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We have investigated the surface chemistryMifl,),S-passivated GaAB01) by studying this surface after
passivation and after several subsequent annealings. We have used ultraviolet photoemission spectroscopy
(UPS at a near-normal takeoff angle and at a takeoff angle of 70°. We have also used, in the same ultrahigh-
vacuum chamber, reflectance anisotropy spectroscopy, which probes the optical transitions due to surface
dimers, and therefore provides useful information for the interpretation of core-level spectra. We find that
gallium dimers appear after annealing to 520 °C due to sulfur desorption. At the same stage, there appears in
the corresponding @ core-level spectrum a surface component lying at a relative binding energ9.82 eV
with respect to the volume contribution. Arsenic dimers appear after annealing to 360 °C, following the
desorption of excess arsenic. In the same way, there appears in the acsenie-3evel spectrum a component
at a relative binding energy of0.28 eV. After desorption of the passivating overlayer the gallium-terminated
part of the surface is essentially covered with sulfur. These sulfur atoms are dimerized, and contribute to a line
in the reflectance anisotropy spectrum. At this same stage, the arsenic-terminated one is covered with excess
arsenic. Unlike what was believed previously from UPS analysis, As-S chemical bonds are situated only in the
passivating overlayer, which contains no gallium atoms. Comparison of the core-level spectra as a function of
takeoff angle shows that the progressive desorption of this overlayer produces a change of its morphology.

[. INTRODUCTION dimers, which are revealed from a corresponding change of
the RA spectrum. This was shown directly in the case of
To study optical transitions on clean semiconductor sur+esidual impurity desorption by comparing RA results with
faces, reflectance anisotropy spectrosctpiS) was devel-  Auger results.
oped a few years agl? RAS is based on the low symmetry ~ The use of this technique together with the more conven-
of the surface of cubic semiconductors and consists of medional ultraviolet photoemission spectroscdp}PS allows a
suring as a function of light energy the relative difference indeeper understanding of surface chemistry, for two main rea-
reflectivity for directions of the incident-light polarization sons. First, it provides an independent information on the
along two orthogonal axes of the surface. In the particulachemistry, which is useful for the deconvolution of core-
case of GaAgO01), anisotropy arises due to formation of the level spectra. The surface dimers found by RAS are believed
arsenic_and gallium surface dimers with the axes orientetb give rise to a distinct surface component in the core-level
along[110] and[110], respectivel\# The dimer optical tran-  spectra, because the atoms involved in these dimers do not
sitions are dependent on light polarization as for diatomichave the same charge state as the other atoms. The relative
molecules and therefore are polarized along the dimer diredinding energies of the surface components due to dimers in
tion. Their known RA signature consists of a line, at an en-As 3d and Ga 3 core-level spectra will be discussed
ergy which characterizes an internal transition of the dimerglsewheré. Second, RA spectroscopy only probes chemical
with a conventionally positive sign for thgl10] direction,  bonds situated on the semiconductor surface, and not in an
that is, for arsenic dimers, and a negative sign for[ttl0]  amorphous overlayer that cover$ ithus, comparison of the
direction, that is, for gallium dimersin a previous work,  data obtained using the two techniques allows us to deter-
we have shown that RAS can be applied to analyze surfacmine the localization of these chemical bonds.
chemical bonds: after annealing to a given temperature, the The aim of the present work is to apply this approach to
breaking of these bonds induces the formation of additionathe study of the surface chemical properties of GaA3)
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passivated by sulfide-containing solutions. This passivatiooped materials because its intensity is proportional to the
has appeared as a potentially attractive method for reducingurface electric field(iii) The anisotropic signals due to op-
the surface recombination velocityand for covering the tical transitions related to the surface dimers. These signals
sample with a protective overlay&Sulfide-passivated sur- are a negative signal at 2.2 eV for gallium dimers, and posi-
faces have been studied, mainly in the caséNt,),S, pas-  tive signals at a respective energy of 2.5 eV for sulfur
sivation (x>1), but also in the case aiNH,),S and NaS  dimers, and 2.9 eV for arsenic dimers. Note that the last
passivationS.We consider here, as a model system, the cas8ignal is situated at an energy similar to the one of the signal

of ammonium-sulfide-passivated GaAs. In a distinct widrk due to the linear electro-optic effect. However, these two
we correlate this chemical information with the electronic Contributions can generally be separated because the shape of
properties of the same sulfide-passivated surface the dimer line, which is a well-defined Gaussian line of half

After passivation and introduction into the ultrahigh- width of the order of 0.3 eV, is very different from the de-

vacuum (UHV) chamber, the as-treated surface is coverecj'vatlve“ke shape of the signal induced by the surface elec-

