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We have investigated the correlation between the change of the surface electronic properfées re-
combination velocity, surface barrjeand the change of the surface chemical bonds under annealing in ultra-
high vacuum of sulfide-passivat€¢@d01)GaAs. The electronic properties ofldH,),S-passivated surface were
monitored using room-temperature photoreflectance, which gave the value of the surface barrier, and photolu-
minescence. The surface chemical bonds were probéi bsflectance anisotropy spectroscopy, which essen-
tially monitors the optical transitions due to surface dimers, @ndore-level spectroscopy results on the same
sample(companion paper in the same issue find that breaking of arsenic-related chemical bonds, which
induces arsenic dimers on the surface, produces an increase of photoluminescence (Rieis@pnversely,

a clear correlation is found between the desorption of sulfur due to breaking of Ga-S chemical bonds, the
appearance of the gallium dimer line, and the decrease of PLI. Based on these results, we outline the dominant
features of sulfide passivations(i) The improvement of electronic properties @01 GaAs arises due to
formation of S-Ga bonds on the gallium-terminated part of the surf@deglectronic properties of the as-
treated surface are deteriorated by excess arsenic, which produces midgap levéis) amel passivation
efficiency can also be reduced by formation of additional surface defects due to etching of the surface in sulfide
solutions.

I. INTRODUCTION This is in contrast to S-As chemical bonds, which do not
reduce the density of surface states in the gap. Another ex-
Several years ago, treatment of GaAs surfaces by sulfidelanation relates the modification of the surface electronic
solutions had been shown to produce a strong increase of thgoperties to an indirect change of surface chemistry during
photoluminescence intensifLI), which triggered a wealth  passivation. Spindt and co-workéshave proposed that the
of studiest~” Some of them investigated the electronic prop-change of surface recombination veloci§RV) and surface
erties of the passivated surface. It was found that, althougﬁa”'er is QUe to the modlfl_catl_on of surface arsenic antisite
the photoluminescence intensity increases, the surface FerfPncentration during passivation. The increase of the PLI
level is still pinned, as a significant surface barrier exiéts. after sulfide passivation can also depend on other less fu.nda-
Other studies were devoted to the chemical aspects of thi@ental phenomena, such as the removal of surface oxides.
passivation, mainly the chemical bonds between sulfur anfloreover, the morphology of the surface is probably modi-
the substrate atoms, using x-ray photoemission spectroscof¢d. as passivating solutions have been found to produce
(XPS),35-7 and the modifications of these properties under€tching of the surfac¥. This could also change the surface
exposure to ambient air. recombination velocity through th_e modification of rough-
Up to now, there has been no experimental correlatiof€SS or surface defect concentration. . .
between the chemical and electronic surface properties of 'he present work is, to our knowledge, the first analysis
sulfide-passivated GaAs. As a result, the fundamental micrg?f the experimental correlation between the electronic prop-
scopic mechanism for the improvement of the surface elecérties of the surface and the chem_|cal bonds on this su_rfac_e.
tronic properties is still unknown. One of the reasons is thatVe selectively break surface chemical bonds by annealing in
the nature of the surface states in the forbidden gap ofltrahigh vacuumUHV) at increasingly high temperatures.
(001)GaAs which determine the surface electronic propertie¥Ve have shown in a previous work that the correlated inves-
is not known precisely. Quite generally these states cdiybe figation of reflectance-anisotropy spectroscqi®AS) and
extrinsic or intrinsic surface defect§i) related to the pres- core-level spectra allows us to understand the nature of
ence of the foreign atorri$or example, oxygen or (iii) due ~ chemical bonds which are broken by these anneafihgs.
to some overlayer covering the semiconducfor example, ~the present work, we monitor the effect of the same anneal-
containing excess or elemental arsgnic ings on the surface barrier and surface recombination veloc-
There exist several theoretical models which explain thdty:
electronic properties of sulfide-passivated surfaces. First,
tight-binding calculations for the system S-GaAs have shown
that the electronic passivation could be due to the establish-
ment of S-Ga chemical bonds, for which the bonding and The electronic properties are analyzed using band-to-band
antibonding levels are found to be out of the forbidden §ap. photoluminescence, and using photoreflecta(®®). This

