllatlons in

L Xl

‘the spectral dlstrlbutlon of photo effects. -, e%i ' '_w;'f
' B
L .
f : : )
4.2 Phonon-Electron Interactions . B - o STy .
Under certain specific condition, spectral oscillations ‘ «

naf appear in photoeefrectsleé 2 Tesult of phonor-electron interections.
Accoroing to"Hahegéer and Fan)£453]-the broad‘oecillétrons associated .
arth longltudlnal 0pt1cal [LO) vhonons and usually observed in photo-

) 'conduct1v1ty would arise from the carrzers belng DhOtO-aneCted W1th ~

a definite energy and then 1051ng thls energy by the emission of an L . -

. L . } EA 7 . .
Lo - . . . .
o . - . . . -~

Py
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Figure 4.3 The LO phonon tran51t10n cascadlng prOCess in the
T absence of a magnetlc field.

,integral'number.of LO-phonons. -This cascading précess is'shown in

Figure 4.53. Provxded the carrlers are hot allowed to be t ermallzed

-~

‘,by acoustical phonons thelr energy w111 then osclllate b tween ZETO

and the LO phonon energy. Varlatlons of the moblllty or. carrler '
llfetlme as a functlon of energy in. the prescrlbed 1nterva1 w111 then
"cause oscillations in the photo current. This model requires the_

"following conditions for the.observat;on'offthe‘broad oscillations

. = -

asséciated with LO phonons:. - o B -

R

Top STy < T o S . 4717



j;ﬁle

where TOb is the optical phohon-electron relaxation timej'réc‘is
. the acoustical phonoh&eieetron relaxation time,-ahd Ti is the free
~earrier lifetime. For an intrinsic semlconductor the energy posrtlon

of the photo current minima will be g;ven ‘by:
Fz‘=?—g"‘“-“f’o[1_*mcf’"ha] A

where £=10, 1, 2'...7is the number of phonon emiééion, hmo is the
phonion energy and the term [1 + m /mhh] takes into account the valence - . -

and conductlon band curvature.

-

=

.'Uchinokura and Fan [4.4] elso'exg}ein'theAappeerance'ef

H.additioﬁal‘fine Structures:in the'preﬁehee_pf a magnetic field by - -

:supposiﬁg that-rhe Landau ;ﬁb-bands have lower mobilities caueiﬁg: ._:ﬂ'
small diﬁs in the photo current.. The cascadlng phonon em1551on process

"1n the presence of a magnetlc fleld is 111ustrated in Flgure 4. 4

e
"

Figure4. 4: The LO: phonon. transztlon caccadlng process in the presence of a-
;- S magnetlc fleld

,- . to X A - ' '
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As can be seen from the flgure there now exlst a ‘mumber. of

phonon tran51t10n pOSSlbllltleS in the presence of a magnetic

"

\ A ~

“fleld -and the transztlons to the hlgher energy Landau levels :

are respon51ble for the reductlon 1n mobility of the conductlon

band transport electrons. ' ' S

PR

The broad osc1llat10ns assoczated wlth LD phonons

" have een-observed 1n the hetero olar materials such as GaSh,
A ~p Fe

sectlon 5. 2 2., InP, sectlon 5.3.2, and GaAs, sectlon 5 4 3.

=

-l

S
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50 EXPERIMENTAL RESULTS AND DISCUSSION o A

The aim of thrs research project was to eStabllsh the PEM

-

- i

: effect as an accurate and rellable method of investi _ing-magnetof

optlcal interband. transrtrons in a semrconductor. , The method could
then be used to determlne the band parameter values of varlousf"
materrals.' An extensive study on two german1um crystals verrfres

: S Sy
the theoretrcal predrctlons concernlng both the PEM and Dember effect
and establrshes the PEM effect as a powerful but srmple method of
magneto optrcal 1nvest1gatlon. ' The oscrllatory spectral dlstrlbutron

of the PEM effect in gallrum antimonide and Jﬁdrum phosphlde then '

allowe& us to evaluate the oandtparaneter values for ‘these - semr-

conductors. Given. certaln spec1f1c surface condrtrons broader

spectral oscrllatlons are also observed in these two materrals.. The!

broader structures were - assoc1ated wrth phonon—electron 1nteractlons ’
- .

and the. longrtudrnal (LO) phonon energy was then calculated In
galllum arsenlde, photoconductlvrty 1s more sensitive tP changes in
o,

Ty
absorptron resultrng from magneto-optical- transrtlons. The oscil-

latory spectral drstrrbutron of photoconductavrty in a magnetic field -

- was therefore studled for an eprtaxrar"galllum arsenrde sample. The

' the”appearance of thé broader phonon structures after the Surface

broader structures assocrated with phonon electron 1nteractrons were

also observed for gallrum arsenlde, thrs time inia hrgh resrstlvrty

- -

materral and the LO phonon energy could also be calculated- for this

:

material. Finally we,discuss,the possible mechanisms responsiblefor ¢ ..

oxidation of the samples. =
— : ) oA

f. . . _\‘ - . . [ .

s




T e o L me

Ge;gép . - é/
In magneto optics germanlum is a very well ocumented seml-‘_
conductor whrch can be obtarned in a very pure- fbrm ‘ It was the

ideal mater1a1 to verlfy the theoretlcal predlctr s concernlng the -

’PEM effect. ln order for the 1ntr1n51c prope:Z:es of germanlum to

be 1dent1f1ed two crystaIs were studred and ¢ ed.’ The energy

\

.p051t10n of the maxrma in the spectral dlstrrbutlon of the’ PEM effect
were corrected for thelr energy shrft and analysed usrng the Pidgeon
‘and Brown scheme The excellent agreement between the band parameter l
values obtained ano those prevrously reported by other workers

! . I \ v
estebyrshes the 'PEM technrque as an accurate_method bf‘investigating|

Lo - A
magneto-optical phenomena. o S .,
The theoretrcal developments concernrng the PEM effect also
.1nd1cated that the Dember effect should reflect the 05clllatory spectral
dlstrrbutlon ‘of the absorptron coeff1c1ent This predlctron is: -

: L .
_ verified in germanlum. The Dember effect also drmlnlshes _witfethe,

. magnetic field; thls flndlng supports our prevrous 1deas concernlng

the mobrlrty of drffu51ng carrlers 1n a magnetlc f1e1d We conclude

this section by reportlng some results deallng Wlth the surface and bulk
1‘treatment of the germanlum crystals.

