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; .. ABSTRACT 

We have. calculated the electronic energy band. structure,the. imaginary 
" .. : ~ 

'.' part: of the frequency dependent ,dielectric function, the r~flectivity, and 

, the 'modulated reflectivity (derivative of the reflectivity) for GaAs,GaP, 

<,' 'f'· 

. .~ ...... 

", " 

.' ' : ~ . ' 

ZnSe, and ZnSusing the Empirical,Pseudopotential Method. A direct compari~ 
1 

son of the measured and calculated reflectivities are made. The calculated 

derivative of the reflectivity spectrum is compared with thermo-reflectance 

data. 
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· Introduction 
.', ' 

We nave calculated the electronic energy band structure ~ , the. 'imaginary';" 
, '.' .' . " 

. :' .. , 

part of the frequency dependent dielectric function, '€2(w),thereflectivity, 
'I ' 

" ' 

· ,R(w), and the modulated reflectivity (derivative of the reflectivity), M/R," , 
• ". !.' 

'for GaAs, GaP, ZnSe and ZnS using the Empirical Pseudopotential fv!ethod I 

(EPM). In previous, calculations 2 the imaginary part of the frequency dep~n- " 

· dent dielectric function, €2(w), was calculated and compared with experiment. 

However', since, the reflectivity i,s the actual quantity measured, it was felt' 

that a direct comparison bctween measured and theoretically calculated reflec-

, tivity would be desirable. The main reason for wanting a comparison of this 

type rather than an €2(w) comparison is that it is necessary to use an integral 

, transform of the reflectivity over a large energy range to obtain €2(w) and 

C." 
the experimental reflectivity is usually known only over a limited range of 

· energy., 

'., ; 

In the theoretical calculation, E:2(w) is obtained ~d a }{ramel's - -}{ronig 

, 'analysis is still necessary; however, there are several reasons for believing 

that the problems in this case are less severe. ,First the experimental 

'spectrum may contain exciton effects and this ~ cause some structure to be 

weighted in a manner such that a subsequent comparison of theory and experiment 

is difficult. Second, it is usuaUy possible to calculate the theoretical 

£2(w) over a larger energy range than the experimental m~asurements and to use 

tail functions ,to accurately represent the' contributions from the higher bands., 

,Finally, surface effects can alter the heights of reflectivity peaks which, 

~ , in turn, will cause energy shifts in the €2(w) structure. No such effects are 

possible in the theory calculations. 

Pseudopotcnt1al form facto'rs for these cryatala were obtained by Cohen 
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" and Bergstresserl (CB) using, the EPM. These'fO"rin factors~~re, obtained by (:, ',' 

. corrrpari~on with the··exi'st~~g o~t~cal data (i,3-6).· New measurements ofthe,J" 

. ' 
r~~' : ' . .>:: ,-

opticali'properties have been made C7-l3 ) si~ce that time. The results of .,:., 

.. , 
.' ~. .. 

.;" .. ,: 
, .. "'. 

these measurements and a direct comparison between the experimental and the 

theoreticalR(w) were used to make slight adjustments of the CB form factors.' .. ' ". 

, We have made a critical point analysis to identifY the optical structure 

in terms of interband transitions •. The synunetries and positions in energy of 

the important critical points have been determined and their contributions to 
i 

." ". 

:.-, . 

E2(w) and/R(W) have been investigated. 
'. ", . 

.. A c9mparison between theory and experiment shows good agreement for both 
i 

the reflectivity and the modulated reflectivity.' The latter' is compared only 

with thermoreflectance data7 and not with other modulated reflectance data, 
'.:' :. 

e.g.electroreflec'tance. The reason for this restriction to thermo-reflectance:' " 
." . 

is that other methods, such as electroreflectance, involve a more complicated 

variation of the reflectivity and consequently a simple derivative of the 

.. type we have calculated is not appropriate for comparison. 
.' . ~ 

~ . " . 

. ' . 

. Calculations 

The EPM involves adjusting pseudopotential form factors to achieve good , ~ 
'. . 

agreement with experimental results for the principal optical tranSitions. 
'j •. 

These form factors are then used to determine the electronic energy bands 

on a fine mesh of points in the Brillouin zone • 

. The 'pseudopotential Hamiltonian has the form 

2 . 
H = -~ ~ + VCr) . 2m ' ...... (1) 

. The weak pseudopotential VCr) is expanded jn the reciprocal lattice 
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vCr) ,~"L ~(G) e 
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",-.;" 

" ~3-
. ~ )" '''~ , 

- '.' ~ .. -

.. 1 G' ., r" 
.... ' IV .. ' ~ j: , , : • "' •.. ' ~ 

;,' 

,: . 

where G is 'a reciprocal lattice vector. 'V(G) can be ~onven1entlY express'ed ' ' .... ' .... 

as 

T ... i vA (G)B1n G • T 
.... IV .... 

