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Semiconductor core-level to valence-band maximum binding-energy differences:
Precise determination by x-ray photoelectron spectroscopy
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Angle-resolved core-level and valence-band x-ray photoelectron spectroscopy (XPS) data for
GaAs(110), Ge(110), and Ge(111) surfaces are analyzed to determine core-level to valence-band max-
imum binding-energy differences to a precision of the order of the room-temperature thermal ener-
gy. A method for markedly improving the precision with which the position of the valence-band
maximum in XPS data can be located is presented. This method is based on modeling the XPS
valence-band spectrum in the vicinity of the valence-band maximum by an instrumentally broadened
theoretical valence-band density of states and fitting this model to the experimental data by using the
least-squares method. The factors which influence the attainable precision for determining core-
level to valence-band maximum binding-energy differences are quantitatively discussed. These fac-
tors include the presence of occupied surface states, band bending, surface chemical shifts, back-
ground effects associated with inelastic processes, instrumental line shape, and spectrometer calibra-
tion accuracy. The spin-orbit—split components of the Ga, As, and Ge 3d core lines are resolved and
binding energies of these components, measured relative to the valence-band maxima in GaAs and
Ge, are reported.

I. INTRODUCTION of a core-level E¢;, the valence-band maximum EJ, and

the conduction-band minimum EJ are shown in the bulk

X-ray photoelectron spectroscopy (XPS) is well known
for its usefulness in detecting the presence of specific ele-
ments by means of binding-energy measurements and for
its ability to follow chemical-compound formation
through observation of changes in binding energy (chemi-
cal shifts) and changes in photoelectron line shape.! A
less frequently exploited use of XPS is to monitor the po-
tential at a semiconductor interface.”> In this way it be-
comes possible to make accurate determinations of band
bending, Schottky-barrier heights, and heterojunction
band discontinuities.® Accurate XPS determination of the
above quantities requires that experimental values of
core-level to valence-band maximum binding-energy
differences be known with a precision on the order of plus
or minus the room-temperature thermal energy (0.025 eV).
Recently we reported on a method of achieving this level
of precision.® The purpose of the present paper is to pro-
vide further important details, and to report new results
for the binding energies of the spin-orbit—split com-
ponents of the 3d core lines in Ge and GaAs measured rel-
ative to the valence-band maximum (E,).

The application of XPS (and other photoelectron spec-
troscopies) to monitor semiconductor interface potentials
depends on locating E, relative to the Fermi level Ep at
the interface. This application is illustrated in Fig. 1 for a
vacuum-semiconductor interface. Near the interface the
local charge-density distribution may differ from that
deeper in the bulk semiconductor. Consequently,
Poisson’s equation predicts a spatially varying electrostatic
potential which bends all of the bands or energy levels by
an amount that depends only on the distance from the in-
terface. This assumes that the energy band gap in the
space-charge region is the same as it is deeper in the bulk
semiconductor. For semiconductor x in Fig. 1, the energy
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(b) and at an interface (/). Binding energy Ep is measured
with respect to E(Eg=0). The band gap Eg, position of
the Fermi level in the bulk relative to E;,5%, band-bending
potential V35, and depletion layer width W are also shown
in Fig. 1.

It follows from Fig. 1 that the band-bending potential
Vg at the interface is given by

qVep=(E¢L—E))+8 —E& (D), (1)

where g is the electronic charge. The core-level to
valence-band-edge binding-energy difference E¢; —E;f and
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FIG. 1. Generalized energy-band diagram at an abrupt
semiconductor-vacuum interface.
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& are material properties of semiconductor x. The pho-
toelectron potential monitoring method consists of deter-
mining the band- bending potential V35 from Eq. (1) by
measuring E¢; (i), given knowledge of the material pa-
rameters E¢, —E; and §*.

Core-level to valence-band maximum binding-energy
differences can be measured by several photoelectron spec-
troscopies. Each technique has its own advantages and
limitations. The presently available energy resolution of
XPS may not be as good as some other photoelectron
spectroscopies which utilize lower kinetic energy pho-
toelectrons. However, the greater photoelectron escape
depth typically associated with XPS measurements aver-
ages the photoelectron signal over many atom layers,
which can be an advantage for minimizing complexities
due to interface—chemical-shift and interface-potential
variations. This paper focuses on optimizing the XPS
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technique for high-precision E¢; —E,; measurements.

In this paper we report binding energies of the 3d elec-
trons in GaAs and Ge measured relative to E;. For a
semiconductor x of the zinc-blende type (e.g., GaAs), a
schematic relation between the XPS spectrum, density of
states, and energy bands is shown in Figs. 2(a)—2(c),
respectively. Several previous measurements of the 3d
binding energies in GaAs and Ge have been reported.*~’
In general, the precision of the previous measurements has
been limited to about +0.1 eV. In this paper we shall ex-
amine, in detail, factors which affect the determination of

E&L—EF and of the spin-orbit—split components

3,, —E, and E3;  —E; shown in Fig. 2(a) to a pre-
cision on the order of the room-temperature thermal ener-
gy. The experimental procedure and results for GaAs and
Ge are presented in Sec. II. Data analysis is discussed in
Sec. 111, and the paper is summarized in Sec. IV.
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FIG. 2. (a) Schematic XPS core- and valence-band spectrum showing the valence-band edge E;,
(b) Schematic zinc-blende valence-band density of states (VB DOS) and §-

(c) Schematic zinc-blende valence-band structure and dispersionless spin-

and its spin-orbit—split components E ’3‘43/2 and E ‘§ds/2.
function spin-orbit—split 3d core-level components.

orbit—split (A,,) 3d core-level components.

the center E¢&y of a 3d core level
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II. EXPERIMENTAL

To obtain high-precision E¢; —E, measurements, it
was necessary to consider several experimental details.
The important aspects of the experimental procedure and
the experimental results are discussed in this section.