5.1.1 The PEM effect - . o -
‘ A series of PEM:short-circuit‘current sgectra.were,obteined

from two germanium samples, labelled 'Ge CM) and Ge.(N}, for-both_linear‘




polarlzatlons, E.Il B and E.L B, in magnetmc fields up to 70 kG at
-4.2K. Flgure 5. 1 shows the PEM spectra of both samples at 20 kG.for

_the E // B polarlzatlon. " Even. at thls relatlvely low magnetlc fleld
. )
some fifteen. well resolved structures.are observed Rememberlng

. that the PEM techn1que, like mag;eto absorptron, is a dlrect method
thlS flISt result 1mmed1ately lndlcates the sensztrvrty of the tech—'

nrque to changes 1n absorptlon resultlng from 1nterband magneto~

T

‘optlcal tran51t10ns. The next flgure Flgure 5. 2, shows the PEM R

spectra of both samples at 50 kG for the-E.L B polarlratzon. Accor-

d1ng to the v151b111ty expre551on derlved in Chapter 3.2, 2 equatlon ¢
.1.‘ - i

*(3.53}, one would expect the resolutlon of the structures to 1ncrease'

-

monotontcally WIth the: fleld "~ As can be seen in Flgures 5.1 and 5. 2
- thlS-lS not the case for ‘germanium. ‘ Plgure 5.3 glves the visibility

of the magneto-optlcal structures as a functlon of the magnetlc fleld -
t

The sharp decrease 1n the v151b111ty of. the structures above és kG-

-

could p0551b1y be related to a sharn increase in the effrcrency'of

_the, scatterlng mechanlsm. However, no satrsfacto y explanatlon has

-

been found to account for such a phenomenon. :

The most 1mportant feature of these frgures is the corres-

Sl
pondence between the energy p051t10n of the structutes of both . .
-samples. lThlS corresoondence 1nd1cates that the energy p051t10n of -
the structures depends on the 1ntr1n51c propertres—eé»the materlal
On the other hand, the dlfference in amplltude and shape between the

~ structures of both samples.suggests that these characteristics depend

-



. - 77'-.l":T' ;1;;.. . .“.:J f-i' .ff“

| ARBITRARY UNITS " V{(PME)

|
Gzt

‘ 1
921

.

w

3
1
2|
1
FrA|

2 8mna (N) 39
| 8AINd (W) 39
2]
-c-
L
.
. %.’ .

_[Hﬂ't;l'

.
oA

96 -

1
g’y

GG
1
Tl

1 s
. ¢g
SAMIVA HLONIFAVM -

(A%) ADHENI NOLOHd
- b6
I
® -
ee ]

el ;'i.tl
' H)

oel

Y

o
|
Pggy
-
1

Le,\
);
(¥)
ec’| )

D

4
¥
|

68"
-1
|
| (€

v
' . '
m ’
-
[}
1
1
iy
(')
14

Fgg%ure 5.1: PEM spnctra for the E 7/ B polarl"atlon of both Ge (M) and Ge- (N)r -
at 20 kG., The dashed line 1nd1cates a peak scalqd down by a-
factor of -3. Sl S : /



ARBITRARY UNITS vV {PME} . R T

1
A

-

b
(1)

|
2

]
(o
Be'l
3

3
A .'c" -
[uﬂ i 311‘;
(Woo

oy ={
no ?E:)ao
1
GZ'I‘

{
A
| ;I}un'

— » e P
a1 B ~ £ 3. 8
3 | ) - _ N CTO
- - I =
g - £
g 5T o] . ' i -5
m L2 o 5 18T
2 | : SR Rl by
: B T .
3 . - I
- - N - .
= 8“ N 5-: : _ Egé
2 S
S' a\ ". ,-ccrﬁ B
- 14 ! - & = i N 4
. . St m ‘1k
© H = | =
Ny Z do=
ol - . 16
. 2 I .
tym L — _
0‘0“ . mg . ,‘; -—lg

Qe

- \

L {
ge'l e .

'l

6¢

|
ov'l

'l

Figure 5.2: PEM spectra.for ‘the EL B.polarization.of both Ge (M) and Ge (N) at
50 kG. The dashed line indicates a peak scaled down by a factor of



.25

visib I'l'f 7 _-' 4‘

Figﬁre

ge i

.20k

o

O
T

- 1 { IS IR -y

5.3:

. -

10 - 20 30:° 40 50. 60

o J 79 .
" MAGNETIC FIELD (kG) o

V151b111ty of the magneto- -optical structures in Lhe PEM spectra of -
germanium versus the magnetlc field strength ¢ :

-~
-



on externalltzes such as the surface reatment or the 1mpur1ty con-~
g

centratlon. Tn the last sub sectlogfd aling with germanium we

Teport an experlment.whlch monstrates the 1nf1uence of impurity

concentration on the amplltude of the struct res. - Below the’ fun—“'

.damental edge the two samples differ conszderabiy ‘The pe&k labelled

2 is believed to be assoczated with an exc1ton1c level below the con-

‘.duction band. The p051t10n of the other peak (= S‘meV‘belowathc

!

suggests the oreSEncc of”a deep donor 1mpur1ty level.

In magneto optlcs one makes use of the so- -cal¥ed Vfan.

o

maxlh; in the osc111atory spectral dlstr;butlon of the 51gna1 vexsus the - -

»magnetlc field Strength Flgures 5. 4 to 5.7 present the fan dlagrams

.,gl»es, for the dlrect bandgao energy of germanium, a va lue of 0. 888 0;001.@V,

N

for the PEM effect in’ germangum for both sa

The dashed llnes reoresent the experzment-lcﬁrVes for the energy

positions of the maxima versus -the. mag field. Note(hoW-the

hed E

hlgher energv curves become equa&%y—:*eeed—as—pred:cce&—by tha-dineer -

,theory of Lutt nger and Kohn. - Their convergence energy at_zero fleld

ey

Gy The peaT( labelled 2 e\ctrapolates at zero L:Leld to a

- value of A 1.5 meV below the zbove convergence energy. -This conflrms

. - .- ' .
its assignment to an excitonic level below the conduction band.  The

e —.

6inding enefgy of the exciton in'germanium being-usually giyehras _;-.’

