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ABSTRACT
High-resolution, monochromatic x-ray photoemission valence-band
spectra for a variety of solids are presented, related to ground state

eigenvalue spectra, and compared with existing theory.' Valence-band

" spectra of C (diamond), Al, Si, Ga, Ge, As, Pd, Ag, Cd, In, Sn, Sb, Te,

Ir, Pt, Au, T1, Pb, Bi, GaAs, ZnSe, PbS, PbSe, PbTe, NiO, CoQ, T1,.0, GaP,

2
GaSb, Znd0, ZnS, ZnTe, CdS, CdSe, CdTe, InSb, HgTe, NaI, NaBr, NaCl, NaF,
Ki, ¥Br, KC1, and KF are reported.

With incréasing atomic number in the 4d5sS5p elements‘Pd through
Te ;he 4d structure evolves from d bands to spin—orbit split atomic-like
core levels. Band-structure broadening was detectable in Cd, for which
the 4d doublet is 11 eV below the Fermi energy. Stfucture was observed
in the 5s5p bands for the first time by this.method..

Structural features in the valence-band XPS‘spectra vary from
Ir to Au as ecxpected on the basis of 5d6s band filiing. Spin-orbit split-
ting of the 6p band is manifest in the XPS spectra-ofIPb and Bi. Lowered
energies of the 6s band indicate the presence of the mass-velocity and

Darwin terms.

The total valence bands of crystalline and'amorphous silicon and

-germanium are reported. For the crystals, the XPS spectra yield results
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that are strikingly similar to current theoretical caléulations of the
electron densify of states, p(E). Amorphous Si and Ge.exhibit definite
band structures that are similar to oné another but markedly different
from the crystalline results.

The XPS_valence—bénd spectra for the isQélectronic series Ge,

GalAs, and ZnSe are compared with theoretical valence-band density-of-states
- calculations using the empirical pseudopotential method. The agreemént
between the experimental and theoretical results is quife good, particularly
for Ge and GaAs. Tor ZnSevthe X~-ray photoemission spectrum shows the

Zn 3d-states to be higher in energy than the lowést valénce—band s-states.
In order to obtain this ordering of states in the theoreﬁical calculation,
"a pseudopotential with an explicit energy dependence is required.

The high—resolﬁtion XPS valence-band spectrum from a cleaved
natural diamoﬁd single crystal is reported. The absence of extrinsic’
structure allows a reliable comparison with band theory. The XPS molecular;
orbital spectra of methane, silane, and germane are also given. ‘The
modulation of photoelectric cross section in the valence bands of diamond,
Si, and Ge are discussed and compared with atomic XPS cross sections
derived from the spectra of CHh’ SiHh, and GeHh.

XPS spectra of the valence bands of As, Sb, and Bi show a split-
ting, AE, of the "s-1like" peak for the crystalline phase that disappears
in the amorphous phase. This similarity to tetrahedrally coordinated
semiconductors is explained by describing the semimetals as layers of
distorted covaleﬁtly bonded hexagonal rings. This generalizes the "even-
0dd" ring effect to the AT lattice. The relation of AE to ?nteratomic

distance is described by a universal curve,
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XP3S valence-band spectra of PbS, PbSe, and PbTe are compared with
available band theory results., Relativistic OPW results exhibit the
best overall égreement with experiment. EPM results show similar agreement
for all but the most tightiy bound valence bands.

The charging behavior of 26 semiconductors and insulators is
reported and discussed. Charging is found to be'correléted with the energy
ﬁand gap between tﬁe valence and conduction bands.

The XPS characteristic energy loss structure of Ag through Te is
reported, It can be almost entirely accounted for by excitations similar
to those observed in electron reflection‘experiments. Most of the structure
can be assigned to bulk and surface plasmon excitations.

The XPS valence-band spectra of CoO and NiO are presented and
discussed in terms of our current understanding of their electronic
structure. A 3.5 eV wide structure with two components whose separation
" appears related to the exchange splitting Aex is assigned to the 3d
electrons.

Preliminary results from studies of the oxidation of T1 and Ni
demonstrate the ability of XPS to monitor the chemistry of surfaces.
Preliminary ultrahigh vacuum XPS spectra of the valence-band and 2s level
of aluminum are reported. The valence band exhibits the expected free

electron structure.
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SECTION T. INTRODUCTION
The language of solid state chemistry and physics ié quantum
theory. Theoretically'one attempts to describe absolid by specifying
its Hamiltonian and determining its completé'set of eigehfunctions and

23

eigenvalues, This is a many-body problem with ~ 10°° atoms/cc and thus
its .solution can'only be approached by using maeny simplifying and often
sizable gpproximations, " This inability to calculate exact solutions
leads to a multitude of theories each éttémpting to treat part of the
problem and many taking different approaches to describe the same
phenomenon, Thé émployment of the experimental sciences fof verification
of existing theories and for insight during development of new theories
is essential in guiding us in our attempt to undéfstand_the solid state.

This thesis presents the experimental valence-band x-ray photo-
eimision spectra for a wide variety of solids, relates these spectra to
Lir:l1 grouad . ate eigenvalue spectra, and compares these results with
exisiving theory. Eaperimentally several techniques are presently used to
inve:tigate the electronic density of states p(E):

I. Photoemissjon spectroscopy

A. Ultraviolet photoemission spectroscopyl’z’3

! X-~ray photoemission spectroscopyh’5’6’7
C. Synchrotron radiation photoemission spectroscopy

ITI. Soft x-ray spectroscopyg’lo

ITI. Ion-neutralization spectroscopyll

None of these spectroscopies directly yields the density of states in the

Guig~-electron approximation,
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where the €, are the single-particle energies,'however each spectroscopy
has methods for relating its own measured response function to p(E).

The uncorrected response function I(E) measured in x-ray photo-
emission spectroscopy for several systems with well understood band
structures quite closely resembles the calculated densities of states
and thus suggésts that even uncorrected XPS spectra will yield many of
the features of less well understood materials. This is proving to be

the case,

L

ar



10.

11.

REFERENCES

W. E. Spicer, in Proc. 3rd Int. Mat, Res. Symp., Electronic Density

of States, Nat. Bur. Stand. (U.S.), Spec. Pub. 323 (1971), p. 139.

D. E, Eastman, in Electron Spectroscopy, ed. by D. A. Shirley (North-

Holland Publishing Co., Amsterdam and London, 1972) p. 487.

N. Smith, CRC Critical Reviews in Solid State Sciences 2, Ls (1971).

K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hamrin, H, Hedman,
G. Johansson, T. Bergmark, S.-E. Karlsson, I. Lindgren, and B.

Lindberg, Electron Spectroscopy for Chemical Analysis (Almqvist and

Wiksells AB, Stockholm, Sweden, 1967).

C. S. Fadiey, Ph.D. dissertation, University of California, Berkeley,
1970 (Lawrence Berkeley Laboratory Report UCRL-19535 (1970)).

C. S. Fadle& and D. A, Shirley, J. Nat, Bur, Stand. lﬂéﬁ 543 (1970).

S. B. Hagstrom, in Electron Spectroscopy, ed. by D. A. Shirley (North-

Holland Publishing Co., Amsterdam and London, 1972) p. 515.
D. E. Eastman and W. D, Grobman, Phys. Rev, Letters 28, 1327 (1972).

D. W. Fischer, J. Appl. Phys. L4l, 3561 (1970).

D. J. Nagel, Advan. X-Ray Anal. 13, 182 (1970).

H. D. Hagstrum, Phys. Rev. B4, 4187 (1971).



SECTION II, THE ELECTRONIC DENSITY OF STATES AND X-RAY PHOTOEMISSION
SPECTROSCOPY--THE ONE ELECTRON TRANSITION MODEL

The use of x-ray photoemission spectroscopy (XPS) to determine
the electronic density of states of filled valence and conduction bands
in solids is still in its infancy and only several dozen spectra have
been reported in the literature. No quantitative theoretical description
of the XPS of solids exists at this time. The experimental state of the
art is preseptly advancing quite rapidly, however XPS of valence bands*
has not yet become a routine techﬁique.

In solid state XPS a beam of x-ray photons of known energy is
directed at a solid surface and the kinetic .energy spectrum of the emitted
photoelectrons is measured and then related to the eigenvalue spectrum of .
the solid.,l This relatidnship is not yet theo;efically or empirically
well defined. Presently the very close similarity of the uncorrected XPS
spectrum to calcﬁlated densities of states in some well understood cases
leads us to a series of assumptions and approximations which permit us to
compare XPS results with band theory results_even though at this stage
of development many of these assumptions and approximations must yet
be tested and refined.

Photoemiésion from solids caﬁ conceptually be decomposed into a
three step process: I. excitation of an electron from a level of the
ground state to a free-electron like state of high }inetic energy within
the solid, II. passage of the photoelectron to the surface of the solid,
~and III. escape of the electron from the solid. Conservation of energy
requires that the measured kinetic energy of the photoelectron equal the

*
All bands formed from the atomic valence electrons will be termed valence

bands. ‘
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x-ray photon energy minus the energy expended in steps I,VII, and III
above. A corrected XPS spectrum I'(E) can be obtained from step I after
correcting for contributions from steps II and III. .It:ié I'(E) that is
compared with the calculated one-electron density of states p(E).

The energy required by an elect;on to escépe ffoﬁ a solid (Step
III) is the electrochemical potential U. The zero of energy of U is
conventionaiiy the potential energy at infinity. The:Fermi level EF of a
metal at 0° K is the uppermost filled electron energy 1evel. In general
' EF is defined by the Fefmi distribution function and thé density of
electronic states of the system. The Fermi leyel is eQual to the electro-
chemicél potential ﬁ.at 0°K. Conventionally XPS spectra of solids are reported
relative to the Fermi level, The relationship among somé commonly encountered
potentials is illustrated in Fig. 1. The electrochemical potential is
the sum of the Volta potential, surface potential jump, and chemical
potential. The Volta potential is the electrostatic:potential Just
outside the‘solid surface (v 10f3 cm away); Charging of the solid or
external fields produce the Volta potential{ The surface potential jump
is the elecfrostatic,péténfial diffefence between a point just outside the
surface and a.point inside the sclid., The chemical potential accounts for
the interaction of the measuring probe,.the electron, with the system.
The inner potentiél is defined.as the sum of the Volta potential and
surface potential jump. The work function is defined as the sum of the
surface potenfial Jump and the chemical potential. When the Volta potential
is zero the work function equals fhe electrochemical potential.

Photoelectrons excited ﬁithin a solid must pass through the solid

to the surface (Step II). Many suffer inelastic energy losses. The
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secondary electron energy spectrum of monoenergetic electrons reflected from
a solid surface contaiﬁs inelasticvloss structure similar to that observed
in XPS spectra. Figure 2 after Seah2 is the secondary electron energy
spectrum of silver bombarded with 100 eV electrons incident at T70° from
the normal. For convenience this spectrum is divided into three regions.
Region IIT contains the elastically scattered electrons and those which |
have lost a few hundredths of an electron volt to pﬁonons. Region IT is
composed of those electrons which have suffered characteristic energy
losses by producing, for example, collective excitations or interband
transitions of the lattice electrons. Characteristic energy loss peaks
usually occur between 2 eV and 50 eV below the elastically scattered peak.
The electrons of region I are called the true secondéry electrons. They
are of low energy and it is believed they are produced by a cascade
background. Thus we see that the initially monoenergetic beam of electrons
after passing through the solid has a very broad energy distribution with
much structure. As the kinetic energy of the incident electron beam
increases the ratio R of elastically scattered to inelastically scattered
electrons decreases.2 R for XPS wvalence bénd spectra is usually much
smaller than unity. XPS results are more complex than those from electron
reflection measurements since there are as many primary electron energies
in XPS as there are orbitals of different energy. The spectral distributions
from all orbitals are superimposed in the XPS spectrum. |

At present XPS kinetic energy spectra I(E) are corrected for
inelastic scattering (step II) and the electrochemical potential (step

III) and then compared directly with one-electron densities of states



calculated within the self-consistent field approximation. The
theoretical denéities of states are usually broadened to be consistent
with experimental resolution.- By making this comparison one assumes

the validity of the cne-electron traﬁsition model. The applicability

and limitatioﬁs of fhe one-electron transition moedel to XPS have been
discussed by Fadley and Shirley;l Hedin, B. I. Lundqvist, and S. Lundqvist;3
and»Hagstrﬁm.u.‘They have pointed out the e*perimental contributions to

lineshape and cases where the one-electron transition model is inadequate.

The one-electron density of states is given by:

o(E) = ;;jé(E - €;) _ ' | o (1)

K
e

where ei is the single particle energy which is equated with the electron
binding energy in the one-electron transition model. The binding energy
Lj relative ‘o the Fermi level of the solid is given by the energy con-

servetion eguation [or photoemission:

= _V '—— E ’ 2
Bp=hv - E. -¥ (2)

where hv is the photon energy, Ekin is the photoelectron's kinetic energy,
Jid 1 1s the el- trochemical potential. In practice the contact potential
betveen the specirometer and sample must be subtracted from this equation.

This yields the familiar equation:

Eg =hv - B, - q¢sp - ql’bsa (3)

where ¢sp is the spéctrometer work function, wsa is the Volta potential

‘of the sample and q is the electronic charge (-e). (See Fig. 1.)
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Within this model we can directly compare the XPS kinetic energy spectrum
with the one-electron density of states moduléted by the appropriate

transition probabilities.l
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SECTION ITII. EXPERIMENTAL METHOD

Siegbahn gg.gi.l in 1967 proposed a desiéh for an x-ray photo-
emission spectrometer that would allow one to improve resolution beyond
the limit set by the natural linewidth of the exciting x-radiation and
also eliminafe the photoelectron background excited by satellite x-rays
and bremssﬁrahlung radiation produced at the x-ray anode. This is
accomplished by Bragg reflecting from a quartz single crystal only the
Al Ko region of radiation produced in the x—ray tube. On reflection

1,2
from the crystal the Al Ka doublet is dispersed in wavenumber across the

1,2

sample being studied. Dispersion-compensated electron optics are then
used to energy analyze the photoelectron spectrum. The Scientific
Instruments Division of the Hewlett-Packard Company manufacture a
spectrometer based on this desién. This spectrometer, the HP 5950A ESCA
photoelectron spectrometer2 has been ﬁsed for the majority of the work
reported here. A measure of the instrumental résbiuﬁion has been extracted
from the slope of the Fermi edges in the spectra of Pd, Ag, Cd, In, and
Sn, For each of these cases the observed slope canlBe obtained by folding
a Fermi distribution function With'a‘Gaussian instfumental response
function of 0.55 * 0.02 eV FWHM (see Sec. IV). The error only applies to
the precision of the measurement. It is believed that with the elimination
of some systematic contributions to linewidth this resolution can yet be
imprqved. This problem is now under study.

Figure 1 is a photograph of the HP 5950A. The major components
are the monochromator, the electron optics, the electron detection system,

the data system, the sample inlet system, and the vacuum system. A

schematic of the monochromator, the electron optics, and data system is
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given in Fig. 2, a schematic of the sample inlet system ih Fig. 3, and
a schematic of the vacuum system in Fig.,h. The x—ra&s strike the sample
20° from the surface normal and photoelectrons emitted 51.5° from the
normal enter the energy analyzer, Thé#énalyzer consists of an electron
lens system which retards énd'focusses the photoelectrons at the entrance
of a constant energy 15.5 cm radius eiectrostatic hemisphericai analyzer.
A glass multi-channel electron multiplier projects the electron distribution
at the exit focal plane of the analyzer onto a phosphor‘which coats the
inside of a vacuum port window. A vidicon system trahsfers the information
from the phosphor to the data system. A multichannel analyzer is used
to store the‘data. The MCA is presently addressed by an analogue signal -
generated by the vidicon system. The number of horizontal vidicon lines
does not equal the number Qf MCA channels used. We believe that there is
a systematic contribution to both linewidth and noiée associated with the
present addressing system ana are in the process df Building a system which
will digitally address the MCA and digitally step the retarding voltage
of the eﬁergy analyzer. Presently the retarding voltage is swept’
continuously. In the new system the information from eaéh vidiqon line
will be stored in a.different MCA channel. We believe this will eliminate
the systematic noise which now dominétes random statistical noise and
thereby requires counting times several times longer than statistics alone
would require.

The need for ultrahigh vacuum photoelebtron spectrometers has
been recogniied for some time. The sensitivity of XPS to only the first

few surface layers3 requires the préduction and maintenance of clean
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surfaces to insure notcontribution to spectra from contaminants. During
normal operation the residual gas pressure in the unbaked, unmodified

HP 5950A analyzer chamber ranges from 5 X 1077 Térr to 3 X lO-8 Torr.

The yrressure was measured with a nude Bayard—Alpert gauge in the analyzer
chamber. The residual gas consists mainly of water, CO; and H2 with
small quantities of hydrocarbons and rare gases. A fypical residual

gas spectrum obtained with an EAI QUAD 250 quadrupole residual gas
analyzer attached to the electron energy énalyzer chamber is shown in
Fig. 5. The residual gas pressure in the sample preparation chamber

7 [

ranged from 2 X lO; Torr to 8 x iO_ Torr. This pressure was measured with
a nude Bayard—Alpert gauge attached to the sample preparation chamber.
The x-ray monochromator chamber is vacuum isolated from the analyzer chamber
by a 0.25 mil aluminum window. The whole system is pumped with Varian
Noble Vac-Ion pumps (Fig. 4). The above vacuum conditions have been
adequate for studying elemental semiconductors, binary fetrahedrally
coordinated semiconductors, the alkali halides, some other binary semi-
conductoré, and the less electropositive metals on the right side of the
periodic table. The conditions were inadequate for materials with
reactive surfaces. The majority of the work reported here was performed
in the unmodifiéd, unbaked HP 5950A wﬁich will be termed the high
vacuum (HV) mode.

The HP 5950A is bakeable and constructed of materials compatible
with ultrahigh vacuum. All seals are metal except for oneisliding
C-ring seal through which the samples are introduced into the system on

a long rod. This sliding seal system appears to be incompatible with

ultrahigh vacuum. The conductance of air through the seal system limits
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in the energy analyzer does not have to be regenerated unless the
system has been contaminated. These modifications necessary for
UHV operation have just been completed. Preliminary results are discussed

in Sec. XVI.
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. [

XBB 7211-5762

L
Fig. 1. HP 5950A ESCA photoelectron spectrometer.



BE™
SHEC T ROME TER

LENS

3\

B

CRYSTAL o = ‘\ ’

]

PRE-MCELERATNG
= T T TGRriD

-13727-372

~ 100V
-

P e

~ 1.8 xy

»

- ~3KY

11250V
PrO (05956-60001)

.

CHE VIRON PLATE

MONOCHROMATOR 7 .
2 HP-GIIOA lOPS 2000 KEPCO
/ CELERATING POWER HP-azgc bp W
Rowd Anw POTENTIAL suPPLY POWER 3uPPLY
CIRCLE | L | .
- B s
SAMIPLE +37 W
e To-cov | e v AN DISPLAY
= DIGITAL VYOLTAGE
SOURCE.
= DITHER
SEROA 0 10100V l T
FEGULATOR [T
14 [ HP- 5401 M.C. A
HP-9255B& MULTISCALE D
DETECTOR BRI
CONTROL fcc c¢ 1| xvRECORLER
3594 UNAT SAMPLE TIME b Sawil
1SK vV > =
cc
SUPPLY oot a0 PP -
p
] 4 *ﬂar
3&

Fig. 2.

Schematic of HP 5950A

XBL 7211-7401

monochromator, electron optics, and data system.
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Fig. 5. Typical residual gas spectrum in the HP 5950A analyzer chamber, (Obtained with an EAI
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XBB 7210-5115A

Fig. 6. Modified HP 5950A ESCA photoelectron spectrometer. 1) Monochromator
vacuum chamber; 2) Analyzer vacuum chamber; 3) Sample preparation chamber;
4) Sample introduction chamber; 5) Bakeout oven basej 6) Quad 250
residual gas analyzer.
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XBB 7210-5119A

Fig. 7. Modified HP 5950A ESCA photoelectron spectrometer. 1) roughing
cryosorption pumps; 2) leak valve between gas manifold and TSP; 3) gas
manifold; 4) sample-rod rotary drive mechanismj; 5) sample-rod linear
drive mechanismj; 6) sample preparation manipulator.
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Fig. 8. Modified HP 5950A sample preparation and introduction chambers.
1) electron bombardment heater (Physical Electronics); 2) argon ion

gun (Physical Electronics); 3) conductance barrier; L) sample preparation

manipulator; 5) straight-through valve (Cal Physics); 6) sample
titanium sublimation pump (Varian);

introduction port; 7) 350 1/s
8) 60 1/s triode ion pump; (Varian); 9) Bayard-Alpert ion gauge.
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Fig. 9. Sample preparation manipulator. 1) scissor device for grabbing sample
platens; 2) linear drive mechanism; 3) 10 KV insulator; 4) connectors
to Pt-Pt (10% Rh) thermocouple; 5) rotary feedthrough that drives scissor
device which spreads or closes pins that grab sample platen.

