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ABSTRAGI

_,A‘comprehensive sﬁrVey of the total Qaleﬁce—band'XPS.specfra of lh semi~
conductors:is reported. Thelx—ray.photoelectron specfra of cubic GaP; Gals ,
GaSb, InP, InAs, InSb, ZnS, ZnSe, ZnTe, CdTe, and HgTe, and of hexagonal Zn0,
-cd8, and CdSé were obtained fme freshlyicleaved.single crystals; in the
0 --50 eV binding—energy.rangé,vusing monochromatized Al Ko (lh86;6'eV)
radiation. The bindihg energiés'of the‘outermost d—shells-afe reported.,
..They ﬁefeﬂdetermined relative both to the top of the valencé bands (Eg) and
to the Fermi ievel of & thin layer of gold that_wés‘Vapor—depositeé after each
run'(Egd. These data also yielded éccurate measures of sample charging; which
was found po be appfoximateiy equal to the band gap; A mechaniém.for this
result ié discussed., The Fermi level fell.near the center of the gap for
six samples, near the top for two, and ﬁeér the bottom for three.  Evidence
for an apparent increase in core d—léVel spin—ofbif splitting‘ovérlfree—atom
- values Wasbinterpreted as a possible Spreading of a F7 and a:FB leyel from the

upper (4. ,.) F8 level by a tetrashedral crystal field.

3/2
The s,p valence-band spectra'showed three main pesks, with considerable

structure on the "least-bound" peak. A discussion is given of the validity

of comparing the VB spectrum I'(E) with the VB densityfof-states, including
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cross=-section modulation, final-state modulatipn,'and relaxation efféqts.
Characteristic binding energies of'spectral features in I'(E) are tabulated.
In additioh, the energiesfof_the'chgracteristic'symmetry-points L . X5,_W2,

min ' e . S
Zl . Wl’ X3(Ll), X} Ll’ and Fl are given for the elevep-cublg compoupds.‘

These are compared with UPS results where available and with theoretical.band-- '

structure results from the EPM, OPW, OPW(adj), SCOPW, pr, KKR, and ROPW, X g
methods, where available, The ROPW, Xasﬂenergies agree. very weli with experi-
ment, on the whole. In particuiar, they predict the imporﬁant'"iOniéity gap"

Xl - X3 quife accurately, - The EPM densities of states provided‘a useful basis

for relating features in I'(E) to energies of the characteristic symmetry points,

Band-structure célculatiohs in cdﬁbihation‘with XPS spectra appear to provide
a very”powefful approach to establishing the total valenceéband structure of .

semiconductors. -

-
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I. INTRODUCTION

The group IV and ANBS—N-type semiconductors have been extehsively

studied because of their technical and scientific importance. The electronic
bund structures of these mAteniala are among thelr most fundamental properties.

Optical measurements and band~-structure calculations have played complementéry

- and often interdependent roles in the elucidation of electronic band structures

in these materials. A detailed intérpretation of optical reflectance or eg-data
is séldom possible without at least a semi-quantitative band structure calculation

because the optical excitations fall in an energy range where both conduction and

' valence bands contribute significantly to the observed structure. The relisbility

of these calculations in turn depends on the correct interpretation-of'certain’
keyvfeatures in the optical data. This proéess of determining band structure
is‘clearly one of trial and error; but it often leads to a consistent,
quantitative; deﬁailed picture of thé band,strucﬁure of semicénductors in a
limited range of energy arouﬁd thebfundamentﬁlbgaff Nevertheless, this point
has not yet beeﬁ reached for a great number bf semiconductors, althouéh
excellent and defailed.optical data are in.mény caseé availéble; Clearly,
reliable initial»and‘finalestaté energieé are needed. Progress in assigning
iﬁifial and- final-state energieé'to thical transitions has ﬁeen made by uéing
data from UV photoemission spectroscopy .(UPS). The UPS data are closely
related to thoée Bf opﬁical spectroscopy.  Information thain¢a from UPS '
spectra in which the'énergyﬂof the exciting radiaﬁion is varied allows in con-
junction with detailed band structure Caiculatioﬁs séparate detefminations of the
energiés of initiél and finai sﬁatés for direct transitions. The UPS work of
Shay and‘Spicerl'on'CdTe, for instance, led to a reinferpretation of the ‘
reflectivity cata of Cardona and Greenaway,2 because Shay and Spicer were able.
to assigﬁ absolute binding_energies.té several critical points in the bandv

structure.



S ' LBL-1688 |

At UPS energies velence-band and conduction bahd'elegtronic structure
and k conservation dictate the electronic transition probability. As the
energy of the exciting'radiation\incréaséé, the density of final states is

expected to become relatively flat and unstructured and the k selection rule

is readily fulfilled without introducing sdditional structure, As a qualitative

rule;of—thumb,‘this'behavior_is expected when the transition energy far exceeds

variations in the crysﬁél'potential energy of the valence electrons. Thus for

hv > 50 - 100 eV, the final-state density should be fairly ¢onstant.3_ " Although -

the photoemission spectrum may stillvnot resemble the valence—band aensity—of;
states, because of cross-sectidn modulation,bthis modulatién alqne is found to
:be’less severe thén that due to_final;state structure_ét low photon ene;gies.
It is therefofe péssible tévdeducé from high-energy photoemissidn spectra the
valence density-of}statés wifh.iesé'ambiguity than from‘either.low energy UPS

or optical measurements.

In this paper we report the x—ray induced photoeﬁission spectra of 1' -‘=

fourteen binary semiconductors, cbtained with monochromatized Al Ko radiatioﬁ

1,2
(1486.6 eV). A comparison of caléuléted densities of states for several of
these compounds with our spectra forms-thé basis for the determination of the

binding energies'corresponding to a selected set of critical pbints'in the

valence bands., These valence-band energies are compared in Sec. IV with available

theoretical results. In Sec. II we describe experimental procedures, and in
Sec. III the spectra of the outermost'd—levéls and the position of the Fermi

level are discussed.
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II. EXPERIMENTAL
: A, Apgaretus
Until recently experimental:limitations here restricted x—ra& pﬁbto—
“emission valenee-bedd studies to systeﬁs ﬁith valence bands composed largely
of d-electron bands or else to systems with 's= and p—bands but with no d-
|levels nearby.. These limitations resulted from poor 31gnal—to-background retios
ceused both by bremsstrahlung radiation and also by Ka3;h’ ete., x-rays which
‘ere present when conventional unfiltered x;ray sources are employed. The
‘problems are exacerbated by the‘fact that x—ray photoelectric eross sections
for s- and p-electrons are smaller than for d-electrons in the valence
band‘region;
" The measurements reported here were obtalned with a Hewlett Packard |

5

HP 5950A ESCA photoelectron spectrometer which uses monochromatlzed Al Kol

1,2
x-rays (1486.6 eVj). Monochromatization removes the bremsstrahlung background
radiatlon end satellitedx;rays, thereby.greatly reducing.the backgreund,
enhancing the signal—to—baekgreundvratio, end ellowing.thevobserVation of
weak s= and pﬁband ﬁeaks even in the presence of strong d—peeks.' |
" The instrpﬁentel resolution hss seen obtained from the slope ofithe'

Fermi edges iﬁ the spectra of Pd; Ag, Cd, In, and Sn.6 Fer each of these
cases the observeddslope can te obtained by folding s Fermi' distribution
function-ﬁith a Gaussian instrdmental response function of.O.SSvt 0.02 eV FWﬁM.
.The error applies only to the preéision of the measurement .

ﬁuring the experiments reported here the residual gas pressure in the '
HP 5950A analyzer chember.ranged from 5 X 1077 Torr to 3 X'10-8'Torr. The total

pressure was measured with a nude Bayard-Alpert gauge and the partial pressures

with a quadrupole mass spectrometer. The residual gas in the unbaked system
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consists malnly of water, CO, and H2, w1th small quantltles of hydrocarbons -

" and rare gases, X-ray photoem1551on samples a relatlvely thick 'surface”" layer
of material in contrast to hlgh-energy UV photoem1551on. Thus eveo in.the vacuﬁm
of the dnbaked system we believe that the spectra were not significahtlyd |

affected by sﬁrfaoe impurities,

B. Sample Preparation

All somp;es wére single crystals. Their stroctufe and quality were
checked bj x-ray_powder diffraction. Structural data.are given in Table I.
To.produce‘a clean surface each sample wasvoleavod.in an inert atmosphere
just prior to-insortion iﬁto the vacuum chamber, A glove bag was piaced
ovor the insertion port_of’the spectrometer and repeatedly flushed with dry
N2 evaporatéd_from liduid nitrogéh.' The sample was cleaved, then introducod"
directly into the vacuum of the spectrometer, This_method reduced sdrfacé‘
contaminants to levels at which they did not hoticeabiy'affect the valence—baod'
structure, as shown by sultable control experlments. A ﬁéasufe of ﬁhe carboh '
and oxygen present is glven in Table II 'The oxygen contamination'is given.in

fractions of monolayers of adsorbed atoms as estimated from a coﬁparison of the

contaminant oxygen ls peak with the same peak in ZnO. The active sample depth

for Zn0O Was_assdmed'to.be’%‘éo A. Even for the samples with the highest oxygen coh—

tamination (Teble II), no lines in the photoemission spectrum could be detected
which correspond to the formation of an oxide of either of the components of the
binary compounds;