-
-

¥~

'diagrams". ‘ They are graphs‘plottlng the-energy n051tlon of - he s

uhlch is in agreement with the normally quoted values of © 0.888 * 0.0005 eV !

s
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[’3 4 - 2 2 meV (5 2)
The solid llnes *epresent th?oretzcal predlctzons of ; S :;
Lutthfer and hohntfor the energy position of the maxlma u51ng the

!

f0110h1ng paraméFﬁfs ? i f o ;""

Y= ‘is.ggﬁ o
= IR I
72 = 4.3 S, Hensel (1963] and

1{\ [ Hensel and ‘Suzuki (1969)
) : : 73' = 5= 68 S N - {35, 3)
. : _J, ;

- - . bt

-Aggarwal (1970)
G U

‘ A 1rst comparison of the etperlmental curves with the

. i
+ I - i

11ncar predzctlons allows thelr 1dent1f1cat10n. : USln" the codlng ;
i '

systen. glxen in Table 5 1 the fan dlagram of Ce M) for the E /] B-

polarlzax101 1s‘1§ent1f1ed in Table 5.2. : ' Pl o S

h}
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The parameter "m“ assocxated w1th each exper1menta1 curv~‘1s ngen o

. : . . -t -, . . L5 ’ e 1
- . . . . B .. [ paall . YRR . . . -

: : >
‘netic f1e1ds (a 4) : For nlgher energv tran51tlons T < 1 a behav1our

attrlbutable to the mon- parab011C1ty effects. -', V' H e PR g

-

. Iﬁg the Pldgcon and*Brown'ana1y51s wnlch follows only the ' ' 'ol"‘

S .

hlgher energy tran51tﬂons were 1nc;uded in the calculatlons since the
=

'L
ta,

analy“as dges not take into account the exc1ton1c offects.- Pu*the-
. " v

more, the computer nrogram (see appendlx ol only flto the heavy—hole S

-
v

———
Y transzt;ons. Ihe‘Pwdgeon and Brown analy LS was therefore llmlted

0 Lhe B~ (7) to B (13) trans;tlons, see curve 15 621 for the Elﬂ/

polarlzatlon specora of Ge (M;. . The flxed'narameters used in the

- . -

analy51s were: S L ST

A

Y3 = Y, = 1.38 o = _ T e o 3

M
n

'. - 0._‘3,83‘ eV /{.’\i ; e a o "‘;"" ) | | . -' : . ‘I )
0284 ev L T L | SN

~ -::2 . -' . . . R I'. |

= <1.1 (h"/m) - "' TR N E [j',z:

-~
- -
-

oo
0

-

e o - Y
_ e .

/' . Thc resultiqt set of fzt«ed b=nd parameter values for germanlum 1is™

glvcn i Tabl S ‘wherp it 1; compared.to othcr_experimental and-"

"1‘ R R o T P

.j's_ A
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devwatlon for the set of band parameter values obtalned thrs correctron'

' colllSIOH time. in hltra-pure germanlum ‘at 4 2 K report values of the oL

' order‘of 10 ro 10 seconds.. For such ralues r equals 10 ..?ev

' We must therero'e conclude that the sCat erlng mechanlsns probably - .

‘; of che PEM eff ect. ThlS 15 also true for modulated magneto-opt1cal

experiments since the scatterlng mechanrsms W111 also shift the energy T e

el . T >

- theoret1ca1 sets of values. The root mean square devuat1on for -

the - set’ of values obtalned was only 1.35 meV That and the ,: S

»

A‘excellent agreement of our“rEsuIts W1th those of Lawaetz (S S)

establish the PEM technlque as an accurate and, re11ablc method of

1nvest1gat1ng magneto-oprlcal 1nterband transitions.' o :b‘

]

r

L o Because cf-rhe relatively poor risibilify.(i. 0.15) of

¥ . . <
o . ’ .

the structures at’ hlgher fields, a large energv shift Fﬁ was expected

'.1n the pOSltion of the maxima. - We refer_thc‘reader to. chapter 5 -
equat;on (o Sa).. ﬁhj - . R ) S e
= ‘W(nj = t°- (b /2s)=- . ..~ . R € PV B

For a. poor VlSlblllIy W[n) one would exnecu a 1arge energy Shlf _Fn.

Actuaﬁly, the f1t requlred tnat an .average| of 5.5 meV be: substracted

from the experlmental data When compared to the root mean square

\

is qulte large.“ Sone exper1menea1 measur ments (S 19) of the carrrer

Thzs is a lower 11m1t the sanples studled had a much larger meurlty‘

co1centrat10n at thezr surface (due to surface deterroratlon) and 1t 1s __—

ﬂnot unreallstlc o' expect broadenlng parameters of the Order of e few meV

3

'.1mpur1ty scatté%?ng,plays an 1mportane role 1n the spectral dlstrlbutlon )

[ T /I

poSrtlon of a dmfferentlated structure. “;,. o LR ‘

ll
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f . o
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The prev1ous theoretxcal developments concerntng,the PEM

effect 1nd1cated that the Dembcr effect should also reflect the

“.osclllatory spectral dlstrlbutlon of" the absorptlon coeff1¢1ent for 3

l
-

a sem1conductor 1n a magnetlc fleld A serles of Dcmber short—

C1rcu1t currcnt spectra were obtalned for Ge. (M) for both llnear

: polarl ations in magnetlc flCldS up to ;0 kGfat 4. 2 K. Flgurc S 8.

'_ShOhS the spectra of both polarltatIOns at 45 kG ~ The energy

positions efwthe maxlme.correSDOnd to those obtained for the PEM_

effect{;_ This céﬁ‘ﬁﬁyhans be best 1llustrated by comparlng ‘the

PEM effect fan dlagrems for Ge (M) (Flgures .4 and 5.5) to those

obtazned for the Dember effect (Flgures 5.9 " and 5 10) tThe-

average convergence enerw) of the experltental curves above the fun-

“damental edge is: O 888 = 9. 001 §v g1vzng us.. the samc bandgap energy

-'.'\' J

‘ for germanlum as that obtalned from the‘PEM snectra.‘ - The - pcak :

labelled 2, nrev10nsly aSSOC1ated to -an exc1ton1c level below the

s . P

"-conductlon band is more promzrent in the mber effect - In the '

L E ﬁl B polarlzatlon spectra, Flgure 5. 9, a spl;ttzng of the peak at

v e

hlgher magnetic fleld probably the Zeeman spllttlng,,can even be

"observed. - “The extrapolate& energy at zero treld for thls Structure.

