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The conduction-band energies at the I point of GaAs are determined experimentally in the
10—60-eV range by means of angle-resolved constant-initial-state measurements. The most prom-
inent conduction-band states reached from the top (I ») and the bottom (I; ) of the valence band lie
at 10.72, 12.60, 15.20, 22.62, 32.38, 34.13, 35.61, 49.43, 55.67, and 58.61 eV above the valence-band
maximum, respectively. These values are compared with available theoretical conduction-band cal-
culations. We observe resonant photoemission at 20.30 eV, which corresponds to the transition
from the Ga 3d surface core level to the unoccupied Ga-derived dangling bond. Associated with

this transition is a surface exciton with a binding energy of approximately 0.93 eV. We observe also

a weak but reproducible resonance at 106.40 eV, which is associated with the transition from the Ga
3p core to the same unoccupied band. A further resonance at 43.86 eV is assigned to the excitation
of the As 3d core level into the bulk conduction band. The contribution of intra- as well as inter-

atomic Auger processes and of inelastic scattering due to plasmon losses in the measured spectra is

also considered.

I. INTRODUCTION

The experimental determination of the energies of
unoccupied surface and bulk states in metals and semi-
conductors has made considerable progress in recent
years. Ellipsometric measurements' as well as two-
photon and near-band-gap photoemission experiments
give the relative energies between initial- and final-state
critical points up to approximately 5 eV above the
valence-band maximum (VBM). The maximum energy
reported for the conduction bands of GaAs at the I point
is about 10 eV above the VBM measured by means of
electroreflectance spectroscopy. Recently, an ellipsome-
ter working with synchrotron radiation has been
developed which will allow energy studies up to approxi-
mately 30 eV above the VBM.

The absorption threshold from the core levels to unoc-
cupied states has been measured with photoemission
yield spectroscopy and by means of electron-energy-loss
experiments. Another technique is based on photoelec-
tron spectroscopy of highly n-type-doped materials. In
this case the pinning of the Fermi level above the
conduction-band minimum allows a direct observation of
the low-lying populated conduction bands.

All these methods except the last measure transition
energies in which electron-hole interaction is always
present. The most direct method for the final-state band
mapping is inverse photoemission. In this case no

electron-hole interaction is present since no hole is creat-
ed; however, this technique still involves many-body
effects.

The method that will be used in the present work is
angle-resolved constant-initial-state (ARCIS) spectrosco-
py. Photoelectrons associated with direct transitions
from an initial state with fixed energy c.; are detected pro-
vided a final state is available. The measurements are
performed by the simultaneous scanning of the photon
energy Ace and the kinetic energy E of the electrons such
that the difference Ace —E =c, +4& remains constant
(4z represents the photoelectric threshold). In this case
many-body efFects such as relaxation, electron-hole in-
teraction, Auger processes, etc., are present. This
method was introduced by Lapeyre and co-workers' and
has been used for the experimental determination of the
energy position and symmetry of the conduction
bands, "' for the location of excitonic states above the
VBM, ' and for the study of impurity-induced levels in
semiconductors, ' to mention a few applications. The re-
sults can be used to examine the energy range for which
the final states can be considered as free-electron-like.
This is of interest from a theoretical point of view as well
as for the interpretation of angle-resolved photoemission
(ARPES) data, which are usually made assuming free-
electron final states. The example of graphite shows,
however, the influence of the crystal potential for ener-
gies as high as 90 eV above the VBM."
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As mentioned above, the initial-state energy is chosen
experimentally, but the location of the initial state in k
space depends on available direct transitions. It must
therefore be inferred with the help of band-structure cal-
culations. This last point does not represent a limitation
in the present case since the initial-state band structure of
GaAs is well understood both theoretically and experi-
mentally.

