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ELECTRONIC STRUCTURE AND DIELECTRIC PROPERTIES OF CUBIC SEMICONDUCTORS -
John P. Walter
Inorganlc Materlals Research Division, Lawrence Radiation Laboratory
and Department of Physics,: Unlver51ty of Californla
Berkeley, Callfornla
ABSTRACT |
' The electronic strncture and'dielectric.properties of verious cubic
semiconductors are explored using the empiricelbpseudopotential method.
This theSis is concerned primarily with the semiconductorS'Si; Ge, GaAs,
GaP, ZnS,lane, and ZnTe, all of which have a face-centered cubic (zine-
blende) crystalline structure.
The-empirical pseudopotential is discussed as the method:exists

today. The method is applied to the above semiconductors; the resultant

-electronic energy eigenvalues and wave-~-functions are used to examine

several aspects of the electronic behavior of semiconductors. (1) The
frequency dependence of the imaginary part of the dlelectric function,

of the reflect1v1ty, and of the logarithmic derlvative of the reflectivity
are computed in order to analyze the optical properties of these crystals.
The anslysisyallows'the identification of thedelectronic transitions
responsible'for various peaks in the reflectivity spectra, and thus
important informationrconcerning the electronic band structure.is obtained.
(2) The effects of temperature changes on the reflect1v1ty spectra are
calculated for GaAs. The pressure coefficlent for the fundamental gap

is also calculated for this crystal. (3) The wave-vector-dependent di-
electric function is calculated for Si,Ge, GaAs, and ZnSe along three
symmetry lines. A comparison is madevpetween the .present results and the

results of other calculations. An application of the results to the

- pseudopotentials of S8i and Ge indicate the self-consistency of these



" pseudopotentials. (h)ﬁFihéily,,the distribﬁﬁion‘df_the-valence electrons
about the ion cores is‘calcglaféd for Ge, GéAs,-and'ZnSe. The results are ¥
shown in -contour plots of the electronic dehéityf ‘Trends in bonding.and o

io@icity-are'studied for these crystals.



(X708

_ INTRODUCTION

A semiconduéfing crfétai may be viewed as an‘orderly array of
spherical ions surrounded by clouds OfJelecﬁrons..'The'inner electrons
(the core electrons) are tightly bound and do'nof_contribufe significantly
to the‘imﬁbffant ?hysidglvand chemical'propértiéé of.the cryS£al. .Pré—
perties qalculated_in this thesis are reflectivity spectra, fémperature
éﬁifts in the ref1eétivity'sﬁeétra; the preésure dependence of the funda-
ﬁental éap, the waveafect§redépendént and frequenéy;dependent dielectfic 

functions, and the effective bbnding charge densities. All of these

' properties.are characterized by the fact that only the outer electrons,

or valéncevelectrons; contribute in a'significant way. Accordingly, a
method is'choéen'in‘which,we need to explicitly calculate only the
propefties of the vélence eiectrons. A pseudopotential represents the

effective potential seen by a valence electroh; it'describes_the inter- -

action of a valence electron with the ion core and its surrounding cloud

of valeﬁcé electrons. This coﬁcep# weas first introduced by‘Phillips and.
Kleinm;n}'and was justified fheoretibally by thén and Héine2 and by
Austin, Heine, and Sha.m.3
Severalvmethodsvexist for determining pseudopotentials. They can
be computed from free;atom term vélues,h from-atomic Vave;functions, or
they may be obtained empiricaliy from measuremeﬁts of éffiéalkand dielec-
tric proéerties ofvthe'crystal. This latter_approach, the empirical
pseudobdtenﬁial methdd, haé been'succeésfﬁlly uséd to obtain fairly
accurate band structures for many cubic semiconductors,s as well as for

some hexagonal.éemiconductors.6 A great_déal of labor has been expended

toward improving this method,'by the author7 and by ofher researchers,



to cbtain ncre accurate;faansfrucﬁures_fcr'semiCOnducters, insulators;dx
and méﬁaié} | l B - »uf va_ v : | _' f:‘ | : ‘» o

| ‘In Chapts. I and II,.the enplrical pseudopotential method. is dis-

‘cussedlas'tne nethcd exlsts tcday; The-methcd isuappliedftepéi,lGe;d
GaAs;'GaP,Han, Znse,-ana.iﬁTé, all of Whicn.arersemiccnducting.crystals
wifhvaiface;centered cupic (2inc-blende)5crYStal structure. The result-"

3 ant electron1c energf elgenvalues and wave-functlons are used to examine
several aspects of the'electronlc behav1or ofzsemlc-conductors. Tnc
frequency dependence of the 1mag1nary part of the dlelectrlc funetion
€ (w),of the reflect1v1ty R(w) and of the 1ogar1thm1c derlvatlve of the.
‘reflectlv;ty, R;(@)/R(@) are calculated and’ compared to experlmental
results in‘order tc analyze the optlcal propertles of'these crystals.

The analys1s allows identlficatlon of the electronlc tran51t10ns respen-
s1b1e for the major reflect1v1ty peaks and thus ylelds 1mportant 1nforma-

: tlon concernlng the electronlc band structure.

' TIanhapt;7IIi, the temperature”andppressure effects arevdiscussed.

" with reference to GaAs. In_particular, the effects”of tenperature changes
on,thecreflectivity spectra are calculated, paking intd'account-bothl B
‘thermal expansion-of the,lattice andvthermal“fibrafions”of'fheﬂion coresr_,'

'The pressure’coefficienﬁ.of ﬁheifundamentaldéap is'alsc_calculated for
Gas. ! | L H

In Chapt. IV, the_Wa.ire—vect'or-de'pende'njt"'_ dlie'lectric_ function is Cy
discuSsed and calculations are presented forvSiéée'GaAs;;and'ZnSe along
variousvsynmetry'directions.;xafccmparisen ig madeﬂbetween the present

results and the results of- other calculatlons.: An. appllcatlon of the -

N

_'results to the largest pseudopotentlal form factors of Si and Ge 1nd1cate
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the self-cdnsistency3of‘their potentials. =

In Chépt.‘V; the distribution of the valence electronic charge
denéity ié célculated for thé crystals; Si,AGe, @aAs, and ZnSe, Effecf
tive bondihg‘chargeS~aré'Calcglated and the electronic distribution is

shown in contour plots.



.. CHAPTER I: PSEUDOPOTENTIAL CALCULATIONS WITHOUT '
e SPIN—ORBIT INTERACTIONS ‘

R

In this chapter the. emplrlcal pseudopotentlal method is dlscussed
1n-theeabsence of spln—orblt 1nteract10ns. In the hext chapter spln—
orbit lnteractrons are 1ncluded for those crystals in Whlch it has a
.s1gn*f1cant effect The method dlscussed in thls chapter 1s’app11cable
in the next chapter.‘ Only relatlvely simple changes in the method are
hecessariﬂto-giVe7good results for crystals in whlch spln—orblt»effects -
bare_imcluﬁed' The crystals con31dered in thls chapter are Gads, GaP
ahd'ZﬁSNj One of these semiconductors, GaAs, has 51gn1f1cant spln-orblt
spllttlngs, and therefore the calculatlons are reflned 1n Chapt II

Pseudopotent1al form factors for theseycrystals were f1rst obtalned '
.by Cohen and Bergstresser (CB) using the emplrlcal pseudopotentlal
method. These form factors were: obtalned by compar51on w1th the exist-

ing optlcal data 259~ 12

13-19.

_been-' ma;de :

New measurements of the optlcal propertles have -
since thst tlme. Thevresults-of thesé measuremehts and eh
" direect comperlson between the experimental and theoretiéallR(w)uwere.uSed
to make‘slight adjustments ofithe CB‘form factors:

| Using a critical-point analysis, the optical .. structure can be identi-
fied in terms of interband‘trehSitioth ~TheIsymmetriesNaha positlons‘in
"'energy of the 1mportant crltlcal p01nts have’ ‘been determlned and thelr .

contributlons to € (w) and R(w) have been 1nvest1gated

;A. .Method of Calculation

- The emplrlcal pseudopotentlal method 1nvolves adjustlng pseudopotent1al

form factors to achleve good agreement with experlmental results for the

principel optical transitiOns; These form - féctors,are'then used to
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determihe-the electronie energy.bands on a fine mesh of points in the

“Brillouin 2one. VThe Brillouin zone for the fecc lattice is a truncated

octahedron.: The zone and the principle symmetry points and lines are
shown in Fig. 1.
The pseudopotential Hamiltonian has the form
i .h2 , .

H = =— v

= + V(). - @)

The weak pseﬁdopotential V(g)is expanded in the reciprocal. lattice

V(;) = Iv(G) éxp.cﬁiﬁ-r),;‘ | ‘ - (1.2)
~,. G~ e A . .

where g‘is a reciprocal_iattice vector;. V(g) can be expressed as
v(e) - v3(6?) cos Gt +. 1 VA(GP) sin GeT, (1.3)

where T = (a/8) (1,1,1) is the position of the metallic atom and -T is
the position of the non-metallic atom . VS ahd.VA are equal to one-half
thglsum:andiOpgupglf the differggpe, gﬁspectively, of the metallic and
néﬁ—métaiiic pbténtialé.' In thesé calcﬁlations énly the six form factors
VS(35,“VS(8); Vs(li), VA(B), VA(h), and VA(ll) are allowed to be non-zero;
i,e.; zerb.values are>taken for G2 2_12'and when the structure factors,
cos §'3 and sin G*T , are zero.

The solution of (l;l),vusing the form factors ih (1.3), allows a
calculéfion of E(g) at many.points iﬁ the Brilloﬁin z6he. This permits

a calculation of the imaginary part df_the dielectric function using

e (w) = SEEE—— z S(E (k) ’ E'(k) "hw){< U vy, '>f2 d3k
2 T oL 22 e T W T S Tk,v  Tk,e ’
3w c,v . _
: : (1)
where Uk v and Uk o are the'periodic parts of the valence and conduction
’ . * :

band wave functions and the integration is performed over the entire

Brillouin zone. The summation is over the highest three valence bands
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and the lowest six'cohduction'bands; ,sz(w) is CElculated precisely as
descrlbed by Saslow, et al.,ZO'withﬁthe one-modifigatioh that each cube
1s div1ded 1nto 512 equal subcubes

An analytlc tall replxes the calculated €, (m)for hlgher energles.

ThlS 1s done to accoun'gforﬁthe hlgh energy tran51t10ns whlch are. not

53,Frepre§ented 1nfour,nine*hengv€2(@)_calculatlon. The tall functlon used

(w + Y )

; where - Y = h 5 eV and B is determlned by contlnulty w1th s (w) at the

.‘energy where the trans1t10ns neglected in our band cut—off become 1mpor-r '
tant The tail functlon beglns at 8., 85 eV for GaAs, 8. 95 for GaP, and ;
10 95 for ZnS A Kramers—Kronlg transformation glves e (w) thls func-:_'
tion together w1th €, (w) allows a calculatlon of the reflect1v1ty R(w)

The Cohen and Bergstresser pseudopotentlal form factors were used

‘es the 1n1t1al form factors; By the process»descrlbed above, we calcu—
lefedIEQ(m)'anth(w) and fhen.coﬁpared R(w) cith the experimehtel'reflec-it

itiViti.. Much of fhelgroes detail weeﬂthe.samevahdjthuevthe ﬁoet iméor—‘_
tant identificationsrwere easily mader-'By varyihg hhe form factors C
slightly.we atteﬁéted_to @évé phe major.beeké to_agree more~cloSely.to
experiment and to dﬁplicate the‘finervetrucfure: ‘The'CE"form fachors
were constrained in the follow1ng way the'Symmetric form factors for
-Gals and ZnSe were made to agree w1th the Ge potentlal which is in the_v ) «;_
same row of the Perlodlc Table;‘the GaP and ZnS symmetrlc form'factors

_were set>equal'to an everage'of the;Group:IV eleﬁehts corresponding to.

" the rows involved, i.e.;,ahd_average of Si and Ge. Thisrcohstraint was

relaxed when we made our "fine" Edjustmentvof the form factors. The



largeet Varietion between the>CB form factors and.those'used in the
.present calculatlon is about 0.02 Ry Formnfactors-end lattice con-
stants are shown 1n Table 1. |

In order to shift the reflect1v1ty peaks or shoulaers in a predlc-
table manner, we had to determine the trans1tions respon31ble for the
‘major contributions to these structures.b Thls was . done by finding the
energy of the desired peak or shoulder on the € (w) graph and then

examinlng the contributions to € at that energy from the constituent

2
interband traneitioné;'~When ne hed determined the interband transitions
contributing the greatest amount,_e;g., band L to_hand 5, we examined
abtable of'energyvdifferences for these ban@é throughout the Brillouin
zone. Particular attention-was given to locating critical'noints with
energy in the v1c1nity of the energy of the optical structure, although
volume effects and the relative size of the momentum matrlx elements
were also used to.determine the probable origin of the structure;‘the

,ultimate test of the corréctnees'of our labeiling was to change the

.pseudopotentlal sllghtly, to note how the energy splitting changed
at that tran51t10n p01nt and flnally to see 1f the peak p051t10n changed.

by the same amount as the energy splitting. All of the promlnent reflec-
,t1v1ty structure was labelled by this procedure.

