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Residual arsenic site in oxidized Al xGa1ÀxAs „xÄ0.96…
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X-ray absorption fine-structure spectroscopy is used to determine the site of residual As in
wet-oxidized Al0.96Ga0.04As. In a ;0.5-mm-oxide film removed from its GaAs substrate, the
remaining As atoms are found to be coordinated with oxygen in the form of amorphous-As oxides,
with a mixture of;80% As31 and;20% As51 sites that are locally similar to As2O3 and As2O5.
No evidence of interstitial or substitutional As, As precipitates, or GaAs is seen, implying that less
than 10% of the As atoms are in these forms. ©2001 American Institute of Physics.
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Wet-thermal native oxides of AlGaAs~Ref. 1! have led
to numerous advances in optoelectronic devices2 and have
been explored for their potential use in GaAs-based me
oxide–semiconductor electronic applications.3 While most of
the As in the semiconductor crystal leaves during oxidati
residual quantities have been correlated to bulk oxide le
age current, and to interfacial traps that increase interf
recombination and produce Fermi-level pinning.4 Hydrogen
liberated in the wet-oxidation reaction is believed to play
important role in reducing As2O3 to As, and possibly As to
AsH3, volatile species which can more readily escape
oxide film.5 Yet the degree to which, and theform in which,
As remains are still not well understood. Crystalline A
amorphous As, and amorphous As2O3 have been observe
via Raman spectroscopy4–6 in partially oxidized AlGaAs
films, with As scattering dropping to barely detectable lev
after full oxidation. In higher leakage films, it has been su
gested that As precipitates may occupy up to;6% of the
oxide volume.4 However, chemical analysis of other AlGaA
oxides have shown residual As levels of,2 at. %, with no
evidence of As precipitates.7

In this letter, we present the results of x-ray absorpt
fine-structure spectroscopy~XAFS! studies on the form and
site of residual As within the bulk of AlGaAs native-oxid
films. The XAFS technique8 is sensitive to the local structur
about a chosen atomic species, revealing the types of ne
atoms and the radial distance distributions to these ne
bors. By carefully measuring the XAFS spectra near the
sorption threshold, x-ray absorption near-edge struc
~XANES! can also often be used to determine formal char
state and site symmetry.9

The sample used for this study is grown by molecul
beam epitaxy on semi-insulating GaAs and consists o
7000 Å GaAs buffer layer, 5000 Å AlxGa12xAs (x;0.96),
and a 200 Å GaAs cap layer. All layers are not intentiona
doped. After selectively removing the GaAs cap layer in
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4:1 citric acid:H2O2 etch, a 1 cm34 cm sample is loaded
into a 2-in.-diam quartz tube furnace (400 °C). After heati
for 2 min under a dry N2 purge, oxidation of the AlGaAs
layer proceeds as water vapor is introduced for 8 min
bubbling 0.66 l/min N2 through 95 °C H2O. To study the As
specifically in the oxide film in isolation of the GaAs sub
strate, the sample is subsequently mounted oxide down
glass slide using low-temperature wax and the substrat
chemically removed. A phosphoric-acid–hydrogen-perox
etch~4:1:50 H3PO4:H2O2:H2O! is used to thin the substrate
the remainder of which is then removed by the slow
oxide-selective 4:1 citric peroxide etch.

For calibration standards used in the XAFS analysis,
emental As (As0), GaAs, As2O3 (As31), and As2O5 (As51)
are obtained from standard chemical supply houses.
standard samples are ground with mortar and pestle
sieved to 400 mesh (,40mm) inside an inert-atmospher
glovebox. These compounds are all characterized using x
diffraction ~XRD! to verify their phase purity. We have ob
served in these measurements that the elemental As
As2O5 powder are unstable in contact with air; to allevia
this problem, these samples are kept in air-tight cells a
surrounded with dry nitrogen during all measurements. S
sequent XRD analysis shows negligible degradation.

XAFS measurements about the AsK edge are performed
at the Advanced Photon Source~APS! using the Materials
Research Collaborative Access Team~MRCAT! undulator
beamline10 over the energy range 11 667–12 900 eV. XAF
data are measured in fluorescence mode on the oxid
Al0.96Ga0.04As film, but in transmission mode on As-ric
standard samples where fluorescence spectra are susce
to distortion.

