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Calculated Valence Rand Densrtles of States and Pﬂotoermssnon

%
Spectra of Diamond and chblende Semlconductors »

" J. Chelikowsky, | D. I. Chadi ard Marvin L. Cohen
Depzrtment of Physics and Inorgamc Materlals Research DlVlSlOIl
Lawrence Berkeley Laboratory, Umvermty of California

Berkeley, Ca.lifernia 94720

Abstract :

Den51ty of states: calculatlons are preserlted ’cased on. ; ‘.
band structu.res computed using the Empirical .Pseudopoten-f- ;
tial Methed. D'ata from recent:XPS (}r-ray phetoemiss’ion o
spectra) and UPS (ultraviolet photoemission spectra) ar_e e
use‘d‘ to obte.in ttletheeretical p_arameters_.” It was _rlecessary"': .
.to include a norllocel pseudopetential to obtat’in e‘o»vdslistency _ -
‘with experiment Results for the densxty of etates mcludmg
critical point asmgnments and band structures are glven for

- Si, Ge, GaAs, InSb, GaP, ZnSe and Cd.Te._

x

Sucported in part by the Natlonal Sc1ence Foundatlon Grant GH 35088

: ’\I;:i:*:_l Saence Fou.ndatlon Predoctoral FellOthlp



1. Introduction'

With the advent of hlgh resolution photoernlsslon sp ctroscopy, 1. c ; L

% ray pnotoermssmn spectr OSCOPY (XPD) a.nd ultravztolet photoermssmn R

' »‘53335’”05009}7 (UPS), detailed m_cormatlon is now ava1lablel ’ 2’3 about the
loest lying valence bands 1 in semlconductors In this paper we 1dent1fy tbe "'v'i'} ' |
', strucstorz in those spectra and assoc1ate it Wlth structure in the valence -
tzz3 i zsity of states. To do thlS we have calculated the band structures '

| and dznsity of states for Sl Ge, GaAs, GaP InSb ZnSe, _and CdTe usmg
| 4,5

,_,.
'D-l
®
Ilj

mozrlcal Pseuoopotentlal Method (EP‘VI)

Tne EPM uses experunental data to le the form factors of the crys- L

tallme potentlal In th past reflectlmty data was the mam source of experl-_"ﬁf"' '
mental mput It was found that a completely local potentlal Was su.ff1c1ent "

to explam most of the reflect1v1ty data. On pu.rely theoretlcal grounds the :' R

pseudopotentlal should be non-local and energy dependent but local approxx- , .

matlons sufflce for a lumted energy range._ ThlS is the su‘.uatmn for the .

reflect1v1ty case Where the predommant structu.re results from trans1t10ns L

between the top valence and bottom conductlon bands. When we extend the
into the valence bands,

early calculatlons to lower. energies / comparlsons Wlth XPs ’and UPS data .'; -

- show d_screparcles - In addition, reflect1v1ty assugnments f1t drrecttransr—

b':icns.. l"hen XDS or UPS data is used it is, p0351ble to fuc mdlrect spllttmgs.

Tt wzs found that even reglons of the second hlghest valence bands Were in g ‘

'“l

sement with experi ment A non- local pseudopotentlal scherne com- '
-_zi=Iv removes the discrepancies above In thls paper we take the sim-

pisst M:woach to get the lowest order correctlons by allowmg the electron o
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mass to vary, i.e. m ~ m*. A more trachtlonal (and theoretlcally pleasmg)

approach4 would be to include a specific non-local potentlal (e 9. for d—Waves)

but the results are similar. We, therefore, have chosen the former scheme o

- because it is simple.’ | | | , _

We begin by calculating the density of stat.es with a local pOtential
a.nd then fit the non-local _parameter; L.e. m* and tne fcrm factors of thev‘ i
'poten.tial by comparing the density of states with XPS-and.U‘PS data. Qne of
the most striking features of the XPS and UDPS si)ecl:ra.is that they ’coth. -
mimic the'valence band density of states. In additicn, -the.vagr_eement be-:

tween the two (XPS and UPS) is excellent. Considefing that the bulk pene- |

tration of electrons is different in the two‘ cases_' this adds support to the

idea that both XPS and UPS measure bulk properties.