In the present study we have performed ARCIS on
GaAs for final-state energies in the 10—60 eV range. We
have extended earlier ARCIS (Ref. 15) and
electroreAectance work on GaAs, for which the final-
state energies were measured up to approximately 15 eV.
The necessity of more-realistic final-state bands (beyond
the free-electron approximation) has been claimed to ex-
plain the asymmetric line shape of critical point transi-
tions in GaAs measured with angle-resolved photoemis-
sion. '

In Sec. II a short description of the experimental de-
tails is given, while Sec. III is devoted to the presentation
of the experimental data and their analysis. Section IV
contains the summary.
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II. EXPERIMENTAL DETAILS

ARCIS measurements were performed at room tem-
perature with a toroidal energy analyzer which collects
simultaneously all polar angles from —90' to 90'. ' The
angular resolution is + 1' and the combined analyzer-
monochromator resolution is better than 0.25 eV. The
base pressure in the measurement chamber was 1 X 10
mbar. Monochromatized light was delivered by a
toroidal grating monochromator (TGM4) at the Syn-
chrotron Radiation facility BESSY (Berlin).

For the experiments reported here special care was
taken to obtain correct values of the photon energy. This
was done by measuring the Ga 3d core levels simultane-
ously with first- and second-order light and obtaining the
differences. The error in the monochromator setting was
found to be less than 0.2 eV over the photon range 9-70
eV.
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III. RESULTS

We have performed measurements on cleaved (110)
faces of n-type doped GaAs (n —10' cm ) along the
[001] azimuth. Our analysis was performed for the
features identified in Fig. 1. In this figure we show the
ARCIS spectra taken at normal emission for transitions
arising from the VBM at I » [Figs. 1(a) and l(b)] and
from the bottom of the valence bands at I', [Fig. 1(c)]
which lies 13.25 eV below the VBM. Photons in the
9—70-eV range were used. The measured, or apparent,
photoelectron threshold (O'T=4. 25 eV) depends on the
work function of the spectrometer; the accepted value for
the photoelectron threshold C&r of GaAs for the (110)
surface is 5.56 eV (Ref. 18) and depends rather strongly
on the surface quality. Peaks labeled Eo correspond to
the major features that are assigned to direct transitions
arising from both I ",'~ and I', . (The inclusion of the
shoulder Eo will be justified later. ) Peaks labeled R refer
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FIG. 1. Normal-emission constant-initial-state spectra of
GaAs at the I point measured at room temperature. Features
labeled Eo, R, and S are discussed in the text. Ga and As 3d
core levels excited with second- and third-order light from the
monochromator are indicated. (a) Initial state at c, , =0 (I »).
The photon energy ranges from 9 to 24 eV. (b) Initial state at
c.; =0 (I »). The photon energy ranges from 30 to 60 eV. (c}In-
itial state at c, =13.25 eV below the VBM (I &). The photon en-

ergy ranges from 35 to 70 eV. The Auger limit associated with

the As 3d core levels is also shown.
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to resonances and S to less prominent features. Finally,
the Ga 3d and As 3d core levels excited with second- and
third-order light from the monochromator are also
identified in Fig. l.

Our analysis concentrates on these normal-emission
data. Further work on off-normal emission is planned to
be published in a future contribution. ' Furthermore, the
main results of this work are related to the I point. Here
the analysis is less ambiguous since the different energy
gaps in the conduction band are large (about 5 eV) be-
cause I has the full space-group symmetry. Results from
the X point will also be discussed, but due to its lower
symmetry the band gaps are smaller and, as a conse-
quence, the analysis becomes very complex. However, a
study of the energies at X is necessary because surface
umklapp processes may be present.

Figure 2 presents normal-emission data for different c;
along the X symmetry line in It space. In Figs. 2(a) and
2(b) the ARCIS spectra from I » to X3 (6.50 eV below
the VBM) and from X", (10.25 eV below the VBM) to I',
(13.25 eV below the VBM), respectively, are shown.

Before proceeding with the detailed analysis of the
spectra, we discuss the geometry used in this experiment
and the influence that surface states may have on the
data. The sample is oriented with the natural cleavage
face (110)at 45' from the incident monochromatized syn-

chrotron light. The photons are p-polarized in the plane
spanned by the [110]and [001] directions of the sample
axis. In the chosen geometry, the Ga dangling bond is

nearly perpendicular to the polarization vector a' so that
its contribution will be strongly reduced, whereas we ex-

pect to observe an enhancement of the As dangling-
bond-related features since a is nearly parallel to it. The
increase in intensity for the As-derived surface states
could introduce, in principle, difficulties in our analysis
from the I » point. According to theoretical calculations
of the relaxed GaAs(110) surface, there is a surface res-
onance immediately below the VBM with a position that
depends on the surface quality. ' The linewidth of the
dangling-bond-derived surface peak is of the order of 0.3
eV for GaAs, a value that arises mostly from the distor-
tion of the dangling bonds due to steps at the surface,
which to some extent are always present. This point has
been discussed in more detail in Ref. 22. A contribution
from this resonance might thus be expected in an ARCIS
spectrum with c, =0.