XANES spectra for this work are used to ‘‘fingerprint
the As site. The main feature of AsK-edge XANES spectra
is the abrupt increase in absorption that occurs over a 10
range beginning at'11 863 eV for As0 and at'11 870 eV
for As51 compounds. This absorption edge (E0) shifts higher
with increasing As oxidation state. For analysis of XANE
the x-ray energy origin is set at 11 867 eV~K edge of As0!.
8 © 2001 American Institute of Physics
 to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The pre-edge background is subtracted by fitting a lin
polynomial function through the region2200 to 230 eV
and normalized by dividing by the edge step. The AsK-edge
XANES spectra of standard compounds~As0, GaAs, As31,
and As51! and the oxidized Al0.96Ga0.04As sample are shown
in Fig. 1~a!. None of these compounds singly matches w
with the AlGaAs native oxide. The XANES spectrum of th
oxide film shows that the sample contains primarily As31,
with the additional feature at 10 eV indicating the presen
of As51 species. The best fit to the spectru
(210– 30 eV), shown in Fig. 1~b!, is obtained from a com-
bination of 80% As2O3 and 20% As2O5; uncertainties are
estimated as610% of these values through the use of d
ferent fitting ranges. Discrepancies between the fit and
data beyond 15 eV are due to a much larger disorder t
found in the crystalline As2O3 standard @Foster et al.11

showed that XANES spectra of a less-ordered As~III ! ad-
sorbed to several mineral substrates are smooth beyon
eV#. The total amount of residual As in the oxidize
Al0.96Ga0.04As film is roughly estimated as;10% by com-
paring the magnitude of the AsK-absorption-edge step wit
that of elemental As powder in fluorescence mode after c
brating for the thickness of the As powder along the bea
path.

For the same samples for which near-edge~XANES!
analysis is presented above, analysis has also been perfo
on extended x-ray absorption fine-structure~EXAFS! data,
shown in Fig. 2~a!, where energies well beyond theE0

are considered. The raw data are interpolated to
equally spaced grid in photoelectron wave numb

k5A(2m/\2)(E2E0). A least-squares cubic spline func
tion is fit to the smooth background over thek range of
2.8– 13.7 Å21 and subtracted from the spectra, isolating t
fine-structure oscillationsx(k). Figure 2~b! shows two scans
of the AlGaAs-oxide sample, averaged and weighted byk3.
Data between the dotted lines (3.9– 13.5 Å21) are Fourier
transformed to a pseudoradial distribution function inr space
~Å!. Major peaks inr space correspond to atomic she
around the excited As atoms~e.g., As–O and As–As! that
backscatter the outgoing photoelectron waves. These sp
are then fit to simulations from the multiple scattering co

FIG. 1. ~a! XANES spectra of the oxide film~oxidized Al0.96Ga0.04As! and
powders of elemental As, GaAs, As2O3, and As2O5; ~b! oxide film spectra
~solid line! compared with a sum of 80% As2O3 and 20% As2O5 ~dotted
line!.
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FEFF6.01~Ref. 12! and structural parameters~interatomic dis-
tances, number of atoms, etc.! are extracted using the pro
gramFEFFIT.13

In Fig. 3~a!, the AsK-edge EXAFSr -space spectra o
the oxidized Al0.96Ga0.04As sample are shown along wit
spectra from the standard compounds of elemental
GaAs, As2O3, and As2O5. Casual inspection indicates tha
the As atoms in the film are likely to be coordinated with
The nearest-neighbor distances of elemental As~As–As:
2.52 Å!, and GaAs~As–Ga: 2.45 Å!, as shown in Fig. 3~a!,
as well as AlAs~As–Al: 2.45 Å!, are far from the peaks o
oxidized Al0.96Ga0.04As data. For detailed data fitting~using
FEFF6.01andFEFFIT!, a number of structural models are co
sidered, including both interstitial and substitutional As in
oxides and hydroxides, but none of these models are con
tent with the data. However, our XANES analysis above s
gests that the residual As is distributed;80% to As31 and
;20% to As51 sites in the oxide sample. Thus, for an ind
pendent EXAFS analysis, theoretical EXAFS spectra are
culated usingFEFF6.01for As2O3 and As2O5 ~Ref. 14! ~As2O5

has both tetrahedral and octahedral sites! and successfully fit
to the measured As2O3 and As2O5 standard samples with
FEFFIT. We have fit ther -space EXAFS data of oxidized
Al0.96Ga0.04As to those calculations for the three first she

FIG. 2. ~a! Normalized raw XAFS data and~b! k3-weighted EXAFS oscil-
lation, x(k)k3, for the oxidized Al0.96Ga0.04As film.