After the _density of states' fits are cbtained (reflectivity data is also |
used as a constraint), a cr1t1cal point (cp) analys1s is done. The sharp
structure is 1dent1f1ed with the MO’ M]’ MZ’

structure. The band structure itself is given for each crystal studled

1\/[3 cp' s4 in the enerqgy band :

The overall agreement is good and the maJor dlscrepanc:les between |
- experiment and the local EPM calculatlons have been removed espec1ally for
the highest bands. The lowest band is the least reliable; this stems parti_ally
- from the app:cfoximate manner in which we have included. non_:-‘loca‘l effects.

In the text comparison 1s made between the_present calculation using o
the non-local potential, experimental results and the Original c‘alcnlaltions |
using the EPM by Cohen and Berqstres'ser5 (CB). More recent EPM calcu— :

lations since CB have been done which give better agreement with experi-
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' mental reflect1V1ty spectra However, Ln these.calculatlons agam very
~ little attention is given to fitting the valence band den31t1es of states :
'Desplte th1s the adJustment to fit optlcal data sometlmes ylelded a band
structure which gave a density of states spectra closer to the XPS value. o
- We have not, however, included these results here, as it is more stralght-l
forwa d and s1mpler to use the CR values since thls reference contams all r
‘ the CcrT ystals of 1nteresl: and the form factors are not too different from the

more recent Work. :

“ L “Methods of Caleulation ™ 7T

The EPM involves adJustmg pseudopotentlal form factors to achleve |
good agreement with the experlmental results These form factors are then
used to calculate the electronlc energy bands on a f1ne mesh of po1nts
throughout the Brillouin zone. o | |

In applying the EPM to obtam the electromc band structures, we >' '

have used the pseudopotentlal Hamlltoman

Where. m*' is an effective mass and V(J isa Weak pseudopotential which -
. is taken to be a superposulon of spherlcal atom1c pseudopotentlals.

The potent1al V(r) is then expanded in rec1procal lattlce vectors, N

and for convenience expressed in terms of a symmetrlc and anttsymmetrlc "

rart




CIUUSY Y s, 7y
o S WA s o - SR
V() = Z [V7(G) cos(G:T) + iV (C) sin(G-%)] exp(-iG'r) 2 - -
G ~ T T
where E:% (1,1,1), "a" being the lattice conztant. (For diamond struct.ure'_.

‘compounds, the antisyrnmetric form factors, ’-JA(G) are zero;) The above
s-erl_es usually convertge's rapidly e.nough. SO that -only t}hree .form" fac_tors are
neeoed for each atom. | | |
| As a starting point for these calculations the CB fo}rrn factors were ,
us-ed. 9 Adjustments were then made in 'these form factors t_o obtain a goodv»
fit to the experlmentally determmed den31ty of states ’l‘he pr1nc1paloptlcal
transitions at T, X L and = were constrained to remam near thelr orlglnal"
values. | | | .

" One modific_ation of the usual procedure uSed?v in EPM calculatlons :
~was made. As is well-known, the pseudopotential abbearing in (1)_ isnon- -
local. However, the "local"” approach can be s1mply modifled. total«:e this fact

2,4 that the lowest

:lnto account in an approximate way. It has‘ been noted,
order correctlon to this inherent non-local behaV1or is to replace the free ‘ .‘
electron mass in the Hamiltonian _by an effectlve mass, m* .Such a proce~
dure has been used. before in EPM calculations eSpecially When fits to ortho- |
gonalized plane wave results6are needed. | |

This approach is required here because the valence bands of mterest
span an energy range ~15 eV over Wh1ch it was found that the pseudopoten— v

tial could not be t_reated by purely local methods. Local approxnrnatlons to

the potential were sufficient for reflectivity fits since the transitions involved



o d1rect sphttmgs

were dlrect of low energy and malnly between the top valence and bottom _ |

| conductlon bands. When 1nd1rect mterband spllttmgs Were known non- local ; |
adJustments Were necessary.“7 This is 51m1lar to what we flnd for photoemls-
sion Where the measured dens1ty of states glves us lnformatlon about non- | :

Spm—orblt Jnteractlons were mcluded for InSb ZnSe and CdTe Here 4’

' the spm orblt sphttmgs are comparable to the experlmental resolutlon The :