_ . o : ric field.
with an amorphous protective overlayer consisting mainly o The experiment was performed at the SU6 undulator

sulfur® Smce. the interface between the passivating overlayel!r)eam line of the SuperAco storage ring of Laboratoire pour
and the semiconductor surface has been found to be aabruF’P’Utilisation du Rayonnement ElectromagnetiqeURE),
it is posslble to distinguish between the atoms S|tuateq in thﬁsing the PES 2 station. Keeping the incident photon energy
passivating overlayer and the first layer of atoms which argqnstant(100 eV), the photoelectrons were collected at nor-
bonded the semiconductor surface. Infratéi) absorption  ma| emission and at an angle of 70° in order to increase the
experiments demonstrate that the overlayer also contains agurface sensitivity. Their energies were analyzed by an angle-
senic, whereas no gallium is observabl&JPS studies re- resolved hemispherical electrostatic analyzer, whose angular
veal from the analysis of arsenic and gallium core-level specacceptance is 2°. The overall energy resolution was below
tra the existence of Ga-S and As-S bohtiAnnealing 250 meV. Samples were Joule heated, the temperature being
experiments show that As-S chemical bonds are broken at eontrolled by an IR pyrometer.
relatively low temperature, approximately 200 °C, whereas For the RASIn situ investigations, we have transported
desorption of sulfur from the surface, through breaking ofthe optical setup that we used for our previous RAS studies
Ga-S bonds, occurs above 500%&13 of sulfide-passivated GaAs from Ecole Polytechnique to
In our previous work® we find that these surfaces exhibit LURE,*® and we have aligned it with the UHV chamber.
three main Su|fur-re|ated annea”ng Stageé) Desorption This Setup .|S Closely analogous to the Qne built in St. Peters-
of the passivating residual overlayer, revealed by the dimerourg described elsewheteThe glass window of the UHV
ization of sulfur atoms bonded to gallium, which produceschamber, although not specially designed for RAS, was care-
the appearance of a positive line in the RA spectriim. fully s_e_lected among different windows m_ord(_ar to minimize
Appearance of arsenic dimers, at least in the case of thearasitic effects in the spectrum due to birefringence.

Na,S-passivated surface, after annealing at 400 °C. It is 1he sample is ®-type GaAs epitaxial layer of acceptor
tempting to conclude that this appearance is due to breakingPncentration in the 16 cm * range, grown at Laboratoire
entral de Recherches, Thomson CSF. This sample is mis-

of As-S chemical bonds. However, the annealing temperatur X . : :
is much higher than the one at which photoemission spec2fiented by approximately 2° towards t&10) orientation.

troscopy shows the disappearance of As-S b8ria®  (iii) It was dipped for 5 min into a fresh 0.Wb solution of

Breaking of Ga-S bonds, which results in the appearance df\H42S at 60°C, and subsequently underwent a rapid
the characteristic gallium dimer signal. deionized-water rinsing and an isopropanol rinsing, after

which the sample was immediately put into the introduction
lock under a flow of nitrogen gas. Care was taken to mini-
mize the sample exposure to light and ambiant air. In order
The principles of RAS study of sulfide passivation of to avoid spurious oxidation of the sample surface by excited
GaAq001) surfaces have been exposed elsewh@r®A  oxygen, the pressure gauge in the introduction lock was
spectroscopy consists in measuring, as a function of photoswitched off. Afterwards, the chamber working pressure re-
energy, the quantity given by mained better than>810 1% mbar.
The principle of the experiment is to perform successive
AR ~ Rp101~ Rpaag annealings of the sample at increasing temperatures, in order
R R ' (1) to progressively desorb the passivating overlayer and to re-
o ~veal a clean GaA§01) surface. After each annealing, and
whereR(1;q andR; 10 are the reflectances for incident light ¢ooling to room temperature, we investigate the modifica-
polarized along the two corresponding axes of @@L sur-  tjons of both RAS spectra and UPS core-level spectra, and of
face. There are quite generally three possible contributions tghe valence-band spectrum as well. We have performed sev-
a given spectrum: (i) A broad background, which can be grg| distinct annealing steps, of approximately 20 min. The

attributed to the presence of a macroscopic anisotropy of th@mperatures, calibrated in a separate experiment, are, re-
surface or of the film which covers this surfaéelhe inten- spectively, 150, 250, 270, 360, and 520 °C.

sity of this background depends on the semiconductor dielec-

tric function so that, in our case, the signal decreases with . RESULTS
decreasing energy in most of the spectral rafigeA deriva-
tivelike structure appearing at energies corresponding to the A. RAS results

E, andE;+A; bulk transitions, that is, near 3 eV, due to the  The RA spectra of the surface after the various annealing
linear electro-optic effect This signal is mostly observed in stages are shown in Fig. 1. The spectrum of the as-treated

Il. PRINCIPLES AND EXPERIMENT
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. . . ' sulfur dimers[curve (b)]. Curve (c) is the background signal as

found from the RA spectrum of the as-treated surfazave 1a)].
1.5 2 2.5 3 3.5 4 Curve(d) is the sum of curve&), (b), and(c), and lies close to the
ENERGY (eV) experimental datésolid line).