C. The Reference Energy and Charging

In x-ray photoemission from solids the energies of characteristic

spectral festures are measured directly'rélative to the Fermi energy of the
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speétrometer; i,e., the energy actually measured is the kinetic energy of the
electrons within the analyzer. For a metallic sample that is securely grounded

of a given spectral feature relative

to the spectrometer, the binding energy Eg

to the Fermi level is given in terms of its kinetic energy‘K by

P | | _ o | |
Ep=hv-K-eb =, R - (1)

where hv is the ihitial'photon'eher - and e (a positive'quahtity)”is the
&y Psp .

electron charge times the spectrometer work function. Alternatively the Fermi

energy may be identified directly'as a'Férmi edge in the photoelectron spectrum

and the'bindingfenergy Eg of a given spectral feature may be obtained by

direct comparison. While EF

p 18 of interest, it is often desirable to know Eg,'

the binding energy with respect to‘the vacuum level., The two are related for

a metal by
oL o - ' - ' _ L

where ¢S is the sample's work.functién. Siﬁce x-ray phptoemission-iS'npt
sensitive to ¢_, tﬁis quantity muétvbe obtained from other meaSuréments;

In semiconductors andﬂinsulatorsvthe situaiion is more complicated.v'
The seample may bécOme charged, thereby shifting its effectivé Ferﬁi energy

relative to that of the spectrometer; Then EF can be determined neither directly,

B
by an absolute measurement of electron kinetic energy, nor by comparison to a
Fermi edge,'as there is none. It is possible to establish the position of a
Fermi leVél, and we have done so;”as described below, but its meaning is

dubious. Thus we also quote binding energies E; relative.to EVB’ the energy -

ofi the top of the valence bands, which we prefer as a reference energy;



6 . LBL;1688

In x-ray photoemission,‘x—rays striking the sample prodﬁce photoelectrons,?

and these in turn can éxcite'secondary electrons.‘ Many of these»eléctrons are
éufficiéntly-energetic to léave the sample at #he surface from which bhdto—
électrons are being analyzed. This surface becomes positively CHarged until
the photoelectron-élus—sechdary current Ie is counterbalanced by a neutralizing‘
current In originating'from gfound or from ambient space charge. The.cgrrents.
Ie and in-depénd on many properties of the sample, on the_way in which thé
sample is mounted; and on the spectromefer. When the stead& State correépdpding
to I_ =T is established, a Volta potential ¥ will be established. The sample
~will be positively charged and the whole spectrum shifted to lower kinetic
energies, wiﬁh the apparent binding energies now given by
App ' - A o (3)

EB = hv - K - e¢sp + ey o

of cdurse‘E%Pp is the apparent Binding energy of electrons that are observed;
>i.e. those emitted from'atoms in the effective part of the'sample.  Since the
‘scatterlng length of v 1 keV electrons in solids is typically "V 20 A» the
effective sample is no more than 20 - 100 A deep, i.e., nearly all the
electrons that leave the sample with zero energy loss, to be analyzed in the
"full energy photoelectron peaks, orlglnate wlthln 100 A of the surface, Since’
the entire Volta potential w arises over a sample thickness corresponding-to
X~-ray penefration depths, or.-th - lO5 A, it is reasonable to exPeét 1;:he
voltage drop across the surface lO2 Aor so, which would show up as line
broadeﬁing, to amount to a very small fraction of Y. This must in fagt be
the case for the samples studied in this wofk, because sharp lines we?e

observed even in the presence of Volta potentials of 10 volts or more.
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The above‘arguménts would b¢ consisteﬁt wifh shﬁrp lines in the

absence'of lat,eral. potential gradients aéross the_sample-éurface. Our samples
were single crystals, aﬁdvit séems quite brobable.thét high éﬁrfaee conductivity under
the conditioné of x—ray-irradiation in the sﬁectroheterAinsured.that the ehtire.
effective'samplé_(a region with dimensioﬁs lmm x5 mm x 100-A) was at the same
potential. Clearly this condition would be more aifficult to achieve in a
polycrystalline sample. |

In the H¢wl¢tt-Packard 5950A spéctrometer the sample is irradiated

by a focused x-ray beam. Thus an area.l mm X 5 mm in the center of the

V1 cm X 1 cmsample is exposed to x-rays and maintained at a constant potential,

while the perimeter,vwhich_is not irradiated, provides a resistive path to

'groﬁnd that can support Volfa potentials of up to 10 volts or more in somé_

cases, - In this'work the Volta potentials Weré'determined as follows. After
each sample had been studied thoroughly, a thin léyer of gold was evaporated
onto the sample ig_situ. The enérgy of the gold th/Z line was'recorded together

with that of a strong core-level peak from the substrate (i.e., the sample).

Since the gold hf7/2 line is known to lie at Eg = 84.00 * 0.01 eV in gold,r-r

,the_substrate core=-level peak was thereby'referenced to the'Fermi level of

the gold film. Referring back to the position of theé core-level peak before
ﬁhe‘QOld film was added, we could then derive both the position of the Fermi

energy E

F relative to the valence bands and the apparent position of EF'on'an

absdlute scale (hence ¥). Although this approach gave consistent and sensible

"results, we cannot be completely confident that the gold'evaporation did not

» relative to the valence bands).-

alter the sémple in some way (e.g., by moving EF

‘Figure 1 showsvthe Volta potential measured in this way, plotted against the

band gap for 26 semiconductors and insulators.
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_The genefel trend in Fig. l is'for cherging to_increase'wlth band
.gap.f The materiels witn small band gaps cherge to'talues_near‘ot less than
the band gap, and'those with large band gaps chaige to Values near.on gfeater
than the band gap° The unusually high. charglng in ZnSe (22 eV) is probably
attrlbutable to the photovoltalc effect Exceptlonally high photovoltages
have been reported for ZnSe 51ngle crystals.8
| The fact that charglng follows the band gap SO. closely suggests that
a mechanism such as Zener breekdown swltches on a higher In at Volta_potentlals

 near the band gap value, This mechanism is especially likely in the materials

with thin depletion layers (high carrier concentrations). The depletion 1ayér o

in this case is the: region between the 1rrad1ated and non—lrradlated portlon of

the sample. As the depletion layer gets thicker (carrier concentration decreases)

" one expects the chargingvto increase above the band gap valne. Wevsee.this.

. behavior in the alkeli-halides (Fig. l), Breakdown by carrier multiplication
v(avelanche.breekdown) would tend to limit this increased charging effect.
Surface condnctivity mnst-alSo be considered. It mey_contribute significantly
to I in thOSe cases in.which_the‘charging is less‘than the band gap..'BulkV
:_conduct1v1ty in small band gap materlals can also 11m1t the charglng to values :
less than the_band gap. Flnally the: p0351b111ty of non-ohmlc contact between
sample end:spéctrometer adds another degree of complex1ty to the charglng
pfoblemsend should be avoided, When the data in Fig. l were taken we did not
anticipate'thatvthe Volta potential_might-be related to the band gap as |

closely as Fig. 1 suggests, and we did not therefore take special precautions

to assure ohmic contact to ground. Perhaps samples prepared with more attention

" paid to this aspect of the problem would yield closer agreement between the

Volta potential and the band gap.

e
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F

: The.ébove‘procedures yield ét‘best the position of a Fermi energy E

F:is rather unclear.

Even in a semiconductor "at rest" the position of the Fermi'energy is strongly

dependent on the nature and concentration of impurities. Under the conditions

of these>experiments (stfong x-ray and photoelectron fluxeé),rthé Fermi 1evel
is even less'megningfﬁl. This statement also applies to the varioﬁs ﬁethods
that éne.mighf devise to null out the Volta potential, such as_ifradiation with
1oﬁ—energy electrons or ﬁltraviolet radiation, to establish a conducting path 4
to grouﬁd. Of course either of these‘approaches would have the éffect of . 3
setting the entire effective sﬁmple at the samé potential. |

~of the tdp of_thé valence bands provides.a more useful . =

The energy Erg

reference for binding energies. ‘The use of monochromatized x~rays greatly

facilitates the determination of Eygs vhich was accomplished in this work by

extrapolating the steep leading edge of the highest valence-band peak to the

baseline.
Teble III lists the difference E . - Ep for 11 semiconductors (the

sign conventibn is that EVB - EF is positive if EF is in the gap), tqgethef :

- with the gap-énergies.' Since we have litﬁle confidence about the meaning of

EF as measured in the way described above, we do not wish to interpret EVB - EF
in any detail, but the observed trend of this differénce will be compared with

results of other workers in the next section.
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III. CORE LEVELS AND THE FERMI ENERGY
The uncorrected phdtoelectron energ& distributioﬁs for the binding
energy range -l to 45 eV aré given in Figs. 2-6;  The accumulation time for
these spectra was fypically 6 to.lO houré._ The most intenée‘features are thév
d-level peaks of the cations centered around 15 eV binding energy and those
of the anionms, around 35 eV. The Hg 5d3/p = 545/, doubiep is

well resolved, as are the spin-orbit split d-levels of Sb and

Te. Additional structure typically 5% to 10% as intense as the d-level peaks

is observed in the EV =

B 0 - 15 eV region. This structure is attributed in

each case to the vaience bands formed frqm the outermost atomic s- and p-orbitals

of the two constituent elements. Broad, asymmetric peaks, comparable in

intensity to the valence electron distributions, are observed at kinetic energies

about 10 eV below the'd-levels. This structure results from photoelectroﬁé
.excited_from the d—lefels which subsequently suffer inélas£ic energy losses.
Most of this sﬁructtre can be attributed torplasmon e#citatigns ahd'will be
discussed‘elsewhere.9 Similar»inelasfic loss structure is obserﬁed for al}

core levels.