. P

‘is’ aunrOtlmately 1 mev below the convergence energy of the experl-_

,'.

mental curves.‘ Thls energy separatlon 15 con51stent with the ﬂ‘-

. exciton binding energ} value of 1. ¢ -'--2 meV fOT germanzum (5. 2)
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- R The'lower;peaﬁl'previouSIY'ﬁgpelled-l in'the‘PﬁM.effect;‘
N '>‘ o . i . . - \

is absent in the Demher effect. Neverfhelese above the fund-’ - \\:\\

umcntal edge the Dember spectra confirm the theorctlcal develop—' t : h

-

.
ments uhlch oredlcted the same dependence_ on ohe absorotlon coef-

hh‘“"“““wﬁﬁef1c1ent for~boeh the PEM anq Dembcr effect. N . ::‘ Co ;l‘ _ I

<.

Uﬂfortunately, fﬁe*broeénecs_hnd~gelatlvelv poor V151b111ty
g . —_——
S of the magneto- opt1ca1 strLeeures in the Dembor Spectra make this .

‘fFect a less attractlve method of 1nvest1gatlon Flgure 5. 11

\‘\

- ~

\
glvee\zﬁe\yrseblllty of the structures in the Dember 5pectral dlS-

trlbutlon as a\fun\ggaﬁ‘o}erhe magnetlc field.. As with the PEM

.

e
effect the V151b111tv of these str tTuctures ‘was expcoted to | increase
e

I N ‘-\\_‘\"‘\\ . . . N . . "\.§“
.monotonlcally with-the magnetic f1e1d As cﬁnabé‘seenﬁgnﬁffgure 5.11, o ~A

. \ "'—-._M_\_
thls is also not the case or._the Dember effect and here agaln *»o.ﬂi*‘ae\,,\

'Saulsfactory explanatlon can be’ foun4\For this phenomenon. ‘ ST
Perhaps the most 1nterest1ng resuIt\oQEalned from our study

~ of the Dember effect in germanlum is the dependen;e\of the magnltude of

‘the 51gna1 on the magnetlc field strength sbown 1n Flgure 5. 12\\\ The

T
reductlon in the short-circuit Dember current could poss*bly be associated

to a2 large’ magneto TESIStanCC phenomenon.

Lo

v
RN 1 N
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5.1.5  The irradiated and—pvrolificaliy coated samplés

I

Accordlng to the 11nc shapc studv Dresented .in the previous
chantcr tne impurity- concenuraulon is- cxnected to play a deciSivc
rolc in the v151b111ty and position of the magneto- optlcal structures.

In ordcr to verify thlS assumﬂtlon a germanlun sample, Ge (M”) had

num\pxlde film in the hope of

'e iminating the lmpurltieS'whlch_resulﬁ‘from surface oxida;ion. This

’
»

‘prévcntive technique produced no 51gn1f1cant 1mprovene

+In order to verl;y that 1npur1t1es dxd in fac; rcduce uhe

»

.v151b111ty of the magneto- ontlcal shructures anotner sampﬁe,.Gc (M3) [

’

T B . .
was arsomstudled ThlS sample was irra dlated’fy a neutron source.
- SN

AN
"It is estlmated that this treatment #ncreascd the- concentratlon of

.defCCuS by a ;actzr of one hundrgd. Pigure,S;lS shows xhe_PEM,spec-

trum of Ge (M3) for nétural light ai 45 - kG. As expé;ted the structures

e,
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are much squatter/¢5‘a rcault of the 1ncreas '1n the concentratioft

a . . U
dcfccts. S AR

‘ . 7 \\_

\ .

‘ -7 Germanium oxldl es. rapldlv and we masg conclude’ that the

I

surfacc of the sample { I’) was already oxldl cd wHen Dyfolytically

coated. -~ As hlll bcAscen in the next thrcc sectlons Lhe pvrolytlc )

N . N

coatlng Process was effectlxe in UrcserV11g clcaner surfaccs for

III -V compounds.‘ In these hcterquo*ar materials sgrface

N,

cxldatlon~mag-completely modify the -PEM spectral distribution.

- ' S

El

+

. 5.2 Gallium-Antimonide

Havzng eSuabllsned the PEM effect as a powerful method of

1nvest163t1ng magneto optlcal trans ulOHS in'a semlconductor we

¢

w111 now use thls technique to obtaln ‘the ‘band parameu T values of

+ o

galllum ant;monlde.. As 1t turns out, the PEM spectra for this

materlal exhibit very well rcsolved magneto- ontlcal structure5° L

§9 much so that the energy p051;10n of the Deaks requlred effeculvely

no correction prlor to the Pidgeon and Brown analysis.

This analysws ylelds for GaSb a set of band parameter values

L Contfary to

in close agrcement Wluh uhose preV1ouslv ppbllshe

' germanlum, GaSb is a heterq-polar material and, broader oscillations

associated with phonom-electron interactions did appear when the

,//,,«ISCﬁiconductor’s'sdrfaCe'was oxidized. An analysis of these broader -

2

ry
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structures gives the LO phonon energy in GaSh.

- . £y N - “
- . -
\
A
N -
e

5.2.1 The ihtcfhﬁnd-transitions'betwccn the‘Landau‘levels

"The *PEM short -cireuit current snccura of the first galllum
antlﬂonlde samnle GaSb (T), exhibit hcll rcsolved structurcs as can
be seen in Figures 5.14 and 5.15, Acuual*v tHesc spectra represent o

the bes; results yet obtained bv %he Pﬁﬁ cchn:quc. ThlS 15 a some:

_what surprising result since this material has an impurityléonten-
tration one hundred times greater than the germanium samples studied®™

~in the previous section. The type of impurity and.their behaviour

-

at low temperatures might explain this unexpected behaviour. | Some

twenty well defined structures-could be obtained in GaSh.
N , . - : [

Such a resolution puts the PEM technique in the shme_category'

- ’

-2s photocondictivity and the various modulated reflectivity techniques.

. . e
Actually, we believe the PEM technique to be superior, its simplicity

. r- :
The fan'diagrams for the above spectra are given in Figures

reducing the possibility of errors. - -
g P e

5!16 and 5.17. The-dashed lines represent the etperlmenual curves.

