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Abstract:

We ‘repoft the fix;st high 'reso'lution valence band.
x;ray photoemission spectra for the isoélectréﬁic_éeries Ge,
GaAs,‘énd ZnSe. The resﬁlts are compared with a theoretical
valence-band density~of-states éalculation using the
empirical pséudopotential méthod. The agreemént between
the experimental and theorgtical results are quite good,

particularly for Ge and GaAs. For ZnSe the x-ray photo-

 emission spectrum shows the Zn 3d-states to be higher in

' energy than the lowest valence-band s-state., In order to

obtain this ordering of states in the theoretical calcula-
tion, a pseudopotential with an éxplicit energy dependence

is required,
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Much thecretical andvéxperimentalveffort has been devoted to.the study
6f_the band structures of tetrahedrally coordinated éemiqﬁnduétoré beqauée
of their humerous,appliéations. Most earlier measuremepts (opticél spectroscopy,
.traﬁsport broperties, eté,) have béen useful in yielding information concerning
electronic properties near the Férmi ehergy; Only recently have there Been
any expefimental»data (e.g. soft kfray Spectroscopy) whichvyield information
about the_density of states in fegioﬁévnear the bottom 6f the valence band.

We repbrt'here thé'firstbhigh resolufion'XPS.(X—fay Photoemission
Spectroscopy)-sbectra‘for éil Vaiénce bands in. the isoelectronic series'Ge,<
Gads, and ZnSe.v‘TheSe experimentai results are compared with theoretical
valence bahd density-of-statéé cglculations using the EPMl (Empirical
Pseudopotential Method); Since ﬁhé lattice constants and ion cores are
essentially constant for the series, the band spaéings are usedlto obtain
inférmation'aﬁout the ihcfeésing ionicity from pﬁrely covalént Ge to the more
ibnic ZnSe. The‘experimental résults'alsb'yield_information about the
asymmetric part of'the'pseudépétential;.

| High-purify single cfystals were cleaved in a dry nitrogen atmosphere

9

immediately béfore_ihsertion into.the spectrometer vacuum (v 8 x 1077 Torr).
Thé‘spectra were obtained on an HP 5950A electron spectfomefer uéing mono-~
ch;omatiged Al K x-rays (lh86.6.eV). The p9ssibi1ity of using this method'
fo study the valénce band'density of states iﬁ sémiconductors haé recéntly
Seen demoﬁstrated by L. Ley gz;gi.e and the experimenfal resolution of the

HP 5950A has been discussed by R. Pollak gﬁ_g&.S The spectra were referenced

to the Fermi level E

F of .a thin layer of Au eva?orated onto the semiconductor

surfaces after the valence band measurement. The Au Lf lines were used as a
secondary standard by assuming that their binding energies are the same -

relative to‘EF in the evaporated film and in bulk gold.

7
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iﬁ Fig. 1 are shown the egperimental and theoretical densities of states
for Ge, GaAs, and ZnSe, and the cbrresponding theoretical band structures.

The theoretical valehce—band densities»of states were obtained from band-
structure calculations for Ge,h GaAs,5 and ZnSe§ using the EPM. A broadened
theortical density of states is also'provided to facilitate compérison with
ekpérimenﬁ. The_éxperimental curves have not béen corrected for energy losses,
This ténds to exaggerate the intensities of the peaks at the bottom of the
valencé—band; In Table I:we'list the energiéé of the various peaks from the
théofeﬁical density of states and from'thé XPS spectra.

For.Ge there is good agreement betweeﬁ fheory and expériment in regard
to thevehergy positioning and the widths of the peaks, as was reported.earlier.2
In fhe XPS spéétrum the 3d states df Ge fall at 29.0 eV, 18.T7 eV lower than
the first peak shown in Fig. 1. In GaAs we again find gddd agreement between
fheory and experiment. The first peak on the left‘in the XPS'spectrum (Fig. 1)
comés from the 3d étates of Gaf vThe iowest s-like valence band has shiftéd
to a lower energy and has become dissociated from the next peak. This shift
to a iower;energy occurs because of the localization of electrons in the first
bahd arbund the strong As potential, and caﬁ be relatedvto the anﬁisymmetric
form factors. The "antisymmetric gap" (between the lowést s-like valence
band and the second valence band) may providg some measure of the ionicities
Qf these compounds. It is surprising that the EPM agrees s0 well with experi-
ment for thisvlowest valence band. This band does not make aﬁy contribution
to optical ﬁransitions in the 2.8 to 6 eV range, which were used to det_;ermiﬁe5
the pSeﬁdopotential form factors. vFurtherﬁore these states are far from EF

and the energy depéndence of the pseudopotential has not been taken explicitiy

into account,
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The largést differences between the experimental and theoretical spectra
are found in ZnSe., Here the XPS specfrum shows that the Zn 3d-states lie higher
in energy than the s-like states at the bottom of the valence band, and the
"antisymmetric gap" has become larger. The agreement between theory and experi-
ment is less satisfying than for Ge and GaAé; The widths of the theoretical
peaks are smallervfhan the corresponding experiméntal,widths-and the theoretical
energy gap between the fifst two valence bands is larger.than ﬁhe expefimental
energy gap. ~Itia§peérs that the expliéit energy debendence of the pseudopotential
form factors cannot be neglected for ZnSe. Tt is interesting to note that the
introduction of an'exﬁlicit enefgy depend'ence7 to lowest order, by using_én
effective mass; giveslbetter agreementvwith experiment for the two peaks at the
top of thé valence band but leaves the antisymmetric gap‘almost unchanged. OPW
calculation;8 for sévéral IT-VI compounds give band structureé and denéity

of states curves  very similar to EPM reéults.

The 3d-states can be included in the EPM by using‘é non—ldcal d-potential

in addition to the usual pseudopdtential forﬁ factors in the EPM calculation.
Band structure éélculatidns using the KKR method for hexagonal II-VI compoﬁnds
have been carriedvout by RBssler,9 who found d-states close in energyvto valence
bands for some of these compounds. We e#pect the KKR to give éimilar results
for the II-VI zincblende structure.

This research illustrates the waj in Which XPS and band-structure cal-
culatiéns can be used together. The EPMvcaléulations provided a framework
within which to interpret the XPS spectra. 'The spectra in furﬁ gave empirical

valence-band energies with which to calibrate the EPM results. We are cOnfident

that further research combining the two methods will continue to pfovide valuable

information abéut the electronic structure of crystalline and amorphous semi-

conductors.

|
!
|
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FIGURE CAPTION
. Fig. 1, XPS-spectra, band structures and-densitieé of stafes for Gé, GaAs,
and ZnSe., The top row I(E) shows the ﬁncorrected experimental spectra.
At the bottom fhe corresponding band structures E(k) and densities of
states p(E) as derived erm EPM calculations are shown. The broadened
theoretical densities of states p'(E) in the second row facilitate |

comparison with experiment.
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