(XBB 7210-5318A)
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Fig. 10. Sample preparation manipulator. 1) sample platens; 2) mounted
sample; 3) Pt-Pt (10% Rh) thermocouple; U4) scissor arms with pins
engaged in slot of platen.
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SECTION IV. THE EVOLUTION OF CORE STATES FROM ENERGY BANDS IN THE
*
4d5s5p REGION FROM Pd TO Xe

Abstract

X-ray photoemission studies were carried out on high-purity
specimens of the 4d5s5p elements Pd through Te using monochromatized
Al (Ka) rédiatiqn. With increasing atomic number the U4d ‘structure evolves
from d bands to spin-orbit split atomic-like core levels. Band-structure
broadening was detectable in Cd, for which the Ld doublet is 11 eV below
the Fermi energy. Structure was observed in the 5s5p bands for the first
time by this method. The cohesive energy was attributed to the 5p bands
in In through Sb. The two-component 5p peak in Te is interpreted as a

bonding valence band at 4,0 eV and a non-bonding band at 1.2 eV.

Most discussions of band structure in metals are predicated on the
assumption that the tightly-bound electrons can be regarded as belonging
to separate ion cores, while those that are more loosely bound occupy
valence bands. In passing beyond the end of a transition series one would
‘expect the d bands to become narrower, fall below the Fermi energy EF’
and evolve into core levels. It is not‘always clear, however, just which
atomic levels can be safely treated as core states and which ones must
be explicitly included as part of the band structure, In this paper we
reporttx—ray'photoelectron spectroscopy (XPS)l experiments addressed to
this question for the 4d5s5p elements Pd (Z=46) through I (z=53). By

following the hd3/2 - ha spin-orbit splitting from I down through Cd

5/2

to Ag one can unambiguously trace the onset of band-structure broadening.

®
Section IV was published in Phys. Rev. Letters 29, 274 (1972) in co-author-

ship with S. Kowalczyk, L. Ley, and D. A. Shirley.
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We also report the first observation by XPS of structure in the sp bands.
This structure exhibits systematic changes between Cd and Te.

The specimens studied were high-purity single crystals in each
case except Sb and I, for which polycfystalline samples were used. All
the'specimens except I were studied in a Hewlett Packard 5950A’spectrometer
with a monochromatic Al(Ka) x-ray source. The working pressure was always

less than 5 X 10_9

Torr. Iodine was examinedvin the Berkeley iron-free
spéctrometer. Standard metallographic methods were uséd‘to produce clean
surfaces. The typical procedure consiéted of spark-cutting discs from
single crystal rods, mechanically polishing, and finally electropolishing
Just prior to insertion into the vacuum chamber., Surface purity was
monitored in situ and the sample was repeatedly argon etched until all
impurity XPS lines were eliminated. This typically required 15 minutes of
bombardment with a 10 UA beam of 900 V Ar+ ions. Oxygen'ls and carbon ls
spectra taken after each valence-band measurement indicate that there was
no oxygen build-up. A carbon layer corresponding to l/lO the intensity
of the carbon l1ls line of graphite accumulated on the surface after 10 hrs.
Valence-band spectra are displayed in Fig. 1 and derived parameters
are set out in Table 1. The position of the Fermi energy EF in thése spectra
is known to * 0,09 eV relative to the Fermi edge of Au, which was measured
together with each éample.

In the spectra of P4, Ag, Cd, In, and Sn, E_ appears to fall at an

F
energy where the density of states is rather large, and the maximum slope
of the leading edge is consistent with the resolution of the instrument.

For each of these cases the observed slope can be obtained by folding a

Fermi distribution function with a Gaussian instrumental response function
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of 0,55 * 0.02 eV FWHM. For Sb and Te there is no visible leading edge
at EF" . | |
Doublet structure in the Ld shell is efident from Ag through I.
The energy splitting AE between the fﬁé components of the doublet is plot-
ted in Fig.‘2ao Also plotted is a theoretical splitting which was
estimated by normalizing orbital energy differences taken from free-atom
relativistic_Hartree-Fock—Slater calculations2 to AE(Sb). That the free-
atom values of spin-orbit splifting are appropriate in metals is confirméd
by the good agreement of this normalized curve with the experimental split-
ting in gaseous xenon,3 also shown in Fig. 2a., The free-atom values are
lowered 0.1 eV by this normalization; The trend from Sn to I is in
excellent agreement with the theoretical curve. The intensity ratio of
the two components is in each case close to 1.3, in only fair agreement
with the value 1.5 expected for a d3/2, d5/2 doublet on the basis of
multiplicity alone. For the heavier elements Sn to I the 4d electrons
can be assigned to the ion cores with confidence. The splitting in
indium may be just slightly larger than the free-atom spin-orbit splitting.
For Cd thé experimental splitting AE = 0.99 eV greatly exceeds the pre-
dicted spin-orbit splitting of 0.73 eV, and is in fact even larger than
the observed splitting in indium. We conclude that band structure affects
the hd s@ell in Cd, at 11 eV below EF’ and is perhapé perceptible even

for the 4d shell of In at E_ - 17 eV,

F
The spin-orbit splitting energy AE is a uniquely reliable parameter
for detecting the onset of lattice effects because it is independent of

component linewidth, which can be affected by lifetime broadening. Never-

theless, the total "Ld bandwidth" can also be used to study broadening by
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the lattice. In Fig. 2b the 4d bandwidth (FWHM) is plotted egainst Z.
The bandwidth drops méﬁéﬁonically with increasing Z across the 4d transition
series from 6 eV in Mo (not shown) to 3.4 eV in Ag, going through a
minimum in In and increasing thereafter because of spin-orbit splitting.
The width in Cd is greater than in In, showing again that band structure
effects are present in Cd.metal.

In thé bast, XPS studies of valence bands in transition-series
metals have yielded little information about s and p bands.l’h’5’6
This was a consequence of their small cross section for'photoemission, the

presence of Ko lines, and bremsstrahlung in the exciting radiation.

1,2
With these unwanted components removed by monochromaﬁization it was pos-
sible to observe for the first time a considerable ambunt of structure

in the 5s5p bands of Cd, In, Sn, Sb, and Te. A detailed analysis of

the spectra mﬁst await more intensive measurements and further density

of states calculations, but the systematic variation of the 5s5p spectra
from Cd to Te (Fig. i) suggests a preliminary interpretation in terms of

a transition from band structure to atomic cofe—level.character for the 5s
band with a simultaneous filling of the 5p band. Three systematic effects
occur betweeh Cd and Te. First, the s-p valence band which shows structure
even in Cd resolves into two pesks in Sn and Sb and three in Te. Second,
the highef binding-energy peak which we designate as.Ss, falls monotonically
below EF as Z increases. We designate the lower binding-energy bands in

In, Sn, Sb, and Te as 5p. Finally, the experimental area ratio (5s/5p)

in In to Te agrees well with the occupation number ratio (n/m) for the

respective free-atom ground state configurations SSnSpm (Table 1).
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We interpret this behavior in terms of the evolution of core-
like 5s and 5p shells. Figure 2c illustrates the approach of the 5s and
5p bands toward the core s and p levels of Xe, The bars in Fig. 2¢
represent the widths (FWHM) of the Ss and Sp‘bands. In Cd through Te
all bands are considerably broader than the corresponding levels in Xe.
It should also be noted that the 5p splitting in Te is ‘dominated by
band structureleffects, yielding a splitting much larger (2.9 eV) than
the spin-orbit splitting in Xe (1.3 eV). Thus the systematic trend toward
core-like levels aids assignment of the peaks, although solid-state
interactions are clearly present in Cd to Te. | |

Further analysis of the 4d, 5s, and 5p peak positions permits
us to attfibﬁte the cohesive energy to the 5p orbitals, Examination of
the peak positions in Cd through Te shows that the 5s and 5p binding
energies are nearer the Ld binding energies than are the corresponding
free-atom orbital energies from Hartree-Fock-Slater estimates. We ascribe
this discrepancy in part to the cohesive energy of the solid and in part
to relaxation of the passive orbitals during photoemission. Valence-shell
relaxation energies are usually much.smaller than those of more tightly-
bound levels.7 Assuming fhis to be true for these elements, we may

calculate the d-shell relaxation shift A according to

-n. ) + n(E /{n +m) .

A= [Ec + n(E 5 5p n5p)

5s

Here Ec is the cohesive energy as taken from Refs, 8 and 9, nSS = e€(5s,

»OP
5p) - €(4d) is the difference between the s or p orbital energy and the



-3h-

hd orbital energy in the free atom, E EB(hd) -'EB(ss,sp) is the

55,50
corresponding measured binding-energy difference in the'solid, and n and
m are the numbers of 5s and 5p electrons. Figure 3 shows thé results
of these simple calculations. The relaxation energies range from 1.1 eV
to 2.0 eV for the elements In to Te., The values of A show very good agree-
ment with expectations. lA theoretical estimate of the,ﬁagnitude of A for
iodine may be obtained by comparing the orbital—'and binding-energy estimates
for the La, SS; and 5p levels as given by Rosen and Lindgrenlo (their
Methods "A" and "B"). The result, A(I) = 2.4 eV, agrees quite well with
our values.

An important result of this analysis is that the cohesive energy
is almost entirély accounted for by the 5p electrons. In Te there ére
two 5p peaks of equal area at binding energiesbof 1.1 eV.and 4,0 ev
relative to EF' The higher binding enérgy band alone accounts for most
of thé cohesive eneréy,.and it is also wider than the 1.1 eV band. These
observations strongly support the model for group-VI elements in two—foid
coordination as discussed by.Kastner.ll In the chalcogens the valence band
is formed by unshared—electron states in contrast to‘the tetrahedral semi-
conductors in which the bonding band forms the valeﬁce band and the
antibonding band forms the conduction band. We assién the h.Q eV peak
in tellurium as the bonding band and the 1.1 eV peak as the unshared or
lone-pair band.

We thank Professor G. Somorjai for giving us single crystal Ag,

In, and Sn.
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Table 1. Summary of experimental data.

Ag cd In Sn Sb Te I Xe
ThaE e — 1L6(9)% 17.64(9) 2b.76(9) 33.Bh(9) L1.80(9) - - -
d3/2 (ev)
Binding energy T oo 10.47(9)  16.7(9) 23.68(9) 32.14(9) 140.31(9) - -
hd5/2 {eVv)
= — 9h{2) — -
FWHM hd3/2 FWHM ud5/2 0.81(18) 0.78(15) 0.83(8) 0.76(18) 0.94(2)
43 Splitting (eV) 1.6(1)  0.990(L6) 0.899(10) 1.075(34) 1.254(42) 1.51(1) 1.76(16) 1.97°
HFS free atom 4d splittings
normalized to Sb 0.59 0.73 0.88 1.06 1.2‘5 1,48 1.72 1.98
Binding energy 5s {(eV) - 2.2(5) 4,1(k) 7.0(5) 9.1(2) 11.5(2) - -
FWHM 5s (eV) -- 5.0(7) 4.0(5) 5.8(5) L.0(5) 5.3(5) -~ -
s L.0(2)
Binding energy 5p (ev) -— - 0.75(13) 1.25(27) 2.35(25) 1,13(5) o -
FWHM 5p (eV) - -- 2.0(2)  3.5(5)  3.9(2) 3§f§§§ -- --
Us/bp rel. areas - -~ 1.85 0.7 0.63 0.5 - -
n/m - - 2.00 1 0.66 0.5 -- --

a . R : .
Errors in last place given in

bRef. 3.

parenthesis.

-9€-
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Fig. 2. a) Comparison of the experimental 44 level splitting with free atom
HFS calculations? ; the Cd-point B refers to the experimental value for
Cd atoms sputtered onto a Au (111) surface. b) The experimental Ld-
bandwidths. c¢) Positions of the 5s- and .S5p-bands relative to the Fermi
level; the vertical bars represent the bandwidths at half maximum. The

Xe-values in a) and c¢) are taken from Ref. 3.
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values shifted by the 44 relaxation energy A given by equation (1).
c) Free atom HFS values (Ref. 2),.
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SECTION V. HIGH-RESOLUTION XPS SPECTRA OF Ir, Pt,
*
AND Au VALENCE BANDS

Abstract
Structural features in the valénce-band XPS spectra vary from

Ir (2 = T7) to Au (Z = T9) as expected on the basis of 5d6s band filling.

X—rayrphotoélectron spectroscopy (XPS) spectra (hereafter denoted
by I(E)) of the valence bands of several sixth-row elemehts have been
reported eaflier.l’2 Those spectra were obtained from heated metal foils
at resclutions of v 1 eV, in the presence of hydrogen gas. Although
trends in I(E) for the fcc-metals Ir, Pt, and Au were suggestive of band
filling, detailed interpretation was precluded both by experimental
limitations and by a lack of appropriate theoretical densities of states,
p(E), with which to compare I(E). Several relativistic p(E) calculations
on Au have recently Qecéme available. Two of them3’h compare very well
with the high-resolution (v 0.6 eV) XPS spéctrum of Au.”’ In this paper
we report the results of a high-resolution study of I(E) for Ir, Pt, and
Au that confirms the band-filling model for these eiements.

The experimental.procedures have been described in Sec. IV,
Briefly, high-purity single crystals were spark-cut, mechanically polished,
electropolished, and introduced into a sample-preparation chamber ‘at
2 x 107! Torr. They were then argon-ion bombarded (IQ A, 1000 eV) at
8 x ]_O—5 Torr of argon and introduced into a Hewlett-Packard HP 5950A

9

ESCA spectrometer at 8 x 10~ Torr. In-situ monitoring of the carbon 1ls and

oxygen ls lines showed these elements to be present'in negligible amounts.

. v
Section V was published in Phys. Letters U41lA, 455 (1972) in co-authorship
with S, Kowalezyk, L. Ley, and D. A. Shirley. ’

\
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The raw spectra I(E) are shown in Fig. 1, together with I'(E),
the épéctra after correction for ineiastic scattering. The similarity
of I'(E) for these three elements is strikiﬁg and its.variation from Ir
to Pt to Au confirﬁs band-structure eipectations. To'permit discussion
of these I'(E) within the framework of theoretical p(E)’predictions, we
have truncated fhe p(E) for Au, aé caléulated by Connolly and Johnson,2
to correspond té-occupancies-of 9 and 10 electrons in the 5d6s bands,
thus simulating Ir and Pt, respectively. The results were broadened

1,5

to simulate the-experimental resolution, and the energy scales were

expanded by 1.35 for Ir and 1.20 for Pt, to roughly match the experimental
bandwidths. Thé‘resulting very approximate p(E)'s are also shown in
Fig. 1. |

Proceeding from Ir to Pt to Au, the band-filling phenomenon is
quite evident. Four features, numbered in Fig. 1, are présent in all three
cases, These are: (1) A shoulder at 6.8 eV in Ir, 6.1 eV in Pt, and
7.0 eV in Au. (2) A peak at 3.85 eV in Ir, h.35 eV in Pt, and 6.1 eV in
Au. (3) A minimum at 3.0 eV in Ir, 3.3 eV in Pt, and 5.0 eV in Au. This
feature is presént in the calculated p(E) for Au only if spin-orbit
interaction ié included. It may be less pronounced in Ir and Pt because
for these lighter elements the ratio of lattice interactions to spin-orbit

interactions is larger. (L) Another pesk component at l.hs eV in Ir,

eV in Pt, and 3.5. eV in Au. The quoted energies are known to

1.7 5

>
* 0.1 eV,
A fifth feature-;a second component of the second peak--appears

at 0.8 eV in Pt and at 2.65 eV in Au. This part of p(E) is at least

partially unoccupied in Ir. The dip between features 4 and 5 is very
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shallow, especially in Au. In Au the 5d bands have become filled and

dropped below E as expected. The width of the occupied 5d bands as

I
measured between the outermost inflection points of I'(E) decreases
systematically from 7.l eV (Ir) to 7.1 eV (Pt) to 5.4 eV (Au). This is
also expected. In auxiliary studies on liquid Hg (Z = 80) we found that
the 5d states have assumed tﬁe character of a spin-orbit split core
doublet, at 7.7 eV and 9.5 eV.

In summary, these high-resolution XPS spectra support the band-
filling concept in considerable detail. It would be of interest to
compare these I'(E) spectra with p(E) results from a systematic theoretical
study of these three adjacent isostructural elements.

We thank Professor G. A. Somorjai for providing us with single

crystals of Ir, Pt, and Au.
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the base pressure (especially in the sample preparation chamber) and each
time the sample rod is introduced from atmosphere into the vacuum chamber
it carries adsorbed gases with it. We have modified the sémple introduction
mechanism in order to overcome these iiﬁitations.

The modified HP 5950A is shown in Figs. 6 to 10, The new system
consists of a sample introduction chamber (4 in Fig. 6), sample
preparation chamber (3 in Fig. 6), and sample trgnsport system, The
sample preparation chamber is pumped with a 60 1/s Vérian Noble Vac-Ion
pump (8 in Fig. 8) and Variaﬁ 350 1/s Tee type titenium sublimation pump
(7 in Fig. 8) and the sample introduction chamber is pumped with a 30
1/s Varian Noble Vac-Ion pump. The sample preparation chamber can be
vacuum isolated from the analyzer chamber by a wedge shaped conductance
barrier which is operated by a metal bellowed valve actuator (3 in Fig. 8).
The sample introduction chamber can be isolated from the sample preparation
chamber by a straight—th?ough bakeable valve with copper knife-edge seat
(5 in Fig. 8). The sample transport system is toﬁaily enclosed in vacuum.
A long drive screw is attached to a rotary motion feed through (5 in Fig. TY
and a nut rides along the screw as it is turned. A tube is welded to the
nut and a solid rod into which 12 sample positions afe milléd is welded
to the other end of the tube. The center of a gear is drilled out such
that the tube slides through the center of the gear. A groo&e is milled
along the length of the tube's outer wall and the gear is keyed to this
groove. A worm gear attached to a small rotary motion feedthrough (L4 in
Fig. T) turns the gear and thus rotates the rod. The screw drive gives

linear motion and the worm drive gives rotation. All seals are metal.

The system is a closed system.
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This systemiis designed to allow the study of ué to 12 samples
each minor bake cycle and several sets of 12 between each major-bage
cycle., The samples are each placed in a platen mount (1 in Fig. 10), inserted
. through a 2-3/L4" sample introduction_chamber port, and placed into one of
the 12 sample rod slots. During this operation the sample rod is in
its fully retraéted position; it is %otally enclosed by-fhe sample
introduction chamber. The straight-through bakeable vaive isolates the
‘rest of the sysfem while the samples are being loaded. The sample
‘introduction chamber is then sealed with a 2-3/4" blank flange and
pumped down. The whole spectroﬁeter is then baked at 150° C for 48 hours.
Theibakeout oven encloseé the whole spectrometerf After the base
operating pressure is attained the bakeable valve is opened and the sample
rod is cranked into the éample preparation chamber where there are
facilities for preparing a clean sﬁrface. A manipulator (Figs. 9 and 10)
removes one sample platen from the sample rod. The sample rod is retracted
into the sample introduction chamber and the bakeable valve closed. The
sample is then alternately heated with an electron guh_frgm the back and
argon bombarded from the front. When the surface is clean and annealed
the sample rod is-returnéd to pick up the sample platen.from the manipulator,
The condﬁctance Earrier is opeﬁed and the sample is transported into the
electron spectrometer analyzer.chamber and the XPS specﬁrum taken. The
other samples.aré processed similarly. The sample rod.is,then retracted
into the sample introduétion chamber and the bakeable valve closed. The
" sample introduction chamber is back-filled with dry N‘2 and a new set of
samples introduced. Then the chamber is sealed and puﬁped down, During

this cycle only the sample introduction chamber is baked. The vacuum
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spectrum I(E); lower curve is the corrected spectrum I'(E). Data
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leading edges of the 5d bands, where data density permits. Right
panels and right ordinate: Theoretical densities of states obtained
by broadening Connolly and Johnson's p(E) results. For Ir and Pt
this p(E) was truncated and the energy scale expanded.
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SECTION VI. THE ONSET OF RELATIVISTIC EFFECTS IN THE DENSITY OF
. *
STATES OF THE 6s6p ELEMENTS T1, Pb, AND Bi

Abstract
Spin-ofbit splitting of the 6p band is manifest in the XPS spectra
of Pb and Bi. Lowered energies of the 6s band indicate the presence of the

mass-velocity and Darwin terms.

ﬁelativistic effects, e.g. Spin—orbit splitting, have to be taken
into account in electronic level calculations for even the lightest atoms.
For the valence and conduction electrons, however, érystal-field interactions
are usually stronger by several orders of magnitude. Therefore spin-orbit
splitting may well be treated as a small perturbation in band structure
calculations.