(3) cos G • .... 

where T - =a/8 (111) and a is the lattice "constant., ,In these calculations, 

only the six form factors'; (ill),'; (220), yS (311), vA {lllf, vA (200)' 

'and vA (311) are allowed to be non-zero; i. e ., zero val~e s are taken for" 

, G2 > 12 and when the structure factors, cos G • T and sin G • T, are zero. 
'" "v ,..., #'ttl 

,,",:." 
''''.-

... ' 

" , 

The solution of (1), using the form factors in (3), allows a calculation' , " 

, ,of E~) at many points in the Brillouin zone. This permits us to calculate 

the imaginary part of the dielectric function using 
, " 

,"'!" -' 

, ~(w) 

, " where Uk and Uk c are the periodic parts of the valence and conduction _,v '_' , 
,band wave functions and the integration is performed over the entire Brillouin 

zone. The summation is over the highest three valence bands and the lowest 

six conduction bands. €2(w) is calculated precisely as described by Saslow, 

et. al., (2) with the one modification that each cube is divided into 512 

,equal subcubes. 

An analytic tail replaces the calculated €2(w) for higher energies. This 

'. ~, 

is done to account for the hieh energy transitions which are not represented in 

our nine band ~~""------' , 
«.12 • y2)2 

(2(1.1) calculation. ' The tnl1. function uned :Is 
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where r =4.5 eV and f3 j,s 'determined by continuityw1th' E2(W) at'the 

energy-where, the transitions neglected in our band cut-off become important •.. 

The tail function begins at 8.85 eVfor GaAs,8.95 for GaP, 10.85 for 

", ( 

.... 

... 
':'" 

. ' 
ZnSe, and ,10.95 for ZnS. A Kramers-Kronig transformation gives £1 (w);, 

this function together with E2(w) allows a calculation of the reflectivity 
', ..... I., 

", " . 

H(W). 

.- ~ .. 
The Cohen and Bergstresser pseudopotential, form factors were used as our" 

starting point. B,y the process d~~cribed above, we calculated ~(~) and 

R(w) and then compared,R(w) with the experimental reflectivity. Much of 'che 

, gross detail was the same 'and thus the most important identifications were 

easily made. B,y varying the form factors slightly we attempted to move the 

major peaks to agree more closely to experiment and to duplicate the finer 

structure. The CB form factors "Tere constrained in the following wa:y: 

the symmetric form factors for GaAs and ZnSe were made to agree with the Ge 
.'", 

,'potential, which, is in the same row of the Periodic Table; the GaP and Zns
J 

: 

,symmetric form factors were set equal to an average of the Group IV elements, 

. corresponding to the rows involved, Le., an average of Si and Ge. This 

constraint was relaxed "Then we made our "fine" adjustment of, the form fa.ctors. 

A comparison of the CB form factors and those used in the present calculation 

are given in Table 1. The largest variation is about 0,.02 Ryp,berg. 

In order to shift the reflectivity peaks or shoulders in a P!edictable 

,', ,manner, we had t~ determine the transitions responsible for the maj or 

contributions to thcse r.tru<.:tures. This was d,one by f1.nd1.ng thc energy of . , 

the desired peak or shoulder on the €2(w) graph and,then exwrlning the contri-

butions to £2 at that energy from the constituent interband transitions. 
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. When "fe,had deterinined the'interband transition contributing the greatest . I ' 
amount ,I e.g., band 4 to band 5, we examined a table of energy differences for 

I ' 

! 

these bands throughout the Brillouin zone • Particular attention was given to' 
. '. ' ..... ,. 

" locating critical points with energy in the vicinity of the energy of the optical 

structure, although volume effects and the relative size of the momentwn 

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

ture; the ultimate test of tne correctness 01' ourla'uelling was to change 

the pseudopotential slightly, to note hm'l the energy spli'tting changed at that' 

transitiohpoint, and finally to see if the peak position changed by the sa.'ll€! 

amount a~ the energy splitting. All of the prominent reflectivity structure'" 

was ,labelled by this procedure. 

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

l'Thich occurs at 4.7 eV for GaAs. The value of €2 at that energy is 31.0. 
, 

FrOt} our tables of interband transitions the major contributions to that. " 

peak are bands (4,,:,,5), 26.2, bands (3-5), 2.7, bands (4-6), 1.4, with other 

bands contributing even smaller amount~. Thus transitions from bands (4-5) 

... are almost totally responsible for this peak. An examination of the energy" 

differences between bands 4 and 5 throughout the Brillouin zone reveals that, 

an ~ critical point occurs along the L direction at 4.76 eVwith large 

osci~ator strength. Furthermore, we observe that if by varying the form fac­

.... tor slightly the energy splitting at that point is changed. by an amount 6., 

then the position of the €2 peak changes by 6. vIi th insignificant error. We 

. therefore conclude that the, G..'\As peak at !~. 7 eV can be labelled by the 

transition ~'- L..t • 
For, the determination of the form factors from the experimental data, 

six structural features ofR (w) are chosen as being pa.:rticularly descriptive' 
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of that £unction. These structures include the basic gap and the' major pe~S •. ' 
,. 