G

L method of calculation used was that due to Welsz8 as modlfled by Bloom and

_Bergstresser 9 In th1s procedure two parameters are used to characterlze

the spm—orblt coupllng 10 The metalllc spm—orblt parameter 1s varled. untll

one obtams the experlmentally known splittings, whlle the non-metalhc para- - :

meter is constramed to a fixed ratio between the two parameters Th1s ratlo

is equal to that of the ratio of the spm-orb1t 1nteract10n for the free atoms as
,,calculated. by Herman and Sklllman. }]1 The resultmg values for the metalllc

sp'm-orbit parameters for ZnSe,mInSb and CdTe are O..0006, 0.0019, and

0. 0013 respect1vely A : e , | S

. Once the band structure Ihas b'een obtamed the denslty of states 8

N(E), may be calculated from - | R |

1
NN

NE). 5 B(E - B &"(;9’) (3) |

a Kn,o
whe re N 1s. the‘ number of primitive cells N is the.number of atoms 1n the
pr1m1t1ve cell, and N(E) is normallzed to the number of states per atom

‘.Eo (3) was evaluated by using the Gilat- Raubenhelmer technlque 12 | ,Thel '

- energy derlvatlves required by this _techmque were obta-lned by usmg K-P



| pertu.rbation theory. A cjrvid of 308 points in the irreducible Brillo:uin zon'e o
uzas ubsed_i_n' the c'alculationt . R |
- As in the case of analy‘zing optical reflectivity }spe.ctra, ‘one’can-
identity critical points in the density of states. | These poihtstdetermine the ..
reg'iOns of the Brillouin zone res,'ponsible"fer the structure_.fouud'in' the d.ehe e
| sity of: states. By observing the relationship of critical poi_nt locations 1n
. broadened and unbroadened den31ty of states calculatlons, it is poss1ble to B

-"obtam values br the actual pos1t1ons of the crltlcal pomts from experlmental

3 12 . e . CTmgmmerEe e 1T b I e s Uee e es R o e S L e mpnd SSLelmmg s L g o - TS T S

T data.. - . ‘ e s I et . . — B - -v v.m._-_h A .vc PSRN LT LT e T

The resulting form factors, effective mass parameters,' and lattice -
~constants used in the calculations are listed in Table I.

- III. Results

In Flgs. 1 7 the calculated denS1t1es of states are compared Wlth

. the eXperlmental results of XPS 1,2,12 The band structures are also pre;

| sented for each compound. While in Tables II-VIII, the resultmg values for
various characteristic features in the density o_fv. states areliSted‘, and corhf
pared?with the results of previously calculated f.orm. factors frem'cptical

data. 5 (For these calculations the matrix size was larg_er than in the CB

case, i.e. E_ = 9 rather than the CB value E. =T, this-gives some'slight

1 1
“ Shl_fts in the energies.) Tables II-VII also contam the experlmental results
- lrom both X’PS1 2,12 dUPS 3,13 All energy posmons are measured v

relative to the top of the valence band as shown in the flgures
When comparmg the calculated dens1ty of states using a local pseudo-

potentlal (CB) with XPS and UPs data it was found that several bands were in
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‘ .error by-as‘much as 0.5t0 2.0 eV.. The largesterror 1sforthelowest
.‘ lylng valence bands Early workers recogmzed that the lower valence bands RS0
were not expected to be accurate since only 1nterband tran31t10ns between the. e
top valence and bottom conductlon bands were used in the flttmg procedure ”

| As a result they dld not pubhsh the values or band structure curves for these“ )

lower_ bands - We have computed these bands usmg the form factors glven 1n | R

_the early papers and we have extended the energy range in th1s way

The addltlon of an effectlve mass parameter brmgs the calc_ulated .