This is certainly not the case for the elements T1l, Pb, and Bi,
with atomic numbers 81, 82, and 83. Relativistic band structure calcula-

l’2’3'show-that spin orbit interactions result in band splittings

tions
that are coﬁparable‘to crystal-field splittings. We repoft in this paper
experimental evidence that spin-orbit splitting in the valence p-electrons
of Pb and Bi prevails in the preéence of crystal—fiéld splitting.

Figure la shows the XPS-spectra of the valence region of Tl, Pb,
and Bi obtained with monochromatic Al Ka x-rays in a Hewlett-Packard
HP 5950A spectrometer. The samples were cleaned by argon-ion bombardment

9

(1000 ev; 10 pA) and were studied at 6 x 10 ° Torr. Other experimental

details are described in Sec. III. The valence bands extend to T eV

®
This section was published in Phys. Letters 41A, 429 (1972) in co-
authorship with L. Ley, S. Kowalczyk, and D. A. Shirley.
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5elow EF in Tl, to about 12 eV in Pb, and to 13.5 eV in Bi. Included in
these spectfa are the high intensity 5d peaks at energies which are
listed in Tablebl.

The single broad peak at the bottom of the valence band repreéents
electrons with mainly 6s-like character. The shift of this peak to higher
binding energy as one goes from Tl to Bi can be explained by the
inéreasing depth of the atomic potential with increasiﬁg atomic number.

In Bi the 6§ state is already very nearly a core 1evei.

In Ti the p-like electrons are concentrated.in one narrow peak
near EF' By contrast, Pb and Bi show two peaks at the top of the valence
band which aré split apart by 1.8 eV in Pb and 2.2 eV in Bi. The calculated
spin-orbit splittings obtained at certain symmetry points in the Brillouin
Zone/areh 0.3 eV for Tl,l 1.4 ev for Pb,2 and 2 eV for Bi.3 The excellent
agreement between these figures and the experimental values strongly
supports our interpretation of these bands as being spiit by spin-orbit
interactions rather than by the crystal field. In ﬁhis conneétion it is
of interest to note (Table 1) that even free-atom HFS—calculationsS
reproduce the 6p-band splitting quite well.-

In this discussion we have neglected the differences in crystal
structure among these three elements. This is somewhat justified by the
fact that the rhombohedral Bi lattice can be regarded as a slightly
distorted cubic lattice, as compared with the cubic lattice of Pb. Of

e .
course the lattice symmetries were taken into account ip/{he_band—structure

calcula.tions.l_'3 ' !

Two other relativistic effects--the Darwin and mass-velocity terms--

should also be considered. These terms should have the effect of lowering

/
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the energies of the s bands. Comparison of the positions of the s-bands
in T1, Pb, and Bi with those of In, Sn, and Sb6 shows a relative depression
of the s;band energies in the heavier elements. We iﬁterpret this as a
probable indication of these other.relativistic effec£s. Loucks'
relativistic APW calculation on Pb2 located the 6s band lower relative
to the 6p band than did an interpolated OPW calculation of Anderson and
Gold.7 Since the former used a relativistic Hamiltoﬁian, it is probable
that part of the difference is a consequence of the 6s bands being lowered
somewhat by the Darwin and mass-velocity terms.

'A more detailed interpretation awaits density-of-states calcula-

tions for these elements.
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Table 1. Valence-band binding energies

L. Pb Bi
Bind. Energ. 5d, 1L4.53(5) ev 20.32(5) ev 26.94(7) ev
Bind. Energ. 5dg,, 12.30(5) 17.70(5) 23,90(7)
d-splitting 2.23(2) 2.62(2) 3.04(2)
Free atom d-splitting
(HFS theory, Ref. 5) 2.4k 2.83 3.26
6s-band 4.90(25) 7.68(20) 9.95(18)
2.33(8) 3.34(12)
6p-band 0.80(12) 0.53(5) {1 18(12)
6p-splitting - 1.80(5) 2.16(8)
Free atom 6p splitting
(HFS theory) Ref. (5) - -_— 2.16
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Fig., 1. High-resolution XPS spectra of thallium, lead, and bismuth. The
5d3/2 - 5d5/o doublet is the strongest feature in each spectrum.
Characteristic energy-loss maxima appear to the left in each case,
with the losses in thallium showing up as two well-resolved peaks.
The broad peak to the right of the 54 doublet is the 6s band, and
the narrower, spin-orbit split 6p bands fall near the Fermi energy.
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SECTION VII. X-RAY PHOTOEMISSION SPECTRA OF CRYSTALLINE AND
*
AMORPHOUS Si AND Ge VALENCE BANDS

Abstract
The high resolution x-ray photoemission spectfa of the total
valence bands of crystalline and amorphous silicon and germanium are
reported. Fér the crystals, the XPS spectra yield resﬁlté that are
strikingly similar to current theoretical calculations of the electron
density of sﬁates, p(E). Amorphous Si and Ge exhibit.definite band
structures that are similar to one another but markedly different from
the crystalliﬁe results. They agree very well with  the fheoretical

model of Joannopoulos and Cohen.,

Although several density of states calculations have been carried
out on siliconl and germanium,2 relatively little experimental information
is as yet available concerning the densities of states, p(E), of the more
tightly-bound valence electrons of these semiconductors. The valence-band
densities of states of the crystalline modifications of Si and Ge are of
current and continuing interest. In addition, a considerable amount of
recent activity has been directed toward elucidating the electronic structure
in the amorphous forms. For example, Thorpe and Weaire3 have discussed
three alternative models for the densities of states of amorphous Si and
Ge, and Joannopoulos and Cohenh have recently given quantitative predictions
for o(E). In this paper we present the first high-resolution XPS spectra
for the densities of states of crystaliine and amorphous Si and Ge and compare
these spectra with theory.

* .
This section was published in Phys. Rev. Letters 29, 1088 (1972) in co-author-
ship with L. Ley, S. Kowalczyk, and D. A. Shirley.
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The crysﬁailine samples were cleaved in a dry inert atmosphere
from 20 {i~cm n-type silicon and intrinsic germanium single crystals. The
spectra were taken with a Hewlett Packard HP5950A photoelectron spectrometer
with monochromatic AlKa x-rays. After cleaving, the samples were introduced

9

into the analyzer vacuum of 8 x 10 ° Torr within 30 seconds. The intensity

ratios of the Si(2p) to the contaminant 0(1ls) and C(ls) lines were.S:l and
12:1, respectively. No oxygen contamination was detected on the Ge sample,
whereas the intensity ratio of Ge(3p) to C(1ls) was 10:1. To prepare
amorphous specimens, Si and Ge films were evaporatedvonto clean gold
surfaces at room temperature in the spectrometer sample preparation chamber.

i

. - . -6
The background pressure was initially 4 x 10 Torr; it rose to 3 X 10 Torr

for 4 minutes during the evaporations, The films were then directly

9

transferred to the analyzer vacuum of 8 x 1077 Torr. The only contaminant
detected was oxygen on the Si film (8i(2p):0(1s) = T:1). The raw data
for the valence band regions of all four specimens are shown in Fig. 1. The

spectra are referenced to the Fermi level E_ of a thin layer of Au evaporated

F

after the valence band measurement onto the semiconductor surfaces. The Au
Lf lines are used as a secondary standard, by assuming that their binding

energies are the same relative to E_ in the evaporated film and in bulk

F
gold. The densities of states of the semiconductors extend Vv 15 eV below
EF in both Si and Ge. The structure at the foot of the unresolved Ge 3d
doublet can be entirely assigned to the first charactéristic energy loss
strﬁcture of the valence-band photoelectrons, as can most of the satellite

structure that is found at 17 eV below the valence band peaks in Si. The

energy-loss spectra from typical core levels are shown in Fig. 2. To
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correct for energy losses, the inelastic loss spectrﬁm was approximated

by the sum of a continuous tail with magnitude at each poiqt proportional
to the spectrum érea at lower binding plus a discrete loss structure
constructed.by folding a response fuhcﬁion determined from the discrete
inelastic sfrﬁctﬁre of a sharp core peak and the valence band structure.
This correction accounted for the structure at 19 eV in Ge and for 95%

of the structure at 23 eV in Si. The remaining 5% is accounted for by
the.contaminant oxygen 2s peak. A correspondingly small portion of the
peak at 6.6 eV can be attributed to the 0(2p) line. The corrected valence-
band spectra are shown in Fig. 3.

Several band strucfure calculations have preﬁicted o(E) for
crystalline Si and Ge. These calculations show very good agreement among
themselves. They yield three characteristic peéks in p(E). We shall
label these‘peéks according to the symmetry points Xﬁ, Ll’ and L2', in
order of increasing binding energy. Of course the peaks do not arise
entirely from bands at these symmetry points. This notation is used only
for identification. To facilitate comparison with experiment we have
plotted for Si and Ge in Fig. 3 both p(E) as calculatedlc’2b and a
broadened versibn that is consistent with the experimental resolution.

The agreement between theoretical and experiméntﬁl peak positions
and shapes is striking for crystalline Si and Ge. Table 1 lists the
energies of the characteristic features, the theoretical densities of
t

ST

tes p(E), and the corrected XPS spectra, which we denote as I'(E).

n

The marginal ability to locate the feature W2 gives an indication of the

resolving power of our spectrometer.
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As Table 1 shows, I'(E) provides very strong confirmation of all three
theoretical methods for calculating p(E). The relative intensities of
the p—likeuxh and the s-like L

>y

Si and Ge #nd in neither case agree with p(E). This is not unexpected,

;t L2' peaks in I'(E) vary markedly between

since I'(E) resembles p(E) weighted with the photoemission cross section o
0, Extrapolating measured 3s/3p and U4s/Up core-level intensity-ratios

to the valence electrons of Si and Ge yields

[0(3s)/0(3p) Ig; ¢ lo(ks)/o(bp)],, ="2.3:1 .

The observed change in the intensity ratio of the corresponding valence
band structures is 2,2:1. Our Si intensities agree‘weil with earlier XPS5
and Si L2’3 (sx8) results.6 | |
The excellent agreement observed for crystalline Si and Ge
provides a firm basis for further XPS and theoreticai band-structure work
on semiconduqtors. it also suggests that these two approaches may
profitably be used together,
The results for amorphous Si.and Ge aré significantly different
from the respecfive crystalline modifications. From the I'(E) spectra
(Fig. 3) we note the following observations:
1. The gross variation of intensity with respeét to energy is ry
similar for the amorphous and crystalline materials in both elements.
2. The "Xh" peak remains essentially intact from crystalline to
amorphous matérial.
3. The Ll and L2' peaks merge into a single broad peak of

intermediate energy.
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4, I'(E) shows a distinct minimum between the "Xh" peak and the
broader peak in the amorphous materials.

in each case,

5. The centroid of the "Xh" peak shifts toward Eq

by O.4 eV in Si and 0.5 eV in Ge,.

6. The amorphous Ge spectra were in good agreement for samples
prepared by evaporation and by Ar+ ion bombardment (iOOO eV, 10 uyA for
1 hour). |

Observations 1-3 are in agreement with the Si L, , (SXS) results

»3
of Wiech and Z6pf.6 Observation 2 is expected because Xh arises from
localized p-like bonding orbitals,T which are relatively insensitive to
long-range order. Observation 6 indicates that I'(E) for amorphous Ge
was reproducible even thbugh the method of sample preparation was varied.
Observations 3-5 are the ones that allow a distinction to be made
among diffefent theoretical models for amorphous semiconductors.
Thorpe and Weaire3 have recently discussed thfee theoretical
models for amorphous Si and Ge. The Brust mode19 yields a p(E) that
resembles a somewhat broadened version of the crystalline p(E). Thorpe
and Weaire indicated that the Penn model10 might apply to amorphous
semiconductors. The p(E) curve for the Penn model shows no minimum, but
rather a (broadened) logarithmic divergence near EF end a free-electron
p(E) below. Our data exclude both of these shapes for p(E), thereby ruling
out these two models as being applicable to amorphous Si and Ge., Our
spectra definitely require a model that predicts large changes in the s-like
Ll.and L2' peaks but not in the p—iike Xh peak on going from the crystalline
to the amorphous state. Thorpe and Weaire described a model that distinguished
between the effects of local and‘long—range interactions. They sketched a
curve for p(E) that is in good agreemeht with our amorphous'Si and Ge

spectra, especially Observations 2-k.
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A more quantitative comparison with theory is provided by the recent
EPM calculations of Joannopoulos and Cohenh on several forms of Ge, Their
p(E) results for Ge (8T-12), after smoothing to eliminate sharp features
associated with long-range order, show very good agreeﬁent with our I'(E)
curve. They have also calculated Si (ST-12) with similar results. Their
p(E) curves are shown in Fig. 3. As they pointed out, Ge (8T-12) shows

short-range disorder, but the peak near E_ still arises from p-like

F
bonding orbifals. Their model predicts the shift of this pesk toward EF
(Observation 5). The crucial feature of thé ST-12 structure, according
to Joannopoulos and Cohen, is the presence of five- and seven-membered
rings. This feature causes the'two lower-energy peaks in I'(E) to merge.
In sﬁmmary, our I'(E) results strongly support the Joannopoulos-
Cohen model for amorphous Si and Ge, It appears that future theoretical
developments on the band structure of amorphous Si and Ge should be
constrained to feproduce the first five observations listed above.

It is a pleasure to acknowledge the generous contributions of

Professor Marvin Cohen and Mr. John Joannopoulos to this résearch.‘
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Table 1. Energies of characteristic features in the valence band spectra of
Si and Ge. The theoretical entries are taken from density of states calcula-

tions after appropriate broadening.

Crystalline Silicon

Exgerimenta Theonyb
] EPM SCOPW
1'(E) M. L. Cohen Stukel,
et al.lc et al.”"
Xh 2.2 ev 2,6 eV 2.5
W, 3.6 k.0 3.1
ve bk 5.1 4.5
L 6.6 7.1 6.9
Wy 7.8 8.2 8.2
L2 9.2 10.0 9.6
Fl k.7 13.0 11.8
Crystalline Germanium
Eerrimenta . Theoryb
EPM OPW SCOPW
I'(E) M. L. Cohen Herman Stukel
et al. et al.?® et a1.l®
X), 2.4 ev 2.3 eV 2.7 eV 2.6
W, 3.6 3.4 3.8 3.6
Ve 4.9 I 4.9 4.9
Ll T.2 6.9 7.3 6.8
N

W, 8.6 8.5 8.6 7.8
L, 10.3 9.7 10.2 - 9.L
Fl 13.0 12,4 12.7 11.7

®positions relative to gold Fermi level,

b

2

Positions relative to the top of the valence bands.

cThe valley between W

and Ll is arbitrarily called V.
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SECTION VIII. X-RAY PHOTOEMISSION VALENCE BAND SPECTRA AND THEORETICAL
; *®
VALENCE BAND DENSITIES OF STATES FOR Ge, GaAs, AND ZnSe

Abstract

We report the first high resolution valence-band X-ray photo-
emission spectra for the isoelectronic'series de, GaAs, and ZnSe. The
results are éompared with a theoretical valence-band density-of-states
calculation using the eﬁpirical pseudopotential method.. The agreement
between thé experimental and theoretical results is quitg good, particu-
larly for Ge and GaAs. For ZnSe the x-ray photdemission.spectrum shows
the Zn 3d—stétes to be higher in energy than the lowest valence-band
s-state. In order to obtain this ordering of states in‘the theoretical
calculation, a pseudopotential with ah explicit energy depeﬁdence is

required.

Much theoretical and experimental effort has been devoted to the
study of the band structures of tetrahedrally coordinatéd semiconductors
because of their numerous applications. Most earlier measurements (optical
spectroscopy, transport properties, etc.) have been'uéeful in yielding
information concerning electronic properties near the Fermi energy. Only
recently havevthere been any experimental data (e.g. soft x-ray
spectroscopy) which yield information about the density of states in

regions near the bottom of the valence band.

*

Section VIII was published in Phys. Rev., Letters 29, 1103 (1972) in
co-authorship with L. Ley, S. Kowalczyk, D. A. Shirley, J. D. Joannopoulos,
D. J. Chadi, and Marvin L. Cohen.
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We repért here the first high resolution XPS (X-ray Photoemission
Spectroscopy) spectra for all vglence bands in the isoelectronic series
Ge, Gals, ahd ZnSe. These experiment;l results are compared with
theoretical valence band density—of-sfates calculatibns using the ‘EPM"L
(Empirical Pseudopotential Method). Since the lattiée constants and ion
cores are essentially constant for the series, thé band spacings are
used to obtain information about the increasing ionicity from purely
covalent Ge to the more ionic ZnSe. The experimental results also yield
information about the asymmetric part of the pseudopotential.

High-purity single crystals were cleaved in a dry nitrogen atmosphere

9

immediately befbre insertion into the spectrometer vacuum (v 8 x 1077 Torr).
The spectra were obtained on.an HP 5950A electron spectrometer using mono-
chromatized Al K x-Tays (1486.6 eV). The possibility of using this
method to study the valence band density of states in semiconductors has
recently been demonstrated by L. Ley gE_gL.z (see Sec. VII) and the
experimental resolution of the HP 5950A has been discussed by R. Pollak
92.2;:3 (see Sec. IV). The spectra were referenced to the Fermi level E_
of a thin layer éf Au evaporated onto the semiconductor surfaces after the
valence band measurement. The Au &f lines were used as a secondary
standard by assuming that their bipding energies are the same relative
-to EF in the evaporated film and ip bulk gold.

In Fig. 1 are shown the experimental and theoretical densities
of states for Ge, GalAs, and ZnSe, and the corresponding theoretical band
structures, The theoretical valenée-band densities of states were

5

' 6 .
obtained from band-structure calculations for Ge,h GaAs,” and ZnSe using

the EPM. A broadened theofetical density of states is also provided to
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facilitate compariéon with experiment. The experimental curves have not
been corrected for energy losses. This tends to exaggerate the intensities
of the peaks at the bottom of the valence-band. 1In Table 1 we list the
energies of the various peaks from the theoretical density of states and
from the XfS spectra.

For Ge there is good agreement between theory aha experiment in
regard to the énergy positioning and-the widths of the peaks, as was
reported earlier.2 In the XPS spectrum the 3d states of Ge fall at 29,0 ev,
18.7 eV lower than the first peak shown in Fig. 1. In GaAs we again
find good agreement between theory and experiment. The first peak on
the left in the XPS spectrum (Fig. 1) comes from the 3d states of Ga. The
lowest s-like valence band has shifted to a lower energy and has become
dissociated from the next peak. This shift to a lower'energy occurs
because of the localization of electrons in the first band around the
strong As potential, and can be related to the antisymmetric form factors.
The "antisymmetric gap" (between the lowest s-like valence band and the
second valehée band) may provide some measure of thé ionicities of these
compounds. It is surprising that the EPM agrees so well with experiment
for this lowest valence band. Thié does not make any contribution to
obtical transitions in the 2.8 fo 6 eV range, which were used to determine5
the péeudopotential form factors. Furthermore these states are far fromA
EF and the energy dependence of the pseudopotential has not been taken
explicitly into account.

The .largest differences between the experimental and theoretical

spectra are found in ZnSe. Here the XPS spectrum shows that the Zn

3d-states lie higher in energy than the s-like states at the bottom of
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the valence band, and the "antisymmetric gap" has become largef. The
agreement between thgory gnd experiment is less satisfying than for Ge
and GaAs. The widths of the theoretical peaks are smaller than the
corresponding experimental widths ané the theoretical energy gap between
the first two valence bands is larger than the experimental energy gap.
It appears that the explicit energy dependence of the pseudopotential form
factors cannot be ﬁeglected for ZnSe. It is interesting to note that the
introduction of an explicit energy dependence7 to lowest order, by using
an effective mass, gives better agreement wifh experiment for the two
peaks at the top of the valence band but leaves the antisymmetric gap
almost'unchanged. OFPW calculations8 for several II-VI compounds give band
structures and density of states curves very similar to EPM results. |
The 3d-states can be included in the EPM by.using a non-local
d-potential in‘addition to the usual pseudopotential form factors in the
EPM cal .lat oin.. Band structure caiculations using the KKR method for
hexagonal II-VI compounds have been carried out by Raésler,9 who found
d-states c¢lose in energy to valence bands for some of these compounds. We
expect the KKR to give simiiar results for the II-VI zincblende structure.
This regscarch illustrates the way in which XPS and band-structure
2o nle "o~ can be used together. The EPM calculationé provided a frame-
w.rk .uhin which to interpret the XPS spectra. The spectra in turn gave
enmpirical valence~-band energies with which to calibrate the EPM results.
We are confident that further research combining the two methods will
continuevto provide valuable information about the electronic structure

of crysztallins and amorphous semiconductors.
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Table 1. Energies of characteristic features in the valence band spectra of Ge, GaAs, and ZnSe. The
theoretical entries are taken from the density of states calculations aefter appropriate broadening

Ge e _ : GaAs ZnSe

Expt.+ Theory*+ »Expt.* Theory++ Expt.+ Theoryff
X, - 2.4 ev 2.4 ev 2.4 ev 2.4 ev 3.0 ev | © 3.0 ev
W, ‘ 3.6 . 3.5 3.9 : 3.4 - -
v ug k.5 5.1 4.6 5.2 4.6
L, 7.2 : 7.0° 6.8 6.5 6.3 | 5.3 l
. (o))
W, 8.6 8.6 8.9 - - - ®
L} 10.3 _ | 9.8 11.5 11.2 . 13.8 - 15.6
ry 13.0 12.5 . 13.8 - 129 . k.5 16.4

1-Positions relative to gold Fermi level.
The positions are normalized to the experimental values of Xh'

* .
The valley between Wz.and Ll is arbitrarily called V.
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Fig. 1. XPS-spectra, band structures and densities of states for Ge, GaAs,
and ZnSe. The top row I(E) shows the uncorrected experimental spectra.
At the bottom the corresponding band structures E(k) and densities of
states p(E) as derived from EPM calculations are shown. The broadened
theoretical densities of states p'(E) in the second row facilitate
comparison with experiment.
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SECTION IX. X-RAY PHOTOEMISSION CROSS~-SECTION MODULATION IN DIAMOWD,
"SILICON, GERMANIUM, METHANE, SILANE, AND GERMANE

Abstract ‘
i
The higli-resolution XPS valence-band spectrum from a cleaved
natural diamond single crystal is reporﬁed. The absence of extrinsic
structure allows a reliable comparison with band theory, The XPS
molecular-orbital spectra of methéne, silane, and germane are also given.
The modulatién of photoelectric cross sections in the valence bands of

diamond, Si, and Ge are discussed and compared with atomic XPS cross

sections derived from the spectra of CHy, SiH), and'GeHh.

