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Electronic structure of GaF3 films grown on GaAs via exposure to XeF2
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GaAs(110) and (100) wafers are reacted with XeF2 at room temperature and studied with soft-x-ray
photoelectron spectroscopy (SXPS), photon-stimulated desorption (PSD) and electron-energy-loss spec-
troscopy (EELS). The reaction between GaAs and XeF2 results in the homogeneous growth of a GaF3
film and an interface region consisting of intermediate products. The band gap of GaF3 and its band
lineup with the GaAs substrate are determined via EELS and SXPS. F+ PSD spectra collected after the
initial XeF2 exposures indicate a single desorption onset at -28 eV, due to the excitation of a F 2s elec-
tron to the GaAs conduction-band minimum. PSD spectra collected after larger exposures contain a
number of features due to transitions within the GaF3 band structure. These features appear when the

0
film thickness exceeds —10 A, indicating that the bulk electronic structure has developed. Annealing
the film to -250'C results in the inhomogeneous removal of GaF3.

I. IN+RODUc-j. xON II. EXPERIMENTAL PROCEDURE

Many attempts have been made to find a suitable insu-
lator that can be grown on GaAs, but these have not yet
led to a process useful to the microelectronics industry. '

In order for an insulating material to be suitable for de-
vice fabrication, it must grow in a spatially homogeneous
manner with an interface that is relatively free of gap
states. Recently, it has been shown that GaF3 grown on
GaAs satisfies these criteria, and that it can be grown ei-
ther by GaF3 deposition or by fluorination of GaAs. To
be technologically useful, ho~ever, a film growth method
should be a simple chemical process, thus eliminating
GaF3 evaporation and placing emphasis on developing a
technique for growing GaF3 via the exposure of GaAs to
a F-containing compound. The ease with which a GaF3
film can be grown via fluorination has been shown previ-
ously in reactions of GaAs with F2, ' F+ ions, atomic
F, CF4 plasma, CHF3 plasma, and CC12F2 plas-
ma. ' '" In fact, operational devices have been construct-
ed from GaF3jGaAs structures, demonstrating that the
interface state density can be reduced to a sufBciently low
level 273, 12—14

Although electronic devices have been constructed
from GaF3/GaAs, few studies of the fundamental in-
teraction between fluorine and GaAs have been per-
formed and little is known about the electronic structure
of the resulting GaF3 films. In the present work, the re-
action of fluorine with GaAs(110) and (100) wafers is
studied, concentrating on the electronic structure of the
films. XeF2 is used as the source of atomic fluorine, due
to its ease of handling. Film composition is determined
by collecting soft-x-ray photoelectron spectroscopy
(SXPS) spectra at different stages of the film growth. The
films are also examined with electron-energy-loss spec-
troscopy (EELS) and photon-stimulated desorption
(PSD), since these techniques give insight into the elec-
tronic structure of the near-surface region.

GaAs(110) and (100) samples were etched in a 1:1:200
solution of HNO3. H202.H20, rinsed with deionized water
and then dried with isopropanol before being placed in
the ultrahigh vacuum (UHV) chamber. The samples
were cleaned in vacuum by sputtering with 500-eV Ar+
ions, followed by annealing to -500'C by resistively
heating the Ta foil that held the sample. The sample
temperature was determined at a later time by calibrating
the annealing current with a chromel-alumel thermocou-
ple, which resulted in an estimated uncertainty of rough-
ly +50'C.

Samples were exposed to XeF2 in a separate UHV dos-
ing chamber which had a base pressure of -5X10
torr. Sample transfers between the dosing chamber and
the analysis chamber were performed entirely under
UHV. A cold cathode ion gauge was used to monitor the
pressure in the dosing chamber in order to prevent the
creation of metal fluorides and radical species from the
hot filament of a conventional ion gauge. The dosing
chamber was passivated with a large amount of XeF2 pri-
or to any exposures to reduce the likelihood of vapor
phase transport of metal fluorides to the sample sur-
face. ' No evidence of metal contamination was ap-
parent in any of the SXPS spectra collected.

One GaAs(100) and two GaAs(110) samples were used
in the SXPS and PSD experiments. All three samples
were cleaned and fluorinated in an identical manner.
Since no significant differences were observed in the data
collected from either crystal face upon exposure to XeF2,
the data from all three samples have been merged. The
uptake of XeF2 was found to vary slightly from sample to
sample, however, so that exposures are not readily com-
parable. For this reason, the gallium fluoride film thick-
ness, instead of the XeF2 exposure, is reported.