In order to determine how the form factors should be varied, we use :the 

follovTing expression: , ': ..', 

" " .. 

F· , 0) . 
J . (5 ) 

, -. 

where th~ FjOare the six non-zero CBform factors and theEio are the six. -, . 
. . . 

. characteristic. energy splittings • are the derivatives of the 

. characteristic energysplittings with respect to the form factors, evaluated. 

" 'at the CB form factors. The Ei are the experimental characteristic splittings ," 

and the F j are the new form factors~ In practice this equation is. useful.only. 

in the range fFj - FjOI :::: .01 Ry. If we define b. Ei - E;t - Eio, ~j ==' Fj' 

o ___ (~FEJi. )0 ,. equation ( ) . - Fj , and Aij ~ 5 llla¥ be loTritten 

(6) ..... 

, " 

The terms, 6Ei are known and tm terms Aij can be easily calculated. This equation 
.; 

'.\'. 

" cannot be mere~ inverted because the 6Ei are sufficiently large for some 

'j that' . I~j I> .01, and consequently the eqUIltion (6) no longer correctly 

describes the situation. \ole therefore use a gradient projection method of 

nonlinear programming. (14) The function 

', .. ":-

.'~ . 

·t. 

is. a measure of the goodness of the fit to the . experimental points •. Pis' 

<. 
minimized subject to the constraints l6Fjl _ .01. P must decrease if the matrix' 

'j 

,.' 

" .' 

" , 

-' !' 
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A isnon'.zero
" 

but if P is'still too l~re;e after this process is completed; , 
.' .'. ,.! .'. . .: .. ' , ..... ;." .:. . ".' . '.' ."' .. '.' 
. the new! form factors replace the. old and the process is repeated. We have 

: ' 
. ' .' 

found it necessary to perform at least two iterations before satisfactory. 
, :-. , ~. ,,, " 

agreement is achieved be~~een theory and experiment at the characteristic ".'" 

.' points. This procedure does not guarantee that P can be made equal to zero v 

, but after each iteration' P can be no larger than the previous P. ~le note, 

hm'rever, that the final form factors do not necessari~ constitute a unique 
.. ,'" 

'" " ' 
. . 

, t ' " 
"', . solution to the problem. ,'.':.' ',"., 

, .. ,,' 

, . ". . For ~s, the foll~ing six splittings and identifications are used to 

I· : 
characterize H (w):1'15 - 1'1 (1.48 eV), L

3 
... Ll (2.68 eV), ~ ... ;. 

(4:75eV), ~ - ~ (4 - 6) (5.55eV), volume effect (4 - 6) (6.35eV), and' 

.~ - L3 (6.40eV) •. For GaP, 1'15 - 1'1 (2.80eV), .~ - Ll .(3. 45eV), ,~ - ;. . 

. . (5.12eV), volume effect (4 - 6) (6.52eV), L3 - L3 (6.60eV), and A3 - ~ ,'.' ... 

. (6.60ev). For ZnSe', 1'15 - 1'1 (2·90eV), L3 - Ll (4.75eV), ~ - ~ (6.75eV):, 
. . ' 

'~ - '\ '(4 - 6) (7.00eV), vol~e effect (4 - 6) (8:25eV), and A3 - A3 

,,··(8.75eV). For ZnS, T'15 - 1'1 (3.72eV), ,L3 ~ Ll (5.55eV), ~ - ; (7·00eV), 

- ~..'" 

.':-' 

, .', .... , . 

4; - ~ (4 - 6) (7.35eV), volume effect (4 -6) (8.35eV), and A3 - A3 (8.75eV). 

Results 

": 
.. The band structUres. in the principal symmetry directions and graphs of 

,selected optical functions are shown in Figures 1 - 15. Table I presents a' 

. c'omparison of ,the CBform factors and those derived in this work.' Tables II -v . 

" ~tabulate the important critical points for the four compounds •. 

GnAs. (Fieul'es 1 - 4) 

The threshold In (" (Cll) at l.lj6eV js caused, by . "Jl' - r l trlJ.ncltlono. 
L .J 

I. The rise and peak in the 2.'( ;. 3.leV region corresponds to L3 - L1 tranfi1.ti~nn 

.'.at 2.6geV arid A3 - Al transitions at 2.93eV. The prominent peak at 4.7eV is 

'", '.;., 

" 



" 
',' . 

_ ..8-

" 
' .. ' 

~.. ' .. ",. 

..... 

caused alJnost enitre~ by~~; trB.nsitio,nsin th'~_vicinit~of (.58,:~58,6.)' 
(units of 'at/a).: - Some" contribution'comes from the sh~uideron- the left side-' 

,', 

.". 