The allotropic form of carbon, diamond, is the prototype for
Group IV crystals of the diamond structufe. Many calculdations of the energy-
band stfucture have been carried out,l yielding resulté that vary more
widely than is the case for its congeners, silicon, énd ggrmanium. Thus;
it.is especially desirable to determine the positions éf the diamond energy
bandé expefimgptallyo We report the total valence-band density-of-states
spectrum'of:aﬁéleéved single crystal of diamond. The‘spectrum was obtained
using x;fay éﬁptoemission spectroscopy (XPS) which has recently been
employed fo yield total valence-band spectra for silicon and germanium.
The diamoﬁdtépecﬁrum'ié compared with theory after discussing the relation-
ship bétween'fhé”XPS spectrum I'(E) and the calculated density of states
o(E). The XPSimblecular orbital spectra of CH, SiH, and GeH) are
presentéd and uéedvtélderive relative atomic photoelectric cross sections

which are compared with peak intensities in the XPS valence spectra of

e - |
Section IX is to be published in co-authorship with R. G. Cavell, S. P.
Kowalezyk, L. Ley, B. Mills, D. A. Shirley, and W. Perry.
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diamond, Si, and Ge. These intensiﬁies are consistent with predictions
based on the theoretical orbital symmetries of the valeﬁce bands.

A diamond single crystal was cleavedvin a dry'N2 atmosphere and
introduced directly through a vacuum“i;%erlock into the analyzer chamber

9

of an HP 5950A eiectron spectrometer in which a pressure of 8 x 1077 Torr
was maintained. The crystal was irradiated with monochromatized Al Kal,2
radiation. Mbndchromatizatidn has the effect of improving the resolution
in XPS somewhat (the resolution of our instrument is_O.SS eV3): a more
important advantaée is the elimination of unwanted Kq3,L and bremmstrahlung
radiation,

Since the effective XPS sample depth is only a few atomic layers,
the production of a clean surface is essential., Previoﬁs XPS studies
of diamondh’5 were done on powdered samples which yieldea velence band
spectra that were seriously modified by surface contamination (apparently
oxygen). The resultant structures were clearly not intrinsic, and no
_detailed comparisgns with band structure theory were possible. In a
preliminary éxperiment on an untreated diamond single crystal, we observed
a valence-band spectrum that was similar to the previously reported
spectra.u’5 An indication of the extent of oxygen contamination is given
by the intensity ratio for the 1s core peaks, C(1s)/0(1ls) = L. After
cleaving the diamond this ratio rose to C(1s)/0(1s) = 13, and the valence-
band Spectrﬁm showed no evidence of oxygen contaminatioi.

The uncorrected spectra I(E) of the diamond Valeﬁce band and the
diamond C ls core region are shown in Fig. 1. The satelliﬁe structure on
the high binding energy side of the C 1s line is assuméd to be "extrinsic";

i.é., to be characteristic of the energy losses suffered by an electron
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traveling through a diamond latfice, rather than characteristic of the

C 1s level itself. Using this assumption we are able to correct the
valence-band spéétrgm qﬁantitatively for iﬁeiastic losses. Thié yields

the corrected spectrum I'(E) shown.in‘Fig. 2. As can be seen by comparing
Figs. 1 and 2,.this.corréction does not appreciably aﬁfect the valence-band
structure below 25 eV binding energy and thus‘any inadeéuacy of fhe'above
assumption will have only miﬁor influence on I'(E).

Direct measurément of binding energy in insulétors and semiconductors
is not possible because of space-charge effects. A thin layer of gold was
evaporated onto thé»diamond crysfal éfter the valence-band measurements were
completed, and the separation of the Au hf7/2 and the underlying diamond -

C 1s iine was measured. The binding energy of the Au hf7/2 relative to

the Fermi edge in gold metal was measured to be 84,00 + 0.01 eV, which

when added to the sbove separation yields for the diaﬁond C 1ls binding

energy relative to the Fermi lefel of a thin surfage film of gold, EB =

28Lk.44 £ 0,07 eV. This agreeé fairly well with the.value 284.0 + 0.3 reported
by Thomas Eilél'h which was obtained bj a similaf referencing procedure

using platinum. |

To a certain point the valence-band spectrum is extremely stralght-
forward. There are three péaks in I'(E) as was the case for Si and Ge,2
which are also shown in Fig. 2 for comparison. The wider spacing of I'(E)
for diamond is consistent with theoreticalrexpectations‘l and is dué to
the smaller lattice constant in diamond. With two atoms per unit cell and

four electrons per atom, diamondihas‘four doubly-occupied valence bands

as indicated in Fig. 3. These bands produce three peasks in the density.
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of states, p(E), with the top two bands forming a single peak. Labeling

the I'(E) peaks as I, II, and III (Fig. 3), we identify the majority of

peak I with band 1, peak II with band 2, and peak three with bands 3 and k.
The photoemission spectrum I'(E) is essentially a joint density of

states. In a one-electron picture we have

I'(E) « p(E) o(E,hv) pe(hv - E) .

Here p(E) is the density of states of the valence bands, 0(E,hv) the cross-
section for photoemission, and pe(hv ~ E) the continuum final state of the
photoelectron. This last term can be regarded as constant over the

valence~band width AE, provided that6 hv >> AE. Thus
I'(E) « p(E) o(hv,E) ,

and a detailed comparison of I'(E) with p(E) would fequire an understanding
of the cross-section modulation.

For molecules cross-section modulation is readily understood, and
Gelius has given a good discussion.7 The cross section is proportional to
the square of the overlap between the initial one-electron state and

the continuum final state of the electron

o(hv,E) « |<wi(E)|Xf(hv - E) >]2 .

Taking Xf(hV - E) as a plane wave, the de Broglie anelength of an electron
ejected from the valence bands by AlKa radiation is 0.32A, Thus, the major
contributions to o(hv,E) must come from those regions in which wi(E) has

a curvature corresponding to this wavelength; i.e., the atomic-like regions
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near the nucleus. The carbon 2s orbital has a larger cfoss section for
photoemission at this energy than fhe carbon 2p orbital, because its
radial node makes the 2s ;avefunctions curvature similar to that of the
photoelectron.

Inspection of Fig. 2 and Fig. 3 reveals tﬁat cross
section modulation is very important in diamond, Si, ahd Ge. . The-wave—
functions Qf the valence electrons are of course eigenfunétiong of the
linear momentum rather than the angular momentum operator because of the
periodicity of the crystal iatticéo An expansion into atomic anguiar meentum
eigenfunctions extends therefore in principle over the whole Hilbert space
which is orthogonal to the core wavefunctions. It is however true thét——
especially near the nucleus—--the prevailing coﬁtributions to this expansion
came from the ns and np orbitals, where n is the principal quantum number
of the valence.electrons in C, Si, and Ge respectively, In this sense
band 1 is mostly s-like and bands 3 and 4 are mostly p—like.8 Band 2 is
a mixture of s- and p-like functions., The variation ih the peak area
ratio (i + II)/III should therefore correspond to a similar veriation in
the cross-section ratio o(s)/o(p) for the atomic orbitals. This has been
noted earlier for Si and Ge (sée Sec. VII).2

In order to investigate this point more quantitatively we deduced
atomic cross section ratios from x-ray photoemission spectra of methane
| (CHh)’ silane (SiHh), and germane (GeHh). The latter two were prepared
applying the techniques of Refs. 9 and 10. Electron spectra of the valence
regions of these simple gaseous compounds were measured in the Berkeley
iron-free spectrometer using a MgKOLl’2 x-ray source. The resulting spectra

(see right side of Fig. 3 and Table 1) exhibit in all three cases two peeaks
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which correspond to the'singly degenerate level A. (s-like) and the triply

1

degenerate level T, (p-like).

2
An LCAO calculation for the three molecules yields the parentages
of the two levels in terms of the atomic s and pAorbitalS. From these
parentages and frqm the measured line intensities we deduce the ratios
of the s and p cross sections for the atomic orbitéls as listéd in Table 2.
These numbers démonstrafe the dramatic change in the cross section ratios
as one proceeds from C to Ge, thus supportirng our arguments on the intensity
variation of peaks I, II, and III in the valence-band spectra of the
elements., These variations (Table 2) are however much smaller than those
of the atomic cross sections. This discrepancy cannot arise from the
different energies of the exciting x-rays for the crystals and the molecules.
(See Ref. 11.) This still leaves a valid objection égainst an atomistic
LCAO interpretatfon of the intensity ratios: the eleptronic wavefunctions
of the valence bands of a crystalliﬁe solid such as.diamond are not well
described by LCAO Easis functions. Even in the tight binding approach,
which means restriction to the atomic valence orbitalé in constructing
the valence bands, the states which make up’p(E) are mixtureévof the s
and p basis functions for every value of E. This mixture alone tends to
equalize the cross-section over the valence region. VA more realistic
approach however wou;d‘require a rigorous calculation of the valence-band .
wave-functionsband the cross section for photoemission at each energy.
It is thus clear that cross-section modulation can shift slightly the
apparent positions of characteristic features froﬁ p(E) to I'(E).
The point T marks the cenﬁér of the Brillouin zone, and bands

2-4 all have p character at this point. Since they all approach Tés with
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Zzero slope the density-of-states falls rather sharply at this energy;—the
top of the valence bands. Thus, in principle, E(FéS) could be determined
rather accurately, without ambiguity due to s,p mixing or unfavorable

" structure in p(E). In fact, the riéﬁt side of Peak III shows some tailing
which tends fo worsen the accuracy with which E(TéS) can be determined.
This small amount of tailing could arise from surface states or instrumental
resolution.- B& extrapolating down from the steepest bart of the Pegk III,
we obtained E(Fé5) = 1.8 0.3 eV relative to EF(Au) (the Fermi energy
provides a convenient reference point, but we shall not discuss it furthgr
because its meaning under the experimental conditions of a high x-ray flux
is not clear).

The peaks in I'(E) should fall ét maxima in p(E) with small shifts
between the two sets of maxima arising from instrumenté; broadening.of |
unsymmetrical peaks and from s/p mixing., The former effect is easily
corrected for. The latter effect should be small because both Bands 1 and
2 have high s symmetries at the peaks in I'(E). The oferall increase of

s character with energy below E_ tends to bias I'(E) downward in energy

F
relative to p(E). With all these factors considered, we assign the
pbsitions of peak T and IT as 17.9 * 0.2 eV and lB.éIi 0.1 eV below
EF(Au) respectively.

Detailed comparison of XPS valence bands with theory requirés
theoretical densities of states modulated by XPS cross sections. The
upper portion of Fig. 3 compares the calculated denéity of sfates for
diamond of Painter,bEllis, and Lubinskylg.(solid line) with our experimental

results. They used a discrete variational method in an ab initio approach

with an LCAO Bloch basis set which allows inclusion of nonspherical terms
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in the potential. The band structure from which p(E) was calculated is
shown in the_lower portion of Fig. 3. The calculated density of states
and our experimenﬁ show excellent agreement in the positions of all
characteristic features. It is therefare possible to deduce the variation
of the photoelectric cross section over the valence region, as indicated
by the broken line in Fig. 3. This line exhibits the émooth decrease

from the bqtﬁom of the valence band to its'top, as expected from the
discussion given above, Thus the relative infensitigs in photoelectron
spectra can provide a valuable tool in exploring the atomic origin df

different regions in the valence bands of solids.
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Table 1. Binding energies E_ and widths (FWHM) of molecular orbitals

B

of methane, silane, and germane.

Energies in eV,

Orbital ' CH), SiH), GetH),
el
B, 23.08(k) 18.01(k) 18,L6(k)
FWHM | 1.71(3) 1.16(6) 1.17(6)
TP .
N B, 1h.5(2) 12.67(h) 2,28(k)
FWHM 2.8(5) 1.69(6) 1.75(6)
¥

Binding energies were measured using neon as a standard.

was assigned a value of 48.72 eV.

The Ne 2s peak

Table 2. Comparison of the atomic cross section ratio for photoemission
o(s)/o(p) with the intensity ratio of peaks I + II to peak III in the valence

band spectra of diamond, Si, and Ge.

I+ II o(s)

111 0<p5
C 2.9 * 0.3 12
si 1.6 + 0.2 3.k
Ge 0.7 * 0.1 1.0
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SECTION X. EVIDENCE FOR COVALENT BONDING IN CRYSTALLINE AND AMORPHOUS
*
As, Sb, AND Bi FROM VALENCE BAND PHOTOIMISSION SPECTRA

Abstract
X-ray photoemission spectra of the valence bands of As, Sb, and
Bi show a splitting, AE, of the "s-~like" peak for the crystalline phase
that disappears in the amorphous phase. This similafity to tetrahedrally
coordinated covalent semiconductors is explained by describing the semi-
metals as layers of distorted covalently bonded hexagonal rings. This
generélizes the "even-odd" ring effect to the A7 lattice. The relation

of AE to interatomic distance is described by a universal curve.

Weaire and Thorpe have used the concept of topological disorder
in attempting to understand the properties of amorphous semiconductors.l—
They used modél Hamiltonians of the tight binding type to calculate the
density of states in crystals of the diamond structure, and obtained the
characteristic splitting in the lowest "s-like'" peaks in the valence
bands using these Hamiltonians, They emphasized the importance of six-
membered rings in the diamond structure, and suggested that a random-
network amorphous structure, with both five-fold and six-fold rings,
Qouid not exhibit well-resolved splitting in the s-like peak. Joannopoulos
aud Cohen carried out EPM band-structure calculations on several forms of
silicon and germanium.h They found a single broad s-like peak in o(E)
for the ST-12 structure, which has. five- and seven-membered rings. Single

s-like peaks were indeed observed in the XPS spectra of amorphous silicon

T _
Section X is to be published in co-authorship with L. Ley, S. P.
Kowaleczyk, F. R. McFeely, and D. A. Shirley.
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and germanium.s Both the form of Weaire and Thorpe's one-band Hamiltonian
and the discussion by Joannopoulos and Cohen may be intérpreted és
implying splitting in the s-like peak in a broader céntext than the
diamond lattice, and loss of this éplitting in the amorphous state. In
this paper we report XPS spectra oﬁ.crystalline and amorphous As, Sb, o
and Bi which show exactly this behavior. Furthermore, for the six
elements studied to date, the s-peak Splitting falls Qn a universal
curve when ploited against nearest-neighbor distance, .Thus both s-peak
splitting iﬁ thé crystalline state and its disappearance in the amorphous
state appear to be general phenomena for simple covaient solids. In
addition to its.intrinsic theoretical importance, this:result should
prove valuable both as a diagnostic device for identifying amorphous
phases and as.a covalent reference point for establishing an ionicity
scale.

Monocrystalline samples of As, Sb, and Bibwere cleaved in a dry
N2 atmosphere immediately prior to insertion into.thé Hewlett—Packard
5950A ESCA spectrometer. No oxygen contamination was detected by in situ
monitoring of the 0 1s line on the As sample, Small amounts of oxygen on
the Sb and Bi samples were easily removed by gentlé (éOO eV, 10 pamp) |
argon-ion bombardment for 45 seconds and 2 minutes, respectively. During
the measurement.a pressure of v 5 X lO_8 Torr was maintained, and no
oxygen or carbon buildup was observed. ) ‘ : .-

The uncorrecfed photoelectron spectra I(E) of ﬁhe valence-band
~regions of crystalline As, Sb, and Bi are shown on thg left side of
Fig. 1 together with corrected spectra I;(E). To generate I'(E) from

I(E), a response function was constructed from the low-energy tails of



.
B s

L
P
&
Fy
.
£
A=
.
-
Vi
&
T
S
i
e
L

-85~

the nearby d levels (not shown) in each case. These reéponse functions
were then used to correct‘the valence-band spectra for inelastic secondary
processes. Also shown in Fig. 1 are the measured I(E) and I'(E) for
amorphous samples of As, Sb, and Bi. Amorphous As wés'prepared in the
spectrometer_by flash evaporation of a thin film onto a gold substrate
at room temperafure. The amorphous Sb and Bi samples were prepared by
argon-bombarding single crystal surfaces for about 30 minutes with
10 pamp of 900‘eV Ar+ ions. ZEarlier experience5 with Si and Ge yielded
essentially identical "amorphous" spectra for evaporated films and argon-
bombarded crystals.

The overall similarity of the XPS spectra in Fig. 1 reflects the

similarities of electronic configuration (s2p3)

apd, for the crystalline
samples, of crystal structure (AT in each case) in these Group V elements.
There are two atoms per unit cell in the AT structure, with ten electrons
filling five valence bands. In free atoms of these elements, the valence
s electrons are bound 8-10 eV more tightly than the valence p electrons. )
The mean sﬁlittings‘between peaks 1-2 (Fig. 1) and peaks 3-4 (Fig. 1)

are approximately 8.4 eV (As), 7.2 eV (Sb), and 8.6 eV (Bi). Using the
free-atom configuration s2p§/2p3/2, the mean s-p spiittings in free atoms
can be estimated as 9.8 eV (As), 8.4 eV (Sb), and 9.7 eV (Bi). Since the
cohesive energies of thesé élementslo are only E—h eV per atom, one woul@
expect a Bridri to find separate peaks corresponding to s and p electrons,
in the absence of unusual s-p mixing, with the s peak(s) lying lower.
Theoretical band-structure calculations do indeed show two reasonably well-

separated s-like bands several eV below the Fermi level EF’ and three

p-like bands near EF.6—8 We assign the lower pesk (labeled 1-2 in Fig. 1)
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to the former and the upber peak (3=4 in Fig. 1) to the latter. Derived
energies of characteristic features in I'(E) for the crystélline samples
are set out in Table 1. Although the same two general features were
observed in therspectra of the amorpﬁous materials, most of the.finer
structure was completely lost.

Moving down from As to Bi, changes in the structure of the p-like
peak arise dominantly from relativistic effects rather than from crystal-
field effects. The single asymmetric peak 3 in As Spiits into two peaks
(3 and 4) in Sb., The splitting increases to 2.2 eV in Bi., It has been
shown for Bil.l that this splitting can be identified with the effect of
spin-orbit interaction on the p-like bands neaf the center of the
Brillouin zone (I'). The'relativistic Hartree—Fock—Slater free-atom value9
of 2.16 eV for the 6p spin-orbit splitting in Bi corresponds élosely to
the observed splitting in the p-like band. The measured value for Sb
of 0.76(8) eV compares equally well with the calculated Sp free-atom
value of O.T; eV, It is unusual for the spin-orbit splitting to come
through so cleanly as a splitting in the valence-band density of states,
because the Hamiltonians for the spin-orbit and crystal—fieid interactions
do not commute.and the corresponding energies are not additive. The d-bands
of silver12 and goldl3 provide counter-examples in ﬁhich the splitting, far
exceeds the free-atom spin-orbit splitting in magnitude. Shoulders 3' and
4* in the I'(E) curve for Sb most likely arise from bands near the symmetry
points Lh and'T and X

1 3°

Turning now to the s-like bands, we observe for the first time a

Xh in the Brillouin zone.

pronounced splitting of the s-peak (1-2 in Fig. 1) in the densities of
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states of all three Group V semimetels As, Sb, and Bi. This splitting
decreases from 2.62(8) eV 'in As to 1.67(6) eV in Sb to 1.18(8) eV in Bi
(see Table 2). A purallel decrewse in width (FWHM) of this peek from
5.2(2) to 4.6(2) to 4.0(1) eV is elso evident. The two components of the
s-péak differ in intensity in each case, After decomposition into two
peaks, we cbtain an intensity ratio of 1.3 for As, 1.3 for Sb, and 1.2 for
Bi. Since'only two nondegenerate bands are responsible for the doublet
structure, this intensity difference is most likeiy due to cross-section
modulation of the photoelectric effect. An admixture of p-like character
into band 2 would increase its photoelectron cross section relative to
that of band 1 as was earlier observed for Ge.s' Iﬁ.Bi the drop in the
intensity ratio coincides with a marked increase in the mean s-p band
separation because of the relativistic loﬁering of the g-electron energy.
This prbvides direct experimentel evidence for the dehybridiZing effect

of relativistic corrections in solids.