A. Spectrometer description

The electron spectrometer utilized for XPS measure-
ments in this study was an ultrahigh-vacuum (UHYV)
modified Hewlett-Packard model 5950A, which employs a
monochromatized AlKa (hv=1486.6 eV) x-ray source.
The average photoelectron kinetic energy excited from the
GaAs and Ge valence bands and from the 3d core levels of
Ga, Ge, and As corresponds to an escape depth of ~27
A% The photoelectron-emission direction relative to the
sample normal was kept fixed at 51.5° for all measure-
ments so that the effective photoelectron escape depth was
~17 A thus the photoelectron signal was averaged over
many atomic planes near the sample surface.

The bakable sample preparation chamber was equipped
with a low-energy electron-diffraction (LEED) system and
a rastered ion-sputter gun. Both ion pumps and cryo-
pumps were used to achieve a base pressure of ~1x1071°
Torr. Titanium sublimation pumping was also employed
to minimize reactive background gases. The sample hold-
er had a heater and thermocouple arrangement, which was
used to control the annealing temperatures of samples.
All XPS measurements reported here were taken at or
near room temperature.

The XPS spectrometer was equipped with a low-energy
electron flood gun. Core-level spectra were taken with
and without low-energy (~5 eV) electron illumination to
test for sample charging due to x-ray illumination. No
charging effects were observed for the samples used in this
study.

The analyzer of the XPS spectrometer used in this work
had a half-angle acceptance cone of ~2° so that data ob-
tained with this instrument are angle resolved. This
angular-resolution capability was utilized to test if the
measured photoelectron spectrum in the vicinity of the
valence-band maximum was affected by occupied
surface-state contributions (see Sec. III A 2).

B. Spectrometer calibration

A key factor required to perform highly accurate XPS
measurements is the precise calibration of the binding-
energy scale. All XPS data reported herein were obtained
by repeatedly scanning a 50-eV binding-energy interval
until the desired statistical accuracy was obtained. To
calibrate this 50-eV binding-energy interval, a precise mea-
surement of the retarding voltage on the HP5950A XPS
spectrometer electron-optics lens system was made. A
high-impedance voltage-divider network was used for this
measurement. The retarding lens voltage was first re-
duced by a precision 1000:1 voltage divider, and was then
compared against a seven-place voltage calibrator with a
sensitive null meter. The apparent binding energy of the
Audf;,, photoelectron peak from an Au calibration sam-
ple was monitored as a function of retarding lens voltage.
By making several measurements of the Au4f,,, pho-
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toelectron peak position as a function of the retarding lens
voltage, it was found that the binding-energy scale could
be routinely calibrated to 0.02%. No systematic ramp-
voltage linearity deviation could be detected at this level of
precision. The collection of valence-band spectra required
long (typically ~12 h) counting times to obtain the
desired statistical accuracy. The spectrometer energy scale
was calibrated before and after these experiments to be
sure that calibration variations larger than 0.02% were not
present.

C. Sample selection and preparation

The single-crystal GaAs and Ge samples used in this
study were oriented wafers cut from bulk-grown material.
The GaAs wafers had (110) orientation, while both (111)-
and (110)-oriented Ge wafers were studied. Laue back-
reflection x-ray photography was used to confirm that the
wafers were within 1° of the desired orientation. The
orientation of low-index crystallographic axes was also
determined, and it was possible to mount samples in the
XPS spectrometer with a known angular orientation rela-
tive to the photoelectron emission direction of <2°.

As mentioned previously, the substantial escape depth
of x-ray-excited outer core-level photoelectrons averages
the photoelectron signal over many atom layers. For this
reason it is desirable to use modestly or lightly doped
semiconductors for study to avoid complications due
to band bending within the photoelectron escape depth.
The typical band- bendmg Jength for a 10”-cm“‘3—doped
semiconductor is ~10° A. As shown in Sec. IIID]1,
this band bending will not substantially affect the accura-
cy of the XPS (E&. —EY) determination. Thus ~10'-
cm 3 doping represents a convenient doping-density upper
limit in order to avoid XPS measurement complications of
band bending. The GaAs samples used in this study were
n type, ~5x10'% cm~3; the Ge samples were undoped
(slightly n type). It is, of course, desirable to select sam-
ples which have relatively low resistivity in order to avoid
sample charging during the XPS measurements; for some
semiconductors, this could set a useful lower limit on dop-
ing density.

Both the GaAs and Ge samples were chemically etched
a few minutes prior to insertion into the XPS spectrome-
ter. The GaAs etch was freshly prepared 4:1:1
(H,S04:H,0,:H,0); the Ge etch was dilute HF. The sam-
ples were quenched in H,O and blown dry with N,. They
were then attached to Mo-sample platens with In, which
required heating in air to =~160°C. After a bakeout pro-
cedure to achieve UHV, atomically clean and ordered sur-
faces were prepared by repeated sputtering and annealing
cycles. The sputtering gas was Ar, and Ti sublimation
pumping was used during sputtering to minimize reactive
gases. The GaAs samples were sputtered with ion energies
of ~600 eV and annealed at ~575°C; Ge samples were
sputtered at ~2 keV and annealed at ~600°C. LEED
measurements determined the surface ordering and remo-
val of sputter damage. The GaAs(110) surfaces exhibited
characteristic 1X 1 patterns, while the Ge(111) surfaces
had 2X8 patterns. The LEED pattern for the Ge(110)
surfaces was complex and resembled the reported®!©
c(8X10) pattern characteristic of room-temperature Ge
(110). XPS measurements before and after data collection
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were used to determine the absence of detectable (<0.1
monolayer) oxygen or carbon contamination.

D. XPS measurements

To minimize experimental difficulties associated with
variations in apparent binding energies caused by spec-
trometer power-supply instabilities and sample position
variations, the XPS data were collected by repeatedly
scanning (~500 scans) a 50-eV binding-energy interval
which contained both the core level of interest and the
valence-band region until the desired statistical accuracy
was obtained. The valence-band and core-level data were
thus collected simultaneously from precisely the same spot
(an area of ~3 mm? on the sample. The ramp-voltage
scan rate was 1 eV/s. This scan rate was found to be con-
venient in that it was slow enough to average out high-
frequency power-supply noise, and yet fast enough to
average out long-term power-supply voltage drifts. By al-
ways collecting the core-level and valence-band data
simultaneously, instabilities in the spectrometer tended to
have an equivalent effect on the apparent core-level and
valence-band binding energies. Thus it was possible to al-
ways make energy-difference measurements rather than
independent absolute determinations.

