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'Faraday rotatlon apparatus_whlch‘could be usee at various tenperatures

o .
of Ottawa. My lnltlal work was the de51gn\and assembly of a versatlle

A
‘ -

)
[ bl

with eithér of two'magnets which -were then avaiiable. This.was com-

. ' oy & X P .
pleted in early 1969 however, I decided not to begln a long serles of

K
v .

, measurements on the apparatus because it aid not look as if there was,

maklng useful abscrptlon measurements on heav11§—doned mate: ai\ I

o . \

much to be galned At.this p01nt I dec1ded to make-a concentrated

study on heav1ly-doped n-type InAs u51ng several measurement technlques

1,

.1n orﬂer to_test ths valldlty'of the Kane model at'hlgh doplng levels,‘
¥

and to test - the concquLOns made in sbme work by’Drs. C. C Y. Kwan and

J. G WOoiley on the oc ancy of a- second conductlon band/;t carr;er
h P 1o .-3 | .
cdécentratlons Qf the level of 10 .; Because of the dlfﬁiculty of

/

,deleed to try thermally-modulated rerlec nce as a method of obtalnlng

'u . g .t po

,the p051t10n of the Ferml Ebvel mn the conductgon band R‘rGllnskl

' Well developed by the summex of 1970, awﬁ late ih the year T presented

-a'statement of the-gartlcular'area in whrch I w1shedrtouwgrk alone,

\‘— . -
agreed to work w1th me 1n settlng up an apparatus for the thermc~ M\Y-

reflectence ﬁeesurehent. ' The technlques Ard equxpment were’ falrly

N
"‘

Vs - -7

AR

namely pure Ge and heav11y—doped InAs., Thisjwas- Idiately accepted .

- w . ' ' F)




"

-

L and accessorles, whlch were provided: by Dr. Woolley and Dr. E Fortln,

_scopy.” e e Lot T
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by thdse concerned”

cemved and executed‘by the author( except where otherwis' 1nd;cated:

~

me in-hls groupp and for perm1§51on to f&llow my dec131ons to’ thelr

~

2 .
conplu51ons, even, hough they were not always productmve. Perha 5

1 . & " -

more lmportant I thank h1m for encouragement durlng a down—and-out'

b

stage of the program, and for maklng h;mself avallable for dis ssion:
2
qu

at- all tlmes on any subject. I cons;der that the optlcal ipment

N . il -

Q

were sufflc;ent for a wlde varlety of experlments in moddlatlon.spectro—'

. "

: . B 1 i ' .I B . ' 1
4 @ ' P
; .

I have enjoyed my a55001atlon with. all the graduate students.

‘I have beneflted particﬁerly from the very actmve jOlnt program,

mentxoned above, w1th R. Glinskl who made many 1mportant contrlbutlons
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rm

\ ;
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'falearned some|procedures of the electroreflectance experlment from

© 0. Berolq'and S. Vishnubhatla.a
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’pfor the conductlon band of group ITI-V semlconductors, s

- This 1s a report of some experlmental work, and of some analysesf’ 'J.
assocaated w1th thL experlgfégff;results, on two semlconductors, 1nd1um S

.arsenide and germanium. : L o : . ’
. ' e : - :

f. L.

1.1 Rationaleffor the IhAs Program

- ok

The motrvatlon of the work on InAs was essentlally to determlne

" the Ferml level 1ﬁ InAs doped w1th varlous amounts of the 1mpur1ty

v . ‘ ‘ :
seleq;nm,uand to compare thlS with an exlstlng theory, the Kane model '2 o

-

h as InAs, Insb

i

: GaAs.' Flgure 1 shows the relatlonshlp between-the enefgy of electron states

and the magnitude of the wave vector, k, in the <100> and ° 11> crystal

dlrectlons, accordlng to Kane s theory, for the conduction and three
uppermost-valence'bands'on ThAsy This figure was prepared by the author’by

a method Whlch is. descrlbed in chapter 5. Spln degeneracy was assumed in making

”

‘this dlagram.u, If ohe refers to the abscrssa in the upper right hand 51de

]

- of the diagram and uses the'cohduction band eﬁergieS'immediately below,,

" one has ‘the predicted relationship between the carrier concehtration, N,

apd,the positioneo§j}he Fermi.leVel. . It\is this behaviour that was
L e ’

3
tested ) One mlght think that a better way to test the Kane madel would

‘v" GN

be by cme method on pure material, because a result on dpped materlal

ot

s
4

which did npt support the, Kane band would be negatzve, in that one would -

'not know whether the Kane model was indorrect,qghether the material had -

-

.
. ~ . ' b .
. . 5
a ' ' % oW - ot
T . . . . N
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-,beenso'pertdﬁted bf theldopihg 50 as no'longer'to be representative
. of :the puretcrYStaly b:{bb;h; _The difficulty with an experiment such
as absorption’;dh‘a pure ‘sample is that, in‘'the interpretation, one is

; . . N ! ) -
.5oncerned,not only with the density of %tates\sf\a\ftnction of energy
but also w1th the energy variatlon of tran51taon probabllltles, the

energy varlatlon of the broadenlng parameters a55001ated w1th the tran-
1 “\ e > ' @ ' ' .

. . 3=
‘_smtlons, thh the excltonlc component of the absorptxon' 8, as well as

3

f

with the problem of cbtalnlng a straln—free,6damage-free,-parallel ~faced

sample. Absorptlon measurements on pure materlal have been made, for

L example, on.InAs9 10, and on InSb11 13.' Thé slow variation of7the

& ) y . . '
C } . - PR B » .
absorptionrcoeffiqient with’energy above the £undamenta1-gap suggests

-that although one can perhaps establish whether or not the Kane model is

4u
‘ con51stent w1th such reSults, as has been done for.-InSb by Johnsonl P

. )

-such a conc1u51on is fax;from confirming the mo

% 3

-

1. On the other "hand,

- R

the dlstrlbutlon of electrénlc states. ‘ This has'been reviened by
Bonch-Bruevwh15 and_Johnsonl4., 'mhe conclusions are‘that;althongh addi-
'tional-states ar@'introduced'near'the-band ektrema, the density of‘such

: states 1s small compared to the dens1ty of the 1ntrmnsic band states, and
A

© - %hus should have, 11tt1e effect on theerrmi level vs populatlon relatlon.'_
| .Thus absorptlon measurements on dbped n—type semlcqnductqrs would be

-expected to give a goodnmeasure‘of the behavior-of the E,wsik‘relat;on— :

: _ | N : N
'ship, since absorption wouid begin only when the energy of the photon .-
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Wats equal to the energy cf separatlon of & direct trans;tlon (that is, .,

w i -

between states WLth the same,ﬁivector) between a valﬂnce band state and i

Rt - .
an empty conductlon band state. - ThlS eifect of. fhe dependence of the L ~JH;
. .‘/ v E i o

ener%g of the onset of absorptlon of a glven semlconductor og the con- f oy, F
.. e . A g

ertra 16,17 LA P

cen atlon of frgf carrlers is. called ‘the Bursteln—Moss Shlft. ©a f Pt

'.' - . . ? b K . . ||;<‘
,‘HQWever, the\absorptlon result ir. heavaly-doped n—type materlal for S
’ & e -

- 9
: modulated reflectancezz' ?_was selected becfause “of the ease of its use

example in- ?ﬁSb,¥8 and InAs,;? is broad, and does not dellneate the -

i
. ) . -

- separate contrlbutf%ns from tran51t10ns rnltlatlng at=the two upper A T %%

Zjlence bands, bands 2 and 3 1n R;gn o Slmllarly, absorptlon curves for

4 -

‘heavily doped p-type materlal, as have been obtalned and studled in. detall 18 or - '

PR PR Tt -
- ] "t .

Inpr are broad ang,qgntaln compllcated structures: furthermore, the ana1y51s of

the data, for the InSb case assumes a, conductlon band estlmated]from ebsor—-: .

K * . - ( .'. N b\ . C e -
ption data on n—type materlal j Thus because-of°the lack of‘promise in. N ¢

;s R T4 S
an absorptlon measurement, lt was deﬁlded to attempt a modulated reﬁlec—' ﬂ’,
. # .-y L
tance method20 21 whlch hopefdaly would. re5p¢nd w h pedks 1n the’fpectral
. 6,

L] ¥ J

reglon of rapld'changes in the absorptxon coeff1c1enta . Thermally— _"*f’ ‘ _
Y b X \ ® oL

.

5o - . ~, .‘,—_ . . e o L ‘ Q' . .'
at varﬂous temperaturesm,and;because of the p0551h111ty of a relatlvely -
' ° ) v b \_ﬁ-\
straxghtforward comparlson be#ween experlment and hecry :
- P B e o “__
. R . -f . _w iy

/ . . . . . . é/ o ‘ -
- Another way' £ determrning the shape of the con Cthﬁ n%nd 1s =
, § : : .‘
to‘measure the ef £ tive mass of the conductlon electrons around the au_
. " ) ‘ N

Eerml lgvel.
1 &g

C & == )- 24 . Thus,”from,Plg. 1, one would expect .k
_hz k dk . . : -
S | .
N - > ;!f' L c f‘ -(;H u .
- ~ s ’ ' -h'..a- -:' s o
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tc obtain a serles of effectlve mass values from the varlously doped

samples. One expects also to be able to take -into’ ‘account the non-

- v . L EE

spherlclty of the Eerml surface, S0 that a proper comparlson can. be

7 ’ T

nade. There are three maln measurement technlques whlch have ccmmonly T:x

. A
7 ‘been used to obtain the effecti?é‘mase in doped materials; infrared

o : . 9,2 \. S 26 y
[ geflect1v1ty,9' S,!Faradayfrotatlon, and; thermoelectrlc power in t>
. - ! S N v ' . \_. {’

o _ S . :

e the limit of high magretic fields.z? ~ All these technlques have been’

8 . ; i ‘¢ ' S
used, for. example by Kesamanly et al.,28. to study the conduction bandﬂof

7 \ 7 o-

‘InAs., 'Phe difflculty w:t.th the 1ntraband Faraday rotat:l.on for heav:.ly- S %

B P T T

S
doped’ materlals 1s*that it is a. transmlsexOn measurement'and requlres .

P

o 3-th1n samples because the absorptlon coeff1c1ent ls hlgh The troube

; w1th the thlrd te hnlque is- that hlgh magnetlc field is deflned by "HUB 551
7 23 : .
' Wth&'p s the moblllty and B the magnetlc fmeld and thls is practlcally B

‘7_.,‘,,,.:.._..___ﬁ-,.,,r.“,.,u_

oo

? unattalnable 1n the more heaylly-doped materlal. One is uSually content

. () 28,29,30
,;to use andemplrlcal relatlonshlp28 9 to fit the magnetothermoelectrlc

-~ l

‘pOWer at'lower fleldS from-whlch one extracts the llmltlng value. ‘A

» L

-,J€; further compllcatlonfls that: thlS technlque 1s less sen51t1 e at hlgher ' ' §?
o

L

ATy
RS el

e

doplng 1evels. - NS : o T ‘ RS i';}

H ) ) - o B ! Lot
a I . F 7.

‘. . _ ) v o"‘}'

- Tk oy

When the author in 1963/had made a fifst series of meaeurements

l' ‘ ) .

© R of the 1n{rared reflect;v1ty of InAs doped at the level of’ 10 3, no . ﬂ;

T e T NI R AT
1
H

¢

-

e gt

-»
- such- measurements had been reported 1n the literature. - _Srnqe‘that time,

et

two-detailed,works on effective mass.determinations in;such material-g'f

8, 31 R 3 ‘ Ty J . ' - R 3 o ",
have appeared , }yith highly contradictory ¥ésults. One work 1 ! '
‘ vl FO ~

’ L

’ - A s sy oo
i oo ) : ) , t R DL e
g required -the existence-f a’ second conduc%;on band at 0.3 eV above the .-
;': . _' - ! .t ,' ] ' * |
R BT O .
: : - . Y S = SR 3

i " ' : : i i . " .
: _ . { . 4 .
' . . 1. ' - * . .



‘rotatlon technlques. » Since the appearance of those artlcles ‘tha aut'

reduce the dependence on approximations. - ‘ : B

i

and a complete serres of reflect;vrty meas

a

first conductlon band’ in| order to reconc1le the dlfferences'obtained-ln =

T
v .a

effectlve masses: measured by the lnfrared reflectrv;ty and Faraday

-

found a meﬁhod of obtalnrng a good éhemlcal pollsh on: t
ents was repeated 50 as

to be more confldent ln the resol ~fon of the disagreement;:these éere"

done in the fall of 1972 R | e . ii e :

_ 5 ‘ PR K o : .
A Weakness that has exlsted in all comparlsons between measured'“\\

L}

effective masses and those predlcted by e Kane model is that approx4

1matlons to Kane s results are always used, and in partlcular, Cardona s

aPProxlmatlon?sls often used beyond the range for ‘yhich it was developed

- N LEVRN [l

Furthermore there has been nq, or 1hcomp1ete,1nclu51on of Kane s

‘correction terms due

. L4
e .

?

o'uppeﬁ bands® In additien,-the previous com-

-parisons made use/0f values, such as that for the energy of_separation Lo

of the tw'o"lup * valence bands and the split-off valence band, and the °

‘momentum matkix element between the conduCtion.and valence band states,

; : v ' '

X . ' ‘ - . : . 32-34
which have Eince been corrected by, new experiments and calculations.™.” .
" [ 1 : . : : . . - . '

Thus a-careful study of the Kane form of'th%?band was made so as to . .

Ll r

]
Al

— [

Cg In summary, the modulated re%gzztancelwork-on Inhs yas directed ;

!

, . . _ s

[ ' .

at detérmlnlng tran51t10n energles between the upper two valence bands

"~ and’'the conductlon band thereby trac1ng the variation of these banda [

L d'

. . | ‘ \ | vy ,‘,,.
: ' - . - B 1] . /
: C o T . Poud N g

ap

]
R
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The effective ma\\\work was used gs an 1ndependent

,f*”énergles in knspa e.

= -disagreement between re

»

was directed at predlctlng he form and magnltude oﬁ the thermorefle -

tan!b signal, as Well as at av 1d1ng the use of unjustlfled appr?é}mstifnsu

o [4

for the Kane band. _‘\<- - P
. S .
o~ ! .. q'i-( . . ’ L .
‘ ,3‘ . : A : <
“ope ¢ = . :
H 1\; - — e -
Sy
— r - ’

1.2, Ratlonale for the Ge Program™ - S - T ‘ .
. ¥? to - L
;,' The study on ghfmanlum was undertaken ba51cally to test reflec-

b ™
tance as a method for obtalnlng hlghly resolved data whlch,cculd be used

a‘ -

to’ compare w1th theoretlca% predlotlons for the varlatlon of absorptlon

M v

‘h‘around the fundamental gap. , Although modulatlon technlques have been

<

v . |‘ -

. used to determlne the" energy ‘of the fundamental gap of many materials,',

4

y -

. there had been no suecess at comparlng the line shape w1th what was _pxe—

0
- B .

. drcted. ~ The studles of Ge and ITI-V semlconducxfre-were usually intey-

X .
1 A o

- preted thh the aSSumption-of parabolic valence.band-cpnduction bands.

A detalled quantltatlve analys;s by Aspnes and Frova' -on Fhe&r electro-";

. L]

reflectance results on Ge revealed that the 51gnals were much larger -

‘ »

than predlcted by,such a model.‘ Th,ey stated that a préper analys:Ls would -

) e

7

: probahly requlre tge 1nclu51qn of exc;tonlc effects.w One expects that<

YRS

P

u

atle electroreflectance (ER) data. Thus a deflnlt ux ose of the
\th 2lectroref. \e/?p

»

——— L

present work became tcasee if TR data ls“COnsistent wrth EIllOtt g, exclton

theory. : Germanlum is’ deSLrable for this. purpose because of the folIOW1ng

- L] A
- v . R

"the ;nterpretatlon of thermdieflectance (TR) sta would be 51mpler than oo

o . ST e e N
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lcombination‘of attrlbutes a) it can’ be obtalned in a relatively pute L

L

: state (1t had been shown theoretlcally 36 and experlmentally that the'

u

a&ditlon of 1mpur1t1es broadens the exc1ton transmtlon ), b) the energy - ~'h

P
of 1ts dlrect gap was'in a.spectral reglon conbenlentifor study by the

TR method (thlS is not true for . the wavelength—modulated rgklectance
38 . it
‘technlque,l -51nce&at low temperatures the gap *is in the mlddle of the

¥ l

820 absorptlon bands around 1.4 mlcrons L c) the energy of the first

X lndirect gap is lower in energy than the direct gap, and the absorptlon

>

coefflclent assoc1ated w1th these 1ndlrec% tran51t10ns is suff1c1ent to

*

eliminate a spurlous srgﬂal whlch would ctherwrse occur due to llght

- e

'reflected from the reglon of the hack surface of the sample. Once the ~ .

method was establlshed in the absence of a magnetlc field, lt:was con-
.-,- . .

didered that it would yleld better nesults ‘in a magnetlc fleldvthan those

whlch “had® been obtalned by Aggarwal by. the plezoreflectance technlque,

and thus_prov1de a tougher test for magnetooptlcs theorles, such as that

z ‘ B —_— Al
,'of,Pldgeon andi?rown.40 4 Although exten51ve magnetothermerefleotancefH .
;o - . . . [ . N ' . ) . . (

data has been obtained by the' author, no_ahaIysisﬁis made in theé present

| thesis. ; .{_ (... ;;- ‘, . "iZ-AQ}f: g ':. > -~ : ? LH ‘h

T ,As part of the‘therﬁal modulation program, it was decided to

v

_try to complement the TR results with thermally-moduldted absorptlon ’ ,}
data It was hoped to.observe 2a more vrsual 1nd1catlon of the n =2
excltonlcﬁllne, whech does not show expllc1tly in the TR results.{ In.. : I

.o ad tlon, such a measurement‘would g;ve an independent valye for’the
excitoq,binding energy( which ‘would berweloomeibecause'bf the signifiel

- C

cant dlsagreement 1n this value from the TR analysxs, and that of recent

theorx. al- At present, thls project has been cofpleted only from a tech;, T

3
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nlcal p01nt of v1ew, in that a- method oéfpreparlng and mountlng flve

.r¢4 S

mlcron thlck damage-free Ge sampiegahas been.developed N | A

TS . -t N ,‘- . ‘

-

. In snnmary, TR measurements were madzlon Ge. to test the TR

method 1tse1f, and ‘to obtaln, lf possible ‘the c1ton blndlng energy and

the broadenlng parameter assoclated w1th the tranSLtion. , ‘Some analy—

J . ” . A

i tlcal development was made t6 permlt eﬁtractlon of these values from the

an—

CoL S v EX
"data. ; . : .

- e "‘;.5 . ‘ _'f . ‘l - ‘\f 'AT ;

. ;Slf vo. - ' :, T : _ ! . AT ¢

1.3 Outllne of the Chapte:-by—Chapter Presentafion. :

v

L ‘ The follow1ng 15 a chapté&-by—chapter outllne of the materlal :

., ki

Whlch w111 be presented‘ S ..

a b

. -, . i . ) ) .3,.'.
} < T . i . e o v ’ ’ .-?

3 . s . -~ .. . - N M, ) ol
! Chapter 2 is a report on the work of‘a-routine nature, made on

'

“the InAs: the preparatlon of the Se-doped crystalsl the determlnatlon

- of the Hall coe%;;CLent Hall moblllty, magnetoresmst1v1ty, 1nhomo— \j‘:

"genelty, and infrared reflect1v1ty at room and llquld nltrogen tem- _ -QT P
K peratures Included w1th thls is a ehopt reVlew of the standard

theoretlcal results requlred to 1nterpret the data.ﬁm In the dlscu551on

'

- of ‘the theory of infrared reflectivity; a simp;e treatment is.-given in -
,  terms of scattering times, rather than by the normal method of ‘intro- -’
ducing a danpinb force. . Lo R o

Chapter 3 presents a. simple.nethod developed by the author where;yﬂ o

a3

.the Kane model for the conductlon band of III-V semlconductors qan be“used s P

¢

- more exactly than 1s the practlce in 1ts appllcation to traﬁsport measure-

r\

ments.. The method 15 exact in Lts use of the pos;tlve root of Kane 8 cublc

o

equatlon and the 1sotroplc upper band terms._j Also‘a fingt order'treat-

K T

ment of’ the non—lsotroplc upper band correctlon terms is made for. some -

) speciflc cases. The correctlon.terms for‘diffenent“electron spins are -

] C .
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" . .

Zignored.4 The results of the analysxs are used 1n a comparlson w1th the -

experlmental effectlve mass results for InAs glven in Chapter 2.
s . BN :

.
I
o B '

" L . Chapter 4 presents the. common background material needed to

———— N

account for “the TR results on InAs and Ge which are presented 1n

Chapters 5 and 6. This is 1ntrcduced w1th the'theory of reflectlon B ) S
i

and followed by Batz s treatmfﬁt for thermal modulatlon at an M crrtlcal

p01nt. [ The Batz formulae are superceded in Chapters 5. and 6 by new

formulae developed by the author Wthh take lnto account the ‘Kane model o

for the conduction and valenée bands, and the exc1ton1c constrlbutlon in
!v-' . ) - ‘4 .
a two-band plcture, respectlvely. The technlques developed by the author

o

assoc;ated Wlth the TR measurements are lncluded in Chapter’ 4.

. ! . o ,

&

Pa A pn

Chapter 5 presents the S 1f1c experlmentel technlques,

results and analySes“connected with the TR measurements on InAs., - The
RN S _

\ rather lengthy orlglnal analySLS lS directed at finding the quantltatlve

~1y

" predictlons of a TR experlment usmng Kane's picture.

n . bt

Chapter & is introduced by a summary of Elliott's‘treatmentI

. of the Coulombic electron-hole interaction, which results in an excitonic
fundamental absorption edge. His result is déveloped by the "duthor_to get .

a Lorentzian-broadened derivative of thJ dielectric constant suitable for'
E o ' : - — - W _
comparison with the TR results on Ge. ‘Several new‘techniQues associated with



: of Ge of thrckness arouﬁd 5 microns.

the reductlon of the data and the computer f1t of the theoretlcal to the

experlmental Curves are presented._ - : E:) ' ‘ _ . '

R Chapter 7 is‘a‘cursory-reoord of some unfinished business.

. '
! |

The TR resultston Ge at about. ZOK in a magnetld fleld are presented in -

-

a Way to 1ndlcate some of the 1nformatlon content of the data. No

analy51s of that data. is 1nc1uded Qn thrs report. Thls chapter also ¥ -

Y
N

contalns a statement of procedures whic w1ll prov1de absorptlon-samples

work 1n.the general area_whlch seem. ‘promising.
E M : . . - -

Flnally, the appendices present four analyses, whlch occurred to the

author durlng the course of thls work, and although not used exp11c1t1y"¥;,

the analy51s of the data are related to the general field oﬁ,lnterest.

In any case, the author consmders thls a good opportunlty to record~“*'““”‘“””ﬂf'

A

: \

‘them. First.a derlvatlon of the Faraday rotatlon eftect is, glven whlch

-t

does not require the use of the usual decomposition of the 1inearly-

‘polarired wave, into left—.and right?handed.circularly—polarized waves,

. dlelectrlc constant over a limlted %pectral region, one should be a?le-

. - _ AN
Secondly, a plauszble observation regarding Kramers—xronlg relatlons-ls

1nyest1gated namely, if one knows, for example, only the real part of the -

1
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_to.obtain a knowledge, although not as precise, of the imagindry part .-

Y

-.over the whole spectral region. . Thir&ly,“some-de%}ygtidﬁs‘a eveloped
_ . . o . . M g .,

to improve the undérstanding of maénépoﬁgsiétancé the Hal;‘ef%éct;
Lastly, a qpantumJMechahical derivation

A . . - . R T )
 is somewhat different fromlgggse’?;;nd in the literature, is presented. .

*

2 . »
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All the experlmental work and evaluatlontof éata 1n thls chapter -

"are orlglnal works by the author.‘ - t, "-. o " : ;//k Lo
2.1 . Preparation”

';ndlum arsenlde is a. crystal of two overlapplng face—cenﬁeg‘l

-4
-cublc lattlces, 2‘one with 1nd1um atoms and the other w1th arsenlc atoms.

The electron di59051t10n in the outer shells of arsenic is 4s 4p3. The °

\' o
grqu VI elements whlch have the most similax outer shells are O, F Se,l ,

4 2.4 2 4

and Te with ‘outer shells of. 25 2p ,_35 39 K 4s 4p ,‘and Ss 594, respec-

tlvely of these the atom Se 1s closest to As, and e would ‘expect it

to be the best element to use for n-type doplng The.segregatlon ‘ xn .

x

coefflolgpts for several lmpurltles ﬁn InAs are glven by SGhlllman43 for

atomlc pkroent concentratlons up to several mllllpercent. ' The values 'r. .

i L

for Se and S are. close to unlty, that for Se a 11tt1e hlgher ‘at hlgher

concentratlonsr The Te valueHls consxderably lower.

. Te— )
. e . - - 7 .
} B’ . , L

Ingots of mass about 5 grams were prepared by heatlng mlxtures'
of InAs of an~1mpur1ty level of lﬂlscni'_3 w1th In Seﬁ to 990 C, v1brat1ng,

.at about 7 cycles per second for lS mlnutes, and then cooling con~ - °
»

tlnuougly te 800 C at about 5 C/hr. Exception-was made for the three

most llghtly-doped crystals by mlxlng/EnAs w1th some materlal from the

second most heav1ly doped InA ingot. . This was done because of the

1
/

small amount of Se which was required. A verrlcal furnace was used

w1th a temperature. varlation when empty across the part which was ué%é ) ;

~

OF 6c° over/a/ie;oth'of 4 inches. = The ingot'constituents were vacuum-

P -~

éile%/td/ether w;th some excess arsenic in quartz amPDU1ES- Grdups of

e - ; . e . e s

. : /.‘ ‘ - ) V . . . . \ .
,,-..-/-;’-' . : o ’ L . ’ ‘ ' o ) | W | ‘ .
/ | | ' ‘ -dl i i - ' B . ‘ - a .. V .



=tub1ng, SO as. to prevent oxldat;on should the small ampoules break ;

by a‘ﬁotor—driven Variao. The v1bratlon was accompllshed by puttlng

three of suc poules Were vachum—sealed ln 1arger pleces of cuartz'

- h b

'.‘- 2
i [

durlng the slow cool;ng. ' The temperature varlatlon was accompllshed

the rod Whlch supported the large ampoules in snrlng cdontact wrth a

rotatlng eccentrlc wheel.l_ The idea for ‘this accessory was lnltlated

-I belleve, by Dr. C C Y. Kwan.-

Id

]
2

0,

P . . - . . U E -

The resultlng 1ngots approxlmated cyllnders of diameter 8 mm

1 W

and length 18 mm. They consrsted of a comp051te of 51ngle crystals, N

i

of typlcal &1mensions from l to 10 mm. There'was no correlatlon ‘noted

between the. doping level and the size of the'crystals. It seems that ‘

not much further effort would be requlred to approach a 51ngle crystal

result for any such 1ngot.A

-

- - - !

To indicate the effectxveness of the doplng,Flg. 2 shows the
relatlonshlp between the effectlve doplng achieved, as determlned from f

the Hall coeffrcaent, apd'the carrier concentratlon calculated assuming /o

- that each Se atom is a ﬁongr.* This interpretation assumes that the Se

‘was homogeneously distributed over the ingot.  Some measurements were

: : . e _ e _ :
made to test this. On the most heavily-doped ingot, Hall measurements ‘

¥

on two,prelimipary samples, one central, and'?hewother within 1.5 mm
of the outside surface of the ingot, differedlhg‘lé;percent; the higher
concentration being on“the'odtsdde. ‘ Elgure 2'also'includes a point

t
-
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Fig@re 2., Measured electron coﬁcentrafioné_in'doped IhAs com=~
pared to the electron “concentrations predicted by assuming that:
each Impurity atorm contributes one electron to the conduction

band,

correspondehce,
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The diagnal line would result were there a one-to-one.
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o

' taken, "for comparlson purposes, wlth .an 1ngot doped Wlth -InS. The-

o . .
1 Yo '

only COnClUSlon that will be made here 1s that the growth procedure
descrlbed produces good quallty mater:l.al with a maximum. eff%ct:we

doplng by Se or S of the oxder of 6 X 1019 3; " 1s noted that InAs

-grown by the Czochralskl method w1th a flux has agi'bently the same .

'2.2.1 Conductivity and Hall effect.,

upper doplng llmltuzs

s

[y

-

-

2.2 Rev1ew of the Theory Assoc1ated*w1thethe Transport Measurements

<

1

The,concepts_end'oalculations involved with simple models fox

 the electrlcal conductxv1ty can be fonnd lq many places (for example,

| references a4 end 24) and Wlll not be - repeated here.

!

The two commonly found treatments are: (1) the_treatment of electrons -

. . -

‘as charged balls with enefii depengent relaxat%?n times; (2)15the

treatment of thefpe;turbation of the distributicn function for ‘electrons

of wave vector k in an electric field £. “Method (2) is fhe Boltzmann:

. — 9 0 ‘— N - . -
equation method, and, in¢§tandard treatements} involves the use of r:'
relaxation times, T;.whioh charapterize the rate of “approach to the,;g:
L~ . . [ . e

equilibrium distribution after the field is turped off.  When one con-

siders_a degenefete eleobron'gas‘in a-band characterized by spherical

] »‘ ' '

‘ energy surfades in k—space, the conducbivmty 15 glven by Ne r/m*, where

. (T/m*) is ev 1uated at- hhe Ferm1 level.,' In the expre551on for,the con--

-.\- . N L

RSN

Y



E sumably, one-would follow the anes-Zener-met@gd,:‘

'.:from what the author has otherwmse readr and afe more plctorlal in

T 2 A S ;L -
. R —f 7? K Lo I
. ; ) L ._ - -} ‘ -. ~~ ) :.. - PO, 3
o ) L ' LN ’ -.‘ B - 19'- - .S """" * . ’
. - . ' ' )y ' " h
. . . 7 b s A Lt ® 3 *
_ hu_é’<4§:/—\\ Co S . ‘_;b ‘ S
. . L .‘ h’ - * - . . ]
S et . oo NI
k ! e, . . ) S . ' @
-1 2 =l ; - " e
deflned by (m*) o= o ) © (dE/dk), ig the effectlve mass of the . 6
v : - s I S
: . - . T - o \
electron-evaluated at-the_Ferm; level. The klnematlc,model of treat— o S
. . : ; .. ..

. v
" - .
4

‘ment {1) above wWill glve "the. same result only if all-the electrons are'

u .\

‘_consmdered as hav1ng Athe same’ (T/m*) value. T —, \ﬂ‘ S f R

v
¢ '

.'-,. ) n H \‘ . . ‘, ; . ‘. ‘ C . d\/g\ . ‘t.i
The sdlutiq}‘of'the Boltzmann eéuation for the easé ef‘electric R

o . y

and magnetlc flelds (the Hall effect-case) in whlch the values of m* and S

%

T for the electrons are energy dependeqt 15 not Smele.- It has been

L

carrled out ﬁpr the case of spherlcel e@ergy surfaces 1n k- space by

Kolod21e3czak46 follow1ng a method developed by McLure.%z\ When‘

~

degenerate statxstlcs apply, thas glves the same result as for carxriers-

' : E
g w1th a constant relaxatlon tlme and mass, namely, RHall =" (Ne) lf
. : o - ’ . ' ’
'”f‘ . - X R ;
. There will, be no attempt"tO‘treat the magnetié effects for‘non:f R
_sphericaluenergy‘surfaces.' Perhaps such 3 problem woulddinve been : ’y
" l v . ] . —.

studied had one. made measuremenps on an’ orlented SLngle crystal.

Pre- ‘ S, o
P J‘. .-f -

?r the’more recent”

:,,approach by. Allgaler 9‘ 0'-' S N \,L ' -
---- " .‘." il \ D or, . > N
) . ; — oL | o L !
Some simple derlvatlons . For the Hald and magnetoresistance , VA
r'_-nl : ' ) 3 . . Lo "o .‘li).
effects are given in Appendlx C\ These presentationé are~diﬁfenent‘ﬂ . . ;

o

1 '
' v d.._._"‘ “"‘ s - .
' that they treat orbtts*as well,as current Vectors. o e L
v . ' s "
TN ’ S - ‘ S oL
o A ,.vé - e T T
e T .
" - L .
T e : v
R K \._; 3
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2.2.2 Iﬁfraréd refiectivfty' ' . ‘ f‘ T N o

. The series of‘%teps whlch are followedrto relate the reflec-r- l
(LI ’ . ':‘--"l
t1v1ty of a vacuum—solld~lnterface togthe con@uctmv1ty, o, and the = -

3 - ' o
dlelectrlc_constané:‘f//ﬁlll be'summarlzed here. Maxweil‘s equations for
e ‘ . . _-r" ' oL s .
- a homogeneous jisotropic non-magnetlc medlum with ho net charge can .
T . B o o ' RS

be.éombined to produca‘an'equafion~fdr-the’spacial vafia€ion of ‘an

| elevtric field of angula:}freQuéncy w of the‘form5l. ' ;5 ‘ J T {,i

; v

2 }g -“2‘_#-,.:' K
veE P +.Em) Hoew §H =*0 ..

. T - i . ' o ' : i '
l . . k] - L . . . .
i ratidnalized mks units;,where-8== KE_, where . Eo
. : - . c

I3 . .

stants relatlng D, E? and B, H, respectlvely,ln vacuum . Llnaprlyl cr
- [ '/ ) oy

: v S
polarlzed plane wave solutlons of 2~(1) “which 1nclude gﬁe time chtor, - \

. s ’ : ' . : . sl 5’ oo -
L é -« . o v d
are R = o HE . L e .o T‘E‘\ oy
} : y A N T S
21 t A o L Lo wmrgw .
: £ = E 1; xth-v ) ; _ ' g 5 - (2
Y ‘ ' : . _ . e o
where .
I - TR : . . -
' . ' ' i ) . - {3
‘ ;k-=11e;!<\’ (1+Zr L o ; 2~ (3}
- i o ' / ; ‘ . ’ - .
[ - : T ; ' -
' ' ( . .
. a . - V ! Foet
O ’ ) ) ‘ - "
* . a I 4 ,‘} f
‘ . ! ’ . 1 B '
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. e . . o T R '_. ' v
|.‘l.‘ -v€ . . e . .