Py

bands closer' to experiment. Th1s is not always the case for the lowvepst valence
band because our method is approxxmate and is des1gned to glve the flI'St .
band (especiaily near (0, O O)) a low energy Value A full non- local potent1al '
whlch accounts for d-states in the core should work better but 1t is a b1t
“more complex. | The effectlve mass approach does however remove all the.
'v'_major'discrepanmes for the hlgher bands. In partlcular, the Z 1 feature
" (which is sharp in UPS data) has been lmproved con31derably |

The resultmg dens1t1es of states are dlscussed below compound by
compound and crltlcal point 1dent1f1cat10ns are noted in parentheses where
| unamblguous determmatlon is p0331ble. SRR .
 Silicon (Fig. 1, Table II) IR RN S
| In the case of Si (only) the orlgmal C'B form factors were used | P
without an effectlve mass, to calculate the d.ensxty of states. . ThlS was done |
because the resulting density o.f'states agreed quite satvlsfactorily vVith 'the_
experimental results of both XPS and UPS (see Table D). |

The threshold of the valence band c_ontr'ibutions to_the denSLty of states



.~ . arises from contributions near. Z

: -4 4 eV where the threshold of the third band occurs at Z

)

oo U tduﬁ Joa 9y g
. for Sl is - 12 6 eV below the top of the valence band and occurs at r](M )
The first peak at -]O 2 eV is from Lz,(l\/l ). The contributions from the ‘ -

lowest band cease at -8. 15 eV at W_(M ), while the minimum of the second.

3

(.band occurs at -8.3 eV at X

L (M Because of the rather sharp rise of the second valence band in

2)
the energy range from ’7 2 eV to ~4.5 eV there isa rather sharp drop in

the densay of states from the L, peak. The onset of the third band occurs

1

at -4l 5 eV near Kalong Z, thus the notation Zrlnin

andW (M ) at 4 0. eV The peak at

The peak near -4. 1 eV

l

-2.8 eV is due to X4(MZ). Finally the shoulder at -1.1 eV is from L3,(l\/l2)

. Germanium (Fig 2, Table III)

The valence band contribution to the density of states for Ge begms -

. at -13.3 eV below the top of the valence band. This point occurs at rl(MO) ,
While the_v peak at -_111.'0 eV is due to Lz'(M1) 'I'he contribut_ions from the
first band terminates at ?-9. 05 eV at W]('l\/‘l'3), and the_minimum '.of the second.
band occurs at -9.15 eV at X] tMO). The sharp peak at-’?l 8 eV arises from |

L. (M ) Aga'in there is a sharp drop in the d.ensity of states ‘from' 4-'7 8' eV to

1 2)°
1.

-4.0 eV comes from the minimum along with contrlbutions from W, (M )

The peak near

’ The peak at-3.0 eV is due to X (MZ)
from L3,(l\/l )
From Table III, one notes that the compamson w1th both UPS and

XPS experimental results is quite satisfactory. A consid.erable improve—

ment has been made from the CB results. Further the discrepancy men-

(l\/l ). The large peak at -7.2 eV comes from o

Finally the shoulder at —71. 2 eV comes

e nir
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~tioned by Gr_obman and EastmanB. for 2] namely that the prev1ous EPM 5

c’alcula’tidn 0 and other ‘band Str'ucture calculatlons15 gfve a value too close

to the’ top of the valence band has been removed The calculated value of

| A_-él 4 eV is qulte close to the UPS and XPS value of 4 5 eV The agreement

betvveen tneory and experlment would even be better 1f spln-orblt Were lnclu- LR ._3_‘,_-":5'}»
ded. agreement Wlth experlment for the LZ' and I‘] features has not im- -
proved significantly from the CR results R o S .- - "‘7{;{ '- \.;,_-;-’;-;t :

Galllum Arsemde (Fig. 3 Table IV)

“The threshold of the densny of states e 13 8 eV A r (l\/l
shoulder at 12.1 eV arises trom . (l\/l]). The main peak at 11 4 eV comes
from the-entire square face of the zone Wthh turns out to be a surface of
nearly constant energy (e. g the energy change from X] to W 4 is less thavn )
0.05 eV). Unlike the case of Ge there is a 4.5 eV gap between the two lowe st a
‘valence bands. The gap extends from -11.3 eV to -8. 8 eV and can be assocla-._"ﬁ L
ted with the fact that the antlsymmetrlc form factors V'A(G are no longer -~-
aero as in the case of Ge or Si. The mlmmum of the second band occurs at

Xo(M O) C‘ontrlbutmg to the sharp rise , and to the large peak at 6 5 eV are o

critical points at -6.7 eV and - 6. 6 eV arising from L (l\/l ) and W (l\/l )

-1

-resp ct1vely Just as in the case of G e, there is a sharp drop near the mam - o
peak; this drop continues until the minimum of the thlrd valence band occurmg

at 21 ' at -3.9 eV is reached. This, along with W2 at -3. 5 eV, causes.