II. PRINCIPLES AND EXPERIMENT
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last technique allows us to control the surface balfigihe TABLE I. Runs corresponding to the various annealing tempera-
surface chemical properties are analyzed using Auger elegures for the(NH,);S-passivated sample. Run 1 corresponds to the
tron spectroscopyAES) and RAS. For the001) surface, as-treated surface, before any annealing.

this technique measures the quantity

Temperature
AR B Rexio1— Rrag of annealing Run number
R R ' @) as-treated30 °C) 1
150 °C 2
which is the relative difference between the near-normal re- 250 °C 3
flectivities for light polarized along thgl110] and[110] di- 270 °C 4
rections of the semiconductor surface aRds their mean 360 °C 5
value. Due to the fact that the bulk contribution is the same 520 °C 6
for these polarizations, this contribution is cancelled out in 520 °C second 7
the RAS signal. Thus, RAS is a probe of the optical transi- 520 °C third 8
tions on the clean GaAB01) surface, which originate essen- 550 °C 9

tially from gallium dimers or arsenic dimers, depending on
the surface reconstructidh.As demonstrated in our UPS/
RA L this all i i f hemi o . .

S study! this allows us to investigate surface chemistry, ﬁijsonented by approximately 2° towards tHELO) orienta-

simply because the breaking of chemical bonds upon anneat Th e d isted | 5-mi
ing induces the formation of additional dimers, which are!°": The passivation procedure consisted in a 5-min treat-

then revealed from a change in the RA spectrum. ment by a fresh 0.78 solution of (NH,),S at 60 °C, fol-

All measurements were carried out at room temperature ill‘PW_Ed by a rapld_ deionized-water rinsing an_d an |§opropanol
an UHV chamber, with a base pressure in the low#0 rinsing, after which the sample was immediately introduced
mbar range. Our experiment is equipg@dwith a RAS sys- into the experiment through an introduction lock via an
tem, described elsewhet&(ii) with a standard PR setup. We Oxygen-free glove box.
recall that this technique consists of measuring the reflec- The RA spectra are shown in Fig. 1(i) the spectrum of
tance variation of a probe beam caused by the additiondhe as-treated surface is a broad spectrum where, if present,
excitation of the sample by a pump beam, which induceslimer signals cannot simply be isolated. This reveals the fact
photovoltage effects and modifies the surface barrier. Herthat our sample is covered by a relatively thick passivating
the pump source was a krypton laggr2 eV) with a power  overlayer, which saturates any dangling bond on the semi-
density of approximately 20 mW/cinPR analysis was per- conductor surface. Subsequent annealing stages, up to
formed with the same probe source as RAS, and with a sili270 °C, have been shown to give fi5& to the gradual de-
con photodiode as the light detector. To avoid the photovolsorption of this passivating overlayer, after which the sample
taic effect, we used a very small probe power density ofis covered by essentially a monolayer of atofig.Anneal-
about 2uWi/cn, and we verified that the pump power den- ing at 360 °C produces the appearance of the characteristic
sity, of a fraction of a mW/crh) was sufficiently small. For  4rsenic dimer signal, as revealed by the rise of the RA signal
both experiments, synchronous detection techniques Welgyar 3 eV, It means that, after this annealing, bonds involving
used, W.'th for PR a very small I|.ght modulation frequgncysurface arsenic begin to break. Our previous sttidiows
'Ei%)ln l:;)n![gr(s)?ijiie)rvb?tt?lgogLrgg?ﬁgglggincg ;‘Jerfggaéeggéﬂg't?;; that this is due essentially to the desorption of excess arsenic

. L P from this surface(iii) Annealing at 520 °C has been shown
laser with an excitation power density of 200 mWfcrfihe d ifur d tion f th fabe
PL signal is detected by a cooled GaAs photomultipliert0 produce suftur desorption irom the sur lere, we
erformed three distinct annealings at this temperature in or-

through a Jobin-Yvon H20 spectrometer. Careful control o )

the experimental conditions, and in particular of the sampléjer 1o p_rogr_esswely desorb the sulfur atoms fr_om the surface.
temperature after cooling, allowed us to monitor the PL in-S"OWN in Fig. 1 are the RA spectra after the first two anneal-
tensity with a precision better than 5%. ings at 520 °C. One observes the appearance and the rise of