W= 2y, and,nwhere, for.deflnlteness,the wave is pronagatlng along the

- , Y

x—dlrectlon with. 1ts electr;c fleld along the unit’ vector, i

Y' in the

.y—dlrectlon.‘ It isg stralghtforward to show also that H asso;;ated ‘ {
< such an electrlc fleld is - S ' T

Expressing k in its'real'and.imaginary pafts

LI '

‘— . ig v . o ‘.& .
k‘= H¢€0 V(e (1 + J'_é));’ = = _(nl.+‘ 11’12) —-;in

-+ where ¢ = (u £ )—E is the ve1001ty of llght in a vacuum, and n, and n, o
. __are the real and 1mag1nary parts of the index of refnactlon. BEq. 2- (2). ~
[ e ‘ /4 .' L] . . ..‘ ! - .
in these-terms becomes ' : . , o
\q ‘[ ] '-2”!1'1’12}(_ - _. .
AN 2% amiledy -] T o
oo Ee= £1 e ) A e "t ‘ 2 = (6)
)y s Ry ce e

,; Where A‘=_c/v is the vacuum wavelength of a wave with frequency v.
| . ) $ 7 , et e

. * o o o : C k
=1 : :

L : - - - . —

- + -

Consider'now.what happens when such a wave: is incident on a o

solid-ffom a vacuum, ," Normal 1n01dence is treated to show the idea, and

i -

the Fresnel equatlons for. ﬁ\njnormal 1nc1dence are developed in detall
. :

in many places (e.g., Ref. 52). . Maxwell's thlrd and fourtﬂ equatlons

requlre that the electrlc fleld and magnetlc field 1nten51ty
.be contanous at the surface. o .Thusrindigating'by' Eﬁ, , and
Et}'the values of the electric field along the y-direction at’/the intei— B
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¥ '
_ . . e 22 = Ty
L i N “' ) r oo o
H ] [
0 "
o ' N - . ’ o ' . ‘. . . '
“face fox the incident, reflected, and transmitted waves, respectively,
‘one has S ‘ g T o o
g ] - ‘?
' i E * o= -
5t Er Et
- N "_% - (7)
1 8'1 B 82:’ = é“t < ’ )
‘ n - . ; . v . .
. whe{é_ fi characterizes the solid. ° Solving one gets . T
Er R -1 Lk 1k :
R = = R'e 2.~ (8)
Ci n+ 1. . ’
/ \
.l_lavmg chosen the convention th L ¢ = 0 for\metallic reflectiofi. The A
. . / . ‘ (I » By = f
fractlon of the energy reflected ~R, is equal l,j:é the square of the
. ‘ - ’
absolute, value ‘of Eq. 2- (8) < o ~;//(
- . ’ i3 ]
' o n, - 1)‘2 + n2 '._:// o
R = 1 : : 2 / s
. . 1™ P .
. Fe . . : : P
- R ;. ~
\ f Now, how are. these nl‘ n2 values relaj;ed to the currents and
charge dlsplacements in the solld? Maxwell s ﬁour:th equat:.’qn statesSl_ .
- L - L . o
, . = o4 2 : 2% (10
| Y*xH=Jirpe t 3¢ : . 2= a0 _
: . . . - . ’ '.' 5 . -
__Where j true relates to the movement of unbound chafges. For a time - .
1 . . N . - . . N & .
. o . ' <
dependence e ¥t : / - S B
v Y xH =-08 Tt :uue e‘fu g -
e 2 -~ (11}
: L= (0' - ime) E e ' .



_ Vacuun dlsplacement current, we are at llberty'to deflne 0

Al

expressron, “and 02 as the 1mag1narL\part, that is, "

v

Slnce this last equatlon on the rlght hand 51de just expresses the

total current, the unbound dharge current +'polarlzatlon current, + °
.-‘- : .

1 as the

total real part- (i.e. the 1n—phase conduct1v1ty) of the bracketed

al
i
Q
+
P,
Q
]
'
[
&
]

-~ e, xie,)

= -dwe (k(l+ igﬂ) = ~iwe n2 (12)
. Ew . .
- ) ’ ') i ’ A "" ' - [
where now a ' complex dielectric constant T has been defined.’ Fihally'
' one has , o _ . ' o o )
-2 2 - .
r Y1% Py LR ~
@ e tooosn “ - 2 - (13)
; 2% “Mi ) K
: T o ' - ! [\

Now the complex conductivity will be related to. the effective

- ' < + . . N . - V“‘.“ ) ) + '- .
mass m*, the carrier concentration, n, and the relaxation time, T. ‘As

5’ ‘ . K w5 ‘
kinehatic and the distribution'

proach. Since we may expect, as in the

dc case, that the result.from the klnematlc model will be the same as the

‘ _ Boltzmann equetlon results for a band with spheracal energy surfaces, in

‘r

k-space when the eIectron gas 15 degenerate, and since the author

belleves to have a very clear way of presentlng the klnematlc model

- .

1t wmll be trehted in more detail than the cqrrect Boltzmann procedure.

N

a . . -9,




First the component of £ Que-to u boundoelectrons will be consﬁdered..

:Ohe'ofteh {for example, Refsl 53~ 56) comgs across derlvatlons

-
L

of the a.c. . conduct1v1ty of SOlldS whlch make of a damping force

. term,. ¥V in the equatlon of motlon for unbound electrons. This approach

bability

is justlflable since it glves the same result for the complex c&gﬁuc—

t1v1ty as a statlstlcal treatment for the movement of electrons whach are
—— !

subject to colllS;ons. The results are the same if y is put equal to m*T_;

, g

-1
where T 1s the proportlonallty constant 1n the expre551on for—the pro-

colllslon in a tlme anrement At. However, the author is

‘hnot‘ ware gf a presentatlon of a Justlﬁlcation of the damplng fbrce approach

Enlor tp the solutlon stage, which, albelt short and srmple, is given here.

.'.“ . ) . . - . .-‘ -‘ H .
Con51der a populatlon of electrons suchﬁthat thelr movement K

3

©

between colllslone s determined by the force -efl cos mt. : qu sim-

,_pllcrty, it is- assumed that the COlllSlonS are randolelng, that is, the

average velocity, of electrons after collision is zero. . Thus in a time

3 increment, At, all'electrons will have thefr velocity ¥ varied according

L
.

to

.

Lo j; = - (eé%/hﬁcos wt I L o . ‘1 2- (14).

' whereas those which endare a coilision will have an average additional

fvelocrty change which is equal to the average veloc1ty of the" populatlon,

u.,,-.

r




A S:ane th/pco!)aﬂﬁllty of COlllSlOn for. any electron is &t/ r

the average chan’ge in the veloc:Lty of the dlstrlbutlon due to colllslons

is e : & S :

(égav)coll. = -(At/f3za§ S : ] 2 —(}5)}; ?l'
L , )

[+
.

Since the change of :an average equals the" average of a change Egq. 2-(15) -

. b-..

becomes, as. At + 0

A

. -

'(-Y-.av)coll. - -‘Lav{/T ' o . 2 ~ . (16)

]

- |

Thus it is clear that the scatterlng model ‘can be xepresented w:.th

. ‘regard to the average\effect of field and colllslons by \
-eE cosmt S 2-07 -

B
n‘ J -
i — .

i - '
m*vy o+ (m*/T)w
- —av ¢ /)—av

o

I

.
o

Eresl

© o It may be noted “t‘hﬁ: Eq. 2- (15) accounts as well fo,r the coll:.sion o '
effects durlng any transxent behav:Lour that would follow a-change in the S

e ~

f:Leld condltibn, e. g. J.f the f:l.eld is, turned on, or off,
" . l - . . R N , - ' ':u-..--

. . <
I

Wrn.tlng the fleld ::.n the exponent:l.al form so as to get the in

and out of phase components ofgtheo cug:rent more directly, the solution

" R Lo -._,.3 4’ 1 . . . , . ',
of Eq. 2- (17). is _ B th - .
) Tt (F1 ) -
—-aT Eoe R . -=t/T . . .
= . —_ . - 2 - .
. v b tepe (18)

— av . m¥
Coy y -

Assuming the"field turned on. at't = 0, and y_av(t =.0) = 0, one has

.



b

1 : A-‘ 26. - l :I
- ) 2:
, ‘. C e ) R .
_ .8 rﬁé 1 —jut -t/T
—-av o m* —( 1l -,iwt* ( 2 - (191

"and for .t >>T, one gets the free carrier oontributipn'to the complex

' ionic polarlzatlons to the complex dlelectrlc constant (e g. Ref. 53,

[

o S

dielectric constant as T,
i ’ ' ‘
T 2
T = TSR 2 ~ (20)
— * " - ]
1 4 wz 2 o
h ]
A 2 . ) b
e . - — 2 - (21)
. LT Sk : . ' - ;
2 - o n ‘ r (L +.m212)

. ‘.
N . . . . T -

To these—values must be added the, contrlbutlon of the bound electrons 'and .

. 5
p. 1657 . However, thls is easy in the preSent case since 1t 15 known 7

that nl for pure mater1al varies by only 3 percent and n2 is negllglble,

v\

in the spectrum of interest,, S.to 20 microns. Thus, the real part lS

changed  to

G : N’ez' 2 A
‘e, T Ew -~ 7 . 2 - (22

; 2
(L +w ot ) _ B

One '‘may wonder why the bound carriers give a positive contrihution to the

dielectric constant whereas £he unbound ones a’ negatlve contrlbutlons.

This can be "explained" in a.classical model w1th a.bound charge mov1ng

LI

s . 56
, w1th natural frequency m . If one 1ooks at the equatlons one sees

uthat when the dr1v1ng frequency w'is greater than mo, the phase relation-
) o

Shlp 1n El is tpat of free charge, whereas when W< it is 180 _’-

' degrees out of phase. In the present casa’hw would be.of the order of




. 2.3 Measuremedt of: Conduat1v1ty and Hall Voltage-

S 243, l Ereparatlon of samples and - electrlcal contacts

the excitation energies of the bound carriers.

' L e ] N

s . ' . 3

The Boltzmann eéuation‘sblution_of the ac conductivity has
. | . .Tl : P 58 o . o ) 9 . .‘ g :
been-treatedx)n detail by Fan | end Spitzer and Fan , and will not be

‘treated here. 'It"is simply noted that the result for the complex’

_dlelectrlc constant in the case. of a spﬁ%rlcal band w1th degenerate

statlstlcs is the same as that of Eqg. 2-(21) and 2~ (22) prov1ded m* is
interpreted as 1 . . “ <

1 _ 1 11 3E - §
w42 TR R

. : . - * . [ )
'where\the subscript F indicates evaluation,at the Fermi level.
: ) - - o . | : :

vl -": '
L ! . :
The sample'for the Hall effect and conductl_lty measurements

were typlcally 15 “mm 1ong, 2. 5 - 3.0 mm wlde and 1.0 mm thick. Llne

contacts were put on the 51dee, on one side, one in the center, while -

on the other side, one ih the center, and one about mm away on either

' side of the center.:' The ends were completely covered with cqntact

.l‘v

\

: 60-62
in the measurement of the Hall voltagesg and “the magnetore51st1v1ty r'6

]
'
i ’ * 3

- " -
. ‘

" [, Tnitial contacts were made ‘to the InAs b?selectroslating

:
n
.

' 59-62 -
" material. ThlS geometry essentlally ellmJnated any geometrlcal effects . ‘



'_ versely-on the.51des; the-coating was ground off‘the ends on a glass ‘

ideal for the apglication of. the van der. Pauw me€h0664 fof_determining

. . . . . . R BN
- . .

. . —28 - _‘f' E ’ .‘ » _' .

3 :

1ndium' thrdugh.a mask. The mask was‘prepared‘as-follows:' the - B

- -

samples were dlpped several times in a 20: 1 methanol re51n mlxture

'
.

folloWed by drylng each time under a heat lamp,‘llnes were cut through
the coating in a jlg which was de51gned to hold the sample as well as -~
- to allow a 0 003 in, w1de saw blade to cut through the coatlng trans-
iaé. Electrical contact for the sample in the batq was p:ovided-by a

platinum probe spring held in a ueflon jig. Once eléctfical contact

S

' was made.ﬁhe contact area was coeted with the resin mixture. ‘The a

.eléctrqplating circuit was operated at about 0.5 ma per mm? during one

hour. The resin was then dissolved in methanol, and the samples were.j

heated in He or N, gas to 350°C in a furnace made by the author for that

.purpose. Finally, 1nd1um-dlpped gold wires were connected to ‘the sample

[
1
: ! . .

contact areas by current pulslng.

-

I

-H—Theﬁauthor does not recommend this. procedu:e wlthout testlng,

, TT— - \1 —

for making contacts to relatlvely pure sampleg because;of uncertalnty

- of the purity of the plated indium. However,‘the line contacts are

resistivities gnd carrier concentrations. That meIPod'was verified

By th authornduring this work on a single crystal sample of carrier . . L

16_ -3 : - N
concentniflon about 10 . : : Y



'2.3.2"Mea5urement procedures

; '
' K .

The measurements were mede at. 77 and 300K in a cryostat
Qeglgned by DJ.cmne.‘65 lThe measurements ﬁere,made at 7 and 30 kG -in both .M_
fleld directions for both current dlrectlons in order to ellmlnate con-
tact mlsallgnment an&rthermal voltages effects. Currents of 50 and 100 ma were

used. The Hall voltages between the central contacts were used to cal-

"
'

culate the carrier concentratlons. : Hall'voltages'were also measured
between center—to-off—center contacts to estlmate 1nhomogene1ty in "the

samples. The re51st1v1ty and magnetore51st1v1ty voltage measurements

'nt - . R .

were made between the two_offfcenter contacts.

I ° o,

. v

2.4 | Measurement of Infrared Reflectivity{'

2.4.1° sample prepaéet{on
Ewo eets of‘éaﬁpies-were prepared, ohe in £969 the other in
-1975; The first set was made: from materlel whlch was adjacent to the
Hali.sagple material, whereas tlie seoond eet was the Hall samplee theé—
seives. .The measdremen 5 eere.repéahed:so as to obtain more carefui'

méasurement of the absolute reflectivity. . This was aohieved by an
iﬁproved spectrometer arrangement, as well as by Aimproved chemjical ‘ o

" polighing on the samp_'les.u" The samples were prepared by lapping on gkass
- . - . . [ ot R

with a 5 micron KIEOB»— water mixture, followed by mechanical polishing® i

with the same mixture on cloth. ~ The flrst chemical pollsh whlch was used

s

was a good GaAs pollshlng solutlon,66 7H2504 1H20~¢1 0. Thls is not

recommended because it creates a heav11y-p1tted surface:on Se—doped InAs.“; 3



TR YR ST TR TIS D T MmN e

- The inexperienceg-work

- ' -' a K ' ‘ SLe=30 - .,

i . . . : - o -

b

The polish used for the second set of InAs samples. was a'S'pefcéhtISdiution

of bromine in méthanol. This results in pit-free, mirror-like. surfaces,

. except for some delineatidn of graln boundaries. The etch rate was

L]

measured at about 30 fhicxzons per minute, énd is practically indepenéent

of the Se impurity level in-InAs.

2.4.2 'Measuremént'proéedures. T,

‘The dispersion apparatus was a Baird Associates, Inc., double

beam, double pass, prism spectrophotometer, used in single beam operation,
. . o T

NaCl and KBR: prisms were used in the range 3 to 20 microns. - All the )
mirror, surfaces were redone and blinds were placed at critical locations

_ to reduce scattered light. This was considered succéssful since absolute

'

reflectivities of one percent and less were ﬁéasﬁred in the range 5 to 12

microns. The reference mirror was an. aluminum film evaporated on glass:

)

ed ’nc?to use an aluminum £film proj:e'ci:'e;i
by a sium oxide £ilm unleés it has'been calibrated, since.
this can introduce errors of the order of 10

percent. .
o .

| .

The detection system was a platinum strip bolométer bridge with

a trénsformer output feeding ihtolone—preamplifier tube stage; followed-by

inpﬁt to a PAR Model 129 lock-in amplifier.. The reference signal came

from a Cds celllci:cuit placed in the 10 Hz CHopped ;ight hég; ahead of

- the reference circuit of which automatically uses whatever reference

LI

.o

. the entrance-slit to the prism chamber. The user of the above lock-in, . .




element is surrounded by a vacuum space.

.- 31 -

L4 *

frequemcy is offereduwithout'oterétor'tﬁning, is advised that theglook—in,re{

quires 3 clean.signal, such as is ot provided by standard mechanical’

breaker eirouits, as supplied with'the<Bairdﬁapoaratus; Of note. in the’

S 1 o . . - ) o R ,
detector system is:the bolometer, fabricated, it seems, at NRC, %n which
. : : : T - Y L ‘ S
the platinum strip 'is in tdtaifoontaot with a KBr crystal which apparently
. . , 0 . . _ !

With‘the first seft of sampleepnrunsfwere‘made at room and
. N

nltrogen temperatures in a cryostat which followed a de51gn of Fortm.s'7

- Reflectivity minima were carefully determlned in thls case; however, . the

\

measurement'of the absolute reflect1v1t1es.was not,well done. The’

' second set of samples was measured only at room temperature, but w1th

»

i

'care to-check the reproducrblllty and. to obtaln the absolute reflect1v1ty.

/

An upper 11m1t on the error in these measurements in the 3 to 13 micron

range 15 estlmated at (0 S + 0. 02R) percent where R 1s the measured
d

" reflect1v1ty in pergent....The‘measurement range for each sample was from

3 microns to the wavelength at which the reflectivity was at least 75 per-

LY

cent, and in most cases at least,QO percent.

T - ..

o ; : . .
2.5 *Results and comments - j' o o
2. 5 1 Electrlcal results

The electrlcal results are summarlzed in Table 1. The

mobllltles are.approxlmately 15 percent hlgher than those of Korenbllt et

‘was melted onto it. This "c:ort}_t}_"rasté with morlej orthodox designs where the

akt.

aq

27
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L e S —_— oy DT x  al o
-'who prepared samples doped with sulphur "Theqmobilitf‘ie_almoet‘intereélyf
proportlonal to the carrler concentration‘for N > lOIQCm 3.:-hThe magnete—

re913t1v1t1;sAnere hlghest at lower concentratlons; and one speculatee.; ; ]
tnat th;s results from 1nhomogene1t1es... There was ngfconflrmatlen ‘of o

N . .o .

‘the.results_qf Kwan and delleg,es and in.Particular?tAp{af talnee“éf‘“¥
‘0.02 fo; the moet heavily aoped‘eamples were not bg;eévéd;; Tnere is no .
. : ST ) . < ' ot .
support heze or in dther work fcn;their dbnzlusions:regérding the ' ’
ex15tence of subsxdlary minima in the <1ll1> darectlons ateD. 7leV abbve f

1 . 1

;;' _ the <000> mlnimum Rather, as Wlll dppear 1n Sectlon 2 3 2 and 1n
.Chapter ‘5, a eingle_Kane bandl at <000> glves a pretty gdo@'interf . -

" pretation of all other’data. S e

) - . : ta e o

nﬁ?,...
;
-
M
L
.
>
S
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i
L]

r_u-r._u
R .
P
¥
E

2.5.2 Optical results and dichssion Y A S . FRRR . .
“l . . o vt . A "\ o L : j . o . :f(
' The rpbm te%perature‘refleativity data was fltted using Eqs.' Co. ‘

v oo

"2-( 9), 2- (21) and 2- (22), w1th m*, Ty and E; as‘varlable parameters. _ i -

oo - ey
However, “in- no case was the value of T the(eame asrthat calcufated rom - 7

T= m*/eE The bptlcal mobllltles were alwaés betWeen 0. 5 and: 0’8 of .
the Hall mobllltles. The dielectric constant in the flts Was typlcafly _
> e 0 “

i

11.5 eo.' Table I glves ‘the wavelength values of the reflect1v1ty
- i [ "

) minima as well as the values ‘of the manlmum'reﬁlect1v1t1es.‘ «The mlnimum_ 0o®

PEALTTFLIOY f 9 O Y BT T WA S O e TR P
. . S
3 . . .

- -

-

reflect1v1ty vaiues are,hlgh,.Sane for samples of the type used here

‘.4
q

where.wzr2 > 1000, the minimum reflectivity, ~Rm: shoulg he 1é§s than

o } M
[ ~

1 percent in every case:sg'} It‘is.sp8cuiated that these high Rﬁ?valuesﬂ
result from inhomogeneitx;‘ one can'readilf vﬁsuali;e that the suPerf_ ‘
’ /-‘.. h I - .- .._ o I . e ' T . ) ' ¢




—
[

_ p051t10n of‘two reflectiv1ty curves, the minlma of whish are sllghtly

.,

; dlsplaced in Wavelength would resultﬁin a highar than that‘of

- z

elther curva. The only other publlshed data70 fonzthe value cf ﬂ fcr
RAFIN . ‘

A

a eﬁmgle of InAs in the dlsqnssed doplng range ﬁéé ﬁ equal to 7.pbrcent

8. 3~ - ;, r—
for N = 9 X l()‘l cm . Rather than - try to squeeze a’ meanlnglﬂss’flt, .
-1 ".:." :

1t was dec1ded to obtaln values for the effectlve masses at the Fenml
f —" i
| f Lo . B . .u_' . -
o - level from tpe viines sof the wavelength, ,hm, at ‘which Rm_cccurs, that
~ N I’ v . . - ! . -l o
is when nl ~1. Frcm'Eq 2 (22) ! : R
v ar T e . } Lo = .
. . . ' .~J. v- . 2 \ . _E.‘ . ' . ot ' ; . i.‘ »
co e oy Ne” L ‘ . S G
‘. ‘-m,_}""\.. ) : « S ;- :
Co L wt {e - ‘ S
! “.m(“”-eo)' ' |

" where mm = 2hc/l . .H'vafue of|h2.0 wa%fnsed ﬁiw.57:7$ According
to Moss et al.,69 the’ approxlmatlon‘z—(24) is better than one percent -

.

.

for homogeneous samples cf the present wT values. : Assumrng ‘that a E

f
v e '

temperature dependence cf e for InAs determlned above room temperature ..
o . . e '

TRYRTYELS TR TN s el

: , can be extrapotgted to 77K, fi* decreases on the average by 4 percent between
fLo L ar Y
T 300 and 77K A theoretlcal estlmate cf m*. vs. N has been made by the author

usmng the exact fqrm cf the Kanb model fcr E vs. k, i includlng ‘upper

» [ o -., r,u -

band ccrrections._ A 51mp1e methcd of maklng this calculatlon, as well
] Q; v : - . ) .
? . _J as others that- -one commcnly meets, is: descrlbed in Chapter 3. Fig. 3.
S Bl o | : 28,31,9,
o .gives the theoretical curve as}welblas the presenkgand previous .
’ 26,70 i o SR ‘ s o
o values for m*..as determlned from infrared reflectiwvity.. m* was

o - - , ’ - -

calcnlated from,the A valueefln Ref 28 u51ng n2 o= 12.0=¢ One other

. -

- set of data73,ls lgncred here fcr the reasch glven 1n Ref 28. LIt is-

concluded from Flg 3 that the rbsults of Ref. 28 are correct, and that
@ . .
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Tioure X, Cormmporison tatusen caloulated (2mcoth carve) and
» : - L] - ' o -
.experizental vzlues: <f _t:‘;e'-'e_ff.ecti“é/éass deterrmined from infra-
red refliectivitt as 2 ‘uncifzn of 97 » 1),2ef. G; 2),Hef. 2C;
b - 1.% - tt S r 1+ o] 30 !
3),Ref, 28; L),0ef. 21;.73j,325. 70; 6), present data (Z00K). ,
.



, »\ ‘ . " .'. ) .
‘ o | : - . r3l ‘ . ' '
-~ “there 1s.no need, ta lnuoke an addltlotaiffand at 0.3 ev above the
first mlnlmum to' explain the thlcal data for the effectlve mass.-' ft e E

s satlsfylng to note that the masses determlned inm Ref. 31 from the

Earaday rotatlon experiments, *fall near, the theoretical curve'of Fig. 3.

. 'l - -
Cmr 4

As a cause of @rror .in the work of Ref 31 "one cah guess, from the low

mobllltles 1n the material that they uked, that the 1nhomogene1ty was

much-more dominant than. in the Eresent cade. It is noted also that

o .4

the optical gaﬁ va;uesigiven in Ref. 31 are. not correct, as will be
seeﬂwfrom-the thermoreflectance data and analysis of Chapter 5. - st

\ r

2.5.3 Comments on ‘infrared ref}ectivity'fitting__i

‘It seenms to be,accepteﬂ;-eSEecially in-view of the strong

statement by Moss et al.,69 that infrdred reflectivity can be used to

determlne {(N/m*) and T. However, the author is aware of no'case . v
where there ha% been a good agreement (% 10 percent), between the values

" of Té.as determined from electrical measurements and;;op from refleetivity
o | . 7477

o

measurements. It.has been concluded from some fitst~ '’ that Toéﬁr 0.5t .

-

But what does- this meau, siuce the’equatiens whieh are assumed say that
_ ' ;

.top = té? Tt seems instead that the opt;cal formulae are not completely -

‘valid, perhaps due to boundary cqydltlons at tHe surface which are not .

‘laken 1ntd account in the 51mp1e theory In order to check the invaliéit?

-of the formulae, the author fltted the results of Spltzer and Fan on InSb

' . ’

and InAs, they gave _topfv 0.6 Te for InSb OR the average over 5 samples,

]

and T_ 0.4, and 1L4Te for the two InAs samples. As a further check,

/

3 ) V . | ' ’ ’ ' | | | /
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“curves tested here,~rdb approaches Tg

‘to the data. -

2.6 Conclusions

et
r . -y .

“the author took the'prlme example ‘of Moss et al.,69 in which N and T,were!f

determlned frcm A anq Em' ‘Using these values a eurvelef'R~vs A

(was produced using Eqs.'zh”(9)! 2=(21) and 2;(22). ' The results are

presented;iu Fig. 4. R useful bit of iAformation ‘is that, for the

he less one uses the part of a

reflectivity curve past the minimum.

- 1
K !
.
.

‘The author would llke to make clear the point of dlsagreement

w1th the method of Moss et al - In thelr paper69 they show that equatlons

2—(9), 2 (21) and 2-(22) can be analyzed in a way such tﬁ’t;from a know~

?ﬂ .
1edge of the value of the minimum value of the reflect1v1ty and’ the-wave-

u

length of the reflect1v1ty minimum one can obtaln (N/m*) and’ "f; " The

—_—

vpresent author agrees w1th that- ‘however, he poxnts out that the Moss

method should only be applled when equatlons 2—(9‘), 2—(21) and 2-(22) apply

2

-
— 4

The main erigina results of this chapter are considered to be:

(a) good quality, heavily— oped, n—type InAs can be prepared by slow

cooling through ‘the temperature region of Eﬁe freezing point;

.(b) the plasma resenanee effective masses for heavily—deped, n-type

InAs are in pretty'good agreement with what is predicted by the Kane '

theory for a single band,'tﬁus settling a controversy which existed in

the literature; L e

_(é)‘ there is fo confirmation éﬁ'published data on magnetoresistivity

" -

. oF

‘magnitudes in heavily-doped, n-type InAs, and

" —

(d) the ungquestioning application of the simple theory of infrared .

L

reflectlvity to determiue relaxation times is liable to" lead to error.
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3.1, Introduction

R . 4

. ‘ o oee. 1,2
i The Kane relationship™’ for the energy, E, vs wave vector,

for conductlon band electrons in III-V semiconductors 15 usually

Yo
Yo

assumed in the’ 1nterpretatlon of transport measurements on such

ar
+

‘materials. However, the relatlonshlp is always used in’ an approxlmate

+

':fcrm, for example, Reférences 26 and 27. Although the approx1matlons

A
can be Justlfled for small k-values, 1t has not been shown that they

19 -3 - "

are justlflable for k—values correspondlng to doplng levels of 10
It ig the primary intent here to show- that the Kane relatlopshlp,
including its. isotropic flrst order terms for upper band.contrlbutions,.
can easily he used in its exact form for eré%traryldegeneracy.m To

deponstrate the method, some specffic derivations are made which relate

'the'FerﬁIWlevel, E_, the carrierVCOncentration,‘N, and the optical Ay

F

effective mass, m*, for the condition of complete'degeneracy. ' A flrst
' .f.v‘

order treatement ‘of the effect of the band anzsotroPy is 1nc1uded in

- Tt | -
X ' .

these. latter relations. Some numerical calculations are made for?InAs
\I- !

to .show the relative magnitudes of the various terms which contribute

to m*, as’ well as to compare the values of m*:and.EF calculated by the

b C

. . : e ' " . . 26
present method with those calculated in Cardona's approx1mat10n. * The

complete development in the follow1ng, from the startlng polnt of the

Kane equation, is original.work by the author.




- conduction band near k = 0 from measurements of parameté;é‘such as

3.2 Method
3.2.1_‘ Arbitraxy degeneracy _ o o ‘ ;

In the determination of the intrinsic or extrinsic properties

. e = fe ‘ ’ ' ’
of n-type IILI-V semiconductor samples: associated wit electrons in the

- -

Hall

‘coefficipnt, cohducﬁd&iﬁ?, magnetoresistivity, thermoelectric force,

a

r ) -
magnetothexmoelectric constants and Faraday rotation and-plasma resonance.

Y . 7 R
effective| masses, one must, in.the isotropic approximation, evaluate

ihtegralé of -the t'ype?.6178r‘_26a9 ’ '
: . dE - . Y . :
T = J gk, "3k ! E) F' dE : - ) 3 (1).“

o

where g is some function with a‘simpie fqrm,'and F' is the energy

3
]

-derivative of the Fermi-Dirac distribution funqtion. . >
' ' T el - . . b
! : . . ‘ o m I - ‘ . !
! v
: ;. L . .2
The E vs k relationship derived by Kane is™: .
: . 4 2224 -1
E=E + sk2 + sf;k2 + sf k2 + g(k4k2 - 9% k'k )H k.
K . i a Xyz . Xyz XYy Z
N | ! ) . o -3 - (2).

vwhere E  is the poditive root of the equation’

7 . ", ) 2 - ' ‘2 . ) .
: y - + + 2A) =0 3 - (3
EK(gK + E ) (B, + Eg +_Ao) sk EP(EK E. 7. )

-5



5 = h /Zm, m is the free electren mass, sfl and sf are “the k—dependent

coefﬁ1C1ents of respectlvely, the 1sotrop1c and anlsotro ic first order *

'perturbatlon corrections for the effects of higher bands, k2 is a
Jxyz T

2.2 2 2
symbol for (k k-—+ k k + k k Yk 2, the terms W1th j glve the spllttlng

“of the Kramers doublet, EG is the forbidden gap energy (with the con-

L | dition that it lncludee only- the lattlce dllatatlon component of the ‘:'
measured dap temperature dependence ), o is the k = 0 spin-orbit
spllttlng of the valence bands, ‘and EP is propoftionai to the square‘of

i\‘ _ the matrix element‘of the momentum operator between a p-like valence

band state and the s-llke conductlon bazr state at k =0, - In the

evaluation of I in Eq. 3 -, only th 1sotrop1c part of Eg. 3.~ (2)

;- 3.W11& be con51dered, with the exceptlon of the calculatlon of the plasma

1

_resonance’effectlve mass for degenerate statistics, treated in Section

© 3.3.2, which includes the term with £_.

B

The methed used hére to evaluate I is to-express k, %%}_E B
and dE in terms of the vatiable EK;. This can be done as follobs: T
From Eq. 3 - (3) k2 = Q[s’ o L S 3 - 4)
. | ’4 y ) :
where - P
. o | _ | ‘ . , .
= . : + + Y
. 0 __EIS(EK + EG)(EK_+ E, + Ao)/Ep(EK Eq 38,) . _ :
. i - . ‘ L ‘
o 2 " . < . . - ) ’ -
= : = _ 3.- (5 ' v
EI E, + s{1+ fi(EK)‘)k By + .(1 + £.)0 B (5)
g bk
- ' From Eq. 3 - (4) . :
. ' -1 .
. ‘ ‘ - 1Y v :_ 6)
. | : ) : Dok . _ 3 ..( )

<




where Q' is the derlvatlve of Q with respect to EK.‘

From Eqs. 3 ~ (5) and 3 -~ (6)

%E}-{—= 2sk (Q—,+1+(]_.;.gT _é%l_(_)fi). o ._ '3 - -
‘F-rom Egs. 3 —‘"(6): and 3 =N | B o
dE =(l ‘+ I'Q' (1 + (1 + SL, E——)fl))dEK ' 3 - (8) « -
N B, .
Also F‘\iszexpressed_inﬁteros 6f.EK, : _L. N .at:.

\ . -
' . . . . .

I

The method just descrlbed has some 51mllar1ty to one proposed

80 . . .
by Zukotynskl and Kolod21e3czak ' where it is requ1red that,k be:
'

expressible as a functioh of E. Although their method couid haJL been

!
used dlrectly with Eq. 3 - (3) in the approxlmatlon E = EKf.it was not

.

done.- ' ST L
:..,- | -
3.2.2 _Special conditions on'tﬁe statistics
-Teo oommonly used_approximatioﬂslrn the evaluation of I For -

. R - \
(EF/koT) >> 1, where kJ is the Boltzmann .constant, and T, the absolute

. \
temperature, are45: . (a) the assumptlon of" complete degeneracy, thus .

maklng F' a §- functlon, and (b) the expan51on of the functlon g in a '

Taylor series about EF’ retaining only -the even terms because F' is

b 1

. : _ N
symmetrical aboutnEF. For the use of the method rin Section_3.2;} with

T e ' !

(a) , one has that I'=‘gl(éxg,*ﬁﬂere 9 is the- function g after trans-

formation of variables. ' In order to make use of (b) , tte evaluation

of -the derivatives of the type & rlg/dE " an be expressed using | ,

N



'Eq. 3 - (8) and the'relation d/dE = (aE, /dE) (d/aE ) .

. : . . +
I" B

-

3.3 Applications for the!Condition of'Complete Degeneracy

: - ‘ \“—’) TR ‘”

1 - .