Their convergence energy glVCS for the direct bandgap 2nergy of GaSb

a value of 0 812+ 0.001 eV, which is in agreemcnt wwth the normally

quoted values of 0. 81;+O 0Ciev (5. 6) The. solld lines represu“»'

the linear theoretical predlctlons of Luttinger and Kohn for the following

- parameters of Lawaetz (5.3): ‘ o R .
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-  Here again, a preliminary comparison with the linear theory allows _
. \1&ent1f1cat1on of the cxpcrlmental curves.. The heavy-hole trans-

k1n.1cms B°(6) to B ( 15), see curve 1°€xo °1 for the E f/ B

S 'polarl ation spectra of GaSb (1), here then analysed using the

-~

L Dldgeon and Brown scheme and the follourng flred parameters-

Y5© T Yy =" .1.3 o ' . —.' ) ‘ (5.7)
| {5 = '.0'.812 e-‘-u' . . o o |
e . : . | o %
» A = .0.749°eV . | - (5.6)
E = -1.5 (h /m) ‘ ‘ (5_7)

The set of band parameter values obtarne{\for GaSb is grven in
Table 5. 4 where it is compared ‘to other experimental and theoretlcal
sets of values. Our TOOt mean square dev1atlon of 1 8 reV 15 some-

what larger than those of the other experrments houeVer we obtaln

r.

a closer)agreement w1th the theoretlggllresults of Lawaerz {(5.5).

LS . - ' . .
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-  Table 5.4 o A g -
~ " |

‘Comparison of the band parameter values for GaSh determined in the
present experiment with Qrc;;;EEIy~§ubl§shcd values ! *

Paramefef, °  Present Filion (5.8) ° - Reine (5.7) Lawactz (5.5)
Experiment © *~ ' . : ,
m/m . . 0.046% 0.001 0.039% 0.001  0.042% 0,001 0.045
’ - . h ’ - ' ° -
’ ylL . 12.6 £ 0.5 14.5 = 0.4  13.5% 0.4 - 11.%8
L’ ) : ,
Y5 5.2 £0.2 | 6.6 %0.2 5.720.2 1 . 5.2
K™ 5.05 0.5 Ng +0.6 3.5+ 0.6 3.8
g © -7.1%7 0.1 g4 £0.8  -7.8%0.8 . 7.2
c - R . . o - . A
: o {" .
My /m 0.045% 0.002 0:038 *.0.002 0.042 *'G.002 0.046 -
mo/m 0.36 £+0.07  0.44.% 0.15  0.40 +.0.16 : 0.49
‘ - - _{' \
E. n - 25.1%0.leV 26 % le¥ ~ 25 %72V = = 22.4¢v :



_ As can be seen:in the correspoﬁding fan diagram Figure 5. 17, the

s

T e T e

13'
For example 1f we: compare the results for the conductlon

band effectlve mass parameter, Lawaetz theoretrcallv predlcts

m /m = 0 045 and we get m: /m = Q. 0455 . The values reported

' for.the otber two erperlments are much 10hcr m /m = 0.039 and

,I

- 0. 04_._‘ Contrary to germanlum, our band Darametor values for GaSb.

dlffer from those previously. publlshed (S 7 .5.8) but they confirm

the theoret1¢al predlctrons of Lawaetz (S 5) ' ' 'k Cl

If we now return to, the PEM spectra for tbe E.l.B polarr-

zation, ‘see F:gure S 15 " we notice that broader oscrllatlons appear

at the high energy end of the snectrum In the E/! B polarization, =

G

these structures are probably masked by the sharp Landau structures.

-energy nosztlons for the maxima of these broader structures do not

converge to the band _gap energv and thelr separatlon energy remains
&

~ constant w;th,the,magnetzc field. They clearly do not represent

¢ . ) - o

"interband transitipné between Landau. levels and they were associated,

to phonon-electron interactiohs.

5.2.2 The'phonon-electron'interactions

The broader structures observed in GaSb (1) appear at-the

-

'hlgher energy ‘end of the spectrum There, <he absorptlon process

occurs in a very thin layer at the surface of the semiconductor.

Since the surface oxidation of GaSb (1) is also.believed to be

. sha;iow, it was reasoned that a.-more thorough surface oxidation might

. \ .

e : b



.p0551b1y enhance these broader structures..’ Followrng thls line of
_roasonlng, a. second sample, GaSb (7), 1dent1cal to the prevwous“bne, a

GaSb (1), was heaoed to 400 K in a1r “WNhen studied under the pre-

fious condition, its spectral dlstrlbutlon erhlblted the largo smooth

s

oscll‘atlons shown in Plgurc 5. 18\ It is belleved that surf!ce o S

oridatlon 1ncreases.rhe lmpurlry concentratron thus reduclng rl_
\

the surface of the sample so that the condition nccessary to observe

-

‘7~L0 phonon transitions; Top < T <. Toor 1S satlsfled

Accordlng to the model by Habegger and Fan the minimum of

the larger osc1llatlons corrosoond to the LO ohonon transrtlons

,Frgqre"s.zo glves the energy.pOSition qflthe minima versus the mognetic ~
field. The mrnlma are equally spaced and their separatlon energy;renalns | :
conStant with the magnetlc fleld _ The energy position of thc minima

. also 1ncreasele1th the field in the same manner as the bottom of the
conduction band. | Figure §.21 plots the interceptlonergies-of the o v
mrnima at-zefo_field ugrsus their trénsition order The photon energy‘

"of~rhe exf;gpoled zeroeth order glves for the oandgap energy*

‘0.812 . 0. 001 ev, conflrmlng our _Previous result. -The slope of this - .

graph yields for ‘the separatlon energy of the oscrllatlons o4 6 meV Using

the following equatlon (4 28): . S _ ' : ' (
= o ' ‘ ’ 5. .
g € + thu (1 + mc/mhh) | | . ( 4)
and the ratio mc/mhh = 0.13,' see table 5.4, we get for the L0

phonon energy in GaSb, 30.7 meV. ‘This is in closo agrecment with
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Haas and Hennis (5. 9), who report a va}ue of 29. 8 meV obtalned by

1pfrared rcflect1v1ty.

2 -

5.3  Indium Phospﬁide

r

Indium phosphide is 2 III - V compound which has nat been the

subject_of many investigations, the reasan being that this material is'
difficult to. obtain in 2 pure form.. To the best of the author s knowledge

P . .
no experlment treatlng interband magneto- optlcal tran51t10ns in InP has ever

been reported prlor to thlS work, Magneto-opt1ca1 structures assoc1ated' ﬂi@
with 1nterband transitions betweenrﬁaadau levels were observed here.iﬁ

‘the spectral distribution of the PEM effect in InP. The energy p051t10n

of the mlnlna rather than the maxima correspends to the theoret1ca1

predlctlons for the.tran51t10n energies. The 'so-called anomalous

PEM.effect dlscussed in Section 4.1.3is belleved uO account for such a

behaviour. InP as GaSb, is also a hetero-polar matcrial'and broader
'structures d1d appear when the surface of the senlconduceor.was oxzdlved

The analysis of these hlde OSelllatlons gives the LO phonon energy 1n

InP. T : .