»To further elucidete'this procedure, let us exanine.the largev 5

neak which occurs et h.? eV_for G&AS-. The value of 2vat that'energy_ie"'

_31.0._ From our tables of interband transitionS'the major contributions
.to that peah.are hands (M—S),.26.2, ban&s (3-5), 2;7, bends (h-6);l.h,
with other hands contributing even smaller amounts. Thus transitions
from bands (4-5) are almost totally responsible for this peak. An examina-

- tion of the energy differences between bands 4 and 5 throughout the



Bfillouih zone reveals #hat éﬁ M2 éfitiéal'poihf.écéﬁrs-aléng'the Z‘
direﬁtion at h€76 eV wifh large -oscillator sfrength. Furthermdre, we | R
cbserve that if by varying the form,facﬁbr'siightly the.énergy.splitting
-~ at that point is changed‘by an amount A, then the positiqn of theﬁ€2
péak”éﬁanges'by A with'insignificant éfror..'W¢ tﬁéfefore»coﬁclude.
that the GéAs peakvéf h;YieV'canfbe labelled by the transitibﬁTZé'- Zl.
For the determiﬁation_of'the'form factors froﬁ'the expéfimental data;
 six structuralvfeatures ofuR(m51ére chosen as béing particularly déscrip—
tive of that funcﬁion. Thésé structﬁres.include the basic gap and the
major-peaks.. In order to determine how:fhe form factors Shpuld be varied,
we use the'followiﬁgkéxpréssion:. |
| 6 eE, ©
E é :Ei°,”—:.,2.;-.5§r

3 (F,-F.°) o (1.5)
=r 7y ’ .

J

where\F.? are thé six non=zero CB“form'facfors‘and'the Ei°nare_thé six
characteristicvenergy_spiiftings. (aEi/éFj)é-are the.deri&atives of the
éharacteristic energy spliftings‘with respect to the form factors, evaluated
at the CB fqrm factors. The Ei are the experimental characterisfic

splittings and the F, are the new form factoré. In practice this'eng—*

J
tion is useful only in the,range_le—Fj°| 5; .01 Ry. If we define A

s}
1
td

- EO© -F° = (dE.. ° . ‘;
E,°, AFj F F.° and A, ( Ei/aFj) » Eq (1 S)Imay be

J J J
AE, = . A,, AF,, only if IAF,l < .01. - (1v6)
1 . 1] J IR R ‘ RS
J=1 . , . :
~The terms AEi'are,known and the termstij can be,easily'caltulated;. This
~equation cannot be merely inverted beéausevthe AEi are sufficientlyﬂlarge

that for some j IAFjl > .01, and consequently the Eq. (1.6) no longer
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correctly describes the situation. We therefore use a gradient projec-

tion method of honlinear p'rog‘ria.mmving.gl The funétion
P o= I (AB - I Ay AF)TWS, (1.7)

where W12 is a wéighting factor foryfhe ithncharacteriétié éplitting,'

is a measure of the goodnesé of the fit to the experiﬁental pointé, P

J

if the matrix A is non-zero, but if P is still too large after this

is minimized subject to the constraints . }AF, | < .01. P must decrease

process is completed, the new form factors replace the 0ld and the pro~

cess is'repeated. We haye fdundiit necéssary to perform%ét least two
iterations before-satisfactory agreemént.ié'achieved between theory and
experimeﬁt'at the characteristic points. This procedure does. not guaran-
teé théﬁ P éan‘be made_equai to:zeroibnt.after.each iterétion‘P cén.be
no large? than the brevidus‘f.' Howééef, the finalvform factors do not

necessarily'constitUté’a unique solution to the problem;v

B. Comparison of ‘Optical Properties

The band structures in the principal symmetry directions and graphs -
of selected optical functions are shown in Figs. 2 - 12. Table I tabu-
lates the pseudopotential form'factqrsvderived,in this work. Tables II-

IV tabulate the important critical points for the three compounds.

1. Gahs.

- Fl'transitions.

15

The threshold”in'€2(w) at 1.46 eV is caused by T
The rise and peak in the 2.7 - 3.1 eV region cdrrésponds.to'L3-H; transi-

tions at- 2.69 eV-and,A3_- A1 transitions at 2.93 eV. The prominent peak

at 4.7 eV is caused almost entirely by 22'4 Zi transitions in the vicinity



of (.58, :58, O)I(units'ef.2ﬂ/a). Some“confributieh comes fromlthe.
\shoulder on the left side of the peak thls shoulder is atbrlbuted to

tran51t10nst - l (_Mo singularlty)at h.lO eV A (M ) at h 23 ev,

5 5~
and X5'~ X, (Ml)_at 4.3h ev, The (4- 6) tran51tions are 1ns1gn1flcant in
their contribution relative to (4-5) transitions in the_v;c1n1ty of this
peak. The X5—X transitions at 4.59 eV and 5T 15 transitions at L.82 eV

‘create no discernible strucfufef Changlng the energy spllttlngs for these
transitions causes no noticeable change in the peak structure. The small
peak at 5.7 eV is attributed to AS - 8, (4-6) trans1t10ns at 5.69 eV.
The last major peak at 6. 35 eV is caused almost entlrely by (L-6) transi-
tions w1th1n the Brlllouln zone 1n the vicinity (.57, .13, .29). Some
contribution does come from L3--L3 tran51tlons at 6.45 eV, but most of

the contribution is from the volume effect._ The shoulder at 6.5 eV

is caused by A3— A3 transitions, and the last sheuldervarises from a
volume effect caused by (4-T) transitions. |

| Plots of both theeretical and experimental reflectivity appear in
Fig. 4. The firet peak after the small structure:at threshold corresponds
to the A peakvoccuring at 3.1 eV in eg(w)” The shoulder on the main peak
in thevreflectivity correeponds to the shoulder onkthe main eg'peak and
in general each piece of structure in the reflectivity plot has its:

counterpart on the €, plot, diéplaced by at most.0;25 eV.  The eXperimental

2.
reflectivity shows a doublet peak at 2.90 eV and 3.14 eV which is attri-
. buted to spin-orbit splitting. In addition, this peak'has greater.magni—
tude than the theoretical peak. This can be attributed to exciton

22,23,24

ef'fects which can occur at this band edge'for all four compounds

under consideration. Our theory does not take into account either spin-
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orbit splipting or emciton;:effects;'jThe agreemeut'between theory and’
experimenfvin’the vicinity‘of the main peak is.excelleut. A shoulder
appears in boﬁu the experimental and theoretical_reflectivity at h:h_ev.
Anotherpshoulder in the theoretical reflectivity.appears at 5;65'eV.
This can be seen in the data of’GreenaWayg af.S.BSseV and Vishnubhaila
and WOOlley18 at 5.45 eV. It is noprpresent‘invthe reflectivify of"
Ehrenreich and”Phillip,;O ﬁeyond 6;0 eV the_experimental reflecfirity
novlohger;shows the defailedlstructure which appears in.the fheoretical
reflectivity. H

The AR/R(w) spectrum is obtalned from thermoreflectance measurements

by Matatagul, et al.,17 is compared w1th that obtalned d1rectly from a

derivative of the theoretical reflectivity. (See Fig. 5).

2. GaP

The threshold in €, (w) at 2. 79 oV is caused by PlS-rl tran31t10ns

The rise and peak in the 3 h - 4.0 ev region corresponds to L3—Ll tran51-

tions at 3.40 eV and A=A transitions at 3.76 ev. ‘The promlnent peak

31

at 5 1 eV is caused almost entlrely by X Zl_transitions in the vicinity '

Of,(.SO, .50, 0). Some contrlbutlon comes-from the'shoulder on'the left

side of the peak. : This shoulder is attrlbuted to tran31t10ns XS-Xl

L, 57 ev, A_-A (M ) at k.50 eV and A_- (M ) at 4.72 eV. Just as for

51 5
GaAs, the (4-6). transitions are negllglble compared to the (h 5) transi-

tions in the.vicinity of this peak. 5—X3 transitions at 14.96 eV and

FlS 15 tran51tlons at 5. 23 eV create no d1scern1ble structure. The peak
at 6.5 eV is caused by (L-6) transitions in a volume with center at

3—L3 transitions at 6.57 eV also contribute to
this peak; however, varying the energy”spldttlng_in the v1c1n1ty of.

(.50, . 43, .29). The L
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(.50,_.&3, .295 hasvconSiderablyvgreater influence in\cnanging the
position of the peak than does a change in the L3 3.energy.eplitting.v |
The small peak at 6. T v is attributed to. A3-Al tran31t10ns - The shoulder
at 7 3 eV is a volume effect caused by (h-?) transitlons. |

The exper1mental reflect1v1ty shows an ex01ton—enhanced peak at
3.7 eV, in good agreement with the theoretlcal peak at 3.7 eV The_
experlmental data exhibits a shoulder at k.6 eV, whlch;corresponds to_:'
the theoretical result of 4.7 eV. The major peak occurs at the same
energy for both- experlment and theory, but the peak helghts dlsagree.
somewhat. The experlmental peak at 6.9 eV corresponds to the theoretlcal
peaks.at.6.6 and 6.9 eV. The shoulder.ln the experimental data .at T.M:eVl
corresponds to‘the theoretlcal peak at 7;5>eV.

A'comparison of AR/R(M) and‘the»thermoreflectance measurements

_appearé in Fig. 9.

3. ZnS
. ~
The'threshold in €2 w) is caused by. FlS—Fl transitions at 3 Th eV.

The rise and peak in the 5. h - 5.7 eV reglon is caused by L3 - Ll transi-

tions at 5.L40 eV and A »A. transitions at 5;52 eV. The principal contri;_.

butions to the peak at 7 0 eV comes from Z Z trans1t10ns at 7.08 eV

located near (.54, .54, O.) and from AS—Al tran31t10ns at 6. 99 eV located

near (.50, 0., 0.). The Xs-Xl tran51tlons at 6.31 eV -also contrlbute g
to the peak, causing the slight bulge at 6,5 ev. ?he small peak_at

7.5 €V is caused by (4-6) transitions in the A direction at 7.h5deV'and
7.57 éV. The peak eubsides with Fl5ir15 traneitions.at T.79 eV. The

peak at 8.35 eV is caused by (L-6) transitions in a volume centered at

(.57, .36, .14). Although L3—L3 transitions also occurdat 8.35 ev;'i
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'changing the energy_splitting has negligible'éffeét on the peak, whereas

chahging\the'spliftihg.in thebvicinity'of (.57, ;36, .1k4) doeé changé
thé—position of fhe peak by an amount equal'torthe(hange in the splittiﬂg.
The peak.at 8.65 eV is caused principally by (3—6) transitions.in;thg A
directioﬁ.v.The next two pieces of structUré.at 8.85 and 9.5 eV are
attributed to (3-6) and (h;7) volume tranéifions;l |

15

' The data of Cardona and Harbeke12 and of Baafs show a small peak
at 3.7'eV. Thé theoretical coﬁntérpart is a bump ét 3.8 eV. The experi-
mental date shows an exciton-enhanced pesk at 5.8 eV. The theoretical
peak occurs at 5.6 ev, givihg.only fair agreementﬁwiﬂh experiment. The:

main theoretical peak occurs at 7.05 ev; the measured value is 6.99 eV12

and 7.02 ev.?

. Shoulders appear in the experimental data at 7.4 and 7.9
eV for Cardona and Harbeke and at 7.5 eV for Baars. The corresponding

theoretical shoulder oceurs at 7.55 V. Cardona and Harbeke find a -

7.9 eV shoulder which_does‘not appear in the theoretical results or in

" Baars' data, so it must remain unexplained for the present. Baars' data

exhibits peaks at 8.35, 9.0, and 9.6 eV, which are in good agreement with
the theoretical pesks st 8.&5, 9.15, and 9.75 eV.A Thé data of Cardona

and Harbeke has only one peak in this région.at 9;8 ev.

C. Discussion of‘Results
Good agfeement has béen obtained béfween—measured aﬁd caléulated
reflectivity and be#Ween R'(w)/R{®w) and thermo-reflectance. The agree-
mentvappeafs good enouéh'to indicate the identificafions of the important

transitions are substantially correct and that the band structure is

accurate in the region near the fundamental gap.
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'.lhe results.foriGaAs andvGaP are'good One p01nt that should be
d1scussed in detall is that in the calculatlons for Gals and GaP the. | -
shoulder_on.the low energy side of thevmaln;Z peak € (m) is caused by
transitions do

(4=5) transitions along A and at X and'that the FlS 15

nOt oontritute siénificantly A careful study of our band structure
reveals that it is con81stent with photoem1551on yleld data for GaAsl§ 25
As the vacuum leve125 is lowered the‘flrst small;peak is caused by
(4-6) tran31t10ns at 4.60 eV along I at (. 15, .15, 0.). 'The.photoenission
yield peak becomes larger and shlfts its center from h 65 to L4.50 eV |
because_of_(h-6)'taansitlonsvalong A (w1thnan average'energy of h.h er
andrthe beglnning of massive (4-5) transitions along‘botn A and I.
Edenl6 estlmates that FlS 15 lies in the range of 4.6 to h 8 eV for Gals,
in good agreement with our value of k., 8 eV and  he estlmates a value in
the range of 4.8 to 5.2 eV for GaP, as compared w1th our value of 5.2 eV.
If we allow for a small spin—orblt spl1tt1ng of bands. 3 and h along the
vA dlrectlon, our band structure is also con31stent with the electroreflec—
tance measurements of Thompson, et al.13

For ZnS the fitting procedure was'difficult_tecause the experiments
differ by a fair amount. In fact, the'differences between exPeriments-ls
greater than that between the theory and either experlment. Thevagree;
.ment is only fair. | | ‘ | |

For all three crystals the caclulatedvreflectivity at high energies
has greater magnitude than the measured reﬁlectivity. Assuming.the.;"
experlmental measurements are accurate in this reglon one poss1b111ty

is that the pseudowave-functions mlght not give accurate oscillator

strengths at higher energies.  Another pos51b111ty is that the hlgh—';~&
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energy Setﬁof‘caiculated €é»peaksj(loéated-at 6-7 eV.for GaAs and GaP

and at 8-10 eV for ZnS) should be smaller in nmagnitude and smeared over

a slightly larger afea, which might occur if we were to include indirect
transitions and life-time effects. (The steep slope followed by the

small magnitude of 62(w) on the high-energy side of these peaks is

essentially what causes the high réfiectivity.)