3.3.1. Relaticnships among EF' m*, and N in the.isotropig-approximatidn

The effective mass, m*, determined by the'infraréd reflec—

tivityQ, and the Faiadaj rotatiohsl fechniques; is relaé%d to the band-

: i " A
form. by ) o :
. ’ .‘ - -‘fr" ¢
m m 1 dE. F1 (- A
i — = 5 & =k o o 3 - (9
*
m 42 K dk'E . .
. - F .
v ‘ -
From Eq. 3 = (7) v - a : . | ' ' h iﬁy
m I‘ d . : - ]
+ 1+ (1 + 2 Sy¢ ) -3 - (10) .
L . o* 2 ' t _ . .
S o7 & y
EA L :
) o ' . o

where éKF is ?hg EK_component of EF’ whlch can be determlned directly

frdh‘Eq. 3 - 4{5). ' The carxler concentratlon, N, is related to E

using the uniform density of states in k-space. Thus,

.. - : ! ) s . . 5B- 3 - 1 y
}:::E EKF + (1 +‘ fi}QF_. - | A {11)
o= K = /e e 3-a2

where Q = Q(E )L To .see the 1nterdépendence of these quantltles, a

procedure 1s to calculate. N, EF’ and m* for dlfferent values of E




‘ L , - : - NE
: - 45 - B S -
a T .o e - - - . '
. : . T d

a ) T -

3.3.2» Relatlonshlpé among EF,.m ' and N when anlsotroplc correctlons

are 1ncluded.
£ ' L]

' The term with!f - §

Eq 3 - {2) of, Sectlon 3.2.1° wmll be o

E
1ncluded 1n obtalnlng the ré atlonshlp between effectlve mass {as
. o 3
determlned from }nfrared ;e .ect1v1ty}, EF and N,~1n‘the'approximation‘

o : - : : L S
of complete degeneracy. The calculation for the Faraddy rotation

.effectiﬁefmass‘wou;dlpnoceed differently. -;Toffkéeﬁleider T
M K2e,.4) =i <100 wpsE,. - . 3 - (13)
. EF - ~'BF. Ml K ' ; (33 .
] - “ . ' - 7_ * ) . ~ - 4 "
where ,e'.¢ afe“the‘usuel'spherical'angle co ordinates, and where . L
L b= (a /dEK}EKaV g e RO

N . . o K . . - . .
e : ° fﬁ Do . \ ' Coe
(s .

kwfd 1mprove ipe approxlmatlon,[fhe derlvatlve is evaluated at E

. . Kav
oo Mhich equals EKF in a <10C> dlrectlon, plnus (sfak <100>)/5 which 15 a.
;, n 0
~ first order.ave:agE‘of thezanlsotroplc energy gompoﬁent on the ?erml
A . . Lo . .L. s ! ) . . ,. ° T L \ \ b
: "surfade. ‘This is ‘true since o '
'J' ot . o . ) 7
° o ' o '_ s e ‘ - ‘ 5
e - . : .:2 ., . . 2 . . . 1
. ‘ RF<100> h(8,¢)dﬂ = kF <100> .
" o4 CEE
, hig, ¢) = -5(s&n4 Be(cos4 $. + s:l.n4 $) %,cos J08 = 1)
/ . [
‘ Q ’ . . J. 13
where d2 is the element of solid angle: The anguldy function h{8, -¢)
. . 1 R o ’ — 4 ' "
" has Been studied in a different context in Reference §2., '; et
£ . - / ' . N
) ¢ Y . v
o . 1/ X 9
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d b C b ki e

oy
To first pfder_- A ;;‘ ;f . ;‘ T
.‘;:E_K = sk <100> £ 08,9y, - o - - 3= g.15).
2 o2, _ gy d ovrrn R
ko (8, ¢}‘f k<100> (1 - Dsf (k<100>)h(0, ?))ﬂg‘ 3 5:(;§)
' . ‘~ . . - u N
1 . ) , H -
: Integrating over, the occupied states: . )
1 - o -

5 N

3 '. ‘ . . . . ] ) h ) .'.
3ITN. = }(F<].OO> {1 - 0.3 D—Sfa). : 3 - {17y

- o ' o _ . /
- pw . ‘ ' L0 ) " e

.

'-'\;qu/;> . . It is easily shown from Reference 9 that . . 'fi
‘ ain t : ' : : v S o

wllel o,

J |lw|[————Ix“an
E_ .

‘W k A
F == : -

m
m*

’ - J K20, prae R . ”

H . -
LI 5

where w = E_kﬁ, and the sqﬁare bracket texm in the numerétdr.accqunis'

-

R v . B s , ‘.
for the area difference between the surface element in''spherical coor-

dinates, and that on a constant energy sﬁrfacet it is stréightfoigardi

. . . o i

to show that the 'integrand in the numerator reduces to R _

. . . .' : . ' ., & .
2svy (1 + (£_b/v) € ) :

¢ ' - ST

-

having dropped terms in"(fa/y)2, where , - o . -

| SN -

Vs RN AL+ E; A gy (5 +hE) / o

PR P,
: : t '

-




v i o o
o oa }- " -q“"—. ‘ .:_"‘-.
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' . \, ¥ L ______ -;.‘ '-‘” E"
ot : ‘ . , ) v . Q‘. :‘ ‘ ‘: v . o . . -‘: Lot "_.,.L -
v - " i d. 4'” . 1
) Bxpandlng (l/Q ) about EK ) and evaluatlng f f& and their derivatives:
' ‘the result 1s~;f ‘f~"‘7 - f ' ’ R T
. at EKa ' h S /( o . = o I ._ .
- E_.-— (l- + l ‘+ (X +c-]'-t-i_. (f‘- l+ fi M) ) 3 - (1.9): S
. Soqmr i _ 2dk "1 § - S
i S - . k By - |
' © The k variable can be transformed to E a5 1In Section"3.2.1 d
‘g L. : ) ’ |
o, L & to ]
' ‘ ) i ‘ ." L 1
3.4 . Approximations to thf:Kane Model Found i
~ B N ’ v ) .. 4 '
) - © in' the Literature T .
. ) i . . N o ' oy .9
R ] : ', E — - L ' [ ) .
N . N v o l i R ) . . . -
. To permlt the comparlson of the results Of 3.3. l Wlth prevmous
. ) A e
. 26
o methods, two commonly used approx1mat10ns w1ll“be mentloned ‘ Cardona‘s
1 T * \ 1
,approx;matlon for (3), put in a convenlent formcfor the method of
- . ‘ A R
Sectlon 3. 2. l, lS . v ‘ T . .
A9 . } .
' - ¢ ]
* 7 x® =E (B2 +E)/gs 32077
KC "KC : : g .
where e : < ' . /

a’
il

. 28 ) /(B IR
B (Eg + 3AO)/(EG LI R IR

E = EKC + Skz . I \'f'. , A . 3 -~ (21} 4
This appreximafiEn has frequently been used outside the orig}nal con-
- . o : : _‘ SN b
ditions for its appliga%ion. C "
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Another approxlmatlon, used for. example in EeIEIEﬁ"E—EB“‘__‘_’ - ‘
et : )
' assumes a parabollc term for the effect of upper bands, that 1s, R
’ ] S . s ’
. N o~ L : : . i
fj:-k =tk . . . . 3 = (22)
- , 3 .“V - f_') - L - R
L where'r is independent of k. - L R T R
pa—— ‘ \ '”; - :
3.5 | Numerical Calculations for n-Type InAs in the Aporoximation
of Complete Qegeneracy for the Relatiens between N, m* and Eﬁ' '
L)
‘ . . i LI . A
w T N o Y - . .
_ The quantltles Wthh determine the band form in the fore901ng
are EG' Ep, 'Ao, as well as the upper- band parameters, A', L', L N,
which are related to the: present symbols by2 *T;{} ,
" f = ‘.(a"zA( +‘b.2'M R T . .3 - (23)
. - ] Qo ' - . :
2.4 - ' i ) ’ .
. £, 0= ® - 20w -n-mst S .34 (24)
o=+ (D . a . T 3 - (25
; L L'+ (EP/EG)S ‘. I - (25)
| B
t=A's " i 3 - (26)

-

a?, b2 and c2 are respectively the sqdares.of-the coefficients of the

k = 0 conduction, light hqle'and spiit—off valence band states in the .

conduction band wave functions. The relationships between L, M,;N,

. O . . B ) . ‘ . . )
and the Luttinger parameters, which are determined from magneto-optical

4

-
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measurements, are well known °, the desired forms here being

-

L= -0+ 71 tdy)s S el
M= Ay s 2vg)s D o :
~ : .
A : ’

.
-

'

Experimental values for EG'and Ab q£ 1ow.temperatures are 0.4105 ev85'

N .

. 33 U 3 :
and-0.38 eV ~, respectively. The values used for Ep and the vy's are

Lawaetz's ,semiempirical results 4. Although there are experimental

32,85

results for some of the latter‘parameters ", these.were obtained

-.before‘ﬁhe new value forj6633, and the efféct'that this wquldfhave.had"a”'

"

a . .

. . . ' ' . 34.
on the fitting is not precisely known. .  A' can be determined 4 by

solying for A' in Eg. 3 - (10), using the effective mass at k.= 0,

. . - . . o . a
0.0235m86, determined by cyelotron resonance. With regard to the
— ' . . . ) : Y . b * :
temperature dependence of the parameters, only the effect of ‘the tem-.
perature Gariation‘of EG on (1/Q') is considered.  Since only -the

lattice dilataﬁion cdmponent of measured gaps_influences the band form,
1fof:éﬂe calculation it is arbitrarily assumed that tliis component is - o
one-half the, total chénge??, that is, EG(BOOK) is taken as 0.385 eV

. : ' . . )

in Eg. 3 - (3).

Figure 5 shows various contributions-to’ (m/m*} as a function

of N2/§_. Curves 1 and. give the value of (1/Q') calculated exactly

and in Cardona's approximation,. respectively. ' Bach of these curves

€ r
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“lzurc 5.. Talculated values_of verious contributions: to
for InAs, as a function of N2/. {see text).
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g

is in fact two curves each the branches for hellum and" room temperatures.

Thls 1s hardlx;potlceable because. the room temperature branches are higher

than the others by about 6 2, and l percent at N-values of g, 1018 o s

and 10 cm % respectlvely. Curve 3 is the contrlbutlon from the free %

.o~ e

~electron mass, curve 4 -'gives the contrlbutlon from A' assumlng a para-

bollc upper band correctlop term (t‘=-A'sﬁ} in Eq. 3 - (22)); and curve 5 °

i +

' -

glVES the 1sotrop1c upper band contrlbutlon, taklng into: account the
k-dependenoe of f‘. Curve 6 glves the contrlbutlon of the anlsotroplc ---.‘

term with f . h One might think that the contrlbutlon of (l/Q ) for a’

——_

“given value of N would depend on whether the anlsotroplc term is included

5] y) oy,

'_or not, however, although the anlsotro ic term affects the average-k—value

' '

where (1/Q') is evaluated for a grven ' it also changes the volume of.

k-epace enclosed by EF' and the two

ffects are'se1f~compensating. Thus,

for a particular N¥value, the inclua of the anisotropic term changes -
b . . e °

the {1L/Q") contributiodn by less than‘a few tenthe,ofpa percent.

!

: e - - ‘ i e 0273
- Figure 6 shows the results of EF as a function of N /

, for four
apprgximations. It is not intended that Figures 5 and.Ghbe considered

representative of all ITI-V compounds. They illustrate the results for

a particular case. The results oﬁ Figure 5 have been used in Chapter 2,
Figure 3, for comparison with effective masses determined from infrared-
reflectivity measurements on heavily-dope&ln—type InAs.
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It is concluded that it is not dlj;flcult to ach:.eve more

model to results on heav:l.ly-doped n- type III=V compounds. " The

wa

. Cardona approxlmatlon is fa:Lrly good for InAs well beyond the range

for whlch ‘it was :Lntended.
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accuracy than has usually been the case in the appln.cat:.on of the Kane.
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e R - Ly

“Nlocate the characterlstlc energies atﬁwhlch there are rapld changes in
e e

T e e ———r—

. of "boundary conditions“ in seml—emplrlcalntheorles‘of the electronlc-

%
. and A, in the Kane theory for the energy béndé;in~IIi4V-compoun&sn

L . ‘. . . R

1

i

Another-service of such energies is to test the preflictions of a thedry.

S . . L

1

l - : . : N . o LT
Examples which are related to the present work. are the excitonic peaks .

which occur at the fundamental direct. gap ofﬁpure germaninm,“and the

[ . R v

shifts in the energy of—the‘fuﬁhaméntal absorption Edge"when large

LIS

| ) v i ' J’,l,
| N @ ’ | ‘ )

' 7/' ) : .

pumbers of impurities of particular types.are put in the sample.

. (AN
s

Typical absorption coefficients asséciated'ﬁith the lowest .

. ) ' 4 =
energy direct transitions in 'semiconductors are of the order of 10 cm

Thus to get an indication of the spectral range over which this

becomes established, ong must preﬁare samples wi icknesses in the

transitions have coefficients-

.range of a few micronss  Higher epe:

,qgwﬁhﬁwgtderwoﬁulﬁﬁﬁﬁjl} and the preparation of absorption samples,

other, than evaporated films, is unimaginable, except in exqeptlonal
circumsﬁances (such as-epitaxial films on suitable substrates). Thue

one looks at the possibility of;locating the charactéristics ene;giee,

;mmany optlcal measur?m\fts are made. on specmmens under study to.

sorption

B Lot YO U

the absorption'coefficient. xSuch energy values can be used ln the.form

states in the specimen, as we have seen, for example, in the ease-of EG //'“)




offa“cryStal by reflection meéeurements. It is straightfcrcard to

show that a change in the absorptlon coeff1c1ent at EG of 104cm 1

" will be assoc1ated also w1th the change 1n reflect1v1ty of the crder'

"/
-

of 1 percent }n 30 percent for en'EG value of 1.2 eV, and ny equal to

e e T v . . :
R W To identify the energy of such a change requires-a fairly good

e = e e -

reflectometer, ‘and to determine the form of such a change requires
troric methade not in comor wea B :
electronic methods not in common use., N .

3

N

-3
K

Ny

us see how much one wodldlhave to change the tempereture so .as to sheft
the critical energ? aboﬁf 3 x fbh§ év,'hne&h is about one hundredth of
the width of a typical fefleCtacce strucﬁu%e. The tecperature coef-
ficients- of e?ercyléaps_is of the ofder of 10"4 eV/qK} hence, a ffaccicn
of a degree-temperature modﬁlatioh‘woulc do the job. | Slmllarly, one ¢

would find that wavelength modulation of about one angstrom would reveal

"any normally expected structure. With reéspect to the signal level, the

exampie will be given for a PbS_detectcr circuit. - One typically
. : - I ’ .

t

, measureg voltages resulting from chopped light incident'on_the-samcie,

i
»

- . o~ . '
of the order of 10350 millivolts. Wlth the temperapure modulation

lndlcated above} one would measure a modulated reflectance 51gnal about
/ : .
5 x LO -4 times that value, or 5—25.m1crovolts.'- Since the noise level

in the detector circuit is typically 0.1 - 0.2 microvolts as measured
D . - . . . " . :
by a phase-sensitive ‘lock~in system for a frequency of 10 Hz, using

3 sec time constant in the output circuit, one sees that there is no

_

, - Rather than attempt to measure the feflection'coefficient} 1ec

N

B et



spedtroscopy;as applied to solids.

s . [

problem at all in locating critical transiti n energ{;: of solids and

" in detailing the form using the therﬁorefiectahce'tee ique. . __fF

- . . 'h‘.

A The purpose of this introduction is to show the reasonabie—
ness of approachlng the optical lnvestlgatlon of band struature via

Athe thermoreflectance technlque. 'No attempt w1ll be made to argue a -

-

great superlorlty over other modulatlon technlques. ' The’ 1nterested

reader xs referred to' two recent comprehens;ve volhmeszo_zg on modulation
“ L T [ .
. o i
. ‘ . 0 t
4,2, Theory of Thermoreflecﬁance~1nclud1ng the Calculatlon of (AR/R}.
. &
for Three Slmple Models. - . -

4.2.1 Modulated reflectance in terms of changes in the-ditelectric ponstaﬁ%

1

The procedure £ollows that of Yemakawa‘et a1.%, Two
_equations are repeated from Chapter 2. _ ' -/
. ." ) . .. | . : ' . / P
- /
NS R /2 ~ (8)

eR” = E / 2 - (12),
o ,
' /
- /
where T = n, + in2 and € = e, + iez. ' Paking variations in /these
' +t . . [ / .
- . L . : /
equations, one' has. - s / .
A% -‘—A&—gi=ne’~¢m+m¢) / 4@
ﬁ + 1 - - (ﬁv+ l) . L | . ‘ . /.’J I
' ' ‘ . : . f‘ .
P "1 - . ' : - ;‘.' - 4 _
2ZDA N = g T AE 7 ‘ S
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4

Eq 4= (1) is rearranged S0 that only 2nAn appears on the left hang 51de. |

f

Equatlng the real and 1maglnary parts of that equatldn ‘with the corres-

pondlng parts of Eq. 4- (2), one has

. t— 1 . . ) . -
in the presept eqﬁations are multiplied by (~1) in his.- "It is easy

to show that this has no effect en Eq. 4-(7l7'and that the difference

results frohm the definition-of-the‘phase.angle, $. If ¢ is defined -

‘ | | , ‘ . .‘ _ . ) "' | : 7

!
R4 .
“ 4w
. ) ‘ P
'
~> '

4 - ]
« : r\!

t'oJ

B, AR & ' - . '. . ’ o
ﬁEl = Y 2_R - SAB " . . . ‘ ) 4 ~i(3)
. . MR X . L '
. e, .= 8 " Y A8 . o _ ‘ L 4 - (4).
- oa i - -, 7 . @ T
where for z = Cﬁz LR , .
Y =‘ﬁe(z) —-n‘(ngzi 3n2‘-'l) e o . : 441.(5)
- SRR S 2 o : - .
. . ¥ - . N "
and S _Y o -
.6 = Im(é)'= n -(3n2 - n2 - lj' o oo | 4 e (6)
: ST R T ‘ : ' :
. Rt | : . ‘\“_/ N
Solving for (AR/R) IR S . L ‘ |
AR _ -5-3__2 (She, +8he,) T T
’-3 ,Y + 6. 1 . ] =
CE alﬁel + a,be, f : B ‘ 4 - (7)
B . . Y
It is noted here that EQS.'4—(3) and 4-(4} disagree with
similar equatlons reported by . Cardona '91, in that the terms-with'd .



i . . t e “
by the eQuation S . ‘ : Q
S ! 0“‘ ‘ ' | - . I
B =1k i
—— =, R e i (8).
n* R l . ' . . . St ‘.7 - o
. . _ oo
-nwhere A*) lndlcates the complex conjugate, as' is done by Garflnkel .
- 92 b I . :
et al., and whose work 15 referred to in Cardona s book o0° one gets
| . o : Lt N
Cargona s equatlons. However, 1t appears that, Cardona 1ntended to
use th conventlon of Eq 2—(20)., In any case, this difference is not o
relevant ‘in the Present work e ‘ " " -

° : . . 1 _ 6 K S ' ' Q%
. . : ot : . 4 . . o
-

Let us suppose that % of the spec1men is expre551ble ‘in terms

' . “——h-_'—““——————._:__
of several parameters ( . X ), with temperature dependences T
) & J

- hl

(dl, d2,...d ), respectlvely, wﬁere d = (dxi/dT). . Thus, if a temperature

- . . ) B om e

change, AT,.ls,lmposed - i ,
drR ., |
- __ATI BE PR BE' .
AR dar e 0y ’ : .
Ll 7 *la T I- A .
= — L (1-,— d, )m a, (’r*d’ T, .‘
‘@. . * . -
o T e i . - o .
NP - . ) T LT .
. yn 4 - - A .
Such a. result is useful when the number of unknowns' in the theory o . e

" whose values are to be extracted fé%m the spectrum is small. A sim-

]

plificiation of Eq. 4—(9)‘whicH, to the aBthor'Sjknowledgé, is ‘_~ .

. applicable in all cases tog?truotures?around the fundafiental gap is . o
@, << _ui.g‘l Thus, sinoe e | s  of the order of [&E l, the .. -
N k
second part of Eq. 4 (9) can be dropped. e
o N ' ‘.. ' 2
4 . ‘.;J
L ,.
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4.2.2 Contributions to the dielectric¢ constant ' ’
This section summarizes F{a't"z"s treatment” - of the dieledtric
_ constant in the one-elec;pzjon approximation for;:_eriﬁ'i?gi'es in the range of ; '
. o . e _ A ‘ T, i o
the transition between a non-degenerate valence band: and conduction band’ /
' ‘ | N - R . 3 '2.0,9_6 o )
at k = 0. There are other treatments in the literature, the ot
origina;i woxrk h'avi'ng been done ’appare:nﬁly by Eﬁreﬁ:reich ang Cohéﬁ.g‘? -
Corr;lation‘e;&'f_ects, which intreoduce the°éxciton statés,3 w:i,ll}bé_ dis- - )
7 . ! . . . . . Y \!:3.. ' ! . C ey
. cussed in.Chapter 6. - Co ST '\ ! .
.‘ - ‘ e - . o T - . . i
- ' ) L4 D - - ) .—- L
. ‘ . /,.77 %‘_ Y [ : “
Consider the total Hamiltenian Wfor'@- dlectrons -
‘ . ST . B <. - ? » #
: : : S - S A RS ‘ 2 T !
N = . Lo e—— .+ - 4+ vV {rs...Y -
' A : J])‘(1.1 * /’I’Ilntf'. 2 X (P} . —(53‘ ! i --N) h ‘
. - - . 4,700
" where A is the vector .pofén'i:_ial,' of .t.h(f,;m,.]_ight' wave, .'give_z:n____byl-'-'-."
. . . ~. . . o . I . - \." - ! .
A = l,(-éo'exp-‘[ii}_(__z '_ mf:)] +CleL) ! ) !
“where the wave vector of the light is.taken to bg real. _,2;/ is the
] e oo . - - u
- . 0 1
; unperturbed Hamiltonj_.an,_and?{int, the -p_ez;tu;:Ba ion introduced 1:2! ) :

the light wavé, is -(since V. }_\.__ =_ 0} ess'éntial'l -

N .

= - L ‘ R e
v {e/m) ; ITX_('gj) P o :

J———

4

where pj is the momentum operator for the j'th electron. Using ~time-

dependent perturbatioh theo_ry,,f; one finds that the trans_itiox?r probability 1,

1
N
A

1
|
|
|
I
i
|
H
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[4g~becomes

‘ per unlt tlme between the antlsymmetrlc wave functlo & W and W(ck)

v
n

1 o . b

P, (Fw) = ]-:\y (ck) [}/l tl\y >| §(B_(k)"~ E_ (k) 'Y‘uu)
B | Ca S . - 4--02

%(ck) 1S‘the symbol for the state in which the electron in Bloch state

]ck> w1th wave vector k is 1n-the conductlon "band, the correspondlng
valence band Bloch state vE? being‘empty. One considers. here only

- - -

difect'traneitions in k-space, anticipating that the integral is

'.essentiaily'zero for k (falenee) much:different from k' (coﬁaﬂetion).-“

‘ ' ‘
Also, the &- -functionin Eq. 4 (12) statés the requlrement of energy?

conservatlon... Flnally, elmpllﬁylng the integral, and neglectlng the
complex conjugate in A which?eontribhtes to photon epissiong Eq. @&-(12)

. . . - e
ot . !

e Lo 0 i 5
P (hw) = D5 €.ia a*ls ck| a.p| vk> [-2‘ S(E. (k)- E_(k) - hu)
“k ST 2R T3 Bttt B —TR; = o= v = v
“ e lll ‘ " -i . . T '."‘ o
S 4 @3
I } » . o N ) o % . ‘

- /j-
where a lS a unlt vector parallel to A A - The rate of energy absorptlon

- .
. per unit volumc W between the tonductlon and valence bands is ﬁuz P (hm)

. ‘ .
Jd the present gauge, é; A =, - 1wA, so that the Poyntlng véttor

t r

average“sag' whlch ig the average over a perlod of the pOWer flow £:x "

per_unit area, can be WIitten1as_Hnl ceo& AOA;- ' Ndwf ordigarily the

absorption coefficient K is looked at as the coeffigient in the exponential
. N 1 * ) . : .

g ‘ . _

e

'] i . - . . I

-




!

e .LP“ . ’ Y
. o 2 .
-2 - ) - e .
e . : v
attﬂenuatioh of the intensity I of a wave. Note however that this can be
Jggyed‘at-frqm anothgﬁlpoint of view, that (d1/ = =KTI, which.méans
e ] : i / ) o ) . . R
. T -l . N : ) T o
that K rep;essnés.thé fractional loss per{unitfof -penetration. . If one
‘considers.a unit of area, one seds also tha
. 0. + ) -t .
AN
- W/S - TS . .
.K —:' / av ' . - . L n.\ T . . - L ) 4 - "(‘14)
so that, using Egs..2- (6) ‘and 2~(12j~ . ' ' _ v
‘ . . s S I
e, =21 (&% El<erlap | IVR>[2 (B °(i<‘)- - E_(k) - F )
) © 2 oW k== = e T Tyt
> , ' *wTJ__ & 4.- (15).
?
!

N

'’ where.T' is called the broadening parameter. One can check that the

wan

h
4
.31
1L

where a f#étor of two has been added toWaké-sare of the épih'degeneracyl

‘ - S W X
In order to account for lifetimé\broaden;ng effects, the

L ' i . . . . , ' )
§-function absorption.is replaced by a peak of finite width of t@e_
Lorentzian-broadened form: . " o - | . e
- . . v o -, . ~ 7 C : o "
. o ) ~ l ) I‘ . . l.
§(E - Fuw) . goes to "= & 4 - (16)

T The-mlerd]
[Chm ﬁ) # 17] N

P
i

A

nediiuhctidn has a ‘unit integral. For T << E,_ the Kramers-Kropig .

tianéform of JL(lé).can be ghown to be

-l e - &) * : 4 - an
- e - BL? % f?- : ST ! o
L 9 . -
' /\ , ﬁ .
17 - - ; |
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Thgslthe-broadening of the. §-function has allowed the creation of an

é&preesionfwhich represents both the réal'andé}maginary parte of the

u y

-;ontribution to the complex dielectric cqnstanf‘from a single tfansitibn, P

+

that is, c : P ‘ S :
e . B .

S .E.mf_”) =7 T&o - B +1r | - 4- 18

Howewver , someone;faﬁiliar With the derivation (e.g: Ref 97) of the

Kramers—Kronlg relatlonshlps w111 see that the requlremEnt that € (-w)

equal e*(w) is not satlsfled by 4- (18) That can be fixed by multi— , ' '%
N < s

plylng the denamlnator by [(ﬁw + E) + 1F] ' and this modlflcatlon has - _ <

e

llttle effect on the peak erms. In fact, the develqpment by Ehrenreich

and Cohen leads to that thelr reeult being (using their_symbols}-

E 2 R : . . . ' ' ’
. SR (S SR - ' RPN S el :
- - - . - :
Ew) =1 . Jd E_’jlfl (R Lopu (W7 g Tzz') R

. i ) [ : ) -7

. L 4~ (19)

where £,2' fﬁentify‘tﬁe bands, fi {$ the Fermi-Dirac distribution

function in the empty or paftially empty bande to whfchﬁggg trans;t}ons

are made, and T is the lifetime broadening parameter associated with

DAL

) transitions, and in general is a function of k. -fgz' the so-calied

m) times the 'square of the momentum

3osc1llator strength, equals (2/ﬁm

Lt
. L] N .
_matrlx-element,‘as given in Eq. 4-(15). It is easy to -see the expected
. L ¢ ' ’ . o o .
equivalence between Eqs. 4-(19) and 4-(15). o



Batz's -broadened formula, .

4.2.3 Departures from the one-electron model

. L Te o . . . . "

S 7 1 R

It is noted'here that if, in the dﬁvelopment for e bf Betz,95

the photon emission ,term had not been dropped, the two complex terms

which are in the denomlnator;of_Eq: 4—(19) woulanlso have;appeared in [_‘

Ty

[}
>

o - ) '

It Has beenaassumed in ‘the treatﬁent of‘the previous séetiOn

that the optlcal absorptlon process can be descrlbed% the transition
of the crystal from a state descrlbed by an antlsymmetrlc comblnatlon of

one-electron valenge bend wave functions to a state in which one.of the

k-vectors is associated with a onehelectron-cenductithband wave function,

- . 4 ' .
~There are two important effects omitted. in such a model, namely, the

electron-hole interaction and the:eIeétron—lattice'interac;ibn. Elliott's

-

o

3 . . T - . ' :
treatment” of the electron-hole interaction is reviewed in Chapter 6,

. Section 6.2. The modification of the tﬁeory resulting from the inclusion

of the electron-lattice interaction has Been reviewed by-.Ba.tz95 and his

* .
treatment - is summarized below..

The’eiectrpn-lattice interaction te;ﬁ in the,c:ystal Hamiltonian

5¥iﬁ = E [Ageg exp(igffj)\+ A;eg e#pf~ig:éj)] - | 4 - (éO)n'

[
'

. . ' ~'n.
where q’'is the phonon wave vector, aT, a are the phonon creation ang
. - . c — s

destructien operators, r. is the coordinate of the j!th electron and

- .
Gl
b
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Bl o\ o KRR :
N 20_.p - ‘ a S
- . g
Twhere E},, is the deformation potential attached to band b, and p-is .
the crystal dénsity;;' For a weak?electron—lattiée coupling,sfirstédfder
: /
perturbatlon theory shows that zero-order wave functlons wxll be
-modlfled by.ﬂ‘ accordlng 'to the usual form -
' ' I | s | VI . . . | I | V
: <3 = ' S
_ 0 }ljbﬁegl . o .
|s> o= |,S?._; e 11> - -4 - (22).
. m; ' E(s). - E(i)
The only non-vanishing matrix. elements of Jh%z are' those connecting, lattice - ﬁ%‘
1 . - ' . - -'; e St - | X , - i}‘
states which differ by one phonon in a mode, and electronic states which_ B
differ by a one—élecfron wavefunqtion; These matrix élemenﬁé\have fii/’/,f;,,;,,
form o . '.i . . "ﬁ.,_w_,x'
. . o . . . . L _ ‘_‘-—-—::
<3 > = < k' o +1] 4 3 | ; 5y Do -
1[ %eg IS . _]S H nS; 1I j*begl _}Sl nﬂ] . .
1 l 17 s .k )
A n_+ ] S(k* - k +
: 3 g R \ — ‘ L — e g- -
i S R - -
! An “3(k'-k-gq

e

' -1
where ?ﬂ' the number of modes in mode g_ls given By n [exp(hm /,OT) - 1]

The net result of the_inclusion\of j@é 1ﬁ the optlcal calculations zs,that '
when calcgiatiné-_<c£fLZigt |y§?$ oﬁe mqst use the perturbed wgvefu cF@ons:of
the fo?m'4—?220, which gesults in non-ze?o matrik elements for Ef-¥}k;f‘%hatgi5,i
aside from direct pransitions, there ;re-ipdirect:trénsitioﬁs corne?te& in



[ . . N
Ca o . Lo . . .

‘ k-Space by the oonservatlon rule (k' - k t q) = 0 where the '+ and —_

refer to the absorptlon or emlssionFOf”a’Ehanon, respectxvely. ~Such
,,ﬂff—*"’

__,__.—-—-"

Lndlrect tran51tlons are domlnant when the dlrect tra i+16n.at E_is

forbldden, as, for example, at’ the low_ indirect’ gaps of germaniun.

and silicon. ‘ Such t ions have been studled for example, by Eerglund

L

-at-the indirect'gap of sillcon. Hls.work 1s specafacally mentloned here

-

because it was also the f;xst optlcal anvestrgatlon of a materlal by a- thermal

modulation-measurement,.namely hhefﬁzlly-modulated absorptlon.'

e Tt —

. In the treatmept of the previous section, .the broadening » g%%
: R ! L P : ; )

-

“parameter I' was introduced ad hoc to describe a line Shape.j This does

not giye the origin of ' nor predict its variation with temperature.'
- S :

- Bat'zg‘5 has made a study of the effect-of~themelectron1§attlce inter-

’ dﬂdllw Lol e
- !, Ry S E
% action en thé teﬁpérature\varlatlon both of T and EG, the energy gap.

-
1 . =,

.The;increasenin‘energy of the electron when the wave function goes from ) ) '
. . o, - - . ‘ f
.thé'zero}order-wave function to the perturbed %ave function of Eq. 4-(22)

is calculated and related to SE and 6F After a lengthy analysis he’

. concludes that at a dlrect gap ‘in a-non—polar crystal the modulatron

effect of P should be negllglble compared to the modulatlon of the gap : l

energy © This conclu51on is sugported by the relatlve importa
(Bﬁ/aT) “and (BE /9oT) found in llne shape studies of (AR/R) of J:As and

Ge by the/guthor,.and reported in Chapters 5 and 6. j

[ . ‘
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. ' . . ‘ ‘A
4.2, 4 CaI’ulatlon of (AR/R) for ‘three simple case%,
) For the purpose of showxng ‘the maln features cf thermoreflectance
’ , e
51gnals, the follow1ng assumptlons are made ‘in the calculatlons o£ thls
‘section? “'.3. P - L : T oo SRR
i)y a,fbe, is negligible compared to_dldel,‘
(ii) r is independent of ehergy; - ‘
. C(iddy ‘ on;y tHe rapidly varyihg'energy dependence, (E - E' + if)_¥p
N L1, .
1s lmportant in the calculatlon, and
R :”:‘” > (1v) the oscillatox’ strength_ls‘energy independent.
o
“These four assumptions can be.summarized by saying tha “the-7 o
o . . " ) 1 L [ ) " -
contribution to € at.E from L transition at.any E' is given by
. L i } . 7 o .'- ’ . ' . ? e
- ) o .
. E = = '—"—'-'—'g'—""'"—"""r . ) ' : ' < :4 “(}4) .
o P E - E' + il . "‘ _ .. ' : T -
i - - R 7 ' L . o SR . v 1
Referring -to Eq. 4-(9), aséumptlon (i} means that
AR - : [ S '
o T, : - . . T .
R ,alAEl_ _ - e . . (25)
-r--—‘n//’T/" B . -t . ﬂ . - ' . I
More realistic models for. the dieieqtrié”ponstantfare tteated in Chapters
5 apd 6. . e \ - BN e
Before p:dceeding, we wili'make'some observations;ré}ated'to the :i
above assumptions, - one may_éuspect that a’Kramers—Krdnig type of relation—kf
ship may éxist betg9{g/dlﬂei and a2A52 such that the«local behav1our of o .
‘_h," ., . ‘. I . f l ) ) ) . i
'“lﬁﬁl-ls dependent on the behav1our of e ﬂ€2. in the same spectral region.
\ . N :-_'\;
i
: ' - B A



3

. not related locally to each other, belng functlons of € and €

‘and aez; see, for example, equatlons 4= (5) to 4- (7), and Flgure 16 for

~4.2.42 A single transition

&
!
|

»

AT
PR

‘HOWéVerf this is:not true. " One can. see this by notlng flrst that

L@

-there are Kramers Kronig relataonshlps between Ae - and Ae : one has.

. 1

only to take the temperature derlvatlves of the Kramers-Kronlg expresszons
\

' (glven, for example, inAppendix B). - ‘On’ the other hand, ‘a..and o, 'are

1T 2 I
. .
1\‘ ot not ael

.

3

4

‘the values of.a. and o, for InAs.' ' o “ -

1 2 . o ' '
.

" As a sebond observation, we note that'depertures ofic_frgm

N . ]

'temperature lndependence would be 1ntroduced for example for . (a) a term

;of the form (E + E + AT) (see Eq. 4 ( 19)) in the denomlnator of Dq 4 (24),

. " . . J -"‘l
and (b) by emperature dependent transmtlon probabllltles. - It'is readrly

verrfled t at the extra 51gnal added by 1nclud1ng the term in (a) 15 of © . 7. : l

the order of (F/E ) times the 51gnal one expécts when that’ term 1s neglected

pr

J
If the varlatlon_qf-the tran51tlon probabll;ty is expressed by the form'

c = c-(E') » where n-is ‘some small number, say, lnl < 3 then it is
) . ,

ea51ly verlfled that the extra 51gnal added is of the orde@ (nPfE') times -

.the SLgnal one expects when that varLatlon is neglected. . Since (I'/E') << 1

for all cases. considered in this‘work, the form 4-(24r-i5 a Qood approximation.

