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ABSTRACT”

We have calculated the electronic energy band structure » the imaginary

: fﬂ'ﬁ'part of the frequency dependent dielectrlc function, the reflectivity, and

l)aithe modulated reflectrvity (derivative of the reflectrv1ty) for GaAs, GaP,

5*:v:90n of the'meaeured and calculated reflectivities are made. The calculated_f?fw

ot

ZnSe,,and ZnS us ing the Empirical,Pseudopotential Method. A direct comparie AT

y o

| derivative of the reflectivity spectrum is compared with thermo—reflectance‘f§wl,i?fﬁ

data.
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'Introduction

We have calculated the electronic energy band structure, the.imaginary

part of the frequency dependent dielectric function, e2(w), the reflectivity,:vﬁizv“*

R(w), and the modulated reflect1v1ty (derivative of the reflectivity), AR/R,_?fibffj;sr

for GaAs, GaP, ZnSe and ZnS using the Empirical Pseudopotential Method

'_(EPM). In_prev1ous,calculatlons 2 the imaginary part of the freqnency depeneti'
3;t,dent dielectric function, ep(w), was calculated and compared with experiment;;tljtl3t" ‘
FVHowever; since, the_reflectivity is the actual quantity measured; itvwes feltfiiid;i"””
f.that a direct comparison between measured and theoretic&lly calcnlated reflec{iii.nﬁf?;d
o tivity would be desirable. The main reason for wanting a comparison of this :*¥2y?:.
i&: type rather than an e2(w) comparison is that 1t is necessary to use an integral

“transform of the reflectiv1ty over a large energy range to obtain ea(w) and

the experimental reflect1v1ty is usually known only over a limited range of

' energy.~

. In the theoretical calculetion, ez(w) is obtained and & Kramers - Kronig
analy31s is still necessary, however, . there are several reasons for believ1ng
that the problems in this case are less severe. “First the experimental

pectrum may contain exciton effects and this may cause some structure to be - A

2't weighted in a manner such that a subseqnent comparison of thcory and experiment .

S is difficult. Second, it 1s usually possible to calculate the theoreticel.

ea(w) over a larger energy range than the experimental measurements and to u

' tail functions to accurately represent the- contributions from the higher bands.w
© Finally, surface effects can alter the heights of reflectivity peaks which, -
jﬁf"in turn, will cause energy shiftsvin the_ez(w) structure. No sncn effectsiare‘a'

o possible in the theory calculations.

Pseudopotential form factors for thesc crystals were obtained by Cohen




*vand Bergstresser (CB) uSing the EPM.: These form factors were obtained by

' |
'comparlson w1th the existlng optical data

;.these measurements and & direct comparison between the experimental and the ’V*ﬁ'

S /
L €2(w) and/ R(w) have been 1nvest1gated.
'fvthe reflect1v1ty and the modulated reflectivity. The latter is compared only
.'is that other methods, such as electroreflectance, involve & more complicatedlffwfw

’ variation of the reflectivity and consequently a simple derivative of the

‘v,type we have calculated is not appropriate for comparison.

' .

(1, 3- 6)

New measurements of the

(7-1 3)

optical propertles have been’ made 51nce that time. .The results of'

.t: theoretical R(w) were used to meke slight adJustments of ‘the CB form factorsﬁaf;_ﬁAjﬁﬁ

'We have made a critical point analysis to identify the optical structurelt:{%;flii

in terms of interband transitions., The symmetries'and positions in energy'of.ig‘

. the 1mportant ceritical n01nts have been determined and their contributlons togflsi;f

A comparison between theory and experiment shows good agreement for both.ftfs:;“_‘

- with'thermoreflectance data7 and not with other modulated reflectance data, ff]fft*"

e.g. electroreflectance. The reason for this restriction to thermo-reflectance’ '

'These form factors are then used to determine the electronlc energy bands ‘fﬁ:;?fr]A

'PT-Calculations

The EPM involves adgusting pseudopotential form factors to achieve good

':'agreement w1th experimental results for the prlnclpal optical transitions. _f}féfj?"4

on a fine mesh of p01nts in the Brillouin zone.

~ The pseudopotentlal Hamlltonian has the form‘

PR s WPt W

" The weak pseudopotentialvv(r) is expanded in the reciprocalilattice



flwherevg is a reciprocal lattice wector, 'V(G) can be conveniently expressed ...

fia'rwhere T = a/8 (lll) and a is the lattlce constant., In these calculatlons
. only the six form fa.ctors vS (111), vS (220), VS (311) vA (111 vA (200),"

; J?;jand VA (311) are allowed to be non-zero; i.e., zero values are taken for'fg

'“i;the 1maginary part of the dielectric function using

-et. al.,

~our nine band ca(w) cnlculatlon. - The tail function used is P

C

~~

_VY(Q) . VS(Q) cosg"ﬁ ifFiV"A.‘(G) ~sln'§". T (3)_‘”I

2

The solutlon of (l), using the form factors in (3), allows a calculatlon

ione,» The summation is over the highest three valence bands and the,lowest

"3_’G >'l2 and when the structure factors, cos G T and sin G . T, are zero. 7;ﬁfrzl.nf€.

xiof E(g) at many p01nts in the Brillouin zone. - ThlS permlts us to calculate ;Tfr'

ew) == f 5(E (k) - Ey(x) - Tw) [<u lv[u _| Ak, (B
‘e 3ﬂmamz c,v L2 AL
l:fwhere Uk v and. Uk o @&re the périodic parfs'of the walence'and conductionk‘5'%'}

"band wave functlons and the integration is performed over the entire Brlllouln |

six conduction bands. eg(m) is calculated precisely as described by Saslow;g'::

(2) with the one modlflcatlon that each cube 1s d1v1ded into 512 .

qpal subcubes.