A. The d-Levels

The binding'energies oﬁtéined for the outermost cationic ahd anionic
d-levels of the semiconductorsvare set out in Tables IV and V, respectively.
The valués are;given boﬁh with reépect to the Fermi level Eg using goldlas
a reference as outlined in Sec; I and also with respect to the top of the

A . . . . .
valence band EB' This allows comparisons both with earlier photoemission
work which used a metal or carbon surface layer as a reference and also with UPS

experiments, in which energies are referred to the top of the valence band.

ot

C by
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The'binding energy for each spin-orbit split component is givén for
résolVed doubleté. In ZnSe and'PbSe a weightéd meén value is also given, to
facilitate comparison.with unresolved.data. The weighting fagtors used were
the multiplicities of’the states. The féurth columns ofrTabies IV and V list
the experimental method and fhe reference element (carbon or gold) used for |
edch reported set bf binding energies.

The errors quoted for fhe binding energies Eg are usually smaller

than those forvEV because the determination of the reference pesk position

B’
(Au hf7/2 in the present work) is more accurate than the determination of
~the top of the valence band. Of.course the errors in EV‘represent accuracy

B
since EVB‘iS a well-defined quantity, while those in Eg represent only
precision.

The agreement»betweén1our data and the binding energies Eg from

10-13 4o generally very good. No systematic deviations

earlier XPS work
of binding energies obtained by different groups or with different methods
of referencing (Au or C) were observed.

Turning now to EV the binding energies with respect to the top of the -

B’
valence.bands, we can compare our data for thé d-levels of the cations in
most of these compounds with the UPS results,l’lh_IB' The binding energies

measured by Veseley, Hengehold, and Langerl5 for the Cd 4d levels and the Zn 3d

sl

level in ZnO are consistently higher than those of Shay and Spicer and of
Powell, Spicer, and McMenaminl6 by approximately 0.8 eV except for CdTe, where

the difference is only 0.2 eV. Our results favor the results of Shay and
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Spicer,lfl for CdSe and those of Veseley et g;.ls for Zn0.  For CdTe |

and ZnSe all binding energies agree quite well while in ZnTé the UPS binding

15

energies of Veseley et al.”” are 0.7 eV low. Additional measurements are needed
tb substantiate apparent‘deﬁiations and resolve remaining embiguities iﬁ these
biﬁding energies. For most of the more tightly bound core levels (E; 215 V)
we report the first binding energies with respegt to the top of the valence band,
since these energies afe not accessible to conventional UV work.

Our contributions to this compilation lie in the improved accuracy
of the bindiné energies of outervd;levels of semiconducting compounds and in
the unique possibility of comparing different reférencing methods with the
same sample under identicai experimentalkconditions. In the discussion of
our‘results we will emphagize these two aspects and refer the ;eadef to the

12,15

papers of Veseley et al. for a compérison of experimental and theoretical

core-level binding energies.

B. Position of the Fermi Level Within the Fundamental Gap

'~ The position of the Fermi level as measured in photoemission experiments

depends updn stoichiometry, ddping, and surface states, Band bending resulting
from charging of the surface must also be considered. It has been shown that
in order to understand thé position of the Fermi level within the gép, great

| care must be taken to control each of the aforementioned parameters.l9 Experi-
ments must be dqne on seamples with atomically clean surfaces and one must know
the stoichiometry and doping, which are less controllable in the binary semi-
conductors thén in, for example,.Si and Ge, Most photoemission experiments to
date have Been dane on samples for which at least one and more often more of

the above parameters were not well defined. A few ultra-high vacuum ultraviolet
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photoemission'experiments are exceptions.lg’?o

»Ali;x-ray photoemission experi-
ments reported to date including'those-reported_here have been done under
conditions where the p#rameters nedeSéary to determine and explain the position
of the ﬁrue Fermi levél within the gap are not well-definéd.’ We have modified
our spectrometer to operate with ultra-high vacuum.and we plan to study»this
?roblem under mQré well-defined conditions. For"the present results we shall
simpiy meke the followihg émpirical observations.

As described in Sec} ii C Vé used é fhin layer of gbld appiied to the
semiconductor surface to dbfain an ekperimeﬁtally determined reference point

which we call thevgolderéferenced Fermi level E In Table ITI we report the

P
position of Ej within the fundamental gap for il semiconductors. This table
liéts for each material the poéition ofvEF above the top of the valence bandsv
and the measured band gaps obtained from the literature. We have also indicated
whether Ep, falls closest to the top (T), center (C), or bottom (B) of the
fundamental gap, Vhere:the bottom of the gap-goincides with'the_top~of:the
valence band. 'Tﬁe results show that'EF'is preferentially pipned neither to

the top of fhe gap as suggested by Gudat gz.éi.lo nor do we find it

cbnsiderably in the center of the gap as.was the case in the invesﬁigation of -

Veseley, Hengehold, and Langer.l5 The latter authors determined the position

- of EF for CdS, CdSe, CdTe, ZnO,'ZnSe, ZnTe and in addition for the small gép

" semiconductors HgSe and HgTe by comparing E; from UV-measurements with

Eg from XPS data (see Table IV). Differences in Eg (see Sec., III A) explain
the disagreement between our results and theirs for the position of Eg in

CdSe and ZnTe.
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C. Spin-Orbit Splitting in the Outer d Shells

Binding—energy differences in the spin-orbit spii£-outer d-shells of
these elements frovides a sensitive test of the effect qf crystal fields on
the apparent spin;orbit splitting in closed shells., We note that p-shells
would not be affected by cubic crystal fields, while tightly-bound core‘levels
would be léss affected by the crystalline environment than would the outer d
levels; | |

In the.hdSSSp elements Pollak g£_§£.6 observed anomslously large

apparent spin-orbit splitting of the hd3/ and hds/g subshells of Cd and possibly

2
In. These results were attributed tovthe combined effect of spin-orbit interaction

" and crystal-field interaction. While crystal-field forces would mix the d3/2

and d5/2 levels and altgr:the‘spectrum from the chgracteristicvﬁultiplet
pattern, these‘effects could-appear as an increase in the splittiné of an
unresolved doublet for sméll vélues of the crystal field; Latgr ﬁork by

Poole, gg_gi.g;vhas confirmed these results énd extended them to Zn, while
Cardéna; gE_g&.lB héve calied éxtention to the systematicélly smaller splittings
obsefved in InSb and PbTe than in elemental In, Sb, and Te. The data obtained
in the érésént work adds sufficiently.to the total available on this effect

that a briéf generai discussioﬁ of the.preéentvexperimental situation seems
warranted.,

Spin-orbit coupling is described by the Hemiltonian

2

) (r ar)'L 8

T 8~0

where o is the fine-structure constant and V is the electrostatic potential and

> > :
L and S are the orbital and spin angular momentum operators, respectively.

Appareht variations in the effective d3/2 - d5/2 splitting in & crystal lattice




g
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could arise either from actual variations in ﬂ;_o or from additional inter-

actions. Only the first alternative would be a true éhange in the spin-orbit

‘interaction. It would involve an alteration of the (monopole-symmetry) term

19y
r or

the spin-orbit splitting from free cations to ionic solids and as a corresponding

. If such an effect were important it would show up as an increase in

decrease for anions. No such regular variation is in fact observed. Rough

estimates based on point-charge models indicate that expected variations in

%:gg in ionic solids_would alter the spin-orbit splitting by 1073 eV or less.

Finally,,comparisons of AES_O in different charge states of free ions shows

'Ohly a very slight dependence on charge_stéte. The atomic data22 for these

elements are listed in Table VI, along with AES—O results from this work and

6,12,17,18,21,23,24

other photoemission results on solids. Since ionization of a

valence electron would affect %-%% far more than would a change in the ionic

envirpnment; this result, together %ith the above two,_leads us to conclude

that changeé in ﬂ;_o are not_responéible fqr apparent changes of AEs;o in
these sélids. Variations in theAapparent splitting must therefore résﬁlt_frOm
crystal field‘interaétions'of higher thgn monqpolé‘symmetry.

We.note first thgt the simplé eiements showing increases in AES_O frqm
gas to soiid &ii hévé lower than éuﬁié symmefry; These will be discﬁséed
sepafatelf eléewhere.25 The iII—V ahd.II—VI semicohductors of interest heré
all have feﬁrahedral point symmefry abou£ a latti¢e>si£e, in the wurtzite and
zincblende structures. Undef the combined intéraction 6f'spin—orbit céu?ling.
and an octdhédrél'crystal figld, the energy levels of a single d-electrqn‘

are resolved into one I', level at

7

E(P7) = -ipgq +.E R
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~

with twofold total degeneracy including spin degeneracy, &and two,F8 léVels.at
4 3 o
6Dq. + 5 & cot 6,

-th-%g-éicote .