Several experiments were carried out to examine the re-
liability of this approach. The binding-energy difference
between the Ga3d and As3d core levels was measured
several times for GaAs(110) samples with various
electron-emission directions. It was observed that the
variation of the binding energy of a core level was less
than +0.1 eV due to sample position variations, surface
band-bending variations, spectrometer instability, etc.; the
binding-energy difference between the two core levels was
reproducible to better than +0.01 eV. In previous stud-
ies'12 of Ge-GaAs heterojunctions, by using an identical
measurement technique, it was also found from several
measurements on the same sample that outer core-level
binding-energy differences could be measured with a
reproducibility of less than 0.01 eV and usually less than
0.005 eV.

A primary difficulty with the determination of E; in
XPS spectra is a minimization of valence-band spectral
distortion due to occupied surface states in the vicinity of
E}. Our approach (see Sec. IIIA2 for details) is to
analyze and compare results for several sets of angle-
resolved measurements. Because the XPS photoelectron
cross section should depend on the orbital character of
filled surface states,'>!* it should be possible to detect the
presence or absence of these states by studying the angular
variation of the XPS valence-band spectrum in the vicini-
ty of E;. In Fig. 3 a convenient polar-coordinate system is
defined to relate the photoelectron emission direction € to
crystallographic axes for (110) and (111) surfaces. The po-
lar angle 6 for all measurements was held at 51.5°, and
only the aximuthal angle ¢ was varied.

1. GaAs

Six sets of angle-resolved XPS data were collected on
(110)-oriented GaAs samples. The (110) plane was chosen
for study as it is the cleavage plane, and considerable in-
formation regarding the surface geometry exists.!>!¢ It
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FIG. 3. Polar-coordinate systems relating photoelectron-
emission direction € to crystallographic axes for (110) and (111)
crystal surfaces (left and right, respectively). The azimuthal an-
gle ¢ is in the plane of the crystal surface.

has been demonstrated that no detectable difference exists
in the 1X1 LEED patterns for cleaved and sputter-
annealed surfaces.!” The surface chemical shifts for the
Ga3d and As3d photoelectron lines have been mea-
sured.'® Detailed analyses of the surface electronic struc-
tures have been carried out.'*=2! The orbital character of
the GaAs(110) surface states has been considered in de-
tail.' To assess the effect of surface-state contributions
on the Ga3d and As3d to EC*® binding-energy differ-
ence measurements (see the analysis in Sec. III A 2), XPS
data were collected for ¢=0°, 35°, and 90°.

2. Ge

Six sets of angle-resolved XPS data were collected on
(111)-oriented samples. Ultraviolet photoelectron spec-
troscopy (UPS)?? and electron-energy-loss spectroscopy
(EELS)?® measurements on (111) samples have indicated
the presence of a surface state a few tenths of an eV below
E,,Ge XPS data were collected for ¢=0°, 30°, and 60°.
Analyses of these data (Sec. III A 3) indicated that the sur-
face state was substantially affecting the EC¢ determina-
tion. Thus four additional sets of XPS data were collected
on (110)-oriented samples for ¢ =0° or 90°. Although the
Ge(110) surface has been studied by LEED,”?* and possi-
ble surface structures have been considered,” little is
known about the electronic structure of this surface.

ITII. ANALYSIS OF XPS DATA

The objective of our XPS data analysis is the precise
determination of E¢; —E; and the spin-orbit—split com-
ponents E3;  —E; and E3y, , —E; shown schematically
in Fig. 2(a). This depends on locating the position of E;
in the XPS data with greater accuracy than has been gen-
erally attempted previously. We shall present a new
method, based on fitting an instrumentally broadened
theoretical valence-band density of states (VB DOS) to the
XPS valence-band data in the region around E; by using
the method of least squares. Also in this section we dis-
cuss the analysis of the core-level energy positions, the
resolution of the core-level spin-orbit—split components,
and the limits of precision associated with the data
analysis.

A. Location of E; in the XPS data

The location of E; in XPS data is complicated, even in
the absence of occupied surface states, due to the slowly
varying photoelectron signal in this energy region. For
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semiconductors, methods such as extrapolating the
tangent line to the leading edge of the photoelectron
valence-band spectrum back to the energy axis and defin-
ing the slope intercept as EJ have been used.?%?’ For me-
tallic gold, the location of the inflection point in the XPS
data has been used to define E, (Refs. 28 and 29); while
the inflection-point location method is appealing for met-
als with a partially filled valence band which has a slowly
varying density of states near E,, it is not appropriate for
semiconductors. A major uncertainty is introduced into
the determination of E¢; —E; for semiconductors by the
extrapolation procedure used to locate E; in the XPS data.

We have developed a method to obtain the position of
E) in XPS data by modeling a portion of the XPS
valence-band spectrum in the region of E; with an instru-
mentally broadened theoretical valence-band density of
states N, (E), defined so that

N(E)= [ “n,(E"\o(E",hv)f (E')g (E —E"ME' . (2)

In Eq. (2), n,(E’) is a theoretical valence-band density of
states. For Ge and GaAs data analyses we have employed
the nonlocal pseudopotential VB DOS’s of Chelikowsky
and Cohen.’® The next factor in Eq. (2) is the cross sec-
tion or transition probability for photoionization

o(E"hv) o« | (¢ | Py |9} |?,

where Pj; is the transition operator between final- and
initial-state wave functions ¥y and ¢;. In experiments re-
ported here, hv is 1486.6 eV, so that the density of avail-
able final states is sufficient for excitation of all initial
states.

The factor f(E') in Eq. (2) is the Fermi function and
represents the effect of thermal broadening on the VB
DOS. Since the integration is over the filled valence bands
of a moderately doped semiconductor, the Fermi factor
f(E’) is set equal to unity. The last factor in Eq. (2) is the
instrumental resolution function g(E) which is separately
determined as discussed in Sec. ITT A 1.