An analytic tail replaces the calculated ee(w) for higher energies_ This:“

is done to account for the hlgh energy transitions whlch are not represented in

((02 ' 72 )’2

.




L R(w)

where r '1h 5 eV and 5.is”determined'by continuity'ﬁdﬁh:?ez(w)'atftheliFf
' energy where the tran31tions neglected in our band cut-off become 1mportant.:i gj?flw-n
The tail functlon beglns at 8. 85 eV for GaAs, 8. 95 for GaP, lo 85 - for

ZnSe, and 10 95 for ZnS. A Kramers Kronlg transformatlon glves cl(w),

thls function. together with ee(w) allows a calculation of the reflect1V1ty RS

The Cohen and Bergstresser pseudopotentlal form factors were used as our
startlng p01nt. By the process descrlbed above, we calculated e2(w) and

R(w) and then compared,R(w)vwith the experimental reflect1v1ty‘ Much of che

. gross detall was the same and thus the most 1mportant 1dent1f1catlons vere _’a -

d.,ea31ly made. By varying the form factors slightly we attempted to move the f?;f:i
.~»v major peaks to dgree more closely to experiment and to duplicateAthe finer  a;. ‘
i structure. The CB form factors wvere constreined in_the‘followiag W&y:'
the symmetric form factors_for GgAs‘and>ZnSe weré ade to_agree with.the4G¢fflfﬂ{”
,f d;po£en£ial; which_is in the same rowrof the Periodic Table; the GaP and 7nS :;;4;ff

..Sym@etric form'factors vere set equel to an‘average of the Group IV elemenﬁgl;[éfi?ol;

*fcorresp0nding to the rows involved, i.e. an average of Si‘and Ge. This v

'*': constraint was relaxed vhen we made our "flne" adgustment of the form factors.;; ' 

A comparlson of the CB form factors and those used 1n the present calculatlon R
:%_are given in Table I. ‘The largest variation is about 0. 02 Rydberg.

In order to Shlft the rellect1v1ty peaks or shoulders in a predictable
Jmanner, we had to determine the transitlons respon51ble for the majorﬂ
' contributions to these structures. This was done by ilnding the encrgy of -
the desired peak or shoulder on the en(w) graph and, then examining the contri-

" butions to € at that enexrgy from the constituent 1nterband trans1tlons.'



8 these bands throughout the Bllllouln zone. Partlcular attentlon was glven 0 3f'

gWhen ve. had determined the 1nterband transntlon contributlng the greatest ?Q}fﬁf

amount, e. g., band h to band 5, we examlned 8 table of energy dlfferences for f_l~uf

'”5”f'locating critical p01nts with energy in the v101nlty of the energy of the optlcal

:*t_structure, although volume effects and the relative size of the momentum

matrix elements were also used to determine the probable origin of the struc- S

s ture, the ultlmate test of tne correctness ot our lauelllng was to change B

“{;__the pseudopotentlal slightly, to note how the energy spllttlnb changed at thz:v.tff-,"fwl‘i

.- transition p01nt, and finally to see if the peak position changed by the sanm-;*%!

‘ liamount as the energy splitting. All'of thetprominent.reflectivity structurejnf

i
i

1was labelled by this procedure.

To further elucidate thls procedure, let us examine the large €2 peak

-"71;i whlch occurs at 4.7 eV for GaAs. - The value of e at that energy is 31.0.  '{}::“FﬂP
T“Fron our tables of 1nterband tran51t10ns the major contrlbutlons to that

* peak are bands (k- 5), 2.2, bands (3- 5), 2.7, bands (h-6), 1.k, with other'f:fv}f'-‘»
'}‘bands contrlbutlng even smaller amounts. Thus tran31t10ns from bands (L 5)

h lfﬁfare almost totally respon51ble for this peak.  An examlnation of the energy

B dlfferences between bands h and 5 throughout the Brillouin zone reveals that

an Mp crltlcal p01nt occurs along the 2 dlrectlon at 4. 76 ev W1th large

fft;? osc1llator strength. Furthermore, we observe that 1f by varylng the form facfvfﬁ;'jf_f
"”'?ftor,slightly the energy spllttlng at that p01nt is changed,by an amount A,
" then the position of theAeé peak changes by A with insignificant errorQ; We; L

~therefore conclude that the GaAs peak at 4.7 eV can be labelled by the

.ifltran31tion Zé Za

For the determinatlon of the form factors from the experlmental data,

’Vfi'51x structural features ofIl (w) are chosen as being partlcularly descrlptlve




.:_;‘- jo’: and Ajj = kg%—)o »- equation (5) may be written '. .

rnonlz.near proara.tmmng (l ) The functlon

of that frmcti‘on.v These structures :mclude the ba.sn.c gap and the ma.aor pea.ks.‘i'-'_'_f .

In order to determ.me how the form factors should be varleo., we use the o :"

. fol_'Lowlng express:.on_ H

t

' vwhere the FJ are the six non-zero CB- form factors and the E:. a.re the six :f' R
cha.racteristlc energy spl:.tt:mgs. (5—1;;1—- ) are the derivatlves of. the e
' ,cha.racterlstlc energy . splitt:mgs with respect to the form factors . eva.lua.ted A

) ‘__'«‘-at the CB form fa.ctors. The E; are the experimental characteristic spl:Ltt:Lngs'_t

e.nd the FJ are the ncw form fa.ctors. In practice this equatl_on is useful“ only_',.'v}.'