5.3.1 The'interband'transitiona between the Landau levels °
The PEM short-circuit current spectra of the pyrolytically



X P V. B

coated InP samplc, InP (1), are shown in Flgures 5. 71 and 5. 77,for
the E I/ B and E_L B polar1~at10ns rcspcctlvely " The magncto opticall
. structures appear rathcr squat in comparison to thc prev1ous results
obtained for GaSb. This is- not- an unexpected reosult if we Temember
that the conduction band.efféctive‘haSS for InP is approximately
twice-that for GaSb. The first maximum, 1P, appears excitonic in
natﬁre thle the sqccesEiVe miﬁiﬁa'(lﬁ, 2M;.,.)'are~believed to result
from.inte;band;transitions between the Landau lcvels; At the.high
" energy cnd of the PEM- spectra, a‘broad,structurc,.labelled 1s, appears.
- Assuming thﬁt'the';tructure.originates from a tf#nsition between';he
splif-off'band and the conduction band and this has been verified Ey
subsequent havelcnggh ‘modulation experiments (5.10),. we flnd for the
 spin- orblt spllttlng energy, 0. 102 0.0086 eV.  This value, not a
Drecise measurement, agreesAwith the results of Shakleg et al. (5.11)
0.11 eV, using electroreflectivitﬁ at SObK.“ h -
Q.- The fan dlagrams for the above spectra.are gzven in F:gures
5.25 and 5.24. The dashed llnes represenu the experimental curves.
Their eonfergence energy givesﬂ for the direct'band‘gap energy_of InP,
~_1.423"1 0.001 eV which is:in close ;greement wifh Turner et al. (5.12)
wh§ report a value of 1.4205 eV foﬁndrﬁx optical‘absc;ptipn at -6 X.
Thé'solid lines représent thc.linea:'theoretical prédictions of
'Luttingér and Kohﬁ ﬁsing the following parameters of Lawaetz (5.58):

mc/m = 0.08

Y.t = 6.28
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Agaln, this prellmlﬁa*y conparlson with the linear theory allows the
1dent1f1cat10n of the experlmental curves.- . The heavy-hole transitions_'
B (3) and BT (4), see curve 4M and SH for the E II B polari zg\}oﬁ

spectra of InP Cl), were ‘then compared to _the predlctlons of Pidgeon

and Brown for the above parameters of Lawaetz (5. S) These para-

-

meters along with the values for the direct bandgan energy and the

———

: spln orblt spl}ttlng energy give a Toot mean square deV1at10n of

'only 1.3 meV on ehe experzmental p01nts._ E . {E

The good - agreement between the energy position of the

minima and the predlctlons of Pidgeon and Brown using the theoretical
l
“band perameter values of Lawaetz 1ndicates that the minima rathér than -
. the maxlma muse correspond to the 1nterband tran51txons between Landau
levels in InP (l) J?Our llne shape study of magneeo -optical struc-

tures 1nd1cates ‘that minima canmot corresnond to absorption edges.
The only etplanatlon for the above behaviour is that we are observ1ng

the anomalous PEM effect dlscussed in sectlon 4.1.3.
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w 5.3.2 The phonon-electron interaction = - S - | | i

- . ’ . . <

i In InP thc erposure time to air necessary For 1nsta1-

latlon su%f1c1es to oxldl-e the surface of t e sample. In the

absefice.of a protective alumlnlum oxide fllm i the sample InP (2]
1den§1c al to the prev;ous sample InP (l), exhlblted in its PEM

1
spectrel dlstrlbutlon the large smooth osc1llat10ns assoc1ated with'

phonoﬁ-elcctron 1nteract10ns. Flgure 5.25 shows these broader -
etruclures: .'U51ng the.same analySIS as\for Gadb ‘the energy p051t10n |
of the minima versus the magnetic fleld are given in Flgure S 26 '_ T

- -and the intercept energies versus the tran51t10n order are plotted ‘- -
ift FlgFre 5.27. The photon energy of the eeroeth order then glves.

for the direct bandgap enmergy of InP, 1.432 & 2 0.001 eV ~ The slope -

3¥ thn graph gives for the separatlon energy of the oscrllatlons,

48.5 meV. U51ng this result and the followf“é)ratlo, m /mhh 0 088
(5.5), we get for the LD phonon energ§ 44.6 meV. ThlS is in good
agreement w1th Hllsum et al. (S lo) who report a value of 42 7 mev.

found by Raman eqattering.,

¥

5.4 Gallium Afsenide’
In GaAs, contary to the previously studied semiconductors,
the photoconductivity épectra_exhibited;better_resolyed magneto-
. . . .

_ optical,siruetures than the PEM effect. Thereforez in the first

!
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‘to the PEM effect

surface of the sample.

part of this sectlon photoconduct1v1ty will be rev1ewcd and compared

.

Two GaAs crystals were studlcd an epltaxlal material which
Ethbltcd magneto optical structures aSSOC1ated ‘with 1ntcrband tran-
51t10ns betwcen Landau lovels and a high resxst1V1t+ material which

C\hlbltcd thc wider Structures associated w1th phonon- electron inter-

i

acelons., By comparing our results -on the high resistivity matcrialf

to- thObc of Nahory (S I4) on epltaxlal matcrlal we were able -to galn

' some ;n51ght into the mcchanlsm Telating the orldatlon process to the

obse*vatzon of LO phonon transztlons..

"

5.4.1 Photoconductivity . e
‘Accdrding to Uchiﬁoiura'and Fdﬁ {5.15}, the variation of
density of states preduced by'a magnetic fiele éauées'the scattering
to vary with the carrier?cnergy. Scettering is high when the
carrier energy 1s close to a Landau level where the dens’ty of states

is large.’ ThlS 1ntroduces structures in the photoconduct1v1ty where

-

- the minima are\3kqected to denote ehe 1n;erband magneto- o//;aal

transitions betfeei the Landau levels of a semlconductor. The . \\S'

-

flndlngs of Filion and Fortln (o 8) in GaSb contradlc the results

of Uchinokura and Fan. Filion and Fortin exp*aln the c0ntrad1ctgpn

by supposing that the photo-sensitivity of GaSb is maximum at the

A
| .