the sharp rise at the oM edge. This lourth band has a mlmmum at W (l\/I )

1
* which leads to the gradual rise to the ‘¥:5KMZ) peak at -2. 5 eV. The shoulder '

at -Ol9 eV is from L3(l\/[2).
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: Table IV shows that the agreement of the fca.lculat_ed energies with
ekperiment has impr_oved considerably frorn the C'B‘Hresults The discrepa‘ncy' |
'noted by Grobman and Eastrnan3 fo.r me

1
, .
be even smaller if spin-orbit effects were 1ncluded

has agaln been removed and Would

Gallium Phosphide (Fig. 4, Table V)
The calculated density of states for GaP is'nearlv identical tothat

of GaAs. The threshold occurs at -13.6 eV r (M While the shoulder at

0

=11 v8 eV corresponds to L M]). As in GaAs the square face of the Brlllouln |

1
zone causes the huge peak at -10.9 eV.: There is a 4eV gap-which: extends

from -10. 9 eV to -6.9 eV between the lovvest valence band and the next hlgher
’ band The minimum of the second band is at X3(M ) Wthh occurs at 6 9 eV.

The sharp rise near the main peak at -6.5 eV comes_from L ‘O) at -8.7 eV

1.‘-

and W1 at -6.6 eV, The contribution of the third band at Zﬁn =

-4 1 eV causes the sharp rise in the density of states Wz(l\/l ) t -3.7 eV.' -

starting at

also adds to the rise. The threshold of the fourth band occurs at W3(M )

) at -3. 0 eV and this starts the gradual rise to the X M ) peak at 2 5 eV.

5(
. The shoulder at -1 O eV is from L (I\/l )

There is good agreement between experu:nent and the calculated
values for the top three bands There has been a con51derable 1mprovement
over the CB results for the W and X states For r™

1 3 1 _
smaller. ThlS is probably due to the fact that GaP is an 1nd1rect semlconduc-

the change was

tor and the mdlrect levels were fit roughly to the correct values by Cohen and

Bergstresser when they considered the ex1st1ng opt1cal data



-12-

 Zinc Selenide (Fig. 5, Table VI)

~ Since spin-orbit couplingWas included in the followmg dens1t1esof i
-states calculatlons, the degeneracy of the bands, in certam dlrect1ons can be S
removed. Hence the bands will be labeled 1 through 8 w1th 1 be1ng the lowest S
‘valence band and 8%tlxregtop valence band. To fac111tate comparlsons Wlth Sx, Ge,fi}' |
GaP and GaAs the bands are labeled using non- spln-orblt notatlon | R 8

The lowest two bands (1, 2) are s-like, thus spln-orblt 1nteract10ns B

can be neglected The mlnlmum of the den31ty of states occurs at I‘ (M ) -

-

i?at 15 8 eV The shoulder at ‘—147“ 6 eV 1s due to L (l\/l.»;) Whl].e the large! p‘eak-
at - 14 2 eV is again due to the constant energy surface of the square face of
the Brlllouln zone. The gap to the next higher band found in zmcblende eX- =
tends from -14.2 eV to -5.9 eV, At -5, 9 eV bands (3 4) start to contrlbute

- at LM Interestlngly enough, X3 is not the mlnlmum - here as Was : 'A R

0--

the case in GaP or GaAs. Since L1 is lower than X3, the large peak at 5 4

eV cOmes from X3(l\/[ ) at 5.8 eV and W. Whlch is spht by the spln-orblt ~

1
1nteractlon into two peaks one at -5.3 eV, the other at 5 O eV The m1n1-' |

mum of band 5 occurs at Zl at 3. 8 eV. The doublet peaks at 3 4 eV and
-3.2 eV are caused by the splitting of bands (5 6) at WZ’ and the sharp rlse ’-

at -2.7 eV is from the onset of bands (7 8) at W (1\/[0). The large peak at

3
-2.1 eV is from bands (5,6) at X (M ), Whlle the shoulder at O 9 eV 1s

from ba nds (5, 6) at L,(M The spm—orblt sphttlng here causes another :