A comparison éhowé that the pseudopotentials qu'gallium and zinc
are in reasonable agreement with the modél potentials‘of Animélu and
Heine.h Thg ggreement is not precise beéause our pseudépotential takes.
into account crystalline effects aﬁd,is conétrgined equalbtq zero for

62 > 12,
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CHAPTER II: PSEUDOPOTENTIAL CALCULATIONS
WITH SPIN-ORBIT INTERACTIONS

vIﬁ this chapter thé-em?iricél'pséudopotentiél method is extended to
those'érystals,in.which.spin—bfbit.inféractions aré_sigﬁificaht} The
semiédhdﬁctors‘conéidgfed'in'this chapter are-ZnTeg ZnSe;-énd:GaAs{v
vAlthbugh the'spinédfbit efféctg‘in‘Siléremedll, Si isAdiséuéséd.in '
conjunction with GaAs because of_fhe_similafiﬁy'of fﬂévéxpériﬁehtél measure-
ments §n'theéebtwo crjsfals. |

Pseﬁdopotenfiéi form fécfors’f6f thesé:cfystéls wére originaiiy
obtained Ey Cohen and Bergstresser5 by cdmparisoﬁ‘of,their bahd'strqéture
with thé‘existihg.optiCai~d§ta.5’ll’26 » |
17,27-29

Refined méasure@enﬁs 'of‘thé

optical properties have since been made. The results of these

measurements and a direét comparison.between the éxperimental'ahd the
theoretical R(w) (for ZnTe and ZnSe) and R'(w)/R(w) (for GaAs and Si)
were used to make small adjustments in the form factors. The spin-orbit

form factor was determined by adjusting the valence band splitting at

F15 to agree with the experimental value.

A. Method of Calculation

The pseudopotential form factbrsﬁare initially.adjﬁsted,by~tﬁé
vprOcedure described inFChapt. I. Only siight over-all a&justménts afe7; ”
necessary, as can be seen by chparing.Table I with the pséﬁdopotenfials )
of Ref. 5.

In the initiai adjustment, one must consider carefully the effects
that spin-orbit spliftihg wﬁll have on thé‘band Structufé and‘thevfésﬁitf
ing optical propefties. A comparison of the baﬁd structure of GaAé,'Vit@—
put and with spin-orbit interactions, is shoﬁnliﬁ Figs: 2 and l3,*fespec—>

tively.3o, When the spin-orbit paraméter'is added to the caleulatidn,‘vf

A
:
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thévfhree bands at T épiit apaft byvan eneréy Aé, the topnfwovmoVing
upwards by 1/3 Ao and band 2 moviﬁg downwa?ds by 2/3A§. Accordingly? -
in the spin-free calculation the T(h-S)xsplitting must be fitted to the
experiﬁenfal value plﬁs one~third of AO; Similarl&, the‘A (h—5)‘splitting
(near L) must be fitted to the experimental value plqs one-half the
spin—ofbit sblitting af'L, ﬁhich is deﬁoted by Ai‘ "In the case of GaAé,
the effect of this procedure for fitting ié most'noticeable for the
peak at.ébout 3 eV (Figs. L and'S). The theéretidai.A peak lies hélf-
way in énergy between the two experimentally measured spin-orbit split
peaks. More subtle effects must be con31dered in the spllttlng of the
A peaks ;n the vicinity of 4.5 eV. The ch01ce of this method of first
fitting for the spin-freé case and then adding spin-orbit interactions
is madevnecéSSary by the great'amountlof computer time used in spin-
orbit calculations. |

In adding spin;orbit'interactions we use the model introduced by
.Weisi3l for white tin and modified by Bloom and Bergstresser32 for grey

tin, CdTe, and InSb. The Hamiltonian matrix element in the plane wave

representatlon 1s

g,
) t —
(k +G', s Iﬂ1k * G, & = (2u) e + g' 6G'9G6S':S
-y s 2 A |
+ 87(6=G') |V (Je=G'1) § , - iAT(k+G'Xk+G) ¢ S, | . (2.1)
~ o~ ~ ~ s',s T ~8',8

. : - AN
+ -isA(g-G') [VA(IG-G'IZ)GS, < 1P (k4G xicrs) 8 g ]

: A : o
SS and S are the symmetric and antisymmetric structure factors and VS

and VA are the symmetric and entisymmetric pseudopotentials (bee Ref. 5).

X and A are deflned as follows
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L 1'/2(>\l+x2),’ ,XA' - .1/.2(,%'_142-). S (2.2)

')‘1 = " B ,(G) an(G'v)' and A, ='o_z u B ,(G) B'I'IQ(G') ('é'3),
Wherezxi-and Xz‘are the métallicland non%mefall;c COntributibns;:tﬁe B g
.‘are the orthogonalization ipﬁégfals fér“ﬁhe'métal in_‘ll and for thebnpn— -
metél_in X2,‘u is thejépiné§rbit'parameﬁer5 aﬁd o isifhé'ratio of the v
i | ' 33

-~

non-metallic contribution to the metailic contribution for G = G' = 0.

The B , are defined as follows:

Bnk(k) = C'ég qg(kr) an(?);r:,dr, o _(25h) _
where C is determined by the conditions

lim k Bng(k).._- 1, o .  (.2.‘5)

k>0

and the R , are tabulated Hartree-Fock-Slater orbitals. >

< Invoﬁr_calcula-
tion ﬁzlis.3p for Zn and Se and Lp for Te. ,Thé:d_édntributioné are
neglected, aé wellbas contributioﬁsjffom lower—lyihg p states.-

The spin-orbit paraﬁéter u isvvaried'to éiﬁe the correct splitting v

of the valence band at Fl  This splitting is denoted by Ab.' The .

5°
experimental values of AO are 0.93, 0.45, 0.35 and 0.04 eV for ZnTe,

ZnSe, GaAs and Si, respectively.5’3h

The spin-orbit splittings we obtain
‘are shown in: Table V.
The calculation of €,(w), the addition of the tail function, and

the calculation of R(w) are all performed as described in.Chapter I. o

B.v Comparison;bf Optical Properties of ZnTe énd=ZﬁSe
The band structures in the principal symmetry directions and graphs:
. \ . :
of selected optical functions are shown. in Figs. 14-21. Table I lists

the form factors derived in this'thesis,_ahd Table'V présents the
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importént éritical points for ZhTevand ZnSe.
1. ZnTe | |

, ‘The threshold in € (w) at 2.21. eV is caused by F8 -F6 transitiohs.
T—F6 tran51t10ns at 3 1k eV cause a sllght rise in €2,
same magnitude as fluctuations at 2.60 eV and 3.25 eVv. .The stért of the

but it is of the

rise at 3.45 eV is caused by Lh’ L L6 (M ) transitions at 3. hS ev.

35 .t

The first peak at 3.7 eV corresponds to A(8 lO)(M ) tran51t10ns
3 3N eV The rise and peak in the 4.05 - L4.27 eV region correspond £0 
L6—L6(MO) transitions at 4.03 eV and A(6—10)Mlﬂtransitions at 4L.21 ev.

The small bulge at 4.58 eV is caused by XT-X6(MO)VtranSitioﬂsvat L.59 ev.
The shoulder at L.92 eV is caused by A(S-lo) M, transitions at L.93 evV.
Another small bulge at 5.10 eV is caused by X6-X6(M05 franéitions'at

5.05 eV. :Thé main peak is slightly sﬁlit into two peaks at 5.22 eV

and 5.32 eV and is CAuéed chiefly by tranéitions (7—9); (7-10), (8-9),

and (8-10) aléng the I and A directions. In particular the peak at

5.22 eV is caused by (8-9) transitions in a vOlﬁme near K. The peak at
5.32 eV is caused by (7-10) trahsitipns in a volumé near X, with A(6—10)
(M) traﬁsitions-at 5.39 eV and 2(7-10)(M2) transitions ét 5.50 eV
contribﬁting to a émallér exteﬁt. The shoulder at 6;O7veV>is caused by
A(6-l2)(M2) transitions at 6.13 eV. The pesk at 6.72 eV is caused by
(T-lé) and (8-11)'transiti6ns,'bothllocated in a voluﬁe centered at (0.6,
0.4, 0.3) (unitslof'En/a). The peak at 7.é8 eV is caused by (6-11) transi-
tions in & volume céntered at (0.6, 0.4, 0.3). The peak at'7 57 eV is
vcaused.by (5-12) transitions in a volume centered at (O. 6 0.4, o. 3) The
shoulder at 7.57 eV is caused by A(6-13)(M2) transitions at 7.57 eV. The

peak at 7.82 eV is caused by (6-13) transitions in a volume centered at
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(0.5, 0.3, o.i).*
A comparlson of € (m) with and w1thout spln—orblt contrlbutlons shows-
" the pr1nc1pal consequences. of "turning off" the spln-orblt 1nteract10n{

(Fig. 15). For the spln—free €,, the threshold oceurs 1/3A hlgher in

2°
energy The two A peaks at 3. 72 eV and L, 27 eV move together to form ‘
one A peak at h 02 eV. The A tran31t10ns at-h.93.eV and 5.39 eV move .
together to form the main peak at 5. 22 ev. The'transitions.near K move '
to 5 35 eV and the I tran31t10ns at 5. 38 eV and 5 SO eV move to 5.48 ev
to cause the shoulder at 5. h2 eV. A transitions at 5. 67 (barely dlS—v
cernlble shoulder in the spln €, ) and at 6.13 move together to form the
peak at 6 78 eV. In addition, the bendlng'of_the’bands when the 1nter—.
'actlon.ls turned off:introduces a critical.point in:the A direction which
contributes a major portion‘to the 6. TB‘eV peak. The (6—11) and (5—12)
'transitlons in the v1cin1ty of (0 6, O i, 0.3) move together at T.22 eV
and the A transition at 7.57 eV also moves to 7.2h eV
The experlmental and theoretlcal reflect1v1ty at 300°K appear in"
Flg. 16, and details of the reflectivity structurepare shown insTable VI.
The theoretical A -peak at 3.70 eV corresponds to the experimental’peak, o
at 3.58 eV. The second A peak at 4.30 eV corresponds to the experlmental
.hfpeak'atvﬁ;lS eV, A small shoulder appears on the low—energy s1de of the
7:peak for both theory and exper1ment The shoulder at h;65,eV does'not
fgappear in the experimental'reflectivity. Thebshoulder.at h.95'eV is
;tfcaused by A(8 10) trans1tlons and corresponds to _the experlmental shoulder
"?at b.92 eV. The shoulder at 5.25 eV does not appear in the experlmental l_.'
Tmeasurements 300°K. The main peak occurs at. 5. hS eV for theory and at

5.51 eV for_experiment. The experlmental reflect1v1ty from S 6 eV to 6 S eV _'

-’

Ll
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is remarkably linear, except fof;a practically iﬁperceptible bulge at

5.9 eV. The caléulateq R(w) has slight shoulders at 5.85 eV and 6.10 V.
The_néxt‘éeak océurs aﬁ 6.85.¢V for theory and gt‘6.87 eV for experiment,
but the two differ considerably in smplitude. The‘next peak occurs‘at

7.65 eV for theory and 7.58 eV for experiment. ‘The theoretical R(w) shows
two shoulders at T7.35 éV_and 7.55 eV which do hot'appegr in the experiment.
The last theoreticai peak.shows‘absolutely no éorrelatﬁon with experiment;
it is cau;ed by the steep négative slope of ez(w) in therregion 7'9‘8T6 ev.
‘The amplitude of the theoretical R(Q) in this’region ié.consiaerably
greatef than that of theveiperimental R(w); thisvwill be discussed in more
detail latér. Hﬁwever,'the oﬁeréll agreement befweeniéxperiment ahd theory,
especially with regard to peak posifioning, is good for ZnTe.

A comparison of R'(w)/R(w) and thermo-reflectance data appears in

Fig. 1T.
2. ZnSe

The threshold in_ez(w) at 2.77 eV is caused by T8—F6 transitions.

PT-F6 transitions at 3.22 eV cause a slight rise in € The start of

o
the rise at 4.57 eV is caused by L), LS-—L6(MO) trénsitioné at 4.53 ev.