To determine E; from the XPS GaAs and Ge data, an
energy interval extending from a few eV above E; to ~1
eV below E was analyzed. After setting f(E')=1, the
remaining integral in Eq. (2) is recognized as a moving
average of n,(E')o(E’,hv) over an interval roughly the
full width at half maximum (FWHM) of the instrumental
response function g(E’) and centered at emergy E. If
o(E’,hv) is nearly constant when E' changes by no more
than the FWHM of g, while n,(E’) may vary by a large
fraction over the same interval, then approximately,’!

NU(E)=<YI,,U>E<HV>E(U)E. 3)

The assumption that the photoelectric valence-band cross
section varies more slowly than the VB DOS over the
width of g is supported by both theoretical’?>~3* and exper-
imental results.”> Near E; the orbital character of the
wave functions is essentially p type and (o) reduces to
the constant cross section g, of p electrons. It follows
from Eq. (3) that near E; N,(E) is approximately

N(E)=0, [ “n,(E")g(E —E")dE" . )

The position of E; in the XPS data was determined by fit-
ting N,(E) to the XPS valence-band data in the energy re-
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gion around E; by the method of least squares; thus E;
corresponds to N,(0). The fitting procedure involved
three parameters, a scale factor S, the position of the
valence-band edge E, and a constant random background
B. The XPS spectral intensity I (E) was assumed to have
the form

I(E)=SN,(E —E,)+B . )

In order to compare Eq. (5) with the experimental XPS
data Ixps(E), both N,(E) and I'xps(E) were normalized so
that the first peak below E; corresponded to a peak height
of unity. The parameters E}, S, and B are then adjusted
until the total error &,

Emax
&’ZZIE " [Ixps(E)—I(E)J’dE , 6)

is minimized for the fitting interval between E,_;, and
E .- In practice, E; computed by minimizing Eq. (6)
may be a function of E_,,. This complication will be dis-
cussed in relation to analyses of specific GaAs and Ge
XPS data (Secs. IIIA2 and IIIA 3). Finally we observe
that when the experimental data Ixps(E) closely resemble
the shape of the instrumentally broadened VB DOS N, (E)
up to E ., the scale factor S in Eq. (5) can be replaced by
1 — B without sacrificing the quality of the fit.

1. Determination of the spectrometer response function

Our experimental results show that the shape of an ex-
perimental XPS spectrum around E; is primarily con-
trolled by g (E). Therefore, the ability to determine an ac-
curate analytic closed-form expression for the instrumen-
tal response function g(E) plays an important role in
determining precise values for the core-level to valence-
band-edge binding-energy differences indicated in Fig.
2(a).

Experimentally observed Au4f,,, and Au4fs,, line
shapes had FWHM of ~0.86 eV. Each of these lines
W auss, is related to g(E) by

Wausr,(E)=A, [~ g(E—E')L(E")dE’, )

where A, is a scale factor and L (E’) is a Lorentzian line
shape (FWHM =0.317+0.010 ¢V),*® which represents the
inherent lifetime broadening of the Au4f levels. An ex-
perimental characteristic of the gold 4f core levels is that
after subtraction of a background function which is pro-
portional to the integrated photoelectron peak area from
the raw XPS data,?® they are nearly symmetric and Gauss-
ian around the peaks and Lorentzian in the tails. To
represent the background-subtracted Wy, 4(E) data
analytically requires a function that is Gaussian in the
core and Lorentzian in the tail. Voigt functions, formed
by folding Gaussians with Lorentzians, have precisely this
property, and have already been suggested as being useful
for the analysis of experimental XPS line shapes.?’
In terms of the Voigt function

b ® e =S’
d
Sm/? f—w (b/SP+(E—x2

of unit integrated area, the Au4f spin-orbit—split doublet
is represented as

U(SE,b)= (8)
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Wauway=AU(S(E —E),b)+A4,U(S(E —E,),b) .
9

The parameters 4, A,, E;, E,, S, and b are obtained by
fitting Eq. (9) to the background-subtracted XPS Au4f
core lines by using the method of least squares. A fit such
as that shown in Fig. 4 is obtained each time a semicon-
ductor core-level to valence-band-maximum binding-
energy difference is measured in order to determine the in-
strumental response function g (E) appropriate to the par-
ticular measurement in question.

The integral equation (7) for g(E) can be solved exactly
to yield the following closed-form analytic expression for
the instrumental response function

g(E)=U(SE,b —K) . (10)

The parameters S and b in Eq. (10) are obtained from the
least-squares fit in Eq. (9), and K is determined from the
inherent (0.317 eV) (Ref. 36) linewidth (I'gwym) of the
lifetime-broadened Au4f core levels through the relation

Phonon broadening of the Au4f lines used to determine
g(E) was calculated following Citrin et al.®® and was
found to affect the g(E) width by less than 0.01 eV; a
similar result was reported by Citrin ez al.3

2. Results for GaAs

The Ga3d and As3d core-line centers (defined as the
midpoint of the peak width at half of the peak height)
were determined from the XPS data after a background
function, which is proportional to the integrated pho-
toelectron peak area, was subtracted to correct for the ef-
fect of inelastic photoelectron scattering. This procedure
made it unnecessary to resolve spin-orbit splitting of the
core lines to obtain high-precision peak positions. The po-
sition of EX*® was determined in the same spectrum by
using the fitting procedure outlined in Sec. IIL A.

Figure 5 shows the position of the ES*A* measured rela-
tive to the center of the Ga 3d core level as a function of
E .. for three angle-resolved sets of XPS measurements
made on GaAs(110) surfaces. The azimuthal angles
¢=0°, 35°, and 90° are defined in Fig. 3. The least-squares
analyses for the values of EC*A%(E,,,,) and B, which mini-

COUNTS (10%)

0 1 1
90 88 86 84 82 80 78

BINDING ENERGY (eV)

FIG. 4. Least-squares fit (solid curve) of the sum of two
Voigt functions to the Aud4fs, and Au4f,, background-
subtracted (closed circles) Au4f XPS spectrum.
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FIG. 5. Position of the GaAs valence-band maximum EZ*A*
measured relative to the center of the Ga 3d core level as a func-
tion of the end point E.,, of the fitting interval for azimuthal
angles of 0°, 35°, and 90° defined in Fig. 3.