The SXPS and PSD measurements were performed at
the National Synchrotron Light Source, Brookhaven Na-
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tional Laboratory, on beamline UV-8a, using an angle-
integrating ellipsoidal mirror spectrometer. ' This
analyzer accepts particles within an -85 cone centered
about the surface normal. For the collection of the PSD
spectra, an additional bias voltage was applied between
the sample and the analyzer, which increases the angular
acceptance. ' The photon energy was selected with a 3-
m focal length grazing incidence toroidal grating mono-
chromator. The high-resolution SXPS spectra have a
combined energy resolution of better than 0.2 eV, and the
photon energy resolution in the PSD spectra is & 0.3 eV.

In order to ensure that only F+ ions contribute to the
PSD ion yield, electron-stimulated desorption (ESD) ex-
periments were conducted in a separate UHV chamber
which was equipped with an electron gun, a hemispheri-
cal electrostatic energy analyzer, and a quadrupole mass
spectrometer. An electron beam energy of 300 eV was
chosen so as to be greater than the highest photon energy
used in the collection of the PSD data, which ensures
that all of the desorption channels that contributed to the
PSD spectra were excited by the electron beam. The same
ions are expected to desorb in ESD and PSD, since they
are produced by the same mechanisms. ' With the ioniz-
er of the mass spectrometer off, mass spectra of ESD ions
were collected from GaAs(110) wafers prepared and ex-
posed to XeF2 in the same manner as those used in the
collection of the PSD spectra. Only F+ ions were detect-
ed, although the mass spectrometer was not sensitive to
H+. Further experiments ruled out a significant contri-
bution from H+, however. ESD experiments performed
on GaAs exposed to water vapor showed that the
kinetic-energy distribution of H+ is remarkably different
from that observed from F/GaAs, and that the total posi-
tive ion yield from HzO/GaAs is over 2 orders of magni-
tude lower. Hence, any H+ contribution to the ESD sig-
nal from GaAs exposed to XeF2 is discernible from F+
and, even if comparable amounts of H and F were
present on the surface, the total H+ signal would consti-
tute less than 1% of the total positive-ion yield.

EELS measurements were carried out in the same
UHV chamber used for ESD. The resolution of the EELS
measurements was limited to 1.4 eV by the energy width
of the 150-eV incident electron beam. All of the EELS
spectra presented in this paper were collected from a sin-

gle GaAs(110) wafer which was prepared and exposed to
XeF2 in the same manner as previously described. Be-
cause there is no means of determining the GaF, film

thickness in the EELS apparatus, the spectra are labeled
by XeF2 exposure.

III. RESULTS AND DISCUSSION

A. SXPS

SXPS survey spectra, which display the valence band
and low-lying core levels, are shown in Fig. 1 in order of
increasing film thickness. The binding energies are given
with respect to the GaAs valence-band maximum (VBM)
which removes any effects due to band bending. This was
accomplished by assigning a constant value of 18.6 eV to
the Ga 3d~zz binding energy (BE) for Ga in bulk GaAs. "
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FIG. 1. SXPS survey spectra, containing the valence band
and low-lying core levels, for various GaF„ film thicknesses.

With increasing XeFz exposure, F accumulates on the
surface, as indicted by an increase in the intensities of the
F 2p contribution to the valence band and the appearance
of the F 2s core level. Following a small exposure to
XeF2, the Ga 3d core level broadens toward higher BE.
After larger exposures, a distinct second peak appears,
which eventually dominates the Ga 3d core-level intensi-
ty. This second component is attributed to GaF3. The
As 3d core level broadens slightly with XeFz exposure,
and it is attenuated for the largest film thicknesses.
These observations are consistent with the formation of a
GaF3 film that covers the underlying substrate and the
removal of As from the near-surface region.

Valence-band SXPS spectra collected from GaAs(110)
after successive Quorinations are shown in Fig. 2. To
display the data on the same intensity scale, each spec-
trum was divided by the total integrated area of its
respective Ga 3d core level. This calibration method is
appropriate, since the Ga densities in GaAs and GaF3 are
the same to within 5%. The inset of Fig. 2 contains an
enlargement of the region near the GaAs VBM for the
clean and fiuorinated samples and shows that the sub-
strate valence band is continually attenuated with in-
creasing film thickness. There are occupied states in the
band gap of the clean surface, due to defects caused by
the ion-bombardment cleaning procedure, which are in-
dicted in the inset. These states are quenched after light
fiuorinations and no new states are observed in the band

gap after further fluorination. By extrapolating the
high-energy side of the F 2p feature down to zero intensi-

ty, as indicated with the dashed lines in Fig. 2, it is found
that the VBM of the GaF3 film is located -5.4 eV below
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measured photoelectrons have kinetic energies of -35
eV, which maximized the surface sensitivity of the mea-
surement. Using the same photoelectron kinetic energy
ensures that both the Ga and As 3d spectra indicate the
composition of the same part of the near-surface region.