Because surface states and surface resonances have no
dispersion along the perpendicular component of the
wave vector k„ the transition probability is proportional
to the one-dimensional (along k, ) density of conduction
states along I -E-X. In order to estimate the actual
influence of the surface resonance near I » to the spectra
of Figs. l and 2, we have tried to identify singularities in

the one-dimensional density of states along I"-K-X. To
this end we analyze the ARCIS spectra from just below

X, '" (4.00 eV below the VBM) to X3 (6.50 eV below the
VBM) where no surface states or resonances are present
at I . ' In this energy region where only transitions
from one initial-state band contribute to the ARCIS spec-
tra, we obtain for every value of c., a unique k, by using
the theoretical initial states of Ref. 24. Direct transitions
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FIG. 2. Normal-emission constant-initial-state spectra as a
function of the initial-state energy c, . Resonances R &, R&, and

R, are identified. (a) From c, , =0 ( I 1,) to c.,
=6.50 eV below the

VBM (X3). (b) From c, =10.25 eV below the VBM (X&) to
c.,

= 13.25 eV below the VBM (I;) in steps of 0.5 eV.



42 ANGLE-RESOLVED CONSTANT-INITIAL-STATE. . . 8969

from these points allow us to make a comparison with the
theoretical final-state band structure. As shown in Fig. 3,
the experimental final-state energies follow the band in
the region 10 eV above the VBM resonably well and the
critical point (maximum) in the final-state band disper-
sion at approximately 12 eV is reproduced. This critical
point leads to a singularity in the one-dimensional density
of final states and is therefore expected to show up in the
ARCIS spectra if the surface resonance at I would make
a significant contribution to the spectra of Figs. 1 and 2.
The corresponding feature would fall between peaks
Eo (av) and Eo and is not observed in our data [see Fig.
1(a)].

Additional evidence for the fact that the spectra of
Figs. 1 and 2 are not dominated by surface states comes
from the widths of the spectral features. The widths of
the peaks in Fig. 1 are of the order of 2 to 4 eV, values
that are typical of the final-state inverse lifetimes due to
electron inelastic scattering. This observation can be
easily understood on the basis of direct transitions arising
from the top of the dispersing bulk valence band at I '„
and if the inverse lifetime of the hole created at I ",'5 is

negligible compared to the final-state inverse lifetime. If
a nondispersing state at the VBM were responsible, then
only the density of the final states would be measured,
which is almost structureless at higher energies. %'e ob-
serve, however, clear structures which imply that the
spectra are mainly due to direct, k, -conserving transi-
tions arising from the bulk band at I ». Of course, the
presence of surface resonances cannot be completely
ruled out.

The dispersion of final-state bands can also be deter-
mined with conventional ARPES by assuming direct
transitions from initial states with a known disper-
sion, ' assumptions also adopted in our ARCIS

analysis. References 25 and 26 report conduction-band
points up to approximately 20 eV but none of them re-
port data at the I point, because of the ambiguity associ-
ated with the determination of the VBM. ARCIS is a
more systematic method of studying unoccupied states
because c, can be fixed so that only transitions from the
intersection of the line e, =const with c., (k) are possible.
The exact determination of the c.; values associated with
r'„, r;, X,', and L', can be performed accurately because
no valence-band emission is observed for values of c., in
the forbidden gaps (s, (0, 6.50(s, (10.25 eV, and
c, , ) 13.25 eV). We thus reach these critical points by
varying e, in small energy steps (0.12 eV) until valence-
band emission is observed.

