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Precise Determination of the Valence-Band Edge in X-Ray Photoemission
Spectra: Application to Measurement of Semiconductor

Inter face Potentials
E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Eowalczyk

Rockzoel/ International Electronics Research Center, Thousand Oaks, California 91360
(Received 26 December 1979)

A highly precise method for locating the valence-band edge in x-ray photoemission
spectra is reported. The application to measuring semiconductor interface potentials is
discussed. X-ray photoemission-spectroscopy experiments on Ge and GaAs(110) crystals
have given Ge 3d, Qa 3d, and As 3d core level to valence-band edge binding-energy dif-
ferences of 29.55, 18.81, and 40.73 eV to a precision of+0.02 eV. For illustration, the
valence-band discontinuity at an abrupt Ge/GaAs(110) beterojunctiou is determined to be
0.53+ 0.03 eV.

PACS numbers: 73.40.Lg, 73.40.Ns, 73.40.Qv, 79,60.Eq

We report a method for markedly increasing
the precision in locating the valence-band edge in
spectra observed by XPS (x-ray photoemission
spectroscopy). It is shown, by use of this method,
how the binding-energy difference between a semi-
conductor core level and the valence-band edge
can be precisely determined and how the result
enters into the measurement of heterojunction
band discontinuities, Schottky-barr ier heights,
and interface band bending. Accurate XPS de-
termination of the above quantities requires that
experimental values of core level to valence-
band-edge energies be known with a precision
better than the + 0.1 eV uncertainty typically
quoted in the literature. A procedure for obtain-
ing a better precision has not been previously
discussed. A determination of the valence-band
discontinuity for the Ge/GaAs(110) heterojunc-
tion precise to + 0.03 eV will be given. A pre-
cision of this order is needed to critically test
models that predict heterojunction band discon-
tinuities.

The disruption of a perfect crystal lattice pro-
duced by the presence of either a metal, semi-
conductor, or vacuum interface is generally ac-
companied by a deviation of the charge distribu-
tion near the interface from that deeper in the
bulk semiconductor. Consequently, Poisson's
equation predicts a spatially varying electrostatic
potential V» which bends all of the bands or
energy levels by the same amount as a function
of distance away from the interface. For semi-
conductor X in Fig. 1(a), the energy of a core
level E&1, , the valence-band maximum E„, and
the conduction-band minimum E, , are shown in
the bulk (b) and at an interface (i) with either a
metal, semiconductor &, insulator, or vacuum.
Binding energy &~ is measured with respect to
the Fermi level EF (Es = 0). The band gap Ec,

position of the Fermi level in the bulk relative
to the valence-band edge ~, band-bending po-
tential potential V&~, and depletion-layer width
W are also shown in Fig. 1(a).

Given an XPS measurement of the position of
the core level Ec& (&) at the interface and the
binding-ener gy difference (Ecl, E„)b—etween
core level E~~ and the valence-band maximum

, it follows from Fig. 1(a) that the position
of the conduction-band minimum at the interface
is given by

E, (s) =(Ecl, -E„)+Ec -Ecz, (~)~

the position of the valence-band maximum at the
interface is given by

E. (&) =Ecz, (&) —(Ecr, -E. ),
and the band-bending potential ~~~ at a surface
or interface is given by

Ql ss =(Ecl, —E )+6 Ecz, (t). -X X X X X

(2)

The experimental determinations of ~|.-1. and
for Ge and GaAs were carried out with a

UHV modified Hewlett-Packard model-5950A
XPS spectrometer which has a monochromatized
Al Kn (hv = 1486.6 eV) x-ray source; this system
has been described previously. ~ Each XPS spec-
trum was collected by repeatedly (& 100 scans)
sweeping a 50-eV energy interval. The energy
interval contained both the core level(s) of inter-
est and the valence-band region. The spectrom-
eter energy scale was calibrated to 0.02%%uo. The
(110) specimens of Ge and GaAs were prepared
by etching in dilute HF and 4:1:1(H,SO4:H,O, :
H, O) acid solutions, respectively. This was fol-
lowed byin situ sputter and anneal cycles until
the 1&1 low-energy electron diffraction pattern
characteristic of GaAs(110) (Ref. 2) and a com-
plex pattern which resembles the reported' c(8
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cape depth of the photoelectrons in the experi-
ment here is 20 A. This escape depth (several
atomic layers) minimizes any complications
caused by potential variation spread over 1 or 2
atomic layers at an abrupt interface and also is
insensitive to band bending at the interface which
occurs over a typical width of 1000 A.4