The density-ef-states results for amorphous As, Sb, and Bi are
significantiy different from those of the respective crysfalline modifice-
tions. The s-bands do not exhibit double—peaked structure and there is
much less structure in the p-like bands in As and Sb, while the spin-orbit
splitting in Bi is essentially the same. ‘In all three cases the maximum
in tpe density of states is shifted toward the Fermi energy by a few
tenths of an electron volt. This shift gives for the amorphous state under
study a direct measure of the deviation of the sample from its ground
equilibrium state. The replacement of peaks 1 and 2 in the cfystalline
samples by a single peak in the amorphous spectra_is.caused by a redisfri-

bution in the density of states rather than simply by broadening of the two
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peaks. This is especially true in Sb and Bi.v As efidence for thié ve
note that the total Qidths of the s-band peaks as well as the valley
between the.s- and p-bands remain essentiélly the same in going from the
crystalline to the amorphous material. |

Tﬁe startling agreement between these observétions énd those made
earlier5 for the prototypical covalent érys£als Si and Ge suégests an
interpretation of the‘semimetal spectra along similar'lines. The
distortions which lead from the diamond fcc lattice to the AT lattice of
As, Sb, and Bi obviously do not'destroy the main features in the density
of states. The experimental s-band splitting in the semimetals is rather
well reproduced by the separation of these bands at points Tl and Té in the
Brillouin zone, as shown by a comparison with available theoretical data

in Taeble 2, Points T, and Té correspond to points Ll and Lé in the diamond

1
lattice, It has been pointed out that the existence of sixfold rings in
the diamond structure is crucial for the preservetion of well-separated
s-bapds (peaké 1 and_2) invthe density of valence band states which cor-
ré3pond to the bonding and antibonding s-levels of covalently bonded
atoms.3’h In As, Sb, and Bi the lattice is composed of layers normél to
the trigonal axis. There are three weak bonds per atom between layers,
and within a lgyer there are three stronger bonds which produce a two
dimensional érray of distorted hexagonal rings.lh We therefore interpret
the XPS spectra of As, Sb, and Bi as extending the generality of the "odd-
even" ring effect on the valence bands. Apparently é-peak splitting is

present in these covalently-bonded A7-lattice crystals because of the

even-numbered rings, while the odd-numbered rings that presumably are
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present in the amorphous materials preciude resqlution.of these peaks
into two simple components.

Finaily, the observed sblitting in the valence-band s péaks of
the covalent Groups IV and V element; C(diamond), Si, Ge, As, Sb, and
Bi are related in‘a very simple way. When plotted agéinst nearest-

neighbor distance d, these splittings follow a universal curve given by
AE(eV) = 8.0 - 2.2 x 4@ (A)

as shown in Fig. 2. That AE should follow such a simple equation is
somewhat surprising, because differences in coordination and hybridization
might be expected to play a larger fole. Apparently‘the effect of overlap,
which of course decreases strongly with distance, is dominant. With
further study it may be feasible to give a detailed explanation for the
variation of AE. Meanwhile the observed AE vs d relation can serve as
a covalent reference point in eétablishing an experimental ionicity scale
based on valence-band spectra.

We thank Dr. W, Ellis for alsingle crystal Qf As., We greatly

appreciate helpful discussions with J. Joannopoulos, .
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SECTION XI. HIGH~RESOLUTION X-RAY PHOTOEMISSION SPECTRA OF PbS, PbSe,
*
AND PbTe VALENCE BANDS

Abstract

High—rgsolution x-ray photoelectron valence-band spectra (0 to
45 eV binding energy) of cleaved single crystal PbS, PbSe, and PbTe are
reported. The épectra are compared with available band théory results.
Relativis@ic OPW results exhibit the best overall aéreement with experi-
ment. EPM resﬁlts show similar agreement for all but the most tightly
bound valence band. The'uppermost peak, corresponding fo the three least
tightly-bound bands, shows detailed structure in good agreement with the
EPM prediétions,- The PbTe valence-band spectrum can be synthesized from

the XPS valence-band spectra of Pb and Te.

A, Introduction

The "lead salts", PbS, PbSe, and PbTe, have in recent years been
the object of considerable experimental and theoretiéél study, due in
part to the technological importance of thesé materials as infrared and
visible radiation detectors and in part to interest in theirvfundamental
properties, All three salts crystallize in the rock-salt structure wﬁich
consists of two interlocking fcc lattices separated by é translation
of (a/2, a/2, a/2) where the lattice constant, a, at 300°K is 5.9362 A

3 In this work, x-ray

for Pbs,l 6.1243 A for PbSe,2 and 6.4603 A for PbTe.
photoemission spectroscopy (XPS) has been used to determine the valence
band density of states for each of the lead salts. Derived quantities are
compared with several theoretical band structure calculations, which are

critically examined in light of these results.

* .
Section XI has been submitted to Phys. Rev. B in co-authorship with F. R.
McFeely, S. Kowalczyk, L. Ley, and D, A. Shirley.
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Experimental procedures are described in Sec. B. Results are

given in Sec. C and compared with theory in Sec. D.

B. Experimental

The samples used for these experiments were High-purity singlé
crystals., In order to minimize conﬁgmination of the samples by adsorption
of hydrocarbons and/or oxygen, the crystals were cleaved under dry nitrogen
in a glove bag and placed in a Hewlett-Packard 5950A electroﬁ spectrometer

9

at 5 x 1077 Torr without exposure to the atmosphere. They were then

irradiated with monochromatized AlKa radiation (1486.6 eV), and the

1,2
ejected photoelectrons were energy-analyzed.

In addition to the valence band region, spectra were taken over
a binding energy range of O - 1000 eV in order to deféct core level
peaks fron any impurities which might be present.‘ Experience has shown
that even small amounts of impurities can give rise to extraneous peaks
in the valence-~band region. The only impurities present in detectable
gquantities were carbon and oxygen, and they were présent in sufficiently
small amounts so as to preclude any serious effects on the valence-band
spectra, The area ratios of the Pb‘hf,{/2 line to the oxygen ls line
before and aftef the scan of each Pb salt valence band are given in
Table 1. Furthermore, the symmetric shape of the Pb core levels indicate
that the oxygen present was in adsorbed molecules on the surface of the
sample rather than as oxide. This is further verifiéd by the fact that
the intensity of the O 1s line decreased when the crystal was left in
vacuum overnight. |

Energy conservation gives the photoemission equation

= + B .+
hv EB kin 4 ¢sp
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where Ekin is the kinetic energy of the photoelectron, ¢sp is the work
function of the spectrometer, and EB is the binding energy with respect
to the Fermi energy. This equation presumes that the emitting region
of the crystal is electrically groﬁndéd to the spectrometer. If this
were not the case it would be necessary to include an extra additive
term to account for charging. Our experience has shbwﬁ that small
band-gap semiconductors, such aé the lead salts, show little or no
charging. | |

The Fermi level of the Pb salts with respect to that of the
spectrometer was determined with a Au reference as follows. A small
quantity of Au was evaporated onto the surface of each Pb salt after
the valence-band measurement, and the Au hf7/2 line position was determined
with respect to a core level in each case. The measured binding energy

for gold metal of the Au if level with respect to the Au Fermi energy

T/2
is 84.00 * 0.01. Thus the binding energy of the Pb salt core level

with respect to the Au Fermi level is 84.00 * 0.0l.eV minus its separation

7/2

for the Pb salt valence band spéctrum which includes the Pb salt core level,

from the Au kLf peak. This binding energy then defines the Fermi level

All binding energies quoted in this paper are given with respect to this
reference energy. It is assumed that the Fermi level of the deposited

Au is equal to the Fermi level of the emitting portion of the sample.

C. Results
The spectra I(E) for each of the three lead salts are shown in
Fig. 1. There is striking similarity in the valence-band spectra of the

three salts. The positions of the core-like Pb 5d5/2 peaks for these
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salts vary Vithin a range of 0,2 eV and the values of the spin-orbit
splitting in the Pb 54 peaks are identical to within experimental error
(0.02 eV). The spectra show in each case a strong bfoad peak, which we
call peak 1, centered at about 2 - 2.5 eV below EF‘ and exhibiting quite
prominent structure on the low bindiﬁg-energy side. vThis structure
is evident only as a shoulder in PbTe, but in progressing throuéh '
PbSe to PbS it becomes a well-defined extra peak which we label 1°',
Between the (1-1') peak and the Pb 5d lines there are two less intense
peaks labeled 2 and 3 in Fig: 1. The absolute binding energies of these
peaks show no monotonic trend with the atomic number of the group VI
element., Peaks 2 and 3 have the highest binding enérgies in PbSé. However,
the energy difference between peaks 2 and 3 increases monotonically in
going from the telluride to the sulfide. The 3-2 splitting is 3.5 eV
in the telluride, 4.3 eV in the selenide and 4.4 eV in the sulfide.

We have deconvoluted and subtracted from the valence band spectra
I(E) contributions from inelastically scattered electrons and contributions
from the low binding energy tail of the Pb 54 peakéf The shape of the
inelastic tail was obtained from a near-lying core lefei and tﬁe 5d-tail
was approximated by smoothly extending the low binding energy édge of the

Pb 54 peak. We label the corrected spectra I'(E). The uncertainty of

5/2

these corrections are included in the quoted errors. The corrected experi-.

mental binding energies are summarized in Table 2.

D. Discussion
These IV-VI compounds have a total of ten valence electrons per

Pb atom, which must occupy five valence bands. In light of many recent



-97-,

band structure calculations, the (1-1') peak structure of the photoelectron
spectra in all three lead salts may be unequivocally identified with three
p-like bands. At the I' point, two of these bands are degenerate and have

Té symmetry while the third band has F6 symmetry. Calculations of the band

L
structure by the EPM, +5,6

OPw7 and relativistic APW8’9 methods give
qualitative agreement on this point.
While there is reasonable agreement on the positions of the
three p-like bands and the corresponding maxima in the densities of states,
agreenent among theoretical predictions of the two lower-lying peaks
(2 and 3) is much poorer. Clearly these peaks can only represent the
two s-like (Fg) bénds arising from the 6s level of Pb and the highest
s-level of the group VI atom. Neithgr peak can be due to impurities since,
as stated previously, no core lével peaks were observed for any element
which would contribute significant intensity to the valence-band region.
Nor can pesk 3 be an energy loss peak arising from the 1-1' peak, first
because the ehergy difference of v 10 eV is too smail compared to the
N 16 eV loss structure observed for the Pb 5d electrons in these salts
and secondly because the intensity‘of peak 1-1' relativé to peak 3 isv
far lower thanvthe corresponding ratio of Pb 5d peak to its energy loss
structure. The assignment of the spectra therefore appeérs to be
completely straightforward. The 1-1' compiex arises from the top three
"p-like" bands and peaks 2 and 3 each arise from an "s-like" band.
Band-structure experiments and theory enjoy a symbiotic relation-
ship. This relation is valuable because neither would be very effective
alone. However, the closeness of the two requires fhat in the interpretation

of spectra one should clearly differentiate between results that are
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derived directly from the spectra and results that are inferred by
comparing the épectra withigalculated band structures. We have already
identified the peaks in the lead salts spectra with energy bands, so scme
interplay of theory and exéeriment ﬁas already taken place, 'In fact
these peakszare sufficiently well-resolved that they{could have been
assigned to the energy levels of the pure elements without reference to
band structure, as we shall show below. We aséume throughout this dis-
cussion that the one-electron transition model descfibed by Fadley and
Shirleylo caﬁ be used for the Pb-salts. We also assume that calculated
eigenvalue spectra of‘band theory represent experimental one-electron
binding energy spectra (Koopmans' Theorem).ll It should.be emphasized

at this point that disagreement between theory and experiment may result

? Turning

from the inapplicability of either of these assumptions.
now to a more detailed interpfetation of the spectra within this model,
we can proceed at two distinct levels of sophistication:

Level 1. The mean peak positions and widtﬁs can be extracted
directly from the spectra and used to assess the relative accuracies of the
band~structure éalculations. This is an empirical approach, and there-
fore less subject to error, but it yields information only about the
gross features of the banas.

Level 2. After one or more band structure calculations have bgen
Jjudged to be in good agreement with experiment, these energy bands can be
compared in more detail with the shape or at least the width of the peaks
to estimate the energies of the bands at symmetry points in the Brillouin
zone. This procedure ié somewhat speculative, but it yields information

of reasonable reliability about the really interesting features of the band

structure.
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In the discussion below we shall first discuss eéch of the
available band-structure calculations at Level 1, then go on to Level 2.

Overhof and Rasslerl2 calculated the band structures of all
three Pb salts using a relativistic Gréen's function technique. Their
calculation is.unique among thosé considered here in that the d electrons
are included. Uﬁfortunately their band structures must be viewed in
light of ouf resultslas being qualitatively wrong. The highest s 1level
is predicted in all three cases to lie so close to the p-like bands so as
to give rise to only one 5road peak in the density of states rather than
one p-peak and a smaller s-peak v 6 eV away. Furthérmore the lower lying
s peak would in all three cases be buried under the core-like Pb 5d peaks.
The Pb 5d3/2 and 5d5/2 are predicted to-lie at v 13,5 and 15.5 eV for PbS,
" 13,3 and 15.4 for PbSe, and v 13.6 and 15.5 for PbTe instead of the
(v 18,5 - 21) given for the three salts by our spectra. We have not cor-
rected our XPS spectra for polarization or relaxation about the final state
hole and thus the reported binding energies for the Pb 5d electron--and
to a lesser extent peaks 2 and 3--may be smaller than the-Koopmans' theoren
value of theory. This correction mgy consist of adding approximately 1 eV
to the Pb 5d binding energies,

The Augmenggd Plane Wave (APW) method was used by Conklin,
Johnson, and Pra£t8 to calculate the bahd structure_ofvPbTe. The Hamiltonian
used for this calculation included a spin-orbit term aﬂd Darwin and mass-
velocity correcfions. The results obtained agree.reasonably well with
our spectra. The calculétion indicates that the highest s-peak should
occur near 6 eV while the other s peak should be at 11 eV, compared with

the experimental values 8.2 eV and 11:7 eV obtained here.
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Augméntéd plane wave calculations very similar to those above
were undertaken by Rabii9 on PbS and PbSe. The upper Fg levels were
calculated aﬁd it appears that they would lead to maxima in the density
of states around T eV invboth PbSe aﬁa PbS, with thevpeak probably lying
slightly lowér in energy for PbSe. This compares with experimental values
for this peak of 8.6 and 8.4 eV respectively. Thus the discrepancy is
similar to that in the PbTe case. »

A different approach to the problem was taken by Lin and Kleinman
in a pseudopotential calculation of the lead salt band structures. 1In
this calculation there were 5 variable parameters wﬁich were adjusted to
give the best agreement with reflectivity data.l3 Thé charge of Pb and
éhe VI atom are allowed to vary and there was also a-spin—orbit parameter,
The remaining two parameters were used to adjust an extra repulsive potential
term which applies only to s-like levels. The variation of these parameters
ultimately produced shifts of up to 17.7 eV in PbS and 7.6 eV in PbTe.

A bomparisoﬁ of the prédictions of their band structurésband experiment

is given in Table 3. As can be seen the overall agreement is quite good

in PbS and PbSe, except that, as with the APW calculations, the predicted
binding eneréy of Peak 2 is too low. Iﬁ the PbTe calculation, however, the
agreement is poor for Peak 3 as well.

Tung and Cohen5 and Tsang and Cohen6 have calculated the band
structures for PbTe and for PbSe and PbS respectively using the Empirical
Pseudopotential Method (EPM). In these calculations spin-orbit interaction
was included but other relativistic effects were nét; In addition to

band structures, the resulting densities of states curves were calculated.
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The results of these calculations, shown iﬁ'Fig. 2 match the
experimental results for the p-like peak(s). Particularly striking is
vthé way ih which the calculation shows the origin of the 1' peak out of
the 1 peak.iﬁ progressing from PbTé‘to PbS. The position indicated for
the highe#t.s-band (ndt shown) is also reasonable'though not exactly ’
correct.. |

The major disagreement of this calculation with experiment lies
in the predicted energy of the lowest s—peak (not ghown in the density
of states curve). This level is predicted to lie at 17 eV in PobTe,
24.5 in PbSe, and 27.5 in PbS. This discrepancy is not unexpected, because
a local pseudopotentiél was used. In the case of ZnSelh a local pseudo-
potential was shown to be inadequate for the lowest bands. Thus the
nonlocal nature of the pseudopotential should be considered when calculating
these bands.

The most successful band structure calculation was undertaken
by Herman g£‘§£.7 In this calculation the OPW method, with relativistic
effects included directly in the Hamiltonian, was ﬁSed to calculate the
energy le?els at certain symmetry points in the Brillouin zone. A pseudo-~
potential technique was then usédvto connect the regions between the summetry
points. The resulting band structures were not fitted to any experimental
data. The results for PbTe, PbSe, and PBS are shown in Table 4., While
the predicted binding energy for Peak 2 in PbS and PbSe is lower than
observed (as is the case in all the band structures), the results for PbTe
agrees very well with experiment.

Proceeding now to the more sophisticated-_énd less certain-;Level

2 of interpretation, we shall try to derive information about the positions
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of bands'at symmetry points in the Brillouin zone, we treat one salt
at a time. |

In PbS the 1-1‘ peak shows well-developed éfructure that can be
identified with the structure of.p(E) in this region as given by the EPM
resulfs. The well-resolved peak in p(E) at 1.5 eV below the top of the
valence band (which falls at Lg) is presumably shoulder 1' in I'(E). We
shall use this as a fiducial point. The EPM p(E) and the experimental
I'(E) are superimposed in Fig. 2 using this fiducial. Thus peak 1'
appears, from the EPM results, to arise largely from maxima in the top
valence band near symmetry points A (1.6 eV below Lg) and I (0.9 eV
below Lg). The OPW calculation gives these last two energies as 1.8 and
0.9 eV, respectively. Since the 1' maximum in I'(E) falls 1.25 eV
below our measured EF’ it follows that the top of the.yalence band must
lie within 1.25 eV of the 1' energy, if this EF can be regarded as béing
intrinsic to PbS. ' We regard the agreement of this figure 1.25 eV with
the EPM result of 1.5 éV to the top of the valence bands as satisfactory.

Prdééeding té Peak 1 in PbS, the characteriétic shape of this peak
in p(E) is apbarent in I'(E). The peak is rounded on the left side, and
steep on the right side, with a well-defined breaking poinﬁ at the top.
This point, which we shall call 1", falls at Eg - 2.38 eV, or 1.13 eV
below 1', The highest intensity point in the EPM p(E) for this band
_falls 3.0 eV below the top of the valence band, or 1.5 eV below the maximum
ccrresponding to 1'. While this value exceeds the experimental result
somewhat, we note that in the OPW calculations the relevant baﬁés tend
to lie higher. We may roughly relate the 1' - 1" energy difference to

the difference in energy between the maximum in the top band near A and
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the flat regions of the second (and third) bands from the top, along
L - T - K. These energy differences are approximately 1.3 (EPM) and
0.7 eV (OPW). This 0.6 eV difference provides room for the 0.4 eV
discrepancy between our data and.the EPM results.v Further strong
evidence that the two maxima in question are too widely separated in
the EPM bands is provided by the qualitative appearance of the 1-1' peak,
If the two points 1' and 1" were really 1.5 eV apart, there would be é
substantial minimum between them.

The other feature of Péak 1l that can be readily compared with
o(E) is the position‘of the half-maximum point on the low kinetic energy
side’ of this peak. On I'(E) this falls in the range 2.8 - 3.0 eV below
~1', while in EPM p(E) value is 2.9 eV, in e#cellent agreement. We cannot
compare this directly to the OFW resglts, but the agreement with experiment
would almost certainly be worse. This follows because the OPW results
Luve the muximum in the top band near A about 3.k eV above the bottom
of the third band (a£ Xg), while the EPM value is 4.0 eV. It is dif-
ficult to obtain an experimental value for this quantity from the spectra,
vut a value of 3.9 * 0.2 can be estimated by assuming that the peak has
a ~nstant slope down to zero intensity, as indicated in the EPM p(E).