• ,.~~ I" 

.: "'" ~ .' ... 

of the peak; - this shoulder is attributed to transitions 4;..; ~ (Mo singulari~Y):"",: 

" at 4.10 eV, b;- 't~'l (Ml ) at 4.23eV, and X5"~ Xl (Ml ) at 4. 34eV. The (4 - 6) 

transitions are insignificant in their contribution relative t~ (4 - ») 
, :,: .. 

transitions in the vicinity of this peak. The ~ - X3 transitions at4.5geY , ' 

'and 1"15 - 1"15 transitions at !~.82eV create no discernible structure.Chaneing:;:, __ 

the energy spli ttings for these transitions causes no noticeable change in' ;. 

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

, transitions at 5.6geV~ The last major peak at 6.35eV is caused almost 

entirely by (4 - 6) transitions within the Brillouin zone in the vicinity 

. ", ~ 

.:, e:.. 

'.' . 

. ,,_ ... ' 

":.'," '. 

(.57, .43, .29). Some contribution does come from L3 - L3 transitions at 

C ;, ?45eV, 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 ;:;' 

a volume effect caused by (l~ .. 7) transitions. 

Plots of both theoretical and experimental reflectivity appear in Figure: 3. 

The first peak-after the small structure at threshold corresponds to the A 

peak occuring at 3.leVin~(I.J)). 'l'he shoulder on the main peak in the reflectivi- " 

, ty corresponds to the shoulder on thema}n €2 peak and in general each piece of 

structure in the reflectivity plot has its counterpart on the €2Plot, displaced 

'by a.t most 0.25eV. The experimental reflectivity shO",ols a doublet peak at 2.90eV 
, 

and 3.14eV which is attributed to spin-orbi'tsplitting. In addition, this,peak 

has greater magnitude than the theoretical pe~~. This can be attributed to 

15 16 17 . ' -' 
exciton ~ffects, ' , which can occur at this band,edge for all four 

compounds under consideration. Our theory does not take into account either 

Dp5.n-orbi t IJputt:t ne; or exd,ton effects. The o.grccment between theory and 
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experiment in the vicinity oi'themain peak is excellent'. , A sho;lder ~ppears,. 

in both th~ experimental' and theoretical reflectivity" a1-4 ~ 4~v. Another 

shoulder in' the theoretica.l reflectivity appears at 5.65eV. This can be 

, seen. in the data of GreenoMa~:?at5.55eV and Vil3hnubhatla and Woolley (12)' 

·,\ ... ·,1 

It is not present in the reflectivity of Ehrenreich and Phill~P.·(l~) 
Beyond 6.0eVthe experimental reflectivity no lonser shows the detailed 

structure which appears in the theoretical reflectivity. 

The tsR./R' (w) sp~ctrurn'is ottained from thermoreflectance measurements' 
'\ ' 

,'byMatategui, et. ale, (11) is compared vlith tha.t obtairied directly from ~ 

derivative of the theoretical reflectivity. (See Fig. 4.) Since the spectr~.' 

represents the derivative of the reflectivity, it magnifies every kink in the 

1 
i 

. .' . . ' 1 

, <,,' 

", 

'r. 
! 
i '. r, 

..... - . t' 
.~' , '.' .• I; 

,~.~ ,~/ .", , [',,', 

I 
t· 

I 

I· 
I 
I' 

I 
. reflectivity. Despite this, the agreement between experiment and theory for 

. ,',' 

this spectrum is quite good. 

GaP (Figure,s 5 - 8) 

The threshold in €2(w) at 2.7geV is caused by I'15 - I'l transitions. The 

rise and peak in the 3.4 - 4. Oev region corresponds toL3 - ~'transitions at 

3 .1~OeV and A3 - Al transitions at 3. 76eV. Theprorninent peak at 5.1eV is 

caused ~lrnost entirely by 'Ie - Ll transitions in the vicinity of (.50, .50,0.).­

Some' contribution comes from the shoulder on the left side of the peak. This, 

',shoulder is attributed to transitions ~ - Xl at 4.57~V, A; -:- 61 (14
0

) at 

1~.50eV, and ~ - ~ (HI) at 11.72eV. Just as for GaAs, the (4 - 6) transitions 

are neeligible compared to the (1~ - 5) transitions in the vicinity of this 

peak. X, -, X3 tra.nsitions at 4.~eV and I'15 - I'15 transitions at 5.23eV 

create no discernIble structure. The peak at 6.)cv is caused by (1/ -,6) 

tro.nnitlons In a volwne with center at (.)0, .1'-3, .29). The L3 - L3 

trW1si tiona a.t 6. ')7cV also contribute to this peak; however I varying the 

...... 
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energy splitting in the vicinit; of (!50,.43, .29)' has· considerably greater 
I . . . .. . 

influen,ce in changing the po.sitionof the peak than does a change in the .. , ..... 
! 

L3 - Lj energy splitting. The small peak at 6.7eV is attributed to A3 - Al 

transitions. The shoulder at 7.3eV is a volume effect caused by (4 - 7) 

transitions. 