The peak at 4.72 eV is caused by A(8-1o)(Ml)'transitions at 4.64 eV. The
'risé‘and.peak in the L.75 &V to 5.02 eV region corresponds to L6—L6(MO)
transitions-at 4.82 ev and.A(6—lO)Ml transitiéns at 4.9k eV. ‘These are

the two spin-orbit split A peaks. Thé start of the rise of the main peak

is caused by X7-X6(Mo) transitions at 5.92 eV. A smaufbu¥£:at-62eV,corrésponds
to. 4(8210) (M, ) traqsiéions et 6.11 eV: . The slight shoulder at 6.6 eV is
caused by Z(7-9) and Z(8—lO)(M2) traﬁsitibns a£ 6.62 ev. The sum of the

A(8-10), Z(7-9), and ¥8-10) traﬁsitions, plus that of A(6-10) transitions
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at_6;37'ev Causeskthe'main‘peakgath;ﬁQ eV. The hext'tWO peaks are -
vspin-orbit:split A peaks; the.one at”7 OTveV is'caused by A68¥l2)(Mi) ‘ e

trensition at 7. 02 ev and the one at . 32 eV is caused by A(6—12)(M )'

e

_;transitlons at 7 28 eV The shoulder at 7 63 eV 1s attributed to
2(6-12)(M ) tran51tions at T. 60 eV The peak at 8. 13 eV is caused by

' (8 12) and (7 ll) tran81t10ns both in a volume centered &t (O 6 O 5,
0.2).' The small peak at 8 52 eV is attrlbuted to L(8-12) tran51t10ns at’
8.51 eV, The peak at 8 77 eV is caused by (5-12) (6 ll) (S-ll), and
(6-12) tran51t10ns, all centered at (O 6 O 5 0 2). A(8—lh)vtransitions‘
at 8.69 eV also contrlbute ' The shoulder at 9 27 eV is caused by (5- 1)
and (6—13) tran51tions from a volume centered at (O 5, 0. .2, 0. l)

"If the spin-orbit 1nteract10n is turned off (Fig 19) the threshold‘
for € (m) occurs l/3 A higher in energy The;twczA peaksvat 4f72 eV and
5 02 eV move togehter. The base of the main peak;on its lov—energy_side
becomes narrower because of the bands at X are not as. flat ‘_ThemA(S;lO)f
and A(6-10) transitions move together_causingtthe“main;peakvto becone
laréer and also serving to’narrow.the'base of'thevmain peak'on its lov—;

~energy side. The A(8¥l2) peak at 7,07 eV and_thefA(6f12) peak‘at'7.32 ev
also move'together..‘The strength'of-the T’transitions at‘71§‘eV~becomes

‘ less because the bands are not-aS'flat‘ Finally, the small L peak at 8 51 eV
moves to a slightly higher energy at 8 65 eV. »

The experimental and theoretical reflect1v1ty at 300°K appear in

Fig. 20 and details of the reflect1v1ty structure are shown 1n Table
VII. Excellent agreement ex1sts between experiment and- theory in the '
range 4.2 eV to 5.9 eV. The experimental peak at 6.0 eV corresponds to"

v : v g S : .
a slight bulge in the theoretical R(w), which is caused by'X7+X6,transi—

! :
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tions. The main peak has the.same shape and peak positions agree,:but
the amplitudes aiffer. Thé next tw§ experimental shoulders agree in
' positioning with thedry; but thé theoretical structure looks’éomewhat
different.A-The. I peak at .67 eV could also be the cause of the T7.60 eV
experimental shoulder. The bands did flatten éomewhat at. I' to produce
a broader valley'at T.9 eV; but it did not duplicate the experimental
peak at 7.8 eV. |

The identifications in the region 8.0 eV ﬁo 10.0 eV are speculative
because the shapes ofbthe experimental and theoretical peaks do not agree.
The experimental R(w) structures at 8.28 eV and 8.46 eV are attributed
to volume transitioﬁs near.L from bands T and 8 to bands 11 and 12. The
‘ experimental structures at 8.97 eV and 9.25 éV are attributed to volume
transitions centered at (0.6, O.S, O.é)lfrom bandé 5 and 6 to bands 11
and 12. The experimental peak.at 9.7 éV.is attributed.to vblumé transi~
tions centered at (0.5, 0.2, 0.1) from 5ands Sland 6 to bands 13 and 1.

The agréemént between theqry and experimentkis exoellént between
h;2 eV and 7.8 eV. The agreement becomes progressively worse for higher
energieé. |

A comparison of R'(w)/R(w) and thermo-reflectance data appears in
Fig. 21.

3. Low Temperature Reflectivity

‘The reflectivity forFZﬁTe and ZnSe at lSéK (Fig. 21) differs in
several réspects from the rédm temperature refiectivity. Certain of the‘
peaks are greater in magnitqdé;_all peaks are pésitioned at higﬁef energies
and the resolution of the spectrum is slightly better. For both crystals

the A doublet is much'sharper and larger in magnitude at low temperatures.
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This phenomenon ‘occurs in other'similiar semicOn'ductors such'aS‘GaAs, N

29,37

-GaSb,InAs, InSb, and Ge. ‘The A doublet 1s s1gn1f1cant1y greater

in_amplitude.than it is possible to achleve'ln the theoretlcal calcula— .
S Pt
tions. Thls low—temperature sharpenlng 1s thought to be caused by B
exciton effects. Moreover, electro—reflectance line. shapes also 1nd1cate '

2k Thus the sharpenlng of the A doublet may be T

'exc1ton effects at. A
explalned in termsvof the reductlon of llfetlme broaden1ng of the hyper-
bOllC excrtons assoclated with A. :No»other clear eV1dence of exciton
effects can be seen in the reflectirit&t The Z peaks do become sllghtly
.larger at low temperatures, but the sharpenlng 1s not suff1c1ent to
1nd1cate the presence of eXCltons.v | |
The general 1ncrease 1n the.energles of.the reflect1v1ty peaks at
low temperature can eas1ly be explalned 1n terms of contractlon of the
”1att1ce and_the Debye—Waller»effect. Both of these effects cause the =
effective)electronic potential to‘become stronger-at_low‘temperatures;
vhich causes the spacingvbetWeen energy'bandsstohincrease and the posi—
tlons of the peaks to shlft to hlgher energles; A i
In Chapt IIT it w1ll be shown that the temperature dependence of
the A doublet peak and the’ major Z peak can be calculated accurately
1from a knowledge of the lattlce expan51on coeff1c1ent and the Debye-waller :
‘ factors. Since both ZnTe and ZnSe are in many respects 51m11ar to GaAs, . _f-]‘g
‘the temperature dependence observed in the present measurenents.should
be accurately'explained-by similar calculationsf
- Finally, slightly_better resolution is possible at lowltemperatures:
because of decreased phonon emission.and‘absorptionr “The lifetime broaden-_

1

in is reduced from sbout 0.15 eV at room temperature to about-0.0SieV,at
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37,29

low temperatures. _ansequenﬁly, in the low temperature data for

 ZnTe a new shoulder appears at 5.23 eV, which correéponds to the shoulder

at 5.25 eV in the theoretical calculation. For ZnSe, the only signifi-
cant changé in structure is the splitting of the major I peak, causing
it fo agree closely with the shape of the theoretical peak.

i, ‘Di5cussion of Results

vWe have obtained gdod agreement between measured and calculated
reflectivity and betweeh R'(w)/R(w)’and fherﬁo—reflectahce. The.dgree-
ment appears éood enougﬁ to indicaté that our idehtifications of the
important optical étrﬁcturés are substantiélly correct and that our band
structure is accurate in the region near the fundamental gap.

Significant disparity bétweén experimental and théoretical reflecti~
vity occurs for higher gnergy,tfansitions, typically for transitions
with'énergy greater than 2.5 to 3 times the fundamental gap. As pointed
out in Chapt. I this disparity reSulfs essentially because of the rapidly

decreaéing sg(w) at these energies., In addition, a comparison of the

_ experimental and calculated values of the static dielectric constant

reveals that the calcﬁlatéd value is usually 10% to 20% lower than the
experimental value, indicating that the 62(w) contributions are again
téo low. However, the inclusion of many-body effects has been shown to
increase 82(w) atbhigher energies.38 Bardasis and'Honé suggest that

the dominant scaﬁtering proceés for a high-energy conduction electron

is an Auger-type éffect, i.e., a two-electron process that need not con-
serve momentum. The threshold for this type of scattering‘is‘approxi-

mately twice the fundamental gap.



We attempt to account for these menyebpﬂy effects wiﬁh a‘simple
model foreadding cpntribufionS‘from ingirect-transitions at energies

greater thaﬁ tWiee_the fundamental gap, We define'a'funetion

- I{w) = =5 _f*_D(w')_D(Q'—w)dw{,v o o (2.6)

U
where D(w) is the electronlc den31ty of states w1th the top of the valence
band deflned as w #'O, Ais a normallzatlon factor deflned such that the
Kramers-Kronlg traﬁsformatlon of I(w) ylelds the exéerlmental value of
vthe static dielectric'éon;tant; I{w) can’be interpreted to be the
imagiﬁaryeparf’of fhe Aielectric.function fer iﬁdireCt transitions. For
the:CQSe of ZnSe, we take the sfetic‘dielectric'constént to Be 5.9 and

define & new eé(w):

€, (w) o wﬁ 6. L ev
- s2<m):v = [(12 Ouﬂe (w) +. (w—6 h)I(m)]/S 6 6. h eV<w< 12.0eV (2.7)
I(w) R ,12_eV<w<1h.ev
| Bw/(&g+y29?fib**' : QZ;H.eV

' In other words, we let €, (m) change llnearly.frem.entlrely alrect trans1—
tions at 6.4 eV (about twice. the fundamental gap) to entlrely 1nd1rect
’ tragelt;ons at lE.Q eV, A tall functlon 1s added at. lh eV.

The reéﬁlting €2(w) and R(w) are shOwn 1n,F1gsf 23 and 2k, This.neﬁ'_
eg(w) is larger at high ehergies, and this has'two desirable.effects,
First, the calculated sfatic_dieiectric constant is raised from h;tho‘

. its eiperimentai vaiue“of'5.9. The-second consequence is thet fhe.agree;3
ment between experimeﬁtai and celculated reflecﬁivitynis much bettef at.

higher energies, although some'agreementﬁis sacrificed at- lower energies.
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‘C;. Coﬁparison of the Optical Properties 6f GéAs and Sir‘
Among-thé many‘different scﬁemes for‘differential Spectroscopy,39
the waveiéﬁgth modulétion teéhnique ié the most attractive. In this
techniQue'thé crystal is not perturbed by external-fields, as it is

in the,electrd-ref&ectance_éndfthermorefléctance techniques. The fact

that the wévelength modulation spectrum is simply the derivative of the

normal reflecﬁivity specfrum-leaves no ambiguity in its interpretation.
Also, the method magnifies the contribution of each peak and shdulder in
the reflectivity spectrum.. Fof these reasoné the waveléngth modulation
spectrum (R (w)/R(w)) is‘particularly desirable fof comparison pu;poses.
In this Séction'the theoretical-calculationé of R'(w)/R(w) for GaAs and
Si afe}coméared to experimental measurements obtaiﬁed.using the wave-
length moduiation technique§29

Thé pseudopotential form factors for GaAs and Si are listed in
Table I. Because thé agreement'betweeh theory énd ekperiment for Si is
found - to bevgobd with the initial form factors, further adjustment of
the Si form factors is not necessary;- Furthermoré, since the spin-

orbit splitting at T for Si is only 0.0L4 eV, the spin-orbit parameter

25"
is assigned the value zero. For GaAs, the spin-orbit parameter is ad-

_is 0.35 evV.

Justed so that the spin-orbit splitting at F15

1. GaAé

The calculated band étructure of GaAs appears in Fig. 13, and
identifications of the important reflectiviﬁybsfrqcture‘are tabulated.in
Table VIIT. A Eomparisoﬁ of the theoretical and experimental derivativé.
spectra appears in Fig. 25. The positions of the important reflectivity

peeks are given by those zeroces of R'{w)/R(w) at which the slope is



e calculatlons It is caused by a combinatlon ‘of . Z(h 5) A(3—S)5 and

' negative The other structure appearing 1n.the derluative spectrum is

much flner; some of these details are practically imperceptlble when"dﬁ

'seen in the reflect1V1ty spectrum - ‘ |
The fundamental gap occuns at F at l 52 eV 1n both theory and )

W

experiment.hp The major structure 1n the 2 8 to 3 3 ev region is a' \

-double reflect1v1ty peak caused by the sp1n—orb1t spllt A trans1t10ns : 378_'
The flrst peak at 3 02 eV is caused by A(h-S) trans1t10ns and the second e
- peak at 3 2h eV is caused by A(3—5) transitions. The theoret1cal peaks'
oceur at- 3 05 and 3 25 eV, glVlng excellent agreement wlth the experlment.-
Although no such structure is apparent in the experlmental spectrum,hl'

a fine structure caused by L(h- ) tran31tions does ‘appear in the theoretl-

cal spectrum at 2.90 eV The next major reflect1v1ty structure occurs at

5 ll eV in the experlmental measurements and at h 9h eV in the theoretlcal

.-A(h-S) tran51t10ns, all w1th large matrix elements The flne structure '
in this region (h.2_to S.l_eV) con51sts of three peaks in the'experimental
~derivative spectrum. The structure_in the_h.z to'ﬁ.T ev regionlappearsd

ain'thelreflectivityvspectrum only‘as.tvobsmall hulées~on-the lOWQenergyrl.
sideeofla'much larger-peak; Thesevare locatédjat:hihh and ¥.60“ev and_ |
are caused'by A{hés) and A(B-é)“transitions'A The majorfpeak.at Scll évf}i
.:1n the experlmental spectrum is caused by Z(h—S) tran51t10ns but does de E "
“not show the flne structure present in the theoretlcal spectrum Both

.experiment and theory show a broad ( 1/2 eV) structure 1mmed1ate1y above

 the E(h—S) peak. ThlS is caused by A(h 6) and A(3 6) trans1t1ons ;o ﬂ‘_i



-29-

2. 8i

The bahd strudture for Si is identical to ﬁhe onevappeariﬁg in Ref.
5. A éompérison of the theofefical and experimental defivative spectré
appéars in Fig. 26. Identifications.of the importént reflectivity
structures -are tabulated in Table IX.