The energy levels defined in Fig. 1(a) as meas-
ured within the 20 A XPS sampling depth are
shown in Fig. 1(b) for a heterojunction interface
and for a metal-semiconductor interface. The
Schottky-barrier height P& =E, (&) at the metal-
semiconductor interface is given by Eq. (1) and
the valence-band discontinuity &&, at the hetero-
junction interface is given by

+Es =(Ecr. E. )——(Ecl, E. )-—bEcl„(4)
where &Ec~=Ecl, (&-) -Ec~ (&). The effect of in-
terface states is to shift the potential within the
sampled region on both sides of an interface by
the same constant value. Thus, any potential
shift: due to interface states or other sources of
band bending cancel.

The determination of (Ec~ -E, ) depends on lo-
cating the position of the valence-bnad maximum
E„ in the XPS data with greater accuracy than
has been generally attampted previously. The
required accuracy is achieved by fitting the XPS
valence-band data in a limited region around the
estimated position of E with an instrumentally
broadened valence-band density of states (VBDOS)
N„(E) chosen so that

', E (I);

6E
N„( E)=J n„(E')g(E -E') dE'. (5)

E"„(i)

FIG. l. (a) Generalized energy-band diagram at an
abrupt interface between a semiconductor and vacuum,
metal, insulator, or a different semiconductor;
(b) schematic flat-band diagram at a metal-semicon-
ductor (left) or heterojunction (right) interface.

x10) pattern characteristic of room-temperature
Ge(110) were obtained. A background function
which is proportional to the integrated photoelec-
tron peak area was subtracted from the data to
correct for the effect of inelastic photoelectron
scattering. The core-level energy position was
defined to be the center of the peak width at half
of the peak height. This procedure made it un-
necessary to resolve the spin-orbit splitting of
the relatively narrow Ga, Ge, and As 3d levels
to obtain high-precision peak positions. The es-

The recent Chelikowsky- Cohen' nonlocal pseudo-
potential VBDOS has been used for n. (E ) in Eq.
(5) to analyze the Ge and GaAs data shown in
Fig. 2. The instrumental resolution function g(E)
is separately determined by observing Au 4f
core-level line shapes in metallic gold. These
lines have an inherent linewidth (- 0.29 eV),'
narrower than g(E), and narrower than most
photoelectron lines of other solids. Typical ex-
perimentally observed Au 4f line shapes W~& "(E)
have full widths at half maximum (FWHM) of
0.86 eV and are related to g(E) by

""(E)= J g(E E') I-(E')dE', — (6)

where I (E ) is a Lorentzian line shape (FWHM
=0.29 eV) and represents the inherent lifetime
broadening of the Au 4f levels. Both W, z "(E)
and g(E) in (6) are analytically representable as
the fold of Gaussian and Lorentzian line shapes
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TABLE I. Core level to valence-band maximum
binding-energy difference (eV) for Ge and GaAs.

EG g~
—E„=29.55+ 0.02 eV

GaAs E GaAs 18.81+ p.p2 e
G~As E G&As 40.7$+ 0.02 eAs &d

where S is a scale factor and & is a constant ran-
dom-noise background. The fits obtained for Ge
and GaAs are shown by solid curves in Fig. 2.
As only the leading edge of the XPS valence-band
spectrum is fitted, where the orbital symmetry
is essentially p in character, matrix-element ef-
fects enter only through the constant scale factor
S in Eq. (7).

By using the technique discussed above, (EG,aa
'

E Ge) (E GaAs E GaAs) and (E GaAs E GaAs)

have been obtained from measurements of (110)
oriented single crystals of Ge and GaAs. The
results obtained from analysis of the data shown
in Fig. 2 are presented in Table L

The valence-band discontinuity &E„ for an
abrupt Ge/GaAs(110) heterojunction can now be
obtained by using the previously reported value
of ZE = (E ' -E~ G'"') =10.21+ 0.01 eV
and the results from Table I in Eq. (4). This
leads to

zZ„=0.53~ 0.03 eV

-1 -2
ENERGY (eV)

FIG. 2. Least-square fit of instrumentally broadened
theoretical VBDCS (solid curve) to XPS data (points)
in the region of the valence-band edge for (a) GaAs
and (b) Ge. Insets show the XPS spectra which contain
the VBDCS and the outermost core levels. The energy
scale is zero at the valence-band edge.