A. Eo transitions

In Table I we show the energies, referred to the VBM,
of features labeled Eo in Fig. 1. Together with our exper-
imental results, we list electroreflectance data from Refs.
28, 4, and from prior ARCIS results on GaAs. ' Eo(av)
represents the average value for the transitions Eo
(I 8 I'6) and Eo+50 (I 7~I 6), where bo is the spin-
orbit splitting at the VBM. In our case, Ez(av), the fun-

damental gap, accounts for the transition I »~I', , i.e.,
neglecting the spin-orbit splitting at the I point which is
not resolved in our experiment. Features Eo(av), Eo(av),
and Eo'(av) follow the same criteria. Eo(av) accounts for
the I » I » transition, Eo'(av) for the I »~I'„and
Eo(av) for the I »~I ». New data, relating to features
at higher energies, are labeled with roman superscripts
(Eo, Eo, etc.). Where values are obtained with more
than one method, the scatter in energies is seen to lie
within the experimental uncertainty of our data (+0. 1

eV).

I I I I I l I l I
20

TABLE I. Conduction-band energies at the I point relative
to the VBM. Eo{av) is the fundamental gap. Our data complete
earlier work on electroreflectance {Refs. 28 and 4) and on
ARCIS (Ref. 15) up to approximately 60 eV. The temperature
at which the measurements were performed is also shown.
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FIG. 3. Band structure of GaAs along 1"-E-X from Ref. 30.
Points correspond to direct transitions arising from the initial
band from just below X, '" (c, =4.00 eV below the VBM) to X",
(c., =6.50 below the VBM). Also shown is the uncertainty in k,
which increases as one approaches X& due to the loss of disper-
sion in the initial-state band.

E,(av)

Eo(av)
Eo"(av)

Eo {av)

E IV
0

Ev
Evl

0
Evl1

0
EvI I I

0
E Ix

0
Ex
Exl
ExII

0

'Reference 28.
Reference 4.

'Reference 15.
This work.

1.632 (T=4.2 K)
4.716 (T=4.2 K)
8.33 (T=80 K)

10.53 (T=80 K) 10.6
12.8
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Next, we compare the experimental critical point ener-
gies with theoretical conduction-band calculations from
Refs. 29 and 30. This comparison is shown in Fig. 4 for
final-state energies up to 50 eV above the VBM.

The theoretical predictions of Ref. 30 are based on the
ab initio self-consistent fully relativistic linear muftin-tin-
orbital (LMTO) method. The I'„~I', band gap has
been adjusted to correct for deficiencies in the use of
local-density functionals which make the calculation
inadequate for energies far from the fundamental gap.
The reason to compare our results with these theoretical
predictions is to test in which energy range the model is
valid. As has been shown in Ref. 16, transitions arising
from the L point (6.62 eV below the VBM) up to 14.6 eV
above the VBM in GaAs are well predicted by this mod-
el. In our present work we use the nonrelativistic bands
to simplify the analysis. The theoretical predictions of
Ref. 29 are based on self-consistent LMTO calculations
and are a generalization of the work performed in Ref.
31. In a future study, we will present a comparison of the
experimental data with available empirical-
pseudopotential-method (EPM) calculations (up to 28
eV above the VBM) and our own calculations up to 60 eV

above the VBM, where the symmetry of the states and
their orbital character will also be analyzed.

For the Eo'(av) feature, we observe good agreement be-
tween the three dift'erent experiments referred to in Table
I and also good agreement with the theoretical predic-
tions considered here (see Fig. 4). Furthermore, both
ARCIS experiments agree on the energy of Eo . In this
case the predicted energy from Ref. 30 lies closer to Eo
than the corresponding one from Ref. 29. The first no-
ticeable discrepancy between both calculations is found
in the next band. Reference 30 predicts a band at about
20 eV above the VBM and Ref. 29 at about 15 eV. The
corresponding transition is observed in Ref. 15 as a peak
and in the present work as a shoulder. In our case this
feature appears obscured by the shoulders S, and S2, the
origin of which will be discussed in the next subsection.