Fluorine uptake varied from sample to sample, and
thus the XeF2 exposure does not accurately reflect the
amount of F incorporated into the surface. To better
quantify the amount of F present, the GaF„ film thick-
ness was calculated using relative core-level component
intensities determined by fitting the high-resolution Ga
3d spectra. The calculation is based on the assumption
that the bulk Ga signal is attenuated exponentially by a
compositionally homogeneous and uniformly thick layer
of fluorinated gallium, which is somewhat inaccurate
since the film is composed of more than one GaF„
species. It is also assumed that the atomic photoioniza-
tion cross section of Ga is unchanged by fluorination, and
that the photoelectron escape depth is the same for GaAs
and GaF3. It is not the purpose of this calculation to
determine an accurate film thickness, however, but rather
to allow spectra from several samples, each exposed to a
different amount of XeFz, to be compared. Note that a

FIG. 2. Valence-band SXPS spectra for various GaF„ film

thicknesses, given with respect to the GaAs VBM. The dashed
line shows the spectrum collected from the clean GaAs(110)
surface, and the solid lines show the spectra collected after suc-
cessive fluorinations. The inset contains an expanded view of
the valence-band edges of the clean and fluorinated samples,
which shows the attenuation of the GaAs valence band with in-

creasing film thickness. Extrapolation of the F 2p leading edge
shows that the GaF3 VBM is located -5.4 eV below the GaAs
VBM.
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the GaAs VBM. Note that this rough estimate of the
valence-band offset between the film and substrate is
confirmed by the EELS measurements reported below.
Since the GaF3 VBM is below the GaAs VBM, and since
no significant density of gap states is created by fluorina-
tion, the progressive attenuation of the GaAs valence
band with increasing film thickness indicates that the film
grows in a spatially homogeneous manner. Inhomogene-
ous film growth, e.g., via island formation, would be in-
dicted by a persistence of the GaAs VBM, which is not
observed. The position of the GaF3 VBM corresponds to
the high-energy side of the F 2p feature, which dominates
the valence band. F 2p is expected to mark the VBM for
GaF3, since the uppermost filled states of this nearly ionic
solid have primarily F character. A similar correlation
between the VBM of the overlayer and F 2p was observed
for the ionic solid CaF2 grown on Si(111). '

High-resolution Ga 3d and As 3d care-level spectra,
plotted with respect to the substrate 3d5&2 component,
are shown in Figs. 3 and 4 together with numerical fits to
the data. The spectra in these two figures were collected
from GaAs(110) surfaces. The clean surface spectra are
shown in Figs. 3(a} and 4(a}, while three representative
spectra from fluorinated surfaces are shown in panels
(b) —(d). The photon energies were selected so that all the
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FIG. 3. High-resolution SXPS spectra of the Ga 3d core lev-

el, collected from GaAs(110) before and after exposure to XeF2,
are shown along with the results of numerical fits to the data.
The raw data after background subtraction are shown as solid
circles. The solid lines show the individual and the sum of the
components of the fit. (a) shows the core level from the clean
surface, and (b)—(d) contain core levels from fluorinated sur-
faces.
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correction for difFerences in the density of Ga atoms in
the overlayer and substrate is also not included, but this
is acceptable since the densities of Ga in bulk GaF3 and
in bulk GaAs are nearly identical. The film thickness was
found from d = —Aln(1 —R), where R is the ratio of
fluorinated Ga to the total Ga 3d signal, as determined
from the fitting procedure, and A is the escape depth of
the photoelectrons, which is taken from the literature to
be 5.5 A. ' ' The film thickness for each spectru~ is
given in A of GaF„(x = 1-3) and represents the amount
of fluorinated Ga present on the sample.

The Ga 3d and As 3d core levels were numerically fit,
after background subtraction, to a sum of Gaussian-
broadened Lorentzian spin-orbit split doublets, using a
least-squares optimization routine. A smooth back-
ground was determined by fitting a third-order polynomi-
al to each side of the peak. The fitting procedure was
used to determine the BE, area, and Gaussian contribu-
tion to the width of each core-level component. The
Lorentzian full width at half maximum (FWHM) was
fixed at 0.12 eV in all of the fits. For the Ga 3d core
level, the spin-orbit splitting, branching ratio, and the
surface core-level shift relative to the bulk component
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FIG. 4. High-resolution SXPS spectra of the As 3d core lev-

el, collected from GaAs(110) before and after exposure to XeF2,
are shown along with the results of numerical fits to the data.
The raw data after background subtraction are shown as solid
circles. The solid lines show the individual and the sum of the
components of the fit. (a) shows the core level from the clean
surface, and (b)—(d) contain core levels from fluorinated sur-
faces.