The experimental reflectivity shows an exciton-enhanced peak at3.7eV, in' 

gocd agreement with the theoretical peak.at 3.7eV. The "experimental· ~ata ,," 

exhibits a shoulder at 4.6eV, ~hich corresponds to the theoretical result of 
I 

·4.7eV. The major peak oc'curs at the same energy for both experiment and 

.. ' theory, ~ut the peak. heights disagree somewhat. . The experimental peak at 
i 

6.geV corresponds to the theoretical peaks at 6.6 and 6.geV. The shoulder 

in the experimental data at 7.4eV corresponds to the theoretical peak at 

. " , " 

". ;", 

7·5eV. The overall agreement between the experimental and theoretical reflecti-

'vity, especially with regard to peak positioning, is good. 

A comparison cf ~/R (w) and the thermoreflectance measurements appears 

ill. Figure 8. 

'. ~ (Figures 9 - 12) 

The threshold in €2 (~) is caused by T'15 - 1\ transitions at 2.90eV •. 

. The rise and peak in the 1~.5 - 4.geV region corresponds to L3 - Ll transitions 

at 4.~geV and' A3 - Al transitions at 4. 73eV. The prominent peak at 6. 45eV 

.. is caused by ~ - L\ (141) transi ticns in the vicinity cf (.64,0. ,0. ) 

at 6.20eV and .~ - Ll transitions in the vicinity'cf 

6.63eV. Xl transitions at 5.9geV cont~ibute 

cnly. slightly to. the peale •. The small peak at 7.2eV is caused by (4-6) 

transitions in the 6 direction at 7.06eV (Mo.) and 7. 23eV (Ml ). The 

shoulder at 7.55eV is attributed to 0-6) (Ml ) transitions along L at 7.~8eV. 
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rl5'- r 15 transitions occw..a;:t::'" • 84e V. . The peak at 8.2'.5 eV, :i. s caused by '( 4-6 ) 
. ',~ . 

. . '. . '. . 

, transitions in a volume cent~r~dat(61~,.1t-3,.29);Whi~hisalong the KL' 
" . 

line near .L. The peak at 8.85eV is caused chicf~ by (4-7) and (3-6) 

'transitions in the A direction in the vicinity of' (.36,.36,.36). The 

, ," ,.:" 

shoulder at 9.35eV is caused by (3-7) transitions in a volume centered at' 

. ~ (.43, .14, .07). 

The theoretical and experimental reflectivity appear in Fig. 11., The 

experimental peak at 4.85, corresponds to the spin-orbit split experimental 

...• 

. 0,. ,.~ 

:j 

' .. : .. 

peak at 4. 75eV and 5. (fjeV. The theoretical peak is of the same magnitude as ; ',> ' 
o· of," 

the experimental peaks, but it is displaced from the center of the two experi- .'. 

oentalpeaks by .05eV. The next experimental peak occurs at 6.63eV and has , ,' . 

. C> the same shape and roughly the same magnitude as the theoretical peak at 

10".', 

6.65eV. The experimental reflecti vi ty shm'Ts a small peak at 6. OcV which 

docs not appear in the theoretical reflectivity. , Hm'Tever, the ~ - Xl 

critical point at 5.9geV could explain it, since spin-orbit splittings would' 

sli~ht~, flatten the bands at X. The theoretical shoulder at7.3eV corresponds 

to the shoulder a,t 7. 25eV in the experimental data. The steeper slope of 

the low temperature data on the right side of the main peak indicates that a 

Im'1 temperature study in the region of 6.9 -7. 2eV mightreveal a <liP similar 

to that appearing in the theoretical reflectivity. Another experimental 

shoulder appears at 7.6eV, corresponding to a sli~ht shoulder at 7.55eV for 

"',,' 

",,: 

the theoretical reflectivity~ 

~le small peak in the experimental data at 7.8eV is attributed to T'15- T'15' 

tro.n:;:i.tions. Althou~h tbj.~ peak does not appear in the thcoretical reflectivity, 

,-TO C}.11cCt that the opIn-orbit !lpl:i.ttine woultl flatten the bunds near T' und • 

l)l'oduee l.llls DmaU. peak. mnee the thcorct:i.caJ. peak ut 0.3:JeV ls caunetl 

. ... ; . 
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by-transitions near L, w,eexpect the peakt6 be spin-orbit split in'the 

experime~tal reflecti vi ty. The ,experimental data does show two peaks at '" ' 

8.28ev and 8.~6eV. The next theoretical peak at 9.05eV is caused by A 

transitions; the corresponding experimental peaks are spin-orbit split at 

8.97 and 9. 25eV. The somewhat 'flat theoretical peak at 9.6eV corresponds 

to the experimental peak at 9.7eV. 
.. 

The agreement betvTeen experiment and theory is good for ZnSe. In most' 

,cases the location of the structure in energy, the sha~e of the structure and 

tIle height of the structure is the same for theory and experiment. 