Ei(rs)

E2(1"8')

‘Each of the P8 levels has a total degeneracy of four. ‘Herevg is the spin-orbit

coupling constant and 6 is defined by

- /8
10Dq +

ARl

tan 206 =

g

(SY I

These»results ﬁére quoted.by‘Bg‘llhausen..26 We can use them with

only t?iviai éhanges tqltreat the problem of a single d-hole

(the final state‘in a photoemission experiment) in a tetrahedrai field; Since

the tetrahédralvfield, like the octahedral field, resolves the d-levels into

t2g and eg repfesentations but in inverted or@er, we can sim@ly féplace ~10Dq

by an empirical splitting parameter:B, and sbsorb all constant factors into B.

We note that B may_g_griori ﬁave either sign in the III-V and II-VI compounds.

The spin-orbit coupling cbnstant,E is of course neéative for the hole state.
Figure T shows the'variaﬂion of AE with B, for a single d-ﬁole in a

tetrahedral field. The units are the magnitudé.of the spin-orbit splitting at

B = 0, namely g-lgl, and & is taken as negativé and held constant while B is

varied. For B < 0, the sapparent splitting between the upper F8 level and the

lower F7 - F8 doublet could increase significantly over %-IEI without the overall

appearance of the spectrum being greatly altered, provided that the natural

width of the component lines is fairly large, as would be the case for the
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semiconductors discussed here., As the individual lines grow nafrower, the
effects of B should be detectable first as a broadening, and decrease in the

peak height from the multiplet ratio, of the "d_,." line. In fact there is

5/2
considerable evidence for this in these results. Finally, for component line-
widths much narrower than sepération enefgies, three resolvable peaks should
appear. |

Turning to the data ithable VI, it seems quite clear that the
Te hd3/2 - hd5/2 separétion is greater in the four telluri@es than in ionic
TeVII. Since the splitting in TeVII is itself probably enhanced by the high
charge state, thé evidence for crystal-field enhancement iquuite strong.

Referring to Fig. 7, enhancement of AE by n 3% to l.theV would correspond to

a value of

|B/E] v 0.5,

with the sign of B undetermined, for the tellurides. We must be cautious about
aécepting this as proof that crystal-field enhancement has actually been observed,
however, because both Pb and Hg appear to show a decrease in AE in the compounds

relative to the free'atoms, which is impossible according to Fig. T.
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IV. THE VALENCE BANDS

.The similarity of gross feafures in the valence-band spectra of the -
biﬁary tefraﬁedraliy coordinated semicénducfors‘makes identificétion of the
obsef?ed peaks straightforward. The_&alence—band spectrum consists in each
case of three peaks originating from the outermost cation and.anion s~ and p-
electrons,v A cation d-level éeak is also present in each éase between 10 and
20 eV binding energy. All peaks in the.indium.and gallium compouﬁds are well
resolved with fhe'In Ld and Ga 3d level below éll valence bands, but the Cd kd
level masks‘the'lowest valence band in the cadmium compounds, and the lowest
valence baﬁd in the zinc compbunds'lies below the Zn 3d level. The spin-orbit split
'Hg 5d level masks the lowest valence band in HgTe. |

A background correction was performed in two steps. First the d-peaks
_w?re,stbtracted from the SPéctra. 'Second,vthe contribution from inelastiéally—
scattered electrons was subtracted. The shape of the inelastic tail of the
valence baﬁds.in each case was assumed to be the same as that of the nearby
d—levél's inelastic tail. The uncertainty introduced by'tﬁe first sﬁep in the
correction'affeéts.the determination of the position of the lowest valence bénds
to a minor extent; this has been‘included in the errors quoted.

The uncorrécted valence band speétfé I(E) are shown in Figs. 2 to 6
and the corrected spectra I'(E) are displayed in Figs. 8-13. , The overall
similérity of these spectra makes it easy to extract & number of common features.
We shéll do so first in a completely empirical way, witﬁout any reference to
band—structureAcalculatiéns. Let us éonsider the generalized spectrum shown ih.
Fig. 14, The valence band strucfure is grouped into three peaks; which wé
‘label PI, PII, and PIII in order of increasing binding energy. PII and PIII are

separated by a gap of low or zero electron density which widens in proceeding
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from III-V to II-VI compoundsf The width of thié gap may be determinéd by

linear extrapolation of the steep’edges of ‘the respective.peaks to thé Baseline,
yielding energies EIT and EIII. Iﬁ.someicases peak'I is.well—enéugh resolved

from peak II to.permit similar deférminaﬁion of EI, on the highvbinding-energy‘side of

PI. The energies of the bottom and top of the valence bands are determined by linear.

‘extrapolations of the leading and trailing edges of pesks PI and PIII

respectively. The top of the valénce bands, so determined, is taken as the
zero of energy and the bottom is lsbeled B. Peak PI, the broadest of the
three valence-band pesaks, exhibits resolvable fine structure in some cases.

and I A shoulder labeled Sl_on‘the high binding-energy

1 2°
side of peak PI ié resolﬁed in almost all cases., In éome cases peak Il can be
resolved into twd components, ldbéiea Il and Ii. _The binding energiés of these
features are listed in TableFVII, Also included are the energies at which the
peaks reach half tﬁeif heights,-labeledrHIT'(toﬁ of peak I), etc.
Our results are cqﬁpared in Table VIII with the UPS results of‘Eastman, Grobman,.

Yreeouf, and Erbudak,lT_who used 20 to 90 éV'synchrotron radiation to study five of ]

‘these'compohndsg Becausé they also gave results for Ge, these are included in

Table VIiI, along with our values for Ge, reported earlier.27 The general

appearance of the UPS spectfa is quite simiiar to that of the XPS measureménts.'
They differ mainiy in that the UPS curves‘shoﬁ steeper leading edges on peak I
and poorer definition bf peek III., In dthér respects they are of roughly
equalvquality, with UPS showing bétter resolution buf a pborer signal té back=~
ground ratio, The bosition of the peék PIT with respect to the top of the
valence band is extremely well reproduced by both methods (the absolute average |
deviaﬁion_is\only 0.16 ev), making PITI a reference point of high reliability,

as is the top of the valence bands.
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Towatd higﬁei bindiﬁg eﬁérgies the agreement is less satisfying: the
ebsolute average'deviétioné are 0,2 eV for PiII_and O.T eV for the boftom of
the vélence béhds._'Thié1disagreemént probably reéults largely from the uncgrtainty
in’ correcting for the'iarge contribution §f'inelastically scattered electrons-in
this région-of the lower- energy UPS spectra. The binding energies for il
obtained from XPS data are an average of 0.45 ev higher than'thosé obtained
byvUPs; Thelreasons for‘this.systematic deviation mgy be thé slightly better
resolutiqn of UPS or matrix element effeéts whicﬁ emphasize parts of PI close
to the top of thé valenée band more in UPS than in XPS. We note thét.fhe
former reason alone would.not account for the good agreeﬁeﬁt on the positions
~of PII.

Above we have compared XPS and UPS results, finding good, but not '
perfect, agreement, . Beforevinterpréting our reSults to yield energies of
bands ét symmetry points in the Brilloﬁin zone, let us inquire mbre closely
into what XPS and UPS spectfa really méasure génd how they relate to the valence-
band density of states. We shall discuss three main points: final state
modulation,.cro$s-ééction modulation; and rei&xatibn. The first two pertain to
the photoeléctron énd fhe thirdito the passive electrons. in ultraviolet
photoemissioh gpectroséopy if is well—knowh_that the observed spectrum is
modulated Both by the one-électrqn initial state density ahd by thevone-electron
final state density ih the condugtion band, these being regarded as the
state-density weighting facﬁors appropriate fo the "active" (photo-) electron.
Aﬁ this level cf approximatioﬁ iﬁ,is‘cléar'that increasing the photon energy
inté the x-ray region will effectively eliminate'fipalfstate modulation,
because the Stéte density at lLBO eV should be essentially independent of the

crystal potential. In fact it has been predicted28 that increasing the photon
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cross section must come from that fegion of the atomic cell in which the
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energies in UPS to > 20 eV would bring the UPS and XPS valence-band spectrum.
into agreeﬁent} Teble VIII provides stroﬁgiconfirmation of this prediction
for-these sémiconductors;

Cross-sectipn modulation can be discussed in two parts. First,
electrons invvalence §=, p=-, d-, and f-bands will in general have different
cross-sections for photoemissioﬁ, ahd the cross-section ratios (e.g.,
o(s)/o(p)) can also vary with photon energy. These variations'have been
discussed by Price29 andbby Géliu530 for gases and more recently b& Cavell,
gg‘gl.h.for solids. It is immediately clear from this that the XPS and UPS
spectra I'(E) and the one electron density of states p(E) can all show different
intensity variations with energy. There is, however, also a subtler_but very
important difference bétweeh XPS and UPS that should be emphasized as UPS
photon eneréies are being increased into the 50 - 100 ev range: UPS is more
sensitive to the wavefunction in the outer pértion of the étomic‘cell, while
XPS senses the‘wavefunction nesr the nucleus. The effect, Whiéh was diécussed

29

for moleculés, is illustrated for carbon 2s and 2p states in Fig. 15.