No structure corfésﬁondiﬁg to the fundamental gap of 3.13 eV at L
appears'either in thevtheoretical or the experimentél spectrum, however,
the agreementvﬁetween eiperimentband theory in this region is good enough
to suggest that the first direct gap is at L. The first major peak in
the reflectivity appears Qt 3.45 eV in the,experiméntél spectrum and at
3.46 eV in the theoretical spectrum and is caused mainly by pA(4=5) transi-
tions.and by A(4-5) transitions. .Avsmall dip occurs in the spectra at
3.40 eV for the experiment and at 3.35 eV for.the theory. This structure
is attributed té (haS) transitions.in a volumevcentered>at (0.3,.0.3, 0.2)
(units of 2m/a) and tblA(h—S} transitions close to.T. A small peak
caused by A(3-5) transitions appears in the theoretical reflectivity at
3.68 éV, but it does not appear in the experimental specﬁrum. The major
reflectivity peak occurs at 4.57 eV in the exﬁerimental‘measurements and
at 4.51 eV in the theoreticél caléulations. .It is caused almost entirely
by Z(L-5) transitions near (0.4, 0.k, 0.). VThe smailAexperimental
structure at 4.32 eV is attributed to (3-5) transitions near (0.3, 0.2,
0.1) and to (4=5) transitions in the vicinity of X. The next reflectivity
peak occurs at 5.48 eV for.tﬁe experiment and at 5.38 eV for the theory
and is caused by (4-6) transitioﬁs in a volume centered at (0.6,0.4, 0.3)

(near A).
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 The locationviﬁ the zone df_trahsitibhs'resbdnéible.for a pérticular'
reflectivify structuré_is somewhdt speculativévfor Si,. Thé feéson fOi_'
this is that there are maﬁy‘critical,pointsvin the joinffdensity’gf,states'

and it is difficult to distinguish which of these dre the more: important

for.arparticular stfﬁéture}.\Othef authorshalhavé'made similar cdmments as .

ﬁo_;ﬁe great dehsity of éritical points in the_Si”bahd S£ructuré,

For both GaAs and Si, the A(4-5) peaks are much sharper in the“experif'

mental épegtravtﬁan in the theoretical épeétré; vTheitheoretiééi.gﬁfuc;f
ture in thiS'fegioﬁ moré‘clbéély reéeﬁbles’tﬁe:rooﬁ feﬁberatufenépeétrum |
‘Ithanfthe low temperature spectrﬁm;  This ame lowftembeféfurevéhérpéning
of the A §eaks'c6nsisteht1y éccﬁrs'in ofHefAIIIQV:cﬁbib'sémi¢6hductors,29
'Ana it isithcught to be Caﬁée by éxéiﬁ§§§'éffééts. FﬁrthéfmgféQ éléctrof
reflectance“linevshapes élsq:indicéfe exciton_effects éré~present.2h:Thﬁs,
- the sharpening of the A peaké;can 5e explaiﬂedkin:térms of thé réauetion.
of lifetime broadeniné of the_hypérbolic exéifoné aSSOCiatéd:with AL
The  low-temperature derivative.spectra for GaAs énd Si'by‘Zucéa and i

29

Shen show clear improvement in spectral resolﬁtion 0vef other techhiques.

_Consequenﬁly; it is heartening to 6bservé that the'spectra'éomputed f:om

the pseudopotential band structures are in excellent agreement with the .

&

experimental measurements. The extent of this_égreement'gives_one cdﬁfi?
dence that the above identifications of the impbrtant optical transitions

are substantially correct.

.@I
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'CHAPTER ITI: TEMPERATURE EFFECTS ON THE
ELECTRONIC BAND STRUCTURE

'A._bTheorx
The:principal factors gOverning the temperatufe aﬁpendence of thé»
energy bands are the thermal expansion of the lattice and the thermal
v1bratlons of the nucle1 (the Debye—Waller effect). The flrst effect
accounts for 10-20% of the*temperatﬁie shifts of energy levels and the
Debye-Waller effect accounts' for the remaihder.’h |
An increase in temperature generally causes an expan51on of the
lattlce, whlch, in turn, reduces the kinetic energy of an electron, as
well as“the average potential seen by an,electron. The.klnetlc energy
varies as (h?/2m)(ﬁa)i% and eonsequently it decreases as the lattice
constant a inereaSes} The pseudopetential maj bebﬁritteniin.the ferm‘
V(@) = 1R S V() ewp(-iger) r L (3.1)
where-Q is.the,volum of the primitive eell.and Va(f) is the‘afemic'pseudo—
potential, i.e., the effective.petential of eﬁ isoleted atom. .Obviously,
Va(r) is not altered by a change.in the lattice_constant; but'V(q) is
altered. The new pseudopotential v (é) must Be'evaluated at new reciprocal
lattice vectors G'. This may be wrltten _ .__ _
| -Vn(Gi) = 1/9' f V (r) exp ( 1G'-r) d r = Q/Q'.V(G')

('3.2)»

where Q' is the new volume of the primitive cell. To evaluate Vn(G')
when V(q) is known only for'abdiserete number of values, it is necessary
to 1nterpolate between known values, but this can be done with negligible

error. Since (Q/Q') is usually the dominant factor in (3. 2), Vn(G ) is
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smaller than V(G); end'therefore the potential for an expanded lattice

is weaker. And since the energy differences between bands are a measure

of the strength of the potential, the'energy-splittings for an expanded

lattice at higher temperatures are less, except in special cases, such

as the lead salts.hh

" The thermal vibrations of the nuclei act to reduce the effective

potentlals by the Debye-Waller factor»e W3~ Thls may be seen by using

the formalism of Gla.u‘berh5

‘forctime-dependent displacement correiationsx
in crystals. The ideaeis tnat thedvibrefing atoms may:be viewed as a3
dispiacement field of collective excdtations (phonons), andrthe'thermal
averaging can be performed.over this field. Thedd:,component of.thei
displacement field may be written |
| ;(?);ggiL;-}/? (2.
o - EEMw

a . exp(ik-'r-iwt) + a

+
u (r,t = z
OL(~’ ) _ :‘lvi,p .~']i{',p

k,p
. (3.3)

exp (-i k-r + iwt)) '
e(p) (p=1,2,3) are the three unit polarization vectors,for waves of

propagation vector k and angular frequency w—w(p) (k). The amplitudes

+ v . :
a 'p and ay D are destruction and creation operators for. phonons. In
! 3 . .
this formulation, two b111near combinatlons of a ‘ and ak have non-

vanishing expectation values,
4+ ' +, : . 3
{a L) = { a a. Yy = + 1 3.4)
k,p aksp nkap" k:P k,p nk,P ? (

where nk is: the average number of quanta in the mode spec1f1ed by

k and p. The average quantum populations are given by

W
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n o = lexp 0Py a1, | (3.5)

in which K is the Boltzmann constant and T the temperature.

The crystal potential may be written
I v (r-R -u(R,t)), (3.6)
m=1

V(r,t) = vt
which is based on the assumption that the individual potentials are shift-
ed rigidly along with their lattice points Rm. This potential may be
Fourier analyzed to give

V(q,t) = N—l z V(q) exp(ig-gm + ig-u (Rm,t) (3.7)

m _
This expression must now be averaged over an ensemble of states at tem-~
perature T. The only term which must be considered is exp(ig-u). It is

that the ensemble average for a zero-quantum process

(essentially a thermal averaging) is
¢exp (igu)y = exp(-1/2( (gw)?)) (3.8)

Therefore, the thermally averaged potential is

Vgl = vt IV(a) exp (igR,) exp(-1/2 (e,  (3.9)
Vpla) = V(a) exp(-1/2< (6-w)?>,), (3.10)

. 0, otherwise

for q=G, a reciprocal lattice
vector,

Thus, the net effect of the Debye~Waller factor is to reduce the Values
of the pseudopotential V(G). The thermal vibrations do not smear the
potentials, that is, they do not mix in other nearby Fourier components.

This effect is what is observed in X-ray scattering.h6
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These two effects, the thermal expan81on of the 1att1ce and the
thermal vibrations of the nuclel, are. applled to the calculation of the

energy band -of GaAs in the next sectlon.‘

B. Appllcatlon to GaAs'

The theory of" the precedlng sectlon is used to'calculate'thedtempera-

ture dependence of the energy bands for GaAs. GaAs is chosen because of

L1

the avallablllty of excellent wavelength—modulatlon spectra at 5, 80;'

150 225, and 300°K In thls sectlon, attentlon 1s focused on the tempera—

ture dependence of the A_-A and Z Z trans1t10ns, whlch are respon51ble

3 l

for the E_ doublet_peak and E

1 peak in_the reflect1v1ty

The wavelength modulstion spectra for the,five temperatures in the

2
The“positions of the peaks and valleys of the reflectivity are given'by

regions of the E, doublet peak and the E, major peak'sre shown indFig, 27.

the zeroes,of the modulated spectra, The tenpersture shifts of‘the'Ei
and E, peaks are plotted in Fig. 28. | '

Tovcaiculate the theoretical tempersture dependence'cf the:GaAs_
spectrum it is necessary to know the electronic band structure;'the‘,r
transitions which cause the—reflectivity peaks, the thermal expsnsion:
functlon, and the phonon spectrum of the crystals Theitand struCture‘d
-of GaAs is the one obtalned in Chapt II.

The temperature dependence of_the latt1¢e;constantvis.obtainedt'
from the thermal—expan51on functlonl‘L8 for GaAs.‘:The lattice’constantsf
used at 5, 80 150, 225, and 300°K are 5.640, 5. 6ho 5 641, 5. 6&3 and
5 6MSA respectlvely.' As, descrlbed in the precedlng sectlon,'changes ln
" the lettice constantsvnecess;tate scallng.the pseudopotentlal,form

. factors..’
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The Debye-Waller factor cam be calculated from the experimental
phonon spectrum, and since this calculation is greatly simplified for a
monatomic crystal, the phonon spectrum of germanium is used instead of

GaAs. This is a reasonable approximation because the GaAs phonon spectrum

49

is nearly_idéntical to that of germanium, and the average density of

GaAs is within 0.5% that of germanium. Immediate simplification of (3.10)
can be made for a monatomic cubic crystal;.éince'fof this case the phonon
polarization yectbrs are mutually perpendicvular. From this fact and from
(3.3) and (3.4), one obtains v
- 2., 2 2, 2, .
Cewd = XGTHyD = 6Ty, (3.11)

where - ' . '
2 _h
o . 2NMw

Cu '=»f. I  ( ) (?nk;p %,l) - (3.12)

K,p
Using (3.12) and (3.5), (3.11) may be written in a more convenient

form: , [p(v)v~l [1/2 +v‘%—7
5 :

' o . , , e =1 ’
WE1/2 ((Gw)D = 2 _ (3.13)
T 8TM ~ Sp(v)av ' '

. . ) . )4 .
where x = hv/kT, p(v) is the density of phonon modes for Ge, 9 G is a
reciproéal latticé vecto¥r, and M is the mass Of-the.nucleus.‘ The values"

of (W/Gz),wé obtain by using (3.13) at 5, 80, 150, 225, and 300°K are

0.0010, 0.0015, 0.0024, 0.003Lk, and o.oohh,-respectively;SO

51

Using X-ray
measuremenfs,on‘germanium,»Batterman and Chipman®™ obtain a vélue of
. (W/G°) = 0.0043 at 300°K.

The Debye-Waller and lattice éxpaﬁsion effects are incorporated in

o a pseudopotential calculation_of the band structure to give the témpera—

ture shifts of selected transitions in the Brillouin zone. In Table X,
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the resultlng theoretlcal temperature dependence at T (the fundamental
gap) is compared to the experlmental temperature dependence obta1ned by

“OswaldS? and . by Sturge.53

The-calculatedrresult at F agrees closely-
w1th that of Oswald » The Debye—Waller and 1attice expan31on effects

can be calculated separately to show that the major part of the energy

shlft is caused by Debye-Waller effect, with only a small fractlon caused'

by lattlce expansion. At r the total calculated energy change between
56 and 300°K is —O 158 eV of whlch ~0.020 eV is’ caused bylﬂitlce expan—
sion, or about 137 of the total

An.additlonal check onuthe_aCCuracy of the theoretical'calculations
_'u51ng this pseudopotentlal band structure is prov1ded by a calculatlon
of the varlatlon of the fundamental gap w1th respect to a sllght change
in the lattice constant, This calculation givesva value of V(BE/BV)t=
-7 eV, a result which aérees eXactly:with the.erperimentallyvmeasured
value.5 |

The -theoretical temperature dependence of the A(h—S) A(3 5), and

%(kss) tran51t10ns is shown in Flg 28. The comparison betweenjtheory

\

and experiment for the E, ‘peak is good, and for the*Ei'doublet'the compar-~

ison is excellent.
The temperature shifts of the reflectivity peahs in GaSb, InAs,jand ,
InSb/are'found to be apprQXimately of the same magnitude as in GaAs;?Q

- Similar theoretlcal calculations of the temperature dependence in these

crystals should . also yleld good results
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CHAPTER IV: WAVE-VECTOR=DEPENDENT
DIELECTRIC FUNCTION

In this_éhapterxd calcuiation'is preSentéd of thé'ldngitudinal.wave—
vectorfdebendent diéleétric‘function7€(g) fdf‘the.semicohductors, Si, Ge,
GaAs, and ZnSe.  Explicit results are given in the (1,0,0), (1,1,0) and

(l;l,l) directions in the range 0 < q < (4m/a). A comparison is made

between thefpreSent'reSults'and the results of other calculations. Some

comparisons with experiment are also made.

€(q) describes the response of a crystal to an electric.fieia

~

D %L = e(q) Eel®T. L i)

For most applications one is interested in either static fields or fields
varying with .phonon frequencies;'in this frequency_région the frequency-
dependent dielectric: function may bevrepldced with the static dielectric

function e(q), an approximation which is accurate to within 0.17%.