FIG. 1. RA spectra taken at room temperature after annealing at The evolution of the RA spectra after annealing is very

a temperature indicated between parentheses. Gbnghows the ~ Similar to the one found in previous works. Shown in
spectrum of an oxidized sample. The other curves were taken usirigi"ve XC) is the difference between the spectrum of the as-
a (NH,),S-passivated sample after successive annealings to tenfteated surface and the one after annealing at 270 °C. This
peratures indicated between parentheses. Cighis the difference ~ SPectrum reveals the characteristic line at 2.5 eV, of width
between the RA spectrum after annealing to 270 °C and the one &-35 eV, earlier identified as due to optical transitions in sul-
the as-treated surface. fur dimers on the Ga-terminated part of the surfadéese

dimers appear on the semiconductor surface after desorption
surface, shown in curve(d), consists of a broad signal of the amorphous passivation overlayer, which leaves a sul-
which depends weakly on energy, and covers the whole spefur layer of the order of one monolayer on the semiconductor
trum. Superimposed on this signal is a derivativelike strucsurface. Also present in this spectrum is a derivativelike
ture, in the 2.8—3.2 eV region. structure between 2.8 and 3.2 eV, which reflects a change of

As found from the discussion of the preceding section, thehe surface barrier.

broad signal is essentially due to macroscopic anisotropy Annealing at 360 °C leads to a decrease of the broad
whereas the derivativelike structure is caused by the lineabackground. As can be seen by comparing curid With
electro-optic effect. In order to determine the possible conthe RA spectrum of the as-treated surface, reproduced in
tribution of dimers to the RA signal, we have taken, in thecurve Xe), this decrease is visible in the UV region above
same experimental setup, the RA spectrum of a naturall3.5 eV, where no surface optical transition occurs. On the
oxidized piece of the samp-type wafer. This spectrum, other hand, an increase of the RA signal near 3 eV reveals
shown in curve (b), is closely analogous to the above spec-the appearance of dimer-related optical transitions. We can
trum. For this oxidized surface the dimer signal is eithersubtract the background signal because it has the same line
absent of very small. Indeed we have found independently, ishape as in the RA spectrum of the as-treated surface. This is
a case where no broad background signal is present, that tisbown in Fig. 2, where this background has been attenuated
oxygen desorption from the surface coincides with the apby a factor of 0.7 in order to fit the RA spectrum above 3.5
pearance of dimer signals, because surface oxygen saturag¥ [curve Zc)]. The remaining spectrum can be decomposed
surface dangling bonds and prevents the formation ofnto two relatively narrow Gaussian lines. The corresponding
dimers*® Thus we conclude that, on the as-treated surfaceRA signals are the above sulfur dimer line at 2.5 [@drve
the dimer signal is, in the same way, very small and that th&(b)] and the arsenic dimer line at 2.9 ¢surve Za)]. These
broad signal is almost entirely due to macroscopic anisotrop$wo lines have the same positions, the same widths, and ap-
of the layer which covers the surface. This anisotropy isproximately the same magnitudes as in a previous Work.
probably induced by an array of steps oriented along thdhe final agreement between the experimental data and the
[110] direction which, as shown by scanning tunneling mi-sum of curves @)—2(c), shown in curve @), is very good,
croscopy(STM),* is caused by the slight misorientation of except near 3 eV due to the linear electro-optic effect. We
the surface away from th@01) direction. Note that the de- conclude that annealing at 360 °C produces the breaking of
crease of the signal that we found after annealing is expecteaFsenic-related surface bonds and gives rise to the appear-
not to affect its spectral dependence but only its intensityance of the arsenic dimers on the surface.
since this spectral dependence is essentially determined by The RA spectrum after annealing at 520 °C, shown in
the substrate dielectric constaht. curve Xf), exhibits an intense negative line at 2.2 eV, due to
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arsenic-related surface bonds. Breaking of these bonds to-
gether with desorption of the passivating layer can be fol-
lowed by the progressive appearance of the spectrum dis-
cussed above.

C. Core-level spectra

In order to obtain a reliable decomposition of the core-
level spectra and to have more information on the geometry
of the system, we have used a takeoff angle of 0° and also of
70°, which enhances the surface contribution. The corre-
Stoea s # sponding arsenic @ core-level spectra are shown, respec-

e=c-d tively, in Figs. 4 and 5, and the galliund3Xore-level spectra

are shown in Figs. 6 and 7. The surface contributions to these
M spectra will be symbolized under the forw for arsenic and
520 °C C,; for gallium.