mize Eq. (6), were performed by using Marquardt’s algo-
rithm.* The error bars shown in Fig. 5 represent the 95%
central confidence interval® for each least-squares value
of EG24S —ES*(E,,,,). Convergence to a common value
of EG5—ES*=18.83 eV occurs for E,, <1.0 eV
below ESaAs,

The variation of ES245 — ES* with ¢ and with E,,,
can be explained in terms of occupied states associated
with the GaAs(110) surface. Detailed analyses of the re-
laxed GaAs(110) surface electronic structure have been
performed.!®~2! Although the surface electronic structure
is quite sensitive to precise details of the geometry, in gen-
eral, the theoretical calculations place the highest-lying en-
ergy peaks in the local density of states between 0.5 and
1.5 eV below ES*A, Experimental results*-*? place the
highest-lying surface-state peak at ~1 eV below ES*® for
the GaAs(110) surface. Thus for our spectrometer
response function (see Sec. III A 1) it might be expected
that the XPS valence-band data within ~1 eV of ES*As
would not contain substantial surface-state contributions.
The unique value of ES245 —ES®S for E < 1.0 eV ap-
pears to confirm this view.

The orbital character of the GaAs(110) surface states
has been considered in detail. Chadi’s calculations'® indi-
cate that the highest-lying surface state consistent with the
27° rotational relaxation model'> has a predominantly p,-
orbital character, while the bond relaxation model'® has a
predominantly p, character, with about equal amounts of
px and p,. In describing the p-derived orbital symmetries
of the surface states, the X direction is parallel to (110),
the ¥ direction is parallel to (001), and the Z direction is
parallel to (110).

Zunger*® has pointed out that the upper As surface state
has about 20% d character, and that there is a certain
amount of arbitrariness in the assignment of atomic-
orbital character to surface states. Experimental re-
sults**5 suggest that the highest-lying surface states have
predominantly p, character (rather than p,).

The photoelectron cross section o is given following
Gelius'* as

o« |{p|PW(K))|?, (12)

the square of the absolute value of the overlap between an
orbital involved in the photoemission and the plane wave
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FIG. 6. Least-squares fit of the instrumentally broadened theoretical VB DOS (solid curve) to XPS data (dots) in the region of the
valence-band maximum for GaAs. Inset shows the XPS spectrum which contains the VB DOS and the outermost core levels. The

energy scale is zero at the valence-band maximum.

PW(K) representing the free electron; K denotes the wave
vector for the photoelectron. Referring to Fig. 3, for
¢=0" and 90°, € is orthogonal to ¥ and X, respectively.
Thus one would expect the maximum photoelectron
cross-section contribution, Eq. (12), to the XPS valence-
band data from predominately p,-character surface states
when ¢=90°. This could account for the enhanced sensi-
tivity of the ES245 — ES*AS determination to the fitting in-
terval for ¢ =90° data as noted in Fig. 5.

Figure 6 shows the least-squares fit of the instrumental-
ly broadened I\Q(E ) (solid curve) to XPS data (dots) in the
region near EC**°. The inset in Fig. 6 shows the XPS
spectrum which contains the valence band and the Ga 3d
and As 3d core levels. The energy scale is zero at EC*® as
discussed in Sec. IIIA. By analyzing six sets of
GaAs(110) data as described here, the XPS measured
values for ES245 — ES*A and E$245 — EC*S are 18.83 and
40.75 €V, respectively.

3. Results for Ge

The Ge3d core line center was determined from XPS
data in the same manner that the Ga3d and As3d line
centers were determined (see Sec. III A 2). Also, the posi-
tion of EC¢ was determined by the fitting procedure given
in Sec. IIT A.

Figure 7(a) shows the results of analyzing three angle-
resolved sets of data taken on the Ge(111) surface, and two
additional sets of data for the Ge(110) surface. The az-
imuthal angle ¢ is defined in Fig. 3. The error bars are
defined as in Fig. 5. UPS (Ref. 22) and EELS (Ref. 23)
measurements on the Ge(111) 2 X 8 surface have indicated
the presence of a high-lying surface state a few tenths of
an eV below ES°. This surface state has been associated

with a dangling-bond state. Theoretical calculations*® on
the relaxed Ge(111) surface have placed a dangling-bond
state, which has p,-orbital character within 0.1 eV of E,
[the Z direction is parallel to (111)]. It could be anticipat-
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FIG. 7. Position of the Ge valence-band maximum EC° mea-
sured relative to the center of the Ge 3d core level as a function
of the end point E,,, of the fitting interval. Results are shown
for azimuthal angles (Fig. 3) of 0°, 30°, and 60° on the (111) crys-
tal face and 0° and 90° on the (110) crystal surface.
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ed that this surface state would contribute substantlally to
the photoelectron signal in the vicinity of ES°, and that
because of the p,-orbital character of this state, variations
of ¢ would have little effect on the ratio of surface to bulk
emission in the photoelectron signal near ES°. The
Ge(111) XPS data collected for ¢=0°, 30°, and 60° and
analyzed as shown in Fig. 7(a) seem to confirm this view.
The analys1s dom not produce a satisfactory determination
of ESS— E because of the monotonic variation of
EGe 3d —E ¢ with Emax

In order to determine ES¢,;—ES*, angle-resolved
Ge(110) data were analyzed as shown in Fig. 7(b). The rel-
atively constant value of ESS;— E independent of E,,
and ¢ suggests that any filled Ge(1 10) surface states below
ES° are either very weakly localized near the surface or lie
well outside the energy interval analyzed, since it is unlike-
ly that o for such (110) surface states would be indepen-

dent of ¢.

Figure 8 shows a least- -squares fit of N, (E ) (solid line)
to Ge(110) XPS data (dots) in the region of EC¢. The inset
in Fig. 8 shows the XPS spectrum containing the valence
band and the Ge 3d core level. The energy scale is zero at
ES®. By analyzing four sets of Ge(110) data, the XPS
measured value for ESS;; —ES® was 29.57 eV.