(Voigt functions). ' Instrumental resolution func-
tions p(E) determined from Eq. (6) and used to
analyze the data in Fig. 2 have typical FWHM
=0.81 ev and are the result of folding a Gaussian
with a Lorentzian which has a half width equal
to 20% of the Gaussian half width. '

Our procedure for precisely determining the
valence-band edge employs the method of least
squares. The position of the valence-band max-
imum E„ is determined by fitting the leading edge
of the experimental XPS spectrum I(E) to N„(E)
with

I(E) =SNa(E -E„)+ B,

for the valence-band discontinuity at an abrupt
Ge/GaAs(110) heterojunction interface. Our ex-
perimental evidence' indicates that this value of
&E„ is intrinsic to an abrupt Ge/GaAs(110) inter-
face. The precision of the method presented here
can provide a sensitive test for the effect of in-
terface nonideality on the magnitude of 6E„.

In summary, the method reported here for
precisely deter mining core-level to valence-
band-edge binding-energy differences makes
possible the use of XPS for high-accuracy mea-
surements of heterojunction band discontinuities,
Schottky-barrier heights, and interface band-
bending potentials.
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Pressure Dependence of Superconducting Transition Temperature
of High-Pressure Metallic Te
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Existing data at high pressures of Herman, Binzarov, and Kurkin show that the various
metallic forms of Te have considerable variation of their superconduction temperatures,

T~, depending upon the phase and the pressure; the observed &, 's ranged from 2.5 to
4.3'K over the pressure span of 40 to 150 kbar. The present experiments, with use of a
diamond-tipped apparatus with a cryogenic arrangement, have extended the pressure
range to over 300 kbar. The results indicate that a new metallic phase develops in the

150-180-kbar region, which has a higher & of about 6.5 K.

PACS numbers: 74.10.+ v, 62.50.+ p

Many covalently bonded crystalline materials
such as Si, Ge, Te, Se, etc. , which are insula-
tors or semiconductors in their usual low-pres-
sure forms, transform to metallic phases under
sufficient pressure, ' 4 some of these "high-pres-
sure metals" exhibit superconductivity at low
temperatures. ' ' In 1973, Berman, Binzarov,
and Kurkin' (BBK) published their results for an
extensive series of high-pressure cryogenic ex-
periments with Te in which they explored the T,
of the metallic forms of Te over the pressure
range of about 38-260 kbar (which corresponds
to about 38-150 kbar on the modern pressure
scale."'") Their findings are shown here in Fig.
1, in which T, is plotted against P (modern scale).
They concluded that in this range there are three
different metallic phases: the first (38-60 kbar)
having an unusually large positive dT, /dP; the
second (60-75 kbar) with a nearly zero dT, /dP;
and the third (75 kbar and up) with a strong nega-
tive d T, /d P.

With our new apparatus" one of the early runs
(to test the apparatus and procedure) was made
with a specimen of Te because it was known to be
superconducting. The run was made at about 220
kbar. This specimen exhibited an excellent super-
conduction transition as shown in Fig. 2, but at

a much higher temperature than observed by BBK.
This discrepancy indicated that Te may have a
different metallic phase at the higher pressure.

This report gives the results of a recent series
of experiments done with our apparatus" in which
a specimen was compressed at room temperature
in eight successive steps from 50 to 305 kbar and
was tested at each step for superconductivity by
cooling it to about 2.7'K. At the lower pressures
our results agree moderately well with those of
BBK, and at higher pressures a new metallic
phase with the higher T, does indeed develop, as
was suggested by our earlier experiment.

The series of tests spanned a period of 44 days,
as each warmup took a few days of time. After
warming through the T, zone, measurements
were taken of the resistance of the "normal-state"
metal on up to room temperature to provide infor-
mation for determining the Gruneisen "character-
istic temperature" of electrical conductivity, e."

The room-temperature resistance behavior dur-
ing the eight stepwise loadings is shown in Fig.
3(a). The room-temperature electrode resistance
of about 0.18 0 needs to be subtracted from the
values shown in order to get the specimen resis-
tance. Note that during the first cryogenic tem-
perature cycle, at 7.2 tons loading, the room-
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