In summary, our spectrum shows good agreement with the two theories
. wuriing total width of the top band, giving 5.2 * 0.3 eV vs 5.5 eV (EPM)
of 5.2 eV (OPW). 1In detail there is some disagreement. The position
of peak 1' appears to be higher than either theory would predict by
" 0.2 - 0.4 eV. Peak 1' is closer to 1" than the EPM results (by v 0.4 eV),
and higher above theibottom of these bands than the OPW prediction (by

v 0,6 ev),
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Peak 2 in PbS has its center 7.0 eV below'l', or about 8.2 eV

F

this peak is 2.5 eV and the total width, based on an uncertain extrapolation

below E_, and presumably also the top of the valence bands. The FWHM of

to zero intensity, is about 3.5 eV. The centroid in the EPM p(E) is

T.1 eV'belowbthe top of the bands or 5.6 eV below 1', about 1 eV or more
too high. The width that should be compared to the experimental FWHM

(in the abseﬁce of lifetime broadening) is about 1.2 - 1.k eV (because

of instrumental broadening), and the total\bandwidth is about 2.1 eV; both
are thus subétantially narrower than experiment, The OPW ’extrema of tﬁis
band are 5.8 and 8.1 eV below the top of the valence bands. Thus the OPW
bandwidth of 2.3 eV is too small, We estimate that the OPW centroid in
p(E) would lie about 7.3 eV below the top of the valence band, or about
0.9 eV too high. Use of point.l' as a fiducial point would worsen the
agreement, since this point is already too low in the OPW results. In
summary, Peak 2 is about 1 eV lower and v 50% wider than predicted by the
OPW and EPM theories. Of course the observed bindiné energy may be
affected by relaxation and the'linewidth by lifetime broadening.

Thé centroid éf Peak 3‘falls at 12.5 eV.below EF’ or about 1.6 eV
higher than the 1L.1 * 0.2 eV that wevcan éstimate as the distance that
the bottom band falls below the top of the valencé band in the OPW calcula-
tions. The peak widﬁh shows a larger discrepancy., The OPW band is only
0.7 to 0.8 eV wide, wﬁilev Peak 3 is about 2.6 eV FWHM or v 4 eV in total
width. Thus band-structure broadening may be more pronounced for this
band than the calculations indicate.

Turning now to PbSe, there is a considerable amount of partially-

resolved structure in Peak 1. The shoulder on the high-energy side
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.
(Pé@k 1')_is'clearly discernible, although not quite‘as well-resolved
as in‘PbS. Peak 1' is 1.16 * 0.10 eV below Er, in excellent agreemént
with) the highest—energy~maxihum in the EPM p(E), which is also less well
resoived from the rest of Peak 1, aﬁd is centered-1.18 eV below the top
of -the valence bands. |

The rest of Peak 1 in PbSe is similér to the PbS case, but more
structurevis evident. The fesolution of other features is marginal,
but four more feétures could be reproducibly identified in three samples.
They were: 1", an abrupt change of slope similar to i" in PbS; 13, a peak
connected to 1' by a gently-sloping line; lh’ a peak separated from 13
by a distinct minimum, and 15; another shoulder on the low energy side of
Peak 1, The positions of the last fouf features relative to 1' are
given, for all three samples, in Table 5, Also gi&en in Table 5 arebthe
positions of the five most prominent peaks in the EPM p(E). The agree-
ment with experiment is very good. Equally impreséive (and more important)
is the agreement between the general shapes of this beak‘in p(E) and
I'(E). Again Peak 1' is slightly closer to the rest of Peak 1 and not as
well resolved as the EPM results would suggest, but the overall agreement
is really extraordinary.

Further comparisons with the EPM p(E) give 1' - lg = 2.9 eV (expt)

and 2.7 eV (EPM) and 1' - 1, =1 eV (expt) and 3.7 eV (EPH), where 1. is

the position of half-maximum height on the low energy side of Peak 1, and
l7 is the bottom of these bands, extrapolated from the slope. Again the
agreement is excellent. The experimental I'(E) and the EPM p(E) are

plotted in Fig. 2.
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No p(E) is available from the OPW calculations, buf it.is clear
that the OPW and EPM results for Peak 1 in PbSe agree very well, as
point-by-point comparison of the energy bands will shoﬁ. The OPW results
give the maximum in the top band ne;f A as 1.1 eV below.the fop of the
valence bands . at Lg. If this may be taken as a meaSufe of the posiﬁion
of 1', the agreéﬁent is excellent; The next two bands have flat regions
along I - L,'aﬁ‘% 2.0 and 2.4 eV below Lg (OPW), or 2.1 and 2.5 eV_(EPM).
These two bénds probably contribute significantly to the‘features 1"
and 1, in I'(E), at ~ 1.85 eV and 2.3 eV below E

3

plausible simply to intérpret these features as determining the positions

P It would be very
of LZS and Lg, but such an interpretation is not unique. Finally, the total
width of these top three bands is 4.9 eV (OPW), in good agreement with
l;.9 eV (EPM) and & 5 eV (expt).

Peak 2 in PbSe shows no appreciable structure. Its position at
7.1 &V below 1', or 8.3 eV below B
peak in the vEPM-p(E), at 6.8 eV, and its width (FWHM = 1.8 eV) is about

twice that of the EPM peak (FWHM = 0.9 eV). In the OPW results this band
appears to be about the same width as in the EPM caée, although comparison
is difficult because Xg lies below Fg in ofw and above.it in EPM.‘ We
estimate the centroid of this band to lie about 6.6 eV below 1' in the
OPW case, in better agreement with experiment, but still slightly high.
Peak 3 in PbSe is centered 11.T7 eV below 1' or 12,9 eV below EF’
about 1 eV higher than the lowest OPW band, which would give a peak at an
estimated 12,8 eV below 1' or 13.9 eV below the top of the valence bands;
Again the peak is wider (1.9 eV FWHM, or = 3.5 eV total) than the OPW

band (0.8 eV total), though not as wide as Peak 3 in PbS.

is about 1.5 lower than the corresponding
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In PbTe, Peak 1 has a rather different structure from the same
peak in PbS and PbSe. First, the shoulder attributéd‘to Peak 1' is not
evident. This is in very good agreement with the EPM p(E), which does
not show the well-separated peak found in the other saits. This is a
consequence of the general tendency for the top three bands to be compressed
upward in PbTe‘relative to PbSe and PbS. Table 6 contains the positions
of several syﬁmetry points relative to the top of the valence bands (Lg),
from the OPW and EPM calculatioﬁs. The compression of these bands in
PbTe is especially pronounced for features near the top of the band.

Since there is no Peak 1' in PbTe, another fiducial point is
needed. We shall use the energy of the leading edge at half height,

denoted 1... Its value is 17.99 eV sbove E(5d

H )y or 0.34 £ 0,05 eV below

5/2
Egp.  This ag?ees very well with the value O.4 * 0.1 éV.estimated from the
EPM p(E) as the energy of this feature below the top of the valence bands

(at Lg). The error in this estimate follows from uncertainties in

converting p(E) to I'(E).

Peak 1 in the PbTe I'(E) can be characterized as "blunt". This
agrees well with the EPM p(E) after due allowance fof experimental resolution
has been made. At slightly higher resolution considerably more structure
should be discernible. The peak is somewhat wider than the theoretical
results would indicate. The trailing edge at half height falls at EF -

(3.84 £ 0,02) eV, compared with EF - 3.2 eV for this feature from the EPM
p(E). Rough extrapolation gives the total bandwidth as v 5 eV, compared
to 4.3 ev (on) and 3.7 eV (EPM).

The positions and widths of Peaks 2 and 3 in PbTe are set out in

Table 7. Peak 2 is about 1 eV lower than the OPW result and nearly 2 eV
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below the IPM v&lue. The OPW peék positions for Peak 3 is in very good
agreement with experiment, Again both of these-peaks‘aie.wider than the
band structure p(E) would predict.

| We have identified the peaks in the XPS I'(E) spec£rum with
peaks of corresponding energy in p(E) of band theory. The same assignments
can be obtéined empirically by comparing the XPS valence-band spectra
of the lead salts with those of the pure elements cdmpfising them. For
example therefis a one~to-one relationship between the peaks in I'(E)
of PbTe and tﬁevsum of peaks in the I'(E) spectra of single crystal ppl?
and single crystal Te.l6 The bindingvenergies of thesé peaks are listed
in Table T. If can be seen that the difference betwéen any two cor-
responding peaks, one from the salt and one from thé element, is at most
N 0.6 eV, These differences are consistent with the ionic character of
the salt which is demonstrated byvcomparing the separation iﬁ binding

energy of the Pb 5d and Te Ld peaks in PbTe (20.01 eV) with the

5/2 >5/2
separation between these peaks in pure Pb and pure Te (21.48 eV). The
difference of separations is 1.U47 eV. The observed peak widths (FWHM)
of the Pb 6s and the Te 5s in the pure elements are approximately a factor
of two wider than peaks 2 and 3 in PbTe possibly indicéting a larger
crystal field interaction for these bands in Pb and Te than in the partially

ionic PbTe.

E. Conclusions
We have presented the high-resolution XPS spectra of PbS, PbSe,
and PbTe valence bands, assigned the peaks to bands in available calculated

band structures, and compared the structure of each peak with theory. The
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agreement observed between theory and experiment is encouraging. Never-
theless there are questions which remain to be answered before the full
value of XPS valence-band spectra can be realized. 'We have assumed the
one-electron transition model where thé measured binding ehergy‘is equated
to the one-electron orbital energy. This implies tﬁat all other one-
electron orbitals remain frozen during photoemission. We have also
assumed that the density of states p(E) generated from band structure
calculations ccrresponds to the one-electron orbital energy spectrum.

The existence of possible deviations from the above model are récognized;
however they have to be defined and quantified before a more sophisticated
model can be applied. Oniy by further experimental and theoretical study
can the.magnitude of the final state ana relaxation effects in the
photoemission process and the sensitivity of the theoretical band structure
to an approximéte exchange potential be taken into aécount.

We thank Professor G. Somorjai for giving us single crystal PbS,

PoSe, and PbTe.
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Table 1. Ratio of Pb bty /, to O 1s peak areas

PbS PbSe ‘ PbTe

Before VB Run

After VB Run

30:1 > 50:1 10:1

LL:1 > 50:1 : 33:1
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Table 2. Fb salt VB binding energies (eV)

P 1 4
4 5d3/2 Pb 5d5/2 3 2 1 1
PbTe 20.94+0.05%  18.33+0.05 11.7+0.2  8.20%0.1 2.30%0.1 -
PbSe 20.99+0.05 18.38+0.05 12.92+0.15 8.6L*0.1 2,19+0.1 1.21+0.15
Pbs 21.1020.05 18,52+0,05 12.81%0.15 8.43+0.1 2.53%0,1 1.20%0.1

%The gquoted errors do not include uncertainties in the determination of the

Fermi level.
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Calculations of Lin and Kleinmanh

Table . 3, compared to experiment

PbS PbSe PbTe
L&K Expt L&K Expt ' L&K Expt
Peak 1 1.8 2.5 1.7 2.2 2.5 2.3
Peak 2 6.3 8.k 5.8 8.6 5.4 8.2
Peak 3 12,2 12.8 11.8 12.9 8.7 11.7
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Table L. Calculations of.Herman gE_g&.Y cqmpared to experiment

PbS v PbSe ~ PbTe

OPW Expt OPW Expt ~ OPW Expt

Peak 1 2.6 2,5 n 2.6 2,2 n 2,0 2.3
Peak 2 6.6 8.4 7.4 8.6 T4 8.4

Peak 3 14,0 12,8 14,0 12.9 11.5 11.7
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Features in Peak 1 of PbSe (Energies in eV)

Table 5,
"
Sample 1! 1 1, 1, 1g
a
I (0) 0.7 1.05 1.55 2.25
II (0) 0.7, 1.25 . 1075 2.&8
, I1T (0) 0‘,65 1.1 1‘,65 2.35
Theory (EPM) " (0) 0.9 1.35 1.8 2.2

a, s .
These positions are known to * 0,1 eV relative to one another,




Table 6. Characteristic energies in Pb salts (eV)
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PbTe PbS -~
Description a b e b . a b
- OPW EPM OPW EPM OPW EPM
Lg 0 0 0 0 0 0
B¢ 0.7 0.6 1.1 1.1 1.8 1.6
Ly 1.0 0.9 1.9 2,2 2.3 2,8
L,5 ‘
Xg - L,3 3.7 L.9 k.9 5.2 5.5

BTaken from references 5 and 6.

bTaken from reference 7.
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Table 7, Comparison of PbTe results with those for Pb and Te.
Binding energies are relative to the measured Fermi levels.

PoTe Pb P
Binding energy
Te ka (ev) L0.95(7) - 41.80(9)
3/2 ‘€Y .
Binding energy )
Te ka (ev) 39.49(7) - 40,31(9)
5/2 _
FWHM hd3/2 = FWHM hd5/2 1.50(2) - 0.94(2)
ha splitting (eV) ' 1.46(2) - 1.51(1)
Binding energy . .
Pb 5d.,, (eV) 20.94(7) 20,32(5) -
3/2 :
Binding energy ’ :
Pb 54 (ev) ' . 18.33(7) 17.70(5) -
, 5/2
FWHM 54/, = FWHM 5d,,, 1.20(5) - 0.94(5) -
5d splitting 2.61(2) 2.62(2) -
Binding energy

Te 5s, PbTe "3" (eV) 11.7(2) . - 11.5(2)
FWHM Te S5s, PbTe "3" (eV) ' 2.5(3) - 4.8(5)
Binding energy i ‘ .

Pb 6s, PbTe "2" (eV) 8.20(11) 7.68(20) -
FWHM Pb 6s, PbTe "2" (eV) 2.3(2) 2.7(2) -
Binding energy ' 2.33(8) ' 4.0(2)

"yn . v

Pb 6p, Te 5p, FoTe "1 2.30(11) {0:53(5) 11:130s)
FWHM Pb 6p, Te 5p, PbTe "1" 3.5(2) 3.1(2) 5.0(2)
fRef. 15.

b

Ref. 16,
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SECTION XIT. CHARGING OF INSULATORS AND SEMICONDUCTORS

Charging of insulating samples is an effect that is as yet not
under control in the field of x-ray photoemission spécﬁroscopy. The x-rays
striking the sample produce photoeléctfons which in turn excite secondary
electrons. Many electrons are enefgetic enough to escape the sample
at its surfacé. If these eiectrons are not replaced chgrge neutrality
no longer exiéts and the sample becomes positively charged. The chafged
state is manifest by a shift of the XPS structure to lower kinetic energy.

The binding energy is given by Eq. (3),

Eg=hv -8, - q¢sp - Wy

Charging produces a change in the Volta potential wsa' 'Charging can be
considered under control when the Volta potential can be either
measured or nulled. |

The Volta potential is a function of the photoelectron and
secondary electron emission current Ie and the neutraiizing electron
current Invwhich usually originates from ground or ambient space charge.
Initially Ie > In in insulators and the sample charges positively until
Ie decreases or Irl increases such that Ie = In. In'and Ie are a function
of sample conductivity, mobility, photoconductivity, surface states,
space charge 1dyers, trapping centers, recombination centers, and contacts.
These parameters are in turn sensitive to the geometry of the experiment
and therefore different types of spectrometers and different sample
configurations within each type of spectrometer can yield different

(3

results for the same substance. The experiments reported in this
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section were performed on an HP 5950A ESCA photoelectron spectrometer.
For other insﬁruments the sources of In will not be the same and dif-
ferent charging behavior will be observed. |

The HP 5950A produces a focussed beam of x-rays which has a cross
sectionalbarea of 1 mm X 5 mm where it strikes the sample surface. Most
of the samples studied were single crystals of approximately 12 mm diameter.
The x-ray beam irradiates the center of the sample surface. The perimeter
of the samble is not hit by x-rays., Figure 1 illustrates the experimental
arrangement.

Volta potentials (charging shifts) of over 40 volts were observed.
Figure 2 is a plot of charging versus band gap for 26 semiconductors
and insulators. The charging shift wés determined by evaporating a thin
film (probebly islands) of gold onto each sample surface and referencing

a core level of the sample to the Au Uf line of known binding energy

7/2
(84,00 + 0.01 eV). The difference between the binding energy of a core
peak of the sample referenced to gold and the absolute binding energy
of a clean surface measured from the spectrometer voltages yields the
Volta potential (charging) plotted in Fig. 2. The difference in energy
between the gold referenced binding energy and absolute binding energy
of the gold covered sﬁrface measurea from the spectrometer voltages is
plotted versus band gap in Fig. 3. The gold covered the sample surface aﬁd
the spectrometer-sample contact.

The general trend in Figs. 2 and 3 is for charging to increase
with band gap. The materials with small band gaps charge to values near or
less than the band gap, and those with large band gapé charge to values near
or greater than the band gap. In most cases the application of the thin

surface film of gold reduced the charging (compare Figs. 2 and 3) indicating

a lower resistance path to ground.
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The unusually high charging in ZnSe is probably attributsble to
the photovoltaic effect. Exceptionally high photonltagés have been
reported for ZnSe singie crystals.l In some cases phOtbvoltages of several
hundred volts were observed.l It is believed the effect.results from_the
addition of photévoltages from many individual junctions which are
asséciated with stacking faults in the single crystal.l The XPS charging
shift of 21.6 eV on cleaved ZnSe decreased to 1.2 eV after evaporating
the Au reference iayer onto the surface.

The crystals charge until In equals Ie. Ie decreases and/or
In increases as wsa increases. In.the case of single crystals the region
from which the photoemission spectrum origihates is bathed in x-rays
and the induced photoconductivity allows uniform charging over the
photoemitting éurface.' In the case of powders contact resistance between
crystalliteé can broaden lines as a result of non-uniform charging.

The fact that charging follows the band gaf‘so closely suggests
that a mechanism such as breakdown as a consequence of the tunnel effect
(Zener breakdown) switches on a higher I at Volta potentials near the
band gap value. This mechénism is especially likely in the materials with
thin depletion layers (high carrier concentfations). ~The deplétion layer
in this case 1s the region between the irradiated.aﬁd nqn—irradiated
portion of the sample., As the depletion layer gets.thicker (carrier con-
centration decreases) one expects the charging to increase above the band
gap value. We see this behavior in the alkali halides. Breakdown by
carrier multiplication (avalanche breakdown) would tend tb limit this
increased charging effect. Surface conductivity must not be forgotten

and may contribute significantly to In in those cases where the charging
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is less than the band gap. Bulk conductivity in the small band gap
materials can also limit the charging to values less than the band gap.
Finally it should be mentioned that non-ohmic contact.between sample

and spectrometer adds another degree of complexity to the charging problem
and should be avoided.

At present we correct for charging by subtracting the Volta
potential ffom our measurements, Definite broadening occurs in insulating
powders and possibly even in single crystals. Nulling the Volta potential
by neutralizing the sample with low energy electrons appears'to offer a

solution to some of these problems.
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SECTION XIII. CHARACTERISTIC ENERGY LOSS SATELLITES OF Al,
Cd, In, Sn, Sb, AND Te

During the XPS process the number of primary photoelectrons which
escape from the solid is much smaller than the number of escaping secondary
electrons (see Sec. II). As long as the secondary electron emission is a
relatively smooth function of kineﬁic energy, it can be éubtracted from
‘the spectrum as background (cascade background). However there are
discrete energy loss mechanisms which produce structuré_to the low
kinetic energy side of primary electron pesks., This structure, which
is mainly composed of electrons that have excited plasmons, will be the
subject of this section,

An electron passing through a solid can couple through its longi-
tudinal electric field to electron density fluctuations (plasmons). Many
plasmon resonance energies have been determined by measuring the energy
losses of electrons reflected from solid surfaces or transmitted through
thin films.l Almost all structure reported here can be attributed to
this type of plasmon energy loss,

For a process such as XPS, many-body calculations? predict
strﬁcture resulting from plasmons coupled to core ‘electrons. This type
of plasmon excitation is intrinsic to the photoemiséiqn of a core
electron while being coupled to its surrounding plasma rather than a
free electron passing through a plasma. The total spectral density in
this model consists of a sharp quasiparticle peak with a broader plasmon
satellite structure to higher binding energy. The plasmon structure is
predicted to be 50 to 100% as intense as the quasiparticle level and the

total spectral density follows a sum rule such that it is centered about
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the Hartree-Fock orbital energy. The quasiparticle peak is shifted from
the Hartree-Fock value to higher kinetic energies by polarization.about
‘the final state hole (relaxation) and the plasmon structure compensates
for this shift. In the resﬁlts reportéd here structure resulting from
this type of plasmon resonance is not distinguishabie from that which
correspondé to a free electron passing through a plasma.

In Sec. A the results for Al are discussed and-in Sec. B those

for Ag, Cd, In, Sn, Sb, and Te are discussed.