B. Surface chemical shifts

The chemical shifts of surface atoms relative to bulk
binding energies have recently been measured for several
semiconductors.'®*’=% In particular, for the GaAs(110)
surface, it is observed!® that the surface Ga3d level is
shifted to larger binding energy by AEz=0.28 eV, while
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the As3d level is shifted to smaller binding energy by
AEp=—0.37 eV. For the Si(111) 21 surface, surface
chemical shifts of AEgz=—0.59 and + 0.30 eV have been
reported®’ for the Si2p level. Both the GaAs(110) and
Si(111) 2XX 1 surface measurements indicate that the sur-
face chemical shifts are predominantly associated with
initial-state charge transfer in the outermost atom layer.
It has been emphasized® that sizable surface chemical
shifts may influence XPS measured core-level binding en-
ergies.

The apparent shift of the XPS measured (E¢; —E; )xps
from the bulk value due to surface chemical shifts can be
estimated with good accuracy if knowledge of these shifts
is available. A small correction can then be applied to ob-
tain the bulk (E¢; —E;), values. We have used the mea-
sured'® GaAs(110) surface chemical shifts to estimate
corrections to our Ga3d and As3d XPS binding-energy
measurements. The electron escape depth A has been mea-
sured in Ge for an electron kinetic energy E; of 1228 eV
as A(1228 eV)=24.2+2 A (Ref. 8); for E; > 200 eV, it was
found that A«Eg*. Extrapolating this result to
E; =1450 eV, which is more appropriate for the Ga3d,
Ge 3d, and As3d levels studied in this work, yields A(1450

eV)=26.612.2 A. This result is in good agreement with
an earlier, although less precise, measurement of A(1404
eV)=29+4 A which was obtained for amorphous Ge.’!
The GaAs(110) interplanar spacing is 2.00 A, and the
photoelectron-emission direction relative to the surface
normal is 51.5°. Assuming an ideally flat surface, approx-
imately 11.4+0.9 % of the Ga 3d and As 3d photoelectron
signals originate from the surface layer. The apparent
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FIG. 8. Least-squares fit of the instrumentally broadened theoretical VB DOS (solid curve) to XPS data (dots) in the region of the
Ge valence-band maximum. Inset shows the XPS spectrum which contains the VB DOS and the Ge 3d core level. The energy scale is
zero at the valence-band maximum.
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shift in the Ga 3d and As 3d core levels caused by the sur-
face chemical shifts of AEg=+0.28 and —0.37 eV,
respectively, was estimated by summing the experimental-
ly observed line shapes with a second component, which
was shifted in energy by the appropriate surface chemical
shift, and had an intensity scaled to represent 11.4% of
the total signal. The estimated shifts of the Ga3d and
As3d line centers due to surface chemical shifts are
40.030 and —0.035 eV, respectively. When these shifts
are subtracted from the measured (EE; —E; )xps Vvalues,
the (E¢L “E:)g values for GaAs are 18.80 and 40.79 eV
for (ES235 — ES*), and (E$*45 — ES*),, respectively.

Surface chemical shifts have not yet been studied on
Ge(110) surfaces, however, the magnitudes of surface
chemical shifts observed on Ge(111) surfaces*® are similar
to those observed on the GaAs(110) (Ref. 18) and Si(111)
surfaces.’ =% If surface chemical shifts on the Ge(110)
surface are predominantly associated with initial-state
charge transfer, one might expect that the major effect on
the XPS-measured Ge3d photoelectron line would be a
small-line broadening with a very modest line-center shift.
The Si 2p surface chemical shifts measured on the Si(111)
2% 1 surface*’ may be a somewhat analogous situation;
from a simple first moment type of argument, one can es-
timate a centroid shift of —0.017 eV for the Si2p line for
our experimental arrangement.

The surface chemical-shift correction to (E¢L —E; )xps
is not very sensitive to the exact photoelectron line shape.
From a first-moment calculation, one would estimate ap-
parent Ga 3d and As 3d line centroid shifts of +0.032 and
—0.042 eV for our experimental geometry. This suggests
that a surface chemical-shift correction can be made with
good accuracy (assuming that these shifts are known for a
particular surface).

C. Resolution of spin-orbit—split core-level
to valence-band-edge binding-energy differences

The operational definition of the core-level binding en-
ergy as the energy corresponding to the midpoint of the
peak width at half the core-level peak height is convenient
because core lines are prominent in XPS spectra and the
line centers are easy to locate accurately. However, the
width of the core level is not only dependent on intrinsic
broadening mechanisms such as lifetime broadening and
phonon broadening, but is also dependent on the broaden-
ing introduced by the spectrometer response function.

In order to eliminate the effect of spectrometer broaden-
ing and to obtain instrument-independent core-level to E,
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binding-energy differences, it is necessary to refer
binding-energy measurements to the 3d;,, and 3ds,,
spin-orbit—split components of the 3d core levels. These
instrumentally independent core-level to E, binding-
energy differences should be true semiconductor bulk
properties, and should be more easily compared with other
experimental results.

In order to resolve the spin-orbit—split 3d3,, and 3ds,,
core-line components, it is assumed that the instrumental-
ly broadened experimental 3d core line Wy, (E) is
representable as a linear combination W} 34(E) of two
Voigt functions, U (SE,b), defined in Eq. (8) and separated
from one another by the spin-orbit splitting A,

WZX34(E)=A,U(S(E —E),b,)+A4,U(S(E —E,),b,) ,

where (13)

Ay=(E,—E,). (14)

The parameters 4,, A,, E,, S, b; and b, are determined
by the method of least squares® by adjustment until the
total error given by

E

&= fEi:::[W:M(E)— * J(E)dE (15)
is minimized. The integration interval Egu, —E;qiia1 1N
Eq. (15) is large enough to include nearly the entire instru-
mentally broadened core line. Figures 9(a)—9(c) show typ-
ical least-squares fits of Eq. (13) to Ga3d, Ge3d, and
As 3d core lines, respectively. The line center is defined as
zero energy in the figure. The intensity ratio I(3)/I(3)
has a theoretical value [2X(3)+1]/[2X(3)+1] equal to
0.67 in approximate agreement with the intensity ratios
determined from the individual spin-orbit—split line com-
ponents which are also shown in Fig. 9.

The spin-orbit splittings A, used to analyze these data
are given in Table I and were determined from other data
such as XPS results or in the case of As 3d from interpola-
tion between other high-resolution electron spectroscopy
data.'® The binding energies for the spin-orbit—split
components relative to the line centers for Ga3d and
As 3d core lines in GaAs and for the Ge 3d core line in Ge
are also given in Table I.