!

1T

A

Taking theﬂtemperethre'deriﬁetivelof 4-(24):and‘ndting that

o .

\
[

(0/3E') = i(3/or)

| AN
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. I ,
r - ~ 1 o
. . . . -
— - l : l' r . ’
~ e C aE 3r, : -
e = - - 2y ~ - .
( ST BT)- AT 4 - F26} i

Let (8 - E')/T -= X.
S\ - i v e
* yo&E- - i3y o e den

-

,-.. . c
Ae = - == { - : ‘ -
: _r;_z &2 1‘12- - 2T

. . .
. 1 Y

Bg. 4-(27) shows that thevtemperature shift in enefgy produdes a péak

form (a negative peakﬂfor (3E'/3T) negative), whereas the T temperature

i 1 . . - X . . \ ) . N “
dependence produces a \A —shaped curve. - S ' .
. : . _ S [
. _ | | /
4.2.4b _a step functipn in the jéint density of states. a
., 1 : . . ) v’( . . K B . . ) .
‘Consider ' a  case in which for E' < B there are no transitionsg
‘ 'possiblé, whereas for E' » Es' the 'number of'transitions possible per
o | T S Con L s
) unit energy range ié;Ns; ~ Such a model would describe pretty well Co. “
. transitions at very low temperatures between vdlence and gonﬁuction bénds -
- "' K . ’ ‘ . e . N .. . : . ' ) ."
with spherical energy surfaces and where the electron Jas. is degenerate,-
[}
: L |
. . . 1 . -
o - : .
. ' g NgGE' o .
Cad . .
e(E) = '?Jﬂ | _4 - (28)
g (E-EBE' 3 il . L
s .y . RS oty
.‘ . ‘(-f“ '
. i o
' " - C L \ - i :.‘
: L ) ! Y ;;
: : : S v ¥
.' .\, v 0 ! - ‘l:_—._g :,;
; A i
: N ) ‘ 2 i
\ ‘ i

[EL R
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' ' (E - E + ir) ) - ' o ’ N ‘ “"..ru-uw‘
! N - - . - . ) - :
SRRy EE W R A 4
‘—11 . 2 . a . .- ' N
. x4 T o _

where X = {E - B }/T. Thus thenenergy shift produces'a ~ -componeht

K

in (ER/R) for (BE /BT) negatm&e, whereas a p051t1ve (ar/aT) would con— '

[}

" tribute a negatlve peak

-4,2 4c  an (E —‘Eg)%‘dependence in the'jbintgdensity of statee

(the Batz ptoblem)

Here we cons;der a ]Olnt densmty of states g(E ¥ such that for

E < Eg, (E) = 0, for E > Eg, g(E) = A(E - Eg)k" Such a case is

_tcalled an M dlscontlnulty after van Hove.lo2 Somewhat dlfferent

dlscontlnultles, called M M2, 3, as well as the M type have been
r

lnvestlgated by Bat223 103 from.the thermoreflectance vantage.pointﬁ'

. AR b g
Only the M type is treated here, 51nce the derlvatlons for the others

‘follow the same_llnes;-'

;J“'.- d“‘li

.. . 2. (B'-E)"  aE' v - o
&= -~ cA J eg - rJ o .4 -
. E. R (E “'El'_\_*. l[‘) . o .

A useful observatlon at th;s polnt is that from the p01nt af v1ew of

{ .
ﬁE(E), a p051t1ve sh;ft of Eg has the Same effect on, the 1ntegra1 as a

(31)
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negative sHift of E.

o ® B —E)lﬁ de’ " 3E
- cA,{'JA g :

E. (E + E' + ily2
g ,

Ae =

Tﬁe intejral:in 4-(32) can be performed by'the‘mefhod qf':esidues,l?4

Choosing the first branch and taking tﬁe.éqntour‘of integration along

_ : . /. : o : .
the positive E' axis between Eé and ®, 'and making the infinite circle,

one has enclosed a singulgfity:éf the_second~o§dé# at E' = E'+ il.

Thus one'must‘g%alua%e,tﬁe‘residue of the derivative of the numefator
-in 4-(32). The integrﬁl-bécbmeS‘- '
e S j -l e ) .
| | ' '
. mi ) 1 i g ' T o : | PO _ .
' J = 5 - . y, = T [F(-x) + iF(x)] 4 - (33)
- (E < B+ i) war ST
[ . .- T 'l" “ " N .‘J
T e . 23 . ) o

where X = (E - Eg)/P , and where . ) . ' .

. :. ' . “ “- ‘ ' , e

roo =[P et ex]? e nTh

Bt . i "
The shapes aof the F(X), F{-X) functions have been given by Batz.
lI | ‘ .1 " .-
| ” - . : .ﬁ 1
.\ - 4&"—@' LY .
3 ‘ '
}'. i
X 1
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4.3 Experimental Techniques'

The technlques and the evaluatlon of technlques thrOughout
-._ h]

AL

|Sect10n 4d. 3 are the" orlglnal wark of the aufhor.'

4,3,1 Sample preparation. : v

. _ S N
N o . o S .

Surfaces of samples for the thermoreflectance measurement must

De chemically polishéd. ‘A mirror-like mechanically polished Ge surface
B - . L . f :

will not produce a modulated 51gnal at’ the dlrect gap. Even 1owiangle

'

ion beam etchlng, as descrlbed in Chapter 7, must be followed by a
Ehort ihemical polish_to e;iminate-the strain.:l (Perhaps_annealing at
aﬁhigh.temterature wouid have thé'sameleffect.- In such a treatuent,
_Ione“would be'careful:abeut the introductioh oﬁ‘iméurities).f On the .

‘ C e o R v

other Hand, highly,pitted,?diffuseesurfaces which may result from' a

preferential,chemical etch will give a@equate signals. Neither the Ge
T IR . 3 ' )
nor InAs surfaces showed .any deterioration, a%s measured by thermo-

reflectance- when'exposed'to air for aays.‘ .However, grease films,

which may flow- from behlnd the sample over the front surface, reduce

] a

the signal strength, anﬂ, 1f thlck enough, prodqu 1nterference\effects.
- . ';. ' . . "‘t’: .

L . - -
’I '

Samples-of heavr&y—doped InAs and Ge were prepared as follows.
;.!

&)
A- sample of 220 micron thlckness was obtalned by ‘lapping front and back

r

surfaces of a wafer with'a 5 mlcron A1203 - water slurry on glass. a.Then

one surface was mechanlcally pollshed on ci?th thh the same srurry, but

more dllute, unt11 the surface was fairly shlny . Then, about 15 mlcrons.
\. c-—f . It

were removed from ;he mechanlcally pollshed surface u51ng the follow;ng

rec;pes whlch are well known in the semlconductor field: ﬁ '
' i . & []

[l i




"* Apiezon Wax, Standard ‘W' Edwards ngh'Vacuum Ltd., -

o S ';..u
Vo o} \ il : -
" . . o Al .
— - (™ * .
” . '_ o - t L
1 - . : . :
T3 - |
I L ¢ ’ ’ " ) i N b ‘.
-, Lo X | ) !
b “ b - ..f f . \
L8] pltrlc ‘acid -
- e . ' ! v ? :
.. for:Ge 4.4 glac1al acetic ac1d Lo

IR | hydxofluorlc acid -"‘.‘°
N saturated wmthnlodlne )

(etch rate 4~6. mlcrons/mln )y "

RS

.., u L ) 'u . . R ¥ .

(meltlng p01nt 60 C)e i ’

4.3.2 Temperature moaplation-

4.3.2a; heating‘el-

.’

There are many way to chieve-thermal,modula£ion of a sample.

One’ 1ooks for %ne that 1s 51mp1e, glves a reproduc1ble~tempetature

‘. . -

varlatlon, and if used at low temperatures, does not straln the sample,

I

- cr, at least, not 1n an unpredlctable.qay ' _dj. R N

"1.' N - . / -
! LT et - ! . . "
" C

»Direct heating by current pulsing, although iﬁirequi;esllower;

-power .revels than indirect heatiﬂg,'is not a ¢ nveniehg method. One

. . . _ S ‘ .
must make electrical contacts as a minimum .in extxa_aqrk. — Furthermore, -

i
if one wants unifofmétemperatUrervariation, the sample must be of fairdly

homogeneous reﬁistivity;{;higlis;oftenAnot the case for neéw’materials..

o
5 - i

- e L, e
Crawleyf qusex, Engiand S ) “at
:

Lo . . C o, .. .
. B - : . i .,
' : - ] : .
L . a . i 3 . .
1 . - . . - M -
! . . ; 7 . .
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_If one wishes to make g temperature run, the céntaets, ‘the sample . &
- resistance and ho_xfnegeneity must be suitable across the ‘tempé'ra'.t{ire'- " t
- '.. '. ,“ -"‘ ;. ‘ ] .T.\? -‘ ] \ ! -
-, range. The direct heatlng‘-’ls not recommended. - e - f .
. ) . "_-_:‘;, . i . ‘ ; ST .
_ Indirect heating. ean"be accomplished in';}aridﬁs ways.® - Some AN i
. w . i
of Lhef‘e wxll be l:.sted in what is judged." as: lncreas;{ng Order 0f° merlt. F-_.
(1) Sllver palnt on' sapph:\:re substrates. These are nelther ’
rcprodueib]:e nor‘ durabl‘e. (I'hey develop ,ci:ac}c_s' upon drying from which is 3
: a- o . 5 . :
- s S . Y o o
..produced a large background signal during use. Isac'ause of the discharge’ 1
&ross the c.rac}.ecx spr_ces.' s S . . . A S
- Y - {ii) 'Gold films -on sapphlre substrates. "Two difficulties weré ’
identified here. , l[‘irst,' the £ilm is not durable. _Secendly, in order ‘-
to make contacts to the énds of the'gpld films,  indiam was built up by ¢ | )
"plating; ~however, .the indium deposit leeched th¥gghold :Ln the contact U
. . -’_-J. T . B . . . ' LT . ‘ s’ '-_
‘..* arca, and breaks often appeargd befweén the co 'ct and the rest of the '
- ‘ N . N r "‘ - 'I"- ‘. ‘ ’ ‘A - .{' b . " ‘ ' ‘ cl
fli:ﬁ;. . . K €0 o & L ‘ ' - L
. (iidh. Snuttered tantalum W1th go«ld end contacts, on A1203 : }. G
- ‘ : N \ T -
sihstrates.” - Thise were _kindly prOV1ded uDon requeet: by ’41crosystems Inter-
Lt o . 3
national Ltd. A;b;,-r, Dr. 'k.’ﬁastwood, E:tch sucn heate*‘ had &unensloné about ;
i ] B “ﬁ. .g- ' a-e.. : | . . . .‘ ‘.'; ) ) ,.. J',
]"1 ® fﬁar S ui:th resistaﬂce e.b:n,ut-lo ol'uns,,',.'l‘hey\dre durable___gnd are o
;cco'r nepc.cd fcr‘toom temperatu::e work ,-However, semlccnndur:.tor sa'nples
rounted on t‘-qc e heaters are stra:.ned a+ 1ow temperatures, S’th"”;mg i ‘__':;'“'“’"ﬂ
distorted forms (see'Chagtfe.r E-). If the fz]_ms were sputtered onto .
. = N v . . .. . b 1 N ‘ . '
. . Cor R 4 o “ - . . .
‘ r:r;:ni.ﬁh%m, ug -Gahs wafers, -perhaps one wo'.bld';have. the _J.Q:gal‘ heater. = .
. T . '.\.' X . . . L T, T _ h
@ © ’ Lo - __' ; . .'.'.' ;’\_ . . ) |- P ) ] - ] ) 3 '. L
i .

. . . Lo ) - ] .
. . e . A f .
. B o - N . . ~oe s - . -
. \ | I b . . . -y ) ) "
, i -1 3 Lo . e, . ~- !

N
.
e
L
.
.



) based grease, elther oPague whlte ox transparent.

g

: 3
-_d1mens;ons about l4-x 8 x 0.5 m-, with resmstances-between lquld

{ivh Semlconductor rectangular pleces w1th Strlp end contacts.

“aC i h 5 : e

\11 the measurements (except for the spllttlng of the Ge peak in Chapter 6)

4

.reported in Chapters 5 6 and 7 were made u51ng n- type Gahs heaters, of

3
A

nltrOgen an& Yoom temperatures of about 8- 15 ohms. yThe contacts were

.
¢

:made by alloylng evaporatednlndium strlps at 475 C Zcentactsiweré

.k

made to these ‘areas at three places at ‘each end u51ng gold wires at thu

) : -
ends of whlch were attached Indalloy #ll o balls. The cantacts were

\_
¢

made by heating to ahout 150 C, S%eh‘heaters are sturdy, and with 7
- - . . . . r'\ - Rk i

am

- ST

“ . 4

. ; ." Do s - .' \ .. _.-'l>
reasonab%e,precautlons,endure many manlpulatlonsﬂ
. 15, & . 0T

f.

The samples Were attadhed tQ the heaters by a smeariOL slllcone_;
¢

loé THe latter is -
thinner and waS'usgally used‘at low temperatures..

» . R

3 3. 2b hoater 5;;1_]1]{5 iy S o o - . .. . y

[ L - ! .

At room temperature, the heater can be mounted on a water— !
a 'I o .' .!'.

'.cooled .copper. block. The 51mplest de51gn is perhaps a block with

' block w1th copper tublng soldered on thé ntrance and exlt holes.

'holes drllled throughalt such that the water makes a|c1rcu;t 1n51de the R

¢ O - y

-

g " o Y

De51gns should conSLder a narrow wmdth, to permlt near normal 1n01dence

-

"of the llght beam, | and stablllty agafhst vrbratlona If the heater.

tr
cannot bé‘mounted dlréctly:on the 51nk, because of low 51nk-to—heater '

o

res lstance, the 1nsuIatlon could be made w1th -a thln sapphlre wafer. R

. ' " B .o -
1. - ' .
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-

" ment u51ng liquid He, a hew cryostat was designed u51ng 3ome “ideas from

\

was in contact Wlth llquld natroQi: ln the sample reglon. d xf)order to o

13

— D Tl T TR UVC PSRRI JSNPUSPRSRY S

°

Y

_-?' v ) .\.

the copper and the‘samnle, the followlng de51gn was found sultahle.

_Dependlngo on (Lhe sample to be measured, an InAs or Ge pedestal about .

~ vas put on the cqpperrtailpiece. To ensure goodlthermal contact, yet

L]

‘a thin-layer of silver soldet, and_ﬁhen soldered to the copper ‘via a’

. I’ . st .
1% mm thlck! with surface ‘dimensions larger than those of the heater .;

)

little strain in the pedestalf'the\pedestalﬂwas;eoated on oné side with

a

.o ) C e e, B - -0 : .
thick layer of indium. gThe heaterrwas separated froméghb pedestal by.

* .

a 20 MEtron thickness of greaee—impregnated;-naturalttraeing paper in

L3

'order to preveyt excessxve heat flow to the sink as well as to ensure:a

. S . s : L .
uniform spa01ng between heater and s;LnL.u ‘This last:component was -

Voeels - . P

1 . -

PR Y ‘ . ¢

essentlal for "good results near 20K.- . Some'modifications of this

arrangement was requlred for the sample mount in the superconductlng ;
magnet. " This is partly descrlbed ln‘Chapter\%\\\ R o
. : o _ K ‘ ‘ . )

. - ' . L
. g . 1
: - . . . ' . 1
I . :

Cryostats of the' For“mn type 67 were used ‘for the experlments

The lbw tempegghure heat sink was a“copper cold fingejﬁ/mhich ' Eg

elimiﬂate‘Strain in the sample, du ‘to'differential contfaction between Qk{ ;

at llquld nltrogen and dry 1ce—methanol temperatures.' For the expemgQ v

)

the nltrogen cryostat, some of R. Gllnskl, and some of mine. Slnce it

RN .

worked'very well, the modificd

lthough sxmple w;ll be descrlbed
{

Except for the copper in tHe tailpiece and in the radlatlon shleld }

* \

soldered to the llquld nr*rogen resexvolr, “only StalnlEﬁS steel was wged.



5 - : ‘..:r 4ﬁ§’; | l‘ ‘ | : ; p...— ;.:: ”.

The He dewér} WhiChflgﬂ-dqwn*tojthe sample region, contained about 1.5

-

) litres. = The two tubes leading.to this dewar ﬁere"seperatéd froﬁ:contact )

with_the oitrogen-reserroir by a length of 4 inehes; . The nLtrogen
v \ - . ' .'
reserv01r was open at the top- and covered durlng use with a styrofoam

“\

cap. The level of the HL'lquld was monltorod by measur;hg Lhe N

comblned re51stance of three 0.1 watt, 33 ohm carbon reSistors; in

]

parallel, suspended at 1; 5, apd 7 1qches from'the bottom of the dewar tank. .

The bogleoff rate.was about'OfB iitres/hr. . The sample changeover time,.
' \ * . i - . s T . ,.' - .

o

" with the ?éip'of a hot eit blowing'system; was 20 minptes.r‘ ,
n 1 , .l ' . e IO e
N 3:5c typical power levels and temperature varlatloms. . : .

' it

Power was provided by‘a de power supply wh#ch was in series_

with a ﬁorcuryéwetted relay. The relay was operated by aﬁ oscillatoij
-whlch drove the relay- w1th a duty cycle of about 0.3 at-about 11 Hz, h }

_, [ " .
and also’ prov1ded the reference srgnal for the lock~ hn in the detectlbn

L3

s o _ . _ﬂL‘
01rcu1t.- ' : s :

a . Approximate temperatures of the sample were obtained by
eolderirg‘a #40 copper constantan thermocouple to a,amall rectangle of
: ‘
. samTle materlel "and stlcklng thls piece to the hea;er surface with

grca e. The thermpcouple reference temperature was that of the Lowest
[ N

temptrature llquld in the cryostat. From experlence, it was found that

thils [sﬁall wire thermocohphe required calibration,”{gesumably “due to tbe
s ! - ' B
presence of straln (larger WLIES do’ not‘need callbratlon) The cali- ~

=3




'contrlbutes to a more unlform sample temperature, 51nce at the re?ucei

1 Hz, however from the g 1ckness of response of- the meter neeile, 1t

‘parison has bgen USea/in Chapter 5.

A

pration ' was done by normalizing the measured differences between He, - T -

Né‘ahd ice liquid temperatures to published values. 07
To. glve an iediCLtioh of the power levels and temperature

j

;:modﬁlation in'these experimehts, Figﬁre-?-was~preﬁared. Of'partieuiar

interést-are the results near llqulf nltrogen temperatures for the

. v
-mountlng conflguratlons wrth and w{thout the tracrng paper behind the '

-

heatex, as has been dlscussed in. Sectlon 4.3.2b. A51de‘fro the -

advantage'of"hniformity of temperature due to a uniform soacing, one

l

SGLS that one can achleve the same modulatlon in température w1th a’

"t / .
reduction of’a‘factor ©f 5 in power lnput. Thls “latter: fact also Co

t

power 1evel the effect of hot spots in the heater wou}d be. 1es~. It

is noted" that these temperature modulatron measurements ware mnde at
. ‘ - \ _
P

is belleved ‘that they ar7 about the- same at 11 Hz. It is be 1eved .

"’ . P -
ement, this type ofutemperature,measurement‘

that with a little refi?
' ’ AR Y [

would permit a'quantit7@ive comparison_between'the_experimenjal,and :

Ty

theoretical (AR/R) results. Another approach for quantitatfve_com—

. ‘.. o . e de el - e N~

i

highly temper;_ture: dependent, -
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and some serles re51stance in the relay circuit was. requlred to pre~

_"vcnt a runaway{smtuatlon. I )- o _ - .
. ! ) [ . ‘ '. . '% . ' " -' ) .-.';.
3 iy P .'\j T k. : '
X - 4.3.3 Optics .ﬂ, o . : - -
‘ T . o The llght source was elther & 5ylvan1a DWY quartZuhalogen o L

'.‘ . 1 9 v
tungsten lamp operated around 400 watts, or a Nernst fllament operated
. o< ; C .
Ca around%iSO watts, connected to a- regulated pDWer supply.; The‘sodfceeiQ
weré not’ cooledt}“ The,SOurce hou51ng was made of.an,asbestos;base.

T bOardu; Adjustableirectaﬁgular bllnds, whlch Slld along vertlcal and I
, . . - LN
. -~ oL T
-nhorlzontel tracks, were: found convenient as eye prote tors, as.reducers“
[ L - '. o -
of scattered llght and as controls for adjustlng the aperture angle 1n A

the lrgnt beam from the exlt Sllt. " Thls latter use permlts a less dls—f

.to‘ted'slrt lmage whach-may be desrrable when one has‘a_sample or deteotor‘ .

or

) ) . ] @
g1, dimpnsions; The mlrrors were tyﬁiCa ly 4 1nches in. dlameter

with focal lengths suatable for f/S OpthS. . An.eight Blade cﬁopper

'drlven by a varlableUfrequency motor was placed ahead of the entrance

"

sllt.i Normally it was rotated around 25 cycles per second. - The refe- .

—

rence dlgnal used 1n the detectlo? bE chopped llght was 1ndependent o

of thelsource, belng prov1ded by a penllght -cds cell arrangement mounted
"..- ! T . i - '

"f“”‘""'*"“lnSIdCfthé \khhuyyur housings

~ N V .
J e v . ] Lo ' N L
: _ [ o S LT ‘

\ The d;sper51on devioe was " a Spex<Model 1702 autOmatlc scannlng,

oo
-

‘ grating‘spectromet r. The gratlngs used were blazed at 0.75,71. Gﬂand 4

. 4 . . -

nNicrons, with'typlcar'dispersion of 20, 20, and 80 angstroms per_mm.l il



sl:.t wrdth respect‘rvely. . Stam fllters at 0. 4,.,0 6 0 7 mlcrons,
drd. mterference fllters a.t 1.04, 1 9, and 3 .04 m:.crons fromIOI;tzcal
\ LI . d . ) ..'
ccatlngs Laboratories, Inc., served to ellmlnate second order con--,

v . ’ [

~tr1but10ns L DR v o : e e ) -: . *.. s

. . . . . ey

a
vl 0 f -.\ L

- The cryostat w1ndows were of quartz or llthlum fluorlde. ‘ :“él

.\

fE“The detectors were nltrogen-cooled PbSe cell '(\ > 2 5 mlcrons), ‘room

\ n

and a vari ty of hotomultlpller tubes. The PbS cell was mounted in

_ﬁ ..-.-"." -

SOl AR Lok :
with a small Openlng, such %hat J.t would recelve l;Lgh‘t L R

only from ‘the detector mlrror,,...-.f """"""" Tl o

J - L L e N

Eﬁﬁgssive-precéu;ioﬁé were not‘réquired for eliminatina reom L
’ llght, and all experlments wé/zfdone under Formal room condltlons w1th

'the l:Lght beam chambers somguhat shlelded ‘ L \

. L P VL - [
il .. i

-

- 4.3.4 Detect10q5
. e N

ThlS seﬂtlon is organlzed as follows fi?géq a few.comments.

about liqﬁid?nitrégen,cooling,of'detectdrs; secondly; a statement of)the

™
a

CqUIpHent using iN tHe detector circuit; and thirdly, sofﬁgnoces abome -
the sources and reduction of unﬁeéirahle signals,. , :
The PbSe cdlls wére pressed ‘with beryllium copper springs

,égainst-éﬁxetai‘plati-atfaohedjto a cold finger. N success was mage

.ot R

.
4



S oo A T ‘ | .. oo
. ln mOuntlng a Pbs detector on a cold flnger.

. et .
O " ' »

contracted closely w1th respect to the “Pbs £films as was seen when _the

N

/ ‘
s - whole detector was 1mmersed slowly'through_the vapor 1nto 1%Huld ]

. ) .
L __nltrogen,.the films craqked 1¢ everchase ﬁﬁen mounted ah several

| o

manners on the tallplece. ' 1e guesses that the substrate cooled
. J '

. -~‘\§@eaa of'the film;. P0551b1e wagj to avold thlS would be to cool slowly,'
) . . . ) ]

i . - !  we -o-’."‘?"‘ b
mon;t 1ng the tallplece temperature, or to use a cryostat in whmch the
. ' i N
detector could be totally rmmersed ln 11qu1d nltrogeﬁ

y S ' ~ d . .

L.

The detector has 3? Sﬁrles with 24 '3 volts of Mallory Duracell
i

_,.;-.

'
‘ "

mercury batterles and a 93

'ﬁ?e51st0r., The szgna&s—werE’ampllfled

R
.

- and phase—sénsxtlvelyedetec

- v
.

ted u51ng the follow1ng Prlnceton Applled

Mesearch equlpment- (a) for the“modulatlon 51gnal Model 213 pre—

[
7 1 ~ : "

ampllfler, Model 210 selectlve ampllfler, Model 220 1lock-in ampllfler,_

'(b) for the ch0pped llqht 51gnal Model 122 1ock—1n ampllfler.

-~

ror electronlc d1v1slon of the two 51gnals in order to obtaln (AR/R)

]
. . B .
l .

values dlrECtlz, elther a home-made box contalnlng two operatlonal
% ' .

ampllflers to convert the output lmpedances of the lock—ans, a power - !
|

i
supply and a Burr-Brown . d;v1der,_or a PAR Model 230 multlpller*d1v1der )

- . : v!.
__F_mllunltqwaswused : . : . u

VAkthough tHe substrates . Vo

o - R )
21

. | - ' ' .‘ . I‘ . ‘.." m - T N
The main spurious siénal present.aﬁ-room'temperature ieloften

- '

;- “the heater—sample modulated black body radlatlon at the'modulatlon

v

frequencf. Some ways to reduge thlS are (a) to use detectdrs whlch do " .

.
. . - 1
, ;
- " +
- N - :



4.

wr ntcmperatures.

| Y. B .-

',not res%rnd at wavelengths longer than the measurement range

and (b) to use fllters which.do not pass long wavelengths,

. z

ca quartz wlndow when us1ng PbSe in the 2 5 - 4 mlcron range._

\ 3 .~‘."'

g 4es;red

W
. THis

Y

slgnal must be . ellmlnatedﬁby aadc back—off 1f one is perfqrmlng elect

lelSlon ofp*he lcck—ln 51gnals.

h

‘The effect 15 1n51gn1f1cant at low

Common causes of nélse in the modulatlon s;gnals are

source lnstabllltyr-v1bratlon of optlcal components fau]ty cables,

-

. .
., . N o

for eﬂample,

X

e

F

—r—
""""""'r-g-rv)-o-f-r-r'-

nic

-

r.
and a varylng 1eakage re51stance at the junctlon of the detector leads

-

on the c:yoetat.

’?{b

Cw

<, o R ". ["‘ l [

i
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5.1 Introduction . =, 8 | S -

l This Chapter presents the7thetmoreflectance data ani analvsis

“for the InAs material, the preparation of which'was described \in

\lJ

:Chapter 2. . A small part of the analySLS in Sectlon 5 3.2 reproduces

v ‘ -
some\of the 1deas of Chapter 3. Thl has ‘been done to make the o
v ’ v

reading eaSier. The measurements, technlques, and analysms : -

descrlbed in thls chapter are the oslglnal work of the author., f

v - PR

t

E I Although modulated reflectance technlques have been used
3
“20, 21

Widely durlng the past decade,.‘ . thelr appllcatlon to group IV and K

. J B,
III~V semlconductors in all but a few cases has been concerned Wlth

" "- [

~intrinsic OptlFal structnre, that lS, the reflectance of materlals w1th

-'shlfts

¥
full valerce bands, and empty hlgher bandSs- ,Some exceptlons have been

) -
I

91 - = . ;
electroreflectance measurements by Cardona'et al. 1 .ONn some heav11y- N

doped n— and p- type GaAs, and the fleld—lnduced band fllllng technlque

in n~type InSh by Glosser et al 108 In the former wdrk Bursteln—Moss

'17Fup to. 0. l eV were. observed but the llght and heavy hole ¢

[
- )

pdhds were not diStinguished.‘ In the latter wo:k, ﬁpe variation ‘of

4

4

‘transitiom .énergies to and from states nearéi&e Fermf level as the
' - ! ) .. o . - - N w‘ ! R - . X - 1

4

surface potential qas changed ‘was used to identify
(- N . B ‘ ~

some electroreflectance structure._ Another modulat?on

& éd

t?cﬁnlque,

absorptlon, served to study 1ntervadﬂncp bjhd tran51t10ns in p—type Ge.,

v

Howener, except for the short treatement in eference 91 modulatmon

. P , w{ﬁg

technlques«have not been applled to trace the conductlon and valence

N




T e Be .
-;,':" . ‘-i -:‘”.h o fr".d' LR S oo L T
"-“":. ~j..,' . et '.a ‘_ s ) :.. . o Q R ; '
-band energiee near'k 0 at conductlon electron or hole concen=
tratlons at the tevel of 1019 _«." Some d.cl. abserptlon studies of

e

. " ) « . \l:

‘“heav1ly—doped IXII-V semlconductors have been made, the most detailed of

X

: . . . 8 i . L
,  .by Gobell and Panl on prtype InSb The absorptlon edge in heavrly— $\& i

10,19
dOPEd n-type InAS f-. is broadf and absent of structure aehich would
_ 1ndlcate the separate onaets of transmtlons from the’ heawg and llght = B
', . o . . . . ) . . g_-" . .,
-5“] hole valence bands. . o ‘- E'. . F . . . 73 .
‘1."‘ ,‘, B . : . o )
N N, -7 o . D Tk
. | L o , . CL Tk
: The thermoreflectande technlque has been us&g herento Study o
o ‘the reglon of the onsetﬁof band-to—band transrtlens in heav11y—doped ”}Gh-_

\Ee&\po InAs . The experlmental results are presented first in order to | - J, %S
e

o . T : F l ,' . ‘.iq
. Kl ! N
better 1dent1fy the spe01flc aim of the analy51s sectlon, wh:ch lS to o d
i Pt . ) T o
‘see rf the SLgnals obtalned are con51Stent Wlth the Kane moﬁel for the .

conductlon, and llght and heavy hole valence\bands. The effect é@%
e | oL . 1 ' - : '
o s . - 110 . L D
tlte lmpurrtles on the.band'strucgure“ swill be 1gnored in the analysi
o Y . . Lo .- L ' . i I ) "': -
Finally, somg cqmments will be Rade regarding the comparison between-

[} "
o . 3 : St R ) T .
.,jexperrmeht end thequa ‘k* U E S O S N -
. . ; ‘ :l' 3 s - r‘_ .
i . © Ty . 3 - ) .
¥ ‘ . T S . L. - c - \
L T\‘e R A AT . ST oy %
B : 5.2 , Experiment and Deta‘ < 'n ’ P
., . ol . b ) . [ o , . ".
1 : kv ;
5.2.1  Sample preparation ' 4 - _ .
\ : K . - ‘ i - +
K ;The samples ‘were tut from mater1a1 cen*ral to ‘the 1ngots and
- , S :
adjacent to the materlal used’ for the Hall measurements whlch vere ’
- a
- ‘ . . ‘, m V ' 3 -~
Q \
L . ' |
’ .f“ B _)' \ \ ' ' "



i

. ;quple was mounted v1a a all sample on the heater, and ltS readlng.7
LS

. two at a tlme on the heater, one of ‘the samples belng,common to all the

Y

A

runs, and some measurements of (AR/R) of. the‘common.samcle were part of

.'each run. . . .- - a'“-, R S T v L
b . b N . . - '

. N ' = 'A. s - . " L ‘
- l.r .‘ * ._"‘ \ 'I
- Y ' ‘ st
. o o TUEF8T- e 0 ;
B . R - — R
. L _— ff:“‘/((e R L
hd e Ve - Lo “
' R e ! o -‘ St
) ‘ el \l ) ) ! Q_. ) ) . _\’ * - :“.‘ -4.‘.
‘ﬁescrlbed 1n Cbapter 2. ‘imhe-eamp;e‘dimensions wefe'typically“\ :
8 x 2.5 x 0. 20 T S B T .
ey . ! . ; . . ‘ ' . . b
’5.232_"Sampie_m$t6ting- A o o B
e \ e N k\-—/ A "‘--%\ ‘J\ . . Don -
The sample mountlng and heat;ng were as &escrlbed :in Sect;dh.
it 9 ‘-' a

4;3.2._ In a serles of meaSurements sucﬁ és thls, 1ndlrect heatlng 15,

T . .f.

prefcrable laly that all the samples can be more or less equally heated.:
. - r"
ThlS was: assured by two monltorlng pro?rduresyf 1) a small thermo— .

- .

y -

e T . ; S "

was,reproduced.for each Measurement-~ 2) .samples wereualwaye mqqnted

. . a
1

e oo '\.- *

‘\ . ‘,z____., '-_ { "_. " '

K L co ey A } A - ' -
. P * o
L

\ . o L . oo . . .. . "-
Ay . - S E . N

iroor o , . t . L -
5.2.3 . Measurements J:/ R ST e T

3 Wt 'I-'. ‘-' I o S~
‘{"ﬁlf measﬁremeﬁé//;ere madé at 85 3K, except for one whlch

.was mﬁde at room- tEmperature for comparlson purposes. N R Pbs detector

a < .-l -

: was<used,_except ln;the-base.of some me§suremenf$”of (AR/R)‘in the & i

)y s

=1

: . RN ! .
L o,

'Ei. El + A reglsﬁ, Whlch were made to see- 1f these transxtlons were:,

1

na

affected by the doplng In most cases,athe quotlept (AR/RQ was cai-

-..; -

\jeulatcd from consecut1VE measurements of’ the 1nten51t1es of he a.c.r

-

3 g - R . .V . N

'f:tomponent of- the thermally-modulated llght beam, and thg %Otal reflected

heamt;, Thls‘procedurevgave a befter 51gnal— o—n01se ratlo fhan ﬁhe

A T w
51multaneous electronlc lelSlon of the two 51gnals. '=A (&R/R) run was

e g——

. Y . ¢ . . . ' .
Do P . ) . . ] -
' . s el T

)
-
‘

Vo .
B \
-

Fu .

bat

-

e
" ox
n
.