were fixed [for GaAs(110)] at 0.45, 0.66, and 0.28 eV, re-
spectively. For the As 3d core level, these parameters
were fixed at 0.68, 0.65, and —0.37 eV, respectively. All
fitting parameters are consistent with previous treatments
of the GaAs(110) surface. ' '

The identification of the chemically shifted com-
ponents in the Ga 3d core-level spectra as GaF and
GaF3, has been made previously. '6' ' Note that good
fits were achieved for all of the Ga 3d core-level spectra
by only including two reacted components. It was not
necessary to include any additional components, such as
one for GaFz, although the presence of some GaFz on the
surface cannot be ruled out. In the fits to core-level spec-
tra collected after small XeF2 exposures, the GaF BE was
fixed at 0.8 eV relative to the substrate. However, the
relative BE's for both GaF and GaF3 increase slightly
with exposure, presumably due to the decrease in screen-
ing as the insulating GaF3 overlayer thickens.

As shown in Fig. 4, there are relatively few changes in
the As 3d core level as a function of XeF2 exposure. The
intensity of the high BE side gradually increases with
fluorination, which indicates that there is at least one As
reaction product present. The inclusion of only one
reacted component was sufBcient to achieve good fits in
all of the As 3d spectra collected. This high BE com-
ponent is consistent with either AsF or elemental
As. ' ' Note that the lower signal-to-noise ratio in

Fig. 4(d) is a consequence of the reduction of the total As
3d signal due to the removal of As from the near-surface

region.
In the fitting procedure employed here, the Gaussian

widths of the surface-shifted core-level (SSCL) com-
ponents were treated as independent parameters. In
many fits to high-resolution core levels for GaAs sur-
faces, however, the Gaussian widths of the substrate and
surface components have been constrained to be
equal. ' ' ' For a cleaved surface, this assumption may
be justified, but in this study of sputtered and annealed
wafers the constraint was relaxed. As shown in Figs. 3(a)
and 4(a), relaxing this constraint results in a surface com-
ponent that is significantly broader than the substrate
component. This broadening is likely due to presence of
additional defects and variations in the electronic envi-
ronments of surface atoms on an ion-bombarded and an-
nealed wafer, resulting in a larger Gaussian width for the
surface component.

To achieve good fits to the 3d spectra collected from
films as thick as 5 A, it was necessary to include com-
ponents shifted in BE -0.3 eV and ——0.4 eV from the
Ga and As substrate peaks, respectively. For clean
GaAs(110), these are due to surface atoms, and are la-
beled as SSCL's. A similar persistence of the SSCL with
exposure was also seen for cleaved GaAs(110) exposed to
XeFz and to C12. ' Considering the high reactivity of
fluorine and chlorine, it is unlikely that there are enough
unreacted regions of the GaAs surface left after large ex-
posures to account for the intensity of these components.
More likely, the SSCL's in spectra collected from reacted
samples have an additional contribution from other
species that have similar BE shifts.

Surface Ga and As atoms on GaAs(110) are in a tri-
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coordinate geometry, with one less bond than substrate
atoms, resulting in their observed BE shifts. It is reason-
able to assume that any tricoordinate Ga and As atoms
created in the substrate during the reaction would exhibit
BE shifts similar to those of the surface atoms, and thus
the two would be indistinguishable. If this is the case,
then the persistence of the SSCL can be explained by tri-
coordinate Ga and As atoms generated in the substrate as
a result of bond breaking during halogenation. For the
F/GaAs reaction, it is expected that these buried tricoor-
dinate atoms are located at the film-substrate interface,
where the reaction occurs, and that they are continually
created and removed as the film grows.

The behavior of the Ga 3d and As 3d core levels of
GaAs(110) cleaves exposed to XeF2 is virtually identical
to that observed for GaAs(110) and (100} wafers, even
though the composition of the initial clean surfaces is
quite different. Cleaved GaAs(110) has a well-known
structure, ' with equal amounts of Ga and As at the
surface. Sputtered (110}wafers are slightly Ga rich due
to the higher sputtering rate of As, ' although anneal-
ing may nearly restore the 1:1Ga:As ratio to the surface
since As diffuses easily at elevated temperatures.
Several different Ga-terminated surfaces can result from
annealing a GaAs(100) wafer in vacuum following
sputtering. Each reconstruction has a difFerent As con-
tent, but all are Ga rich. Even though annealing may
restore much of their surface crystallinity, the samples
used in this study still have a number of defects on the
surface, indicated by the presence of the defect states
shown in the inset of Fig. 2. Since the behavior of the
core levels upon fluorination was the same for the cleaves
and the wafers, but the starting surfaces were quite
different, the initial surface order and crystal face does
not appear to be important in determining the surface
products generated in the F/GaAs reaction. This is like-
ly due to the fact that the GaF3 films grow by etching
down into the GaAs substrate, so that the composition of
the film is relatively insensitive to the amount of crystal-
linity originally present and to the crystal orientation.