D. Precision analysis

In this section we consider factors which affect the pre-
cision of XPS core-level binding-energy measurements.

TABLE I. Binding energies of spin-orbit components relative to line centers in eV.

Core level

Spin-orbit splitting

Binding energy relative
to line center

Ga 3d5/2 (GaAs)

Ga3d;, (GaAs) 043
Ge3ds /2 (Ge)

Ge 3d3/2 (Ge) 0.35
As 3d5/2 (GaAs) 0.71
As3d;,; (GaAs) '

—0.17
+0.26

—0.21
+0.34

—0.30
+0.41
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FIG. 9. Resolution of the spin-orbit—split Ga, Ge, and
As3d;,, and 3ds,, core-level components by means of a least-
squares fit of the sum of two Voigt functions to the
background-subtracted 3d-core line shapes.

1. Band bending

Free-surface band bending could affect the accurate
XPS determination of core-level to valence-band max-
imum binding-energy differences for heavily doped ma-
terials. When the surface Fermi-level pinning position is
known, it would be possible to minimize this complication
by a judicious choice of bulk doping density. In general,
this complication should be more severe for wide-band-
gap than for narrow-band-gap semiconductors.

For n-type GaAs, a typical surface band bending is 0.8
eV.’%33 Therefore, as a worst-case estimate for the effect
of band bending on the core-level to E; binding-energy
difference, a simple calculation was carried out to deter-
mine the shift of the Ga 3d core-level center for a surface
potential V;=0.8 V, a doping density Np=1x10"
cm™3, a dielectric constant €,=12, and an escape depth
equal to 26.6 A.® In the depletion approximation, the po-
tential, ¥ (x), within a surface-depletion region of width
W, is given by

V(x)=E,[x —(x2/2W)],

where the maximum electric field at the surface is
|E, | =gNpW/e, and W =(2¢,Vy/qNp)'’%; q is the
electronic charge. For our measurements the electron-
emission direction relative to the sample surface normal
was 51.5°% this angle decreases the effective sampling
depth and its effect was included in the calculation. As-
suming an ideally smooth surface, photoelectrons generat-
ed at a depth x below the surface are attenuated exponen-
tially as

(16)
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I(x)=Iyexp(—x/Acosb) , (17)

where I, is the unattenuated intensity emitted from the
surface at x =0. Thus the envelope of the core line M (E)
which is shifted in energy due to band bending is given by

M(E)= [ “m(E —V(x)exp(—x /AcosO)dx ,  (18)

where m (E) is the core-level line shape observed at the
surface. The calculations utilized the experimentally ob-
served XPS Ga 3d line shape for m(E). For the condi-
tions specified above, the total shift of the line center was
0.014 eV. Thus for the moderate doping densities of the
samples utilized herein, band bending affects the observed
core-level center by less than 0.01 eV. A smaller shift in
the observed E; would also be expected due to band bend-
ing. Because the two shifts would be in the same direc-
tion, they would tend to cancel.

2. Accuracy of the instrumental response function

The method used to determine g was outlined in Sec.
IITA1. The typical precision in the least-squares pro-
cedure used to model the Au4f line shapes for the pur-
poses of determining g produced an uncertainty in the
Voigt-function FWHM of about 0.01 eV. The instrumen-
tal response function is determined by deconvolving a
Lorentzian curve with I'pywyy=0.31710.010 eV (Ref. 36)
(determined by the Audf final-state lifetime) from the
Voigt function used to model the Audf line shape. An
uncertainty in the deconvolved Lorentzian curve of 0.01
eV would produce an additional uncertainty in the
FWHM of the instrumental response function of about
0.006 eV leading to a total uncertainty in the FWHM of
the instrumental response function of ~0.012 eV.

3. Choice of the theoretical VB DOS

As a test of the sensitivity of the core-level to valence-
band-maximum binding-energy determinations to the par-
ticular theoretical (VB DOS) n,(E) used in Eq. (4), com-
putations were performed for both local®* and nonlocal®®
pseudopotential VB DOS’s. The latter includes the effects
of spin-orbit splitting of the valence band, and also
represents valence bandwidths more accurately.*® Compu-
tational results show that the difference between local®*
and nonlocal®® pseudopotential VB DOS’s in Eq. 4)
amounts to less than a 0.01-eV change in the apparent po-
sition of E;. The effect of the spin-orbit splitting at the
valence-band edge, which amounts to 0.34 and 0.29 eV in
GaAs and Ge, respectively,”® was not resolvable in the ex-
periments reported here.

4. Effects of background subtraction

A background function which was proportional to the
integrated photoelectron peak area was subtracted from all
core-level peaks to remove approximately the contribution
from inelastically scattered photoelectrons from the XPS
spectra. It was found that this correction shifted the ap-
parent E¢; position by <0.01 eV. The effect of back-
ground on the E; determination was also investigated by
subtracting a similar background function from the XPS



28 SEMICONDUCTOR CORE-LEVEL TO VALENCE-BAND MAXIMUM . ..

valence-band data. By determining E; (with the pro-
cedure outlined in Sec. III A) from XPS valence-band data
both with and without the background correction applied,
it was observed that the apparent E position was only
shited by ~0.005 eV due to background effects.

5. Precision limits

In Secs. III D 1-II1 D 4 several factors which affect the
limits of precision on XPS E¢; —E, measurements have
been discussed. These factors are now combined to obtain
precision limits for the experimentally measured binding-
energy differences reported in this paper.

As noted in Sec. IID, the precision in determining a
core-level center from the experimental data was about
0.005 eV. Possible effects of band bending within the
XPS sampling depth were shown (Sec. IIID 1) to intro-
duce an uncertainty of less than 0.01 eV in the apparent
core-level position. The background-subtraction pro-
cedure used in analyzing the core-level data produced an
apparent energy shift of <0.01 eV (Sec. III D 4), which
provides an estimate of the uncertainty caused by back-
ground effects. Combining these three uncertainties leads
to an uncertainty in determining the core-level center from
XPS data of <0.015 eV. To remove approximately the
effect of surface chemical shifts from the XPS-measured
core-level center position, a correction was applied (see
Sec. III B). If we assume that the accuracy of the surface
chemical-shift determination”i is £0.05 eV and consider
the uncertainty in A of +2.2 A (see Sec. III B), the uncer-
tainty in the surface chemical-shift correction is less than
0.006 eV. Thus the total uncertainty in determining the
core-level center for bulk material is <0.016 eV.