»



. T

—

—

_ ) -'g8 = - I -‘“1\’\“.:_ -
, o s 7 b > ’ . \\-\L
b i 7 _
e i .. . . o 7
; s ' ’ .
. ; _‘ s . . . Ah_ ) - ". ‘
. . ¥ P ‘ K ; . S P,
' made on a pure G% sample under the above condltlons, so that a 7
\’.comparlson between theory and experlmenta could\se made ﬁar\the ratlo e
. AR - = .
- : - . oo
_ __of the InAs to Ge modulatlon of reflectances , : ;
. ~ ;—.\\\l\_‘_ ) o ; ; . | o, ~ | . : ‘p" ‘.'_Q .
: ) Lo \\‘l____‘_____ .' - R
. ot N . N 2.‘. . _‘~——.____3_____ . L
A ~\\‘5 2 4 Results s o ‘ . T el
! - - ’ -

i

st

: 'fol-lowlng; 1) Wlthln eachﬁp\ect\..m there are two maxima and two 7 ;;

' mihima; '2) " the magnltude of bhe ;Eaﬁges In (AR/R) is nearly the. same

i

'1n the more. heav&ly doped eamples, but is eyldent 1n the sample w1th

e 7
. The (AR{R) results for-the InAs samples are ShOWn in
'\ p

“\...._‘ “"\-

z

Flgs. 8 and 9. ° ~Th3:na1n features of these sgectra seem to be the ..~
N \\‘\\J N
; . L -8

- Lo

. ‘-\

N V. . o :
-.__ T -

for all the samples, although the hlgher energy peaks-aretnotlceabﬁy

- e S “-—.

weaker for the samples w1th IOWer dop&ngi\\fi there is a Shlft "f‘&ll;?\a

the peaks tOnard hlgher energles as the dppil g\&ncreases, 4) the p : —
b - . \ . - ‘ ~ '.' .

separatlon between succe551v§ minima lncreases rapldIyxger the flrséa

[=]

- F

- range of doplng lncrease and then more slowly, 5)' the W15\Hs-of

l} 4 v . i
lnday;dual structures become contlnuously broader as the doping 1n;;eases. \
L‘I h ,_.._-" * ‘ - ‘.' N
RnotHEr aspect lS the negatlve-going result at low energles for samples- AN
) -3 ’ g ’
w1th N eq l to O 24 0 47 and 5 60 X 10% cm .; ThlS 1s due to the/
/-

modulatlon of the absorption of 11ght which has passed thrOUgh a samp&s g

and is reflected from the back surface. This component is much redhced LT,
f L] . ) : ‘
| ‘. ’ i

-3 ' 3 IR
= 5.6‘x 10l cm: because, in the preparatlon, both surfaces of the o

sample were lnadvertently chemlcally pollshed, thus reduc1ng the: thlck— A . I‘;w

ness,as.well ‘as 1ncrea51ng the 1n—beam reflectaon from the.back surfacesp
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- The‘resultslof the-auxilliary experiments were: 1) rQom B L

L] —..\

téhperature measurements glve a structure shlfted to'lower ener

N

g:ues, _' o )
. *  cand con51derably broadened - 2) the negatlve peaks of. the. (E , Bl . A )_.j.

>

structhres for N 0. OOl 2.07 and 6 28 X lO cm % were at (2;607 S

S

|
\

e ‘
, 2 917), (2 591 2 887-.) and (2 580 2.890} éV respect:wely, BK the ¢

1,

v, magnltude of (AR/R} of the negatlve exc1ton peak for Ge was 4 x 10 4

- The result 2) aqug is not dlsc&ssed further.- S

-

\.
: S X e AN
’ 4 . ! .

s _ 5.3 'Theory, ahd An@lfsis“\: : |
, ' '_ . R ’ . . “\ . .
“""__5.3.1' 'L.Outlin'e ) ‘:.'J R }/‘ R L 0
L ) The:bas;s o% the pxesent analysms comes fnom thtee'sonrces.‘; .L
i olf the Kane~model for the conduotlon.and valence bands of III-V\con: .

. — T ‘-._“__‘_‘ . N ‘\ >
LI Jpc ds, 1nclud1ng the flrst order perturbatlon corrections for hlgher\\\\' . T

4' - ,. . { . .

oo bands, but assumlng sp;n degeneraCY. experlmentél and’ semi- co T

T . A
. . - ' o A
L "emplrlcal values for the band parameters, and 3)." the 131at1°n5hlp S :

: X L ke

-ry

'.‘ ¢

~of Ehrenrelch 4nd Cbhen for the contrlbutlon of a valence~to—conductlon

-

) . . T mw
’ band transition té the dlelectrmc constanq Wlth these, the téhp$rature'

. no_f \
P ’ / - s

derlvatlve of the dlelectrlg cénsfant is calculated and related td

.f‘.)(s o . C:, - ) . '
(AR/R) by Seraphln s expresslon._ ° : : . v . .

5.3.2 The Kane model S ' . L Lt ~

Kane's result2 for the E vs k ‘;atlonshlp of- the conductlon
. : ¥ ‘ .

- P

.

" and three uppermost valence bands at k = @“is . .1”f '"‘
. 14 ' '
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- 2 l N 20-. 2 ST . . .
Hegl! #e(by e 261) (LM-N) KO, $)] :
- €

I C L R 2,040 5.~ (1)

o v : . “.I.:‘ : o . ' ’ Y
" where EKi is '&”solution of the equation - \

v”‘l

E .
K1 "Ki

’ . S . . - 2\1ﬁ v
. 5, + EJ(E,, + E. 4+ A ) — ' (E: 5 2K Y
. & Gj1.;(EK1 m'EG. Bg) sk E-p\“fxi ¥ Eg "--3.&0‘)

-
e

By= mg + XO[8 + M+ @MWRE©, 9] « 5= (3>"
a ) - . - ~_ ¢ ; ) . - " f

: E.

’A
In thesé equations the "following 'Cdriventinns Zmd notatio?: have been used: f.’: i

P . ot A

the bottom of the conduct:.on band 'is the zero of energy the subscrlots _ '

,f 2 3 4 correspond tor the spl::.t off l:Lght and heavy %vallence . 0

» ' . TN -
hénds, and the conduction-band,-respgztively; S| eqnals3ﬁf/2m'where m is

i : : I . . : \
.2, :—-J.?. N

2
the free electron mass, al,-bvj cl are the squares of - the coeff1c1ents

S : \
of an’ s-—‘and two p—type wgve/functlons in the wave funct:.ons for bands

)

l‘, 2, and 4;-. the c_oefflclents A, M, L', L, and N 1nvolve matrlx e\Iements

. ‘ , ! T oy . s ' T, . . \\. '
- o—of the momentum operator between the wave functions at'k = 0 of thes oy 0

four bands and those of upper bands, h(ﬂ ¢), where 2 ; ¢ are the usua

4 2.2 S22
spherical angle co- ordlnates, is deflned by k hig, $) = k k + k k + k k S
o
. E, and N are the differences at k = 0 of E, ~ E, apd E % E., respec-
G " o X o . Y 37w 3 01 . A\ ]
4 ~ S . . -‘ ' )\ ) .\ : '. ' ; ’
“tively; EP is proportional. to the square of the mome tw}zm matrix element v

) between ‘s- and p%-t_frj_:e f‘:'uncti'ons; mor?f\exez.cﬁly,

L




b ana:Eb respectively.

functioh.” = - o o T )
et o - -{‘. .
. l . . ‘. '.. . " : { )‘
. K .' v . ' [T
As a first step, Eq. 5-(2) was solved for a rangeﬁgffﬁxi
) - l . 0 ) ‘ ! - ‘ : . . y I : .n
.values, using the values of 0..40,2?5/0. 33.,‘3_"3 and-22.2°9 &y for E,

N .

hl . :
- , " . T
' L -~ .
n l a
I . - ) FRS

In uSLng 0. 40 eV for” EG' half of the measured gap temperature

s . a

'depegeence was subtracted as -an aﬁ@roxlmatlon to retalnlng only dlla—"

tatlon component of tﬁif;eqperature shlft.Vgr Y b ' ci were cal--

[

culated accordlng to Kane s paper.z' The valuessfor the upper band

LI
-»—-—

Tatrix elements, exceptlng A ,.were calculated us;ng Laﬁhetz s semi-

- -J_i “ . .c - ’ £
« . .

empirical velue's34 for tﬁb Luttlnger parameters (see Ref 84 for the
conversion relatlons)., M, L' and (L-M N) are -3 95, 0.0, and 5.5s

[ ;«

respectively.‘ A' was determlned to be —3 Os from the dlfference bet—

] . . f

‘ween the measured86 oyélotron resonance effectlJe mass at hellum,

s *
’ / ‘."-..

*0.0235'my and that cé;culated at k- ! excludlng upper ‘band terms.
1- . ﬂ' o

Fig. 10 %hows the reSult for the four bands for the <100> and <111>

:

2
dlrectléns, whlle Flg. 11 glves & plot of az, b and c. for the con-

- [

dUthon and llght hole valenee bands.'- Flg 10, although already seen DL
1n Chapter l, is reproduced here for easy reference. For convenlence,‘ ‘ S

’f ; L -

.one absclssa of Fig. 10, and that of Fig. 11 are given in .terms of N,

RS
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_Pi*ure 11, a2, b2, and ¢ at the Perml 1evel for the cdnduction
&nd ll"ht hotervalence bands as a funation of N- e

é . C T f --‘,; o '{ f"_




J

L ! o : . . Lt R R [ e

S - 96. = | *
‘p_ " J- '
}\QTQ electron concentratlon 1n the conductlon band. | The calculdtion ! i "l<
assumed complete degeﬁeracy, which is correct o the order of (k T/E ) 45
where h is the Boltzmann constant and EF, the Perml level. -<The pro- B -
cedure for flndlng N as a functlon of EF will be outllned.. Eq; 5-{2)
2 . .
states ‘that kr{B ¢} ‘ig determlned by EK4 Slnce the average value of
hw,.¢) ovgr,all angles 15;(1[5),-& first ofder_a?proximation to 'f
ke, 0) s e " C .
. : v e . :
2 St v ,
-KF(B, kF<100>(l D fh(e, ¢)) o _ L 5 < (5). .
. . o :a . : v s ' - . “ . ) e
S 2 -2 . . , ‘ i N
e “MaN. ‘ o . \ ‘ . _ ‘
£, = og,m 20) (D). ‘ o N o %
; , Co _ B L L .fﬁﬁ
and - S o ' B ' - ' , o
2, .. " .. "n - T > ’
' D, = (dk“/4E )} . _ 5 - (8)

4 4% av

o f '
‘

-

fhe_derivativefbeing evaluated with Eq. 5-(2) at E.4 E4<1005‘% fakZ/S. ot

Relating the concéntration of carfiers to the volume.of occupied states

. in k~space in the usual way, onethas a first appfoximatien AR '
32 = k<1000 (L - 0.3D.£) - . . 5 Eeggy
s F . A 4& . ‘ L -‘:'
+ N
It is'noted from F1g5.10 and 11 that for N of the ordér of
1019cm'—3 and hlgher, “the llght and heavy hole bands are almost equally

——— : . 2
"heavy", the behaviour in the <100> dl:ectlons be;ng_(s + M)k ,.51nce-b3

is almost unity.

Y



"5.3.3 The dielégtric constant - : ) .
_The contribution to the dielectric constant € at an energy E .
' o . . . . . * H

,?rom_traﬁsitidns between bands 2, 3.and band 4 is given bygs'(see.

prs

Sectiagn 4.2.2fns I ‘\ . - | .
o 2
C S ML (EY) .
- ‘ - " ‘14 ' : L de". .
e(«E) =1 —C 2 — . . 1
‘ \ . R ._'2 3 _[0 B! o pl(E ) (E - BE' + il)(E + B' + i)
™~ - . o o .

. . o ) 8 - (8)
where C = 4me’h Ep/jm, e is“the 'electronic charge in unrationalized
' o w2 - l P D ‘ .
electrostatic units, Mi4 is_the square o% the momentum matrix element -
. . . . - " b "

between valeénce éhd conduction_béﬁd'states, norméli;ed to uﬁlty at k = 0, ; S

’ 3 3 . . " . i ' . .- - . .' ‘
p 'is the density of passible transitions at E', and I' is the lifetime
. : ! v ! . ! L ’

i

broadening parameter: There are two approximations in Eg. 5-(8)-?hich
- R 9% 2.
are not made in the original expression; M~ is considered as dependent .
. C o o ‘ 2 o -
on &', and-I is treated as a constant, whereas' ¥~ and T are more exactly

functions of the k-value at which the transition takes place.. - L

N . . ' . .. ' - K D
] - : T o N4 T - . . AR

-

Fig. 12 shows the valqu’Zf/ff/ES’é/functién of N for direct
‘transitions from the .valence bands—to the neighboﬁrhood to E_, ag\cal*.

F

rmulae.l‘ .I-‘.l-2 for band 1 to_bahd‘4‘t;ansitions are

- i ]

the smallest. . Other factors which act against the observation of (AR/R)

Structire from the splitr-off band are: a) the E' denominatct in the

) . -‘ " ) ! . ’ . . [t
pscillaﬁér strength in Eq. .5-(8] is - larger, -as is the denominatoxfig_
(B +E + il); 'b) p(l + 4) is smal;e} because the stedp slopé'for .

£y
[

.y A ) : 7 . . &
AR " ' Do ' -

¥
' 1



o st wA Ay T rtr e raTore

T
i

A | PN e PNV T ST L PRI A, T AR T T e

-._'§P¢- g

.“#
" ’; -

0% em®)

| %too — T llolfflsl || ||  —

lC) .. :.L!‘ .' I?;i
(IO cm )

Pifurn l? ' Relative transition prOJAbilities for direct tran~.
°itiond from bands 1, 2, and. 3 to ”P *n‘the conduction band, ag-
‘& function of doping leve1 B e ' o

e,



band 1 in"F;g.,l{ ,c}fthg r Values-afe probably hi&hér,‘as hqs been

found in Ge for valence to conduction band“tfénsitions at k = O.;l;'
| . ' i & . e R

$.3,3a dlScuSSlOn of the meanlng of. p(E } the densmty of T

p0551ble tran51tlons at E' - . P

P ,q'pk

Before-proceeding.with the statement of_thé approximaﬁions to
v o, . s . .

be made in the evalﬁation of 54(8Y, a qualitative.discussion will be made«f‘

+.

x

of the meanlng pf Q(E ) 1n eq. 5—(8} ' in.order to use the expressioh

for‘the contrlbutlon to the dlelectrlc constant due’ to‘tranSLtlong which

oqcur-at Fl; onE'must know how g;nyltransitlons could occur in the ﬁgﬁrgy--
| range-Ef’to E' + dE'.  This questi;n will pé viewed'for five'sipuatiohs'
Aof incréésiné order_6f complexity;;'(iY.spﬁﬁri;al constant eﬁergy—suéfadéé

I . ' § N . .‘ N 'r] . .
. in the jconduction and-valernce bands at  zero degrees Kelvin; J{ii) situatiom
. ' . L v - ' | ) : . * . N

' ' ] - N R , . T
(i), but at non-zero temperatures; = (iii) situation (i), but with con= . ==
N . . 0 C. L. . . . -l e - \

Asi&erable anisotropy in the qgngtapt energy ggrfaéeshiﬁ éﬁe vélencélbghd;
‘Eé;);;éituatiéni(ii;)'Quﬁ witbfg slight anisotropy in.the constanf énergy‘w
surfaces in the eonQuCtion band; -(v) situatidn (iv)nsbut-ét non-zexo

; temperatures.. ' . . o g
(i) spheriqgl‘éneréy surfaces gt gefo*Kelv%n :

'ﬁt absolute zerb'oﬁe ;eed‘bnly-knéd%the joint density of states pd(Ef)

and the enefgy E' of a dlrect tran51tlon between the- valence band aﬁd the r

— . ' :

'Fermi level at EF (= E, } in the conductlon band. : ' ] ' L

\

{ii) case (1) at T # o : | - ‘ - ’ . s .-
The Ferml-Dlrac stat15t1cal factor applies to the occupatlon of

J.a
: '. ’ o : ,
v - " . - . . 0



N 4states aronnd E;F. _.CQnSider a transition nhich occufs between the

valcncc band and c0nduct10n band at E' such that the energy of the final.

) a ¥

state is Ear; It is: cleur ‘that if one wlehee to wrlte the statlstlcal

" oo C . - . o e

factor in terms of the tﬁansit;on energmes E}XBQQHEEE‘E4’ the energy texm

in the dlstrlbutlon must be multiplled by 4dE /dE' " 'If one is'only

-
r

onsmderlnq a small range of E' values, one can make the llnear approx«

_1‘ ’ S -

imationlthat (dE /dEf) B .. Thus at flnlte temperaturos p(E )

-Jl

’

: Becomes p_(E" ) [1- (1 + exp "("‘r:' - &} )/sk » 1.

&
(11&) anlsotropy in the valence band at Zero Kelv1n ‘
. As an 1ntroductlon to this sltuatlon, con51der the dlstrl—-.

¥

bution of_energies for transitions to the conetant energy surface at the

. . . . M - - 1 .
;. Fermi level in the- conduction .band. "If -the valence band has the ani-
usotropy given by the Kane model, the difference'betWeen the minimum energies

v
-

-3 and the max1mum energles wzll be approx1mately that given by the W—values dn

A L4

Figure-lS. Thls is approxlmate because Flgure 15 also 1ncludes the effect
) & g

of a-sliéht anisotropy of~the Fermi surﬁaoe 1n k—space. The dlstrlbutlon_
& .

of the energles for such tran51tlons is presented in Flgure 13. Ihe peak"_.

1n the dlstrlbutlon resblts from the saddle poxnt behavxour of the anlsotroplc

)

terms near -the <110>Wdirectlons.' It 1s noted here that Flgure 13 15 an,
o - T R S - . .
: ) o . w ¥ i ._ } N . _ Fl

original finding. - =~ - ' ' - -

/'. g )
Consider a negatlve anlsotropy term for the valence band such that
AT 2 .

_.6"‘ - .
the energy on a sphere 0f fadluS .k has mlnlma in the <lll> dlrectlons. This

’ , '
’

as the behaviour of the bands 2 and 3 in Flgure 10. 1in order to find the 301nt

] . -

.

..}J

PR

-



den51ty of stateé one}dnust J.nteqraf:e over a constant conduct:.mnnvalencé"

b \ L . - N I. i ) ,' ‘
,band energy dlffe}:é’hée. !l‘he f:.naL states in the conduct:.on band do notA A

- & . .
'.‘ , . . . K

o Thave constant k ; Elealues. ‘sﬁ'l‘o calcula&e the Jomtqdens:uty of s‘tates L

s 2 — s : ; ) wt c - _
one- should make a s&m of the gort -. 0T R K

W -

ol

_' Py (E ) w(Am Dens (AE) thE) - )

. ] ' . . ' S
o, S 0° . . o '_ Lo s L . . o N .
. . e . P .

~ . . - i , 1, . . (%
. . L . . . o N FP a . oot
o . . ,,I E\I o st ) Jo o 7 : .

Bl w I

4F

[

whcre nE a.s};4 - E ' Dens (,AE) ig j(lst the dens:l.ty of the Varlous At‘. @

“intervals.as preseri&:ed 7.1'1 I‘J.gure 13, normalxzed such that' : : .
- . N , L -y ooy o Lo 7 ) R

v, ' / Vo -

- . : . -4 - . ! PN -
. . 1 . . [l
(. . CoL e | e o ‘

.l . "
N 1

. . =

~ .and’ w(AE) would be an appropr:.ate welghtlng £actor for each E value. )

The autho:;_ has been unable 'to obtaa.n a Y:orkable form' rfc}‘ Wy and J.n thlS . ' /

pooa Do 0 L CT e

) oo
work it wn.ll be consxdered constant and equal toJ /dE ) eveluated 1n . 4

' -
[ o v —

the <i00> d:.rectlon. This da;:a can be obtdined f‘om Fn.ggre lO.~ That w o

e L]

1s falrly constant for a part:.cular B' vﬁ-lue can eé- argued es 'foll@yr‘s.

. . e A
- . . 4 s .. .

“‘%ansider'rthe, maximum and minimum en.ergy po ints on the corici‘uction band: - - -
. B ' [ ) . - P . . T 4

.‘They. will' J.n the "<lll> and <100> T, o

L

energy' 'siiffaee of EE.“S‘-*(-QL

M

- [ . _p.
r
dlrectn.ons, respectlvely w wguld be proportmna

N/dE‘) "Wthhmu e U
. - g T i
equals (dN/dE )(d‘E /dm g It £an be shown u51ng the data ‘of Flgure 10
- that (dN/dE ) varles by J,ess tlixan 10 pe_rcent, and_(dE /dEyrles by 1ess
9

-

L]
! 4

s

, ..

than 15 percent f X the w—-values of Flgure 153 o . -
: !
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& e . L .-'.'/‘ ‘ .
_ X PR b
) Vo ’ o o . A
1 B - 102 -~ : j :
; iR . 1‘, P . .
’ ! [ v / ' " v
. i s . :
- ?: R : 1 - N
' - ‘-‘h N A
. . . K . S ' ) ‘ 4o ). X : ] ‘ - ) .
(iv) case (111) w1th sllght anlsotropw 1n ‘the Conductron band SR
:?_ o When the conductron band is, also anrsotroplc, energy wrdthsrl
TR v ' ' ' '
X and energy drstrrbutlons dlfferent £ron srtuatlon (111) are obtained for
- J{.f .‘ "“ "" I 'f’ ’ \f '. N ! ! VN
o the tran51t10ns from a valenc band to fa const&nt energy surface in the S
- conduction band. Howeuér, if the conductlon band anlsotropy 1s sllght,'-f
+ ) X s . .‘ .
the constant welghtrng factor of case (111) can be.assumed . . X
. - K . . i‘)' ! o e b . K
v () case (1v) at -T# ,0 _ “';ff“f"'““j‘ ) 'f C - . ‘
.. \ . L N ' " ',I'.‘f' .' r” ' ’ ! ﬂ X -’ ‘ g o ‘ ' i .
. - At frnlte temperatures one must welght each donsrty componoi} ‘ B

in 5~LQ) by the approprlate'statlstlcal factor, whlch, for a general E'

.
b R S L
] vy

transrtlon energy, is’ taken to be [1 - + exp‘{(ﬁn ¥ E' - E! )/Bk T]) ]

It is- appreclated that the use of B in this form when applylng to t;an— .
: AR

sxtlons away from ‘the <100> drrectlons is a srmpllﬁylng approxmmatlon.

It 1s used ln ‘this manner because B 15 not far from unlty for the case of

r . AP
. ¢ / P "‘
- type InAs.n ?he use of the proper expressron w¢u1d be very cumbersome
. : v A
,and it is belleved,that its effect on the results would be tormake the ‘
; . N y L A
? }lrne shapes a. littie mnarrower. ; S e , . '
e () : S _ N ' : y o
e L . R o ’ PPN
. . S Y Sy e L N
. . - . " . . & N
' +An outline of the ac ual calculation will now beostated. P

) o/ : . . - . ) . '
: L g 7 o l . o : B
5.3.3b calculation of p(Eg") for band 2 + 4. and band 3 + 4 ransrthps -
. R L / ! " ] . . . - . .

-
-

i e
“?‘b ; - The denSLty;p of allowable transrtlons at E' is determlned by )
' v -
! three factors: 1). the.Perml dlstrlbutlon of occupled states. 1n the
. C. - K /
:eondngtion“band; 2) thercurvatures'of'tbe bagds near k (the relqyant
Iones for.tgz'mooulation c;icuiatron):ané 3) the anlsdtropy of the bandsfié
a , ‘.)_4 o P
) The last of these. WIL% be con51dereg flrft and, a;'a prellmlnary, the .:5:?
“ 4? O ‘ ’ . ‘ -- -.s‘ L I'~—7l '_;:':f/. , ',: Y t /;; *
. . . » B

. L . S LT T



g L T : _' ,-'_:. " o l..* .,:;_ - 1f5hA ..:-+i
S denslty dlstrlbutlon*of energles assoclated w1th the functlon h(e b) is-
. ' ' . -

treated o Thls has been evaluated.by computer by randomly selectlng

150 000 values of 6 and ¢ 1n the range 0. to n/zt and WEightlng by 51n e

A

. .
. v

the 1ncldence of any.partlcular value of h found in one of 100 equal '

' . \
-

1ntervals between 0 and 1/3 _ The result,_shown 1n Flg 13, w1th the o

[T . Lo .
- o

. “ e
ab5c1a5a normallzed to- unlty, has a peak in the dlstrlbutlon at 0. 75

T _ -
, U51ng a.calculatlon w1th 500 1ntervals, a. log—log”pr vas made cf.the '
< . . . L r .

'den51ty vs the dlstance frqm the peak " As shown 1n Flu” 14 the den51ty

_gocs as. a mlnus one—fourth power in the nelghbourhood of the peak Thus, o

were there no anlsotropy in the conductlon band, dlre\f tran51tlons, for

S U )
example, EEOm the heavy hole band to a partlcular k value in the con-

ductlon band would haVe a range energy of (L—M—N)k /3, and the dls-i} | Tﬁ\ :
. tribution givenl¢n Figi;%Bf- ﬁowever .k(E ) is a ﬁunttlon of dlrecflon‘ |
J{sce Eq. ‘i'a—(S)),,E_u-,dt.._he-\,r‘au;;g.a.ta.on.AE‘l of transition energy E' vith
. reepect td-ﬁ't190> iefto,farst.apérdnimatidn' S .
= (L~M-N}k_h + {s +lMi{k <100> - k) N 5 - (10) "
" R i S T s

;(b - 2c )(L—M—N)k h+(s+a§A' + b M + ch' + D )(k2<100> - kz

PR

) . 4
\ .

N ! ol T
| | % -y
P Lk ‘.
. ' ' * '-*-_; L s ,-”,
':where k2 gives the varlatlon of k fanaa constant energy surface rn~band !

. .
- ‘ .

/
'4;Vand where D2 is the eame functlon as D4, but caiculated'fqrjband 2. //;

K

"'_;l“ . o - R . H . . ) . ’

-, M

Because of the terms in h ! the den51ty dlstrlbutlon of energles is a ;

llttle dlfferent frOm that of Plg 13 Thy widths of the dlstrlbutlé;s,/ o
o

, W for tranSLtlons to Eﬁ are - shQWn 1n Flg 15 : ' s - - ?«\

- - \
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Figure 1L, Densitj of valueq of 3h in the‘d%ighbourhood of

the peal in“the dlqtrlbution The dlagnal line has a slope -
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o In order to evaluate (dN/dE"(<100>) ,,'graphs.were plptted-
: ‘ L g
‘¢of (dN/dE"<lOQ>) B VS E' <100>, and llnear relatlons were . found accordlng
e - - o ST X ““\ ‘ ST _ LT
to- R : Lo o Lo AR )
. o . I . - .,—J X ) . o o ASE ?‘._..- 5 400 -_’,“.‘ -

-

AN 1 l = ".n b mrer oy Co
(aN/dE" " (<1002)) = gr(-EF)“*-_ g'. (EI€100> - BTy

‘ where g' = (dg/dD (<100>)) eyaluated at Eéj and where E‘ is the energy
dlffeﬁenee between E and the,energybe 2 valence bahd at X <100>” The,,“k'
AN { ‘ : N
. vaiuee for g.and g'. for W = 0.3, l, and 6 x 10 for 3. 4-4 tran51t10ns, : ‘%
and N =.0.3 x-lo19 c'm\"3 for 2 +4 trausitionS'ere (2 6“ 1ov5), S ‘
(5.2, 14. 8),‘(14 9, 19 S) and (l 7 7. 4) in unLts of 10 cm 3eV_l aud’
i : R "
10%2 cm 3 ' respectlvely. - " o . ; e

s

The values of B Lequlr 4 for the modlfled Ferml—Dlrac factor

described in Section 5.3.3a w etermlned as l 13 1.18, 1. 32, and 1. 57

- | - . T
for N = 0.3, 1, 6 x 10> for'3 + 4.and N'= 0.37x 10 Sem™ 3 for 2 + 4

tranSLtlons, respectively The effectlve temperatures, that ib ~the,
r

...,}';' B . . " ‘.. ’
values for BT, would be much hlgher for measurements in p-type materihl. 3

Fr,
18 -
ThlS has bee\ﬂdlscussed in’ detail by Gobe11 and Fan. .

-

i

Thus, including_the temperature, anisetropyiand band curvature
g A ' : o ‘ o
effects p(E') is determined by ‘ : S
[

- !

— B p (El ) ' = Cd ‘[g(IEEI) | 4 - g,l .. ‘.(E; __._ EE'\ )]. .l . -’l | . -
‘ l':- . ."W - ' ':,LE' + E"." - EF" .‘ [ ll-.. [ I
. oL ['- {1 - [l + exp ( - ] }q(E E YAE v

. Jo : S Bk . .Ah\ , :

e A 5~ (13)




'
5w

s where q(B;; E") is the dlstrlbutlon functlon of §E7~type.of Figure 13,

‘ ithe flgure,

e Pt

. S ‘ R - :
. ~W . ‘ . ‘, o ) o A . ) ' .
| { sa(BL, B'DAEE' = 1 N
. o .. S o R h
N .'\-g. ._ - . . B “
. L ‘ y
3 S . . \ R

5 : . el

where @y and az ‘are expre551b1e as functions of nl and"n2 the refractive'

1ndex and the extlnctlon coeff1c1ent, respectlvely. cl and e, weré cal—

culated usihg‘existing data,71 wlth nl-set to 3.51 for the range above

1.7 mlcrons where data is m1551ng The result, over the relevant range,

3

is shoWn in,Fig.-16., The dlscontlnulty results from the dlsagreement bet~'

- '- v

Ween two sets of data?% however, it is accepted here that, as showmr in

1 21‘ is gfeater than s over the range 0.6 to 1. 5 ev. The.

contrlbutlons of:free carriers to nl and n,. were calculated u51ng'the

5.3.4 .-Mcdﬁlation'of-tﬁe-dielectric constant o -
. . .
Modulated reflectance 1s related to the medulation: of the real
and lmagagayyﬁparts of the dlelectnlc constant, El ande2 respectlvely,
,.94,8 ROV o s
by 9,91 o _ . e
_ ‘5'_
5 - (l4)- "

%




il -

;t;?r,_ib. The moduleted reflectance coefficientsixi;q? for.
nas /s ihe dashed portions of the curves were caleuldtod ‘

uging ny = 3,51, and np fas published (Ref, 71).
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. . . ) o '.\ , 9 PR
-expressions of Spltzer,and Ean, and found to be negllglble ) Alsp, :

_the modqxatlon cf such terms is. nct calculated because they glve no

structure in the measured reglon. ; Because the magnltudé ©of the

. .. . I'-'-I . ! . R . o r——
- variation in A62 frcm band—tc band. tran51tlcns 1s within twenty per-

-
'

cent of that in Acl,;as calculated by methods similar_to thdscmbelow;
the description here considers only Ael,

1
L]

Four pcssibla'temperature modulation effects have been con-

[ « .

sidered&';a)' the varlatlon of Eé resultlng from the change of EG w1th

tempcrature} ' b) the change of the Fermi dlstrlbutlon with temperature;
- e} thefmcdulation of the brcacenlngpparameter;;and d) the change-in

)
[

p{E") due'to changes ih Eand'curuaturec (i.e.{ the modulatiOn'of g in

. . s

. - -" . ' ' ’ " '-_\
g.- 5=(11). This latter effect was calculat d to be a hundred tlmes> . o

o .

.smaller than a) and b), an& is not dlscussed further.
: . : J » '

Ll ' . b ' ' : T

‘Factors a) and b) affect D(E‘).accordinglto

oy ', < . e

BEI aE : (E"*‘E'-.' - E"N . E''4+E' _‘Et

‘ D e ———— e || 9B
oy SEpe @Y G Cr _;
dar ﬁkoT - o . [ 1 + exp {(E' +E" - E}_;.);/SkOT}]
| | | ) 5 - (15) -
' | J . IR --.,__\\_7 . o
;o S

where the first dnd cecond.terms‘in the numerator correspond to ' -
modulatfgh effects a) and b}, respectively. The temperature mcdulaticu

!
- 3

I



';small changes in [ over an energy-pariation of Bké

St A - . R o
'

' “"‘-—. o). - :
ole modmfles the real part of the lntegral of Eq. 51(8) 51mply by . /

'changlng the part of the lntegrand whlch contalns terms 1n P to_///f-‘

- [‘E ~ E.,)2 i.rz]ffﬂ N E',),.2 +‘F_]

. . ‘ : s : : B . o
It is to be noted that although T is taken as constapt in the analysis,
14201.116. have little

effect on the- evaluatlcn of AEl for'the a) and b)'factore. Fhrthermore,

- Lhe eﬂfect on the modulatlon through the terms in (BP/BE ) {9E" /BT) would

B!

5.3.5. Line shape calculatlons

change the magnitude of factor_c),'bqt;have little effect on'the shape.

ey

In the calculatlons, (3E /BT) has been . put equal to the tem— .

perature dependence glven by Adachlas for the optically—measured‘varlation
-lﬂ""" - .\\ !
of‘the gap Slnce ‘there is no data available on (BP/BT), it was abrlt—

8
2

rarlly set equal to-'0. 5[8E /atl whlch puts the, contrlbutlon from

, factor 3) at the same level as-those from factors a) and b) In order

-

‘ . ‘ . -1 '
‘to determine the numerical-values:fbr'(del/dT), in units of X. , from
Il P : . : 3 - .

the curves in"FigS.'17r19,-the piotteé numbers-would be multiplied by

(2.1 k‘lOlGC)ém-3‘eV-3 K_l,‘where C is given 'in Eq. 5—(Q)J_T _ TE

q
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1]

2}

‘ was Set to -0. 0001, -O 03 and ~0 l ev.

- the ant1c1pated modulatlbn, (dg /dT) was calculated Byeﬁgmmlng the &+ )

' R Lo . . ot : - te . . Nyt . _-‘A.‘ & . L

. . [T
- ‘ :

Flg 17 shows the contrlbutlons of.factors a), b}, th c)
LA -

to (dg /dT) at 10 85 and 300K, for F = 0 01 eV'whlch were made usrng g

W2 S R

the g, 8, H E%-and q-functlon values porrespondlng to transrtlons 2

.. .
& ' 3,

bctween the heavy hole band and the conductlon band for N = d # lbl?cm 3; ‘.4‘
" - ' e . \ O .'-' [ . -
however, for the: purpose ‘of seelng only the temperature effect W was Ce e
SUNVRRE : \, :
set* to 10 ev. rlgure 18 is ‘a study of the effect of the anfr BY - .- <
7& ' '\ . -
he S

of the bands on the magnltude and shape ‘of (ds /dT) at BEK\ T ame o

parameters for‘the lntegral were used as. for Frg 17, except that W 0

o v : ¢

..“ - E o o b . Lot ° ‘ o
. g a .
- - KRS ‘q‘;’ 8 o e - N . . -l

In the eompariSOh Gf-Figs. IV'and 18 with-Eigs;:B and 9,.it~

S Se
- was c0ncluded that (dP/dT) is not the domlnant factor in the modulatlon,-s\ff"'

D '
u g . !
- * Lot

because whlle there are, Lerge p081t1ve swlngs 1n (AR/R)Erelatlve to ' ‘“7'_“

- o o . ) ot . ool

the steady "high* energy values, the calculated contrlbutlon for the o
- ' It(q ~""«,

(dI/dT) term is a negatlve peak. Therefore, as. an agproxlmatlon to '

. )
- . DRI

effects of factors a) and’b).‘ -The results are:shownrln‘Flg. 19 fqr S SN
- - T, _‘3 . I : ’
three r values, for N-values of g.3, 4 4 and G“E iO m

band 4 tranSrtlons, and for N = 0. 3 y 1019

L
-

for@dé+bxd4 R U

transitions.- = There are\pany Slmllarltles between the mdasured and
’ /

- N

predlcted shapesa how eny, a common dlsagreement is- that the measured

. b - '-0 . > ¢ ' - - : 5 f ;.<, N

structures are almost tw1ce‘as broad as the calculated shapes.