A comparison of ~/R (w) and the thermoreflectance appears in Figure 12. 
, , 

~, (Figures 13-15) 

The threshold in ~(w) is caused by' r15 - 1'1 transitions at 3.74eV. The 

'rise and peak in the 5.4 - 5.7eV region is caused by L3 - Ll transitions at 

• 5.40eV and A3 - A1 transitions at 5.52eV. The principal contributions to 

, the peak at 7.0eV comes from L2 - L1 transitions at 7.08eV located near 

(.54,.54,o.) and from'S -~ transitio?s at 6.9geVlocated near (.50,O.,O~).,' 

, The ,X;- Xl transitions at 6.3leV also contribute to the peak, causing the ,~,' 

slight bulge at 6.5eV. The small peak at 7.5eV is caused by (4-6) transitions 

in the 6direction at 7 .1~5eV and 7 .57eV. The peak subsides with 1'15 - 1'15 

'transitions at 7.7geV. The'peak at 8.35eV is caused by (4-6) transitions in 
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a volume centered at (.57,.36, .14). Although L3 - ~ transitions also occur at •. I 
',8.35eV, changing the energy splitting has negligible effect on the peak, ! 

whereas changing the splitting in the vicinity of(.57J.36,.1!~)does ~haY16e'theposi-' ? f 

tion of the peak by an amount equal1nthe chanc;e in the spli tting. The peak at 8.6)eV is I 
" ,I 
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I 
I 



, ' 

, ~ .. 

c·· 
~. '...... , 

.. : 

,'\ " ... 
". '. " ..... , 

:.- ,: " 

.,' 
'j" '. 

",". . 
~': .' . 

. .::'. 

,J 
, .' 

. ' 
',J., " .< .r:':!,.:;·,,' .. '" 

caused principally by 0-6) ,transitions. in the' A direction'. '.' The nexttw6' 
., 

"', ,Pieces~f structure at 8.85 and 9.5 eVare attributed to (3-6) and (4~7) ',' "" 

volwne transitions." 
6 9 

The data of Cardona and Harbeke and of Baars show' a small peak at 3. 7eV" 

The theoretical counterpart is a bump at 3.8eV. The experimental data shows 

, an exciton-enhanced peak at 5.8eV. The theoretical peak occurs at 5.6eV, 

giving only fair agreement with experiment. The main theoretical peak OCCUl'S 

at 7.05eV; ,the measUl'ed value is 6.9geV 6 and 1.02eV 9. Shoulders appear in 
! 
; 

the experimental data at 1.4 and 1.9 eV for Cardona and Harbeke and at 1.5eV 
I 

for Baars! The corresponding theoretical shoulder occurs at 1.55eV. Cardona 
I 

i 
and Harbeke find a 7.geV 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 9.6eV, which are in good agree-" '. 

ment with the theoretical peaks at 8.45, 9.15, and 9.15eV. The data of Cardona 

and Harbeke has only one peak in this'region at 9.8eV. 

We consider the agreement between experiment and theory to be only "fairtl 

compared with the agreement achieved for the other crystals. However, we 

,should point out that there is only fair agreement between the experiments 

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

c~ve for ~/R was therefore not calculated. 

Discussion 

".' , 

. '.' .~.<. \ 

" 

. ~.' 

" 

We have obtained good a~eem~nt between measured and calculated reflectivity:' 

and between modulated reflectivity and thermoreflectance. " The agreement appears 

good enough to indicate that our identifications of the important transitions 

are Bubstantially correct and that our band structure J.s accurate in the 

, rceion near the fundamental gap. 
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--·The results' for GaAs. and GaP. are good. . One point that should be discllssed 

in detail is that in our calculations for GaAs and GaP, the shoulder on the, 

lou energy side of the mainL peak of €2(w) is c~used by (1~-5) tra.l1sitions. 

alonG 6 and at X, and that the P15 -'Pl ) transitions do not contribute 
I 

slGlti.ficantly. A careful study of our band structm'c reveals that it is 

consistent "lith photocmission yield data for GaAs (lO,1l3).' As the vacuum 

level (lS) is ImTered, the first small peak is caused by (4-6) transitions" 

,at 4.60 eV along L at (.15, .15,0. ). The photoemission yield peak becomes' ' 

larGer and shifts its c~nter from 4.65 to ·4 ... 50 eV because of (4-6) transitions 

along 6 (with an average energy of 4.4eV) and the beginning of ~ssive (4-5) 

transitions along both A and L. Eden (10)' estimates that P15 - I'15 lies in 

thc range of 4.6 to 4.S eV for GaAs, in good agreement ",ith our value of 

, 4.8ev, and he estimates a value in the range of 4.8 to 5.2eV for GaP, as 

t"·. 