->
" Bince the photoemission transition matrix element has the form <w[r|x > , where

Y and x are respectively the initial valence-band state and the final continuum
state of the photoelectron, it is clear that the major contribution to the

, » S
curvature of Y most nearly matches that corresponding'to the de Broglie wave-
length of the continuum finsl state. Thus UPS spectra detect mainly the outer

(bonding)vrégions of the wavefunction, and are sensitive to varistions of the

radial wavefunction between the bottom and top of the band. The XPS spectra

are relatively insensitive to this variation, particularly if the correspdndigg atomic

function has radial nodes,
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The third point——relaxation in the final state--is often completeiy
ignored in. valence~band photoemission spectroscopy, although'early attention

31

was called to the effect.™ We note first that most baﬁd-structure

calculations do not treat exchange self-consistently. Thus a "Koopmans'
correction"32 must be made before it is correct to use Koopmans' Theorem33 in-
estimating binding energies, This is not, however, the only objéction to

comparing I'(E) and p(E) directly. Particularly for the deeper valence bands,

which are beginning to take on corelike characteristics, final-state

relaxation will tend to move the valence-band features such as PIII "up"

toward the "top" of the valence bands relative to a p(E) calculated self-

consistently. This statement is of course independent of the method of

meésurement. We shall mske ﬁo cofréctipn for this effect in the discussion
below. Thusvwhén we discuss energies of symmetry points'in the Brilloﬁiﬁizone
relative ;o the toﬁ of the valence bands, we are in reality referring to thé
energies of these symmetry points in the one-hole final-states spectrum, relative
to the bottom of the hole-state valence band spectrum,

Despite these caveats it seems poséible tQ obtainvréasonable estimates-
of the energies of symmetry points.  This is done below.

The great expenditures in calculating the band structure throughout
an irreducible paft of the Brillouin zbne has limited the available theoretical
densities of sfates to relatively few compounds. Therefore, iﬁ order to compare
our experimehtal déta with as wide a range of calculations as possible, it was
necessary tq derive from I'(E) the energies of selected sjmmetry points., The
theofeticgl densities of states p(E) for 5 cubic binary compounds as calculated
by the empirical pseudopotential method (EPM)35 have been broadened with a
gaussian of 0.7 eV FWHM_af the top and 0.8 eV FWHM at the bottom of the valence

band, to account for finite instrumental resolution plus lifetime broadening




" p'(E), but the peak at X

 of bands 1 and 2 is lifted along the symmetry line I between X
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~ which increases with increasing binding energy. Figure l6_shows as an example -

the close reéemblanée of this broadened density of states p‘(E) wifh the
experimental spectrum I'(E) for GaP. The positions of'characteristic featﬁres
in the theoretical density of states po(E) which_aré associatéd with the
energiesti of éritical‘points can be felatgd to corresponding features in
the broadened density of states p'(E), Applying the saﬁe‘criteria which
~determine E; in Q'(E) to If(E) yields in turn éxperimentgl'values for E,. The
similarity in the band .structure of all the cubic binary semiconductors allows
‘éh extension of this procedure tQ spectra for which no théoretical densities
of states are yet availgble. o

The eight valénce’electrons per unit cell in the zincblende étructure
occupy U4 bands which constitute the valence~band density of states. The péint'
‘of triple'degenergcy of baﬁds i, 2, and 3 kcounted from the‘top of the valence
bénd), FlS’ marks the top of #he vaience band, and correspbnds ﬁo the zero of
energy in Tables VIT through XIX, Next,'p(E) rises within about 1 eV to a flat,
and X.. This flat top is somewhat rounded in

3 >

is well-resolved in mbét spectra. The degeneracy

sloped top between points L

5 .
“and rlS’ and

5
the lowest point ZTln of band 2 marks the bottom of peak PI. In p'(E) and I'(E)
I] " falls sbout halfway between the botton of peak PI and the shoulder which

. arises from a small sharp peak associated with the band at W2. The near

degeneracy of the symmetry points of band 3 over the surface of the Brillouin

‘zone gives rise to the sharp peak PII. The top of this peak, which coincides

within two tenths of an eV with Wl is the feature which can most reliably be

determined from I'(E). The poiht X, usually marks the bottom of pesk PII in_p(E).

3
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Band 4 forms peak PITII, which is a distorted mirror image of peak‘PII.
Points Xl and Wh on the square face of the Brillouin zoﬁé are again almost
. degenerate. They determine the spike and sharp leading edge (in p(E)) of peak
PIII.. The otkerwise rather flat top breaks at L1 into a smooth decfease in
p(E) toward the botfom of the valence band at Fl. After broadening, this richly
structured band appears'as a SIightly asymmétric peak whose top marks-féirly
accurately the position of Ll'- The positions'of Xl and Wh fall ét about three
guarters of the height of peak PIII.V

Applying the criteria which defermine the position:of the symmefry
points in p'(E) to I'(E) of the cubic compounds we obtain the binding energies

of these points with respect to the top of the velence band at Fl These

5°
35-Lk

results are listed and compared with pertinent calculations " in Tables IX-XIX.

17

The results from UPS measurements are also given for cemparison, where available.
Among the band—structure calculations we can aistinguish.twd classes:
first-principles calculations such as OPW and KKR (Green's function method)
which‘start with a muffin-tin type crystal potential andluéually have nol
adjustable parameters, and empirical‘calculatioﬁs suchvas EPM and adjusted
v OPW calcuiations, which include.a reésonable number of adjustable parameters
to fit theoretical band structures to appropriately‘interpreted experimental
data. In these latter approaches one can assume that Koopmans' corrections
are incorporated in the adjustable parametefs. The EPM calculations of Cohen
and Bergstrasserhs on a number of binary semiconductors has shown the success
of this approach as far as levels within é few eV around the gap are concerned.

The shortcomings of local pseudopotential calculations in describing the energies

of deeper lying valence bands are well-known. A recent attempt, however, by
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Chelikowsky, Chadi, and Cohen35 fo fit the total valence band spectra of

several semiconductors with an effective electron mass as an additional free

parameter was very successful, as the energies in Tables IX, X, XIV,‘XVI, and

XVIII show,

The first-principles calculations show in»géneral.surprisingly good
agreement with experiment. The self consistent calculations (SCOPW) of

11 o o .
39,4 are clearly an improvement over the OPW calculations,

Stukel et al.
especially when the Kohﬁ—Sham exchange approximation is used (see Tables X
and XVI). " | |

The KKR calculations of Eckelt,lf2 in general predict the overall bandwidth
and the .position of the lowest-band véry well for ZnS, ZnSe, and ZnTe. |
The best overall agreement with expériment, however, was obtained in most

38,4k

cases by a relativistic OPW approach, with XaB eichange. This approach.
appeared to possess the ability to bring the features near the top of the band -
down and also to move the "Peak III" features down toﬁérd their experimental
positions. It wiil be very interesting to see what a self—coﬁsiétent versién
of this "ROPW, XaB" approach can do. |

Not included ianables IX through XIT aré the results of the E . §>, |
method applied to the calculation of the band structures of GaP, GaAs, GaSb,

34

and InP by Pollek et al. and Higginbotham gz;gi.ho because only the positions

of L3 and X5 can be deduced from their work.
Rather than discussing every symmetry point, we shall concentrate on
the important gap X3 - Xl'between Pesk II and Peak III.v This gap is closely

related to the ionic character of"the‘compound. Our results are compared with

theory and UPS results in Table XX.
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'The_XPS and UPS resﬁltszhxe in quite good‘sgreemest where'comparison
is possible and the systematic discrepéncy appears te'arise mestiy from dif-
fereﬁt methods of data redﬁction. Turnlng to the theoretical work, the KKR
II-VI results disagree errat1cally with experiment from 0.8 ev ‘low 1ﬁ i
ZnTe to 2.0 ev high in ZnS. A similar scatter is found in the~OPW~résu1ts:
ranging_from.-l.h eV in GaSb to +l°5 eV in InP. The results from self-
consistent OPW calculations . are too'few to assess any impfovemeﬁt in going
from a non-self—con31stent to a self—cons1stent theory. The three paraméter
scheme that leads to the adjusted OoPW calculatlons contalns two parameters32
which adjust the cation and anion core levels respectively, so as to improve
the Band structure'in terms qf optical transitiens. .This_adjustmehtsleads,
vvia the erthogonality conditien, to an inerease invthe gap X3 - Xl eampar&ble
to the'antisymmetrie.part in the pseudopotential in the EPM seheme.» Aﬁ
insbection of'Table XX reveals,:however; that this adjustﬁent in all cases Bat GaP
overemphasizes the X - X sepaiation.- This suggeSts;'that XPS and UPS data

3 1
should be considered in such adJustmehts; Finally, the relativistic OPW results'

are on the whole in quite good agreement with experiment. It will be*interesting_

~to learn how self-consistent ROPW results will cdmpare.v
A detalled interpretation of these ‘and other Xl - X3 gaps in terms of
ionicity w1ll be given elsewhere.. The general trend—-an increase from III-V
to II-VI compounds-~is ciea; in Table XX,
._ The gross features-of the valence;bagd XPS spectra of the wurtzite-
'structufe compouhds CdS, CdSe; and ZnO are similar tocthose”of the semieonduetqrs
, &ith the zincblendevstructure. -This is not surprising, because the immediate

surroundings of each atom are almost identical in the two structures.
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Two peaks at the top'of the valencé'bands corfeS?bnd-to Peaks‘I aﬁd IT
respéctively; Peak.III, which éan in fhé more ionic I1I-VI compound be identified
with the énion s-levei, is shifted in ZﬁO to 20.7.eV binding energy. The ver&'
Lorentzian-liké.lineshape_indicétes considér#ble 1ifetiﬁe broadening in this

level., The true width of the corresponding band is. probably apprecisbly smaller.