< e ;-«'116—'.._.- el
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3

l For a quan;mtatlve check ‘on the 1evels of (ARJR), 1t was
7

flrSt noted that the maxlmum varlatlon in (AR/R) in the InAs El peak jh . f-l
/
-3 ‘ et
- for a sample with N ; l X 10 cmf was 7:x 10 Thls is the same . .

fa— \ ;

,level that waS‘obtalned by Matatagyr et al.'%lz who estimated that=;— -
M - :

AT m;zx. .Assumlng his AT, the maxlmum varlatlon 1nrthe band 3+

16

: . % 3 ‘ . i
~ band 4 structure for‘N =1x lO cm 'was calculated as 1.4 X 10 4‘ Co Lt

;' i - . . .{ .
‘ assumlng I = 0. Ol QV and only contrlbutlons from factors a) and b)r

i

] /s . ) / . (/"
twheroas the measured level was, about 2. 5 x'10 4 On the gther hand,F ' s

| . 7
the maynitude of‘the non—excitonic component (see’Chapter 6) of the
. L s : [ : :

L]
P

) . Y] ] td . - -.—:. 7 - i '
Ce - Ge peak’Was1calculated to~ be l.Gﬁx 10 g i o 2643 eV, t
; dens;ty—of states masses, 0 O20m and 0. 034m calculated from Lawa tz's
- 34 ‘ T IS - SR
. values, - F = 1.65 meV(See Chapter 6), and (QE, /dT) 10 -~ eV K-, .
whereas it was measured at: 0 4rx 10 4.' | is di ‘ /is not under— S

. . ) ) P
[

'« stood. ﬁ possabeilty is that the AT estlmate in Ref JJJ?lS too hlgh
. " _fﬁ - { e o’ ] - ‘; ;
‘Usmg ‘the results of F.l.g. 7 in sectJ.oh 4.3. 2c, the t&perature mod= - \
; O
s f
i ulatioen in the pxesent experlment is estlmated at 0. GK.\ A loophhole

S - . ‘e
P . ! s

a3

T '. s A . N
to then‘hrlng the InAs results_lnto place would be through tﬁe
'uncertalnty f; the momentum matrix elements. An alternatgve approach i
s . |' 4 i
in the Ge calculatlon would have been tofobtaln a. value for the reduCed
‘. ' _
. mass 1n the jblnt denslty of states from the experlmentally determ1ned : . .
; . v ( : ; , . , . .
: value dbtalned *or the exc1ton blndlng energy, R* ( see. section 6. 2)..
. _fA
Accordlng to that, one obtalns 0 037m, thCh, when a factpr of two is

T added tﬂ#account for thegvalence band degeneracy, would,make the disx

AN
., Crepancy larger., One can only say at thlS pornt that the theoretical = . -’
o ' i
~ and experlmental results for the amplltudes of (AR/R) are of the sane order
} ‘ " e iy
% N o ." g - . ‘ ¥, S Rl
in the InAS;CisE as well' as Tin the Ge case. g - Lo‘ o T

-.". > - ) ! . ) L %



Fig. 20 compares the}locaticns:of'the negative' peaks inﬁ(AR/ﬁ)'

LY

with the calculated values of E! as a fuaction of dcpiag. ..The i

]
¥ I‘ ,\ ,

experimental’ points.are'about O.lS eV below the calculated curves.fek -
c e . . ' . . c“. a ‘ ' s 1

the most heav1ly~doped samples. From-the curves-in the

el

of Flg. 19, one sees that only about 0. 06 eV ef this can be accounted

owest"sectidn

for. On the other hand the dlfference in energy betwaen the negatlve
péaks approaches the value (2/3)Ao in“the predicted-way._ -

(=] . ) ) ) . . -

_ ~ - -
5.3.6 The-possibility of the broadening of the line shape by
. . . . Y N ' . T ' w ! '
. \\\ ' sample inhomogeneity ° ¢ S
- . P . " . N . . )

In Sections 2L5.l‘and 2.5.2, mention was made of thé mani-
. S .o . . B - '
festation of inhomogepeityreffects both in the transport data and in
. )‘ . . ) . A - I .
the infrared reflect1v1ty data. The calculation of line shapes in

) -

this chapter has ignored the 90551b1e lnfluence of lnhomogenelty On

Il ! v

the Basis of the data of Table I, Sectlon 2.5. 1, an upper. l;mlt on o

'the 1nhomogene1ty ovengérﬁ mm extensxon along the long dlmen51cn of an

ingot is conSLdered to bhe lQ percent. U51ng-the.Values following

Eg. 5“(12) for (dN/dE ), one calculates that the change* in the values of

B

E%_for 3+4 tran51tlons for a 10 percent change in N for N~va1ues of
0.3, 1, and 6'x 10 19 cm—? are 0.01, 9.02,_and 0.04 ev, re pectlvely.-

»




bl

- v ’ o . -
. . . . .
Ly .

“

These values are’ approxlmately the same as the" widths of the theoretlcal

b

lines presented in Elgure 19.. Thus, although 10 percent is .an upper

limit for -the 1nhomogeneity,.1t,ls reasonable to say that some of the

. . s

dlscrepancy between ‘the measured llne widths and the calculated llne

wdehs can be acoounted for by 1nh0mogene1ty broadenlng ' '

be. that the. upper Band oorrectlons are 1nadequate at such large k-values ~i

P} : ' !

©

'The difﬁeren&e’be

: ) . o [ -
en theory and expériment in Fig. 20 could -
- o . : -

. . _ o o - _ _ . .
be accountea for‘by sllght'vaxlatlons 1nnthe parameters used in the

analjSis. If the Luttlnger paramet//; Y, and Y3 each increa$ea
/ . ‘

)

by 0.3, the two uppér theoretlcal curves would be- 10\ered by- 0. 09 ev o

.

w1thout affectlng W. ﬁé/ever, other reasons for the dmfference could
. / .

J

B \r—\,. .

and that thete 15 a contrlbutlon to the energy lowerlng from the talllng

J' L,

of the bands near. the gap.ll3 R R

.
’

. The dlsagreement in. the widths of the structures seems’ to

Jindicate that a type of anlsotropy dlfferent from that whlch has been p

‘considered is present.'_ The 1nc1u51on of the spln—spllttlng terms o,

would broaden the structuree, although no.lnformatlon is avallable on

e ' . oy

. I o . '3 . . 1 o
. A ! T s N o

~
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s HIGH - ENERGY
| NEGATIVE PEAK|
4 LOW ENERGY |
NEGATIVE. PEAK |

x NEGATIVE -PEAK
SEPARATION

N (10% cm®) .

“i"ule 20, _Cupves 1 and 2 are the calculated valuss of 2 for -
band 2 to. b nd l, and band 3 to bvand lj, respectively, as 8 func-
tion of N 3 Curve 3 1is the difference between curves 1 and 2.

Also 'plotted are the energles of the negative peaks in (AR/R) N
ad, well as -the diffnrence in ene"g; betmeen the negzatlve ‘peaks !

in each swectra. . '



kane's B parameter. - It is consider

: - . S
better to await @ theoretical
. ] . ‘ T . - . . “ . " . . . -"I:‘_“ -
estimate of B, or further experimental results befote'‘:extending the
- ‘ - - o Rl

. . . . - : X . . ".:.23
present simple analysis t¢ some fitting procedure.- o
I - ‘ 4 " ‘ K

. ' [

‘Iu conglusion; jt seems:that‘therm elfectance.can bela'use_

tul toolclu_iocéting the_enmxgies whete;. ere efe(repia changes im .

. o o ) - ' o

abso;ption‘gue to the_onset of direct.bena—to—band transitidns in:‘ﬁ'%ﬂ
. . ’ N . - . N . Ml"‘"'l

heavily-doped nftyﬁe IIITV semiconductors}, A particularlgﬁ%at;sfyiné'

aspect of these'fesults_is thet, withosome further refinement iu the

measurement of the amg&itude of :the flrst harmonic of the temperature

- I

.medulation, the amplitudes aé'well_aS'thehgtape‘and location of this
type pf spectrum can be used .to make a close quantitative check with

. the retical.ptedictions.~ -Referring'épecifically to the present results,

e Slmple ana1y51s based son Kane's model has been able to account for

b

-many (13 the features in the (AR/EJﬂspectra of InAs. ¢ The domlnant.

o ‘modulatlon mechanlsms as determlned from the ana}v51s have been found ’

- “:EtO“be the temperature Shlft of the energles of the dlrect tran51t10n e T

;: to the Ferml level and the temperature change of the Fermi dlstrlbutlon

function. - All the features of the structures can be, accounted for,

except that each structure is about tw1ce as broad as predlcted,.and thei

energles of the negatlve peaks are about 0 1 ev lower than predlcted

.

for.the most heavily—doped_samples,

~ . -
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o

' doubly degenerate at k = 0; Elllott s theory flts the data well,

6.1 Introduction

This chapter presents data and analyses of the thermoreflectance'

foL . : . L . fel e CL
- of pure/germanium at:several temperatures.  Before theipresent work, ro

v

‘correct data for_thermoreflectanoe'at—Eo for a group IV or III-V semi- B

conductor had been publiehed.v"furthermore, there were no..published
expressions which predicted the shape of (AR/R) at E. - The literature

contained Elliott‘s-theory3' 114

for the absorption coefficient associated
with exoitonic states created by the Coulomb interaction between holes o '.%!
and electrons of two non-degénerate parabolic-bands.  This had been y

applied to the absorption data of sevefal semiconduotors in an unbroadened

form (e g,, Refs. 5 and 6), and ‘in a Lorentzian broadéned form to

4|‘ ) .
: absorptlon data of GaP by Sell and Lawaetz. - Thus, all that remained

in order to try that 1nterpretatlon on (AR/R) was to convert the

-

a4

absorptign expre551on into a‘complex dlelectrlc constant, find the temj

4 . . B . L
perature derivative'of,el, put it in a simple form, and then try to fit

' . the data and determine thé variahle parameters in'Ael.' This has been

done.

_—
q ' } n

However, although everyone uses Elliott's theory, they know that o

- . ) ~ K

1t does not correctly apply to the E gap because the valence band is

’

although the theory has not been theoretlcally justlfleda Some recent

works 115, &16 have taken the degeneracy. into account and have determined
.

.

-

. S AR

[

ik

‘\ ,;J"

+



- 123°-)
'k);/’ , '; R : . -;7 o . o - '
the energles of the ground and exc1ted states. To the-author's knbm-." ;
. ‘.- . "
L T
1cdge, the treatment of the degenerate case has not: yet vielded an 3
cxpre551on for ‘the absorptlon.coefELCLent in the gap reglon.
The degenenacy of the vaience bands has been ignored‘in the
present work. Undoubtedly, it will be 1noluded when an analysls is )
made of the 11ne shapes in the'thermoreflectance data-of Ge in a magnetlc -
- . - « . . . A

field. ) ] -
6.2 Theéory o% Excitons at the Direct.Gaﬁ;

The follow1ng is a summary of the treatment in the llterature

- t

of the elgenstates whlch are excxted by llght between two non—degenerate
bands, one conductlon and one valence, wlth thEII extrema at k = 0, when
the Coulombic interactidn of the excited stete‘ls taken into account.-7

The originalLcomplete“xesults were obtained by Elliott, following
prellmlnary work by Dresselhaus.ll?' Since then,,more comprehensivef

I

- review artlcles, whlch exbend the treatment to degenerate bands, cons;der

further 1nteractlons such as exclton—lmpurlty complexes, and evaluate

[
-

the approximations made in these developments, ‘have been prepared by '

Dimmock,ll8 Johnson, g and Knox.ll?" The effectlve mass approxlmatlon,

basic to all of this yark, was lnmtlally formulated by Luttlnger and g
Tk

KOhn,l%o and’applled byzthem in the treatment of the perturbatron due

to a shallow impurity in a. semlconductor, and has been presented in

21 118
perhaps-a mpre palatable-form by Smlth and Dimmock, and has.been



summarlzed by Aspnes and Bottka.122

|
b

‘ In Chaptér,d, theistates exeited'by light were assumed to be
) o . . . 1 ) ] ¥
.eigenstates ofithe pure crystal; this is;‘it was assumed that the

ner b ) . S

ground state t : . o ! : . T, o

b = o . . ! o l-
”(N-? szvtklr El? bV(EQ’ Eg)a--bv(ENr EN) 6 {1}

- . . - i

and that the excited.etéte" o : . !

% b (e, x) b (ks £5) eeib (5, £ eeee
v=lt o=l T et o= c—e’ =i ‘
""'bVQ,CN' EN) . . .' 6 - {2)

Yk k) = N0

Bloch stdtes b(k, r) as the Slater determlnant, and N is the number0f

_.____I B !

Unit‘cpllq.é if hOWever, there ig an 1nteractlon 1n the exc1ted state _  !

‘u"“‘t_

which.is not preseﬁf‘mn“the—pure crystal~statesf_51mple time= dependent L '

perturbatlon theory cannot be used 1mmed1ately tb flnd the rate' of o

) . |
Y

~

tran51tlon to the final states, as was done ln Chapter 4, because we ! "

do not know the‘ane functions for the excited states. AS a start,'r_

1 ' 4 1

an excited:state, ¢2, can be expanded in basls functlons of - the form

6 - (2). - It is assumed that one need consider e:c1tat10ns td the

first band'only; that -is,

. o k)Y ' o 6.~ (3
o, = L Clk k) ¥ (korky) ;



This can be simplified, when the.only;interectibn which creates the
excited state is light, that is the transition is not phonon assisted.

In such a case D will-COntaih onl& wave functions which have a non-'

M

vanlshlng matrix element of A.p Wlth respect to the ground state, where

~ik ‘ ‘
A= éd l-A'- is the vector potentlal andlkk is the 1lght S wave ‘
vector.. These matrix elements reduce;to evaluatlons of the type ' S

3 ¥
- .

b (k. )| a. EJ b (k.)> where the 1ntegral is taken over unit volume of .
c =i ,_;____

the crystail. / By*transformlng such an 1ntegra1 (i olo) 1ntegratlons over’
unit cells/é;lng the lattice perlodlCltY of the atomic-type part of the
T~

Bloch fungrlons, one‘flnds non-~zero elements.only when gi ?'Ej - gl = Of

Since kh/kis‘rery Small compared to fpe‘electren k-values at the zone.
edge, ?hls condition is essentlally k = $j'}°? ke =-gh, where E' is
y ‘

the wave vector of the 9051t1ve hole represented by the total wave-

I ) ' * ) .‘u

/
funjpion in 6—(2) excluding bc(ge):' Thus, eq. 6-(3) reduces’ "to

9, = L Cly) ¥l k =k) L s- @y
-]_c;e ; . . - .

t ' l's

C0n51der now the expan51on of 6~ (4) in terms ef Wannler functlons,

t3

treatlng ¥k, kh) as the product of two Bloch functions R ,ff o

b (B-,’rf) b‘ (k . r oy elthough the more elaborate definition of 6—(2) I

121
"is meant, and is not approxlmdted % Wannier functlon is deflned by



. and it is easy to seq-that-this sum constryctively addsrtﬁe Bloch
- functions around the lattice site gj, and destructively interferes

elsewhere in the cryétal. The inverse transfofmation giues the Bloch

functions in terms of "the Wannier functions as

Co iy ok o - . o
bn(k{ = N | ? e HJ an(g - Bj) . S - 6.— (6)
j | nt T
Thus . : . . ' o ;
b o= N W I F(é , R.,)Y a.lr -R.) a (g, -R,,) 6 - (7)
‘ . . . L ' e =3 Tv'Fh =40
K . o J:I3° 0 T . . ’ ) ' .
, T L . _ K iy .
‘ . o - i .
o e _ : : :
,where i B ~ . ' : —\\\\ :

av dV is the probabiiity of. finding

LIt 'can be shown. that'.lF (B.- ' Bj .) 12

~ the electron ln the volume dV around RJ, and the hole in the volume

.

It does not glve the’ probablllty at points, but the -

varying atomic potentials. This is s?ggestlve of the hydrogen_atom

problem, biit where |¢| has beén replaced by F2. yéhLan be.shoyn that

the FTJ' s are- the roots of a set’of, N2 simultaneous equations, which

include matrix elemenfé.of the perturbation pdténtial, for which one



_ would have to know all the Bloqh functlons. Here the effective mass
approxlmatloh comes in and statce_that if, the nerturbatlon potentlal
pl a., K .

' vurxes slowly over a unlt cell, then P ., oan be conSLdered to be a -

continuous function of,_:r:'e and Iy and the energles of theacrystal with
. \ . - . ,-“ (L

respectlto the unperturbed Btate can be.determ;ned from a solution of

the equation - . o .

2 S
w . 5 ' b}

(B, (33 0+ B (-5T) '+ Vir,, 1) - B TFGr).=0 6= (9
N .

where E (k): and E (k) are the dispersion relations in ‘the pure crystal

for- the conductlon and valence bands, and A lS the potent1a1 With .

conductlon and valence bands with constant effectlve masses me and mh

respectlvely, Eq 6- (9) becomes

| -2 o2 n2 2 T e
[ —52 e 2 v _rI—E]'r=O
! 'e "h 1 Wb
1 ‘ X 0
. , < " . .
& --(10)
. o - T '
. - . vt
Whefe the Coulomb potentlal between hole and electron is reduced by e o

l’ the dlelectrlc constant of the crystal. It can be shown that the’

) ‘ 118,121
! effectlve mass approxlmatlon is equlvalent to sfating that ¢
-~ ‘ ‘

“can be expanded using Bloch functions near k = 0, that is, C(k) is large

only -near k = 0.

o r—————
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ﬂgking the change of co= ordlnates r= r - rh, and ///’

g(r ‘+ x ), (with conjugate momenta k = &(k - kh)’ and
®
K (k + kh),,and eeparatlng the wave equatlon 1nto two equatlonsf

|

. Eq. 6-(10) becpmes E _' o e ot
: N G i .
2 i, 2 ' ' E
(9 -+ ..2”.3 + E,\JF. (x) = 0 ' 6 - (11)
', - 4me h |r| ) N §
1 .
. . N _-‘.
. ) Er N
2 .2M ) . ' '.'. ._‘_>
(Vo + T3 By FyR) =0 . - (12)
I 11 . .
where E..'= E. + E | T = = (m“1'+;'f15-1 ané M=(m + ﬁ 5 i '
1 2r T - e B Le h'*

ﬁ K /(Zm), equals zéro in this casSe, since as ve have seen above

® ~ "'. 2

K = O; Eq. 6 (ll) is, the hydrogen atom problem wlth bound - energles

El = R*/n . where n is an 1nteger, and where R* Rydberg p'd (u/m)(e fe )

The matrlx element rggulred in orde§ to evaluate the absorptlon coef— '

. -

. . S
flc1ent 15, as 1n_Chapter 4, ‘ e : -
: = n <9 |a. st | ' . .6 = (13
.M ’ B < ¢E .g El Wo SN G, e (13)
4
which, witl the aid of Eq. 6-(4) réduces to - = 7 B
J o . B L kE - \
M‘_._/‘A L cx) <b_(ky la.p| B (K)> <6 - (14)
T ® - e= v : o

Now siﬁee, as stated above, the effective mass agpfbximation implies
g . o ,
that k {n this expansion varies over a ‘small range, the bracketed term

o
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in 6-(14) is aéshmed}cohétent}'eﬁ@% . :,j\-'. -"':;l;i. e
- ' A SR "7‘¢‘”"'; .-. L o ; ;:#‘..“ N QA
GO Hy s Ay <b © la.pl b (0)> I R 8- (1)

Looking. atiEq.*S—(S){fand letting 35, =R, .- . %Q.ﬁ' .:'- _-T_ Lo

C oo . .
\', . . . - ~ - 'R L .
- . ! - .

e = NF@L R.L,o= B). e L - (6
k _' . .‘J'«-' -:] - -J I a ' .

— F) . kY .- A 3 0
. s _. . ;
- , T o . - . .
Now |F (O)Iq from Eq G- (ll) glves the probabmllty that the electron R

'w-and hole are at the same plhce- that 15, 1t is N tlmes larger than the ) C g
. A . e A .

.square of'F “in Eq 6—(16), since therecarc N R] s where one could have

a 5
' ) [ ' N . .

“R.y =‘Bj;-‘ .Thus, thé square of the matrlx element in 6- {15), becomes

v ©

R ' 12 -+ |A |2 |<b (o)l agl b, (0)>12| rl(orlz §
iFldol is nqnezero:dniy fqr.s—séétes,vi?.which; . ;
|[F, @] = (ma " ome) T e J

- where a* = ”4nglhz(pe2)?l. is the effective Bohr vradius. . For the unbound
R T E - ’ - o -

.~

: ) ] i . e ) S [ ’
states L .o Lol s e Tl
' . lF-l (0 |“,= nze'~ (&inh (rz)) " SR s 6= (9
. . L4 ¢ e ) . “ ™~
: ; 2 . ; T e . e RS L L . .
;. where z = (R;/El)k . From Section 4.2.2., 1t 1s ea51ly found tht L
! \ . T v ) ) . " ) .
% Ky = T8 mow e S et e n e 200 .
§ o e --" \“ . - o ) .!l . " .



"rn ‘a neater form as,

L.

R 2% ()

3

T

3/2 2f

CV

k.
R1:
O

- ‘
2Ro_-6(E - .En)

h
p(E')‘Ggp -

A ;o - Lt roL : n
" . ) . LI - S o
) : o C -~ Yoo @
. - ' ) B L : \ . ) . : f
; o g ; -:iso_—.j oy v
: L ¢
A S N .l“‘. e . : \-‘ . {
“' . A L . - f } K ;
fbr dlscrete states. of energy EG”; ﬁmn,'ghefe e e IMI e cmze m)
_’*""a—' T yo - o S LT n_n
0 whileifor-the unbound states e -
' " . ,,!, - - v : :““,.;' N l ) ‘ ‘ 'I".
r‘l IS . .n‘ . : . f .
-h\ﬁ\ . Klw) =T p}&) s 6 - (21)
{Tm > E . where ' ; . i
AN _ S - :
’ . ) 1 :. 2 l. 2 ' P : -
p.(uﬁ = —3 (-—_1;-)3’/ fu - E x ' T
- £ 2m ~h ‘ 9 v :
' - ,‘ ) -
. e' ) o . o " - ' .
15 the usual; energy den51ty of states fo, @ parﬁbollc (E - E ) vs. k
~ relatlonshlp, whlch applles here 51qce the e1genvalues for the hype&- -
¢ geometrlc functlgns whlch a;e the elgenfunctlons of Eq. - 6= -{(11) for.
= i
. El,> 0 dre'ﬁ k (2w) l.T Eqs.n6 (20) ang 6-(21) can be 301ned together

S

oL - "K(E} = 7 3 + o
. N n s' dﬁ m - n 1 e L
. i l 0_ . o . . . ) T
” ’ . e . - . i '
. H f ; : (23}
Wy L. P . . ,| P
v Pl M "f“_.
[ ’ - s

where f v’
l

strength 2(mE)

’ EA
.
f )
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and has been put in the. conVénaent form p

J

the conductlon to-valence band osclllator

3
Thls 'is Elliott's result
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6.3 :The;Dielectric FOnétaﬁﬁ;éhdets:feﬁpefétﬁfe'ﬁéduiaﬁio
_ e ot T .
" . All the anﬁl#éﬁé.éﬁd'teéhniques‘and measﬁremeﬁﬁs.
'tﬁis_poigt_to théﬁeﬁd¢o%7£hi$:éh;?ter a?egﬁgéi ?' nal Qd; of‘thé:aqthorl‘ N
. s, is'rela£éd téiK‘byl €, = ni¢hg571, ‘Tyuslgsing éé to ) .
Aqbﬁginithe:Lbfenfz%an-pfoadenéd'form of the‘cﬁmplex‘dielecfric;éﬁgsﬁahﬁ1ﬁ?

ag. in Chépterhé, ahd)_énticipating’the caldulation of ﬁhe modulation,
‘.L-“ . M . . - N

“retaining only the rapidly varying energy term, the contribution of the

digect'gap,lincluding electrpnfholé interaction, is L
’ . ° < . - A ! LN . .
Q ] . _— S : "y ] . . _
g L *hy L e * -3 . ey ml , o ‘
E{(E) =~ 2R * | L 2R n "{(E - E_ + i} 7 + e
[= . 0 n - .S . . -
- q_:. . . TN L
‘ ' ] ) kS - . _1 , ) -1 ' . , !
| {1 + [expt2mz) - 1] 77} (B~ E' + i) " GE
o . ] N 6 - (24)
1 . h 1 = ’
. x -2 . ‘ S
where E = E - R n . - 0 - : oo
[ ‘n g (v B . v ' Il . ,

f . . One may‘notice‘the'diffgrence in the form of the terms with

-eﬁp (21z) between Eqgs. 6=(23) and 6-(24). It has been so presented as
- o i . . W . .

to pérmit the evaluation of integrals below. ‘ S \
.‘ ‘ - o N ]
LI - ¢

For Gé and'ﬁ', the direct gap,'ébmodulated‘reflectance signal
. o . N ) "-._ . . - .
. ) ic Srtion Ae 24 where e = £, + 1ie_. By observation
(AR/R) is proportional to 1t Vhe = & 2 g ose

|
’

of Eq. 6= (24), oﬁe'has‘“ IR - e ‘
(e/3E) = - (3/E),  (s/3D) = Y@eE)
- from which, for thermal modulation at gempé&JLurenT, | ;
[, ' s , n . . .



Cow, ) L.

. . F)
-

ot
e

——
PN

e

-

N o |
{3¢/0E) = 2WR0 )
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where E_- ='E - E + il
~Dn s n

the part, of the integral containing

standard f‘cn:ml:"23 1124

‘

o !

I {exp (2mx) - ,l] -1 (:;2
o . .

4

T . Y
mt_p.q = .(-RO/EC) =

r

F{X) =

Thé final result is then

L}
&

(3¢/3E) @ AT {43;‘12/2

where X = '
°r¢ Xpn ~ Fpnl r.

.

 (BR7R) = - {Re(3e/3E] '(BE‘g(BT).l--il-'TIm..(Be'/?}E)(B.IZ/BT)}L\T"' D6l (25) -

ﬁaking the substitution E" = g'

and'E. =
' e

b))% xdx = -0 - 2@+ (4 T "";150 m+ @ F

[e? + " 4 .x_]]’.__ x* +1

L 'X-;'z,

. Ly " .
- 132 - |
- PR w’
T . ' Ct_- . .
o - : L . . +

\

9 - . . -

J= Bgi one gets.

LA . . .

+ J 1+ [QXP(Zﬂzi - 1] —l':‘ l"(-" - E ).._.2&'1'3“-
' 0 ", ' . ’ o]

1

E - Eg +7 1.  Letting x'= '(R;/E")l’,

the term.[exp(21rz) - ﬁgoes into a

L

6 - (27)

b .o : 23
(R;/‘z["‘) [.F(—x) + .'II'(X)J‘ whe.re_

* and X = (E - Eg)r"l’.' .

r "3 = Xy b - ~5‘ ;i.
n=l n w8 (Pex 4 1F__(x’] = Xp X,

6=~ (28)

+ 0, Eg. 6-(28)



xeddceélto.éatz;s tesult237£ot‘an M &iscentinaity w!%hout.excitone:.
' . . Lo -. T
. . It 13 noted that the real part of (de/dE) glves the cut;e
IR
predlcted at E "in a wavelength modulatlon exper1ment.~ Also should the

LT

.medulation:ofl A32 be measured as in a modulated absorption ehperlment

o ‘ ' 6.4 :Experiment | .

- 6.4.1, spedific detailérincluding‘strain effects

+ . ', .

Thermoreflectance”measurements were made on undoped german@um*i

. e o L - -3 ‘
with a carrier concentration of less than 5 x 1012cm at 200K. ' The -

- - L 4 ' X 5

general experimental aetails have been described in Section 4.3. Four

runs wereé made at 17 and 85K, and two runs at 204 and 291K, -using two

o

22

samples. Particular care was taken to elimin§£e strain and back reflect
oreflectance data for

tion effects.  (The previously published the

)

Ce at E contained a large'component due to light reflected from the
,f.,

reglon of the back surface of the sample) To demonstrate-etrain
-effects, Figure 21 ‘was p:gpared. Curve 2 shows the résults for (AR/R)
at 85K uSLng a tantalum fllm heater on an alumina 'substrate. Curve‘l
is a result whlch was obtalned when the sample was mounted on the GaAegj

heater with the thlck whlte 5111cone grease,, and the germanlum pedestal

i

was attached to the copper cold finger with the whlte grease rather

: , . ‘. I . . . N ‘ / ) |
* The germanlum was kindly supplled by Dr. H. Pul;anJof the Ontario
§ .~ Research Foundataon. ' o

-, 1 . ¢ '
k . - “
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Pigure 21, R/R) as 1 funct10h of photos energy for 3
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T- 135 =

e

‘ﬂ'rf

than via a 1ayer of iﬁdiﬁm. "In both cases the sample was ev1dcnt1y T -

‘-f'

under straln, and the degenerate valence hands at k = 0 are. Spllt
This is remlnlscent of‘Sturge Svabsorptlon result§ on a strained thin'
e<?\?}lm OfégaAs.- The . useful informatioq“from Fig. 21 is that, since the

. twd peaks are apparently much the same, the so-called light~ and heerye

hole bands have the same excitonic behaviour. ° This will perhaps con~

. tribute something to an exciton ‘theory which includés degenerate valence

: s
L] . i

bands.

E
N

Ae a sub51d1ary experlment the locatlon of the neggtlve peak

in (AR/R) was determlned for a number of temperatures near 77K, by
varying the ppwer level 1n'the_heater, to_see if thls technique would be o ’

. ‘ . w : ‘ .
a quick way to get accurate values of .the temperature coefficient of

g W '- '

' 6.,4.2 Data

~ -

- The values of-{AR/R)‘were-détermined—by%measaring ART and RI
-‘separately! where I is the intensity of the light on the sample, and

then dividing afterwards. In eome of ‘the runs either the time constant

’

of the lock—ln or the Sllt w1dths were “such as to. add broadenlng to the g
'peaks in'thejraw data. However, all the data in. lts final form repre—

sents the structures with the time constant-eliminated and with an
effective slit width of 0.2 mm, that is, a window of a8 or about 0.2 meV.

The techniques of achieving this is described in the.fo;ldwing Sectien.

-
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e 1, -
'

" 6.4.2a broaoenlng due ‘to experlmental procedures

. R &8 I tlme constant broadenlno -
.*The prob;em‘cen be,stated as foiiowst giten the quﬁ of a

sionai whicn hée-gone througn"etgitcuit with a known:time constant T,

can one flnd what the shape of the 81gnal was at the 1nput to the

clrcult? One can, however, there may be practical limitations due,

to noise in the data. ’
: . )
| :

Let £(t) and F(t) be the signals at the input‘end the output}
o, ‘ - Cr . . .

‘ h i S ) : . ! o ) H
respectively. One wishes~to obtain f(t) from F(t). ~"Let.us look at

n

£(t) as two SLgnals, f (t) which is- £(t) for t < 0, and f (t) whlch is

ﬂu hrt>0, TMsf(ﬂ,f(m Mezuofwir>0,mdt<0r

r

respectively. " The response F. to f‘ Wlll drop off, in a tlme 1nterva1

A

At, according :t oo . , - ‘

F(Or—exp (4t/T) BT 8= (29)

=

~For the reSPOnse to the second component, note first that the response

R(t, t'),. at'tto a §-function at t! is . L .

- vy

TR .o

R(k, £1) = 1% exp [-(t - £')/x] < | 6= o),

f
"
. . . . . .
. , . e . -

Thie'can:be verified by noting that the responsé must drop eﬁbonentially,

and that the .normalization can be found with a step function.  Now we

.

S 7
. L

0



a; ° L ,
o \\-> . . v‘. ¢
‘ ";3_
‘make the restrlctlon that- At be small enough such that f(t) can be o
treatcd as, llnear ln the 1ntexval that lS, between £t = 0 and t= At,
. 1
. : . | At U T At ‘ ‘ | ‘\ o
fz(t;)u_, = fz(z—) + mit - -—3)' L S 6 - (31)
. ! 1’ - N
Thus . ‘ o T o
S At - . BRI ' l ’
F, (At} = J £, (£") R{At, ") de' T B = (32)
[ 0 . v i - , '
since :'-f o ,
! eax sdx = -1 ax (3 _ a_l)
Eq.'G—(32) reduces to. L o (; . ‘ o ‘ ‘ h”

o

F,(At) = f(—%&) - e Ty “%5'(1' - e [ar - L - obE/T)

. S 6 - (33)

If one expands the expreseions with m in powers of (At/1), the first
non-vanishing term lS (mbt/l2)(ﬂt/r) , .which, for (&t/T ) .< 1/3, is
less than one—hundredth of the change 1n £ in the &t lnterval Denote

this te:m 6F2.,- Comblnlng Egs. 6—(29} and 6—(33)

. . L] . J A.V . i . ‘ |
' S v v At ) b ; -
. C cren S, - poelT .

2 o ' (]_- e— t/T) N

£ . 'mht At
If 5F2 is 'dropped, the error in ft%—) is Eiir (—¥}. One chooses A4t

T . : RS



LT

such that thié‘is negiigible.h”_With the present data, a\choiCG.of

. - . ' by
| .
' 3

(At/T) = 0.3 .gave Qery.aC¢urate-results. " With LI dropﬁéd, Bg. 6-(34)

becones

At nemy . _F(At) -F /
£GH =r(o) + LS Az}O) 6 - (35)
Lo (1-e 570y S 3
which is a venﬂﬁsimple calculation: .
‘ S, o |
, ' In orderxtg ‘check the method experlmentally before applylng it, : 1]‘
. 3’(!"\ . A
the. time c0nstants of the lock—lns were/measured from approprlate lag- k

-‘uafithmic plots of signals from both sﬁ%pped—on and stepped—off 11gkt beams

inéident on the detector.' Then w1th both sllts at the same hettl g}an

" the orlglnal although the t;me constant had reduced thc helght by more

thar a factor of 5.

(ii) 'slit broadening.
iherprohiem.dan be stated as follows; given thelfqrn‘of.a
signal whiéh ;ésults'f:om sltits of wihdow & angstroms, -can on prﬁdi&t 'h o

The case of a >f will be treated.. '™~ .

]



N t

T For convenience clioose 8 -such. that (a/8) =f2n + 1, where n is

1ntegral Divide the relevent-wavelength range intk sections of

length B such thet the wavelength of the beglnnlng of each\such secthn

- -— “ 1 -

‘lS labeled by B i=1, 72,..arN. ‘Cornsider sectlons of length o such

',thaL the sectlon beglnnlng at B is labeled a : .The problem-is to find

1
Lhe s;gnal s’ (3 ) from section B R know1ng the smgnals s(a i) from J
: . R
Jsectione ui; - One.flrst f£inds an 1nterva1, S&aj) to S(aj,) where S
is linear over a wavelength range of at least"iength L One.can con-

vince oneself that S(a,) = (2n,+.13‘51(8. 3. Also,
. ‘ S i j+n .