These measurements were all performed through the sanffa€ negative gallium line at 2.2 eV. As shown from our UPS
viewpoint, without changing the sample position, by usingMeasurements and verified here using AES, the gallium
movable mirrors to select the appropriate light detector. Ouflimers appear due to the breaking of chemical bonds be-
experiment is also equipped with an Auger spectrometer. Thveen surface gallium and sulfur.
incident electron energy is 3 keV. We used AES to monitor The above RA spectra are identical to those of our pre-
after each annealing stage the residual impurity concentraseding investigationt which shows that the chemistries of
tion as well as the sulfur concentration on the surface. Wehe two surfaces are, as expected, identical. More precisely,
used the tabulated sensitivities to derive the ratio of theswe find that the annealing stage at 520 °C of the preceding
concentrations to the gallium one. investigation rather corresponds with the annealing stage at

For this study, we used the same sample and preparatid#b0 °C of the present work, which we attribute to slight dif-
procedure as for our UPS/RAS investigatidrThe anneal- ferences in the temperature measurements. Also, there are
ing stages, described in Table |, are also similar. We recakmall differences in the corresponding RA spectra for the
that our sample is p-type GaAs epitaxial layer of acceptor annealing stages up to 270 °C. These reflect possible differ-
concentration in the ¥ cm 23 range, grown at Laboratoire ences in the passivating overlayer, due to slightly different
Central de Recherches, Thomson CSF, dfGi) substrate environments during the sample introduction into the experi-
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FIG. 1. Reflectance anisotropy spectra at room temperature of
(NH,),S-passivated GaAs. Curv@) corresponds to the as-treated FIG. 2. Photoreflectance spectra at room temperature of
sample, curvegh)—(d) correspond to spectra taken after successive(NH,),S-passivated GaAs after annealing at 270 and 520 °C. The
annealings at temperatures indicated between parentheses. insert shows the treatment which allows us to obtain the surface
electric field using the positions of the extrema of the spectisee
ment. Due to the small magnitude of these effects, it is pertext).
fectly justified to use the present technique as a bridge be-
tween the two works. F 4 LEQ. (3)]. Finally, we have obtained the Fermi-level po-
We now describe the measurement of the surface elegition on the surface by using for calibration the same wafer
tronic properties. The PR spectra obtained after annealing atith an oxided surface, for which the pinning position is
270 and 520 °C are shown as an example in Fig. 2. Aparknown!’ This measurement also gives the acceptor concen-
from the excitonic effe¢f near 1.42 eV these spectra exhibit tration of our sample, which we find equal tx80'° cm™2.
Franz-Keldysh oscillation$FKC) above the band gap, the  Note that in Fig. 2 the photoreflectance amplitUB&RA),
extrema of which can be used to determine the magnitude afefined as the difference between the signal maximum and
the surface electric field by using the following expression: minimum over the spectrum, changes with annealing. It has
been shown that the PRA is a function Bf. as well as of

A [Ep—Eg\¥? ) the variation of the surface field,. produced by the modu-
nT=¢+t 3\ %9 ' 2 |ated laser excitatiof?
wheren is the index of thenth extremum,p is an arbitrary PRA~F$’C3F3C. (4)

phaseE, is the energy position of theth extremump, is
the energy gap(1.42 eV}, and A6 is the electro-optical

energy*? Using standard theory, we express the PRA as a function
of the surface barrieW,, in the dark, and its variatioiv,
qfiFgc| ¥ under light excitation:
(1h6)%°= (TC) ) 3
PRA~VE¥(1—-1-V, V). (5)

whereu is the reduced interband effective mass for electron
and heavy-hole pairs, argl is the electronic charge. Thus,
this measurement gives us the su_rface electric figldn thg first write the zero current condition through the surface,
absence of pump excitation, prowdeq the photovoltage is n hich yields a relationship involving the photocurrent den-
too large. The change of this electric field between the twq ity J_:18

annealing stages is clearly seen from the distinct positions osf e
these extrema for the two spectra. Plotted in the insert of Fig.