1 I 1 1 1 . . . .
Qualitative analysis of the gallium core-level spectra sup-
80 88 96 ports the picture derived by RAS: at both takeoff angles,
KINETIC ENERGY (eV) the spectra after annealing to 150 and 250 °C, not shown in
the figures, are identical to the ones of the as-treated surface.
FIG. 3. Valence-band photoemission spectra under excitation bfA\fter annealing to 270 and 360 °C, the changes in these
a 100-eV photon beam, taken at room temperature after annealirgpectra are very small. This indicates that no Ga-related
to the indicated temperature. Cur(@, obtained by difference, ex- chemical bonds on the surface are broken by these low-
hibits the Ga-S-related level in the valence band. temperature annealings. On the other hand, the change in this
spectrum produced by annealing at 520 °C is strong. This is
gallium dimers, induced by the desorption of sulfur and byrelated to the disappearance of Ga-S chemical bonds and to
the breaking of Ga-S chemical bonds. This has been verifiethe appearance of gallium dimers, already discussed above.
in an independent work on the same sample, using Auger A deconvolution of the As 8 core-level spectra allows us
spectroscopy to monitor the decrease of sulfur concentratiof isolate several surface components. As can be seen in Fig.
on the surfacé® Note that this annealing produces a modifi- 4, the As 31 core-level spectrum at zero takeoff angle exhib-
cation of the arsenic dimer line, which has been observegs a broad component at a larger binding energy, which dis-
before? The background signal completely disappearsappears after annealing at 270 °C. This observation is in
which indicates that its origin is related to the monolayer ofagreement with previously published reséftsyhich assign

o
] ’II,.

w'

INTENSITY ( ARB. UNITS )

atoms covering the surface after the final anneal. such a component to As-S chemical bonds. This component
disappears after the annealing stage, which corresponds to
B. Valence-band spectra the total desorption of the passivating overlayer. This shows

.that, as already proposed in Ref. 8, the As-S bonds are lo-

_ The modifications of the valence-band specira, shown "ated in the passivating overlayer and not on the semicon-
Fig. 3, are in agreement with the picture derived from the

RAS analysis. The spectrum after annealing at 520 OCductor surfape, which is confirmed by the fact tr:at this broad
shown in curve &), is close to the one of the clean sur- tomponent IS stronger ata tqkeoﬁ angle of 70°.
facel® On the other hand, the valence-band spectrum after As seen in Fig. 8, comparison between the Ak cbre-
the annealing stage at 360 °C contains, together with the feA€V€! Spectra of the as-treated surfdcerve 8a)] and the
tures characteristic of the clean surface, an additional strong"€ after the final annealing stage at 520[tDrve E{b)]_ _
peak situated roughly 2 eV below the valence-band maxiShows that there also appears a component at lower binding
mum. This can be seen in more detail in cunfe) 3which energy. This evolution is related to the appearance of As
shows the difference between the spectra after annealing étmers. Curve &) shows the difference between the Ad 3
360 and 520 °C. This peak cannot be due to Ga-O bonds, fatore-level spectrum after passivatipcurve 8a)] and after
which the contribution to the valence-band spectrum wouldannealing to 520 °Ccurve 8b)]. This curve shows a broad
be different!® A similar signal has been observed previously negative signal, which we labél,, at a higher binding en-
on sulfur-passivated surfacEsThis signal is very likely due ergy, due to the disappearance of As-S chemical bonds. At a
to states introduced by the Ga-S chemical bonds, because &lwer binding energy lies the contribution which appears af-
As-related bonds have been broken by the preceding annedér annealing. This contribution lies between 54 and 55 eV,
ing stages. Note that there is an additional very broad signand exhibits the spin-orbit structure. It can be seen that this
at a lower energy. This component is at least partly due to thehape is asymmetric, so that its interpretation requires the
secondary electron emission produced by modification of theise of two distinct components, which we laldgl and As.
surface. Curve 8c) shows an additional component in the intermedi-
With respect to the above spectra, the valence-band speate energy range between 53 and 54 eV. This contribution
tra corresponding to the preceding annealing stages/es can be isolated by taking the difference, shown in curieb,8
3(a) and 3b)] are perturbed, because of the presence obetween the spectrum of the as-treated surface and the spec-
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INTENSITY ( normalizedto the bulk area )
INTENSITY ( normalized to the bulk area )

52 53 54 55 52 53 54 55

KINETIC ENERGY (eV) KINETIC ENERGY (eV)

FIG. 4. As 3 core-level spectra at 0° takeoff angle, as a func-  FIG. 5. As 3 core-level spectra at 70° takeoff angle, as a func-
tion of annealing temperature. For the deconvolutions, the bulk contion of annealing temperature.
tribution is shown by a dashed line. The sum of the fitted compo-
nents is barely visible, as it perfectly fits the experimental signal.
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INTENSITY ( normalized to the bulk area )
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FIG. 6. Same as Fig. 4, but for Gal3 | FIG. 7. Same as Fig. 5, but for Gal3

trum after annealing at 150 °C. This line, which we laBg]  level spectra, as shown in Fig. 9, which compares the core-
is situated at a binding energy larger than the bulk contribulevel spectra after annealing to 360 {€Curve 9a] and
tion, and has retained the characteristic spin-orbit coupling20 °C [curve 9b)]. The difference between these spectra
structure. [curve 9c)] shows the disappearance of a component at a
The same analysis can be performed for the gallium corekinetic energy of 75.5 eV together with the appearance of a
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TABLE |. Parameters used for the deconvolution of all compo-
nents, except as shown in TableA; andC,, of the As 3 and Ga

3d core-level spectra.