3 3)
shoulder at -0.7 from bands (7,8) at L ( 3)
The agreement as indicated in Table VI is satlsfactory except for

the lowest band. Again there is marked 1mpr0vement over the CB results
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Indium Antlmomde (Flg 6 Table VI

In InSb the spin-orbit coupllng was anluded The threshold for the o

lowest band occurs at -11.3 eV at I‘l( -O), Whlle the shoulder occurrmg at

-10.0 eV is from LI(M ) The sharp peak at 9 5 eV comes from the square -
face of the BI‘ll].OlllI’l zone as 1n the other zmcblende compounds Agam agap
' _appeas:s between the two lowest valence bands. :It begms at -9. 4 eV and ter- :

minates at X3(1Vlo) at -6.2 eV, Unlike the other calculat_ed densities of "st'ates;_ '

W. lies between X., and L.. At W spin-orbit interactions split bands 5 and

1 3 1’ 1
| 6 by about 0.2 eV Both of these pomts occurring at. -6 O eV -and -5, 8 eV

contmbute to the peak at =5.7eV. L I(MZ) occurs at -5.7 eV at the helght

of the peak. Band 5 has a threshold at -3. 2 eV at Zr;n.n

The peaks

at -3.1 eV and 2 8 eV are from the spin-orbit split bands at W (bands 5 |

and 6) The small peak at -2.4 eV is from bands ('7 8) at W ( O) and
5(l\/l ) bands (5, 6). The peak at -2.1 eV is from bands (7,8) at X (M ),

while the shoulder at -1.2 eV is due to L3(l\/l3) from bands (5 6)

The comparisons with experlmental results. found in Table VII are

very good; Even the lowest band agrees with the experimental results. It 1
is, perhaps, noteworthy that the d-states lie well below the lowest valence
band. XPS data indicates the In 4d level lies about 17 eV below the'topv'of the

-valence band.

Cadmium Telluride (Fig. 7, Table VIII)
| Spin—orbit lnteractions were again included in the calculations for

CdTe. The threshold of the lowest band isat -11.8 eV at I‘ (l\/l Thetwo

0

peaks in the lowest band at =11, O eV and -10. 6 eV are caused by L (l\/l ) and -

i i



- 'orblt spllttl.ng between bands 3 and 4 at W
peak. rhe minimum of band 5 again occurs at =

W

to the com 1dence of W3(MO) from bands ('7 8):Aand XS(MZ) from bands (5 6)

- 14-

by the nearly constant energy surface of the square face of the Brllloum o

zone, respectlvely The gap between the lowest band and the next lowest . s

band begms at - 10 6 eV and termlnates at 4 6 eV at X3(M ). The spm- _ :

1 causes the doublet peaks at

..4 3 eV and 4 O eV. At 4 4 ev, L (M ) adds to the helght of the flrst f RO

min
1
tbe sharp rise at =2.7 eV Spm—orblt spllttmg between bands 5 and 6 at -

‘ ThlS causes :

2 causes the peaks at -2. 4 eV and 2 O eV. The peak at 1 8 eV is due.

.».._-:,;a_,.‘ oY A.“:A.. -_:7,"' o R

M“.....;

The peak at -1.5 _ _ o o | |
eV is due to X5(M ) from bands (7 8). Finally the shoulder at -1.0 eV is

due to bands (5,6) at L3(M3). | '

' _The comparison with experiment is listed in Tabie VIII. The over-. |

all agreement is satisfactory, although the lowest band is in poor agreement N

with experiment.

IV. Discussion of the Results

. One can observe some mterestmg trends by. exa.rnlnmgi the‘v isoelec- ‘
tr1c series of Ge, GaAs, and ZnSe The most obv1ous change from Ge to
GaAs is that a'gap appears between the first two valence bands As pre-
v1ously notedg this is due to the localization of electrons 1n the first band :
around the. strong As ion, 15 and can be related to theantisymnletric- form .
factors VA(G). This "a.ntisymmetric gap" rnay.also_ be :related to._the tonicity.17
Cne notes that the gap nearly doubles. in size from the 4.5 'eV vaiue in'GéAS to

8.2 eV in ZnSe which is more ionic.
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| Another trend observed. 'mlthe calcuiated deneity of sta‘tes is that
the widths of t.hevv‘ar'iousv peaks decrease aé the~ cornponnd b‘ecomes more
i}onic.'v For exemple, the width of the lowest band is 4.1 eV in Ge, 2.4 eV in
Ga.As., and 1.7 eV in ZnSe'. The width of the top three bands also decreases.
In Ge the width is 9.1 eV, in GaAs 6.8 eV and in ZnSe 6.0 eV. o |
The trends in going from InSb to CdTe follow the trends in going

from GaAs to ZnSe. Namely, the ”antlsymmetrlc gap" for InSb is 3. 3ev, .