Along the [001) azimuth the bulk I and X points are
equivalent to the surface I points with the X ' point of
the surface Brillouin zone lying halfway between I and
X. This fact may introduce surface umklapp from X to
I, i.e., the final state lies not at I but at X. To study this
possibility, we show in Fig. 5(a) the ARCIS spectra at the
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FIG. 4. Comparison of the energies of features labeled Eo
with the theoretical calculations from Refs. 29 and 30. Shown
are the band structures between I and 10%%uo of the I -K-X dis-
tance (0. 1X). The bands in this small region are represented as
straight lines for simplicity.
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FIG. 5. Normal-emission constant-initial-state spectra from
the X3 point (c., =6.50 eV below the VBM). Features tentative-
ly assigned to critical points are referred to as E',". m varies be-
tween 1 and 7. (a) The photon energy ranges from 16 to 26 eV
and the resonance R, is identified. (b) The photon energy
ranges from 35 to 60 eV. Resonances R2 and R3 are identified.
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X point selecting X3 at 6.50 eV below the VBM as the ini-

tial state. We find features at 10.16 eV (E2) and 12.56 eV

(E2) and a broad structure at 15.70 eV (E2), all energies
above the VBM. The last feature lies close in energy to
Eo (15.20 eV), but since Eo is seen also for a different az-
imuthal geometry, ' for which this urnklapp process is
not possible, we assume that Ep is a conduction-band
point at I as predicted by Ref. 29. The feature E2 from
Fig. 5(a) has nearly the same energy as Eo, and accord-
ing to Ref. 30 there is an available band at this energy at
X. We conclude that surface umklapp between I and X
could contribute to the primary cone emission from X
and I, respectively.

In general, neither of the calculations agrees with the
experimental energies for the higher-ener'gy featur es Ep

to Ep observed in the present experiment. Ep' and at the
close lying triplet Ep

", Ep
'", and Ep, might be

identified with a similar arrangement if we shift theoreti-
cal bands from Ref. 30 up to about 5 eV. A correspond-
ing arrangement of levels cannot be identified in Ref. 30.
AdoPting this energy shift Epvir Epvrri and Epix agree
with the general trend of an increasing number of bands
at I in this energy region. Feature E2 in Fig. 5(b)
(Ace=39. 36 or 32.86 eV above the VBM) is very close in
energy to Ep". As pointed out above for features E2 and

Ep, also in this case final states at X or I or both might
contribute to Ep" and E2 via surface umklapp. The
theoretical band-structure predictions do not allow us to
decide this question. Further features in Fig. 5(b): E2
(31.32 eV above the VBM), E2 (44. 14 eV above the
VBM), and E2 (48.37 eV above the VBM) are tentatively
identified as final states at the X point. Feature Ep agrees
with both calculations but this fact may not be significant
since the theoretical bands had to be shifted by about 5
eV to agree with features Ep" '". Peaks Ep' and Ep"
are not identified in the band structures.

We conclude that both band structures are approxi-
mately correct for energies below 15 eV. This is expected
for the calculations from Refs. 29 and 30 since the validi-

ty range is approximately the same as that for the valence
band. Above 15 eV the differences between theory and
experiment are of the same order for Ref. 29 as that of
Ref. 30.

B. S features

Before analyzing the less prominent features labeled S,
we consider the role of both inelastic scattering due to
plasmon losses and Auger decay as possible contributors
to the measured spectra.

The plasmon energy associated with the collective exci-
tation of the bulk valence-band electrons has a value of
15.8 eV. ' In our spectra the kinetic energy of the detect-
ed electrons ranges up to 50 eV, so that inelastic scatter-
ing through plasmon loss is possible. However, for the
kinetic energies at hand, the scattering probability is very
low so that the contribution due to plasmons is likely to
appear only as background and not as structure.

Next we consider the inAuence of Auger decay on our
spectra. Auger processes that involve the Ga 3d core lev-

els are only possible for photon energies above the excita-
tion threshold for the core levels of 20.30 eV (see next
section). That means that there is no possibility of Auger
decay for initial-state energies less than
c, =20.30—19.23=1.07 eV, where 19.23 eV is the bind-

ing energy of the Ga 3d»2 surface core level. Thus for
transitions arising from I » [Figs. 1(a) and 1(b)] for which
c., =0, no Auger decay is allowed. Auger processes in-
volving As 3d core levels are even more restricted since
these are not possible for c. ~43.86—41.48=2.38 eV.
Here, 43.86 eV corresponds to the excitation threshold
and 41.48 eV to the binding energy of the As 3d»2 core
level.