B. EELS
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FIG. 5. EELS spectra collected from a GaAs(110) wafer, and
from the same wafer after increasing exposures to XeF2. The
combined resolution of the electron beam and detector is 1.4 eV.
Two loss features at 6.8 and 9.8 eV are apparent in the spectra
collected from the fluorinated samples, and correspond to tran-
sitions from the GaF3 VBM to the GaAs CBM and GaF3 CBM,
respectively.

In order to probe unoccupied electronic states, EELS
measurements were carried out on a clean GaAs(110)
wafer and on the same wafer after exposure to increasing
amounts of XeF2. The results of these measurements are
shown in Fig. 5, in which each spectrum has been nor-
malized to its elastic peak intensity. The two strong loss
features visible in the EELS spectra at 6.8 and 9.8 eV are
due to the excitation of electrons from the valence band
of GaF3. Their intensity is relatively high since the GaF3
valence band has a large density of states due to F 2p (see
Fig. 1). The 6.8-eV loss feature is assigned to the transi-
tion from the GaF3 VBM to the GaAs conduction-band
minimum (CBM). Since the GaAs band gap is 1.4 eV, this
indicates that the valence-band offset between GaAs and
GaF3 is 5.4 eV, confirming the value determined from
SXPS (Fig. 2). The 9.8-eV loss is due to the transition
across the GaF3 band gap and is consistent with an ear-
lier optical absorption measurement of 9.6 eV. ' The
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FIG. 6. The band lineup, based on the SXPS and EELS mea-
surements, of GaF3 films grown on GaAs wafers via exposure to
XeF2. The energies of the band edges are given with respect to
the GaAs VBM. The electronic transitions responsible for the
EELS features are indicated.
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overlayer-substrate band lineup, and the two electronic
transitions observed in EELS are illustrated in Fig. 6.

Further support for the assignment of the two loss
features is obtained from their behavior as a function of
XeFz exposure. It is seen in Fig. 5 that the 6.8-eV feature
diminishes in intensity for the highest fluorination levels,
and thus for the thickest films, which is expected for a
feature that results from a transition localized at the
film-substrate interface. The intensity of the 6.8-eV
feature is not completely attenuated, however, since the
escape depth of —150-eV electrons is on the order of the
thickness of the films. Thus, all of the EELS spectra re-
ported here have contributions from both the film and
the interface. The increase in the intensity of the 9.8-eV
loss feature with increasing fiuorination is consistent with
excitation across the GaF3 band gap, since the transition
occurs solely within the GaF3 film.

C. PSD

Figure 7 shows PSD spectra collected from GaAs as a
function of exposure to XeF2. Each spectrum was col-
lected by ramping the photon energy and detecting the
total yield of positive ions. Unless otherwise stated, all of
the features in the spectra result from first-order light
from the monochromator. The PSD spectra are divided
into two exposure regimes which exhibit qualitatively
difFerent behavior. In the low exposure regime, which in-
cludes GaF„ films up to 5 A thick, there is primarily one
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FIG. 7. Total F+ PSD yield shown as a function of photon
energy for various Slm thicknesses. The spectra are divided into
two exposure regimes. All of the spectra in the low-exposure re-

gime were collected from the same GaAs(110) sample. In order
of increasing Slm thickness, the spectra in the high-exposure re-

gime were collected from a (100) sample, the same (110) sample
as the low-exposure regime spectra, and a different (110) sample.

feature with a peak located at -34 eV and an onset at
-28 eV. At a film thickness of 5 A, a shoulder develops
at -30 eV, signaling the onset of PSD features charac-
teristic of the high-exposure regime. There are a large
number of features in the high-exposure regime that
remain mostly unchanged with increasing film thickness.
The similarity of the spectra in the high-exposure regime
gives an indication of the reproducibility of PSD collect-
ed from heavily fluorinated GaAs, since each spectrum
was collected from a di8'erent sample.

To determine if some of the PSD features in the high-
exposure regime are due to electronic transitions within
the film-substrate interface, a thick film was grown by ex-
posing a GaAs(110) wafer to the vapor pressure of XeFz
(-4 torr) for 10 sec. Due to problems with sample
charging during measurement, the thickness of the film
could not be determined. However, there is no detectable
contribution from As 3d in the survey spectrum, which
indicates that the GaF3 film is at least -40 A thick. For

0
the photon energies used, a 40-A-thick film would result
in 99.9% attenuation of the As 3d signal originating from
the bulk and interface, thus making the As 3d signal
comparable to the noise level. Note that the reduced sig-
nal to noise in the PSD spectrum collected from the thick
film is due to sample charging.