5, = o) [st(8,,p) - st i8]

where_k = j, j¥1, .;.,}j+§n; Thus one can:find &' (B ) for k = ],...,j+2n

‘5@

j+1) msly) = Sf(8j+2n41) - 8!

From this,-one can go throuéh the who%g{elgnal‘51nce_ Do

), and so on. 1If, as a'sterting

3 ' -

‘point, :one chooses a wavelength lnterval of length a where S is constant,

S'(Bj+2n+1) = S(a l)'— Siu ) + 8" (8-

the initial calculatlons are sllghtly s;mpler. Thls transformatlon must be done
[ ! i .
twice to the data in order to close dqwn both SlltS.

a Y

[

6. 4 2b tﬁermoreflectance data
Typlcal examples of'the reduced thermoreflectance data are
glven by the sol;d curves in Flgures 28 and 23 The zero 1eve15 for

" the experlmental results were taken as. the unvarylng 51gnal levels” T
) v : .

around 0.95 eV. . .<' T . . - ‘

ll ’ ) ; - T 3_"
6.4.2¢c data on the temperature varlatlon of Eg

quure 24 is a plot of the 1ocat10n ‘of the. negatlve peak in

-
- s . - . 1

‘

‘-tv
" . . L
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t'irure 22, Thermoreflectance data, solid 1ling, and fit using

Fq, 6-25, dashed line, for Ge around E_ near 17 and 85K. The

dotted line zlve the contribmtion to tfa. O- -25 from the te*ns’
_ln Eq. 6= 28 which do not™ contain Age -
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f
f
w
~%

(AR/R) as a functlon of the voltage dlfference between a\thermoco ple &+ | .
% .
junctlon on the heater and one at’ llquld nltrogen. -U51ng thefcop ere,’ '
107 ¥ o ‘ T
constantan callbratlon data,- =& 11ne§r approx1mat10n glVQs the S(n— .

51t1v1ty as. 17.0 mlcrovolts/K-at 82K. This glved n value for (aw dT)

Fe
Al

to glve values to XR' Eg_and r, and'calculate the values . of (BE/BB) o

which sxmpllfles thegflttlng is that the ne

S

Wt N 5

4

: -4 3 &)
~of -2. 04 x 10 eV/g. This compares well with a value-of ; 9 x 101} eV/K

calcu;ated-by taking.Eg values of MacEarlane et al_s obtalned from BRI .

r. ’

absorptidn measuréments-at 77 and ', 90K. Thus one can conclude that the
' . . - -‘_\

<

thermoreflectance teohnlque offers a quCk way for obtannlng such .7\

information. -'t.

[N . . - r-

6.5 Analysis of the Thermoreflettance Data ' LT

q.56~(25)_was fitted to the-data in the following waﬁ:

1

Eq. 6-(28) was mathematically simplified by combining .the terms from 1
- - - c " . ~ e ',:_ ' -
the discrete'lines fpr n >54 ‘with the continuum terms. Thefseries '

w1th the sum over m was carr;ed out to m = 50; ‘it can. be shown,that

CatE )

any further contrlbut;on from that serles 15 negllglble in the gresent

PR

-

fftting. A preferable method would be to donvert the series to an

integral‘once beyond a'particular value of m. It can be npted that

¢ - . D

Eq. 6-(28) is a functlon of X+ XR, E; and.F . Thus,a proceduﬁe‘is

to compare w1th the data whosg energy scale is converted‘to X by

——— |

putting it in units.of T. A varlatlon of an amplltude ﬁactor is =~

. t-“—-‘_ﬁ -
- ——
——

]

requlred to brlng\the amplltudes 1nto llne. ﬁf/9;1(3 aépect of Eq. 6-(23)_
gty

e peak is always within

. . ‘. ! -
t N o ;oo o .
A .

-

-
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T ——

oné oz aéir—a“q@tmms of the energy E_ - RY. 'Thus -Ehé £it is made.with-

‘

Jtﬁe knqin parameters were

<

o . 3 ;]

Eg - R* pﬁnned ‘to yé/& only w1th1n the range k-er e'exﬁerimeﬁtal-h
;o -q__*___;_m”

neggtive peak'mn (AR/R)h

@ 1

v

: In bfder to reduce the computer time for\

,

fit by a factor of about 10;. the followmng approxlmatlon was made 1n

the flt Slnce, from Eq

,functlon of K“and Agr ‘a matrlx of two (100 x 100) blocks was put ‘on-a

“\: e

. 6 (28), the contlnuum contrlbutlon is a

»

i L3

magnet;c dlsc to. stre the real and, aglnary paf&s of .(3e/3E)} for

lO 000 sets of (x, x-).

. Then whe thé contrlbution from the continuum

v ot

~

“was requlred for a partlcular (x, . ) sﬁt, a linear interpolation was

made between the four encloszng sets 1n the matrlceq. . Thiehtechniqueo

LF
was checked for several computer—generated sets of data for (BE/BE) and

v,

. »
6 -

‘e

i o

extracted ‘to *0.05 meV. © % |

' ‘The fit-was made by lettlng Eg’ R*, and r vary 1ndependently

w1th R* and T varylng over . a range from one-third to tw1ce the values
: b

b

which gave the best flt..

-~

it is: belmeved that the f

point of'view.of what;was
r

© was determlned in a self-

of E fT),iF(Ty- Specifi

‘the 4 temperatures with (

The criterlon for the best flt was the
‘o

'mlnlmum in the suF of” squares. of the devxatiéjgjﬁ““Fromjextended use,

.\- .

itting procedure was . satisfactory frbm the _;

expected.of it.'- The ratlo (aF/BT)/(aE /3T)
v . . 'Y
consisteut way. from the temperature dependences

S .
qally, one' starts?WLth values of’ F found at U.

aT/9T) set to zero. Then, by plottlng'% (T}

""and'—l'—(»T-)‘and est:unatlng the Slopes at the 4 temperatures, one flnds a

ratio (ar/aT)/(aE /8’1‘)

L

stng these values in the fit, one flnds new -

»
-
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i . TS . o
i b ' v . *
: values, of T, and so on. ' During the initial.runs of the pfogram;“
L - . " . . i ' ) I o . o o 3
S for the discrete lines was. allowed to vary independently from'l "
R . _ Lo

. ' for the continuum.. Representative results for the fit of Iy anga 77 %
. . : , - : T c
T . N ' .

. S e )}
are shown below in Table IL. . ) R
‘ “ - - ' ’ ~ . .J".
. . . \ ' . ‘\ . P e
9 ‘ . ) i
‘ . Table II . b ;
‘ 1 . ' .

[ N v . ’ ,

‘\f T (K} v 17 ) 85. 204, 291

r

s © . 0.12, 0,13 0.16 ° 0.27 . 0.35} - r

&
Lo
o,

E)
¢
=

-

. N 0.11; 0.11 0717 0.27 . e

- -0.10, 0.11 0.15.  0.27. 0.35) - o
B_(mev)' ' ‘, : o —
: 0,10, 0.10 0.14 - 0.27
; : + . .
- ¢ A
! - + ) ' ' ' - ‘ - \

.
- : . . . w . ‘
v : : . .
3 !

- Tt is doubtful thét-such small differences are significant -7

and the final fits were made using the same T for the {ines andthe . " K
continuum.'* Co T ‘ L
, ‘ , . - . ‘ . . ’ . 2

/ _The fits to the data-in Figures 22 and 23 are shown as dashed . -
lines: - The fit is not as good at the lower temﬁeraturgs; in Particular,
B - . : : ‘ ‘ :

-, . i . . ! - R . . .
the positive peak at high energies is not reproduced well in the fit.
. I' * ’ ! o [l 4
~ . + el . : II "
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ﬂ‘\ ThlS peak was also the flrst thlng to'go.in the data - 1f the sample "
temperature was not uniformu This is understandable because it is ) —
narrower than the other stfugture. The Malues obtained for R*, T, ‘ﬂ

. . . [ I ) . F

f . * . . R
. 0 . N A

and the modulation ratio is given in Table III. -

e SN ?able IIT

Range of flttlng parameters determined ,at

. " various temperatures by fitting Eq. 6~ (25) '
to the thermoreflectance data of Ge at E_ 3
. P o N
©orky - 17 .85 © 204 291
L R* (meV) 2.06%0.12  1,95%0.3  2.0520.05 . 1.95%0.15
‘ ) 1) - . T . . u'

T(mev) . . 1.18%0.08 1.67#0.08 2.72#0.08, .3.65:0.08|

(ar/aT)/(aEg/aT) -0.08  =0.05 © -0.02  -0.01




a‘/’

‘of (AR/R) using the parameters given in Table III. i

6.6 Discussion and Conclusions

-

"The fit is considered good. It is suSﬁected that‘Gaussiaﬁ*
| 25

' . ‘ o1
-broadening of the form exp( B((E - B )/g) ) in an absorptlon line-

would have glven a. better flt of the PO$lth8 hlgh energy peaks in

-.the spectra at 17 and 85K. »The-problem here 15 that the author does s

r

not know how td put Gaussian form broadenlng ‘in the expressron for thel

complex dielectric constant. Dne mnst instead-make Kramers—Kronig a N
i : t
transform of AE to get Ael, as has beeh done by Pake and Purcell 126

in another COntext. To shcw the dlfference in the sharpness, the
real part of (3e /BE} has heen calculated ingthis way for ‘a Gauss;an

»
-—,.

shape of (BezjaE). This is- "shown and compared with a Lorentz shape
. (. .

for (Sel/BE) in Figure 25. One: sees thaththe_9051t1ve peaks are

sharper for. the Gaussian form. Although a fit would bé too expensrve
it would not require much computer time to generate the Gaussian form
L] . . . v

1
-

The value for R* of 2.0 £ 9.2 meV is to be comparea with

u

1.1 ¢+ 0,1 and 1.8 £ 0.4 meV whlch were obtalned from the. interpretatlon

. . 127 ,
of absorption,5 and magnetoabsorption data, respectlvely.] .The

lower. value of 1.1 meV may have resulted from the omission of broadening -

»

in the fit. - Sell-and Lawaetz4 found that an analysis, including broad-

enlng, of abscrptlon data for GaP gave a value for R* E:Fble that of ap

i

earller analysrs whlch dld not include broadening. Theoretlcal cal-

‘culations > have given 1.4 meV for_R; in Ge. The values of ' in ~
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d €, /'d.T'(arbifr!'ary;

A
O
=

~8F ’-'f"' Ga,us.s_mn R S e

 —-—"] orentzian

-J‘(

k)

-4 2 = o Tz -

| En‘e'rg'y' (in'- units of half ,ﬁid’rh_),

Fimdre 25, Comparison of (d€4/4T) of a broadened Gs}uss_ie‘m.
line (dashed curve) and that of & broadened Lorentzlan line
(solid curve). Hote that they both have the sane nalf-width,

h

o
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, L LA ‘ R R
Table III‘compare_welﬂ with values of. 0O, the parameter in Gaussian R

broadening mentioned in the last paragraph, of 1.0y 1.1 and 2.7 meV at S
. . . ) 6‘ . N . . .'
. . . L : ‘ : \
20, 77 and.290K,'resPectlvely,_obtaiqed by Hobdenl.zB

from a Gaussian . -ﬂ'
S R o 1 o R - _ I

- broadening analysis of tpeﬂedge in absorption data. . _ .
. . “ L3 . ) . ' ' . . . “,

v RO . : B

It should be mentloned that the'electron-hole interaction has

- }
2 . }
been 'taken into account in prev1ous workl 9,130 in the interpretation 0

of modulation spcctra. They were studles of El structure} and are not

appllcable to the present.problem ﬁJ For examplef Rowe and Aspnes130

M

fi fed the E electroreflectance structure of Ge using the Slater—Koster

S - 4

1nteract10n as an approxlmatlon to the Coulomb 1nteractlon. Also}

there are many Lnstaeces where the E peak in modulatlon spectra has
been identified as the n=1 hydrogenlc line. (e.g. Ref 112), however, ..
‘there has been no previous_fit‘whlch ‘includes Elliott's continuum

+ terms.

It-is coecluded that‘Ellfotthhformulation, in derivative
expre551ons, can descrlbe the thermal modulatlon spectra of pure Ge
over a large temperature range. The fit has ylelded a vaer for the

exciton's blndmng ‘enerqgy somewhat hlgher than the predlcted value.

’
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,jw[-*ﬂf T . TﬁermoebsorptionfinfGe"

*LAll the'teohniques'and measurementS'deScribeg in this chapter are

the origindl work of ‘the author._ Althouéh“no anelysis of data is given,. the

author believes that the experimental successes of this chapte1

~

repfesent an
-edvancement in the stete of the art. . -

7.1.1 " Introduction'*-

‘develop the thermoabsorption technique in order to confirm the mo'ulatron

T

" theory, Wthh would be done by checking the paramcters obtained wity the

thermoreflectance method. :In addition, it is possible that some of the

P

broadening in the thermoreflectance results is due'to surfaoe fields; if

50, one may get narrower structure in absorption, and perhags the.n'= 2

-1

excrton line would give a discernible peak Some calculations could -

ea51ly be made to find out what the . value of r would have to. be for -

1
this to.be observed:_. One can show (el g Ref 20, p 154) that the._

o . _ -
thermoabsorption,result would-be given mainly-by

o 2 -2xa e
i, o ,1+R2e_2m ark . 7=
1 =R S |

3

I is;the transmitted intensity, R, the reflectivity, and 4, the
_sample tiickness. en ¥d > 1, this is essentially —dAK Thus‘one

can ca culate the modulation from Ae as given in Chapter 6

The substrate on which the sample is placed must be trans-

1
0

'-.parentrin the spectrel region to be studied. - Trial runs were made

The samples can be mounted

131
eans of a thin film of Kodak. photoreSist preparation,

on sampies prepared by chémical polishing.

- on ajsheater by‘m

i

diluted with xylene. The sample is- placed On the substrate, and a



..
1

small drop at one corner spreads out evenly under the sample. .Howe&er;

the samples nsed were not’ of unlform ‘thickness, and. 1trwas dec1ged that .
‘,ii '

the project would be woréhléss w1thout damage—free samples WLth qsable

»reg!ons of uniform thickness; Z.That‘program is described below.

7.1.2 Methods of thinning semples

7.1.2a mechanical
v ' , 4

Three quarter-inch glass discs, of 9-inch diameter; mounted on.
aluminum dides, servedﬁas&%he lappihgﬁplates. They were made flat in
. N < ° N . L

the usual way by grindinéfaéainst each other, and checked,lqr“flatness

_ L 132 L L, x -'
with "mechanics blue" grease. 2_ The initial f£latness was:achieved
: . : & ' . . v
_ . ' : S i
quickly using #150, and #240 silicon carbide powders. Thefroughness
' - . - Vo JLo

-

LT

then %s-.off with 10-15 micron aluminum oxide powder. A short nap \J

sﬁnthe mechenical,polishing cloth mounted on a fourth disc served as

the 1 micron’ aluminum oxide powder lap. . i T .
3
With'the saﬁple'mounted on the sliding center piqce of a

hardened—steel block, the sample was reduced in thlckness to about 80

microns uslng 12 and 5 micron aluminum oxlde powders. Then one side

.

-Was mechanlcally pollshed on the 1 micron lap. Although'smooﬁher

=
1

surfaces~can be Obtalned by u51ng al mlcron glass lap before the»

mechanical polish, here iz a high probablllty that the surface will be
destroyed by scratches from small pieees-whlch break off from the

sdnple's edge. The. saniple is then transferred to another block with .

|




.
.ok .“" I."‘- l s Co ' ‘ l

z'gﬁ adjustable 1ead1ng-edge.; U51ng this, the'sample can be thinned

- w1thout cauteon to 20 -25 mlcrons, with 5 mlcron powder on glass followed
by the 1 micron’ treatment. It is essentlal that there be no dust

under the sample. The dust creates tlny star shaped cracks above it

in the crystal.- T0‘av01d this, one can apply a small Chlp of flltered

- ‘f -
araffln wax to an edge reglon of the sample when it is lylng on the

heated block. The wax spreads evenly under the, sample. ‘It is unwise,
the author belleves,to attempt to make the sample thlnner than 20 -

microns by‘this method. The results were not ‘improved over those with

aluminum oxide when diamond powder was used. .’

'

7.1. 2b chemlcal L S L ‘ ‘ . ' o -

Consmderable effert was ‘made to obtaln thlnned samoles by

-
- .

chemical etching. - The solution used is descrlbedlln Section 4.3.1.

.t

The main obstacle is that the etch removes breferentially,‘presumabiy
. . .

at dislocations. There is also a sllght Morange peel“ texture, perhaps '

due to strain introduced during crystal growth. Also the edge region

ls removed more - qulckly than the central reglon. This is not due to

solutlon flow rates, since £low patterns were used Wthh, it is believed,
i [
gave unlfbrm £low across the full sample surface. ‘ There is instead

a catalytlc effect, presumably due to surface fields, between the

masking material (black wax) and germanlum such that the etch rate is

1

accelerated (perhaps threefold ) along the wax—germanlum-sclutaon contact

. 2
line. Thus, one ends up with samples of about ‘0.5 cm‘, of thickness
(. . ! -

.
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ranging from 1 to 10 microns, pocked up. several small holes. Some
improvement over these results could-be obtained peihaps with the

3 ) B

.

Odlne replaced by bromine (which is anWn to be less preferentlal in -  ; /
silicon pollshlng),ﬂand w1th-élleCatlon—free cyrstals.- On the other a:./f
. R . . ‘ . L
hand; from a knowfedge of the dafference in.the polished‘surfaces,'the ‘ r f‘
author is confideﬁe-ttat good thermoabaorption:samp}es of-GaAs oflthickeff /ﬁi
‘aégé about g_microua could be prepared by chemical po;ishing.‘ T . /
o ‘ ‘ ooE : /

fj T o ) l,ue i - - o . 7”‘/ .

) . K . . . ) .‘ "’.l
An attempt at electropolishing. was discontinued when it was i
. - ' . !"

,apprec1ated that the sample resistance of pure materlal caused a very

non-unlform potent1a1 across the .sample’ betwaen theselectrlcal contactf

e . / ]

and the sample~solution interface. . I o
\ ! T _ b . /
o " H A f ) . : . B . .
‘7.1.2c ion bean " .o I o /
"As a non—preferential3method_of reducing the'material eyond
20 microns, iow—apgle ion.beéqjetching was attempted.’ — Some details

are: 6KV 100 microamperes, argon gas, 15 degree striking angle.t ‘The

removal rate was about 1 mlcrOn/hr. Thls equlpment is norﬁplly used

'.for the preparatlon of electron mlcrosgope transm15510n samples, where
only very small—area'thln regions are requlred. However/ it was

. _ )
found “ideal for thlnnlng 1arge area 2 cm- samples. THe samples were

rotated ih the ion beam,(whlch ConSlSted of about 25. small beams)

" * This work was done on equipment at Bell-Northerngﬁesearch Labs., Ottawa. - =~ -
I am grateful to Mssrs. L. prosselard, S. Entwistle, and B Piwczvk for

their generosity in'instructing me in the use of the equipment, and in - - ..
permitting me to use it. The successful method of mountlng the sample

was developed by the author. ) ;

[ N . . . / . - I



SASSI= A L

' on brass'discs. . Although the brass becomes hot, around 100 c, durlng

etchlng, a fllm of molten paraffln wax kept the sample well pOSltloned o7

.The samples"ﬁhlgknesses were.determlned~from mags and area measure-
e . o L ’ ’ ' ‘

ments. It is astimated that the almost shiny surface finish had a

uniﬁorm roughness of the order of 0.1 to (.3 micrOné. : Présﬁmably‘ Ja 5 e

that could be improved bj lower angle beam incidence. Samples of

‘thicknééses arOund 7 micron%.qnd'areas 0.5 cm2 were obtainea, the
I J 4 - L ’

o L )
R : . y

! reducgd areas’ resultlng from 1néxper1ence in handllng This method ., ‘“7
_; is f%bommcndEETfﬁowévér, it isdcautioned tha;-s&;e d;mage remains iﬂ;; ‘;\ o
the sﬁrface (;ee below)fan§ sH$ﬁld be rgmovéd-by é sﬁorE étcﬁ. :: L {&\ '
7.1.24 tests for damagg‘in‘éahﬁies: a' - : ’
1, LT N

| S . . ) , . ) N

‘Emperical methods for determining whethér:or not damage.

remained in the surface wéré'develqped.' These can be divided’into 9

.'n

_twd pes: . (i) chemical, and (ii) gpticél. ' '

. -
oL .,\. ) . - . - ) .
.{i} chemical ~ . . , o : : : S
. 4 v ’ 1 <kl
v : ! . ‘ R . Fie”
. Two methods were investigated here, surfage”apgearanqe, and o
[ . - . . L

eatch raéte.lu

-
S

For the apnearance test, 4 Ge surfaces were prepared w1th

the following Al,0, lap treatmentsr {1) - 54 on glass, (%] 5u In

4

on, glaés; (3) Su , 1u,0 3u on glass;: (4) Su on'glass, 1 micron on clo;h;»

These surfaces, in the order glven,were‘ProgreSSLVely shinier (flatter}), .

»

+

thé 0.31 on, glass, however, was cons;&grably scratched / Each surface

N

’-.I
-



o

L

" » The same result was obtalned using l Sp dlamond grlt on- pltch 1 p,\and

.’;: “ . 4 . " !

\A .
1ooked 1dent1cal One can conclude that the surface shinlnes-
R ' M

before

3

with Ge of dlfferent growth procedures (i, e., zone~ref1hed, and

.. L4

Cvochralskl) As the etchlng cont;nues,-the appearance changes ag..

W \

ollows.-very hlgh dens;ty of small plts, reductlon in den51ty of plts,

<,

L v
of the damage is, 1ntroduced at the 5u 1apn1ng stage, and traces ~of these

defects remaln for- s of microns of chemlcal removal. On the other

-
- 1’ ¢

’hand, 1t has’ been found that dtchlng of a surface whlch had prev1ously

. o 1
been glVen an 1on beam tréafment results 1n a 1mmed1ate lmprovement in

- : . ‘ G ) -, _ ’
Iefleotance. - . KR L
":"': ’ " R S )
S se o T
. . \ . fu

‘_Because of the apparent requirtﬁent {see optical method'he}owi.

' : v T

to etch an 1on—beamed surface before maklng Optlcal measurements, a-

test was made on tné_atch“rate*atrsuch—a—surface ) Three suocessave
o . . L +

o,
etches of 1@ seconds removed 2. 3 0.8, and 0.8 micrans respectlvely

.It is concluded that there is damage in the upper 2 mlcron layers.

N

»

(ii). oPtlcal - ' ‘ e
B N

' The thermogeflectance result n ar E at room temperature for

“ two Idn«beamed samples 15 shown in. Flg. 26(a) and (b}, -as well as (AR/R)

Y

[ . i - L)

of 5
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t

arbitrary units

-,

\d
»

( AR/R)

Photon

seconds, (dotted lines).

Ge sample, "the surface of wh;cv was

four m=nu*“'

v

s

-1 ' Ip_- 1

. 0790

"Ener(

Figure 26, (a), (L) (AR/R) near rf
‘ﬂWplc“ just follow;qn ion beam tre:
"after the .don-beamed eurfaces were ¢hnem

) (BR/R)

=

;-j/"(ev)

yan uemwcv”tu"r

hfﬂlpallj [olis

0-810"

fo_r) "'0. Ge

trment (eelld Lincs),--and
jenlly etched for 15
ng rocm temperature of a

ghed for

L4



S v B TR . ‘
after'the same surfaces were giveén a lS'sec.‘etch;

Eig.726(é) shows'..;
j T B . -
: \
(QR/R) for a sample frpm the same Sllce which had been chemlcally
P . B N . L'B‘

"‘ pollshed_for 45m1nutes.;‘ The negatlve peaks of £he 1on—beamed surfacas :-

&

v
- \
K] ‘

. . S N '
'were broadened, and even spllt-ln one case. Thls was the only tlme

that valence band spllttlng was cbservcd at room temperature It would

. be dlfflcult to understand as well except that at so*e unknown tlme '
} .

! +

. dunlng the 23 hour perlod durlng the lon beamn tfeatment the sample

rotaLof“stopped That explalns why one’mlght expect a dlrectlonal

effect; '-It is conc@uded that the §urface should He etched for 15 3

- R * [

seconds before_measurement, and that thermcreﬁlectance may bexa:gocd

tcol for identifying shallow strain in some .suxfaces.- - oo

. ‘} . : ) . i o B .
cod ' Y o
7.2 Thermoreflectance of Ge at(E inla Magnetic Field -

\ ] H

7.2.7 Int'roduqtion | e . @

: -
oo . - - S . 133 .
There have been 'statements made in the literature to the .
. e L S e ' _ B T, . . B
effect‘that the'measurement of thermoreflectance at low temperatures in

e

magnetlc fleld would be of dublous value becéuse*cf the heatlng of

the sample and the resultant line. broadenlng,.c After flnalng the sharp

.. .

, 4
‘structure near 20 degrees Kelv1n in zero fleid the authgr dec;ded to

test that prejudlce. In addltlonclt was helleved-that ‘the experlence ‘

I . a’

tn llne shape analysls'at zero fleld would help in, the 1nterpretatlon
- v - ‘ . -
-

of llne shapes ln a pagnetlc fleld. _ The experlment was frultful‘
7

yleldlng data ef a hlgher quallty than the . hest ex1st1ng data for Ge
ry . - N . ot

from a modulatlcn expcrlment, namely, Aggarwal S- plezoreflectance

- ’ :"; . . i N

,r—-_—‘_l-__.

o,
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St 39 2 o
experlmentﬁl : The qualmtﬁ’of the data has been judged from twe p01nts :

<~ lof view,:line W1dth, and the number of e3511y 1ant1f1able llnes in the‘
Spectra\ \ From the broad shape of Aggarwal s (AR/R) structure at H = lD

it apoears that the sample was subject to a nonuunlform straln.
o .
' However, there was ne\easriy—observable spectra in the E + A reglon.
in theopresent experlment for-flelds up to 30 _kG. k Aggarwal obtalned

N
o

most of his data for Eo + A above 30’ kG, so- one cannot cpnclude ‘that

-

- the thermoreflectanee‘technlque failed in this respect. Only'a vague

o LR

.- account of the experiment and-data will be presented here, since'it is-e

lomsidéred wnwise to be explicit i

7 2 2 Experlment - o - T ,";_. - f

\ . ‘ A Ferrantl—Panard supeE‘gnductlng solen01d magnet, wrth a.
! .
, - \
1% inch bowxe, was msed;-' The sample was. mounted in a way 51m11ar to
"that described in Sectfcn 4;3, on'a'relatively massive cylipdrical

copper heat 51nk, de51gned 50 that the tempera%pre rise of the *sink . ‘
i

would be mlnlmaf‘- The heat conduct1v1ty betwéen +hé 51nk and the

.solenOLd was optlmazed by a pressure of He gas Ln the cha&ber of about

- 10 dm of Hg 134

R e

. ‘. &here are sgme dlfflcultles w1th the dptlcs in’ this experl—

. ment. It is a dlfflcult allgnment jOb to get the 11ght bean\1n and

out of the magnet hole wltheut reflectlng off the sides, and withodt

obstructing the beanﬂby requlred mlrrors.a Also{ con51derable light

-



»

’ ' result that, to get sufficieut signal,‘qhe'iE,required to'illuminate

.' reported inIChapte; 6.

“ha

-

must use a long distance to image the slit on the.eample with the - |
. - . EY ) '

will incredse the hroadening in the spectra. This was-slightly'present

- A -

v
intensity is lost i the two«way passage through the double w1ndows o .

\.,
-

of Lhe cryostat, and 1n the passage through the, polaxlzers ‘Perhaps ’
) Y ' , .. Lo
the majer,drawbaek is that,~because ef the small magnet hole;'one“ A

[ t a . - g . 2

a considerablé length along the samgle." Thus,a‘hon—Uniform temperatufe

¥

in this case, since an analysis of: the zero-field spectrum gave R* and = @
‘ ) - : . o

' [ - * 4 M

T as 2.3 anﬁ,l.B-meV, fespeptively; which are higher thaﬁ the values

. a quartef—wave plate.laﬁ‘,-The quarter—wave plate used had a retardation

-

Thermoreflectance was measured £6r rlght— and left-circularly S

Sy R

polarlzed llght for nine magnetlc £ield values up to 60 kG The. light

135~ oa
was cmrcularly polarlzed by passing llnearly polarlzed llght Srthrough.

value of 315 f , but used at an angle, the plate had a_vaiue'of'BSO mi . .
Figure 27 shows the effectiveness of such ar arrangement as a function

o1 photon energy.  The percentagefbf the Light intensity which was

circularly’ polarlzed in one sense was determlned from a measurement of

I /1 . the racio of the minimum to the maximum 1nten51t1es of the
Tmin max . : .

light whlch passes thrOugh an analyvzer plaoed in the beam after thzj\\\\$ :

quarter—-wave plate. ;-The percentage of,thelintensity in ocne sehse of

c1rcu1ar\polarlzatlon was, cwlculated from ' : Lo
i -
% '= gl - —~l—lli ) = 160 - ' -7 - (2)
- 2(1 + a) o - ‘
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- at a particular point in space varies as

o (- It

weere a = Imin/Imex' ' ?hat-this is a good indicator can be.seen'as

T

follOWS.- ‘The llght after pa551ng through,the auarter-wave plate is

1]

elllptlcally polar;zed ~ Cho051ng an orthogonal'co—o:dlnate system with”

unit Vectors i_and'jJ the'elect:ic vector {to within 'z const;nt'factor)

#

§2'= icos wt+ J sin {uwt f-Sf- 7 - (3)
) . A . . - ) 3 R . .
ﬁhich can be rewritten as B ) R , e
N -_§_= cos §{i cos wt + j sin wt) * cosat [(1 - cos 8)i + (sin §)j
- . ) ) -‘,...‘:
L RN

: 3
. 2 . !
- . %

-Thﬁs the elliptical polarization can bhe exbressed in one circulariy and

- is 'Csin2 6)/2 whereas I min ‘equels one-half the intensity.of the

~intensity in one sense of circular polarization is

one. 11nearly polarlzed cpmponont. : Between 1.4 and 1.2 microné, 5 varies-

.between 0 and (W/l2) radlans, s0 to shorten the expre551ons, the

,n ' - - ‘.

(l - cos 6) term is dropped. ,NOW'the.dlffe:enoe between Iﬁax and Imln

¢

circularly- polarlzed component, oxr (cos §)/2. Since'the Iiﬁearly

! . l
i

polarlzed llght can ltself be decomposed into rlght— and’ 1eft—c1rcularly

polarlzed 11ght, the total 1nten51ty ‘of the 11ght in one sense of
. ‘
2
polarizétion can be seen to-be cog” & + (51n 6)/4,
' 7 ' . L]

with '(sin2 8)/4 in the other sense .  Thus the percentage of thé total -

. . . . 5 : L - N . ] ’
. % = 1 o 2(51n 6)/3 ‘ ) - x 100 . 7 - (5)
\\ : \ - cos"8 + (sin"8)/2 ‘ : ' e

which reduces to 7-(2).

¢
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7.2.2a a feedthrough desiganof helidm temheratures;

B

“ Betause of the reQﬁireﬁent;fdr;sevetal electrical feedthroUghs
g‘.at-He-temperatures,iahd because of-theifreduent-failure of such units,‘
tests wete'ﬁade'dn'a';ew'design;“:The constituent parts were: a hole

“in a stalnless steel plate, an 1nd1um eollar in the hole, and a wire
1n the hole,'wlth epoxy between the wlre and the lndlum Twelve holes
of 1/4 and 3/16 lnch dlameters we:e drllled in 3/16 1nch stalnless steel

.o

plates. The holes were fllled w1th 1nd1um uslng Duzall fluk,lB? the' o e
© plate being supported_on gqaphlte. ' Holes'of 7/64 inch dlameters were |
- drilled in the lndium,'washing‘with water dufihg'drilling“ Cépper.’

wires, AWG 28 and 40 wére supported at_the hole centers, with masking -

tape across the‘holes on the undetsides} The places where the wires
passed through the tape were sdaled Wlth flngernall polish. A.miktujpﬂ'

of 1: 10 by welght of Shell Bpon Cu;lng Agent "D" and Epon Re51n_408-

.
+

was put ih the holes around the W1res.u (It is 1mportant to degas ‘this

mixture in a vacuum'system'before application.) Two heat treatments

.
eariirdy

. were tried:s (1; 7 hrs at 60°C + 3/4 hrs. at 140- 150° C; (2') -'20 hrs at

n.
c

60°¢C + 3/4 hrs at 140 150 C They were tesLed by 10 cycles of the
following: dimmersion in 11qu1d nltrogen 'followed by air blastlng

(3% ‘min. to room temperature). ~ There.were no leaks in any of them as

_measured by the Heé leak detector. However, AWG 28 wire is cdnsidered

too 1arge because movement of such wxre dlsplaces the epoxy w1th eventual>
openlng of the 301nt. It-is suggestéd that only-smaller w1res, about

AWG 35 and smaller, be trled in such a feedthrough.

~ ) . e
L
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7.2.3 -Representative deta”and'some observatioﬁs Sy
. 1 . - R v,q

Flgure 28 shows Lhe modulatlon smgnal at 30 kG for rlght~
'01rcu1arly polarlzed (RCP) llght.., It was verlfled that none of the
observed structure, except for the small rlpplc at 0 BBB ev, corres—
.pends to structure in the_lnpldent beam. , If one compares with prnv1ous‘

modulated reflectence.date on Ge; the eegnetoelectroreﬁlectancel38 and
magnotop1emorefloctance39;data,-one sees that the structhfesioohtinue
to much higher energles w1th the present thermoreflectance Lechnlquo.,l
‘Thus the Pldgéon and Brown theory4 for the locatlons of the' Landau

_1cvols would be subjeeted to a stlffer test wlth the’ presegﬁ date.

L1

Howevor, such a flt w111 not be the main effort of the eventual analy51s.'