As a consequence of the analysis carried out above, the
Auger decay mechanism is only possible for transitions
arising from I ", [Fig. 1(c)]. In this figure no feature asso-
ciated with the decay of the Ga 3d core hole is present
because the kinetic energy of the Auger electrons is too
low to appear in this spectrum. Associated with the As
3d core levels, the Auger processes will operate from the
resonance at 43.86 eV up to the kinetic energy of
41.48 —O'T=41. 48 —4.25=37.23 eV. This value is the
maximum kinetic energy that electrons can have (elec-
trons arising from the VBM). The corresponding photon
energy (55 eV) is indicated in Fig. 1(c). In the region
where the Auger process can operate, we observe four
features: R2, Ep"', Ep, and R3. R2 and R3 are reso-
nances and will be discussed in the next subsection. Each
of these two features occurs at a single photon energy for
all s, in Fig. 2(b). This behavior is not compatible with

Auger peaks that occur at constant kinetic energy. Ep
is observed also in Fig. 1(b), where the transitions arise
from I ', 5, so that it cannot arise from an Auger decay.
Finally, Ep"' disperses in photon energy, as observed in

Fig. 2(b), with a nonconstant value for the kinetic energy.
We thus conclude that Auger processes only contribute
to the background in the energy region indicated in Fig.
1(c).

Features S, and S2 are found at 14.20 and 16.50 eV
above the VBM, respectively. The two shoulders are not
predicted by either of the theoretical calculations from
Refs. 29 and 30 at the I point and have not been ob-
served in Ref. 15. No contribution from the Ga 3d or As
3d core levels excited with second- or third-order light
from the monochromator is present at either energy. We
can also rule out a contribution from Auger decay pro-
cesses since the measurements are performed at I &5 and
no structure from inelastic scattering due to plasmon loss
is expected at this low kinetic energy.

Reference 30 predicts bands at the X point at 14.20,
15.0, and 17.10 eV, respectively, and Ref. 29 at 13~ 50,
14.0, and 16.0 eV, respectively. Because the measure-
ments were performed along the [001] azimuth, surface
umklapp is allowed, which would account for S, and S2.
In order to confirm this possibility, we performed mea-
surements at the X point [Fig. 5(a)] in the energy region
of interest. We observe a shoulder at 15.70 eV (Ez) above
the VBM which could be associated with S2. The struc-
ture related with S& is obscured by the resonance R, . A
different possibility from the one discussed previously is
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the contribution from transitions arising from the As-
derived dangling-bond surface resonance that lies just
below the VBM. This contribution, albeit weak, should
increase in principle for increasing value of the
conduction-band density of states. From Fig. 3 we ob-
serve that for energies above Eo more final states are
available so that a corresponding structure could be ob-
served. However, with the available theoretical calcula-
tions we cannot account for two different structures S,
and S2.

Although it cannot be clearly established from our
measurements [Fig. 5(a)], we believe S, and S2 to arise
from the X point via surface umklapp as predicted
theoretically. A fact that favors this argument is the ab-
sence of the shoulders S, and S2 in Ref. 15 where mea-
surements were performed under a different azimuth
([110])where such surface umklapp is not possible.

We next discuss feature S3 from Fig. 1(b), which ap-
pears at an energy of 38.72 eV. At this energy there is a
conduction-band critical point according to Ref. 30, but,
as pointed out before for Eo, this fact may not be
significant since the theoretical bands had to be shifted by
approximately 5 eV to force agreement with features
Eo" ' . To study the possibility of surface umklapp we
have measured ARCIS spectra from the X point [Fig.
5(b)] in the energy range of interest. Umklapp would
occur if photons of 38.72+6.50=45.22 eV could find an
available final state (6.50 eV is the binding energy of X3,
which was used as the initial state of the ARCIS spec-
trum). Since no structure is found at this photon energy
in Fig. 5(b), no umklapp can be identified. We can fur-
ther rule out any relationship between S3 and the As 3d
core level excited with second-order light, which appears
in Fig. 1(b) as a strong peak close to S3. This can be done
because the energy separation between S3 and the As 3d
peak (2.51 eV) is larger than the spin-orbit splitting [0.71
eV (Ref. 18)] and larger than the accepted surface chemi-
cal shift [0.37 eV (Ref. 36)], and because the intensities of
both features are too different. As mentioned above, no
Auger process is possible here either because c.; =0.