Peak III is presumably masked by the Cd d-levels in Cd4S and CdSe. This

determines its binding energy in'these éompounds as lying between 8 and

12 eV. The mean positions of peak I, 1.8 eV in CdS and 1.9 eV in CdSe, is
in good agreement with the results of earlier UV work of Shay and Spicer.l

Additional fine structure in peak I cannot easily be identified with

_energies’of the uppermost valence bands at particular symmetry points because

no theoretical densities of states are avéilable and the correlation of symmetry
points in the fce Brillouiﬁ zone with thoée in the éxtended‘hexagonal ZOhehS
is limited to a few'cases._ We must thereforé_limit the comparison of our

results with calcu;ationsvto the position of ré, a -point which correspbnds t§

L, in the fcc lattice and marks the bottom of peak II (see Table XXI). The

1
top of the valence band is again the zero of energy. If falls in CdS and CdSe
with considerable certainty at the center of the Briilouin zone at the nearly

degenerate (except for crystal field splittihgs) points F6'and‘F1. The top

of the valence-band in ZnO differs from all other valence bénds in showing a

regioﬁ of small but non-zero density of states, which extends 1.4t eV beyond

the steep onsét.of'Peak I (Fig. 10). This unique,feature‘is an indication that
the top of the.valencé band in ZnO does not éoinéide with thé triple degenerate
point r6,lé but rather #ith the energy maximum of a presumablyvnopdegenéraﬁe 
bénd somewhere.in the>Brillouin zone, It.is interesting to note that a

similar result has been obtained in APW calculations of the band-structure of
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cubic ZnS by U. Rossler and M. Lietz, T in which the top of the valence band is
determined by the highest band along A, This would correspond to a point near
A for the hexagonal lattice. It is most likely that an'ihterpretation of the

valence band top along similar lines in Zn0O would bear on the discussion of

: o

|
6pti§al meésurements in this combound.

Inspectibn of Table XXI.shows that the overall ﬁidth of the upper two
‘valence peaks (I and II) is underestimated in all ﬁheofetical'&pp?oaéhes.. It -
should however be noted; that the self-consistent OPW calculation of Fuwema
23.5;.h82h9,f1nds the lowest pgak.III in CdS‘between -10.7 and_—ll.S eV, in. good
agreement with our éxﬁerimental limits of =10 * 2 eV. Not included in the I
vdiscuséion of our spectra are the éffects of spin-orbit splitting on the
densities of statés._ These effects are no greater than about 0,5 eV at certain

symmetry-points in Peak I for the heaviest compounds and are not clearly

resolvable in our spectra. An identification of the splitting I

/

r .
1~ Il in

"GaAs and ZnTe is not possible.
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SUMMARY AND CONCLUSIONS
We have ﬁresenﬁed the total valence-band XPS spectra of lh‘semicbnductors
from which the'bin@ing energies of common features are extracted embirically
and tabulated. ;The fesults are also interpreted. to yield éxperimental energies
of bands at select symmetry points in the Brillouin zéné and then compared
with available theoretical band structures. It is shown that bahd-structure

calculetions in_combination with XPS spectra provide a powerful approach to

-establishing the total valence band structure of semiconductors.
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Table I. Structures'of.mhferigls,studied in this work. -

lattice constant

Group Compound ‘ Sﬁrﬁcturea a. in AP
II-v - - ceP z 5,448

" Gads z .-5.653u

" Gas 6.095

" - Twp z 5.869

E InAs z - 6.058

" InSb 2 6478
v gm0 w(1.60) 3.249
o . 7nS z 5.406

" ZoSe 2 5.667

" ZnTe z 6.1026

" cas w(1.62) 4,136

" case w(1;63) b.299

" CdTe Z 6.&81‘

" HgTe z .6.h53 "_1 

zZ =

zincblende, w = wurtzite (c¢/a in parenthesis)..

bFrom "Powder Diffraction File", published by Joint Committee on Powder

 Diffraction Standards, Swarthmore, Pennsylvénia,.l9081 (1972).
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Table II. Surface contaminations of semiconductor

samples as measured in situ

monolayers of oxygena %%
GaP < 0,1 -— |
GaAs 0.2 1
GaSb 0.2 large
InP 0.2 1.9
InAs < 0.1 -—
InSb 0.6 0;8
Ccas < 0.1 —
CdSe < 0.1 _
CdTe 0.k 0.4
ZnS < 0.1 -
ZnSe 0.5 0
ZnTe 0.6 0.2
HgTe 0.6

0.h

®Deduced from comparison with

100%.

dxygen signal from ZnO; estimated error

o
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Table III, Relative positions of the gold-evaporated Fermi level and the top
of the semlconductor valence bands, in eV,

: a ApproXimate

‘Compound EF - EVB Gap Energy _ location of
cds : i.27' 2.58 C
case - 1.88 . 1.8k | T
care | 0.uT 1.0 - c
GaP 0.15 2.26 B
Gals 0.0 ‘f\_ 1.ko | B
InAs 0.3 | S 0.35 . T
Zn0 - 1.63 - 3.3 » - c
Zns : ~1.08 3.6 | c
ZnSe ' 1.13 2.80 : ‘ c
ZnTe . 0.17 | 1.19 B

InSb ' 0.12 0.18 -~ C

#lhese are averages of a large number of values in the literature,

bT ='top, C = center, and B = bottom of gap.
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Table IV. Binding energies of outermost d-levels of cation for different
compounds. All values in eV. Errors in the last place are given paren-
thetically. ' :

Compound ng‘ ' Eg ‘Method® Reference
cdas o 10.91(9) - XPS, Au- "~ this work
| 11.35(20). xS, C 12

9.6&(15) XPS this work
9.2 (2) UPS ' 1k
10,0 (4) UPS 15
CdSe 11.92(9) ‘ . XPS, Au this work
11.48(20) , - XPS, C , 12
10.04(15) XPS , this work
9.9 (2) . UPS 14
10.7 (4) UPS 15
cdTe 10.96(9) - xPS, Au  this work
11.09(48) , XPS, C : 12
10.49(15) Xps this work
'10.3 (2) . UPS 1
10.5 (4) UPS 15
10.2 (2) UPS 17
Zn0 10.44(9)  XPS, Au this work
-10.34(20) - XPS, C : 12
8.81(15) . xPS - ‘this work
8,5 (L) .~ UPS ' 15
7.5 (2) - UPS o 16
. . . . {
Zns 10.11(9) XPS, Au this work
10.27(20) XPs, C 12
9.03(15)  XPS '  this work
ZnSe 10.33(9) o XPS, Au ' ' this work
- 10.39(20) . Xps, ¢ - 12
9.20(15) - | XPS : this work

8.9 (k) - UPS . 15

(continued)
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Table IV. (continued)

Compound Eg EB | Methoa? Reference
ZnTé 10.01(9) XPS, Au this work
9.93(38) XPS, C 12
9.84(15)  xpS this work
9.1 (k) UPS 15
GaP 18.70(15) XPS, Au this wbrk
18,9 (2) XPS, Au 11
19.2 (2) XPS, —- 10
‘ 18.55(10) XPS this work
. Gals 18.82(9) | XPS, Au = this work
' 19,0 (2) " XPS, Au 11
19.3 (2) XPS, -- 10
18.82(15)' XPS this work
18,7 (1) UPS 18
GaSb 20.1 (2) XPS, -~ 10
19.00(15) . XPS this work
InP 17.7 (2) ~XPS, -- 10
‘ 16.80(15) XPS this work
InAs 17.%0(9) XPS, Au this work
17.5 (2) XPS, Au 11
17.2 (2)  XPS, -- . 10
' 17.09(15) . XPS this work
InSb 17.41(9) | XPS, Au this work
17.3 (2) XPS, Au 11
16.8 (2) ' XPS, —- 10
17.29(15) XPS this work
17.49(10) UPS 17
17.31(10) -~ UPS 18
Hele  d5/p dz/2 |
7.53(20) 9.L4u4(20) : XPS, C 12
S 45/ dzj2 v
7.87(15) 9.64(15) XPS - this work
7.6 (4) 9.5 (4) UPS 15

7/2)

= 84.00(1) eV. € = referred to Eg(c 1s) = 283.8 eV.