2 is the quantity(4/3m)(E,— E4)*? as a function of index. KT [ Jp F<QVb

The photovoltage/,, can be calculated very simply. We

The slope of the fitted lines gives directly the electric field Ve=g N3

, (6)

Jsat
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where Jg is the saturation current density, determined by

thermionic emission and diffusion. The photocurrent density 1.5 —\' T T T T T
can be expressed in terms of both drift and diffusion compo- E.on
nents in the usual forn? 5 1t i
qlL(1-R) exp — aW) &
Jp= how (1_ 1+aly )’ @ 0.5 ]
EVBM
wherel | is the laser power densitfw is the photon energy, 0 /, T
R is the surface reflectivityy is the adsorption coefficienty -
is the width of the space-charge layer, dnglis a diffusion Z 200 .
length of minority carriers. We point out that this last equa- = 5 |
tion neglects the recombination current, so that this picture £
neglects any changes of SRV. < 100} -
We finally discuss the PL investigation. We found that the £ B |
-9

shape of the PL spectrum is not modified by the annealing.
We shall therefore, in the following, only consider integrated 0
PL intensities. The value of PLI obtained using a standard
resolution of the diffusion equation in the bulk of the
semiconductdf is found to depend both on the surface bar-
rier and on the SRV:

PLI (Arb. Units)

PLI

eX[[—(a-l— CUPL)W] ( Z+ apLLd

T (apletD(Z+D) 1+aLd)' ® Loy

0 2 4 6 8 10
RUN NUMBER

whereap, is the absorption coefficient at the PL wavelength,
Z is related to the surface recombination velocity, &by

Z=SL4/D,, whereD, is the diffusion coefficient of minor- _ » _
FIG. 3. Surface Fermi-level position relative to valence-band

ity carriers (electron$. The exponential term in Eq8) re- . : -
ﬂ)e/cts the “dead-layer” modelp which states that (Et(he spaceMaximum(VBM) and conduction-band minimutCBM), photore-
charge region does not contribute to the PLI flectance amplitude, and integrated photoluminescence intensity

Th . tal It >ed in Eig. 3. whi curve (a)] as a function of run number for tH&lH,),S-passivated

h efeXp(TIrlmen al' rESl: S ar?hsummatr.lze fltn 9. 2, \;V Ic mple(all results are depicted by full circles, with solid lines given
shows for all annealing stages the variation alter anneaiing ol 5 guide to the eyeThe calculated PRA is depicted by open
the surface Fermi levéSFL) position of the PRA and of the

. ) o circles with dashed-dotted line. Also shown are two differently cal-
PLI. These results are shown by full circles, with solid linesjated values of PLI: by taking into account the photovoltaic ef-
given as a guide for eye.

fect, induced by laser irradiatidicurve (c)], and by neglecting this
one[curve (b)].
Ill. CORRELATION BETWEEN SURFACE CHEMICAL

BONDS AND ELECTRONIC PROPERTIES shown in Fig. 4, are found by estimating the minority carrier

We first discuss the effect of breaking of Ga-S bonds orfelectrons diffusion length as fum and lifetime as 1 ns.
the surface chemical properties. This breaking occurs under The present results verify the theoretical prediction of
annealing at 520 °C as revealed from our surface-sensitiv@hno and Shiraishithat formation of the S-Ga surface
techniques: this annealing produd@sa reduction of sulfur bonds in bridge-site configuration does not induce a level in
Auger signal{ii) a decrease of the line related to Ga-S bondghe band gap. The effect of the other possible modifications
in the Ga 3l core-level spectrunt and(iii ) the formation of  of the surface induced by this annealing cannot be correlated
gallium dimers, revealed from their optical signature in thewith the change of PLI: We find, as also shown elsewfére,
RA spectrum. As shown in Fig. 4, this increase of the gal-that a small amount of residual impurities is present on
lium dimer signal is very well correlated with the decrease ofsulfide-passivated surfaces. However, the PLI change cannot
the sulfur Auger signal. be interpreted by the desorption of these residual impurities