The energy difference between S6 [Fig. 1(b)] and S3 is
approximately 15 eV, which suggests an inelastic contri-
bution from plasmon losses. This effect should be more
evident for Eo", but any structure resulting from the
subtraction of the plasmon energy would be placed at the
As 3d peak location. If any plasmon-loss effect can be
observed, it is more probable to find it associated with
peaks at high kinetic energy as in this case. %e thus con-
clude that S3 could possibly be associated with inelastic
scattering due to plasmon loss from electrons in the re-
gion of S6.

S4 and S5 are the replicas of R2 and Eo, respectively.
Feature S7 [Fig. 1(c)] will be discussed in the next subsec-
tion dedicated to resonances because of its relationship
with R 3. Features S6 and S8 arise from transitions to re-
gions in the conduction band where many fina1 states are
available.

C. Resonances

We next analyze the resonances R& [Figs. 1(a) and
5(a)], R~, and R3 [Figs. 1(c) and 5(b)]. The peak labeled

R, is observed at an energy of 20.30+0.20 eV for all
values of E; [Fig. 2(a)], a characteristic behavior of reso-
nances. This feature is associated with transitions from
the Ga 3d5&2 surface core level to the surface exciton,
which is associated with the Ga dangling bond. ' Our
value for the resonance energy is slightly higher than the
earlier reported value of 19.65 eV [measured by means of
CIS (Ref. 13)], and electron-energy-loss and photoernis-
sion yield spectroscopy experiments that state the reso-
nance energy to be 19.68 eV. The intensity of R, is re-
duced because the polarization vector a is nearly perpen-
dicular to the Ga dangling bond, as mentioned above.

To deduce the surface exciton binding energy, we sub-
tract the resonance energy from the core-level binding en-

ergy and compare the resulting value with available data
of unoccupied surface states or surface resonances above
the VBM for which the excitonic process is not operat-
ing. We have measured the bulk Ga 3d, zz binding ener-

gy to be 18.95 eV below the VBM. Since the resonance
takes place at a surface atom, we shift this energy by 0.28
eV (Ref. 36) towards higher energies in order to obtain
the binding energy of the surface Ga 3d5&z (e;=19.23
eV). The surface chemical shift moves the binding ener-
gies of the III-V cations to higher binding energy and
those of the anions to lower binding energies. In our
measurements we could not identify directly the chemical
shift because of insufficient resolution. Performing the
subtraction we obtain 20. 30—19.23=1.07 eV. Theoreti-
cal calculations on the unoccupied surface states and sur-
face resonances on GaAs (Ref. 20) and inverse photo-
emission measurements place a surface band at 2.0 eV
above the VBM. Therefore, we estimate the surface exci-
ton binding energy at approximately 0.93 eV, which is in
good agreement with earlier measurements both on GaAs
(Ref. 9) and GaP (Ref. 38) (0.96 eV). Skibowski et al.
quote a value for the excitonic Ga 3d to surface-state
transition which ends 420 meV below the conduction-
band minimum (CBM). Adding to this value the energy
of the empty surface state (0.5 eV above the CBM) we ar-
rive at an exciton binding energy of 0.92 eV, in perfect
agreement with our measurement. These values for the
surface exciton binding energy have to be considered only
as approximate since the surface band at 2.0 eV shows
some dispersion [about 0.3 eV (Ref. 20)].

Feature Rz [Figs. 2(b) and 5(b)] occurs at an energy of
43.86 eV and is associated with resonant photoemission
related to the As 3d core levels (41.48 eV binding energy
for As 3d~&z as determined in this work). The process
analogous to R, is not possible here because no available
unoccupied As-derived surface states or surface reso-
nances exist in the conduction band below the vacuum
level. The process is thus due to transitions from the
bulk As 3d core levels to the unoccupied states in the
conduction band. According to Ref. 30, there is a
reasonably fiat band (+0.5 eV dispersion) at an energy of
approximately 3.10 eV above the VBM. Note that the
width of the peak R2 (about 2 eV) is larger than this
dispersion. The excitonic energy for this transition
would be approximately 0.80 eV, which is comparable to
that of the surface exciton derived above (0.93 eV).