The features in the PSD spectra of Fig. 7 are due to
photon-induced electronic transitions that lead to ion
desorption. The mechanism responsible for PSD of F+
ions in this system begins with the formation of a core
hole via photoabsorption. The filling of this core hole via
an Auger process produces a long-lived re ulsive state
that ultimately leads to the desorption of a F ion. The
total F+ yield is collected as a function of photon energy
in order to determine the correlation between the forma-
tion of certain core holes and the creation of ions. Be-
cause F is more electronegative than Ga or As, the for-
mation of a F-Ga or F-As bond results in charge transfer
that leaves F with a partial negative charge. Thus, only
those processes that remove at least two electrons from a
F atom will lead to F+ desorption. Because of this con-
straint, Ga and As core holes must be filled via inter-
atomic Auger decay in order to create a F+ ion, whereas
a F core hole must be filled via intra-atomic Auger decay.
Note that the cross sections for these two decay processes
can be widely different, depending on the ionicity of the
bond. Also, in order to have a detectable ion yield, the
resulting repulsive states must have a suSciently long
lifetime, and the Auger decay process that leads to a
repulsive state cannot be overwhelmed by competing pro-
cesses.

The initial excitation responsible for the onset of PSD
in the 1ow exposure regime was identified by comparing a
PSD spectrum to an SXPS survey spectrum, as shown in

Fig. 8. The SXPS spectrum is plotted relative to the
GaAs CBM, since this is the lowest unoccupied state and
is thus the most likely final state for an electronic transi-
tion. The dashed vertical line shows that the onset of
PSD occurs at the same energy as the BE of the F 2s ini-
tial state. This correlation between the F 2s level in the
SXPS spectrum and the feature in the PSD spectrum in-
dicates that the electronic transition responsible for the
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FIG. 8. Comparison of a low-exposure regime PSD spectrum
collected from a 2-A film to a SXPS survey spectrum collected
from a 15-A film. The SXPS spectrum is given with respect to
the GaAs CBM to facihtate the identification of the PSD
feature. The vertical dashed line shows the onset of the PSD
feature. Note that a SXPS survey spectrum from the high-
exposure regime was used for comparison so that the F 2s core
level is more prominent. The PSD feature at 38 eV is due to
third-order light from the monochromator ionizing the Ga 3p
core level.

onset of F+ PSD in the low exposure regime is the pro-
motion of a F 2s electron to the GaAs CBM. Note that
the small feature located at -38 eV is due to ionization
of the Ga 3p core level by third-order light from the
monochromator. Also note that, because of the low inten-
sity of F 2s in the low-exposure regime, a SXPS survey
spectrum from the high-exposure regime was used for the
comparison in this figure, which is valid because the F 2s
BE does not change significantly with fluorination.

In order for a single photon to induce the desorption of
F+, it must at least have the minimum energy required to
break the F-substrate bond, ionize the F atom, and re-
move it from the surface. The calculated energy
threshold for a single photon to induce desorption in this
system is -21 eV, and is indicted in Fig. 8. The actual
threshold, however, is located at the F 2s absorption
edge, which also marks the threshold for the desorption
of F+ from Si. ' One reason that there is little struc-
ture in the low-exposure regime PSD spectra is that the
energy required to ionize the Ga 3d core level in GaAs
(-20 eV} is not sufficiently above the energy threshold
necessary to induce ion desorption. Thus, transitions
from Ga 3d initial states do not make a significant contri-
bution to the PSD signal.

In addition, electronic transitions with an As 3d initial

state do not appear to induce PSD. The identity of the
As product generated in the F/GaAs reaction cannot be
determined conclusively, since its chemical shift is con-
sistent with that of either elemental As or AsF. If only
elemental As is produced in the reaction, then As 3d ini-
tial states would not induce PSD since there would be no
F bonded to As. However, if AsF is produced by the re-
action, PSD induced by transitions from As 3d initial
states may be suppressed because the As-F bond is more
covalent than Ga-F. Kith less charge transferred to the
F atom, the cross section for filling the As core hole via
an intra-atomic Auger process can compete with the in-
teratomic Auger decay, thereby reducing the probability
for creating F+. Moreover, even if a F+ ion were pro-
duced via the formation of an As 3d core hole, the result-
ing repulsive state may not have a long enough lifetime to
result in PSD.