" a
Au = referred to E%Au(hf
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Table V. Binding energies of the outermost anion d-level for different com-
pounds; all energies are in eV,

Errors in the last place are given paren-

thetically.
, Eg E .
Compound : Method Reference
ds5/2 d3/2 ds/2 d3/2
ZnTe 40.,k0(12) L41.87(12) XPS, Au this work
39.97(29) L1,L7(24) XPS, C 12
- 40.23(15) k1.,70(15)  XPS this work
CdTe 39.97(8) - 41.41(8) XPS, Au this work
. 39.92(31) Li.k2(25) XPS, C 12
o 39.50(15) L40.94(15) XPS this work
HgTe 39.68(20) 41.12(20) XPS, C 12
1 39.89(15) hl.33(l§) XPS this work
Pore’  39.49(7)  L0.95(T) XPS, Au  this work
39.6 (3)  10.95(30) A XPS, AuP 13
39.49(15) 40.95(15) XPS this work
GaSb 31.45(20) 32.6 (2) XPs, 10
31.58(15) 32.79(15) - XPS this work
InSb 31.57(9) . 32.79(12) XPS, Au this work
31.44(20) 32.8 (20) XPS, Au 11
31.05(20) 32.20(20)  XPS, = 10
' 31.45(15) 32.67(15) XPS this work
31.27(10) 32.52(10) UPS 17
7ZnSe 54.63(9) XPS, Au this work
o 53.50(15) XPS this work
Pbse®  53.35(30) 54.2 (30) XPS, AuP 13
-53.7(3)
53.50(10) XPS this work

(continued)
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Table V. (continued)
v
Compound Eg Eg Method™  Reference
ds/5 %32 450 d3/0 ‘ '
Gas 40.76(9) XPS, Au this work
- Lb1.1 (2) XPS, Au 11
40.8 (2) Xps, -- 10
40.76(15).. XPs this work
InAss . 40.61(9) XPS, Au this work
Lo.9 (2) XPS, Au 11
Lo.7 (2) XPS, -- 10
40.30(15) XPS this work

aSee footnote a on Table IV;

b

by 0.7 eV as suggested in Ref. 13.

c X .
These values are included for comparison.

The values are corrected to the Au reference by increasing'the binding energies
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Table VI. Spin-orbit splittings (in eV).

Sample Shell Splitting Reference
Zn II Zn3d 0.337 22

Zn metal " 0.54(2)% 21

cd II cdld 0.669 22

Cd metal " 0.95(3) 21

Cd metal " 0.99(5) 6

CdTe " 0.70(5) 17

CcdTe " 0.83(20) 12

cas " 0.76(12) 12

Cdse " 0.87(16) 12

In IIT Inkd 0.8L49 22

In metal " 0.90(1) 6

In metal " 0.88(15) 17

In metal " 0.86(3) 21

InSb " 0.83(3) 18

InSb " 0.85(5) 17

InSb " 0.84(8) this work
Inp " 0.81(8) this work
Sb v Sbld 1.239' 22

Sb metal " 1.25(k) 6
GaSb " 1.21(4) this work
InSb " 1.22(k) this work
InSb " 1.15(10) 18

InSb " 1.25(5) 17

Te VII Tekd 1.409 22

Te metal " 1551(1) 6

ZnTe " 1.47(2) this work
caTe " 1.44(2) this work
HgTe " 1.4k(2) this work
PbTe " 1.46(2)  this work
PbTe " 1.35(10) 18

(continued)
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Table VI. (continued)
Sample " Shell Splitting Reference
Hg II Hg5a 1.864 22
liquid Hg " ' 1.83(9) this work
Hgle " 1.77(2) this work
HgTe " 1.91(10) 12
HgSe " 1.81(10) 12
HgS " - 1.79(10) 12
Pb IV Polkd ' 2.643 22
Pb metal " 2.62(2) 2
Pb metal " 2.66(9) 21
PbS " 2.58(2) 23
PbSe m 2.61(2) 23
PbTe " 23"

2.61(2)

®Error in last place.:
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Table VII. Binding energies of characteristic valence-band features from top of valence bands (in eV).a

Meterial = Hp I, I, I, 8  Hy 1 o fmr P foe o Brrr o Prore Pror Pros
GaP 0.7 1.7 2.4 - 3.5 hoo - 5.4 6.5 7.0 T.4 8.2 é.l 10.3° . 12.2
GeAs | 1.0 1.8 2.k 2.9 3.8 - - - 6.6 7.5 8.1 9.0 10.0 11.4 13.3 14}
Gasb 0.8 1.7 2.1 3 37 bA 5.5 64 T TA 8.6 9.2 1000 111 .9
Inp 0.7 -— 1.8 - 27 36 - -= 5k 6.2 6.9 7.8 8.6 9.7 10.8 116
InAs 0.6 1.7 2.1 == 3.0 .3‘5 e= = 5.8 6.3 6.9 8.5 9.k 10,5  11.6 .6
InSb 1.0 2.0 2.5 - 3.2 3.5 k2 — 5.9 6.5 7.2 8. 8.9 10.0 11.1 .0
. Zno 2.1 -- 2.9 -- 3.8 - - - 5.9 6.6 T.0 =~18 19.8 20,7 23.1 .8
ZnS 0.8 2.0 2.6 - 3.2 b0 - —~ k9 5.9 6. 11{& 11.8 12,k 13.3 .8
"ZnSe 0.8 1.6 1.9 -- 2.6 3.5 - -- 52 58 6.0 1.6 12.1 13.1 146 15.8
ZnTe 0.7 1.2 1.7 2.2 2.8 3.4 . - 5;1 5.8 6.3 "11.3 11.5  11.9  12.7 Ny
cds 0.8 1.3 1.6 —- 2.0 31 - — k1 b8 55 — o -
CaSe 0.8 1.5 1.9 = e e a= a0 k3 51 5.5 = - ¥f —
cdTe 0.6 1.5 1}8 — 2.5 2.9 '(3;6) — L5 | 5.2 5.6 o - _—
Hgle 0.7 1.5 2.1 - 54 3.3 - - 5.3 6.0 64— e -

¥See Fig. 15 and text for definition of points. Accuracy is #0.1 eV.

8991T-1a1



=k5- | LBL-1688

Tablé VIII., Comparison of characteristic featuresvin valence band spectra from
‘ XPS (this work) and UPS (Ref. 17) in ev.? '

Material —-————-—Il ~ -—-—-——Sl —-———PII : —--—----PIII >

XPS  UPS XPS  UPS XPS  UPS XpPS UPS XPS  UPS
GaP 2. 1.6 3.5 3.6 6.5 6.5 10.3 10.2 13;A 12.3
GaAs 2L 1.7 3.8‘ 3.6 6.6 6.k 11,k 11.2 1h.b 13.6
InSb 2.5 1.9 3.2 3.4 5.9 6.0 10.0 9.9 12.0  11.7
ZnSe 1.9 1.3 2.6 . 2.7 5.2 .u.9 13.1 13.7 15.8 --
CdTe 1.7 1.5 2.5 2.5 b5 b -— - - -
Ge 2.6 2.6 3.8 3.8 T4 7.7 10.5 10.6 13.2 12.8

®Relative to top of valence bands. Quoted values were obtained graphically from

‘both sets of spectra. -




Table IX., Valence-band energies in GaP (in eV with respect to the top of the valence~band).

Method L X W B

3 5 5 1 Wy X5(L,) X, L, = T, | Ref.

XFS 1.2(3)  2.7(2) 3.6(2) h.o(2)  6.5(2)  6.9(2) 9.6(3) 10.6(3) 13.2(k)  this work
UPS 0.8 —-— - L1 | — 69 9.7 - 11.8 17
EPM(adj) 1.0 2.5 = 3.7 b1 6.6 6.9 | 10,9 11.7 13.6 3L
OPW(adj) 0.9 2.3 - - - 6.1 9.2 10.0 1.8 35
oPW® 0.9 2.3 — — 6. 9.k - 10.1 1.9 36
ROPW,X g 0.9 2.2 e= - - . 6.1 9.5 10.3 12.0° 37

®Kohn-Sham exchange.'

_9'1.{_

999t—7ﬁ1



’ : min
Method _L3 X5 W, zl LN X3(Ll) Xl L1 _ Pl Ref.
XPS 1.4(3)  2.5(3) k.o(2) L. u(2) 6.6(1) 7.1(2) 10.7(3) 12.0(5) 13.8(k4) this work
ws 0.8 - - b1 - 6.9 10.0 - 12,9 17
EPM(sdj) 0.9 2.5 3.5 3.9 6.6 6.8 11.4 - 13.8 3l
OPW(adj) 0.9 2.3 -- - - 5.6 10.7 11.1 12.4 35 -
opw® 1.0 2.3 - - -- 6.3 9.7  10.k  12.0 36
\ inPW,,XmB 1.1, 2.4 — — 6.4 10.2 - 10.9 12.4 37
SCOPW™ 1.0 2.5 3.4 4.0 6.2 6.6 9.2 - 10.1  11.9 38
SCOPW® 1.0 2.3 3.0 3.3 6.0 6.3 9.5  10.2  11.8 3B

®Kohn-Sham exch ange.

bSla.t er exchange.

-L.r.(_

8g9T—14T .



Table XI. Valence-band energies in GaSb (in eV with respect to the tcp of the valence-band).

in :
Method L X W, e A X, (L, ) X, L, ry Ref.
XPS 1.3(2)  2.7(2) 2.6(2) 3.8(2)  6.4(1)  6.9(3) 9.h(2) 10.3(3) 11.6(3)  this work
OPw(adj) 0.9 2.3 - - . - 5.5 9.8 9.9 11.1 35
om® 1.1 2.k - - - 6.3 1.9 9.0 10.7 36
ROPW,X,5 1.2 2.5 - - -- 6.9 8.9 9.7 11.3 37

®Kohn-Sham exchange.

-gn-

899T—14T



Table XII. Valence-band energies in InP (in eV with respect to the top of the valence-band).