The outstanding effect of these annealings on the surfacktom the surface: Auger analysis shows that, after the first
electronic properties is the decrease of the PL intensity. Notannealing stage at 520 °C, desorption of oxygen is complete
that these annealings do not induce any modification of thand carbon concentration does not change, whereas PLI con-
surface electric field. Thus, from E@g8), the PL variation tinues to decrease. Another annealing-induced surface modi-
can only be due to a change of surface recombination velodication is arsenic desorption, as shown from the decrease of
ity, due to a modification of the density of surface recombi-the arsenic dimer signal. Again, this decrease essentially oc-
nation centers. More detailed analysis of these results can lmrs at the first annealing stage at 520 °C, after which the
made by comparing the PLI with the one of an oxidedmodifications of the arsenic dimer line are much smaller.
sample of the same wafer, for which we take a value of the For annealing stages to lower temperature, the results are
SRV of 1¢ cm/s?* Using Eq.(8), we find that the SRV very different, because the SFL position changes. Whereas
increases by approximately a factor of 5 upon sulfur desorpthe PLI allows us to capture the modification of the surface
tion. The values of the SRV for the various annealing stageslectronic properties due to annealing to 520 °C, the present
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found to rise from 0.5 eV above the valence band maximum
(VBM) to 1.3 eV above this maximum. In the same way, the
PRA strongly increases. The values of the PRA, calculated
using Egs.(4)—(7), are shown in Fig. 3dashed ling One

can see that, indeed, the PRA changes can be very well ex-
plained by the modifications of the surface barrier. This also
means that the SRV does not change significantly upon de-
sorption of the overlayer.

In the same conditions, the PL intensity does not change
significantly. Shown in the bottom panel of Fig. 3, along with
the experimental resuli®) is the PLI value calculated from
Eqg. (8), without taking into account the photovoltage).

This calculated PLI, normalized to the experimental value
for the as-treated surface, does not reproduce the experimen-
tal results. However, if we now take into account the depen-
dence ofW on the photovoltagéc), we find that the PLI
variation is very small, which explains the experimental re-
sults for the annealing stages that we consider here. This
4 5 6 7 8 shows that, in the same way as for the PRA, the PLI varia-
RUN NUMBER tion after annealing can be explained by the barrier change,
so that the SRV essentially does not change.

FIG. 4. Effect of sulfur desorption on the surface electronic ~ The small PLI variation is due to the fact that, although
properties upon successive annealings at 520 °C: This annealirthe depletion layer widthn the darkchanges significantly,
induces the decrease of the S/Ga Auger signals and the increaseafter annealing, the variation of this quantitpder light ex-
the intensity of gallium dimers, as found by RAGpper pait The  citation is small because of the compensating effect of the
lower panel shows the variation of photoluminescence intensityphotovoltage. Indeed, as seen from E(®. and (10), the
and of the calculated surface recombination velocity. barrierV,—V,, under light excitation stays almost constant if

the barrier in the dark/,, is modified by the desorption of the
annealing stages only produce a limited PLI variation, thegverlayer. This desorption does not induce a significant
PRA variation being large. change of the SRV, and therefore produces a negligible

In order to interpret these results, we have calculated usnodification of the PLI, given by Eq(8). This situation
ing Egs.(4)—(8) the modifications of both PRA and PLI in- clearly takes place for runs 1-fdurve(c) in Fig. 3], which
duced by thesole change of surface barrieln principle, the  jndeed explains that, up to annealing at 270 °C, the PLI
calculation of PRA requires the value of several parameterghanges are much smaller than the PRA ones.
which are not known precisely, such as the diffusion length  The effect of annealing at 360 °C, which induces arsenic
Ly and to some extent the saturation current dendity.  dimers (annealing run § is different: The PLI increases,
However, with the chosen value of the excitation energy, theyhereas the SFL position and PRA decrease. Using the
absorption depth /is much smaller than the widW of the  ahove model, we find that the PRA decrease can be ex-
depletion layer, so that the second term in EQ.is small  plained almost completely by the variation of the SFL posi-
compared to 1, and, is independent ok 4, and is given by  tion. On the other hand, the PLI increase cannot be inter-

preted by the sole variation of surface barrier because, as
I ql.(1-R) discussed above and shown in cufeg this variation would
P ho - predict an almost constant PLI value. We conclude that ap-
pearance of arsenic dimers induces both a variation of sur-
Furthermore, we have chosen the excitation power densitface barrier and of SRV.