As 3d Ga d
Spin orbit(eV) 0.68 0.432
Branching ratio 1.42 1.47
Gaussian widtheV) 0.38 0.38
Lorentzian width(eV) 0.19 0.21

normalized spectra before and after a given annealing stage.
We have used these surface components as a starting point
for the deconvolution. In the next step, the linewidths, spin-
orbit splittings, and branching ratios were accurately deter-
mined by a fitting on the bulk lines for both elements, using
the spectra of the clean surface. As a rule the same param-
eters were used for all surface components. As result of the
FIG. 8. Extraction of surface components of the Ad Gore-  fijt, we could identify components characterized by same
level spectrum at a takeoff angle of 0° by taking differences. Curveghemical shifts, although their energies were let free in the
(a) and(b) are the spectra of the as-treated surface and after annegkaconvolution process. The only exception was for the broad
ing to 520 °C, with their difference shown in cur@®. Curve(d) is A, andC, components, for which the chemical shift was not
the difference between the spectra after annealing to 150 °C and %fonstant. The uncertainty was reduced by further imposing a
the as-treated surface. Also shown are the comportBy, and o ngiant energy difference between the volume contributions
Ag obtained from the deconvolutions, which are very similar to theOf the Ga and As core-level specﬁ’a.

structures shown in curves) and (d). This procedure has allowed us to reproduce entirely all
contribution at an energy of 76.4 eV. In the following, thesethe core-level spectra with a very good accuracy for the two

INTENSITY ( ARB. UNITS )

1 1 1 1 1 1
52 53 54 55
KINETIC ENERGY (eV)

two components will be labele@; andCs. takeoff angles(deviations<1% and <3% for 0° and 70°,
respectively. As a result, although a relatively large number
IV. ANALYSIS OF CORE-LEVEL SPECTRA of surface components is used for the annealing stages at low

temperature, we are confident in our converging deconvolu-
tions. The fitted curves, shown in the figures, are barely dis-

As shown before(Figs. 8 and 9 some of the surface tinguishable from the experimental ones. The parameters
contributions can be isolated by taking differences betweenised are shown in Tables | and II. The energy differences are
given within 0.02 eV.

A. Deconvolution method

Ga 3d M

B. Interpretation of the surface components

The As 3 core-level spectra show the absence of chemi-
cal bonds with oxygen. Indeed, the corresponding surface
componentA;, which is known to lie at a larger binding
energy, with a chemical shift of the order of 3 ##2is not
detected. On the as-treated surface, one observes a broad
peak,A,, which has lost the characteristic spin-orbit split-
ting. The maximum of this peak lies at a kinetic energy of
1.5 eV lower than the high-energy component of the volume
contribution. We assign it to a mixture of sulfur-bonded ar-
senic and elemental arsenic. The composite nature of this
peak is supported by the fact that, as can be seen in Fig. 4,
the position and width of this peak change during the desorp-
tion of the passivating overlayer. The elemental arsenic sig-
nal, due to fourfold-coordinated arsenic-bonded arsenic, has
KINETIC ENERGY (eV) been observed in many works and recent determinations

FIG. 9. Same as Fig. 8 for the Gal 3pectra. Curveg) and(b) ~ @dree on a relative binding energy of 0.6 #\Due to the _
are the spectra after annealing to, respectively, 360 and 520 °C, witfg€ electronegativity difference between sulfur and arsenic,
their difference shown in curvéc). This difference shows that a Sulfur-bonded arsenic is expected to produce a peak at a
component at a binding energy of 75.4 eV has disappeared. Thi@rger binding energy. Such a peak has indeed been
component, labele@s, is due to Ga-S chemical bonds. Conversely, Observed?*As a function of passivation procedure, the po-
there appears a component, labelag due to gallium dimers. Also ~ sition of the As-S peak can change by as much as 1 eV
shown are the shapes of components obtained from the deconvolllecause distinct passivations produce different bond configu-
tions. rations. For the present passivation, Spiradtal?® have

INTENSITY ( ARB. UNITS )
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TABLE II. List of the components used for deconvolution of the Al @nhd Ga 3l core-level spectra, together with the chemical shifts
with respect to the volume contribution, and our interpretation of these components.