N .'iri the range {Fj - F;j°| < .01 Ry. If we define A Ey = B - Ei.O: AFJ- E‘:-quj ,;':

N P
8By = )_31 Ajy &F;,only if |&Fs| - .01 | (6

. The ta'ms AE are knowm a.ndtre temms Alj can be eas:.]y calcula.ted. Thls equa.tion v.:‘.":' '
' cannot be merely inverted because the LBy e.re sufflcient]y la.rge for some
vJ that IAFJI > .01, and consequentl,y the equa.t:xon (6) no longer correctly

‘ descrlbes the sltuat:.on. We therefore use a gra.d:.ent pro,)ection method of

6 6

_igl(AEi..jglAij ars)= D

‘15 a measure Of the goodness of the fit to the. experimental points. p is o

Vminlmzed subject to the constmmts ]AF I - .Ol. P must decrease if the ma.trlx

-
L



A is non-zero, but if P 1s stlll too large after this process is completed, ;‘Vf,;
the new form factors replace the old and the process 1s repeated.( We have
found 1t necessary to perform at least two iterations before satlsfactory

'”V:- ~ agreement is achleved between theory and eyperlment at the characterrstlc ax

~p01nts, This procedure does not guarantee that P can be made equal to zero
.x%‘,'but after each iteration P canvbe no l&rger than the previous P. Ve note, lf.dif"’f

"©" " nowever, that the final form factors do not necessarily constitute a unigque -

- solution to the problem. o

| For éaAs, the folloulnv s1x spllttlngs and 1dent1f1catlons are used tov
,characterz.ze R (w) 1‘15 - Ty (L.48 eV), Ly - Ly (2 68 eV) 2‘2 Zl
(l+ 75ev & - &y (u 6) (5. 55eV), volume effect (u 6) (6. 35ev), and -
L3 - Ly (6.40eV). ‘For GaP, Tys - Ty (2.80eV), 3= (3 KSev), Zp - )_‘,l ;
- (5. 12ev), volume effect (4 ~ 6) (6 52ev), - Iy (6. 60eV), and Ay - A3 SN

(6 60eV) For ZnSe, r‘15 - r‘l (2. 90eV), Ly - Ll (L. 7)eV), 2‘2 21 (6. 73eV),
Ab Ai (h ' 6) (7.00eV), volume effect (L - 6) (8 2)eV), and Ay - Ay . L
(8 'DeV) For ZnS, Ty5 - r‘:L (3. 72ev), Ly - Ll (5 55eV), 22 Zl (7. 00ev), f
% Al (!+ - 6) (7. 35ev), volume effect (4 --6) (8. 35ev), and Ay -.A3 (8 75ev)
Results | i | '
‘ The band structures in the prlnclpal symmetry directions and graphs of

selected optical functlons are shown in Figures 1. 15. Table I presents a”

comparlson ‘of the CB form factors and those derlved in this.work."Tdbles iI'-"Vrfixj-'i
' tabulate the important critical points for the four compounds.. | 8
' *d??;f-' Qgﬂé’ (Flgures 1-4) | -
P ‘The thrcshoid In e, (w) at 1.46eV is caused by 'Plg - trunsjtjons;eﬁ
Thc rise and peak in thc 2. ( - 3 lev rebion corrcsponds to L3 - L1 trdnsitionsuvf .

Cat 2.69eV and A3 - Al transrtlons at 2.93eV. The promlnent peak at h.7eV is




» fffff transitions in the v1c1n1ty of this _peak, The X} - X3 tran31t10ns at U, 59eV

77fand p

. entlrely by (4 - 6) transitions wlthln the Brmllou;n zone in the v1c1n1ty

_t_g;vv- ST

o caused almost enltrely by Zé Z& trans1t10ns in the vicinlty or (. 58,.58,0)

(units of En/a) Some contrlbutlon comes from the shoulder on the left 51de Ry

of the peak; this shoulder is attrlbuted to tran 1t10ns A5 A1 (M s1ngular1ty) ]q-gd

‘at b 10 ev, b - Al (Ml) at 4.23eV, and X X5 = Xy (Ml) at L, 3heV The (4 - 6) ;Z'j;ﬂ

tran81t10ns are in31gn1f1cant in their contrlbutlon relative to (h - ))

15 - 15 tran31t10ns at h. 82eV create no dlscernlble structure. Changlng

the energy spllttings for these tran51t10ns causes no notlceable change in

- the peak'structure. The small peak at 5.7eV is attributed to A; Al (4 - 6)

Ttran31tlons at 5. 69eV. The last major peak at 6. 35eV is caused almost

(5T, . 43, .29). Some contrlbution does come from L3'- L3 transltlons at

o §;h5¢v, but most of the contribution is from the volume effect. The shoulder

at 6.5eV is caused by 'A3 - A3 transitions,-and the last shoulder arises from_}*

alvolume effect.caused by (It - 7) transitions. I
Plots of both theoretlcal and experimental reflectlvity appear in Figure 3. %1;?