FIG. 3. ~a! Magnitudes of the Fourier transform~FT! of the AsK-edge data
for the oxide film ~oxidized Al0.96Ga0.04As!, elemental As, GaAs, As2O3,
and As2O5; ~b! oxide film data~solid line! with the fit of 71% As2O3, 21%
As2O5 tetrahedral, and 4% As2O5 octahedral~dotted line!.
 to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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~one As2O3 site and two As2O5 sites!. DE0 , the difference
between the user-defined theoretical threshold energy an
experimentally determined threshold energy, andS0 , the
many-body amplitude reduction factor, are held at 10 eV a
0.9, respectively~values obtained from fitting the As2O3 and
As2O5 standards!. The remaining variable parameters such
compositions of each site~i.e., the multiplying composition
factors toS0!, radial distances, and Debye–Waller facto
(s2, the rms fluctuation in distances! are floated. The bes
data fit, shown in Fig. 3~b!, is obtained by a combination o
75% As2O3, 21% As2O5 tetrahedral site, and 4% As2O5 oc-
tahedral site. Conservatively estimated uncertainties
620% of these values. A large Debye–Waller fac
(.0.01 Å2) for the As2O5 octahedral site results when th
two As2O5 sites are decoupled, further indicating that t
As2O5 octahedral site contribution is negligible in the EX
AFS data fitting.

Comparing the oxidized Al0.96Ga0.04As data in Fig. 3
with that of the crystalline As2O3 and As2O5 standards, the
essential lack of higher shell scattering features indica
larger disorder and suggests that the residual As
Al0.96Ga0.04As converts to an amorphous matrix of As2O3

and As2O5 during the wet-oxidation process. Our EXAF
analysis is consistent with the independent XANES analy
of Fig. 1 within uncertainty limits, and both indicate that le
than 10%~estimated detection limit! of the As atoms in the
oxide film are at any of the considered sites except for As2O3

and As2O5. This absence of As precipitates in the bulk oxi
is consistent with transmission electron microscopy studi7

and with Raman spectroscopy studies4 which show that crys-
talline and amorphous elemental As, clearly present in p
tially oxidized films, is virtually undetectable in films oxi
dized to completion~the Al0.96Ga0.04As films in the present
work are fully oxidized!. While the existence of elementa
As at AlGaAs native-oxide/GaAs interfaces has been s
ported by electrical measurements,4,15 any As-rich interfacial
region in the present work has either been removed with
GaAs substrate, or is below our detection limit.

In previous Raman spectroscopy studies by Ashby
co-workers,4,5 amorphous arsenic oxide in oxidize
Al0.98Ga0.02As films has a broad, weak spectral signature a
is identified only as As2O3 ~based on an earlier study whic
did not include As2O5!. The wet-thermal oxidation reaction5

producing As2O3 is

2AlAs16H2O(g)5Al2O31As2O3(l )16H2. ~1!

Thermochemical calculations16 at 400 °C~673 K! for the re-
action

2AlAs18H2O(g)5Al2O31As2O518H2, ~2!

indicate that the formation of As2O5 is also thermodynami-
cally favorable (DG67352157 kJ/mol), though less so tha
for As2O3 @Eq. ~1!, DG67352479 kJ/mol#. The phase of
As2O5 in Eq. ~2! is uncertain as, under equilibrium cond
tions, bulk As2O5 is known to decompose to As2O3 at
315 °C.17 The balance between rates of formation and red
Downloaded 18 Apr 2001 to 129.74.48.63. Redistribution subject
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tion of arsenic oxide at the oxidation reaction front is b
lieved to play a role in regulating AlAs oxidation rates.6 Like
As2O3,

5 the reduction of As2O5 to As by H2 is thermody-
namically favored (DG67352451 kJ/mol). In addition, the
formation of arsine, a second volatile species which co
remove As from the oxide, is also favorable from reaction
As2O5 and H2 (DG67352298 kJ/mol).

In summary, both EXAFS and XANES analysis sho
that the residual As in wet-oxidized AlGaAs films is distrib
uted between a mixture of;80% As31 and ;20% As51

sites that are locally similar to As2O3 and As2O5. To be
consistent with our data, less than about 10% of the As
oms can be in elemental As, GaAs, or in interstitial or su
stitutional sites in Al oxides or Al hydroxides.
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