Whlle the gap 1s 6 O eV for CdTe Fmally, the Wldth of the 1owest band for - |

| InSb and CdI‘e is 1.9 eV and 1 2 eV respectlvely, and the top three bands
‘also contract 6.0 eV for InSb and 4.6 eV for CdTe

In summary, it has been demonstrated_that the 'EPM, vﬁth the
addition of an effective rnaée, can adequately reproduce the experi'rnentallly

determined density of states for at least the top three valence bands. In

addition, complete critical point a.naly51s has been glven, and the experlmen-: f

- tal structure identified.
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: Fiqure C'aptions ; |

vFig.’ 1. X-ray photoem1ssmn spectra, dens1ty of states and band strnc‘_‘_" f

ture for Si. The top flgure shows the corrected eXperlmental spectra from . :
the XPS Work of R. Pollak L. Ley, 8. Kowalczyk and D. A. Shlrley, Phys |

Rev. Letters 29, 1088 (1972); Phys. Rev Letters 29 1103 (1972)’ and to S
be published. The middle figure is the EPM calculated dens1ty of states.

To facmtate cornparlson w1th experlment a broadened dens1ty of states 1s |

~indicated by the dashed Tin¢ '“""""Ttle bottom' flgure is* the EDPM calculated;';:'an
Structnre. - . R
Fig. 2. X-ray photoemission spectra, density of states and band struc~

. ture ovae_. ‘See Fig. 1. ' R ‘

Fig. 3. X-ray photoemission spectra, d.ensity of stated .and. bandstructu_re |
of GaAs. See Fiq._ 1. B R

Fig. 4. X-ray photoemission spectra, densitY of states and band structure : = o
for GaP. See Fig. 1. - R, ,

Fiq.vv 5. X-ray photoemission spectra,-density of_ S.tate,s’. aﬁd _band Structure o
of ZnSe._‘ ‘The Zn 3d states have been subtracted out, with thé ?eak posmon
indicated by the solid line. See Fig. 1,-. | . R

Fig. 8. X-—ray_'photoemission spectra, d.enSity of Asta,tes band band str'ucture '

0’1';

InSb. See Fig. 1.

<

Fig. 7. X-ray photoemission spectra, density of states and band str.uct'ure _'

O

£ CdTe. See Fig. 1.



Table Captions -

Table I.- Form factors (ln 'Ry), eﬁ:‘ectlve mass barameter, and lattice con-
stants (in A)
rTable II. Energles (in eV) of characteristic features in the valence band of

'Sl (measured relatlve to the top of'the valence'band) The theoretlcal values 7'

- . are from Cohen and Bergstresser Phys Rev 141 ’789(1966) TheXPS v

values are taken from L. Ley, S. r{owalczyk R. Pollak, and D. A. Shlrley,

Phys. Rev. Letters 29, 1088 (19'72) Phys Rev. Letters 29 1103 (1972),

i R B

vand to be publlshed The UPS values are from W D Grobman and D E
Eastman, Phys -Rev Letters 29, 1508 (19'72), and. tO be publlshed.

' Table 1I1. Energles (in eV) of characteristic features 1n the valence. band of
G (measured relative to the top of the valence band) Fo_r a2, b, ¢, see y
Table II.

Table IV. Energies :(ln eV) of characteristlc' features in the.valencle_ band of
'GaAs (measured relative to the tOp of the valence han.d) .- - For a, b, ¢,, see
Table II. R | o e |
‘Table V. Energies (m eV) of characterlstic'_features in the valence band of
GaP (ineasured relative to the top of the valence ban_d). For a, b, c, see

~ Table II. -

| Taele VI. Energ1es (in eV) of characteristic features mthe valence band of
ZnSe {measured relative to the top of the valence band). For a, b, c see
Table II. -

‘Table Vll. Energies (in .eV) of the characteristic features in the valence )

band of InSb (measured relative to the top of the valence band). For a, b, ¢,
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see Table II.
Table VIII. - Energies (in eV) of the characteristic features in the valence -

band of CdTe ’(nieasuréd relative to the top of the valence band). 'Foria,' b, R

' é, see Table II.
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Table I.