: The flrst peak after the small structure at threshold corresponds to the A . vvtj
.', peak occuring'at 3. lcV'in ee(w) The shouldcr on the main peak in the rerlectivi-j;;
.'ty corresponds to the shoulder on the main € peak and in general each plece of R

structure in the reflect1v1ty plot has 1ts counterpart on the e plot, dlsplaced ,ﬁ S

'f“by at most 0 25eV. The experlmental reflect1V1ty shows a doublet peak at 2. 90eV

e and 3. lhev whlch is attrlbuted to spin-orblt splitting. 1In addition, this peak

.has greater magnltude than the theoretical peak. This can be attributed to

exciton effects ;5’16 17

whlch can occur at this band edge for all four
.compounds under con51deration. Our theory does not take into account elther’

spin-orbit splitting or exciton effects. The agreement between theory and



" shoulder 1n the theoretlcal reflect1v1ty appears at 5 65eV. This cenvbe ff;fjf“

| li_structure which appears in the theoretlcal reflectivity. '

S rl’GaP (Figures 5 - 8)

iexperlment in the v1c1n1tJ of the maln peak is excellent. A shoulder appearsf

" in both the- experimental and theoretlcal reflect1v1ty at h heV. Another rc B

';seen in the data of Greenaway3at 5. 55eV and Vruhnubhatla and WOolley (l )

o ab 5.45ev. It is not present in the reflect1V1ty of Ehrenrelch and: Phllllp ( )_1111 '

Beyond 6.0eV the experlmental reflect1V1ty no longer shows the detalled ﬁ“7fef5'vww'v

. ‘The. AR/R () spectrumqsckumned.Irom thermoreflectance}meesuremente:1ev
_?jlby Matategul,et. al. (1) is compared W1th that obtaired directly from- ah :
}:j derivative of the theoretical reflectlvity. (uee Flg. L, ) Since the spectrum fﬁf? '
represents the derlvatlve of the reflect1v1ty, it magnlfles every kink 1n the L

“)grreflectivrty. Desplte‘this, the agreement belween experiment and theory for'ri“

rﬁ>this spectrum is quite good.

- The threshold in ez(w) at 2 «T9eV is caused by Fl5 - Pl tran51tlons. Theiij ‘;ta#

U pise and peak in the 3.4 - h.0ev reglon corresponds to L3 Ll transmtlons at ::'r'*ﬁ

L 3. 40eV and A3 - A transrtlons at 3. 76ev. The promlnent peak at 5. leV is

e caused almost entirely by Zé - Zi'transitions in the vicinity'of (,50,.50,0.);1'-_'f}‘f

" Some contribution comes from the shoulder on the left side ofvthe peak. This f“j;fcﬂ

.,shoulder is attributed to transitions xs - X, at 4.57eV, A5 & (M) at |
" %4.50eV, and As Al (My) at L. T2eV. Just as for GalAs, the (h 6) transmtlons'; ‘
 are negliglble compared to the (4 - 5) tran31t10ns in the v1c1nity of thls |

w'> pemk Xj - X3 trangltlono at L. 96eV and Pl) - l tran31t10ns at 5.23eV

" create no discernible structure. The peak at G.%eV is caused by (h»~ 6)”'

r'?'transitions in a volume with center at (.90, .13, .29). The Lé - Iy

,,transiﬁions_at,6.57cv also contribute to this peak; however, verying thefl,fT:'




energy splltting in the v101n1ty of ( 50, h3,.29) has cons1derably greater T

I
'lnfluence in changlng the pos1tlon of the peak than does a chanve in the

(L3 - L3 energyvspllttlng. The small peak at 6 TeV is attrlbuted to A3 - Al
: tranSitidns. The shoulder at 7.3eV is a volume effect caused by (h -7 .

- transitions.

The experimental reflectivity shows an exciton-enhanced peak at-3.7evghin' =

- f.‘good agreement with the theoretical peak at 3.7eV. The experimental~datadff:-'*”.”

: d‘”theory, but the peak helghts dlsagree somewhat . The experlmental peak at

. -exhibits a shoulder at h.6ev,'ﬁhieh corresponds to the theoretical result:of:;bf .

fi %.7eV. The maJor peak occurs at the same energy for both experlment and

- 6.9ev corresponds to the theoretical peaks at 6. 6 and 6. 9ev. Thepshoulder qf%%ﬁklz:

':‘1n the experlmental data at 7.hev corresponds to the theoretlcal peak at.-

: 7.5eV. The overall agreement between the experimental and theoretical reflecti; ﬁ;f;'

‘,f vity, especially with regard to peak positioning, is good.

| A comparlson of AR/R (w) and the thermoreflectance measurements appears

| 'f_ in'Flgure 8.

ERER ;-ZnSe (Flgures 9 - 12)

The threshold in ep (m) is caused by Pl) - Fl transitions at 2, 90eV. -
"gl'The rise and peak in the h 5 - b, 9eV region corresponds to L3 - Ll transitlons :

at L. 59eV and A3 - Al trans;tlons at k. 73eV. The prominent peak at 6. h5eV f

'.'_;‘15 caused by Ab 8 (Ml) tranultlons in the v1crn1ty of (. 64 O.,O )

' 'f' at 6.20eV and 22 Zl (M2) trans1t10ns in the Vr01n1ty of

“( 6&,.6& 0.) at 6 63eV. 'Xs - X transitions at 5. 9%eV contribute _4; ;
only.sllghtly to the peak. The small peak at 7.2eV is caused by (h-6 |
,ftransitions in the A direction at 7.06eV (Mo) and '7.23eV (Ml). Thenrf}

" shoulder at 7.55eV is attributed to (3-6) () transitions along ¥ at 7.48eV. .