Since PSD spectra reflect the electronic transitions that
occur in the near-surface region, the change in the spec-
tra between the low- and high-exposure regimes indicates
that a change in the electronic structure has occurred.
As determined from SXPS, GaF3 first appears in the 5-
0
A-thick film, and GaF3 becomes the dominant surface

0
species once the film thickness reaches 10 A. Likewise, a
close examination of the PSD spectra in Fig. 7 shows that
the features in the high-exposure regime are just starting
to form in the spectrum collected from the 5-A-thick
film, and that they are fully formed by the 10 A. Thus,
the most reasonable explanation for the change in the
PSD spectra is that there is sufBcient GaF3 present on the
surface for it to possess the electronic structure of bulk
GaF3. The PSD features in the high-exposure regime are
then expected to be due to electronic transitions within
the GaF3 band structure. It should be noted that the
feature in the low-exposure regime, which is caused by
the promotion of a F 2s electron to the GaAs CBM, is
not observed in the high-exposure regime, because the F
bonded to the substrate is covered by -10 A or more of
GaF„. Any F+ ions generated by excitation to the GaAs
CBM would have to travel through the GaF„overlayer,
and are likely to be neutralized before escaping the sur-
face.

Although the PSD features in the high-exposure re-
gime cannot be identified as simply as in the low-exposure
regime, there is suScient information that can be used to
assign transitions to each feature. These features, labeled
A -F, are shown in Fig. 9, in which a PSD spectrum is
compared to a SXPS survey spectrum plotted relative to
three possible final states. Since the only atomic species
present at the outermost surface are F and Ga, the
features in the PSD spectrum must be due to transitions
from Ga 3d and F 2s initial states, and thus, for clarity,
only the F 2s and Ga 3d portion of the SXPS spectrum is
shown.

The assumption of the existence of three final states, lo-
cated 5.9, 15.0, and 18.3 eV above the GaF3 CBM, leads
to a simple and consistent identification of the transitions
responsible for PSD features A —F. First, note that there
are no transitions directly to the GaF3 CBM that induce
PSD. However, it can be concluded that PSD feature A,
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FIG. 9. Comparison of a high-exposure regime PSD spec-
0

trum to a SXPS survey spectrum, both collected from a 14-A-
thick film. The SXPS spectrum is given with respect to three
unoccupied states in GaF3 located 5.9, 15.0, and 18.3 eV above
the GaF3 CBM. Transitions from Ga 3d and F 2s initial states
to these three final states lead to the six observed PSD features,
A -F. Dashed lines indicate the threshold of each transition.

located between 30 and 38 eV, is due to the ionization of
a Ga 3d electron, since this is the only core level with a
BE low enough to be the initial state. If the Ga 3d in
GaF3 is the initial state for the transition represented by
PSD feature A, then, in order to explain the location and
width of the feature, there must be an -4-eV-wide band
of final states starting about 5.9 eV above the GaF3 CBM.
It is then assumed that a transition from the F 2s level to
this band also induces PSD, which explains feature B,
which has an onset at -38 eV and extends beneath the
sharper features C and D. Second, since PSD feature C is
narrower than the F Zs level, it must be due to a transi-
tion from the GaF3 Ga 3d initial state. This implies that
there is a sharp final state located 15.0 eV above the GaF3
CBM. A F 2s transition to this state is then responsible
for PSD feature E, which is centered at -48 eV. FinaHy,
the spacing and widths of the remaining two features, D
and I', are consistent with transitions from the Ga 3d snd
the F 2s, respectively, to a state located 18.3 eV above the
GaF3 CBM. Thus, the existence of three final states in
the GaF3 electronic structure is postulated in order to ex-
plain the observed PSD features in a manner that is sim-
ple and consistent with the data. Further measurements
or theoretical work, e.g. , GaF3 band-structure calcula-
tions, are needed to confirm the existence of these states.

It is interesting to note that, for this system, both cat-
ion and anion excitations induce F+ PSD, similar to

F/Si, ' ' ' and that both types of excitation have compa-
rable ion yields (see Fig. 7). This is in contrast to the
CaF2 system, for example, in which the Ca-F bond is so
ionic that only cation excitations lead to measurable F
PSD, or the C12/Si system, which is more covalently
bonded, resulting in only anion excitations leading to C1+
PSD. The fact that the ion yields for both types of exci-
tation are comparable is probably due to the Ga-F bond
in GaF3 being less ionic than the Ca-F bond in CaF~ but
more ionic than the Si-Cl bond.

It was mentioned earlier that the SXPS spectra indi-
cate that the reaction product distribution in the film is
independent of the initial surface structure or surface
orientation. Likewise, the similarity of the three high-
exposure regime PSD spectra of Fig. 7 indicates that the
electronic properties of the GaF3 film are independent of
the initial GaAs crystal face, since the spectra in this
figure were collected from both GaAs(110) and (100).
This is because the observed PSD features in this regime
reAect the electronic structure of GaF3, and have little to
do with the underlying substrate.