2

Qur photoconductivity results of GaSb agree with those of




Filion and Fortin. Figure S. 8 shows a photoconduct1v1ty spectrum
obtalncd for GaSb’ (1] at 70'kG and compares it hlth a2 PEM spectrum
~ . . 4‘

qbtalncd with the same conditions. As for the PEM‘cffect, the maxima
in the pboto;onduttivity spectrum dpnotc the magncfo-optigal inter-
band tiansitiohs. "In the casé of GaSh the.scnsitivity of the PEM
effect to changes in the gbsorption coefficient is greater than that

for DhOtOCOHdUCEIVItY Flgurc 5.29 also comoares the spectral dis-

_trlbutlon of vhotoconduct1v1uy and uhe PEM effect for the oxidized

sample, GaSh (7),

to.changes_;n mobi 11X

D.kG. Here the PEM cffeqt is more sensitive.

or-re;ombiﬂatioh«ﬁifctimé than phétocéﬁductivity.
“In gaSb the. PEM cffect s a better mgthbd”éf_investigdtioﬁ'than photo-
conductifity; This is ;lé@ frue/foi gcrmaniﬁm‘and In?,-bd% not true

- for GdAs. : ’ L

5.4.2 The';pita;idf/matérial.

Thgxﬁﬂgéoconq§ctivit} gpéctrum of a py%olytically coated
| epita%@&f GaAs’sample, GaAs (1), is shékn in Figure-S;SO; The next
figufe, S.Si, shows the PEM specﬁfuﬁ of the same sdhple under thel;
_ same conaitions. ' Clearly; the spcctral resdlution.of'photbccﬁduc;

A e -

t1v1;y is superlor to that of the PEM effect in Lhe epitaxial GaAs
- studied. Since the crystallorlentatlon of the epitaxial fiim in the
direction of the magnetic field was unknown,_bnly natural light was

used in obtaining the above spectra. Even so, the photoconductivity

spectra exhibit well resolved structures. ' The minima labelled 1, 2,
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and 4 denote 3.180o phase shift'in the photoconductivity signal

This rcprcscnts either a negatlvc nhotoconduct1v1tv oT a drastic

change ln the photo-rcsnonse time. " No satisfactory cxplanation is

~

— ) .
as yet available for this behaviour. .

P A prcllmlnarv comparison with. the theorv'Wﬁdlcates that

the mhotoconduc;1v1tv minima correspond to magneto- ootlcal interband
transitions. _A fan. diagram of the éhotoconductivity minima of

GiAs (1) is shown'iﬁ Figure 5.32.  The convergence cnergy of the
ctperlmcntal curves gives, for the leCCt bandgap ecnergy of GaAs
12520 i 0.001 eV. This is in good agree101t with Gilleo et al. (5.16)
who Teport a value of 1.5202 eV obtalncd in 2 purc glnglc crystal
epltatxal Film at 1.4 Ko It would bberekore annear that the model
bv.Uchlnokura and Fan. (5.15) is va11d in eoltatlal GaAs or that the

photosensitivity is greater-at the surface of the sanplc:  The flrbt
minimum labelled 1 crtranolaues at zero field to an encrgv 3.4 meV

" below the convergence energy pf the experimental'curves. - By optiqai
absérption at 4K, Sturge'et al}‘(5.17) obtain the same value,”i.e.
3.4 meV, for the exC1ton binding energy in GaAs. This and thc.
upward ‘upward curvature-of'the experimental curve for this first

,;&ﬁimuﬁ‘justify its association to ‘an excigpnic level below the con-
ductioﬁ bénd. As can be seen in Figure 5.32, there is a-lot of
diséersion in the éiperimeptal éointé. This is because the shape %

of the magneto-optical structures varies with the magnetic field maklng

: 1t very difficult to evaluate thc cxact energy position of the minima.

LIEN



.-M
.81
150
1,59
1.58
> .
2157
>
D .
r 1.56
{11
=
L
1.55
= .
o
=,
. o .
==
AW
&
1.5~ '
150! : : : T R
0 10 20 30 40 50 80 70

MAGNETIC FIELD. {kG)

Figure 5.32: Photon energy values at the minima versus the magnetic field
- strength for the photoconductivity spectra of GaAs (1).
. . . ‘ A



-

This is a new phenomena, as yet unexplained, and we suspect that

this is also the reason why Reine ct al. (5.7} dld not analyse their

stress modulated magneto-reflectivity spectra for GaAs. i

5.4.5 The high resistivity material.

N
o

A high rcsistivity GaAs sample, GaAs [2), whcn_sfudied under

the previous cond1t1ons exhibits in its DhOtOCOHdUCthlty spectra the

large snooth osc111a;10ns aSSOC1ated hlth pbonon electrcn 1ntcractlons.
Figure-5.33 gives Lhosc oscillations at zero- f:cld for both polarl-

~zations.  The shapc of the structures varies with the polari:ation.

but not.with‘their'cncrgy position. By plotting the cncrgv position i

)

"0 the-phoboconduct1v1tv minima versus the t*anbltlon order and extra-

- -

| polatiﬁg to thg zeroeth order, see Figure 5.34,'we get.fqr the difect 
bandgap energy, a value ﬁf 1.525 eV. For bhe energy separation of
the osc1l1a;10ns the slope of th;s graph ylelds 42.0 meV. Using l
this result and the following ratlo m /mhh 0.108 (S.S),.we_get
for the Lo Dhonon energy, 37.9 meV. This is in gogd agreement with-:
Mooradian (5.18) who reports a valué of 36.8 meV obtained by Raman

spectrosc0pv at liquid helium tcmperature. : _ .

-y

b
spectrum at B = 0 for an uncoated enlt axial GaAs sample. This

‘Nehory (5.14) rcnorts an oscillatorx.photoconductivity

spectrum, shown in Figure §.35, indibates that surface oxidation
\Slays the same role in GdAs as it does in the previously studied

'semicondﬁctors, GaSb and InP. The energy position of the minima in

- . . .
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Vahory s nhotoconduct1V1ty spectrunm co*respond exactly to those
ocbtained in the chromlum doped GzAs (7) sannle. Both surface
*
otldatlon and doplng Lherefore vdlidate ;he condition TOP-< TS T
-~ "
The 1mpur1t1es mav leher create trapping and increase-the recom-
'b¢nat10n ll:etlmc, rl,ﬂsuch that g >'Ton’ or, they may promote P

‘scattering ‘and decrease the récombination lifetime, such that

T, < 7T_ . Co ' - T

1 ac : : LT

In an effort to eluczdate the above cuestlsn, the PEM 51gnal
of GaSb (1 and GaSb {7) were studled GaSb was chosen becquse it does
not rcquire the protcctive coat;ng'of AP;O_ which could. possibly .