-'f gllne-near L.  The peak at 8. 89eV is caused chiefly by (h- and (3 6)
% j7tran51t10ns in the A dlrectlon in the v1c1n1ty of (. 36,.36,.36) The | V
,: shoulder at 9.3SeV is caused by (3-7) transitions in a volume centered dtlv”;lfz

‘?’( l.t3,.1l+,.o7)

’° does not appear in the thcoretlcal reflecthlty-_ However, the X5 - Xi-

‘-shoulder appears at 7 6eV, correspondlng to a sllght shoulder at 7 55eV for o

the theoretlcal reflectivity.

Pl& - Pl5 tran51tlons occur at 7 Bhev. The peak at 8 2>eV is caused by (h—6)

l'iﬁl;tran51tlons in a volume centered at ( 6h,.h3,.29), whlch 1s along the KL "”ﬁ o

The theoretlcal and experlmental reflectivity appear in Flg. ll..'The~f‘“" g

.experlmental peak at h 85, corresponds to the spin-orbit split experlmental

L peak at h.?bev and 5.05eV. The theoretical peak is of the same maunltude as | L

::'tftne experimental peaks, but it is dlsplaced from the center of the two experl-,j A

nental peaks by .05eV. The next experimental peak occurs at 6.63eV and has _”{[}f*“

:"_the same shape and roughly the same magnltudc as the thcoretlcal peak at

. 6.65eV. The experlmental reflectivity shows a small peak at 6. 0eV which ;};,xf??i .

eif_crltlcal point at 5 99eV could explain it, since upln-orblt spllttlngs would "
ll“‘  sllghtly:flatten the bands at X. The thcoretlcal shoulder at 7.3eV corresponds ??f;>e
.-Le to the shoulder at 7.25eV in the expcrlmental data. The steeper slope of
| the low femperatuie data on the right eide of the main peak indicates that a
" low temperature study in the region of 6.9 - 7. 2eV might reveal a dip 51n1lar':

' to that appearing in the theoretical reflect1v1tyo Anothcr experlmental

The small peak 1n the experimental data at. 7 8eV is attrlbuted to Pl)-' l)

* transitions. Althoubh this peak does not appear in the theoretical ref]ect1v1tj,

vie cwpcct that thc »pmn~orb1t up]lttinb would J]utton the bundu near T and .

producc this small pecak. Uince the Lh001otncaj pcak ut 8. 3)cV ju causcd



- 4in the Adarectlon at 7.45ev and T.57eV. The peak sub51des with Pl5'- F15

'”'transitlons at 7.79eV. The peak at 8.35eV is caused by (4-6) transitions in |

o

.rby tran51t10ns near L, we expect the peak to be spln-orblt spllt in the
experlmental reflect1v1ty. The experlmental data does show two peaks at
_i 8.28eV and 8..6ev. The next,theoretical peak aﬁ 9.0%V is caused by Aa-A
’itransitione; the corresponding experimental beaks are spio-orbit split at H:iie:
.'f8 97 and 9.25eV. The somewhat flat theoretical peak at 9.6eV corresponds B

. ‘to the experlmental peak at 9. 7eV.

" The agreement between experiment ahd theory is good for ZnSe.:_in moeﬁelﬂj.“ §

" _cases the location of the structure in energy, the shape'of the structure:and;“'“‘:

'_the helght of the structure is the same for theory- and experlment

A comparlson of AR/R (w) and the thermoreflectance appears in Flgure 12.:Efj]g<ﬁ.

'j;_Zns (Figures 13-15)

| The threshold in 62(”) is caused by Ty5 - I transitions at 3. 7hev. The R

:riee and peak in then5.h -l5.7eV region 1s caused by L3 - Iy t;ans1tlons at
‘ ?B.hOeV and A3 - Al fransitions at 5.52ev.- The principai contributionsAto
 the peak at 7.0eV comes from Zé Za_tran51t10ns at 7.08eV located near |
| (. )h,.Sh 0.) and from b - tran51t10ns at 6. 99eV located near ( 50, 0.,0 ) ;“ii}
-_ TheAx5 - X trans1tions at 6. 3leV also contrlbute to the peak, causing the !

- slight bulge at 6 5eV. The small peak at 7.5eV is caused by (L4-6) tran31t10ns o

a volume centered at (.57,.36,.14). Although L3 - L3 transitions also occur at

" 18.35eV, changing the energy splitting has negligible effect on the.peak,

whereas changing the splitting in the vieinity of (. 57,.36,.lh)does chanoe the posi-

tion of the peak by an amount equal tothe change in ’rhe splitting. Thc peak at 8.6ev 3 is




":Q:Tpieces or structure at 8 85 and 9 5 eV are attrlbuted to (3 6) and (h-

ta“caused prlncipally by (3- transitlons in the A dlrection.i The next two

'f?volume tran51tlons. -
o 6 9 ' e
The data of Cardona and Harbeke and of Baars show a small peak at 3. 7eV.‘_' o
 The theoretlcalvcounterpart is a bump at 3.8eV. The experlmental data show5v‘2”

:-en exciton-enhanced.peak at 5.8¢eV. The theoretical‘peak oceurs at»5.6ev;v

ffg1v1ng only falr agreement with experiment. The main theoretical peakvoccursbf{fj“

R 7;05eV;;the measured value is 6.99eV 6 and 7 02ev 9. Shoulders appear in‘gﬁi?ffflwb

: - the experﬁmental data at 7.4 and 7.9 eV for Cardona and Harbeke and at T.5eV i