A, Aluminum

The x-ray photoemission spectrum of the Al 2s core level is
shown in Fig. la. The high binding energy shoulder on the Al 2s metal
pesk is attributed to surface oxide. Sbaced at even intervals of 15.7(2) eV
are five orders of bulk plasmon losses P1 through P5' The electron
reflection measurements of Powell and Swan yielded a value of 15.3 eV.3
The sum of the: area under .the five loss peaks is greater than 75% that
of the Al 2s metal peak. The sbsence of the surface plasmon peak at
10.4 ev isvconsistent with the surface being slightlj oxidized.3 It
should ge mentioned that in XPS experiments plasmonérof all scattering
angles are observed and thus dispersion results in peaks which are
asymmetrically broadened to higher binding energy and thus shifted to
slightly higher binding energy than for the case where only zero
scattering angle is considered. The reflection results of Powell, Swan, and
Robins should compare weil with XPS results because the geometryh of
their experiments should yield similar effects of dispersion.

We were unable to keep Al clean in the HV mode of operation (see

Sec. IIL)., A surface 6xide formed immediately. -Preliminary results for
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Al obtained in the UHV mode of operation (see Sec. XVi) are shown in Fig. 1b
for a single crystal which was annealed ig_Eiggland.argon etched., The surface
plasmon labeled S is now present and the aluminum oxide peak is not. There
was some Sb and Ta surface contamination in this particular case. FEight bulk
loss peaks associated with the Al 25 level are clearly distinguishable (P6 to
P8 are not shown)., The peak parameters are given in Table 1. The.totalvarea

of the loss peaks is greater than 175% the area of the zero loss peaks.

B. Plasmon Losses of the 4d5s5p Elements Ag to Te

In some materials interband and intraband transitions lying near
in energy to the calculated free electron plasma resonance energy ﬁwp
result in a shift of the measured plasmon energy from this value, These
plasmons are termed hybrid resonances and the dielectric theory of energy
losses is used to treat these somewhat more complicated resonances.l Effects
of this type are observed for the elements reported here.

The XPS plasmon structures for Ag to Te are shown in Figs. 2 to
11, The peak parameters are given in Tables 2 to T and surmarized in
Table 8, Thé‘experimental procedure is given in Sec. iV where.the valence-

band spectra for these elements are discussed.

1. Silyver

Silver gave the Veakest loss structure of all the elements
reported here (Fig. 2). However, it had the narroweét loss peak (1 eV).
The bulk plasmon resonance- energy is shifted from th¢ free electron value
of 9‘eV to 3.78 eV by an interband transition (Ld +‘EF) that begins at |
3.9 eV.l In the XPS valence-band spectrum of silver (Fig. 12) the low
binding enefgy edge of the 4d band is just 3.9 eV below the Fermi level
E, which is consistent with the above interpretation. This separation

F
between d band edge and Fermi level is denoted AEIB in Fig. 13.
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The loss at 3.9 eV is assigned to the unresolved bulk and surface
plasmon losses of Ag which have been measured by optical experiments to
be at 3.6 and 3.78 eV respectively.l The width of the bulk loss has been

> The 1 eV width of the loss

determined optically to be 0.08 eV FWHM.
reported here is obviously determined by the width of the primary 3d
photoelectronbenergy distribution (1 eV). Optical reflectivity data6
indicates that the lbss structure at 7.8 eV is also attributable to
conduction electron oscillations. The pesks at 18.8 and 24.9 eV are

unexplained. Peaks at 17.2 and 25.0 eV have been observed in reflection

electron loss experiments.

2. Cadmium .

Four loss peaks at T, 9.3, 13.9, and 19 eV were observed. We
interpret the peaks at 7 and 9.3 eV as the surface and bulk loss
réspectively° Electron reflection measurements8 did not resolve the
bulk and surface loss peaks. Powell8 assigned structure at 7.8 eV to
1an anomalously intense surface plasmon loss and a wéaker ﬁeak at 15.2 eV
to the bulk loss., Light emission from electron bombarded Cd yielded a
sharp (0.8 eV), intense peak at 9.1 eV.9 This probably results from the
decay of the bulk plasmon. Surface plasmons have a very small probability
relative to bulk plasmons of decaying by emitting light:9 The systematics
illustrated in Fig. 13 also support the inﬁerpretation of the 7 and 9.3 eV

peaks., The pesks at 13.9 and 19 eV are unexplained. Peaks at 15.2 and 23.k eV

were observed in electron reflection messurements.
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3. Indium, Tin, Antimony, and Tellurium

Indium exhibits four loss peaks at 8.6, 11.7, 19.8, and 23 eV.
The electron reflection spectrum yields peaks at 8.7, 11.3, 20, and
22.7 eV.lO- The firsﬁ results from:a—surface plasmoﬁ loss, the second &
bulk plasmon loss, the third is from electrons that have suffered both a
bulk and surface loss, and the fourth and fifth aré from electrons that
suffer two and three bulk losses, The results for Sn, Sb, and Te can be

also interpreted solely in terms of bulk and surface losses. See Table 8

for assignments and the corresponding electron reflection results.

L., Systematics

The systematics of the plasmon structure for Ag to Te is illustrated

in Fig. 13. The interband transition (4d > E_) energy AEIB is a strong

F
function of atomic number and varies from 3.9 eV in‘Ag to 39 eV in Te,.
Figure IV-2 shows the behavior of the s-like and p-like valence bands.

The free electron plasmon energy,

1/2
)-mne2
hy =h —_—
D m

varies smoothly from 9 eV in Ag where N, the number of valence electrons,

is 1 to 15.6 eV in Te where N is 6. n is the density of the electron

plasma and m is the free electron mass. The measured bulk plasmon energy

AE; rises smoothly from 3.9 eV in Ag to 17.6 &V in Te. The shift of AE,

from hw decreases going from Ag to Sn, crosses between Sn and Sb thus changing
sign, and then slowly increases, The surface plasmon energy AES follows

AEB according to,
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AEB/AES = (/2 £ 0.05)

which is Jjust the relationship expected for free electron behavior. The

intensity (area) relative to the parent, zero-loss peak for the bulk

plasmon (IB) and surface plasmon (I_.) are shown as a histogram in Fig. 13.

S

The intensity IB of the bulk plasmon loss increases smoothly from a
minimum of 2% in Ag to a value of about 28% in Sn, Sb, and Te. The surface

plasmon shows more varied behavior. IS'is of the order of 5% for all

cases observed. This behavior is not unexpected since IS is much more

sensitive to surface conditions than IB.3

_ForIAg and Cd where interband transitions play an important role

the characteristic loss structure cannot be explained simply by

combinations of surface and bulk losses.
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C. Conclusions

The XPS.characteristic loss structure of Ag to Te can be almost
entirely accounted for b& excitations similar to those observed in electron
reflection experiments. Most of the structure can be assigned to bulk
and surface plasmon excitations. The resolution of thé-bulk and surface
plasmons in Cd explains the electron reflection anomely and allows assign-
ment of the 0p£ical plasmon de-excitation results. The bulk plasmon loss
intensity and energy are seen to behave systematically from Ag to Te. The

surface loss energies were found to be (¢§72) that of the respective bulk

losses.
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Table 1, Al 2s Characteristic Energy Losses

Peak Al Zs S Pl P2 P3 Ph P5

Binding energy (ev) 118.k4(2) 128.8(2) | 134.0(2) 149.8(Lk)  165.2(k)  180.6(k4) -’196.1(6)

Separation from

Al 25 (eV) — 10,4 15.6 31.L 46.8 62.2 7.7
Bulk losses (eV) _— B 15.6 15.8  15.4 15.4 15.5
Relative intensity 100 14 ™ 56 ol 6.8 -
FWHM (eV) 1.1 3.8 3. 6.1 6.2 4.7 -

~OHT-



Table 2. Ag 3d

Peak

Binding energy (eV)

Separation from
345, (eV)

Separation from

Intensity relative
to 3d5/2

Intensity relative
to 3(13/2

FWHM (eV)

3/2 and Ag 3d5/2 Cha?acteristic Energy Losses
*
35/2 | Py 343/2 s Fq Py Fs Fg
368.4(1)  372.3(1)  37h.5(1)  378.4(1) 382.3(5) 387.2(2) 393.2(5) 399.u(5)

0 3.9 6.1 10 13.9 18.8 2L.8 31.0

- - 0 3.9 7.8 12.7 18.7 24,9
100 2,5 78 1.2 1.5 0.3 1.8 1.0 o

- - 100 1.6 L.9 0.k 2.2 .2

1.0 1.0 - 1.0 1.0 2.5 1.5 b7 . 3.5

*

5

P. is superposition of‘lB.T eV loss and 24,8 eV loss. Intensities of P) and P, indicate relative

intensities of two components of PS'




1.4 1.6 2.1 2.2

Table 3. Cd 4d Characteristic Energy Losses

Peak Lga Pl P2 P3 Ph
Binding energy (eV) 11.0(1) 18.0(5) 20.3(5) - 24,9(5) 30.0(5)
Separation from

ha (ev) 0 7.0 9.3 13.9 19
Relative intensity 100 h.'2 11.5 2.3 2.2
FWEM (eV) 1.8 1.8 _ 2.5 v 3 v o3

Cd 3d3/2 and Cd 3(1,5/2 Characteristic Energy Losses ;{%
1
Peak 3d5/2 3d3/2 | Pl P2 P3 Ph P5
_ Binding energy (eV)  405.L4(1) b12.1(1) L1k.7(2)  418.8(2) 421.4(2) 425.9(5) 432.6(5)

Separation from ‘

3d (ev) 0 6.7 9.3 13.4 16.0 20,5 27.2

5/2 ‘ = : L¥e2
" Separation from . . '
34 (ev) — 0 2.6 . 6.7 9.3 13.8 20.
_3/_2 —=L 222

Intenéit,y relative ) » . _

to 34 - 100 73 1k 6.7 8 LT 3.3

© H5/2 .1 _ b7
Intensity irela_tive ‘ B ‘ g

to 3d ‘ - 100 19 9 11 6.4 4.5

0 3d3/7 . | ] u | 4.5
FWHM 1.4 5




Table 4, In 44 Characteristic Energy Losses

Peak kg P P, Py P), _
Binding energy (eV) 17.1(1) - 25.7(3) 28.8(3) 36.9(5) 40.1(5)
Separation from ' , o
La (ev) 0 8.6 11.7 19.8 23.0 e
Relative intensity 100 6 23 i 5 o
FWHM (eV) 1.7 2.5 2.6 L L ‘ o
In 3d3/2 and In 3@5/2 Characteristic Energy Losses - ! L
= S
T
: -

Binding energy (eV) bhh,2(2)  bs1,7(2) bs56.0(2) L460.0(2) L463.6(2) L467.5(5) L7s5(1)  487(1)

Separation from

3d5/2 (ev) 0 7.5 '11.8 15.8 19.4 23.3 30.8 42.3
 Separation from '

343/, (ev) - - 0 4.3 8.3 11.9 15.8 23.3 34,8

Intensity relative : ' A .
to 3d 100 63 16 1 19 1 2.6 1

5/2 _ = =

Intensity relative '

to 3dy,, - 100 25 1.7 29 1.7 4.2 1.7




Table 5. Sn 4d Characteristic Energy Losses
Peek ha B Po F3 P
Binding energy (eV)  2L.1(1) 3h.4(2) 38.2(2) 52.1(5) - 65.8(5)
Separation from
La (ev) 0 10.3 1h.1 28.0 bl.7
Relative intensity 100 10 30 9 2.2
FWHM (eV) 1.8 3.5 4 5 5
Sn 3d3/2 and Sn 3d5/2 Characteristic Energy Losses '
| =
T
Peak 3d5/2 3d3/2 Pl P2 P3 Ph P6
Binding energy (eV) 485.,0(2) 493.4(2) L99.k(2) 507.6(2) 513.0(5) 522(1) 529(1) 536(2)
Separation from ‘
3455 (ev) 0 BT R .k 19.6 28 37 w5
Separation from :
345/, (ev) - 0 6.0 14,2 19.6 28.6 35.6 42.6
Intensity relative :
to 3d 100 76 27 2k 13 8 .3 0.3
5/2 = =2 2.3
Intensity relative
to 34 - 100 36 31 17 10.5 0.k 0.l
3/2 2= =2 Q.1
FWHM (eV) 1.3 1.3 2.5 2.5 A5 NS - _—




Table 6. Sn U4d Characteristic Energy Losses

Peak La P, P, P3
Binding energy (eV) 32.8(1) Lh(1) 48.6(5) 64.5(2.0)
Separation from
4a (ev) 0 11.2 15.8 3L.7
Relative intensity 100 6.7 27 9.9
FWHM (eV) 2 L 5.5 6
Sb 3d3/2 and Sb 3d5/2 Characteristic Energy Losses :
s
Y
Peak 3d5/2 3d3/2 P _ P, P3 P)
Binding energy (eV) 526.5(2) 537.5(2) 542,5(2) 553.5(2) 562(2) 571(2)
Separation from
3d.,, (ev). 0 : 11 16 - . 27 35.5 Lk,s
5/2 | = 2202
Separation from '
Intensity relative
to 34 100 T 30 25 N2 N2
5/2 —- v - v
Intensity relative
to 3d3/2 - 100 39 32 "3 v 3
FWHM (eV) 1.0 1.0 2.0 2.0 - -

£
F ]

e
i

£

£

i

0



Table 7. Te 3d3/2

and 3d5/2 Characteristic Energy Losses

P

Peak 3s/2 34372 1 2
Binding energy (eV) 572.5(2) - 582.8(2) 590,1(k) 600.4(k)
Separation from
345/, (ev) 0 10.3 17.6 27.9
Separation from
3d3/2 (ev) h O 7-3 17-6
Intensity relative 1
to 3d 100 68 18 25.2 =
5/2 o] S
Intensity relative
—-— 0 2
to 3d3/2 100 T 37
1.6 1.6 N5 N5

FWHM (eV)




Table 8

( FWHM of CEL CEL's
Energy (eV) Intensity % FWHM of zero loss peak’ from .
3d 3d.,. bha 34 3d bd 34 33 hqg  Ditera- Assign~ ho AErg
3/2 5/2 i 3/2 5/2 3/2 5/2 ture Ref. "7 P
Ag 3.9 3.9 - 1.6 2.5 - 1 1 —~ 3.78 1  Bulk 9 3.9
7.8 r -- 1.9 r -- 2.5 r - 7.3 7 -
18.7 18.8 -~  n0.5 0.3 - n1,5 1.5 - 17.2 7 -
24,9 24,8 - 1.2 \1.5 - 3.5 3.5 -- 25,0 7 -
cd 6.7 r 7.0 9 r 4,2 1.5 r 1 7.8 ‘ 8 Surface |
9.3 9.3 9.3 11 1k 11.5 1.6 1.1 1.b 9.1 9 Bulk 11.3 10.0 =
: ~3
r r 13.9 r r 2.3 r r 1.8 15.2 8 _— !
20.5 20.5 19 . 4.5 b7 2,2 3.6 3.6 1.8 23,4 8 -
In 8.3 r 8.6 1.7 r 6 1.2 r ‘1.5 8.7 10 Surface
11.9 11.8 1.7 29 16 23 1.5 1.2 1.5 11.3 10 Bulk 12.5 16.5
- o ' o ’ ' Bulk + '
r T 19.8 r r L r r 2.3 20. 10 " Surface
23.3 23,3 23,0 L.2 1 5 2.3 1.2 2,3 22.7 10 2 x Bulk
34,8 —_ - 1.7 -— _ 2.3 - - -— 3 X Bulk
Sn r r 10.3 r r 10 r r 1.9 10.L 8 Surface
1ik.2 1k, L 1k.1 31 27 30 1.9 1.9 ° 2.2 1k 8 Bulk 14,3 23.5
28.6 28.0 28,0 10.5 13 9 3.8 3.8 2.8 27.8 8 2 x Bulk
42,6 Ly b1.7 0.4 0.3 2.2 - - 2.8 L1.9 8 3 x Bulk

(continued)



Table 8. (continued)

_ ( FWHM of CEL CEL's
Energy (eV) Intensity % FWHM of zero loss peak’  from .

34 34 ha  3a 34 ha  3a 34 b Mteres ET ne o amg
3/2 - %2 3/2 5/2 - 2%3/2 5/2 ture Ref, % P _

Sb r T 11 r r 6.7 r | r 2 11.3 8 ~ Surface
16 16 15.8 32 30 o7 2 2 2.8 15.9 8 Bulk 15  31.0

33.5 35.5  31.7 3 2 9.9 - - 3 32.5 8 2 x Bulk
Te 17.6 17.6 - 37 18 - 3.1 3.1 -- 17.9 10 Bulk 15.6  39.0

r - not resolved.
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SECTION XIV, THE TRANSITION METAL OXIDES: CoO AND NiO

A. Introduction

.The 3d transition-metal monoxides continue to be the subject

2
>3 and experimental3 endeavors aimed at elucidating their

of theoreticall’
many varied optical, electronic, and magnetic properties. The x-ray
photoemission valence band spectra of Co0 and NiO are presented and
interpreted in terms of our current ﬁndefstanding of the electronic
structure of these compounds,

The x-ray photoemission spectra of CoO and NiO are more complex
than those of the pure elements or binary semiconductors reported in
earlier sections. Much of this complexity is attributed to the partially
filied 3d shell. Core‘and valence spectra have been interpreted in terms

4-9

of exchange splittings and multielectron excitations.

B. Experimental

The valence band spectra of qu and NiO are shown in Fig. 1. They
were measured with the Berkeley HP 5950A in the HV mode (see Sec. III).
Both CoO and NiO were flame fusion grown single cry;e,talsl2 which were
cleaved in a_dry N2 atmosphere ;nd introduced directly into the spectrometef
vacuum of 8 x 10—9 Torr. The cation 2s, 2p, 3s, 3p,‘and 0 1s spectra are
included in Figs. 1 and 2 in order to define the conditions under which
the valence—band spectra were obtained. Table 1 gives the binding energies
of the features marked in Figs. 1 and 2, Previously reported assignments
of structure are also listed in Table 1. The NiO XPS valenceAband spectrum
given in Ref. T agrees well with that reportéd here‘hdwever the CoO valénce
band does not. We havevobserved a spectrum similar tb that reported in

Ref. 7 for a Co single crystal that had apparently formed a surface oxide

layer.
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C. Results and Discussion

The results reported here will be discussed in the light of
recent NiO and CoO band structure calculations reported by T. M. Wilsonl
and L. F. Mattheiss.g Wilsonl uses a spin-polarized Hartree-Fock (SPHF
or UHF) procedure in which the electrons of differeht.spin are allowed
to occupy different orbitals. Intra-atomic exchange splits the épin—up
from the spin-down électrons and the crystal field splits the spin-down
electrons into tg and eg bands., Matthe1352 uses the augmented-plane-wave
(APW) method to calculate the nonmagnetic band structure of CoO and NiO.
The APW energy band results at seven symmetry points in the fcc'Brillouin
zone are fitted with Slater and Koster linear-combination-of-atomic-
orbitals (LCAO) ihterpolation method involving nonorthogonal orbitals.
The distance from the top to the bottom of the bands derived from O 2p and
Ni 34 orbitals is 6.5 eV and 9.9 eV in the UHF and APW calculations
respectively._ The experimental width of the (0 2p - Ni 3d) XPS structure
(Fig. 1) is 9.8 eV. The APW band structure has a 4 eV gap in the middle
of the (0 2p’; Ni 3d) bands and the UﬁF results are 3.4 eV narrower than
the XPS structure. The corresponding APW and XPS widths for Co0 are
10.5 eV and 10.L eV respecﬁively. In both the APW and UHF cases the
authors stress that the p-d band separations are sensitive to the form of -
exéhange and that an improved treatment of exchange and attempts to
approach self-consistency could change the p-d separatidns.

Both the APW and UHF calculations predict d bandwidths of 3-k eV;
however, in fhe UHF calculation the lower d-derived bands are hybridized
with the 0 2p bands whereas in tke APW calculation thé 0 2p and cation 3d

derived bands are sepérated in energy. In previous photoemission
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10 1 ;
T,10,11,13 the structure corresponding to peak 1 in Table 1 was

studies
interpreted to include all the cation 3& bands. Peak'2 of NiO has been
interpreted as a multielectron excitation within the d_nia.nifold.T The
results reported here suggest that peak 2 as well as peak 1 (Table 1) in
.both Co0 and NiO represent emission from the 3d bands. .This is not

10,11,13,17

inconsistent with previous photoemission results. The UV

photoemission spectra of Péwell and Spicerll and Eastman and Cashion13
exhibit strong p band emission already at the position of peak 2, The
photoemission cross séction for UV energies is larger for p than d electrons
and thus the p bands could be masking peak 2.

The area of the 0 2s peak is assigned a value of 1.0 and will be
used as a reference in the following discussion. The total areas of the
Co0 and ﬁiO'valence bands are 3.4 and 5.8 respectively. Peaks 1 and 2
have an area of 0.8 and 1.1 in Co0 and 1.25 and 1.95 in NiO. Using the

. . 1b
free atom cross section per electron ratio of Gelius,

% 25
002p

= 8.8

one would expect a contribution of 0.3 to the valence band spectra from
the 0 2p6 electrons. The area of peak 3 (5 to 11.5 eV) is 1.3 and 2.6
in CoO and NiO respectively. This is much larger than the calculated free
atom value for the O 2p6 electrons. Mixing with d orbitals and/or secondary
inelastic processes may be responsible for this enhanced structure.