$/Ga (AUGER)

Ga dimers

SRV (em/sec)
PLI (Arb. Units)

9

so that the photovoltage is much larger thaiVq. Thus, Thus, in the present case, photoreflectance and photolu-
using Eq. (6), this quantity can be approximated by the minescence are complementary for the investigation of sur-
simple form face electronic properties: the SFL motion is revealed by the

PRA and the positions of the extrema in the PR spectrum,

KT [ Jp whereas the PLI is weakly sensitive to the position of SFL.

Vp=Vp+ F In VR (10) Conversely, the PLI reveals the change of SRV produced by

. S desorption, which in turn causes a minor modification of

As a consequence, the value of the photovoltage does nthe PR spectrum.

depend on the values of saturation currégtand photocur- The present study allows us to distinguish three main an-
rentJ,, but only on the order of magnitude of their ratio. nealing stages in the evolution of the surface electronic prop-
Apart from these very weak dependences, the calculateerties. The desorption of the passivating overlayer, which
PRA value only involves a scaling factor, which is then prac-occurs under annealing up to approximately 250 °C, pro-
tically our only adjustable parameter. duces a change of the surface barrier without strongly affect-
We first analyze the effect of annealing up to 270(2@- ing the value of the SRV. Conversely, the final annealing
nealing runs 2—Y% which induces desorption of the passivat- stage at 520 °C, which induces desorption of sulfur from the
ing overlayer! During this desorption, the SFL position is surface and Ga dimers, results in a decrease of SRV without
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strongly altering the SFL. Intermediate annealing, which in-both before and after annealing there does not exist a level in
duces As dimers due to breaking of As-related chemicathe semiconductor band gap.

bonds, results in an increase of SRV and a lowering of the The clean(001) surface is by no means such an ideal
SFL position to a value near midgap. surface because the SFL is pinned near midgap. It was shown
that the fundamental reason for this pinning is intrinsic sur-
face defects which fop-type material can be step edges,
uncomplete unit cells, ef®. We conclude that these defects

We first discuss the behavior of the SFL. The results orre passivated by sulfur bonding, and reappear after sulfur
the as-treated surface confirm previous findings according tdesorption which produces a decrease of SRV.
which, for p-type GaAs, sulfide-passivation reduces the sur- We have qualitatively studied the role of defects on the
face barrief To explain the downshift of SFL, in the frame- passivated surface. We first prepared a clean Ga-rich surface,
work of this model, Spindt and co-workers have proposedy successive annealings in UHV of As-capped GaAs. This
that the as-treated surface is depleted with arsehic. surface was subsequently taken out of UHV, sulfide-

Although we cannot completely exclude this picture, it passivated and reintroduced into the chamber. The whole
does not explain our results satisfactorily. In the frameworkprocedure took place without exposure to ambient air, in the
of this model, it would be natural to interpret the Fermi-level glovebox connected to the introduction lock of our experi-
motion during desorption of the passivating overlayer as duenental setup. We repeated this experiment twice, using high-
to an increase of excess arsenic concentration. This shoufulrity n-type GaAs, and, respectivelyML. and 0.M NaS
manifest itself as an increase in the surface component due swmlutions.
excess arsenic in the Asd3core-level spectrum. However, As already found elsewheté,the PLI of the as-treated
we find that the desorption of the overlayer only increasepassivated surfaces increases with the sulfide concentration
the concentration of excess arsenic after the first annealingf the passivating solution. With respect to the PLI of a piece
stage at 150 °&! Upon further annealing, this concentration of the same wafer prepared by As-decapping and oxidation
is essentially constant, whereas the Fermi-level position corin ambient air, we find thati¥ passivation increases the PLI
tinues to rise. by a factor of 4.5, whereas, surprisingly, Bl1passivation