As 3d
Chemical shift(eV) 1.5-1.25 0.24 —0.28 —0.69
Nature absent singlet doublet doublet doublet

(broadey

Interpretation As-Spartly) excess As dimers

Gad

Ci C, (o Cy Cs
Chemical shift(eV) 1.28 0.98 0.75 0.35 -0.32
Nature singlet doublet doublet doublet doublet
(broadey

Interpretation Ga-O Ga-S undimerized dimers

surface Ga

found a broad line at a binding energy of approximately 1.5ive binding energy of 1.7 e¥ The C, peak has a relative
eV above the bulk component. binding energy of 0.98 eV with respect to the volume. We
The peak labeled\; lies at a relative binding energy of attribute this peak to oxygen-bonded gallium, in agreement
0.24 eV. This peak is not due to sulfur-bonded arsenic on thevith the known position of this pea?® and also because
ordered semiconductor surface, because it is observed on tkalfide passivation is known to leave on the surface a re-
clean surface. We attribute this peak to surface excess asidual oxygen concentration. However, the oxygen quantity
senic. Indeed, a surface component at the same position is small because, in the valence-band spectrum, the charac-
found at the initial stages of decapping of arsenic-cappetkristic structure due to oxygthis either not detected or
GaAs!®24|t has been observed to decrease after annealing &uried in the sulfur signal.
350 °C18 and to disappear completely at 550%CThis is
essentially what we find here, although we deal with a sur-
face prepared in a different way. After annealing to 520 °C,
we obtain a small residual signal, which does not signifi- The deconvolutions of the core-level spectra support the
cantly affect the present interpretation. qualitative analysis presented in Sec. Il C, and give insight
The peak#\, andAs, situated at a smaller binding energy, into the chemistry of sulfide passivation.
are also observed on the clean surface, and are therefore
intrinsic. PeakA,, at a relative binding energy 6f0.28 eV,
will be assigned to arsenic dimers. The introduction of peak
A; of smaller intensity, at a binding energy 6f0.69 eV, For the annealing stage at 520 °C, the correlation between
improves the fit. Other workers find only one peak on theRAS and UPS is striking. After annealing, the valence-band
right side of the bulk contributioff, which lies at a relative spectrum suggests a clean surfft&he appearance of gal-
binding energy intermediate betweAp andA;, of the order  lium dimers found by RAS after annealing at 520 °C shows
of —0.45 eV. The peald; is probably related with peak, that gallium-related surface bonds are broken by this anneal-
because, for several samples, its intensity seems to track iisg. Whereas the gallium core-level spectrum remains essen-
behavior. Second-layer arsenic can be ruled out by the resultally unchanged throughout the preceding annealing stages,
at a takeoff angle of 70°. There are several possible interprepeak C, disappears and pedE; is strongly decreased after
tations forAs: (i) undimerized surface arseni@i) mixed this annealing. Thus, both for a takeoff angle of 0° and 70°,
As-Ga dimers, andiii ) arsenic dimers of a different type.  UPS shows that the annealing produces the breaking of sur-
In the case of gallium, the dominant surface contributiondace Ga-S bonds and of the less numerous Ga-O bonds. On
are C5, C4, and C5. PeakC; is close to the Ga-S peak, the other hand, there appears in the core-level spectrum a
which is found by other workers at a relative binding energynew peakCs, whereas the remaining pedk, slightly de-
of 0.74 eV!?2 The two peaksC, and Cs, which appear at a creases. This very good correlation indicates thatthsur-
relative binding energy of 0.38 eV and0.32 eV, lie close to  face component of the gallium core-level spectrum is due to
structures generally observed on the clean GaAs surface. Wgllium dimers.
assignCs; to gallium dimers, and peak, to undimerized After this annealing stage, some sulfur is still present, as
gallium atoms. the C; peak has not completely disappeared. However,
At higher binding energies, the curves can be fitted usingvhereas up to the preceding annealing stage, the Ga-S-
two very small additional peaks, labeléd andC,. TheC;  related component increases with takeoff angle, after this
peak has a relative binding energy of 1.28 eV with respect t@nnealing stage, this component decreases with takeoff
the volume. This peak could have the same origin as thangle. Although we cannot exclude that steps on the surface
sulfur-related surface component found by others at a relazan play a role, we think that some of this remaining sulfur

V. INTERPRETATION

A. Sulfur desorption
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has diffused underneath the surface. Such diffusion of sulfuarsenic or gallium dimer line in the RA spectrupourve
atoms under annealing of the passivated surfaces was alreatifc)]. The core-level spectra indicate that the gallium-

mentioned in Ref. 27. terminated part of the surface is covered with sulfur, and the
arsenic-terminated one is covered by excess arsenic. This
B. Breaking of arsenic-related chemical bonds demonstrates that the As-S bonds are in the amorphous pas-

