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AbslmcL The local structure of GaAs oxides. g m  on GaAs (100) wafen by simple 
exposure 10 air after chemical elciiing as well as by healing in air a1 250 OC and at 
mom temperature in ozone (03) almosphere, has been studied by glancing-angle x-ray 
absorption spectmscopy. The reflection geomeuy makes it possible to collect the u(Aps 
(extended x-ray absorplion &ne-structure) signal related lo  a thin surface layer (about 
30 A) in such a way as to reduce the unwanted substrate contribution and to collect the 
signal arising from lhe oxide grown a1 lhe surface. The Oxide compmition and lhikngs 
change as the surface varies from aboul 5 to 30 A. An Ascnriched Oxide is produced 
by the 30' 0) exposure while the Ga Oxide component is more abundant for the sample 
healed at 250 ' C  in air. 

1. Introduction 

GaAs oxides have been extensively studied [1-4] due to their importance in the 
epitaxial growth of 111-V compounds as well as in device fabrication technology. 

A 'sacrificial' oxide layer can be used, for example, to passivate and preserve a 
clean GaAs surface before the MBE growth. On the other hand the GaAs oxidation 
pmcess is quite complex, with the Ga and As atoms reacting in a different "ay to 
oxygen exposure and with As,O, desorbing at lower temperatures than Ga,O,. 

Thin oxide layers are often grown on GaAs by simply heating the wafers after 
chemical cleaning. An extensive study has been published [SI on the morphology of 
thermal oxides as a function of the oxidation time showing the presence of amorphous 
and crystalline Ga,O,, GaAsO, and pyramidal clusters of crystalline As for oxidation 
states of the surface higher than ours (15' at 500 "C). 

Among the various techniques of cleaning and passivating GaAs surfaces, exposure 
to an O,-rich atmosphere has become quite popular during recent years [6,7]. The 
cleaning action occurs through a complex reaction involving w photons, atmospheric 
oxygen and C atoms chemisorbed on the surface. The uv wavelengths of interest 
are 184.9 and 253.7 nm. The first wavelength is absorbed by the oxygen, producing 
0, that reacts with the C atoms of the surface forming volatile CO,. In such a way 
carbon contamination, which is responsible for defect generation on the surface of 
the epitaxial overlayers, and the consequent degradation of the material properties, is 
strongly reduced. The 253.7 nm w wavelength, on the other hand, being absorbed by 
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03, leads to the formation of O2 and atomic oxygen, which is a very strong oxidation 
agent. 

The 0, oxides seem to have a different composition from native and thermal 
oxides and to leave, when desorbing in ultra-high vacuum, a more stoichiometric 
GaAs surface. 

Few XPS studies have been published on the subject [%lo] and, to our knowledge, 
only one [ll] concerns the direct determination, by means of W S ,  of the structural 
parameters of native GaAs oxide. 

The aim of this work is therefore to provide a microscopical picture of the local 
atomic structure of 0, oxides by means of glancing-angle EXAFS and to compare it 
with the structure of thermal and native Oxides. A near-surface study can be carried 
out due to the low x-ray penetration depth for glancing angles lower than the critical 
angle for which the system undergoes the total reflection regime [12]. 

2. Experimental details 

The samples have been prepared using two-inch diameter LEC grown polished (100)- 
oriented GaAs wafers supplied by Sumitomo Corp. A typical chemical cleaning recipe 
suitable for MBE wafer preparation was used before the thermal O3 treatment. The 
W O 3  treatment has been carried out in a uv lamp box containing air, in a clean 
room. The sample was placed on a rotating sample holder, mounted at a distance of 
about 1 mm from a 10 W low-pressure Hg lamp with a quartz bulb. The temperature 
of the sample surface during the treatment was about 90 OC. The following set of five 
samples was prepared. 

(1) A polished wafer etched with H,SO,, rinsed with deionized (DI) water, heated 
at 250 OC for 30 s, etched with HCI, rinsed with DI water and heated again for 30 s. 

(2) A polished wafer etched with HzS04, rinsed with DI water and heated in air 
at 250 "C for 10 min. 

(3) A polished wafer, H,SO, etched, rinsed with DI water, HCI etched, rinsed 
with DI water, exposed to a W lamp under oxygen flux for 2 min. 