" for Baars;' The corresponding theoretical shoulder occurs at 7.55eV. Cerdona;i:‘ffitj(’

. >¢"j and Harbeke find a 7.9eV shoulder vhich does not appear in the theoreticalv

vresults or in Baars' data, so0 1t must remaln uneyplalned for the present. ,
jt Baars! data exhiblts peaks at 8. 3), 9.0, and 9. 6eV, vhich are in good agree-.u.
' e';iment with the theoretical peaks at 8.45, 9.15, and 9.75eV. The data of Cardona ;bi; ;
bgnland Harbeke has only one peak in thls region at 9.8eV. ' | '
| Ve cons1der the agreement between experlment and theory to dbe only "falr
-tcompared wlth the egreement achleved for the other crystals. However, we. |
‘Q‘should point.out'that there is only fair agreement between the experiments o

:  themselves. No thermo-reflectance data was available for ZnS; a theoretical -

o curve for AR/R was therefore not calculated.

Di.scussion

Ve have obtained good agreement between measured and calculated reflect1v1ty:@iff.‘

fiand between modulated reflectlvity and thermoreflectance The agreement appears F'“f

‘uTlvgood enough to 1ndlcate that our 1dent1f1c&tlons of the 1mportant trans1t10ns

- are substantlally correct and that our band structure is accurate 1n ‘the "

‘ G;realon near the fundamental gap.



- consistent with photocmission yield data for GaAs

j with the electroreflectance measurements of Thompson, et.

" The results for CaAs and GaP are good. One p01nt that should be dlscussediiw SR
~in detall is Lhat in our calculatlons for GaAs and GaP,the shoulder on the H
Ao energy side of the main Y peak of ee(w) is caused by (h-5) tran31t10ns S

ﬂ_along A and at X, and that the T -'Plj transitions do not contribute

)

- significantly. A cereful study of our bund structure reveals'that it is

(10,28) " 55 ‘ghe vacuwm .

1ovel (*®) 15 1overeq, the' first small peak is caused by (4-6) tramsitions. -

at 4.60 ev along zlat ( l),-l),O ). The photoemis sion yield peak becomes ?i':"' 5
larger and shifts its center from 4.65 to 450 eV because of (h-6) tran31tionsf'f:i3;:b

.along A (Wlth an average energy of kL.leV) and the beglnnlng of massive (h—5)

transitions along both A and Y. Eden ( 0

* the range of k. 6 ‘to 4.8 eV for GaAs, in good agreement vith our value of
"fh.SeV, and he estimates a value in the range of h 8 to 5 2eV'for GaP, as

. conpared with our value of 5 2eV. If we allow for a small spln-orblt spllttlng

of bands 3 and h along the A direction, our band structure is also con81stent

ar, (T
~ The avallablllty of new and precrse data for ZnSe has enabled us to apply
the EPM to explore the detalls in the reflect1v1ty spectrum. The agreement

between the calculated and measured reflect1v1ty is very good. We belleve

the only real differences arise from spln-orblt contributions, ‘and we plan

'to add spin-orbit terms in tne near future to test this conclu31on.

For Zns thc flttlng proccdure was difficult becauue the experlments dlffer\.f

‘,. by a fair amount. In fact, the dlfferences bctwcen experlments is greatcr _

than that between the LhcorJ and cither expcrrmcnt. The abreemcnt is only

“fuir.

TFor all four crystals the culculated reflectivity at high enargies hesge _f“¥

estlmates that Fi5 - Ty5 lies in 'f%):ftrﬂ..




' ,-\.‘ IR
> .‘ B

';greater magnltude than the measured reflectivity., Assﬁminc.the”eXberiﬁeﬁtai,§j?:7"

o measurements .are accurate in thls region, one possibillty is that the

74pseudo-wave—functions maght not glve accurate oscillator strengths at

'fff:hlgher energies.v Another poss;blllty is thatnthe hlgh—energy,set of

”vcalculated eé

- ZnSe and ZnS) should be smaller in magnitude and smeared over a slightlygsf.e‘"‘

peaks (located at 6-TeV for GaAs and GaP and at 8-10eV fof e;f-£ f‘»

‘  larger area, which might occur if we were to include indirect'transitions'v; T

‘and life-time effects. (The steep slope followed by the small magnitude f{:r5T
f.;;of €2(w)/0n the high?energy gside of these peaks is essentially what |
l-’lcauses he high.reflectivity.)

A!comparison shows that the pseudopetentials for gallium~and zine are?:
;in reasonable agreement. with the model. potentials of Animalu and Heine
'E‘The agreement is not precise because our pseudopotential takes into

7, 'account crystalline effect and is constrained equal to zero for G2 <1l
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Table CaptionS‘;;jt' ‘ | |
:'I A comparlson of the GaAs, GaP, ZnSe, and ZnS form factors (1n Ry) used

" in the present work (on top) w;th those used in Ref. l.

‘II. Theoretical and experimental reflectivity structure and their identifics-’

" tions, including the location in the Brillouin zone,energy, and symmetry of 7',ﬂ

y;the calculated criticai points for GaAs. The experimental_results are due to-:.

. H. .Philipp and H. Ehrenreich_and appear in”Ref. 10.