i - sivating overlayer and not on the semiconductor surface.
In the RA spectrum, annealing at 360 °C induces the arthis conclusion is supported by a photoemission spectros-
senic dimer signal. Again, a correlated modification of theCopy analysi€® which has shown that, if the overlayer is
arsenic core-level spectrum occurs. Indeed, this annealingmoved by thorough rinsing of the surface, no As-S bonds
stage corresponds to the decrease of the peaknd the 416 found and the Ga core-level spectrum is unchanged. Note
increase of the peak,, which is then related to arsenic a1 at 70° takeoff angle, the situation is slightly different, as
dimers. The mechanism for the appearance of these dimers jgq A, line is still significant after the 270 °C anneal. As

not the same as for gallium dimers because, before this anjiscyssed below, this difference is related to the morphology
nealing stage, As-S bonds have virtually disappeared. Thgs ihe overlayer.
increase of this line is performed at the expense ofABe o the other hand, sulfur forms chemical bonds with gal-
surface component, which is attributed to excess arsenic of;m atoms situated on the semiconductor surface and not in
the surface. This result shows that the appearance of arsenf¢s passivating overlayer. The negligible concentration of Ga
dimers is not related to the breaking of possible As-S bondgoms in the passivating overlayer is indicated by the facts
on the surface, bu_t of distinct chemlcal b_onds such as thosg 5t (i) during desorption of the passivating overlayer, the
with excess arsenic. Note that this breaking does not '”ducﬁtensity of the pealC, due to Ga-S chemical bonds in the
any modification of the valence-band spectrloarves 80)  gajjjum core-level spectrum, tracks the bulk contribution and
and 3c)]. This may indicate that the excess arsenic which ighe shape of the entire core-level spectrum stays unchanged,
desorbed does not induce a localized level in the valencgnq i) all the surface components exhibit a similar increase
band. _ o . at a takeoff angle of 70°, except the small broad p€ak
The ab_ove conclusion seems qualitatively valid, b_ut the(gallium bonded to oxygen which has a relatively larger
detailed picture of the system is probably more complicatedincrease. The bonding of sulfur to surface gallium must in-
First, after the subsequent annealing stage at 520 *G\he \g)ye a well-defined chemical configuration which, in agree-
component further increases, whereas the RAS line is attengent with theoretical calculatio8 has been identified re-
ated and slightly shifted to a lower energy. This shows that Rently as Ga-S-Ga bridge sit&k.
distinct phenomenon occurs, possibly related to arsenic de- The difference between Ga-related and As-related chemi-
sorption by annealing at this high temperature. This effecty) honds on the as-treated surface can be explained by the
will not be interpreted here because it seems to depend ag)iowing picture. Using a general analysis of corrosion of
the details of the annealing procedure. For another safplea compounds in alkaline solutiofé,and on the basis of
we find instead a much better correlation between RA signgljecirochemical investigatiods, the following reactions,

and intensity of theA, component. Second, the deconvolu-yhich imply a participation of holes in the semiconductor, as
tion seems to reveal a small amount of As dimers on th‘?/vell as OH ions in the solution, were proposed

as-treated surfadesee top panel of Fig.)4However, such a
small component is close to the limit of the deconvolution
precision, and also the corresponding As dimer signal in the

RA spectrum would be too small to be distinguished from 0 N B B
the background signal. As°+3h"+40H —AsO,” +2H,0.

GaAst+ 3h* +60H —Ga0;® +As’+ 3H,0,

The first reaction occurs first, since the more electropositive
atom (gallium) is readily attacked by OH ions and dis-
The annealing stages at 150, 250, and 270 °C produce solved into the solutiof? This is still true if sulfur-related
progressive desorption of the passivating overlayer. Indeedpns such as HS are present in the solution since the reac-
after annealing at 270 °C, the RA spectrum reveals the agion of gallium atoms with sulfur-related ions is slower than
pearance of a line at 2.5 eV, due to dimerized sulfur atomsvith OH™.3* For arsenic, on the other hand, the reaction with
bonded to underlying gallium, and induced by desorption ofsulfur-related ions can be more efficient than chemical reac-
overlying atoms embedded in the overla§@Conversely, tion with OH™.3* Thus, the second reaction is probably re-
the valence-band spectrum becomes very similar to the onglaced by a more complex chemical process involving sulfur,
observed before the breaking of Ga-S botzigves b and ¢ which starts with a reaction involving Asloosely bonded to
in Fig. 3. the substrate. As shown by etching measurem@ntisese
This picture is also supported by the evolution of the corechemical reactions are further in competition with the forma-
level spectra during the above annealing stages. The pedion at the semiconductor surface of a passivating layer con-
A,, mainly due to As-S chemical bonds, progressively de=sisting of sulfur irreversibly bonded to gallium in a bridge-
creases in the As@® core-level spectra at 0° takeoff angle. site configuration and products of the chemical reaction
This peak is very small after annealing at 270 °C and disapbetween A8 and sulfur. This picture allows us to understand
pears completely after the 360 °C anneal. Thus, after théhat(i) arsenic can be found under the form of elemefdal
270 °C anneal, there remains a small residual part of thexcesgAs, or in the As-S form(ii) As-S chemical bonds are
overlayer. The rest of the surface is still covered by a monolocated inside the passivating overlayer, diid) oxide is
layer of atoms, as seen from the absence of any significafiound under the form Ga-O rather than As-O.