(4) As above but exposed to O3 for 10 min. 
(5) As above but exposed to O3 for 30 min. 
The absorption spectra were taken, at room temperature, detecting the 

fluorescence signal at the Ga and As K edges, in the glancing-angle geometry at 
station 9.3 of the Daresbury synchrotron radiation source. 

A double Si(220) crystal monochromator has been used for the whole set of 
measurements and the rejection of higherader reflection was achieved by slightly 
detuning the Si crystals from the parallel alignment. The incident beam was collimated 
by a 50 pm precision slit and the horizontal zero position of the sample was 
determined using a second 50 mm slit with a precision better than 5 mo. The incident 
and reflected intensities were detected hy ionization chambers while the fluorescence 
signal was monitored by an array of 13 individual 11 mm diameter Ge detectors 
working at liquid nitrogen (LN) temperature. The use of such an SSD system allows 
both good background filtering and the elimination of the elements affected by Bragg 
ditfraction peaks, the individual signals being recorded separately. 

The measurements were performed in the total reflection regime, Le. at incidence 
angles 4 below the critical angle & evaluated by measuring the reflectivity curve at 
a tixed energy, above the absorption edge, for each sample. 
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The ratio q5/& has been chosen equal to 0.5 to get a good trade-off between 
the quality of the EYAFS signal and the distortion introduced in the spectrum by the 
energy de endence of the reflectivity [13]. The penetration depth is estimated to he 
about 30 1 [14]. A typical reflectivity curve is shown in figure 1. 
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Figure 1. Reflectivity as a function of the incidence angle, for sampte 1 at E = 
10.2 kV. The a m  indicate the reflectivity at the mitical angle, &* and at the angle 
of measurement d. 

3. Results and discussion 

The EXAFS signals have been extracted from the raw absorption spectra using standard 
methods [15] and are shown, for the whole set of samples, in figure 2 for the As K 
edge. The EYAFS signal for a powdered sample of crystalline Gat%, measured in the 
standard transmission mode, is given in figure 2(f) for comparison. 

As we can obsem the E m s  signal is clearly Gat%-like for samples 1, 2, 3 and 4. 
For sample 5, it has instead the typical shape due to oxygen backscattering function, 
indicating an increased oxide thickness and a correspondent decrease of the GaAs 
bulk contribution. The oxide contribution is much less apparent in samples 2 and 3 
due to the low oxide thicknesses and a careful fit procedure is needed. In any case 
the hulk Gat% contribution is always present in the glancing-angle spectra even in 
the case of the thickest oxide layer (sample 5). This means that the beam always 
reaches the GaAs substrate and that the thickness of the oxide layer is lower than 
the estimated penetration depth of about 30 %, The same considerations apply to 
the Ga K-edge spectra. 

The EXAFS spectra of samples 1 , 2  and 5, at both Ga and As K edges. have been 
analysed by means of a theoretical fitting procedure in order to give a deeper insight. 
Theoretical phases and amplitudes have been generated by the program FEFF [16], 
and tested on GaAs. The transmission spectrum of figure 2(f) has been used as a 
reference and values very close to the crystallographic ones have been obtained. The 
results of the best fit are shown in figure 3 for the As K edge and the corresponding 
values of the fit parameters are reported in table 1. 
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Plgum 2. Raw k-weighted ex~ps signals for samples I@), Z(b), 3(c), 4(4 and S(e) and 
for GaAs a1 11 K in standard transmission mode (f), at fie As K edge. 

The program NF'I [lq, based on an iterative least-square fitting procedure, has 
been used to refine the theoretical values according to the following procedures. 

As a first step, the first peak of the Fourier transform (m) of the U[AFS spectra 
was Fourier filtered and a best fit was canied out starting from the crystallographic 
values of the Ga-As, As-0 and Ga-0 distances in bulk Gab, As,03 and G%O, 
respectively. Then the Fourier filtering was extended up to about 3 A to include 
in the U[AFS signal to be fitted the second-peak contribution due to the second 
GaAs coordination shall and to the Ga-0-Ga(As) and As-0-As(Ga) coordination 
shells of the oxide layer. The second-shell parameters were iterated starting from 
the expected crystallographic values and a little further refinement of the first-shell 
distance was allowed. As a last step, the R-space spectra were antitransfomed 
extending the transformation interval up to about 5 4 i.e. including the GaAs thud- 
shell contribution. 