7}{”'111. Theoretlcal and experlmental reflectiv1ty structure and their 1dent1fica:ifg:f*

"tlons, includlng the locatlon 1n the Brlllouln zone energy, and symmetry of -

‘the calculated critlcal points for GaP. The experlmental'results @re due.to T

H. Philipp and H. Ehrenrelch and appear 1n Ref. lO.

°;'IV. Theoretical and experimental reflectivity structure»end their identificaéifj;fii

‘tions, including the locatlon in the Brlllouln zone, energy, and symmetry of -

::'the_calculated critical points’ for ZnSe. The experlmental results are due to :?';

! Y. Petroff and M. Balkanski (Ref. 13).

””',V' Theoretical and experimental reflectivity structure and their identifica-
| tions, including the location in the Brillouin zone, energy, and symmetry of ~

‘the calculated crltlcal p01ntu for ZnS. Experiment 1 refers'to Aven, Marple, =

and Segall (Ref. 5). Experlment 2 refers to J. W. Baars (Ref. 9)
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-~ .Reflectivity

Structure (eV) .

ST oaey ot

h_i Table II  GaAs |

Associated Critical Points . . . ¢

Experiment

‘Location in Zone

Symmetry

Theory

1.48

Py5 - Tp (0.,0.,0.)

My

'CP-Enérgy(évjz,f: 

S 1.6

'2.88,3;15

(spin orbit)

Ly - Ly (.5,.5,.5)

"

2,69

A3 - A3 (.21,.21,.21)

S 2.93

DRI DS DI A e

4.55

&5 - & (.60,0,0.)

{sand 4 to band 5)

4.10

x") - Xl (l-v,()-o ,00)

b3

- R : "*085

5.00

(Band & to baﬁd'b)‘

by - By (.35,‘0.,0.)-'

L.23°

Yo - 21 (.58,.58,0.)

L6

e

5.55%

A5 ;_Ai (.50,0.,0.)

(band b4 to band 6)

6.15

6.6

~ volume effect from
‘region around'v
(.57,.43.,29)

_ (band b4 to band 6)

Ly - I3(.5,.5,.5)

R R

5 l'”f*l6ﬁ75 o

: 5}6 —

Ag - A3(.h3,.h3{.h3)
band 3 to band 6 and

band 4 to band 7

‘6;51f"_‘:f =

A3 - A3 (.03,.43,.43)
bgnd h3to band 6

' 6.5ll'jfff’:

' %This shoulder appears in data of Greenaway (Ref. 3)




. Reflectivity

2 R

;1iifﬁﬁTable}1111 ﬁ;Gan ﬁ1

Structﬁré‘(eV)'.:i E

Theory

Experiment

" Associated Critical Points =

- 2,80

v.Loéatibn in Zone = - 'Syﬁmetryf”;d

=r15_- ry (0.,0.,0.) | M)

cP mergy (V)

2.79

3.70

3.70

I3 - Ly (+5,.5,.5) Mo

| S I
B gt gy o e o, g e

Ay - Ay (415,.15,.15) | M)

3.76  

b7

k.6

B - By (.71,0.,0.) | M,
(Band 4 to band 5)

.50

X5 - Xy (1:,0,.00) ) My

,4-57 .

_.?_5.3

5.3,

25 - & (.30,0,0) | Mg
(Band & to band 5)

k.72

T, - By (.50,.50,0.) | My

5.20

6.9

=

volume effect from
region around »
(.50,.&3,.29) | o= o

i (band 4 to band 6) -

6.5

Ly - Lo (‘5"?"5)';“ My o

69

A3 = A3.('37)-37:~37)

band 3 to band 6 ﬁnd:i

‘band b to band 7 | My

6.68

A3 - A (:37,:37,.37)

band b to band 6 | M

6.68




" Reflectivity

Structure (ev)

e

L madleTv . T

o 517'Associated;Criﬁi¢al??§inpsEF::Ffiﬁﬂé;fvéif

Theory Experiment 

'iﬁbéétioh;in Zone

vafEnefgyf(év

> 7;{‘v

2.9

2.9

Ty5 - Ty (0.,0.50)

2;90 1 F

.85 | %.75,5.05

Iy - Iy (555,00

TR

~ (spin orbit)

Ay - Ay (31,935,030

IS

6.00

X-

5 f x1,(1"°'?°‘)

75,99 S

T 6.55

6.63

JA%S

Ay - By (-65,0.,0.)

(Band U4 to band 5)

_v6.2o.15f;-v ’

L, - I, (.64.,64,0.)

"(Band k& to band.5)

T 7.25;,

b = Ai>(.&1,o;;o.)

(Band 4 to band 6)

(Band 4 to band 6)

o ;'ﬁ5;3—72fm(757;6:;6;)~m”'f.

T T

TRy

Lo |16

I - % (.20,0.,0.)

" (band 3 to band 6)

18

s - Tas (0-,0.,0.)

8B

8f28,8.h6_ '

(spin orbit)

‘volume effect from
régipn around -
(.64,.43,.29)
(Band 4 to band 6)

1 3,25;‘l_<i,%:a p‘ 7

~v.ﬁ,:9.05.

. 8.97,9.25

(spin orbit)

Ay - A (.36,.36,.36)
(Band 4 to band 7)

Ay -
(band 3 to band 6)

A3 (.36,.36,.36)|

a~

9.7

volume effect from
;regioh around
'(.H3,;1h,.07j
~(Band 3 to band 7)




~Structure (eV)

T gble v

R Rof]cctivity i e

ms

Asoociated Critical Points '

f-Theory

Experlment X

Experiment'é

" Location in Zone f

: Symmetry :

CP Energy(eV) |

3.8

3,66,3.76 '

(spin orbit)

3.68,3.75

(spin orbit)_

3.7

ROV P

2:79

L3 - Ll( ’5’ D, 05) |

5.40

‘A3 - Al (032)-32)‘32)

D.02

6.6

X5 - X (1.,0.,0.)