Using the expression fcrve(q) given by Ehrenreich and Cohen,sha-
one obtains 'gneg | |<k+q,vlk,c)'|2 |
E(q_) = 'l+-—2-— r s e . (4.2)
~ " kye,v E (k)-E (k+q)

, where k is summed over the first Brillouin ZGne, v over the valence bands

and ¢ over the conduction bands. In these calculations the elec;ronic

. empirical pseudopotential method. .Spin-orbit effects have not been

included.

Calculations of e(q) for semiconductors vere first performed by

55

Penn,”” using a 2-band model isotropic semiconductor, These calculations



vhave recently been redone bvarinivasan.56 The present calculations i
agree farily well w1th Srinivasan g calculatlons except that our results. S t:
,.exhibit a slight anisotropy. Calculations based on more realistic band |
models for Sl and Ge have been performed by Nara 57' DesPite the fact‘
that‘his model is almost 1dent1cal to ours, his results disagree to some '
extent»withrour results.' In particular, he finds e strong anisotropy
in e(q) at. small q which is missing from our results.’ In addition, our
calculations show e(q) to be a monotonically decreasing function of |q|
a feature which is not present in. the results of Srinivasan or of Nara
(See Fig. 29) | |
e(q) has had many applications, it has been used to calculate the_f
1att1ce'vibration~spectrum'of»silicongss screened:pseud0potential form=l

59 and ser, e o 60

factors,”” and screened -impurity potentials.:

A, Method of Calculation

For the purposes of calculation Eq (l 1) is written as follows

2 T l(k+q,vlk c)l (Ak)3

8ﬂe 2 T
: q2 (2“)3 CAk,c,v Ec(ﬁ)*Ev(§+S)

elg) = 1w (4.3)

where the summat ion is over cubes of volume (AR)B in the{first Brillouin.:
zone, w1th suitable truncations at the zone boundarles .The'sumnation '
index v spans the top four valence bands and thevindex c _spans the bottom |
eleven conduction bands.- For ‘the semiconductors we consider, E '(k) is.
'always greater than E (k+q), and thus each contribution to E(q) is -
pos1t1ve. Energy eigenvalues and eigenvectors are computed for each |

of 3360 points in the first Brillouin zone. Thevcoordinates of-the grid
of calculated points are - given by . (l/l6)(2s+l 2m+l 2n+l) 1n units of ‘

(2ﬂ/a), where s, m, and n are integers.
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For an arbitrary direction of q the summation in Eq. (4.3) must be
performed over the entire Brillouin zone. Fortunately, symmetry pro-
perties can be exploited to fedude the computation time by a factor of

eight in the (1,0,0) directions; by six in the (i,l;l) direction, and by

“four in fhe (l,l;O)'@irectiqn. The computation time for a pafticular

value of g can be reduced b& an additional‘factof of fifteen is q is
chosen such that (§+g) also lies on the gfid of éaiculated pointé.

The 3360 points in the summation over the Brillouin zone provide
suffiéientiy accﬁrate cbnvergence. " Other caléulatiohs6l-§f~€(0) usiﬁg
over.threevﬁiilion.points in.the Brillouin zéﬁe differ from our values

of £(0) by less than 3%.

B. Results'of,Calculatiohé

'The‘célculated dieleétric functions of Si,_Gé, GaAs, and ZnSé
abpear.in Figs. 30-33. For all four crystals E(g) is & smooth mbﬁq-
tonically de¢feasiﬁg function of lgi, with zero gradient'a£ g'= 0.

E(g) was calculated at sevefal points forvsmaii q to make certain it ex-
hibited no maximum (for g # 0). Such maxima do occur in the fesults of
56 énd of Nara.57 | |
e(g) in the (l,l,q) direction is pra¢ti¢élly ihdigtinguishable‘
from s(g) invthev(l,0,0) direction. :The values of e(g) in the (1,1,1)
direction are slightly less than in the other dirgctions. A possible
reason for this slight‘aﬁisotropy is that the (l;l,i) direction is‘the
direction to the nearest neighboring étoms.in'the érystal. Betwéen
nearest neighbors theré is gbod evidence for localized bénding charges;

This has been confirmed by X~ray diffraction experiments for diamond,62

‘This localized electronic charge constrains the electronic charge dis-
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trlbutlon and seems to prevent the. screenlng from being as effect1ve.
Consequently, e(q) is lower 1n magnltude in the (l 1 l) d1rect10n than
'1n the other dlrectlons. H

_gg@arison of Results

As stated above, our calculatlons show that e(q) decreases as |q|

1ncreases, and there ex1sts 11ttle anlsotropy for small q._ Thls decrease _b

in e(q) 1s 1n contrast to the results of Srlnlvasan,56 who f1nds that
e(q) 1ncreases in this reglon. However he does not»that this increasea.
.is sensitlve to h1s ch01ce of matrlx elements. ”

Our results for small q also contrast with the results of Nara.$7b

Nara finds that E(q) 1ncreases rapldly and is remarkably anisotroplc for

small q. From our experlence w1th these calculat;ons, we find that‘greatt

care must be taken when ue}calculate thé-iﬁﬁeriprAAﬁbﬁs for sﬁall dlv

The innér product.of'two‘Bloch_warelfunctﬁons~uﬁ(g)rand;um(§+g)bshould_
'go smoothly:to zero_as.g“j 0, but for certaih bointssg in the zone,there
occur dlscontiuulties iu’the ihuerhproducts_ae gr; 0. The;reason.for
such a.discohtinuity is that in the_éseudohotentlal uethod-the wave.:v
functions un(h) and um(gfg) are expanded.in two differehtréets of planes
waves; the-first‘set satiSfying the.criteriouiskal2_< T and the secohd_’
set satisfylng Ik+q+GI2‘<.7 The.immediate effect is'to.cause~the
labsolute values of these 1nner products to 1ncrease much too rapldly

The overall effect does produce s1zeable errors 1n g(q), espe01ally for

small q,- and in part1cular, it produces a hump—llke effect s1mllar to f

the results of Nars at snall q.‘ When.we use the properapproach ofvv

expanding the wave function um(k+q) in the same set of plane waves as
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for'un(g) ‘we obtain no maiims'for ucn—zero q and little auisotropy for
small q.- It should be noted that for larger q, good agreement exists |
between our results and the results of Nara.

In Flg‘29 we compare our calculation of the dielectric function of
silicon with the calculatlons by Srlnlvasan and by Nara. We obtain a
value for €(0) of 11.3 for Siy while Naraiobtains a value of 10.8. The

.63

measured value is 11.7%0.2, a value which Srinivasan uses as a para-
meter in his model. For Ge, GaAs, and ZnSe we obtain values for €(0)
of 14.0, 8.9, and‘h.8,‘respectively, while the measured values are Ge

15.8,%3 Gaas 10.9%* ana ZnSe 5.9.65

D. bApplications

An 1mmed1ate appllcatlon of our results is & more prec1se calculatlon

59

of screened pseudopotentlal form factors, as suggested by Phillips and

56

by Srinivasan. In particular, our calculations allow us to evaluate
the pseudcpotential fcrm faCtO?:vp(Gl) for Si. (Gl is the magnitude of
the first reciprocal lattice vector (2m/a)(1,1,1)). Now the screened
pseudopotential form factors for Si have already been calculated by
Animalu and Heine;66 but they used the Hartree free—electron dielectric
function € (q) 61 to screen the ion-core instead of the correct dielectric
functlcn e(q). We propose. to- demonstrate that by using our e(q) as the
screening function, we obtain a value of V (G ) for Si remarkably close
o the empirically determlned value (Teble 1), prov1ded we 1nclude an
exchange correction term of the form suggested by Hubbard.

Animalu and Heine screened the atomic form factor Va(q) for Si with

the function Xf(q):
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A A A T ()

__.where

=1 féﬁiQ)l;ilrfi-;*i/z Pl Pt )

',fyf;The quantlty in the secondwbracket is an approx1mat10n suggested by

"; ubbard684to accout for the exchange correctlon on & free—electron gas.
; (Anlmalu and Heine chose k 2kF/ﬂ) For q = Gl the value of this |
exchange term is (0.77). For a free—electron gas w1th the den51ty of the
valence electrons of Si, € (G ) = 1. 98, so that X, (G ) = 1.76. If the
' correct X(q) is deflned 1n an analogous manner to X (q), with e(q)

: E—. ,

?';replac1ng € (q), our value of E(G ) = 1. h3 gives X(G ) = 1 33.

The complete pseudopotential V (G ) must also account for the

bondlng charges. Slnce €(O) ll T for Si there is a charge of (2e/€(0))

in each of the bondlng charges located mldway between nearest Sl atoms.

The total expre551on is-

V() = v (a) + (5(@)/5, %) v, (@, e

where V‘ and Vb are the properly screened pseudopotentlals for the 8i
- atoms end the bonding charges, respectively, and (Sb/Sa)_is the-ratio
of the structure factors of the bonding cherges to the Si atoms.
v, (G ) is just equal to Animalu and Heine's value of (-0. 18ry),
corrected by a factor X (G )/X(G ).: Therefore, V (G ) = ( 0. 18)(1 76/
1.33) = -0.238ry. V (q) may be calculated from. Poisson's. equatlon

BHE) e

v, ( q.)

The exchange correction reduces Vb(Gl)vby a factor (0.77). Thus we heve"

(Sb/sa)'vh(Gl) = 0.031ry. Consequently,
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Vp(Gl) = —o;23§ +.0.031 = -0.207ry. (L.8)

ThiS»vglue is iﬁ‘excellenﬁvaéregﬁént ﬁith'the»value of»VP(Gl) = —Q.21ry
obtained,by;Brust, Céheﬁ, and Philliéé.69.

Ve cép meke similar arguméﬁts fofvgérmanium.ﬂ Va(Gl) is equal to
Animalu and.ﬁeine's value of (—O.ler),vcorrected by a factor Xf(Gl)/
X(Gl)’ Which gives Va(Gl) = —0,251ry} V,, is reduced because e(0) =
15.8 for Ge, and thus (SB/S;) Vb(Gl) = Q.Q22ry. Conéequently,

AvP(Gl) = 20.251 + 0.022 = -0.229ry. (4.9)

¥ Phis valué is in excellent agréement with the value of Vp(Gl) = -0.23ry
obtained by Cohen and Bergstresser.5 | |
Itvsﬁould_be noted that the comments by Srihivasan an Nara's reéults
‘do ndf hold fér our results. We have used a large number of interband
tranéitioné (1-4) » (5-15) in'éuf calculations. The convergence at
large q is satisfactory in view.of the very small.qontribution to €(q) ..
from thé transitionsb(h+lh), (4+15) ,ete. Fﬁrtherﬁdre, our value of
e(0) = 11.3 is obtaiﬁed without the necessity ofaadding'more sémpling

points for the case q = 0,
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CHAPTER V: CHABGE DISTRIBUTION L

: IN -SEMICONDUCTORS ‘
Theﬂﬁaiefuﬁetionsigiven’by:the:pseudopeﬁential method ﬁay'be'used
to celcﬁlateafhevdistfibufieﬁ of'Valehee chargevﬁithin seﬁiconduétors
One may - investlgate how the charge dlstrlbutlon varies in the dlfferent v
energy bands ‘and whether dlfferent crystals show trends with respect to -
bondlng of the -atoms. .The.var;gt19n~of,thencharge d;str1but10nﬁw1th
band index or w1th.changes in‘elements mayfnet yield accurate quantita?"
tlve results, but observation of trends occurlng 1n a serles of crystals
can yield some phy51cal reason for. v _gx crystals behave as they do One.
”can env1slen meny gedanken exper;ments that_mlght_help to answer sﬁeh,
questiOnsvas why_substapées erystallize iﬁ certain'strucfures or why .
cerfain enefgy'levels afe more SenSitive‘to-preSsﬁre than others._ Quesbions

of this type are explored in this chapter.

A, MebhodﬁofSCalthEtiOn'
The probablllty of findlng an electron 1n a certaln spatlal region:

of volume dQ }s-glven by.|W (r)l dQ where n is the index of the

-~

energy eigenvalue'associeted-w1th the state‘k. ' When many dlfferent
electronic'states.k are eonsidered,bit beéomes meaningful_to speak of a

charge distribution for>tbe electrons, In.particular,.the charge density

for ‘each velence~bandvmay be written

0(5? = e ly, (r)'2 1 . | s .bﬁf5fl)

Z
k [ ,~
where the summation is over all‘States-in.the Brillouin zone.

To obtain adequate convergence in calculatingleh k€2; it is neces-

sary to represent each ¥. . ‘in an expansion of at leasf 85 plane waves.’

n,k _ .
The wavefunctions are eveluated on a grid of 3360-points'in the Brillouin
, e _ s
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zone. The coordinates of the gfid points.ére givén:by (1/16)‘23+l,‘
2m+l, 2n+l) in units of (em/a), whére s, ﬁ, and n arg'infegers,

By using (5.1) the éharge.density p(r) is evaluated at over 1500
points in a plane which intersects both atoms in the pfimitive cell
(a(1,~1,0) plane). A diagfam of this plane and its.orientation with
respect to the surrounding atoms is shown iﬁ Fig. 34. The values of p(t)
are shown in contour plots. The density is plotted in units of (e/)

where Q is the volume of the primitve cell_(Q=l/ha3).