The results of the best fits are summarized in table 1 and the Fourier-filtered 
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Figure 3. As K cdge calculated (full curve) and aperimenlal (dotted w e )  k-weighted 
filtered W(AFS signals (U) with the corresponding Fourier transforms (b) for uystalline 
GaAs The spectrum was taken at mom temperature in transmission mode, from a 
powdered sample 

EXAFS spectra with the correspondent i=r are shown in figures 4 and 5 for the As and 
Ga Kedges respectively, together with the best-fit theoretical curves. 

As mentioned before, the zinc-blende environment, typical of bulk Gaks, is always 
observed, even for the thickest oxide layer. The interatomic distances as well as the 
nearest-neighbours (NN) coordination numbers are in good agreement with the typical 
values for GaAs (see table 3). The next-nearest-neighbour (N”) coordination values 
are however in poor agreement with the expected values. This may be due to an 
amplitude distortion effect related to the glancing-angle technique, and is presently 
under further investigation. Therefore the second- and third-shell analysis reported 
here is qualitative and it will be taken into a m u n t  only to confirm the results obtained 
from the lower coordination shells. 

In the case of sample 1, Le. the native oxide obtained by simple air exposure after 
chemical cleaning, a distance of 1.7 A is observed in the spectrum at the As K edge 
while the corresponding Ga spectrum exhibits a Ga-O bondlength of about 2 8, 

The crystallographic parametem of the various Ga and As oxides that have been 
considered as possible components of the samples under study are summarized 
in table 2. The As-0 bondlength is consistent both with the presence of 
cubic (arsenolite) [18] and monoclinic (claudetite) [19] forms of As20p The Ga 
environment is characterized by a further Ga-Ga shell at about 3.5 observed also 
for the other samples, which points to the presence of distorted octahedral G+03 
whose Ga-O bondlength is between 1.9 and 21 A with octahedra connected together 
through a Ga-O-Ga bond [ZO]. 

The NN coordination numbers are very low, indicating that the oxide layer is quite 
thin. A rough estimate of the oxide layer thickness can be made by considering the 
relative intensities of the oxide and bulk contributions with respect to the expected 
x-ray penetration depth of about 30 k An overall thickness not larger than 5 8, is 
deduced for sample 1. This is a little less than the values deduced by other authors 
[ll], but in that case the sample studied was a GaAs wafer as received from the 
vendor and not an etched and freshly oxidized sample as in our case. 

The thermal oxide, i.e. sample 2, shows an increased Ga-oxide component and 
a shoulder on the low-R side of the first Fr peak appears, corresponding to an 
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Figure 4. As K edge calculated (full cuwe) and experimental (dotted cum)  k-weighted 
filtered ~YAFS signals with the corresponding Fourier Vansfoms for sample l (qb) ,  2(c,d) 
and 3(4e). 

increase in the coordination number of the Ga-0 correlation shell. A corresponding 
decrease in the NN coordination of the zinoblende structure is observed, confirming 
the increasing oxide layer thickness. This change in the composition is due to the 
different heats of formation of 40, and Ga,O,, which favour the growth of Ga 
oxides, and has been already observed by xps [lo]. Moreover, As tends to desorb as 
the temperature increases, leaving an As-depleted surface. For the As oxide, distances 
and coordination numbers of the As-0 shell from sample 2 are similar to sample 1, 
while a further coordination shell, related to an As-0-As correlation, appears at 
about 3.1 k This is in agreement with the NNN distance predicted for As,O, in the 
claudetite phase [19] and points to the presence of a more homogeneous oxide layer 
produced by heating. The overall estimated oxide thickness is of about 10 8, 

A more evident change is observed for the sample oxidized for 30 min in the 
Odw atmosphere. The FT peaks corresponding to the As-0 and Ga-0 correlations 
are now apparent and resolved from the G a h  peaks which are in turn strongly 
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Figure S. Ga K edge calculated (full curve) and eiperimenlal (dotted cum)  S-weighted 
filtered WFS signals with the corresponding Fourier transform for sample 1(46), 2(c,d) 
and 3(c,f). 

Tabk 2. Crystallographic coordination numbers N and shell distances R (A) for same 
As and Ga oxides. 