C. Chemistry of the passivating overlayer
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The composition of the overlayer changes during desorptic signatures in the RA spectra. Using these results as a
tion: after the first annealing stage at 150 °C, the spectrguide for the deconvolution of the UPS spectra, we find that,
show the increase of th; component due to excess arsenic, on sulfide-passivated surfaces, gallium dimers produce a sur-
which is very pronounced at 0° takeoff angle, but is lessface component at a relative binding energy-69.32 eV
marked at 70° takeoff angle. Thus, the desorption of thewith respect to the bulk contribution, whereas arsenic dimers
overlayer essentially removes sulfur atoms, whereas part afive rise to a component situated at a relative binding energy
the arsenic atoms embedded in this overlayer become cowf —0.28 eV with respect to the bulk contribution. The de-
verted into excess arsenic at the semiconductor surface. convolution shows components due to sulfur respectively

The morphology of the overlayer is also modified duringbonded to arsenic and gallium, but also components only
desorption: unlike at 0° takeoff angle, the As-S componenbbserved so far on the clean GaAs surface, such as a com-
at a 70° takeoff angle does not change up to the 270 °@onent due to excess arsenic at a relative binding energy of
annealing, but disappears abruptly after subsequent annedl-24 eV.
ing at 360 °C. The differences as a function of takeoff angle (b) Analysis of the results allows us to propose the fol-
can be explained if desorption changes the morphology dbwing description of the chemistry dNH,),S-passivated
the overlayer, which becomes patchy. At intermediate deGaAg001): For the as-treated surface, the semiconductor
sorption stages, some parts of the surface are still covered by covered by a protective overlayer which contains sulfur
a relatively thick layer containing sulfur and arsenic. Weatoms and also all of the As-S chemical bonds that we ob-
think that such a patchy structure of the passivating overlayeserve in UPS. The interface between the semiconductor and
reflects the roughness of the underlying semiconductor suthis overlayer consists of essentially a monolayer of sulfur on
face induced by the etching of Ga@91) by (NH,),S, 3!  the gallium-terminated part of the semiconductor surface,
Deterioration of the GaAs surface in alkaline solutions hasand of excess arsenic on the arsenic-terminated part of this
been studied befor® for the GaA$001) surface, the surface.
etching-induced roughness should be due to the removal of Annealing up to 270 °C causes desorption of the over-
chains of atoms along the 10] direction, leaving sidewalls layer. Sulfur atoms contained in this overlayer are desorbed,
of (111) Ga stop-etch planes. Following Aspnes andwhereas some of the sulfur-bonded arsenic is converted into
Studna® we assume that the surface of our sample consistexcess arsenic at the semiconductor surface. Analysis of the
of elongated facets. In our case, the importance of these faevolution of the core-level spectra as a function of takeoff
ets can be stronger because of the 2° misorientation of thengle suggests that the sample surface consists of facets
sample surface. We can explain our results if, during the firsalong the [110] direction, produced by the orientation-
annealing stages, the overlayer desorbs more extensivetiependent etching of the surface by the sulfide-containing
from the top of these facets, leaving here excess arsenic. Ablution. We find that the excess arsenic is desorbed after
this stage, the sidewalls are still covered and, at a takeofinnealing at 360 °C, which results in the appearance of ar-
angle of 70°, reveal a strong signal of As-S bonds. Thussenic dimers. The bonding of sulfur to gallium is performed
during desorption the initially thick and flat passivating over-in a well-defined site on the semiconductor surface. This is
layer takes the shape of such a faceted surface. probably the Ga-S-Ga bridge site, for which the correspond-

ing energy level is found lower than the top of the valence

band?® These chemical bonds are broken by annealing at
VI. CONCLUSION 520 °C, which reveals the clean semiconductor surface.
) We shall show in the companion papethat the elec-

Our UPS and RAS study ofNH,),S-passivated001)  tronic properties of the passivated surface are essentially de-
GaAs as a function of annealing temperature yields two maifgrmined by the Ga-S chemical bonds and by the presence of

results. _ _ _excess arsenic.
(@) We find that the three main annealing stages, which

are desorption of the passivating overlayer, breaking of As-
related and breaking of Ga-related chemical bonds, have cor-
related effects both on the UPS and RAS spectra. The de-
sorption of the overlayer induces sulfur dimers on the

gallium-terminated part of the surface, and the breaking of We are grateful to J. Martin-Gago for participating in the

As (Ga)-related chemical bonds induces A6a dimers. measurements, and to R. Benferhat of Jobin-Yvon for testing
These three dimer types manifest themselves by characterigie birefringence of the UHV window.
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