B. Results of Calculations for
Ge, GaAs and ZnSe

The charge density distribution is caiculateq for Ge, GaAs, and
ZnSe; the elements in these semiconductors are all in the fourth row of
the Periodig Téble} This choice aliows us to look at the ionic trends.
for crystals that aré:otherwi$e expected to have nearly the same pro-
Vperties. The results of the caleculations are shown in detailed contour
ﬁaps of.thg valence charge density:(Figs{ 35—%3). 'Tﬁe contours are
striking and can'be used to describé selecfed phyéical properties of
crystals to a mpfe.general éudieﬁce. Onevcan definitely'see tetrahedral
covalent bonding in germanium. where the charge density piles-ﬁp halfway
between the two atoms (Figs.-35;-38, 39). The tefrahedfal_stfuc%ﬁre :
comes from‘the structure chtoré,originally put into the Haﬁiltoniam
from (1.3). The large charge density peaks (the covalent bonds) are
caused by tﬁe quantum mechanical effects of sharing'electrons.'

Tonic trends in the bonding may be seen by 1ooking;at the total
valence change density for GaAs and ZnSe (Figs. 36-37). For GaAs the

center of the bonding charge moves toward the anion (the_As atom), and

i
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for ZnSe'the‘bonding charge.moveeeeren cloeer,to the anion (the Se atom).
Another—trend.that is noticeabie ie\thatbthe amonnt‘of bonding charge |
decreases in the sequence.Ge to GaAs to ZnSe.- Thne the cotalent‘bonding
becomes less notlceable as the crystals become more 1on1c..‘ o

The trend in the charge dlstrlbution in g01ng from band 1 to band
4 is to plle up charge in the\bonds. In band 1 the charge accumulates
arcund the ‘atoms and in band ) there is 'im'chmoré charge in the bonds.
In band 1 of Ge most of the'charge is distributed around the atoms with:
a very slight bulld-up between ‘the atoms (Flg 38) In'band‘h there
is negliglble charge at the Ge atoms and there is a substantlal bulld-
up between the atoms (Flg 39) ThiS'says that those electrons less
tlghtly bound to the Ge atoms are more 11kely to be engaged in covalent
bondlng | |

" 'In band l of GaAs almost all the charge den51ty is centered about.
the As ion (F1g hO) The_reason for this becomes clear if one considers
a hypotheticallcrystal,of GaAs which lacks eiectrons. If enough electrons
are'put into the crystal to fiil theﬂfirSt;band, the.eiectrons Wiil be

+5

: 2 v _ .
more attracted to the As ion than to the Ga 3 ion, causing the As ion

' + R
now- to appear as As 3. This distribution ¢learly has s-like character.

In band’2 ‘the charge dietribution'shows much more covalent_character and . _fu'z'

is now dlsplaced toward the Ga ion sllghtly (Flg hl) This distri—
butlon appears to be a mixture of s and p- character, 1 €y there is
‘charge at both the ion sites and the bonding sites. 1In bands 3 and h
the covelent charge”buiid—up is even.greater and the charge_dlstrlbutlon
clearly favors the As ion (Fig. h2); This isvclearly’p-likevbonding,

since there is negligible charge density at the ion sites and a high
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charge density at the bonding sites.
It is also interesting to consider what the charge distribution

"would be if there were enoughfelectrohs to f£ill band S, the first con-

duction band. Molecular orbital theory70

will be anti-boﬁdiﬁg, i.e., a charge build-up will 6ccur in an opposite
direction from the bonding charge. This is prégisélyiwhat is seen in
the charge distribution.for band 5 in the threé crystals; such a
distribution is particulafiy striking for ZnSe (Fig. 43).' There is a
pronounced build-up in the lower left portion of‘the figure,,and'this
aﬁti-bonding site is exaétly éppositevin directién to the normal bond-
ing site. There is also a peak in the éharge density at the site of
the‘Se iqn, but there is no appreciablé build-up at the site of the
normal bondihg charge. |

C. Application to Crystal Structure
71

has proposed a simple method of classifying the

ionicity of binary crystals of the formula ANBB—N., His ionicity factor

Recently Phillips

fi varies between zero and_one: fi=0 designates a completely covalent-
bonded crystal and fi=i designates a completely ionic crystal. The |
interesting aspect of Phillips' scale is that a value of fi=0.785
neatly separates the more cbvalent crystals with h—foid coordination

(zincblende and wurtzite structures) from the more ionic crystals with

6-fold coordination (rocksalt structure). This valué of fi is complétely

empirical. However, the résults presented below suggest that this critical

value of fi can be calculated using the band structures from known

crystals.

I

predicts that the excited states




The 1dea is that the atoms in crystals of h fold coordlnatlon form ’
directed covalent bonds through hybrldizatlon of (sp3) orbltals, and that
crystals of 6 fold coordlnatlon no longer form d1rected bonds but are
held together by eletrostatlc forces. Inlbok1ng at blnary crystals of
1ncreas1ng 1onlclty, the covalent bondlng becomes weaker and the ionic |
bondlng‘becomes.stronger. When the amount of charge 1n the covalent bond
goes to zero,”there is no 1onger any-partlcular need.to form,tetrahedrally
directed»bonds; Consequently,git'is-reasonable tO'sneculate that a
phase transition to a different crvstalline structureloccurs as thev
covalent bondlng charge goes to zero.k To test thls hypothes1s, the v
amount of covalent bondlng charge for Ge, GaAs and ZnSe 1n plotted

agalnst Phllllps' scale. - The integral of the charge dens1ty in the

bonds above the badkground value is called the bonding charge Zb.- This
can be written as follows: |

P S 3. '

Zy = (plr) -0 ) &7r, - (5.2)

where bo_is the charge density?at.thevoutermost closed contourhof the
bonding charge denslty.72 The integratlons is also over the volume'
defined by'this outermost contour' |

_ The values obtained for Z are 0. lh6e for Ge, O. 080e for Geds and ‘
0. O26e for ZnSe.b As a.check on_these results, recall'from Chapt. IV
that the bonding charge in Ge can be approximated.by:(2e/co). The value
of €, obtained from.the band structure calculatlons'is‘lh.o. - This gives.
a bonding'charge of O.lh3¢, whiéh agrees wlth the above,value of Zb;

When'tthcalculated-values of'Z.b are plotted against Phillips'

ionicity'scale and the points are connected by a smooth‘curve,'the

&
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extrépolated curve gives zero bohding ét an ionicityvof fc = 0.78

(Fig. ﬁh). A similar curve for the series Sn, InSb, and CdTe gives

a critical ionicity of fc = 0.79.. These two Vglues of the critical
jonicity (fc = o.7.8'and £, = 0.79) should be compared with Phillips'
empirical.value of the critical ionicity, ﬁamely, fc = 0;785i0.01.

Thus the calculated values of the crticial idﬁicity give complete separa-
tion of crystal types, just as Phillips' empirical value does.

When the bonding charge Z
73

b is plotted against Pauling's ionicity

scale, the curve passing through the series Ge, GaAs, and ZnSe gives

a zero-covalent-bonding ionicity of 0.80, which is the empirically deter-
mined critiéal ionicity on Pauliné's scale., The curve passing through
the seriés Sn, InSb, and CdTe givésba critical ionicity of 0.61, which
does not agree with Pauling's empirical value. For the crystéls I have

studied it appears that the jonicity scale of Phillips and Van Vechten

is in better agreement with my results than the ionicity scale of Pauling.
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Table I, The lattice constants and form factors (in Ry) for the semi-
' They should be compared

conductors discussed in this thesis.,

with those used in Ref. 5.

GaAs.

GaP

ZnsS -

ZnTe
ZnSe
si

Ge

Léttice
Constant

5.6L40 -
5.hk
5.41
6,07
5.65
S}h3
'5.66

vs(3)"
-0.246

-0.225

-0.2L9
~0.217
-0.213

~0.21

-0.23

vo(8) -

-0.001

0.024
0.038

Af;o.01i

0.0k

0.01

0.053

0.08

0.06

ve(11)

0.07k

.0,076'

2 0.069
' 0.067

vH(3)

0.058

0.128

0.195

0.116

0.203
C 0.

0.

Metallic
Spin-Orbit
VA(ll) Factor

1'0.001 0.0009

0.020

. 0.015

- ~0.011 0.0010

0.015  0.0006

0.

0.




Table IT.

Theoretlcal and experlmental reflectiv1ty structure and thelr
1dentif1cations, lncluding the location: in the Brillouin zone, .
energy, ‘and symmetry of the calculated crltlcal points for

 GaAs. The experlmental results are .due to H. Phlllpp and
. H. Ehrenreich and appear in Ref. 16, .

Reflecfi?ify“'

Structure (eV)

| ‘associated criticel Points

" Thedry .-

'Exﬁerimeni.

- Location in Zone

:Symmetry

CP Energy(eV)

- 4.85

565

”,6}h5

.6.. 75 - ’

5000

6.6

:1 h8

2.8, 3.15 "
(splnlqrblt) g

'4;55  j

6.6

- ;X

5.55% .

1r,.-T (01,01,0;)

15 T

o, =1, (5,.5.9) .
(. 21"21"21)1 i

( 60; ,0.50. )

to band 5) -

57 X (1.,0.,0 )

1 -8 (3550500

5

- (band. h t6 band 5)

B 71221— Z; (.58,.58,0.)

A, - by (.50, o.,o )

5
(band h to ‘band 6)

Volume effect from
reglon .around .

(.57,.43,.29)

(vand 4 to band 6)

L3 - L ( 5,05,n5) . o
oy - 3 h3,.h3,.h3)v"

3

(band 3 to band 6 and | -

band h to band 7).

LAy =25 G h3,.h3,.h3) N

3.7
(band h to band 6)

M
o]

.M

1.6

2.69
2.93

.10.

= &

- 5r51e_;”

¥ This ehduldér:appearsein”dete“of Greenaway (hef;-9).

A

R
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Table ITII. Theoretical’and»experimental reflectivity structure and their
identifications, including the location in the Brillouin zone,
energy, and symmetry of the calculated critical points for

~GaP. The experimental results are due to H. Philipp and
'H, Bhrenreich and appear in Ref. 16.

Reflectivity
Structure(eV) Associated Critical Points
Theory Experiment Location in Zone Symmetry  CP Energy (eV)
- - 2.80 rls - Ty (0.,0.,0.) M 2.79
3070 3'70 L3 ( 53053'5) MO 3')40
) :A n (.15,.15,.15). My ‘3,76
h}? k4.6 - A5 A, (.71,0.,0.) M k.50
(band L to band 5) »
‘5.3 5.3 A5 - A (.30,0,0.) M3.n 472
: (vand % to band 5) ,
Iy, - I (.50,.50,0.) | M, 5.20
6.7 = 6.9 volume effect from
. o region around
(.50,.43,.29) - 6.5
(band 4 to band 6)°
Ly - Ly (.5,.5,.5) M, 6.57
6'9 6'9 A3— A3 (.37’0379'37)
- (band 3 to band 6 and . j o
‘band 4 to band 7) _ :Mi - 6.68
Ay - A5 (.37,.37,.37) , |
M 6.68

-(bgnd 4 to band 6)




Structure (eV) -

: .. Associated Critical Points

“Table IV. Thecretlcal and experlmental reflect1v1ty structure and thelr o
: 1dent1flcatlons, 1ncluding the location in the Brillouin zone,
energy ,. and symmetry of the calculated critical points for ZnS.
. ‘Experiment 1 refers to Cardona and Harbeke (Ref. 12). Exper-
- - iment 2 refers to J. W. Baars (Ref, 15). ' ‘
Refleétivity

' CP Bhergy(eV)

| bands b to T7)

Theory 'Experiment b Experlment 2 I’ ﬂQCatiqn»ih‘ZQne.f . Symmetfy
3.8 3.66, 3.76 3. 68, 3.75 | rg -1 (0,000 M R
‘ ‘(spln orblt) (sPinﬂdrbit) 1 IR S
5.55  5.79 5.78 Ly =Ly (45,.5,.5) Mg 5.40
. f Aé E‘Ai (. 32,.32,.32) Ml 5.52
| 6,6» o - K- Xy (1.,0. ,0. ) M 6.31
7.05 - 6.99 . T.02 8 - A, (.50,0.,0.) - o -
: RS | (band b to band 5) ‘ ﬁl - 6.99
| | I, -3 (,53,f§3,o.) M- 7,08
7.5 T 5 b - A (37,000) N
' ' (band 4 to band 6) - M 7.h5
B - by (051,0.,0.) |
~ (band ¥ to band 6) M 7.57
- - - >11F157-Ti$   v -dégeneraté;---  7.7§-
8.L5. - 8.35 “Volume efféct from =~ ~ - 8.35
S region around ' e
(.57,.36,.14)
(band L to band 6)
9.15 - 9.0 | 2, - Aé’(;29,,29,;29) M, 8.6k
' v '(bénd 3 to band 6) S
| Volume effect ' o s
{ (bands 3 to 6 and - = - 8.85
_ “bands 4 to 7) L A
9.75 9.8 9;6. Volume effect " S
‘ | (bands 3 to 6 and = - 9.5
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Table V. Calculated spin-~orbit splitting (in-eV) in the single~group
. notation for ZnTe, ZnSe and GalAs., Si was deleted because of
. its negligible spin-orbit splittings. The single spin-orbit
parameter was determined by adjusting the 15V splitting to
agree with experiment.