Ga-O kro Ga-Ga Ga-As '45.4s 

Material N 7 N r N r N r N r 

GaAsO, 4 1.77 4 1.72 4 3.16 

3 208 3 294 
3 3.31 
3 3.64 

n-GazO, 3 1.92 1 2 8 3  

ASZO', 3 1.79 3 3.22 
AS@ 3 1.80 3 3.17 

Arsenolite phase ol As2Ol [le]. 
Claudetite phase of A Z O 2  [19]. 
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Table 3. CIystallographic cwrdinalion n u m b  N and shell distances R (A) for GaAs 

L N r  
LG&A 4 245 
LGa-Ga 12 3.97 
LG8-A 12 3.17 

reduced The total oxide thickness is estimated to be about 25-30 4 since the oxide 
contribution to the first mpeak  dominates the GaAs contribution. Moreover, the Ga 
and As environmenis are clearly different. The As oxide iF in this case more abundant 
than the Ga oxide, as deduced by the relative intensities of thc correspondimg IT 
peaks. The fit results indicate the same As-0 distance as for samples 1 and 2, with 
a strong increase of the corresponding coordination number, while for the As-ods 
correlation two different distances are found 3.13 and 28 A The Grst one is the 
same as in the thermal oxide while the second is not predicted by any stable phase 
of &Oy This latter value of distance has been observed by other authors in native 
GaAs oxides 1121 and explained in terms of oxygen atoms entering in the GaAs 
structure in substitutional sites and bridging As and/or Ga atoms. This would result 
in a contraction of the NNN distance of GaAs corresponding to a bond angle of about 
107'. Le. still close to the zinc-blende tetrahedral angle. 

At the Ga K edge a further Ga-0 distance is observed at 1.8 A together with the 
previous one at 2 A. It could be attributed to the Ga-0 bondlength in the distorted 
octahedron characteristic of the monoclinic P-Ga,O, [2l] as well as to the presence of 
GaAsO,. This oxide mixed phase is characterized by NN Ga-O and As-0 distances of 
1.77 and 1.72 A 1221 and the NN coordination number is four for both Ga and As. It 
could be predicted, together with G%03, in the reordering process of an amorphous 
mixture of As,03 and Ga,O, that is expected to be metastable [19]. Furthermore it 
has been observed also in thermal GaAs oxides grown at temperatures around 500 "C 
for at least 15 min, i.e. in samples with oxidation levels higher than in our study [SI. 
The presence of W O ,  is also in agreement with the As-0 coordination number 
higher than three, the value expected for As203, found for this sample. 

As a last remark we can bnefiy comment, in a qualitative way only, the results 
obtained for samples 3 and 4 treated with O3 for 2 min and 10 min respectively. After 
the first 2 min the oxide amount is still very low, comparable with the native 'fresh' 
oxide. Changes in the oxide layer, surface stoichiometry and desorption mechanisms 
have been observed in previous xps studies [U] but it is quite different to extract 
reliable information by an EXAFS analysis due to the very low oxide thickness. 

After a 10 min treatment an increase in the Ga component of the oxide seems to 
o m .  This would point to some enrichment of Ga at the surface, as observed by xps 
for air oxidized samples [24], but in contrast with xps results from other authors on 
w/O, oxides [8]. Such disagreement could be attributed to some difference in the 
growth process. In that case the oxide was indeed grown in situ under a controlled 
oxygen flu% 

4. Conclusions 

We studied the oxidation process of GaAs(100) surfaces by glancing-angle x-ray 
absorption spectrascopy. Native, thermal and O,/UV oxides have been compared. 
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The results show that the oxide composition and thickness change with the sample 
treatment. 

The native oxide has a thickness of about 5 A and is composed of a mixture of 
approximately equal amounts of Ga and As oxides, probably non-stoichiometric and 
amorphous with the local configuration of arsenolite and/or claudetite for As and of 
p-Ga,O, for the Ga oxidation state. The presence of GaAsO, seems to be N k d  out 
due to the absence of the corresponding Ga-0 distance in the Ga K-edge spectrum. 

The thermal oxide shows an increased thickness related to an increased Ga oxide 
amount, as expected from its lower heat of formation. 

The most remarlable changes, With respect to the native oxide, are observed in 
the 30 min O3 treated sample: the oxide thickness is about 25 A and the amount 
of the As oxide component is greater than the Ga oxide one, showing that the As 
oxidation process is made favourable by 0,. The presence of the GaAsO, is observed 
as a likely consequence of some crystallization and re-ordering of the oxide layer. 
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