The iﬂcrease in intensity of peak 1 on going from Co0 to NiO

+ . . .
is assigned to the eighth 3d electron in the N12 ion. The increase in
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intensity of peak 3 is believed to be mostly a result of secondary
inelastic processes such as multielectron excitaﬁions.and characteristic
energy losses_suffered by the photoelectron as it passes through the solid.
It must be emphasized that the origin of the XPS satéllite structure of
the transition metal compounds has generated much speculation but is

5

still uncertain. Bakulin gz_gi.l have oﬁserved a characteristic energy
loss of 5.8(3) eV for 20 keV electrons péssing through a thin NiO film.
In Ni0 the maximum in peak 3 (Fig. 1) falls approximately this interval
below peaks 1 and 2. Satellite structure on each of thebcore levels can
be found at this interval from the zero loss peaks.

The splitting between the two 34 peaks (1 and 2) is 2.2 eV for
Co0 and 1.7 eV for NiO which is of the order of empirically derived
estimates of the exchange splitting made by Maitheié$.2 He obtained 3.0 eV
and 2.0 eV for the exchange splitting Aex of Co0 and NiO respectively.

The area ratio of peak 1 to peak 2 is 1.4 fof .Co0 and 1.6 for
NiO, 1If one assumes constant cross section across the d-bands these area
ratios corréspénd closely fo electron ratios of 4 to 3 and 5 to 3. Thesé
relative intensities can be explained within the UHF model if one had an
exchange interaction approximately equal to the crysﬁai field splitting.
Under these conditions the majority eg orbitals would be accidentally
degenerate with the minority t2g orbitals at the energy of peak 1, Peak 2
would arise from the majority teg electrons. Matthei552 argues that the
crystal field interaction will not produce a splitting but only a
broadening of the t2g and eg orbitals in NiO and CoO. Another argument
against this explanation of area ratios is that if the majority t2g

orbitals mixed with the O 2p orbitals more than the other 4 orbitals one

could not expect the XPS cross section to be constant across the d-bands.
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D. Conclusion
The CoO and NiO XPS valence-band spectra are composed of; 1) a
3.5 eV wide 3d structure consisting of two components whose separation
appears related ﬂo the exchange splitting Aex’ and just‘below the 3d bands
2) a 6.5 eV wide structure composed of the O 2p bands with some cation

. 3d mixing and probably also effects of secondary inelastic processes.
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Table la. Cobalt Oxide

Binding energya Assignmenfs given in
Peak number (ev) , the literature Ref.
Valence bands
1.8(1) 34 7,10
2 ' k,0(2)
3 5.0 to 11,5 0 2p 10
0 2s
L 21.6(2) 0 2s T
Co 3p
5 60.1(3)
6 62.4(5)
7 65.2(3)
8 68.5(3)
9 81.5(3)
Co 3s
10 , 102.0(1)
11 . 107.9(3)
12 . 113.1(5)
13 127(1)
0 1s
1 1530.2(1) 0 1s . 7
8 8%
15 532.2(2) ME(34~ =+ 34~ ) 7
16 553.1(5)
17 : 573(1)

(continued)
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Table la. (continued)

R .
Binding energy Assignments given in
Peak number (eVv) the literature Ref.
O 2P3/a.
18 780.0(2)
19 786.4(3)
20 790.4(3)
21 801.4(5)
Co 2s'
22 93k.5(k)

aGold film reference.

ME - multielectron excitation,




i3 H H ' ) i .
1 7! ; ¢ T
N wg LW Y B+ | i.¢ L A ,,;w; T2

=171~

Table 1b., Nickel Oxide

. a . L,
Binding energy Assignments given in
Peak number (ev) the literature Ref.
Valence bands
1 o 1.9(1) 3d 7,11,13
3.6(2) ME(3d - 3a") 7
3 5.0 to 11.5 » 0 2p 11,13
0 2s
L 21.4(2)
Ni 3p
5 67.3(2)
6 69.6(L)
T 72.8(4)
8 80(1) ME(O 2p - Ni 3d) 9
9 88(1)
Ni 3s
10 112,0(5)
11 117.5(5) MS 8
12 ' 122.5(5) ME(O 2p -+ Ni 3d)
13 138(2)
0 1s ‘
1k 530.0(2) : NiO 4,7,8
15 . 531.9(2) Ni 0, ME . 7,8
Ni 2p3/2
18 853.8(1) NiO 4,7,8
19 855.5(2) we(3a° + 3a%) 4
Ni 0, & MS 8

(continued)
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Teble 1b. (continued)

. a i
' Binding energy Assignments given in
Peak number (V) the literature Ref.

Ni 2p3/2

20 857.0(4) ME(3a° + 3¢°) b

21 o 861.2(5) ' E(3a° 3aThs) 4,6
ME(O 2p - Ni 3d) 9

22 866.3(5)

23 874.5(5)

Ni 2s
2l 1010.8(5)
25 1015.8(5) ME(O 2p + Ni 3d) 9

aGold film reference.

ME - multielectron excitation.

MS - multiplet splitting.
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SECTION XV. SURFACE CHEMISTRY

It is generally accepted that x-ray photoemission spectroscopy has
the potential of being quite useful for the study of thé cheﬁistry of
surfaces. XPS offers us the ability to measure the chemical composition
as well as the oxidation state of each species presént. These
capabilities have not yet been fully exploited; however, the technology
of the field is now approaching the point where XPS will soon take its
place in the arsenal of the surface scientist.

Historically x-ray photoemission épectrometers evolved from the
B-ray spectrometers used in the nuclear sciences where particle energies
-are high and only moderate vacuums are necessary since penetration depths
are much larger and surface contamination is of less consequence. It was
recognized quife early that it would be necessary to incorporate the
present-day'ultrahigh vacuum technology into x-ray photoemission spectrom-
eters before being able to apply XPS to surface chemistry. Tﬁe first
generation of commercial spectrometers, however, did not offer UHV
capabilities. The second generation is now available and the variety
of instruments is larger. Some offer UHV capabilities with which the
utility of XPS in the field of surface chemistry can now be explored.
‘An H? 5950A spectrometer was used in the unbaked, unmodified mode (see
Sec. IiI) for most of the measurements reported here.

Another major technological advance has been the development of
a monochromatic x-ray source. Bremmstrahlung radiation and satellite
x-rays are eliminated from the x-ray beam striking thé.sample thus
reducing thé background signal dramatically. This improvement allows one

to study the electronic structure of the valence-band region of essentially
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any substance. One is severely limited without monochromstic x-rays,
since core-level peaks produced by satellite x-rays often obscure structure
in the valence~band region and high background from bremsstrahlung
radiation often reduces signal—fo-background to impractically small values,
The valence-band region yields much information about the chemistry of
the system. Dispersion-compensated electron optics have also allowed a
factor of two improvement in resolution.

With the advances mentioned above we are now able to begin studying
surfaces under defined conditions and thus determine the utility of XPS
in surface science. Our overall approach is to survey the x-ray photo-
emission valence-band spectra of simple substances with clean surfaces.
and then after setting a foundation build more complicated systems by,
for instancé, gas-solid reactions and thus enter the field of surface
chemistry. Atvpresent we are still mainly studying pure substances
and have just switched from the unbaked, unmodified mode (HV) of operation
to the ultrahigh vacuum mode (UHV). This section presents some preliminary
HV results from studies on the oxidation of a clean metal surface, The
results are encouraging and indicate XPS will be a useful tool for the
surface scientist.

The oxidation of thallium metal is discussed in the next section

after which a brief discussion of the oxidation of nickel metal is given.

A. Oxidation of Thallium Metal

Thallium metal exhibits metallic luster when clean and if exposed
to air develops a bluish-grey tinge which develops into a thick black oxide.

This oxide T1,0 forms at room temperature and is hygroscopic.l Tl20 reacts

2
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with water to form the hydroxide. A piece of polycrystalline thallium
metal was cleaned by argon bombardment and then oxidized in stages.
Seven XPS core peaks were monitored at each stage and the peak intensities

versus exposure are plotted in Fig. 1.

1. Experimental Method

A fresh surface of polycrystalline thallium metal was produced
by slicing with a razor blade just prior to insertion of the sample into
the HP 5950A sample preparation chamber:where it was argon bombarded
(1 keV Ar' ions, 10 pA). It was then immediately moved directly to

9 Torr. At

the analyzer chamber where the total pressure was 6 X 10~
this point the C 1ls and O 1ls x-ray photoemission spectra indicated thé
presence of 1/10 surface layer adsorbed oxygen and 1/L4 surface layer
hydrocarbons. The definition of a surface layer will be given below.

The T1 valence band spectrum in Sec. VI was accumulated overnight (11 hrs.).
In the morning the C 1ls and O ls spectra indicated the accumulation during
the night of 1‘surface layer of adsorbed oxygen and 1 surface layer of
hydrocarbons. The sample was argon bombarded (960 V Ar' ions, 12 pA) for

- 20 minutes to remove this surface contamination. During the next hour an

0 1s spectrum was obtained after which a C 1ls spectrum was taken. These
spectra indicate the presencé of approximately 1/10 surface layer Tl20,

l/lQ surface layer adsorbed oxygen, 1/30 surface layer of hydroxide, and
1/4 surface layer of hydrocarbons. The residual gas spectrum taken in

the photoemission energy analyzer is set out in Table 1., It consists of

about equal parts H20, CO, and H2 plus small amounts of hydrocarbons and

noble gases.
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This relatively clean surface was then oxidized in stages (see
Table 2) and the seven peaks listed in Table 3 were monitored at each
stage. The intensities of these peaks are plotted versus oxygen

exposure in Fig. 1.

2. Results and Discussion

As can be seen from Fig. 1 the oxidation of thallium mefal is
complex. Thallium and oxygen are not the only substances present.
Further study ié required to confirm the interpretation of the peaks
reported here and also to determine that no peaké have been overlooked
or unresolvéd. It is our intention to tackle problems in the UHV mode
of operation Since, as these results show, the residual gases in the
HV mode introducé added complications.

For the meantime a model is proposed to explain the present
preliminary ?esults. Peak a (Fig. 1) with 118 eV.binding energy is
assigned to Tl metal (dashed curve). It is not very sensitive to over
six hours of oxygen exposure (3 hrs. at 1 X 10_8 Torr O2 and 3 hrs.

20 min, at 5 X 10—8 Torr 02). A small shoulder on the high binding
energy side may be present. During this time the oXygen peak d with
530.7 eV binding energy increases to a value about which it remains for
the rest of the treatments. It is the only oxygen peak to significantly
increase intensity during this initial oxygen treatment. The saturation
behavior which it exhibits suggests defining one "surface layer" of
adsorbed oxygen as the quantity that yields a d peak intensity equal tov
the saturation value. It is tempting to assume one surface layer is

equal to one monolayer, however this relationship has yet to be shown.
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Peak f at 285.6 eV binding energy is assigned to contaminant
hydrocarbons .which are present in the vacuum and the atmosphere., The
behavior ofbpeak f prior to run 980 is similar to the oxygen peak d. It
saturates at a Qalue about one-~half as large as that of the oxygen peak g,.
The photoemission cross section for carbon is about one-=half as large
as that of o#ygen and therefore the saturation value of peak f corresponds
to an amount of carbon approximately equal to the amouht of oxygen present
in one surface layer. The saturation of peak f is defined as 1 surface
layer of éarbon contamination.

; | The T1 was next twice exposed to lO_3 Torr oxygen for 15 min. and
" then 100 Torr oxygen for 20 min. Peak b at 119.5 eV binding energy

which is assigned to the Tl Lf peak of T1,0 and peask c at 529.0 eV

7/2
binding energy which is assigned to the 0 1ls level of Tl20 begin to grow.
It is interesting how the sum of the Tl hf7/2 oxide and metal peaks increase

in intensity as if the T1,0 was transparent to the photoelectrons during

2
the initial stages of oxidation. This is consistent with the fact that
electron-electron scattering lengths are usually longer in insulators
than metals.

After the 20 min., 100 Torr O, treatment the sample was removed

2
from the spectrometer for 30 seconds and then returned for 20 min.,, removed
for 2 min. and returned for_2 hrs., removed for 20 min. and returned for

10 hrs., removed for 30 min. returned for 1 hf., andbfinally removed

to an oven in air at 100° C for 50 min. and then ret@rned to the

spectrometer. The seven peaks listed in Table 3 were monitored between

treatments (Table 2). The sample's color turned from metallic to light
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brown to brown to blue to black (see Fig. 1). During'air exposures

the intensity of oxygen peak e increased ﬁp to 4 times the value of the
saturated surface layer of adsorbed oxygen (peak g). Oxygen peak e is
assigned to the hydroxide ion. TlEO is hygroscopic and reacts with water
in the atmosphere to form the hydroxide. Note peak gﬁ'the oxide peak,
decreases in intensity when the hydroxide peak ¢ increéses whereas the
total metal intensity does not decrease. This implys that the water
reacts with the oxide and is not Jjust adsorbed. If water was adsorbed

on the surface both the metal and oxide peaks would be attenuated and not
just the oxide. Trace e shows that under vacuum thé_hydroxide decomposes.
to the oxide.

Carbon peak g at 290.2 eV binding energy appears only after the
sample 1is expﬁsed to the air. It closely follows the behavior of the
hydroxide peak. This is a high binding energy for a carbon compound
in the condensed phase. The assignment of this peak is uncertain at this
time. Possibly loosely physisorbed gases that would not feel full extra-
atomic relaxation2 are responsible for this peak. Other candidates include
the carbon oxides.

In Fig., 2 it is seen that the XPS valence band‘spectrum of clean
thallium metal is quite different. than that of the complicated surface
oxide plus hydroxide plus carbon compounds that results after the treatment
listed in Table 2, The oxidized metal spectrum exhibits at least two
sets of T1 5d levels as is evidenced by the low bindingienergy shoulder

on the T1 5d the shoulder on the s-like and p~like bands at 7.5 eV

5/2°
and 4 eV binding energy, and the filling of the valley between the Tl‘5d5/2
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and T1 54 peak. There are peaks originating from the 0 2s level at

3/2
about 25 eV and the O 2p level at' 9 eV.

Oxidation involves the transfer of electrons from the metal., The
effect of this transfer is evident in the s-like aﬁd p-like bands which
are seen to éhift on the average to higher binding energy upon oxidation
of the metal. The bands also get narrower.

The valence bands of pure systems are now receiving most df our
attention and after.we develop an understanding of them we can proceed to

utilize the bonding information in the more complicated spectra such as

the one in Fig. 2.

3. Conclusions

XPS is a useful tool for studying the chemistry of'the first few
atomic layers of a solid; however, before it can be fully utilized several
problems have to be solved. The quantitative relationship between a
monolayer‘and a sufface layer‘has to be determined. The electron penetra~
tion depths for suﬁstances with different electrical properties have to
be further explored. The degree of extré-atomic relaxation during XPS
of physisorbéd and chemisorbed species must be considefed and UHV
conditions are desirabile.

In the present results both a surface layer of carbon (peak f)
and oxygen (d) containing substances collect and remain stable on the
surface of Tl in the HV environment described above. " UHV conditions are
desirable as the HV conditions were not adequate to maintain a clean
surface, The surface layers that formed in vecuum under the HV conditiomns,

however, did not alter the clean metal spectrum noticeably. More severe



-182-

conditions which produced the oxide were necessary to do that. A carbon
centaining substance was present with a rather high C ls binding
energy which suggests that possibly its environment was such that it was

not receiving the full extra-atomic relaxation of a condensed phase.

B. Oxidation of Nickel Metal

Nickel metal was heated to 640° C on the high temperature sample
holder of the Berkeley Iron-Free photoelectron spectrometer. The experi-
mental equipment is described elsewhere.3 Hydrogen was used to reduce
the surface oxide and then the surface was oxidized in two stages. The
spectra at each stage are shown in Figs. 3 and 4. The reduced nickel

5

was exposed to a few seconds of 02 at 5 x 107~ Torr and the measurements

in the middle panel of Figs. 3 and 4 were collected. The nickel was then
exposed to oxygen for 1 hr. at which time the spectra in the lower panels
of Figs. 3 and 4 were taken. The sample was maintained at 640° C during

the whole experiment.

The metal peaks are replaced by the more tightly bound structures

of NiO upon oxidation.
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Tuble 1, Residual gas spectrum in photoemission énergy analyzer. ‘'lThe
total pressure was 9 X 10-9 Torr with the RGA on. Measured with an EAI

Quad 250 RGA with 50 V electron energy.

Mass~ 2 4 15 16 17 18 20 26 2T 28

Relative ' :
intensity 2.4 0.2 0.4 1.2 2 3.4 0.2 0.2 0.25 3.0

Mess 29 30 32 39 ko 4 k2 k3 Lk

Relative
intensity 0.4 0.2 <0.1 0.1 1 0.

no

0.1 0.2 0.k
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Table 2

Run . . ' .

Treatment Jjust prior to measurement Time
Number
oLs Argon cleaned ' 5/25 13:35
9L8 Start leaking 0, into spectrometer

at a partial pressure of 1 x 10 = Torr 1k:21
951 1h:k9
95k 15:16

(continue for 3 hrs.)
957 16:00
960 16:48
| 8
963 Increase pressure to 5 X 10 ~ Torr 17:40
967 . . 19:47
(continue for 3 hrs., 20 min.)

970. L 20:35
973 Expose Tl to lO'-3 Torr O2 for 15 min. 21:59
976 22:35
97T " Repeat 973 23:07
980 xpose TL to 100 Torr 0, for 20 min. 23:55
983 Remove sample from spectrometer into air

for 30 sec. ‘ 5/26 00:30
986 In air for 2 min. 00:56
989 01:26
992 01:55
995 02:22
998 In air for 20 min. 03:06
1001 03:32
1003 ‘Five hours after run 1001 09:10
1006 10:00

(continued)
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Table 2 (continued)

Run

Time

Number Treatment just prlor_to measurement

1012 In air for 30 min. 13:10
1015 Fifty min. at 100 C in air 1L4:10
1019 17:07
1025 5/27 09:30
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Table 3
Level Assignment . Binding energy
{ a. Metal 118.0
Tl 4f '
/2 b. T120 119.5
c. T120 . 529.0
0 1s d. Adsorbed oxygen 530.7
e. Hydroxide 531.5
f. Hydrocarbons ' 285.6
C 1s *®
g. Adsorbed compound 29Q°2

*
See text.
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SECTION XVI. PRELIMINARY ULTRAHIGH VACUUM RESULTS

The need for ultrahigh vacuum was discussed in Sec. III and the
UHV modified HP 5950A was described. After the first bakeout the base

9 Torr throughout the whole machine. A single‘crystal

pressure was 1 X 10~
of aluminum was annealed at 360° C by electron bombardment for 1 hour and
then argon etched for 1/2 hour (8 pA, 1 keV Ar'). After this treatment
antimony, oxygen, carbon, and tantalum contamination was detected in
amounts that should not affect the valence band noticéably. The uncor-
rected valeﬁce band of Al is shown in Fig. 1 and that of the Al 2s level
in Fig. XIII-1b. |

Previously in the HV mode of'operation an aluminum oxide pesak
appeared immediately after cleaning the Al and i@ would grow with time,
No oxide peak was detected 12 hours after cleaning ﬁhe sample in the UHV
system. The spectra reported were recorded more than 12 hours after
cleaning.

The Al valence bana exhibits the free electron behavior expected.
There appears to be g bulk plasmon (15.7 eV) replica of the valencevband
beginning at the energy labeled P.

These preliminary results are very encouraging, and indicate

ultrahigh vacuum conditions will allow us to study systems heretofore

inaccessible to x-ray photoemission spectroscopy.
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APPENDIX

The spectra compiled in Secs, A and B of the appéndix are
obtained from single crystals except in the cases of Ga and Tl where
pclycrystalline material was used. All the elements in Fig. A-1 were
argon etched except Ge and As which were cleaved, Gallium metal was
partially oxidized by residual gases in the spectrometer; The structure
at 5 through 10 eV and shoulder on the 34 level are & result of this
contamination. The experimental procedure for the spectra following
Fig. A-l is similar in all cases to that used in Seés. VII through XI.
The saﬁples were cleaved single crystals. A detailed analysis is in
progress and will be published shortly for those materials not reported
in earlier sections, |

Secti;n A illustrates the relationship aﬁong the XPS valence-band
spectra for some elemental, III-V, II-VI, and IV-VI semiconductors,
Section B is a compilation of XPS spectra in order of increasing ionicity.
The ionicity scéle is that of Phillips.l HgTe and the Pb-salts have
been placed between the semiconductors and insulators. |

The KI spectrum eihibits weak Au Uf lines originating from the
sample mount.,

I thank Dr. R. Dalvin, Dr. Y. Petroff, Dr. D. Reynolds, and

Professor Y. R. Shen for their gifts of crystals.
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CRYSTAL STRUCTURES
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