B@ v

vhany VR v vRan m/mr

o1

- Ge

GalAs

GaP

ZnSe

CdTe

-.211  .040
-.269. .038
-.252  .000

-.249 .017

-.261 -.011

-.245 -.015

.080
.035
.080

.083

113

/

.073

044~

.088
.081
.151
L0497,

.089 -,

066
. 055
130

084

012

©.003

.016

~0 3,_8 .'.\.::;;_.2‘1 ' o 2 i

.008

1.089

1.138
1,075

1.201

5.43 |

5.65
5.64
' 5.45

. 5.85

- 1.228

6.48

Table II.

Theory

.Experhnent

UPS

=
|

iy

o

™
1

.
'O).
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Table III.

Theory " - Experiment =

Ge o  New - ups® = xps°©

=

' i
w N
IS
! 1
™ o
o o
' '
AR
T
0 | .~3
+ M
SD (@]
N o

S

1
cc
Do

1
©O
-

]

!
o
-3
+
(@)
W

L,  -9.9  -11.0 -10.6+0.3 -10.5+0.4

r, ~12.0 213.3  -<12.6+0.3 -12.8+40.4

Table IV.

Theory  Experiment -

GaAs o1d® New  UPs® xps®

L, 0.9  -0.9 -0.840.2 - 1.440.3

(WV] :

X,  -22  -25 - -z5z0.

W, . -2.6 -85 - . -404+0.3

smin - 3.2 -39 -4.140.2 - 4.4+0.2

W, - 6.0 - 6.6 - 6.6+ 0.2

X - 6.4 - 6.8 -6.8+0.2 -T7.1+0.2
X - 9.7 ~11.4 -10.8+0.4 -10.7+0.3

r, -12.0  -13.8 -11.910.6 -13.810.4




Table V.

Theory o - Experiment

GaP O New ups® XPs°

L, -09 . -1.0 - -1.4310.3
X,  -2.3 . =25 - o '-»"2-;71 0.2
w,  -82  -37 -  -36:02
= - 3.8 S 41 - 4.250.3 - 4.0+0.2

W, - 5.4 - 6.6 - -65:0.2

~11.5 -10.9 - 9.6+ 0.3

r,  -13.0  -13.6 -12.030.6 -13.2+0.4

-58  -69 -170x0.3 -69+02

- Table VI

Theory B . - Experiment

ZnSe ol New - ups® - xpsC

I
=}
©
]
[

L, - 0.9 1.3+0.3

X, © - 1.5 -2.1 - 2.1+0.3

W, - 2.0 -3 -

min a7

2.6+0.2

I
w
(o0]

1
>
o
+
o
w

i

3.4 + 0.4

W -34  -53 = 5.2+0.2

L =38 =59 -57+0.3 5.64+0.3
X 13,2 -14.2 - -12.5+0.4

r,  -14.2 -15.8 - -14.5%0.6
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Table VIL.

Theory =~ - ° - Experiment

01d®

New ups? . xps©

- 0.8

- 1.4

N 1 | |
© 3 o
° . LI )
e} o> TN K o

5.7

-21 - _2.440.4

- 2.8 - -3140.2-

-32 -83+0.3 -34:02

5.9+0.2

26/2+0.3

- 6.4+0.2
- 9.5 -9.6+0.3 -9.5:+0.2

-11.3  -10.9+0.5 -11.7+0.3

‘Table VIII.

Theory _' ‘Experiment -

a

0Old

- New  ups® xps®

- 0.4

1.0

2.6

- 2.9

. -12.5

-12.9

1.4

2.0

- 1.0

0.740.3 -0.9+0.3

1.5 - - -1sio0z2 .

- 2.0 - -2.240.3

2.7 -2.9+0.3 -2.7+0.3

w1

- 4.3 - -45+0.1

- 4.6

4.8+0.2 -5.2+0.2

-10.6

8.8 +0.3 oo

-11.8 -10.8+0.6 -
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any f their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or Implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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