ZnTe ’ 7ZnSe GaAs

Moy 0.92 . 0.L5 ' 0.35
Ly | 0.58 B 0,29 0.23
.f'Xév h 07h6 0.5 | 0.12
i rléb- o 0.6 ©0.05 10.15

'1'93d', o 0.07 . »Q.02 ' 0.06
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TablevVI; Theoretlcal and experimental reflect1v1ty structure at 300°K and their
- 1dent1flcat10ns, 1nclud1ng 1ocat10n in the Brillouin zone, energy ‘and
~ symmetry of the calculeted: critical p01nts for ZnTe. See Ref. 35 for an
' explanatlon of the notation _ : S

Reflectivity.vf:  v v o ; Associated Transitiohs
- Structure (ev)" ’ ’ :

- c “1 " -’. ‘ T : ' ‘ ' Transition
Theéry Experlment_ Locat;pp 1g Zone . . | - Symmetry | fEnergy (ev)
2.20 — »Esfr6-,, My 2.21
-Te. Ty 3k
3,70 3.58 Lysbslg M 3:45
e A(8-10)(0.3,0.3,0.3) M 3.6L
k.15 3.99 Lelg  :, _ My k.03
b.30. . kag- A(6-1o)(o.3,o;3,o.3) M h.21
bh6s e 7—x6 FIETEEE TR My k.59
k.95 o2 A(8-1o)(o.5;o;io;)> | My k.93
5.25 == . K(8-9) My 3.26 -
5.5 . 5,51 . K(7-10) ”Md 5.35
o | | A(6-10)(0.5,0.,0.) M 5.39
£(7-10)(0.6,0.6,0.) M, 5.50
5.85 5.9 - ' A(B-lé)(ogs,o;,o.) Ml : 5.67
6.10 -—- . M6-12){0.6,0.,0.) M, 6.13
|  Vol. effect (7-12) and. (8- 11)
6 85 S 6 87 _ " from region. around B L .10
| S (0.6,0. 40.3) S
- | ;Volu effect (6-11)(0.6,0.4,0. 3) - T.28
7.65 ~7.58 Vol. effect (5-12)(0.6,0.4%,0.3) - AT
B © A(6-13)(0.4,0.4,0:k) . M T.ST
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Table VII. Theoretical and experimental reflectivity structure at 300°K and their
' identifications, including location in the Brillouin zone, energy, and
symmetry of the calculated critical points for ZnSe.  See Ref. 35 for an
explanation of the notation.

Reflectivity

Structure (eV) Associated Transitlons

Theory  Experiment Location Zone : Symmetry Trahsifion
: _ Energy (eV)

2,80‘ — | F8fr6 | ‘ M, 2.77
3.20 - P?fr6' ﬂ B My 3.22 |

L,72 k.75 Lh,LS—L6 | ' o My 4.53

- A(8-10)(0.3,0.3,0.3) ' M, 4.64

5.00 5.05 Ll - My L.82

| A(6-10)(0.3,0.3,0.3) M L9k

5.97 f 6.00 | x7-x6 : | S MQ | 5.92

6.20 _— A(8510)(O.6,0.,O.) : oM 6.11

6.47 6.50 A(6-10)(0.6,0.,0.) ' My 6.37

Comes chiefly from the sum of
A(8-10),2(7-9), and £(8-10)

‘transitions
6.62  6.63 1(7-9) and (8-10), both at M, 6.62
' (0.6,0.6,0.) :
7.10 T.25 A(8-12)(0.6,0. ,0.) . LM 7102
7.2 7.60 " A(6-12)(0.6,0.,0.) oM T7.28
7.67  1(6-12)(0.2,0.2,0.) . o, T7.60
7.88 ~7.80 Tg-Tg - 7.80
8.20 - , Vol. effect (8-12) and (7-11) 8.13 !
8.6 (0.6,0.5,0.2) _ )

8.50 ' L(8-12) _ - 8.51
Boss 8.9t Vol. erfect (5-12),(6-11),(5-11) , 8,80

and (6-12)(0.6,0.5,0.2)
A(8-14)(0.3,0.3,0.3) 8.69
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Table VIII. Theoretlcal and experlmental reflect1v1ty structure at 5°K and thelr
' 1dent1f1cat10ns, 1nclud1ng the location in the Brlllouln ‘zZone,y energy,
and symmetry of the calculated crltlcal p01nts for GaAs.

Reflectivity - Structure (ev) ' Associated Critidal Points |
Theéry‘v 'rﬁxpériﬁéht T chéfién in Zone . b':Symmetry' CP Energy(eV)
152 1.5  - 8;F6 (0.,0. 0) oM T 1
2.90 | e=m o L(4-5) (0.5,0. 5,0. .5) My 2.83
3.05 '*.' ' f3.b2 . ' _  ’A(h 5) (0. 2, o 2,0.2) : oM 3.02
3.25 3.2k AG5) (0.2,0.2,0. 2) . Ml' 3.25
h-35, SRR PL L o A(4-5) (obé,o. 0.) .Mb' 4.23
| hﬁso- - k.60 o A(3-5) (0;6,0;,0.) : MO‘. 4.36
o ; | | ‘__ A%-5) (er;o;,o.). Miv | 4.3
b8 R | S A(BQS) (0;2;0;;¢.) - : .:Ml" k.55
oh sl CI(5) (0.6,0.6,0.) M, .88
5.85 .. 5.91 i‘ o YA(h;6)V(O,S,o,,0,) o Mo . 5.67
| S M3-6) (0.5,0.,0.) oM s

. D. Sfurge,-Phys. Rev. 127, T68 (1962).

e SR A
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- TABLE IX. Theoretical and experimental reflectivity structure at 5°K and their
jdentifications, including the location in the Brillouin- zone, energy,
and symmetry ‘of the calculated crltlcal p01nts for Si.

‘Associated Critical Poi

Reflectivity Structure (eV) . nts
Theory Experiment Locatioﬁ_in Zone Symmetry  CP Energy (cV)
3.13 —— L(4~5) (0.5,0.5,0.5) MO 3.13
3.35 3.50 (4=5) transitions nesr --
. (0.3,0.3,0.2) -~ -- 3.26
1 “A(k-5) (0.1,0.,0.) - 3.k2
3.46 3.&5 A(L4-5) (0.1,0.1,0.1) M 3.46
3.68 3.66. (3-5) transitions’near ‘
(0.2,0.1,0.1) M, 3.77
h.ll - (4-5) transitions near
(1.0,0.,0.) Mi 3.97
b.22 k.30 (3-5) transitions near
| (0.3,0.2,0.1) -- 4.10
4,51 4,57 T(4-5) (0.4,0.4,0.) M, b.h1
5-38 5.48 _‘(h—6)ktranéitions near
| (0.6,0.4,0.3) - 5.29
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Table X. Fundamental gap of GaAs as functlon of temperature Experiment o
1 is due to F. Oswald (Ref. 52) Experiment 2 is due to M. D. : -
Sturge (Ref 53) ' - .

Temperaturé:(°K) Theory (eV) o Experiment’l'(eV)'~_ Experiment 2 (eV)

5 152 o 1.53 - 1.52
80 150 '1.&9 S 51
150 16 C1ds 1.49

225 1.1 12 1.46

'f 300 ' . ‘1.36,_“ o ‘1138_ e 1.43
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11.
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‘FIGURE CAPTIONS
Brillouin zome for fec lattice with symmetry points and lines.
Band structqre ovaaAe_along'the principle symmetry directions.
Theoretiea; eé(w)vfof Gals. _The:tail function begins at 8.85 V.
A comparieon of fheeretical and experimental R(w) for GaAs. The
experimehtal results are due tobPhillip and Ehrehreieh and appear
in Ref; 10. vThe tail function begins at 8.85 for Ez(w).
A,coﬁparison.for GaAs of theoretical AR/R(w) with thermoreflectance
measurements by Matatagul,'et al. (Ref. 17) |

Band structure of GaP along the pr1nc1ple symmetry directions.

Theoretical € (w) for GaP The tail function begins at 8,95 eV.

"~ A comparison of theoretical and experimental R(w) for GaP. The

experimental results are due to Phillip aﬁd Ehrenreich and appeaf
in Ref. 10. The tail function begins at 8.95 eV for Ez(w).
A comparisen‘for’GaP of theoretical AR/R(w) with thermoreflectance

measurements by Matatagui, et. al. (Ref. 1T).

Band structure for ZnS along the principle symmetry directions.

Theoretical Eg(w) for ZnS. The tail function begins at 10.95 eV.

A comparison of theoretical and experimental R(w) for ZnS. Experi-

‘ment 1 refers to Cardona and Harbeke (Ref. 12). Experimeht 2 refers

"to J. W. Baars (Ref. 15). The tail function begins at 10.95 V.

Band structure of ‘Gals along “the pr1nc1pal symmetry directions.
Spln—orblt 1nteract10ns have been 1ncluded
Band structure of ZnTe along the_principal symmetry. directions. Spin-

orbit interactions have been included.



15.

16.

17,

18."

19.

20.

21.

22..

23-

i
H
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Theoretiéal é (w)-for ZnTe, with ana'without_spin-orbit contributions.

.The tall functlon beglns at 8 83 eV

A comparison of theoretical and experlmental R(w) for ZnTe at 300°K.

The tall functlon beglns at 8. 83 eV Experlmental results are due to

Y Petroff

and M. Balkansk1 (Ref. 36)

A comparlson for ZnTe of theoretical R'(w)/R(w) ‘with thermo-reflec-

"tance measurements by Matatagul, et al (Ref 17) ‘The experlmental

measurements are multlplled by a_constant scale‘factor.

BanHTstructure fbernSe'aleng;the principal_symmetry directions.. Spin—

orhit'interaetiens have heen'included.

Theoretlcal € (w) for ZnSe, w1th and w1thout spln—orblt contrlbutlons.

"The tail functlon beglns at 9.93 eV

A comparlson of theoretlcal and experlmental R(w) for ZnSe at 300°K

'The experlmental results are due to Y. Petroff and M. Balkanskl (Ref.
"27) The tall functlon beglns at 9. 93 ev.

A comparlson for ZnSe of theoretical R'(w)/R(m) with thermo-reflec—'

tance measurements by Matatagul,‘et al. (Ref. 17). The experlmental

measurements are multlplled by a constant scale factor

vThe experlmental reflect1v1ty (percent) for ZnTe and ZnSe at 15°K

(Due to Petroff and Balkanskl, Ref. 36)

‘ vdlrect and

2k,

25.

A comparisbn of theoretical and experimental modulated reflectivity

for'GaAs.

identlfled

‘A compos1te €, (w) of dlrect tran31t10ns from O.to 6.4 eV, of 1nd1rect

: trans1tlons from 12.0 to lh 0 eV and of a llnear comblnatlon of

1nd1rect trans1tlons from 6.4 to 12,0 eV,

‘The theoretical reflectivity is calculated from eg(w) shovn in Fig.

The tran51tions whlch cause the major reflect1v1ty peaks are
The experlmental results are due to Zucca and Shen (Ref hl)

L Iri

#

23, The experimental R(w) ‘is due to Y. Petroff and M. Balkunski (Ref. 27).
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o7,

8.

29.

 30.

. 31.

32.

33.
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A compariéoh of theoretical and experimental modulated reflectivity

for Si.  ‘The transitions which cause the major reflectivity peaks

are idéﬁfified. The experimehtal'results are due to Zucca and

Shen (Ref. b1).

Plots of R'(w)/R{w) in the regions of the E  doublet peaks and the

Eg'major peak. Plots 1 through 5 refer to temperatures of.5, 80,

150, 225, and 300K, respectively. (Due to Zucca and Shen, Ref. AiT).

'Plots 6f the”expliéit'femperature_dependence of the experimental

El and"E2 refiecﬁivityvpeaksvand of the corresponding théoreiically
calculated, A(h_5),’; A‘(3*5.) and Z(h—s) transitions.

OurICalculatioh of the micfoééopic longitudinal dielectric function
§f silicon is éompared with the calculations by Srinivasan (Ref. 56)
and by Nara (Ref. 57).

Caléﬁlated miéroséobiéldieleétric fuﬁction of.Si»along two symmetry
directions. le(g)-for q along (1,1;0)vis'essentially the same as
for g along (1,0,0).

Calculated microscopi¢ dielectric. function of Ge along two symmetry

~

directions. e(q) for q along (1,1,0) is essentially the same as for

q along (1,0,0).

Calculated ﬁicroscopic.aielectric fﬁnctién;of GéAs along two symme-
try diféctions. e(g) for g albng.(l,l,o) is essentially the same
'as'for.g along (1,0,0); | |

Calcﬁlated microscopic,dieleétric function of ZnSe aiong two symﬁetry_

directions. ¢e(q) for q along (1,1,0) is essentially the same as

for q along (l,0,0).'



3k,
35,

36.

5;70_

Oriéhtafibn of contour plane‘with respect to the primitive cell

and the surroﬁnding atoms.

ot (e/8).

Contour plot for

|   uni£é Of'(e/&D.

37;,'
.

39,;
uo; |
 h1‘*

k2,

43,

Céhtéﬁr plot for

“units Ofi(e/g).

Contour plot for

'Band;_ ’

GaAs.

-ZnSe

Cénféu£ plot for Ge of_the3tbta1-valehqg-eIQCtron density in unitsl

of the total valence electron density in

of the tétal“valence»electron density in

'Ge.of_the electron density in the first valénée

thtbﬁrfbidt"foftdé of the eléétronbdensity in the fourth valence

band.

Contour plot for
‘band. .
Contour plot for

~band. .

Contour plot for

.band._

Contour plof for

GaAs
GaAs
Gals

ZnSé

[

of the electron denéity'in the first valenée
of the electron density in the second valence-
of thevelectron'density in-the fourth valence

of the hypothetical electron density in the

o ,firstLCOndugtion‘band..
bl

"Bonding charge versus Phillips' ioﬂicity scalé. The bonding chéfge L

'is in units of e per bond.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
 Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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