Flgure 29 shdws the shapes and magnltude of (AR/R) associated w1th the

-

fLrst trans;tlon (1n RCP) for severdl magnetlc fleldq., ThlS d?ta is

'.con51dered more valuable than that of Fig. 28, - Untll recently, little

ork139 1140 has been done on . the 1nterpretatlon of exc1t0n peaks 1n
- : , ' L T4
a'magnetic field. ) ,ThlS has been summarlzed;by~Johnson{ .. The

. . BRS

. spectra of Flg. 29 are being 1nveet1gated from the points of view of
.shape; magnltude aod energy locatlon That such.data is fruitful can:
be seen from a recent photlumlnescence study 141 of GaAs in a megnetlc
field: just the 1ocat10n of the free exc;ton pea? was able to establlsh
that ti#e heavy hole mass glves the total contrlbutlon from the valence

'bands in the reduced mass used to calchlate the exc1ton binding energy
Lo | 115,116 :
This is in dlsagreement w1th theory, ‘ and lf valid for Ge wQuld .
put R* for Ge at"1.8 meV, 1n agreement w1th the results of Chaﬁter 6.
: o. : ‘

1

T

-
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TO'C0n51udé tﬁiS'ChaPter,'the'titles of felevant‘articlés"publishbd during

-.thc past year in only one journal Phy51cal Rev1ew B, are. listed as

Ref . 142 to 1ndlcate how active the exc1ton field has become, ao well,

'by omis$ion; to indicate how much of the field has nom yet been treated.
‘ ; X C e RS



. SUMMARY AND POSSIBLE DIRECTIONS OF PUTPRE WORK . -

- v

, . ‘ ' )
Y ‘ _ . o
Tﬁe main boﬁtriPutioﬁ of this work is believed to be that it
has, helped estabiish thgfﬁo;efleééagcé more fi#mly aé‘a tool with wﬁich |
. ‘ S . - o ' .
to study optical trans#tioﬁslih sélids. | Géneraliy“speaking,-the
authof.belieﬁgs it tqﬁﬁetthé‘bé§t-of the moéﬁlétioﬁ teéhniques, ‘It,mi_- -:h

A - / . . , '

is ofﬁen claimed of,/some of "the other techniques that ‘they have the

o

advantage of beiné able to vary a directional parameter,'sugh as stress . ' .~

"or electric field. Hoyeﬁer}~in fact,'they-ére séidom used to profit o
. - . ' o o : :

_frdm that feature. Furthermore, it is believed the thermoreflectance

H
]

of a sample subjected to a uniform de direcﬁional stress of some sort =

would yield"petter‘resultﬁ insome cases.

v
o . . . - . :\l(‘_’ ' -
Data'obtained here has supported EL%&ott's theory ¢for the
excitonic ' absorption edge in germaﬁium; Othexr data has revealed o
e ‘. E ) ‘- A . o L . .
structure in the reflection spectra of'hgaV1ly—doped'n—type InAs,

o

which could be related to transitions between the light- and heavy-hole
valence bands and the conductioén band, following a Kane model. . The

conduction band has also been studied by more conventional teéchniques-

. - : B "&.: N -
' ] ) - -
‘ (N ‘ ) \ ' o 'F{@ I - . !
- . . i ) [ ‘ .
" The most promising area of’\work.opened up seems to be the

~
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-2y

interpretation of magnetotherﬁéréflébtﬁnce data. There: is littie hopé
B .- T ' . ’ o .

of making a real contributionrbefore a careful theoretical study of
the'exbitoﬁic behaviour of .the degenerate valence bands - conduction band

combination in a magneti¢ field is made. ‘ v

A

Lo
L Anoﬁher useful area would be the‘tracing_of.condﬁctidn bands .

:

. in k-space from_thermoréfléctance.data'of heavﬁiyjdcpgdin; and p~type

) ! !

materials. | This, presumably, would be able td'identifQ,closely the

'
i

éngrgies at which populations of higher bands begin.

’

A more critical treatment éould be made of Eheptheory of .

‘infrared reflectivity in the plasmé”respnancé spectral region of semi- -

O Ay . . . .
) L A ' . ’ . ) L
conductors. ) o : : . )
B .
ul * N i '({
] - 1
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. - - .APPENDIX ;A o T e
T o . o a8 e

d . ] . o N %
u L. . - .
i - ' :

A DLRIVATION oF THE PARADAY ROTATION RESULT WITHOUT DECOMPOSITION INTO

S CIRCULARLY POLARTZED, COMPONENTS

Cp-

A R ) Co : : ] ) :
All dexivations of the Faraday rotation of which we are aware
B h . . . q" ' ’ * L . .. . . » .
< (e.g., Ref..l43 fbr an elementary treatment,‘and Refs;-144,“145 for an

advanced treatmcnt) begln w1th t e decompogxglon of a llnearly polarlzed

T . e S
wave 1nto two 099051te1y rotatlng crrcularly\Bblaxizeﬂ'sdﬁponents.‘ The

&erlvatlons then look fdr o+ and g~ wh;ch relate J i'iJ&.to E; + 1E;.

] la}

' For the free carrier cas here the‘COndltlons pB_<< ¥, wi >> 1 apply,

[

where. w is the 0pt1cal aﬁgul: fre'uenéy and T,,ﬁ the'carrier scattering.

tlme and mbblllty, the result lS that the llght whlch leavcs the sample

o

,15 llnearly polarlzed Wlth the plane of polarlzatlon rotated by an

angle & with respect to the incident polarlzatlon. . This 15 suggestive l

o - V. -

of the 1dea that’ onegneed not use cxrcularly polarlzed coenonents An the

analy51s, but “instead" follow the llnearlg;pol A zed wave through the

, -
sample and see?what rotatlon,'lf any, lS requlred by Maxwell s equatlons.

° . L

- .to the treatmeak of wave soluglons of MaxWGLL_E_equatlons. .

L
1

- . : —_ . S .
[] . . LR ; . — . b -
t . L . . /f/ -2

Con51der tHe equatlon for the average ‘motion of charges a (g

. . ; .
is positive for holes.andanegatlve for elcctrons), of effcctlve mass m

I . .
-g."‘..\ .

Cs

. Pe:haps the main service of such a derivition would be to glve ‘more “feel" -
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: _  from. which
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¢ ) - ' E '=, —.3_...,. g‘el‘.".j_t . ' l'. 7- . ‘, . -- [ - . A-_ (3) LA

va

in the x~direction, that

- . : .
. : . f

we ﬁind-,-if ;3‘ lS in the -z--dlrectlon and E: 3

e
_ o Cvo= —-*-"—'Ta"“‘— cos ot -+ ¥ WL Lo A= (4) .
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‘ One sees'that'H 'doés not remain~zero; that is}fthefcurrent perpan

az. ‘ ‘- CoTe

x ‘E - A L ‘\.V : .
RO = N ot
' - ‘ ‘ -{ S
LI . : -";_ €y,
- — A o . :? oY . .
*e : 172 - ‘ \ '
% B . .p®
N - LIRS
e e T, |
CL wa. C:‘.Ol'llsi_der“ Maxwell's ‘fourth.e(iuat.i;‘éjl‘ili: _ T .
. L .. | o o | S . N
ceEne g gl e
- . ) ’ ' : _] Ty ] .

~where J takes 1nto account the charge movement of frec chargcs qnd L

38" o

£, Bt Lakev lntc account the movemont of’ the boundfthargcs aJWWLll as
€o gt ‘the vacuum component_of the &lsplacement'cutrent. Choosing

.}

the Xraxié’along_g the yécomoonent'of Eg. A~(6) is o

. s o t' LT . ]
aH ‘ N : o . . ' .v l‘,, . -"
o0z Jy+ (at)y L N

° e t, B ' to. s ¢

)

"

. dlcular to E has requlred a rotation 1n the plane of oo}arlzatlon. Thc

component -on the 1eft hand 51de of Eq. A- (7¥ becomqs H. gﬂn,_whc;e.p

y dz

is the<rotatlon of.the plane of polarlzatlon. For the right hand aldc,'

r - . " '

'wthh glves the total current den51ty in the y dlrectlon, one component

O
T

‘1s glven by Eq. A={5). There 15 also a component due to the Ffact that

L

. the current whloh is in the dxrectlon of 8 rotates in going a dlstance

. \ el -
‘. . e . . . '
a_. l:“l‘_' e ‘.“ T
: . ‘\‘-‘. ) - L ..I' -,A
Nﬁl T : h- !

X ‘ A
v ThlS can- be easmly Vi na 1zed by cons;dering“a“srail surface
.' _— '] . .

element of height h end length dz whlch lS in a plane in tbe z-direction -

4

5
.and\vhrough whlch E passes. . For convenlence we lump the total current

. ooaek T

N sy . .« Then the
due totthrp|1n the fbrml vl whe;e € % €iree + €% | 1he§,. 9
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-charge deﬂ51ty thro h such a loop 1s g-. 6 !/é -
' . 1 aZ dt - . b Vo C
38 _ E d(—) ' and 82 dz — : /) ..\V'f" I | g R
ez X dz , ac ™ Eg',e where c~ls the veloc ty of llght in ig*’ SR
a vacuum. Therefore Eq.-A-{7 ‘b | N
g . 3 Q . o . d ( ) -'ec\'om:.es - ~ ' ‘ J .
N 3B "E . ". ket \ ' . e -
~H @_ - q_. o ! ‘+ E E'x c gﬁ ° . A (8)

v

Rememberipg that Hy = él %; £, and: € =.£0h2 Eq.-A;(B) can be

: L 1 Xt b o Terdl
' rcwritten‘as;l' ! o o v
: " . 3 ‘\
T Coap o MR T o
Az T L 32 . A

-

1 o ‘ - 20é¢nlm*aunh o T C NG
A , . L .‘ _‘9’ N . A - 0 . ._- .

$hich is the standard result for‘the free carridér Faraday rotatian
fo-e‘Ct.- L’ ‘a,- - f; L - ) :‘. ‘ | . | . . 7 ;r ) f .
-'.( o ! . . ) ’ e ' . "'. I [
¥ ) . " . ‘ ‘ ) . . !
o We are confldent that, 1f the damplng force term of Eq‘ A—(l)

~. LR \

were 1ncluded, a few more observatlons ﬁould yleld the result{fﬂr Faraday

&

elllptlclty.. Although the present developm t has been unde51rably lengthy,-

i, o

1t represents only the beglnnlng of the author S uhderstandlng

.Y - /

'Lthe-;

: i
Paraday effect, one 1maga1nes that thlS could be abbrevxated such th t
a 51ngle vector (tlmé* and space dependent) could be wrltten downtms

the complete so}ut;on.-

- L . . ~
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'.contrlbutlon .to gl(m), for w-in the ceﬂtral part of Am, from e (m§ Hut-

side Aw will be fairly constant; - HQweyer, it would be more ambltlous

to try to obtain_ﬁi ederyWherenusihg Eq;'B-CE)E, Suppose Ez‘is known
in the region'm tow + Aw D1v1de thls interval 1nLo N parts, and
o el

nu:'
[ [V

AR ¥ L '1;' R :
I A : : -\/— N
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. - ALDWMDIX B L0
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. AN ATTEMPT-AT ‘A DIFFERENT APPLICATION OF THE KRAMERS-KRONIG RELATIONSHIPS
E_— o o S o . 5
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.0 . - |
A -
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- The KramerSTKrOnig.expressions'for the relationships between
£y and Eé' the real épd imeginary pérts of'tﬁe'dielectric constaht-are97
."1’:'- i ’ - = . o
3 . ’ M“w'azim')de _ L -
-1 = = P T \ama-e ' . B~ (1)
gy (w) - J 2 2. S _
' @ . L o W —, (11NN ‘ N t,
C A Lo . R -
- B A1
f/ . . 2&; . o (w )dw .
= — ! : . B - (2
£ (W) = P_J. 5 3 . . (2)
o - "
‘ s ‘ ' :
s L 147 - s
. where P indicates-the principal value of the 1qtegral.‘ Those are. g
RO S V- ¥ on
often used locally. . Fox example, diven €,y (partlcularly c;nang:J ln
) ovqr a reglon Aw,'what 1a the behav1our of c, over Am? ThlS is ,
-] . > ’
estahllshed by performlng the 1ntegral 1n B~(l) above, noting that theA_
o e v -

s a3 g e
lelde the whole domalmilnto Nparts,’ centered at wj Jo=3, N

] - v

N . , -

‘.Slnce the denomrnators in B-(2) are. smallest when w' is within. the region U

|
!

w_ to m. + Am, the denslty of the. wj values selecteé should be greater around
o o R i .

' ]

.
. "

-trlbuted over the 1nterva1 Aw,cwlth 1ncreasrqgly larger parts chosen in a

. ) . , X - nf . ) ‘ N“

”that reglon. A reasonable chorce was thought to be (N/3) parts ew‘_}y dis- . -



fairly symmetrical_way'outside.thé ﬁw intefval. thé“centrecfrequenciogrof'the"

N/3 1ntorvals in the range Nb to wo +_ buware chosen to be at positlons hﬁ}f-?ay

= bttween the centre frequencmes chosen for 52 so. as to av01d ‘REro T -
: . i . - ’
denomlnators in the ovaluatlon oﬁ Eq- ‘B- (2) Ncw one:can set up a | ) i{’/f'
EE IR N . . . . . .\.'.
‘set of N 51multaneous equatlonsfln el( j).‘ L B S o
- . o a ' ‘ ' :
, ,f’ 4 ‘ : o/
o 2w ? (w,)bw - v ,
Epfw,). = === e " . - B - (3) \
2 B AN : : . - !
. i - _r’.ﬂ'“ * i‘-‘-’l wi - LU? S [ :
A o Ir ~
L] f‘ = y ‘\ :
Y ,-‘ik .. !

'If'one assumes that El 1s 11neaq in- the regron w] to wj+l; one,panZ"
B . kY
;; . * . |, \
lelde umj 1nto many smallbr parts so as to- cllmlnatc the lmoropcr

welghtlng of the factor 4@ ‘wi)fl in the sum B—(3)» This was -

.

done uslng for 52 ‘the” 1méﬁ1nary part of [(w - m ¥ + 1F] ' id the rangc
Hg T
T Wy g F, ‘with the;érequency 1nterval lelded.lntO 51 parts. All
. ﬂl 5, ‘ .
in thf computer for the solutlons of 51multancous

. the subroutlne,

equatlons were tr'ed Tme results for €y were fdirly good ln the "j ‘  ‘. R

region of rﬁw pre v1ded donble prec151on was used Since thlS is

- ? N - \

- urrealistie from a experlmental polnt of v1ew, threc rlgurcs ‘being

f
'tUﬁSldered %ery géod thé%result wa; c0n51dered acadomlc.* Beyond this |

1nterva1 the results were very unreallstlc, presumably due to round—off

/ f ‘ !f‘t . {‘: . . ’; . ) .
__”"ﬁﬂrrcr“‘t“*tﬂ&*f%ﬂ%&EUMLFz i h : . T .

/ R . . i R . '._ . ' . RS . ) o - :
S PO St - LT y _
- ‘ i . \::' e - . J\ ' . o, ' :.’5 - ‘_’-;7 ' R
- It is concluded that EQ. B—(3) _cannot be solved in skandard
o
Perhays a closer 160L at the solutlon methods as applled to ths o
: g . R .
£ dat( would - yvield. more 1nformat10n. :
7 . ) !3 ] T g N
[ N . c ™~
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";both are in the charged ball ‘model as labellcd in. Section 2 2 A, The

" these qerivations contribute'tocthat approach;

! . e N . 8 .
n’. : -_I _175_
’ ﬂﬁ" . : ' ‘¥ o
.. . APPENDIX C" “ B
' mAGNETORESIST-Iv ITY lAf«JD'. HALL EFTECT: TWO DERTVATIONS
' - .l.\ .

- AN ' ‘ . o . Ty oy N
Two derivations of magnetoresistivity'hill be develoPed here: ~ . - -

v

u

flrst of thesé derlvatlons u51ng the damplnq force approach of Scctlon 2.2.2.
: e - o -

Tho second descrlbes Lhe elcctron orblts , Although it 1s-nmderqtood

‘e

"that these defivations are not the'proper‘qpantum‘mechenlcal ones,'tht

author belleves that juggllng of concepts from varlous p01nts of v;ew

1 1 + [

‘ - t
eventually leadsmto deepef understandlng. . Slnce the charged ball modol ‘ %
is already-ﬁidely.eéed_;n introducing therstudEnt'tofmagqetore51stLVltyj" ;gh

1 Lo

(%) the dam?ing.ﬁoroe approach . S . .ﬁ '_“u"ﬁi - ";--

. . * . : v . :
" The average acceleratien, v, of electrons of mass, m, in a

T Thedidm with scatter Jg‘time.T};is-given by ST S o
-t - - - - _
g . : . > _ t . ,
A . . . - b . - ’
RN S ¥ AN QU L S
i m T ‘ S
A3 N s,. ‘ -, .-'. ‘- ¥
where v 1s the average ve1001ty of eléc&%ons of mass m. @}th B in -,';

'-“the z—direction'and‘the externaL component of E in the x—dlrectlon,

5 -
¢

m—a

any additional electrlc fleld can only occur 1n the y*dirécﬁionﬁmehd :

51nce tnere is no z- dlrectedﬁforce, there is ro acceleratlon in the

.

s
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o & _ A
. z-—dlrectlon. ~ Thus wrltn.ng v as v + v and £ asf' {;{ + i€, 4n
: Y ' :

“‘qteady state.Eq C (l) becomes T_B

o T T . . L . - " Y
v ’ ' 'J’ . .
If there is no net current in theé y-dlrectlon, .v:;_.':' 0. This,
implies two results from C~(3): - e
: w = B . .
, S - . o )
= - wr . o S o o - Co-a(4)

e 2 ‘
R 2t ; e f
jﬁ_‘ f3 ':f:”';"jiT:;~1‘¥f.} 1.';}i7%i;m :;-Q ‘ ‘:

'l.

the

_ S SR .
v+ dv L SR . e ‘
~_=g____{_____ -2 (€4 i€y 4 iSB

. mo-x ¥y T

Cfrom which . oo D

L g = ._;_  -“'_ Lo SR )

[ . . ' . ] - .
. e . . 4 Tl . T e
' - . A f ". . .- .
./ . : e ) D " -.\l e l - N .
; the usual res fo or tae Hall effect and conduct1v1ty of a 51ngle type R .
P R R _ ‘ , -
f o df/ RTINS L R -
; of caxrier. -~ e o - .
: , . a — a7 '
i Supppse there are’ 2 dlﬁferent types of carrlers, of concen—
1 s eatidne - m ot : Then Eqs C (2) N
; - ‘trations, nj, .ma;;s, mj, and sca‘tterlng ‘\J_mes, TJ S
5 and C-(3) are valid for each type of carrier; however, when '-the t?Fél 'AJL
: y-current is set to zero, one has . > i
\ ' ' ; .
_ - " o > ( ,
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and . AR 3 gL S oL T,

: . L« . : ,‘ , ' ,._" C’__'(-?‘)'

= -

;Eﬁe;uéuél=resuit;qg
2 S -
for Lhe Hall‘efﬁegt and magnetoconduct1v1ty fox more, *han~oneft?pe'of (

o-__‘

T

LV , = Y .
carﬁﬁér. « Ib is to ?ey;oted that mj¥is post ive for electronS.and

> : . ‘ . , } } ) .
¢ : - £ . .
’ .

’ . C e - o X i i .

ﬁb) tHL OFbit approach o e — A

""‘- o e -

! ' Con51der the equatlon reiatlng the 1nstantaneous vqiocxty v

and aCceleratlon v in the x -y plane of an electron with an electrlc'

']

fleld 5 in’ the X~y plane;. and a macnetlc field along the pos;tlve
o ‘ o '
T . -

z—direction.- .
: . c - (8)

. - v x B)
R : o
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o *Y .éivc thbfdngﬁantanéous"Velbcity'in the x-y plane right -

a¥ te1 &.COlllSlon ,'\It is assumed to be Zero B the qyééage,lhnavfs

. e f. o -
. . s K . N -
L . o, J - oo “s
. - L

v = . “(gﬂli Ey)- [cos (wCQ t‘ + ). j.gosA§1 ‘

P
R - . . ,

-
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A iE;' 2 H [51n (m t + 6) - sin}@]
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 where we ére still adherlng to the conventlon of part (a) re

&

i

o=y

i

garding the

w's. § = tan (f /E ). For deflnltencsu, cqggldcr E' as the applled

-negatlve when the Ha&i fleld 5 1s-p051t1ve,or negativei

T C (llL, describe the motlon of a p01nt on & wheel of radius

%

. .o
. . )
J : . ; v

external fleld 1n the posltlve x—dlrectlon. Then § is p051t1ve or

‘Egs. C-{10),

£

C ‘- (12) ‘p . .



_orblts.are called cycloxds.-

T Y R R TR

_ 2 e L -
-ue(m w‘) (E + E ) 7 whlch_rblls downwards on the 1eft'vide dT an?iﬁclincd

tplane, tlltcd at an angle 8 w1th respect to’the pOSlthG y—axls, with °

N

angular frequency m e.» Eqs, c- (12), ol (13) dESCrlbe the mOtlon of a

. 2 =152 .
-p01nL on a wheel of redlus e(mh o) ] ffx 3 E ) whlch rolls downward

on the rlgbt 51de of the: same plane w1th angular frcquency w i} ' These .
ch .

i}

. Coneider, ferbthe moment, Egs. C-(10), Ce(fl), subject to the,
: . N £ [ T ‘ N '

cphysical restriction that the average vf’? o . ° - . C

\

T4 T | e
— o.e - S ‘
{g;- J LT (cos (m t+5) —cos 6>dt«-— 8] - CC - (14}
0' ] ' Te_ ‘,-. ) . ‘ ] ‘ ) . . - h‘ .
S | k
.~ One findS"' tan § = _-@Cefe, 'end' ) = —(zler WARINE This'result can

~

be interpreted in a more”general way.  Congldexr ‘the cqrrlers in. any

ﬂ cy0101d characterlzed by (mj, Tj)g- Consxdcr new axes x', y', sudﬁ that

the average v; is zgro. Then one would find that (f‘ AE ) equale_

—wﬁTj° ) ghijiaghe net veloc1ty of the carriers in this cyc101d is

directed at'an angle —Gj with respect to E

L

‘where tan §. = -Ww.T.,
‘ 3 J 3

with 0 < 6, < 7/2, for holes, and I <8, < ¥, for electrons.
: J 2 ]

K ) )
4o . . v B ;
i N ot .

an example of an apnllcatlon ‘of the dbove consider two tyoea

“'\

of carrle's, ‘n. electrons characterlzed by Te’ me’ and nh holes charac~ _
) e :

,terlzed by. Th mh See,Fig. 30 for the dlSpOSltlon of the cyc101ds

Although § is Shown as a negatlve angle it is tre%ted generally in the

¥
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~algebra below. . One requires for a Hall measurement that the y~current ™

is zero; that is N s T v

.L£?| .cos thh_ S%g(ehl'f§) = - JEJcos Geoe sin{Ue - &) C' -7(15)

. ‘

Solving for tan *§ .ene finds ' ' i _
g ’ ‘ ) . . il
sin O - o 8 g ef . T o
_ . . gy sin @& cos O 6 sin 0, COS/Dh -
. - tan § = 3 o — 3 . : o “C - (l6)
P e AT ' g .
|- - COS :e_+ p cos 8
Rcmcmberlng that sin 9 = w. T '(l + w2-+21f1, ‘coslé‘_= —(1‘+ mz 12};-.‘ ’ '@‘
Cce e ce e ‘ e ce B\
and so on, one!ééxﬁées at the same‘”esult as, Eq c- (6) for such carriers. - %
- ‘ . o ] . 1 :
o K f . - : . ‘ : ’ k ‘

In order‘to understand thelmagnetoresistahdh effect-e 1itt1e, -

' -

llet us See what has happened Con51der a given magnetlc fleld and

the problem with tpe electron cyclOLd alOne.- The cyc101d would have .
. ’ k L. . e
s ar base line w1th a p051tive slope W1th {:dlrected at an angle . f - ' .;
v P s
b " = tan lmceTe below‘the poeitive‘x—axls? Coh51der1hg holes with .
. _no eleotr;ns; the'cycioid baSéhline would have negative sidpe. ‘Wheh
i -hf ~ these holes and electrons are both present, the common base 11ne must
s . . ‘
EC. _'E; be eomeyheye between the indlv1dual base llnes.-; it is easy to show \
?h‘ © 7 that this.base.iine shift results“iqaf reduc%i?n in the x-purrent due. - " e
: . LR . . .
i _to holes as well as.that: due td electrans. It is possible. hoWever,‘
i ‘ . ‘ . \ ) .
g' - _-that there be more total current in one cyclold thﬁn there WO
g ‘eﬁere:the_other,carrief nbt presehtr7 | he case of two cai%?ers of the _ ’
§; J ‘f | o ‘ ‘-,n; ot | S A R -
% N e > )



' terlzcd by n, ,.mj, T., the magnct0r051qtance lS greater ‘when the typcq

‘the result for R s for the combination ﬁs formally that_for'ew

R - 183 - v coT )
DE - .- ¢ . ; :
N . - .-ﬂdﬂf._ t ‘ b R "\\ . ) '
.iamel51gn is 1_feren ) ecause the cyc101d bases rotatc 1n opp051te o
dlrectlons towaré a common base llne, one’ of,the carrlers shows an N _' f-"f -

increase iin, x-curkent,.wh1le the other ShOWS a decxease. ThlS sugge ts 0

the resultl Whlch can be proven, “that given two carrier tvpes characﬂa -

\\

- L . . -

are oﬁ opposmte sagn than when they are of the samc algn., The extremg

case of thlSIlS for nl = Ngy _mi = mj’_?; = 2} _the magnetereqistancej'ﬁNA .

as B > w« for types of op9051te sign, whereas lt is zero for jusé'a single‘-' :

gypes O
.f r. L l -: - \‘ .

' . r
! G .

. ‘_‘ . ~ ‘ . ) ' . - o R 4
< -As d-further application, consider the result of Chambers }JO..f m"%h

that lf one knows U(B): RI(Eﬂ (Hdll coeff1c1ent) for two qroups of X L : b )
. { & - R : o ot . .
&rrtersT—tn—eaeh—ef whlch there may be varlous galucs of m and T,ythen_ ' "~§

£

carrier . ,’

a H' ' . i
1 /€

types. Note flrst that RE 15 proportlonal to E‘/I ; and that ‘g

Thus one can obtaln é;ﬂf and thence ’ for each group of caniiers

- e

ag ' function of nagnetlc flelﬂ Whe thef are put fogethEr ina 1‘ L
'y " : ‘ L e
given magnetlc fleld the- Aet current Vector for each group is inm its oo
: . \ Co . LT . .
same relatlve posztldp relatlve to:f hence one obtalns the result for e
- ' o . for th crier_ KR
“ ana tan 0 in the same form as or the- twe-rarrler_. e 4,'
”combined { ) ombﬂ ed _ . . P )
’ k ) h‘ '-. . ¢ " ' Ll -
types case. . ! L Lo .
- \? . P Lo . S : Y
. o . Vo w R - ‘ ) - . . . .
B . _.As a final pdcture, one can-look-at’what happens when wt >> 1
-\“— i i - - . . ‘, .
. i . ' - . i . ._". . ' . . ' - .
for one carrier in a holes-eléctrons. two carrier case. , If the-current -
y - \ )
. - . ' -,
- ) '-_ y ’ : "l t . - . . v
) "I e : o oo N
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. ‘The follo\l*ng :Ls. a derlvatlon for t'he. dlelectrlc whlch is some-
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what 1 erent than that which h@ been oresented by [:hrcnrm.ch and Cohrm,
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and by Cardona In paf’tlcular, the \I?l't.‘tQO{l-\Of 1ntroduc‘1ng the lifetime -

T ) [y 3
broadcnlng parameter is bellevcd to be orlgmal. el e ‘1}‘
- . . - . . T - ‘... e . . :
) e el Tl
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Consider an électric-field. g(t)" = ’E_‘O\Stt)\\ TLet £(t) be the Sl T

.

respbnse to the‘ field suc-h;th'at the'current,' J(;::] . pq;h‘&(\go )

S:Lmllarly, f{t -, T) is the responsc funct:.on to' & . 8- functlon,\m{t - 'r) ——
‘ e i ; \ - N

applled a@ t = T, Thus_ - S - . . _}g\ ‘
v g‘ . . . t : . . . ' . . ) et ) ‘7.. \
C o =I fx -, 1) ) ar T T pe @y
: - . BT - T . z Co ‘ _ _,: oo * -
B o , . - , .- o ,
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> One could similarly define a responsé function hetwcen J. and A. o g
[y 1 . .
Ant:Lc:.patln that/é- = ~iwhA in the preéent-‘caSé one sees that there
is just ;\ cohst'7’ actor dlfference betwaen the two response functlons
N Consider now the eff'égit of a §-function perturbation A = _3_\_0 §(t - 1)

on the wave function. For definiteness we shall consider transitlons in .

+
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N talnlng a Blpch functlon from hlgher Eand¥ g ) Performlng the time

N
‘ 1 1 in th 1 A is1'- N
ntegra in e usua tlme dependent perturbatlon qhebrv result, s

0 '

ore gets ' v 1
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where ‘the ground state has energy equal to ‘zZaro.. Hdﬁener, rather

Lhan accept the time dependence of Eq. D-(2) , we. state that, due to s

xr(t—r)’h
colllslons, the eﬁfect ‘of an 1mnulse at t T dles out as e ;
~ . S | LR ,
. -t“; . . . o
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¥o= ¥+ 2\7[‘* Loy (t) ¥goe oy © . D= (4 4('\
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. Let, us. now ca%culate the current absoclate w1t1 £he' wa\e )

lﬁ“fnnctiong_u—(4y COnSlder the. new Py nbrmallzed : _ ~ T
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’

¢ . ' +
. . .

o

If one averages he eurrent er'a-nnit'volune, yt is stralghtforward to
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whel\A‘, for con\(enlence, A has been taken “in the %~ dlrec.tlon, and J
- -—‘—-.‘ - .
. e 3 [ et TR \ .
-and A '?.re w;:.ttnn as. scalax~. Therefore, the responsc func.\Lmn EA(t <o) .
of J for a -,G—furictiohmf A at t_="t' isl'just the.coefficient_ of A m‘ . o
- . lf . - ) ) ] . - ' ot '. ) - e
' . Eq. D- (6%_’\_ ' Lo . . - “' . ‘ . ., m ) . l, [ .’
v T "“‘Now settlng dp ‘the 1ntegral Df Eq .D-(l)f using. E (T) équdls

: -lwl\ (t), and maklng the change of Vara.ables ‘u =t - and ryntlczpatmg
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Eq: D-{8) agrees'witﬁ Eq. 2.8 in Cardona's,book,zo excgpt.for the first

ncgatlve sxgn whlch, I belleve,_ls wron‘\ln the book and w1th this- agreement the

'author belleves a credlble method has been presented for the 1ntrodugtlon

<
of. T.  “One,may;suspect'that_the'responseﬂfunctloh approach- could have

bbén bypassed ke The‘vakué of this épbroach in the author's view is
3 ’ .

that one 1dent1f1es an exponentlal tlme dcca? of any effect duc to

[y R .._-h. ] - .'..:'."‘f \‘

-

‘rgdiatioa\at'ény time. -, o
cL L o
i ' RN
T N )
An ' 1 “;' . " i “\' .
' . 1€§§iififto convert Eg. D-(8) into the result of Eq. 4-(19) .
one does a 1itt1efélgebré and ‘then applies a sum rﬁlg; as‘has‘been'QOne, o
. i ' ' . . . . . . L. “ . < "\ .
g., by Cardona. Noting that, . . -, o L ;. . \\\‘
Sl M - @ + im” K\ I ~(-9)“-'-
- ' ‘ N 2 W D - ; i
(m‘z' + (W +‘m}3‘)__- wo lw, - (w+ in}") L o
4 o . _ _ ~ L . L .
and summlng over_all occupied k X values in the valence banéj/qeglecting .
1 S s e
(n/m) in the numérator Eq. D'EB) : beches, ) ’ e, s C
~ . ' 4 . - .. o
N 2 2{<z|p vk >| - Lo
. T = - %1 I
: L 2 [ . . oy SR
: - o+ o + w, + inlk
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‘full it would-sum to‘zerq, Itrls actaa%’y the same qontrlbutlon to

where "the band from Whlch tran51t10ns are taking place has been 1abor—:—"

by n, ‘and where- the f's are the osc1llator strengths prcv1ou°ly deflned

L
[}

Although thE_sum‘oyer L was dropped gt Eqﬁ¢f"(7) ; it could pave-beee
[ - o T . L } . 2

retained:*softhat Eq:'Di(lO)‘becomeé

. . o - '! ’ * *
- . 2 ) . g x
tw .= = 1 fon
' B m 2' k . 2 - s T
. - . 1= occupied . (W, = (w + in} "}
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" The 1ast terq ‘is the free carrier. term, 1n 1"hat if éil the bands are

a

10
‘the dielectric const@nt as was dlscussed in Chéﬁter ‘2 in the classical

a A |-'. '

: . C e
-. and - Boltzmann equatlén treatment of\lnfrared reflect1v1ty. . In order

- ’ :

to see’ thlS ea51ly, con51der, ﬁor the moment, that we are‘treatlng a

’ . .

spherlcal conductlon band w1th Fernmi, level at E.. JThen - .
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. Now. the radial part of v? in spheri‘aal-co'—o'rdinates is k.‘zua_/ak(kzﬁ/ak) .
* "
Thus corwertlng the  gum to an 1ntegra1 and remembcrlng that the o
. “ o . _ , :
denslty of states in ]\"space (:an.\lﬁda. g Spm) is (41r ) , one has ., =
‘ ' ’ 7 . - ‘ - PN .
e ! v fa 2al Lo 2 ’ I
Lk o= g J |3k (k ‘E'}:) - £ 4rkTdk . 7 - D~ (14) \
. 12“ . k . _‘:p—"" | ' [ . N \
o s N G C ’ v
. where £ _is the Fermi-Dirac distribution. -Integrating Dyeparts, ' S
and then changing the vai:'iable- from k to E, one has R . _,,K
. - : \‘ . \ - af. - ) ...“ ) - C . C o
~ 1. 2 GE dE . e p o
oo B=o 2]“‘ dk)§ 3 e o D\z (15) .
oot T 3m. . o B . - o5 . i
_-Since (3f /9E) _is effectively ~ &(E - EF) , this becomes o
H V . ' ‘E? | ‘ , .
. 4 a dE . , Y E . '
L = -1-2- (k - T - D - (16)
o . . : ’ _' a -1
- However, the total number pf~occup1ed-states N equals 1%,(317 ) . +Thus
the free carrier term in. Dz{12) b?EZOin@ o B
- . ' . !;'?:,‘_; . 9 S . ‘
i -.  -free carrier o * e
] . i : ]ILE‘ . -‘ Y
. - T o : . . I
F -1 h ' ."I
where} as before, mk o, has been def:.ned as “}‘1 [ K (dE/dk)]F The ’ "
‘ ' 101 _ 4 | L
'broadening of this. term has been discussed by Ehrenre:.ch, - an 15 R

done’ by chang:l_ng w2 to’ m(m ke 'i'r—ll . Thus one has exactly “the - same

.

idered
result as is g:wen in Chapter 2. However, ‘whereas there,)one ¢onside '

~in the Boltzmann treatment, the change of the k values of staﬁes under‘

the 1nf1uence of a. f:.eldg exp (mt) . ‘Here one hgs 'treated the change

S

by tran'siti’ons out of the band into other bands. There is dométhing

revealing about thJ.s co:.nc:l.dence that the author does not apprec:l.ate.
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