. affeé% the PEM signal. By 1nvcst1gat1nﬂ the behaviour of the PEM
éigna; as a function of the Llcld for both samples_wc determined thaF,

* R ) .t ' '
The reader is refered to chapter 4 section 4.2. ‘ ’
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the recomblnatlon 11fet1me Tl at the surfade'of the samplcs'increased
“as a result of ox1dat16n BcFore otldatlon the 'PEM 51gna1 of GaSbh (1)
.. 1:,1 .

' goes. through 2 maximum fat 15 kG, cikve I of Flgure 5.36 and after .

ox1dht10n the PEM 51gn33 of GaSb (2) saturates curve IT of Flgure -
5.36., According .to thc thcoretlcal development prescntcd in _

chanter 4 thc dbove rcsult signifies that GaSb (7) has a gruater sur-

» Ll

face recomblnatlon lifetime than GaSb (1) and that Otldatlon 1nduces _
: .a: L. - . v C i
trapplng.. N SR B T |




- 137 - .

'90_&." | .  .'
| .’GaSb
- 8o T=4';2'Kjf

._/%@ o o
. \ o _________'.

]

1]
O .

Or
@)

'ARBITRARY UNITS .
- Q

o
O

0 :d 20 30 -4o-‘50 80 - 70
' MAGI\—ETIC FIELD (KG)‘_

Figure 5.36: The PEH Qhort -circuit +signal of GaSb (1), curve I, and
' GaSb (73, curve II, versus, the magnetic field s;rcngth

. = - 2



S

~

5. CONCLUSION . - Lo .

The present rescarch was undertaken to develop o onew and

simple method of observing transitions between Landau levels in semi-

conductors. It was believed that the already existing methods such

as absorption and modulated reflectivity techniques wore either too

3

restrictive or too complicated. Various photo-etfects such as

. photoconductivity, the ‘photovoltaic effect and the photoclectro-

magnetic effect were investigated.as possible alternatives to the

“already ex&sting-techniques. The present thesis reports this part

of the work and deals mainly With the PEM coffect.

-

- A'new method of investigating magneto-optical transitions,

'Asimpfyﬂgﬁlled_the PEM technique, did indqéd prove quite stecesnluil,

The degree of success of the new method can be evalunted by comparing

it to other teqhniqués. For example the results obtained using

. - 1o
GaSb compare very well with thosc of Reine (.14) and Filion (J.9)

using stress modulated .reflectivity and:photoconductiﬁity res-

pectively. The resulting band parameter values obtained from the
”~ . .

PEM measurements agree better with the theoretical predicticons
- -4

~of Lawaetz (1.17). The simplicity of the new technique, namcly the

sample acting as its own detector, the elimination of stress made

-

possible by the convenience of very thick samples, and the possibility
5 R . : .
of surface protection using an amorphous coating, could ponsibly

explain the better agreement with the theory. :




Al
2.
- . -~

o - The success obta;ned with gcrmanlum is somcﬁﬁg;

-l
"

norc llmltod and 1t ¢an serve as illustration of the llmltatlons

of thls new mcthod Bclng_a direct method as opposed to a

-

modulatcd technique the present method reflects more the shifts

in the cnergv pOblthﬂ of the maxima erhltlnq from 1mpur1ty

-

scatterlng Consequently in the linit of high impurity

-

‘scattering which result s in con51dcrabr’ broadening of the -

l;gncto—optical structures, a correctlon_for the cngrgy goaition
of the maxima.is necessary.  This dif“icultv.could be removed
by counliﬁg the PEM tccnanue to wavelength modulatlon Thls
would sharpen thc magneto- absorptlon structures e11m1n3t11g the
above mentioned problem hlthout deftatlng the purpose .of the

new ﬁctnod hhlcn is its simplicity.

The coupling of the PEM technique'with'wavcicngth
modulation‘would perﬁap;'improve,the Tesults obtained for InP.
and Gaﬂé, and posslblv othet high: conauctlon band. effective mass
scmlconductors to be ‘studied. The results present ed on InP
and GaAs reno»t the flrst obsctvatlon of tran51t10ns between
Landau levels ln InP and the only such work on GaAs 51nce that
ci.Vrehen (6.1} who did measu:emepts by‘absorption; All the

v 3 : D .
experimental  results presented Iin the previous chapter are

summarized ‘in Table 6.1; they demonstrate that the PEM effect doeg

offer an alternative'to the existing magneto-optical techniques.

4

~—
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T

As a studv of the PEM ef fcct itself ;hls work prcbcnts
the first: observatlons of osc1llatlons in Lhc PEM effect above the
fundamcntal edge. The structurcs ingthe PEM signal-rcflect

varia ions in tbc absorntlcn cocff1C1cnt arising bccausc of tran-

1

51t1015 between Landau levels in the SCMICOﬂdUC;OT © A simple -

derivation of uhc PEM effect wunder ideal conditions give% I square
Toot depeﬁdencc on the abscrptlon coefficient for the shorticircuit - .

PEM, current. A more complete thedretical devclopmcnt could be o T

P -

. the subject of an intdresting theorerical project.

A sccondary but—important'facet of this research work

° R

concerns. 1tse1L hl;h the surface treatment of the shmples studied.

It was dlscovcrcd that ox1dau10n of the sample surfacc dc;erloratcs‘

or,quashes‘ghe-magne:o-optlcal structures, in ITI-V compcunds it -

even results in the appearance of large phonon structures. - The
mechanisms involved in surface oxidation and their relaticn to the

sha;pness of the magneto-optical, structures remains obscure. A

more quntltalee shudy of surface conditions.would rcsul in the -

proper nonltorlng of the sur‘ace t*eatnent and the obse*vaLlon of

tter resolved magneto—optlcal structures. In this work a

L

pyrolytic coating method was used to reduce surface oxidation.
The PEM technique already offers many useful-and

interesting advantages over other metheds.  Nevertheless, this

work-might e considered as the first step towards a more powerful



-

tcChnique which would combine the addition. of wavelength modulation v

and 2 better understanding of the surfact conditions. It is
believed that the PEM technique would then reveal its full potential
» . .

and surpass the already cxisting methods.
" . ) p o ) . o
o~
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. . : | APPENDIX

-for the Pidgeon and Brown

-

Cemputer program

\analysis of the heav%-hole transitions in

III - V‘compounds, , : '
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