.~ '. 

corapared "lith our value of J.2eV. If we allo\:T for a small spin-orbit splitting 

[ 

of bands 3 and 4 along the 6 direction, our band structure is also consistent 

with the electroreflectance measurements of Thompson, et. al.(1) 

The availability of nmT and precise data for ZnSe has enabled us to apply 

' .. '·the EPM to explore the details in the reflectivity spectrum. The agreement" 

,bet\leen the calculated and measured reflectivity is very good. We believe 

the only real differences arise from spin-orbit contributions, and we plan 

. 'to add spin-or'bit terms in the neai' future to test this conclusion. 

For ZnS the fittinG procedure "'as difficult because the eXperiments differ 

by a fair amount. In fact, the differences between experiments is greater 

thnn that between the theory and either experiment. Thc agreement is only 

.' fair. 

For all four crystals the calculated reflectivity at hig? 'energies has 
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, greater magnitude than the measured reflectivity. Assuming the experimental ~,; , 

"measu~ementsare accurate'lllthis region, one possibility is that the', 

, i " . ' . 
" pseudo-wave-functions might not give accurate osci,llator strengths at 

, higher energies. Another possibility is that the high-energy set of 

calculated €2 peaks (loca.ted at 6-7eV for GaAs and GaP and at 8-l0eV for 

ZnSe and znS) should be smaller in magnitude and smeared over a slightly, 

, , 
..... ' .' 

·' ' .. 

"'" . 

larger area., which might occur if we were' to include indirect transitions ," 

and life-time effects. (The steep slope followed by the small magnitude 
; 

,. of €2«(l)~' on the high-energy side of these peaks is essentially what 

.. oauses rhe h igb reflect 1 v it y .l 

A/comparison shows that the pseudopotentials for gallium and zinc are' 
! 

in reasonable agreement with the model'potentials of Animalu and Heine(19). 

, , The agreement is not precise because our pseudopotential takes into 

2 ' 
account crystalline effect and is constrained e~ual to zero for G < 11. 
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'Table Captions "' . ." , :'.~ . 
"~ . . '. 

" ' 

I.' A comparison of the GaAs , GaP, ZnSe, and ZnSform" fa~t6rs (in ~) used 
:" . 

in the present work'{on top) with those used in Ref. 1. 
. " 

II. Theoretical and experimental reflectivity structure and their identif:tca:~ 

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

the calculated critical points for GaAs. The experimental results are due to, 

H. ,Philipp and H. Ehrenreich and appear in Ref. 10. . ") 

III. Theoretical and experimental reflectivity structure and their identifica.;. 

tions, including the location~n the Brillouin zone, energy, and symmetry of 

the calculated critical points for GaP. The experimental results are due to 

H. Philipp and H. Ehrenreich and appear in Ref. 10. 

• ,"., ,"<, 
" 

'IV. Theoretical and experimental reflectivity structure and their identifica-
, , 

tions; including the location in the Brillouin zone, energy, and symmetry of 
" :".;. 

. .' . 

the calculated critical points 'for ZnSe. The experimental 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 critical points for ZnS. Experiment 1 refers to Aven, Marple, 

and Segall (Ref. 5). Experiment 2 refers to J. W. Baars (Ref. 9)., 
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,VS(lll) .VS(220) 
I,' 

." GaAs ...:.245 -.005 
/" . 

-.23 .01 

GaP -.225 .024 

-.22, , .03 

ZnSe -.223 ~.008, 

, ~ . -.23 • 01 

Zns -.249 .038 

-.22 .03 

C'" 
" ........ ,." 

~. ... ' 

,' .. : 
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Table I'" 

. 
'VS(311) 0(111), 

.075 .062 

• (f) .07 

.076 .128 

.• 07 .12 

.. 

.068 .204 

' .06 .18 ';'.: 

' ,.053 .195 

.07 .24 

" " 

, .,', " 

' ... 

,.".' 

:.,-

VA(200)· .. ,"vA(311) 

.035 .003 

.05 .01 

.053 .020 

.07 .02 

.099 ,. .022 

.12 . ,'. .03 

.116 '.015 

.14 .Ol~ 
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Table II , GaAs ' " . 
,". 

" .' 
, ; 

" 
I , , 

, Reflecti yi ty, " , , .. 
, " , .-

I " 
! 

' .. .'. 

structure, (eV) Associated Critical Points, , ' 
,< .. 

: 

Theory Experiment Location in Zone Synnnetry 

1.1~8 Pl5 r l (0.,0.,0.) Me, - - " 

-
2·95 2.88,3.15 L3 - Ll (.5,.5,.5) 1-10 , 

(spin orbit) A3 - A3 (.21, .21, .21) Ml 

lh45 4.55 ~ - 61 (.60,0.,0. ) 
I 

I I (J.1o.nd 4 to band 5) No - -
X<' Xl (1. ,0. ,0.) Ml ~ ? 