In Fig. 2(b) we observe the weak but reproducible peak
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R3 that occurs at a photon energy of 53.19+0.20 eV.
This feature is found at the same photon energy for all c.,

values and is observed also in Fig. 5(b). At this energy
there is no possibility of a resonance with first-order light
because this energy is larger than the binding energy of
the Ga and As 3d core levels plus the photoelectric
threshold (O'T =4.25 eV). However, the surface Ga 3p3&z

core level can be excited by the second-order light and
the resonance energy should be interpreted as 106.40 eV.
The monochromator grating used in this experiment has
a maximum intensity for second-order light at about 100
eV photon energy. The Ga 3p3/2 bulk component has a
binding energy of 104.0 eV. ' The chemical shift of the
Ga 3p core levels is to our knowledge unknown, so that
we will use for our analysis the same shift as for the 3d
levels since all core levels shift approximately by the same
amount. The resonance energy of 106.40 eV places the
final state above the VBM and below the vacuum level.
The difference between this energy and the assumed bind-

ing energy of the Ga 3p3/2 surface core level is 2.12 eV,
which is slightly higher than the 2.0 eV derived for the
energy of an empty surface band of the Ga 3d3/2 based
resonance. However, according to Ref. 20, a Ga
dangling-bond-derived unoccupied surface state or sur-
face resonance is calculated to be about 2.6 eV above the
VBM. This state has not yet been observed experimental-
ly. Thus, in principle, the transition is energetically pos-
sible but the corresponding exciton binding energy (0.5
eV) is smaller than the value obtained for R, (about 0.93
eV). Associated with the 0.5 eV binding energy there is
an error both because the binding energy of the Ga 3p3/2
surface core level is not accurately known and because
the energy of the final band has not been determined ex-
perimentally.

We next discuss feature S7, which appears at a photon
energy of 55.71 eV. This peak disperses with c, so that it
cannot be understood as a resonance. The kinetic energy
of this feature for c,. =13.25 eV is 38.0 eV. As pointed
out above, second-order light has a maximum intensity
around 100 eV, so that a hole in the Ga 3p core level can
be created with (2)55.71=111.42 eV photons. We thus
interpret S„as due to an Ga 3p —Ga 3d —As 3d interatom-
ic Auger decay which has a nominal (neglecting final-
state interactions) kinetic energy of 104—19—42 —4'r
-39 eV, a value very close to the measured 38 eV. Be-
cause S7 is weak we cannot state if the kinetic energy of
S7 is independent of c.„which would confirm the Auger

character. The As 3d holes would in turn decay so that a
new Auger process is expected. The allowed range for
this last decay goes from R3 up to 37.23 eV kinetic ener-

gy since the excitation can only start from R3 and the
Auger limit associated with the As 3d and the valence-
band electrons is found at K=37.23 eV, as discussed
above [see Fig. 1(c)].

Feature Ez has nearly the same energy as S7 but the
possibility of a resonance has been ruled out above. The
fact that the energies lie so close could be fortuitous since
many final bands are expected at X at these energies. The
spin-orbit splitting of the Ga 3p core levels is 3.68 eV, '

which is larger than the energy difference between R3
and S7, so that no such contribution is possible. We thus
associate S7 with an interatomic Auger decay.

IV. SUMMARY

We have extended the experimental determination of
the conduction-band energies at the I point in GaAs up
to approximately 60 eV by means of ARCIS spectrosco-
py. We have determined in this energy range ten clear
features that are assigned to direct transitions arising
from I t5 (VBM) and I', (13.25 eV below the VBM).

ARCIS is a very useful tool for determining the energy
resonances from the core levels to unoccupied states
above the VBM because of the constancy of the transition
energy for different initial-state energy. We observe the
resonances associated with Ga 3d, Ga 3p, and As 3d
core-level excitations and derive surface exciton binding
energies between 0.5 and 0.93 eV. A weak but reproduci-
ble feature is observed that is related to interatomic
Auger decay between the As and Ga atoms.
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