Method Ly X5 W, zﬁin Wy  X5(Lp) X L, I Ref.
XPS 1.0(3)  2.0(2)  2.5(2) 3.2(2) 5.4(2) 5.9(2)  8.9(3) 10.0(3) 11.0(4) ~ this work
OPW(adj) 0.6 1.7 == - - L6 9.7 10.1 11.1 32
ow® 0.6 1.7 - - - L5 9.0 9. 10.6 32
ROPW,X 0.7 = 1.6 - - - - L.6 9.2 9.7 10.8 37

®Kohn-Sham -exchange .,

8g9T~1aT

—6h=



Table XIII. Valence-band energies in InAs (in eV with respect to the top of the valence-band).

Method L X W, i W (1) X L, I, Ref.
XPS 0.9(3) 2.4(3) 2.7(3) 3.3(2) 5.8(2) 6.3(2)  9.8(3) 10.6(3) 12.3(4)  this work
OPW(adj) 0.6 1.7 - - - T 10,3 10.6 115 32
oPW 0.7 1.8 —_- - - LT 9.4 9.8 10.8 32
ROPW,X o 0.8 1.9 - - - 5.1 10.0 10.4 11.4 37

aKohn—Sham exchange.

_og—

 9B9T-IET -



(in eV with respect to the top of the valence-band).

L r Ref,

min .

Method | L3 x5 W, zl wl X3(Ll) Xl 1 1

XPS C1.H(3) 2.4 (h)  3.1(2)  3.W(2) 5.9(2) 6.4(2) ~ 9.5(2) 10.5(3) 11.7(3)  this work
UPS 1.05 - - 3.65 - 6.5 9.0 - 11.2 ) 17
EPM(ﬁdj) 1.2 2.1 2.8 3.2 5.7 6.2 9.5 110.1 11.3 3k
OPW(adj) 0.7 1.8 - - - b7 9.0 9.3 10,2 32

oW 0.8 1.9 - - — 5.0 7.7 8.3 9.6 32

- _ - 5.7 8.8 9.3 - 10.5 37

ROPW,X o 1.1

2.1

8Kohn-Sham exchange.
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Table XV. Valence-band energies of ZnS (in eV with respect to the top of the valence-band).

' in ‘
Method Ly X, W, ZI;‘ | Wy Xy(L,) X, L, r " Ref.
XPS 144 2.5(3) 3:.0(2)  3.4(3) L.9(2) 5.5(2) 12,0(3) 12.4(3) 13.5(4)  this work
- OPW(adj) 0.3 S 1. -_— - . 3.5 —_— _— - L1
opw® 0.k 1.2 - - - 3.5 — — - 1
ROPW.X o 0.5 1.3 - — - 3.8 S11.2 0 11,5 12,2 Ll
SCOPW 0.6 1.6 2.0 2.1 3.7 4.2 10.0 10,6 117 b1
KKR 0.6 .y - 2.1 - 3.3 1L 12.1 12.6 . L2
AP 0.9 1.7 - == 3.h 13.4 134 1k0 43

831ater excha.ngé.

-26-
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Method Lg Xe W, z?in Wy x,(L;) X, Ly r,  Ref.
XPS 1.3(3)  2.1(3) 2.6(2) 3.4(2) 5.2(2)  5.6(3) 12.5(4) 13.1(3) 15.2(6)  this work
ups 0.7 - — 3. - 5.3 - - - 17
EPM(adj) 0.9 2,1 3.3 3.8  5.3 5.9 14,2 14.5 15.8 , 3k
oPW(adj) 0.4 1A - -~ -— 3.7 - - - 35
OB 0.k .37 - - -— 3.8 - e - 36
ﬁopw,xdg' 0.7 i.6 . ;5 —_ - L2 11.6 }1.9 12.6 | INA
scopw® 0.7 2.0 2.7 3.1 b5 b7 105 10.8  11.8 - 38
SCOPW® 0.7 | 1.6 2.3 b5 L2 b4 - 10.5 10.9 1.8 38
KKR 0.6 1.3 - 2.2 - 3.6 12,0 12,2 12.6 - k2

_Eg_

&K ohn-Sham exchange.

bSlater exchange.

8Q9T~I4T



Table XVII. Valence-band energies of ZnTe (in eV with respect to the top of the valence-band).

: in
Method Ly Xs W, z? W, X4(1,) X, Ly ry Ref.
XPS - 1.1(3) Co(2)  2.7(2) 3.2(3)  5.1(2) 5.5(2) 11.6(3) 12.0(3) 13.0(k)  this work
OPW(adj) 0.5 1.h - = - T - - - 35
oW~ . 0.6 1.5 — - - b - - —- 36
ROPW,X,o 1.0 2.0 - . 5.0 10.2 10.6 °©  11.5 Lk
KKR 0.6 . 1.6 -— .28 _' . L.3 9.6 9.7 . 10.5 - ke

&slater exchange,

-—'I'(Q'

889T~T4T



‘Method L Xg W, poin LA S XL r, Ref. )
XPS 0.9(3) 1.8(2) 2.2(3) 2.7(3) bs(2) s.(2) - -=.  -=  this vork _ 1"
UPS . 0.7  -- - 2.8 | —- b 8.8 o= -- .'17. | ;

: | £

EPM(adj) 1.0 1.5 2.6 - L.3 L6 10.6 — 1.8 34 _ X
OPW(adj) 0.k 1.1 - - - 3.0 - - - 35 _ - “
opw® 0.k 1.1 - - - 31 - - - 36 o
ROPW,X o 0.8 . 1.6 — - - 3.9 10.1 10.3  10.8 i | "\n”
KKR 0.6 1.k - 21 - 3.5 8.7 9.2 10.3 k2 | | :

aSlater\exchangé.

889T-1IdT



-56-

LBL-1688 -

Table XIX, Valence—band energles of HgTe (in eV with respect to the top of
the valencerand) .
in '
X r Ref.
Method Ly X, z‘; W Xg(n) 1 L }
XPS 1.2(2)  2.5(3) 3.2(3) 5.3(2) 5.7(3) - --  this work
ROPW,X o 0.8 1.6 - _ 4.8 10.2 10.9 Lk




- X, Gap (eV)

6.2

Table XX. The X - X, |
Material ml_‘z e opwzgj soom3®® scome3® mopwdTeb xps® ups 17547
GaP 3.3 3.1 3.4 2.7 2.8
GaAs 3.4 5,1 2.6 3.2 3.8 3.6 3.1
GaSb 7 1.1 b3 2.6 2.5
Inp k.5 5.1 L6 3.0
InAs b7 5.6 4.9 3.5
InSb - 2.7 L3 3.1 3.1 2.5
Zns 8.6 | 5.8 7.4 6.5
ZnSe 8.1 5.7 6.1 7.k 6.9
ZnTe 543 s 61
" care 5.2 - k.1

8With Kohn-Sham exchange.

' PWith Slater exchange.

c‘v].‘h:'Ls work.

—Lg_

8891141

£



Table XXT,
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Energy of p01nt I3 in the Brillouin zone with respect to Fl ¢ for
hexagonal CdS, CdSe, and ZnO (in eV).
XPS KKR® orw®  scopw® zem®
cds 5.0 + 0.k 3.4 3.6 2.8
CdSe 5.2 £ 0.3 - - 2.5
Zno® 5.2 +.0.3 3.8
BRef. L6,
bRef. L8,
“Ref. k9. i
dRer. U5,
eF6 1 is assumed to be the zero intercept of the linear extrapolation of the
H . .

maximum slope at the leading edge of Peak I.
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FIGURE CAPTIONS

Fig. 1. -The charging.of insulator§ and semiconductors'under x—ray'bombardment_

as measured By kPS versus thé.enérgy of the fundamental b;nd gap.
Fig. 2. X%ray photoelectron spectra from GaP, GaAs, and GaSb.
Fié. 3. X—fay photoeléétroh spectra from InP, InAs, and InSb.
Fig.‘ho X-ray photdelectron spectra from Zn0, ZnS, ZnSe; aﬁd ZnTe.,
Fig. 5. X-ray photoelectrqn'spectra from. CdS, CdSe, and CdTe.
Fig., 6. X-ray photoelectronvspectrum from HgTe.

Fig. T. The splitting of a d~hole-state in the presence of a tetrahedral

field and spin-~orbit coupling. ¢ is the spin-orbit coupling constant.,

_Fig. 8. The corrected valence-band spectra, I'(E), of GaP, GaAs, and GaSb.

Fig. 9. The corrected valence-band spectra, I'(E), of InP, InAs, and InSb.
Fig. 10, The corrected valence-band spectrum, I'(E), of ZnO.

Fig. 11. The corrected valence-band spectra, I'(E), of ZnS, ZnSe, and ZnTe.

Fig. 12. The corrected valence-band spectra, I'(E), of CdS, CdSe, and CdTe.

Fig., 13. The corrected valence-band spectrum, I'(E), of HgTe.

.Fig. 14, Generalized photoelectron spectrum for the binary semiconductors.

For an explanation of the labeled features see text.
Fig. 15, Amplitudes of the radial QS‘and 2p wavefuncﬁions for carbon, R(C 2s)
and R(C 2p), compared with the rédial'wavefunctions of free electrons ¥

in states corresponding to 20 eV and lh86 erkinetic energy, respectiveiy.

"Fig. 16. Band structure, density of states p(E), broadened density of states

p'(E), and corrected valence-band spectrum I'(E) for GaP. Band structure

and p(E) are teken from Ref. 3k,
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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 of 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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