4.85 - 5.00, A; - 61 ( • 35, 0., o. ) Ml 

(Banu 4 to band 5) 

0. 1~1 (.58,.)8,0. ) 
-{~~. - M2 

5.65 5.55* , '-5 -~ (.50, o. ,0.) 1\ 
" , (band 1.J. to band 6) 

6.1~5 6.6 volume effect from 0' 

, region around' 

( • 51, .43. ,29) 
, 

.,. (band 4 to band 6) -. 
.-

, . L3 - L3(·5,.5,.5) ~ 

,6·75 6.6 A3 - A3( .43, .43, .43) 
' .. 

' . , 
band 3to band 6 and M1 , 

. ' band 4 to band 7 
" A3 - /1,3 t·43,.I.j.~,.1~3J 

band 4 to band 6 M3 

-Ie'This shoulder appears in data of Grecnnvmy (Ref. 3) 
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CP Energy (eV) 

1.116 " 
,', 

2.69 

2'93 

4.10 

4.34' 

4.23 ' 

11.76 ' 
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Reflectivity 

structure eV) 

Theory EXperiment 

". . Table . III' . GaP '. ..... ," 
,·F 

" I ",; •• '.' '.' 

".< '.':,'" '.'" 

", ,',' 

•. Associated critical Points '. 

Location in Zone . Symmetry 
·-------'---\----'--'--------1---.---- ---_.- ---------~I 

.... ".-; . ,. 

.CP Energy 
o ._ 

~.~. " ., . 

'.', ' 

. ~, . 
t., , 

j 

! '. r. 

, 

(eV) ... " r 
2.80 

--. ---1 
r15 - rl (0.,0.,0. ) Mo 2·79 i 

----~-----~~-----------~~---~-------------_+--------~_4~----------.~~~> 
) 

. ! 
3·70 3·70 L3 - Ll (.5,.5,.5 Mo . 3.40 . . t 

f, 
I-----:--~:___------:--+-----__t---_:;_---......:......-. ---" 

A3 - Al (. 15, . 15, .15) Ml 3.76 . 

4.6 . 4;-L\(.71 ,0.,0.) Mo 4.50 I 
1----!..(B_u_n .... d_4_t_o_b_a_n_d_5_):.-_+-______ -+-______ -.,.;,.. __ I: 

Xrj - xl(l. ,0, .0.) Ml - 4.57 .. I. 
--------+----------c"- -----------------1------ : 

~ - 6 1 (. 30,0, 0 ~ ) M3 4. 72 r' 

co .. 
, .>-- ~ 

6·9 . 

5.3, 
(Band 4 to band 5) . t 

,. 
~ - >=1 (. 50, . 50, o. ) ~ 5 . 20 I 

. ------·--------------I--------I----~--.... · ---~ 
volume effect from 

region around 

(.50,.43,.29) 

(band 4 to bund 6) 
---------~--l 

6.5 

f 

I 
. ! 

I 
. f 
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1. Band structure of GaAs along the principle symmetT'J directions. 
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2. Theoretica.l€2(~)for GaAs. The tail function be~ins at 8.85 eV.: 
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.. , 3 •. A comparison of theoretical and experimental R(tt) for GaAs. The experi~. 

.mental resulis are due to Philipp and Ehrenrcich and appear in Ref •. 10. .' 
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The tail function begins at 8.85 for €2(w), ,. 
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h. ' A comparison for GaAs of theoretical M/R(w) ",ith thermoreflectance 

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

5. Band structure of GaP along the principle symmetry directions. 

6. Theoretical €2(w) for GaP. The tail function'beginsat 8.95 eVe ... , '. 

7. A conparison of theoretical and experimental R(W) for GaP. The experi-' 

t'lental results arc due to Philipp and Ehrenreich .and appear in' Ref·. 10. 

The tail functionbecins at 8.95 eV for €2(w), 

, 8 •. A comparison for GaP of theoretical till/R(w) ",ith thermoreflectance 

'. measurements by !.fn.tataeui, et. al. (Ref. 11). 

9." Dand structure of ZnGe alon~ the principle nymmctry' directions. 

, ': 10 •. Theoretical €2(w) for ZnSe. The tail function beeins at 10. 85eV. 

11. A comparison of theoretical and experimental R(w) for ZnSe. ' The 

experimental results are due to Y. Petroff and M. Balkarisld (Ref. 13) •.. 

The tail function begins at 10.85 eV for €2 (w). 

.. 12.' .A comparison for ZnSe of theoretical M/R(W) with thermoreflectan~e 

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

"13~ Band structure for ZnS along the principle symmetry directions. 
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'. 14. , Theoretical €2(w) for ZnS. ~e tail function be~ins at 10',95eV.; 
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15. A comparison of theorct:i.cnl nnd experimental R('ll) for 7.nS. r-,;xperimcnt.l. 

refer:. to Aven, et. ul. (Hef ~ ). l!."'xperiment 2 refers to J. W. ]3a.arG (Her. 9). 

The tail function begins at 10.95 eV. 
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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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