D. Annealing GaF3 films

Figure 10 shows Ga 3d SXPS spectra collected from (a)
GaAs(100) covered with a 9.8-A-thick film, (b) the same
surface after annealing to —175'C, and (c) after anneal-
ing to -250'C. The Ga 31 core levels were fit in the
same manner as those in Fig. 3, and show that the rela-
tive intensity of the GaF3 component continuaHy de-
creases with each anneal. Note that, although the inten-
sity of this component is very small after the 250'C an-
neal, the presence of a GaF3 component is required in or-
der to produce an acceptable BE for the GaF component
in fitting the spectrum.

Figure 11 shows PSD spectra collected from these
same surfaces. Although the PSD features broaden and
decrease in intensity with annealing, there are features in-
dicative of the high-exposure regime present even after
the highest temperature anneal, which indicates that
some bulk GaF& band structure still exists. Figure 10(c)
shows, however, that the film does not contain enough
fluorinated Ga to have the uniform thickness of 10 A re-
quired for a film to possess a GaF3 band structure.

The presence of GaF3 band structure in a film that ap-
pears to contain very little GaF3 can be explained by the
inhomogeneous rearrangement, or removal, of GaF3
upon annealing. This immediately explains the broaden-
ing and other small changes in the high-exposure regime
PSD features, since the PSD signal contains contribu-
tions from many regions with different film thicknesses.
The rearrangement of GaF3 on the surface, via diffusion,
could create islands of GaF3 that are thicker than the
original film, and which coexist with areas of exposed
GaAs substrate. This would explain both the SXPS data,
where the substrate Ga component contributes substan-
tially to the Ga 3d core level after annealing, and the
PSD data, since F+ ions would still be produced at the
surface of the GaF3 islands. However, a change of the
GaF, signal from 58% of the total Ga 3d intensity to 7%
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solely due to a rearrangement of the film is not likely. A
more plausible explanation is that some of the film is re-
moved by evaporation, resulting in the formation of holes
in an otherwise uniformly thick GaF3 film, possibly simi-
lar to those seen when Si02 films grown on Si are an-
nealed. Note that, due to the inhomogeneity of the
film's removal, the thicknesses given in parts (c) and (d) of
Figs. 10 and 11 only represent the relative amount of
fluorinated Ga observed in the SXPS spectra, and are not
directly comparable to other film thicknesses given in
this paper. Although the highest annealing temperature
only begins to approach the -800'C sublimation temper-
ature of GaF3, it is believed that the film evaporates as
molecular GaF3, even at the lower temperatures used in
this experiment, since there is no evidence in the SXPS
data to indicate the decomposition of GaF3.

IV. SUMMARY

GaAs(110) and (100) surfaces were exposed at room
temperature to XeF2 and studied with SXPS, EELS, and
PSD. The reaction between GaAs and XeF2 results in
the homogeneous growth of GaF3. Between the GaF3
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FIG. 11. PSD spectra collected from the same surfaces as in
Fig. 10. The PSD features in (b) and (c) marked with arrows are
due to ionization of the Ga 3p core level by second-order light
from the monochromator.
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and GaAs, there is an interface region consisting of GaF,
AsF and/or elemental As, as well as tricoordinate Ga
and As atoms. Neither the initial surface order nor the
crystal face afFects the distribution of surface products
generated in the reaction. The band gap of the films and
the band lineup of the films with the GaAs substrate were
determined from EELS and from the SXPS valence-band
spectra. F+ PSD spectra collected after the initial XeF2
exposures contain a single onset at -28 eV, correspond-
ing to the excitation of a F 2s electron to the GaAs CBM.
PSD spectra collected after larger exposures contain a
number of features, attributed to transitions within the
GaF3 band structure, thus providing a soft-x-ray absorp-
tion spectrum of solid GaF3. These features appear when
the film thickness exceeds —10 A, indicating that the
films have developed the electronic band structure of
bulk GaF3. Annealing the films to -250 C causes the in-
homogeneous removal of GaF3, resulting in surfaces that
still possess some GaF3 band structure in spite of the near
absence of GaF3.

I I I I I I

4 3 2 1 0 -1
Binding Energy (eV, relative to bulk Ga Sd~)

FIG. 10. High-resolution SXPS spectra of the Ga 3d core
level collected from (a) a GaAs(100) sample dosed with XeF2 to
create a 10-A-thick film, (b) the sample annealed to —175'C,
and (c) the sample further annealed to -250'C. The solid cir-
cles in each panel show the raw data after background subtrac-
tion. The solid lines show each component of a numerical fit to
the data and the sum of all the components.
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