6.3 -

- 7.05

Ay - & (.50,0.,0.)
{band 4 to band 5)

6.99 -

22 - Z]_ -(-53;-53)0')

©7.08

’ o 7¢55

7.4

?5 & (.37,0.,0.)
band 4 to band 6)

7?h5‘.”

- (band % to band 6)

ﬁr - Ll ( ) .0. ,O_)

M

7.57

T15 - T15

degenerate

7.79

. 80&5'v )

8.35,1"

§olume effect from
region around

(.57,.36,.14)
(band 4 to band 6)

-

8.35

o 9015

9.0

"(band 3 to band 6)

Ay - Ay (-29,.29,.29)

8.6u_,',"

Volume effect

bands !t to T)

,';': '(bands 3.tb 6 and - | 8.85‘?; 
 1 ‘; bands k4 tov7) o '
“:}'9;75 : 9.8  §a5‘  Volume effect .
| o " (vands 3 to 6 aﬁd a - | 9;5_..-'
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"-texperlmental results are due to Y. Petroff and M. Balkanskl (Ref. 13)

'1I»12{.“

Theoretlcal eg(w) for GaAs. The tall functlon beglns at 8. 85 e&._;:p:?7i,t%;
}A compar:son of theoretlcal and eyperlmental R(m) for GaAs.- The experi-ra
_-,mental results are due to PhlllppzuﬁiEhrenr01ch and appear 1n Ref. lO..;vihivs
,»The tail function beglns at 8.85 for ey(w). r,

“A comparlson for GaAs of theoretlcal AR/R(w) with thermoreflectance -
:;measurements by Matatacul, et al. (Ref. 11). ' ' ' };‘efr;;3fféf;;v

. Band structure of GaP a]ong the. prlnclple symmetry dlrectlons.
A comparlson of theoretlcal and experlmental R(m) for GaP. The experl-'t FRNE
"mental results are due to Phlllpp and Ehrenreich .and appear in Ref. lo. AT

N The tail function begins at 8. 95 eV for ee(w)

_ measurements by Matatagul, et. al. (Ref. 11).

_Band structure of ZnSe along the principle ymmetry dlrectlons.
A comparison of theoret1cal and experimental R(m) for ZnSe. The

" The tail functlon begins at 10.85 eV for €2 (). ". "'.*f}?;tﬁffif?ﬂf'sp

A comparlson ‘for ZnSe of theoretical AR/R(w) with thermoreflectance »A;,3"' '

.'measurements by Matatagui, et. al, (Ref. 11).

, Theoretlcal 52(”) for &nS. The tall function begnns at 10. 9)eVQ‘

Do T

' Figure Captlons

Band structure of GaAs along the pr1nc1ple symmetry directlons. o

Theoret1ca1 ea(w) for GaP. The tail functlon beglns at 8. 95 eV.

-

A comparison for GaP of theoretlcal AR/R(w) with thermoreflectance

Theoretical eg(u) for ZnSe. The tall functlon beglns at 10 85eV. .

Band structure for Znu along the principle symmetry dlrectlons.

A comparlson of theoret:cal “and eyperlmenta1 R(m) for Zno. Fxperimcnt 1,1
refers to Aven, ct.ul. (Ref. )) Experlment 2 referu to J w Baurs (Ref.:f);e]”

The tall function beglns at 10. 95 eV. S 3 o A o : . -'N!_'f - Bl




I ¢

Rl




40

32~

| .. '. é__z.(‘.")

. Energy (eV)




Tawh

iy

1

f ol

Energy(eV) ".

1 S
o

osr
0.7 —
5

jun!j'gj":)o:) uodo[joy




e -28-

i ¥ OV
——————- & W A e N WL S

A RE INIWRIIXT

"AYOIHL

e e =D s e s e

|

— oz

B o ¥

(4

N
o o

o .~
| (sytun /(Jta;i;gq;o)'».a/ Ly 7’:‘.7

§°0-






. I .. b . . ,‘, . r . A . - o .“, to ”;. N - . . . - . v LT e : ) o - . R

20

2

. Fia 6




R X

-

3
—

/. kzus:

NEE

7f’,f‘»-_h:,:uqip“!”003 Qog}ﬁa”og vv

e

0

VIFt'q.T



8

R 'Y

o
Leee st N
»-\ ’
..'
I
-..-‘ .
:
‘.

— - moO N

.
o : H 0
d .
NS .

N INIWR

3

QXm_ |

— 80

— 0°Z

A FI‘A



P




20

umeimpipr e g 4

18 |-

6 7. 8 9
. Energy {eV) -

n

1213 :

e T




ﬁ>ov xmym.cm )
| , ;
, _.,,

ST —70

o

90

Ud1d1Ja0d UOoIdO||0Y



S T

9

(As) ABsoug

¢

- e s 808 0 e el bt

\A‘.— -

e @
—— : T
o s RS e

T -

/ N

- — -

*(snun_Aipanqun) ¥/4v






-~ 20

N 14

- &lw)

38

g -

45 6 7 8. 9

o _tEne'rgv_y: (eV) ;  |

Fkg;"‘4*



T (pe) ABasug

Sg )

9

|

o aNawzexa

_

S e e o

co ——n_.._.«.._l.._... :

19°0.

| ‘-'vub.!:"!j}(’oa ;idgi)é|}c»3 o



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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