Uncertainty in g affects the uncertainty in the deter-
mination of E) from the experimental data. By fitting
data near E) with theoretical functions obtained by fold-
ing VB DOS’s with Voigt-function approximations to g
which spanned the range of uncertainty in g (see Sec.
IIID?2), it was determined that the uncertainty in g pro-
duced a 0.014-eV uncertainty in determining E). The
choice of theoretical density of states in the valence-band-
edge modeling procedure was shown to introduce a varia-
tion in the apparent E; position of less than 0.01 eV (Sec.
IIID3). The precision of the least-squares-fitting pro-
cedure used to locate E; in the experimental data was typ-
ically 0.005 eV, and the estimated uncertainty due to back-
ground effects is ~0.005 eV (Sec. IIID4). Thus the total
uncertainty in determining the position of E; in the exper-
imental data is <0.019 eV.

TABLE II. Core-level to E; binding-energy differences in eV.

is indicated in parentheses.
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By combining the uncertainties in determining the
core-level center and E; from the experimental data, the
uncertainty in the E¢; —E; values is estimated as <0.025
eV. The spectrometer energy scale is calibrated to 0.02%
(Sec. IIB). The uncertainty in this calibration introduces
an uncertainty in determining E¢; —E, which increases
with increasing core-level binding energy. The As 3d core
level had the largest binding energy of core levels studied
in this work, and therefore provides a worst-case estimate.
Including the uncertainty due to spectrometer calibration
leads to a total uncertainty in the core-level to EJ
binding-energy difference of <0.026 eV.

The curve-fitting procedure used to determine the ener-
gy positions of the core-level spin-orbit components is dis-
cussed in Sec. III C. The precision of the fitting procedure
was less than 0.01 eV. The uncertainty in the magnitude
of the spin-orbit splitting for Ga 3d, Ge 3d, and As 3d core
levels is about +0.05 eV (Refs. 7 and 18) and thus the un-
certainty of each spin-orbit—split component relative to
the line center would be ~0.035 eV. The total uncertain-
ty in determining the spin-orbit components relative to the
line center is therefore about 0.036 eV. Combining this
uncertainty with the uncertainty in the measurement of
the line-center position leads to a total uncertainty for the
spin-orbit components to E, binding-energy differences of
<0.044 V.

IV. SUMMARY

A procedure has been developed to measure semicon-
ductor core-level to valence-band maximum binding-
energy differences with greater precision than has been
previously attempted. This procedure involves analyzing
an XPS spectrum in which both the core-level and
valence-band data have been collected simultaneously.
The position of E; in the XPS spectrum is determined by
least-squares-fitting a theoretical VB DOS, which has been
broadened by the instrumental response function to data
in a limited energy region near EY. The instrumental
response function is determined from analysis of XPS-
measured Au4f core-level data. The effects of occupied
surface states on the measurements are determined by
analyzing angle-resolved data obtained from samples with
known crystallographic orientations. The spin-orbit—split
components of particular core levels are resolved by em-
ploying the method of least squares.

Core-level to E; binding-energy differences have been
determined for Ga 3d and As 3d in GaAs, and for Ge 3d in
Ge. The experimental results and limits of precision are

The absolute value of the uncertainty in the least significant figure

Semiconductor Core
surface level (EEL —E))xps (EEL—ED) (E’;‘dm —E)), (15’3‘,13/2 —E)
GaAs(110) Gald 18.83(3) 18.80(3) 18.63(4) 19.06(4)
As3d 40.75(3) 40.79(3) 40.47(4) 41.18(4)
Ge(110) Ge3d 29.57(3) 29.57(3)° 29.36(4) 29.91(4)

*The Ge 3d surface chemical shifts for the Ge(110) surface are unknown. From the argument given in Sec. III B there should be little

difference between the XPS measured and bulk values of ESf — ES°.
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summarized in Table II. This table includes the XPS-
measured values of the core-level center to E, binding-
energy differences (E¢ —E;)xps and the corresponding
bulk semiconductor values (E¢; —E),, which have been
corrected for surface chemical-shift effects. Also included
in the table are the bulk semiconductor values of binding
energies for the spin-orbit—split components of the core
levels relative to E;.

The value of (E3235 — ES*A%)yps is in good agreement
with previous literature that reported results of 18.9+0.1
(Refs. 4 and 6) and 18.82+0.15 eV.> The value of
(ESE 35— ES®)xps is in rather poor agreement with the pre-
viously reported result of 29.0+0.1 eV.® The binding ener-
gies of the Ga3d and As3d spin-orbit—split components
relative to EO have recently been measured'® as
EG%:,, —EJ*“=18.60 eV, EGS;, —E**=19.04 eV,
ER¥4,, —E *A*=40.37 eV, and EZS5S, | —E,*=41.07
eV. Considering the precision limits of the experiments,
these results are in very good agreement with the results
reported here. Earlier reported’ binding energies for the
spin-orbit—split components of Ge3d relative to EC® are
E&,,—E°=29.1 ¢V, and EGsy, , —E,=29.65 eV;
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these values are not in as good agreement with our present
results. Although the origin of the discrepancy cannot be
identified with certainty, the earlier measurements were
obtained on Ge(111) surfaces, and the occupied surface-
state emission may have complicated the determination of
ES®. We note from our data in Fig. 7 that if Ge(111) data
were analyzed only in a small interval near EC, a substan-
tially lower ESS,;, — ES¢ would be obtained.

We have previously discussed® the applications of pho-
toelectron spectroscopy for determining semiconductor
band bending, Schottky-barrier heights, and heterojunc-
tion band discontinuities, and we will not repeat that dis-
cussion here. As additional core-level to E) binding-
energy differences for several semiconductors become
available with good precision, the capability of XPS and
other photoelectron spectroscopies to monitor interface
potential could find wide applications.
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