A possible alternative explanation involves the electricdecreaseshe PLI by approximately 40%.
charge of the passivating overlayer. This layer contains el- We have compared for several annealing stages the PLI of
emental sulfuf. These electronegative atoms on the surfacdhe two passivated samples with that of the As-decapped
could become negatively charged, which could partly comsample in UHV. Since a large amount of excess As is present
pensate the normally positive surface charge of pdype  on this last sample after the first annealing stages, we limit
sample on the as-treated surface. This can exglaicom-  ourselves here to annealing stages at a higher temperature
bination with the decreased density of surface sjdteslow  corresponding to the transition from the arsenic-rich surface
value of the surface barrier on the as-treated surface, and its the gallium-rich one. As found from the RA spectra, this
increase upon desorption of the passivating overlayer. Notmanifests itself in the decrease of the arsenic-dimer line and
the surprisingly high position of the surface Fermi level, atin the appearance of the gallium-dimer one, mostly because
the end of the desorption of the passivating overlager  of breaking of Ga-S bonds for the S-passivated samples. The
nealing run 4. A similar position of the SFL was found re- results are summarized in Fig. 5, which shows, for each an-
cently on the GaAs surface passivated in vacuum using suhealing stage, the position of the sample surface in a three-
fur evaporation after annealing at 450—-500°?Cin the  dimensional coordinate frame where the axes are the Ga
present framework, this indicates a large positive value of thelimer signal &), the As dimer signaly(), and the PLI g).
surface electric charge, and is not understood in d€tail. The PLI of the As-decapped sample is very close to that

SFL takes its final position, near midgap, after desorptiorof the same surface after oxidation in ambient air, which
of As-related surface bonds. This position is very close to theverifies that the former surface contains a significant amount
one on a clean surfac&.Indeed, the desorption of excess of defects. As expected, the PLI decrease after annealing,
arsenic, which occurs after annealing at 360 °C, induces aprobably due to desorption of residual arsenic, is signifi-
senic dimers, and results in a decrease of SRV. This showsantly smaller than for the sulfide-passivated samples. One
very clearly the role of excess arsenic on the surface elecsees that, again, after annealing the PLI of thevD dassi-
tronic properties. The present results show that the optimumsated surface is smaller than on the As-decapped one.
surface electronic properties are not obtained on the as- The PLI decrease upon MLNa,S passivation shows that
treated surface, but on the surface where As-related bondhkis passivation also creates surface defects, probably be-
are broken. For a minimum value of the SRV, it is necessargause of the etching of the surface produced by Gths°
to reduce as much as possible the excess arsenic concentidiese defects act as recombination centers because due to
tion produced by the passivation. the smaller sulfur concentration, as found by AES, they are

The main reason for the degradation of the surface eleaot efficiently passivated. On the other hand, for tHd 1
tronic properties under sulfur desorption is due to Ga-relateghassivation, these defects are efficiently passivated because
surface defectsndeed, for an ideal defect-free surface, thethe sulfur concentration is larger, which explains the larger
disappearance of Ga-S chemical bonds should produce RLI.
very small SRV decrease: As verified by calculatiGhgr As discussed elsewhef&,RAS allows an independent
the clean surface, the effect of reconstruction is to removevaluation of some defect concentration, from the evaluation
the electronic levels away from the band gap, so that galliunof the total dimern(Ga+As) concentration. One sees that, in
dimers should not have a level in the forbidden gap. Thusthexy frame, the point which represents the surface approxi-

IV. DISCUSSION
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sulfide solutions. These solutions create another type of de-

\ PLI (Arb. Units) fect, possibly related with the increased surface roughness,

1M Na,S (PLI x 0.25) which limits the establishment of surface dimers, but which
have a smaller effect on the SRV.

~N
g

As - capped V. CONCLUSION

We have presented here a correlation between the elec-
tronic properties of the sulfur-passivated surface and its
chemical properties. For our model system, we have per-
0.1M Na,S formed a quantitative analysis of the modification of the pho-
toluminescence and photoreflectance upon annealing, from

which we obtain the variation of surface recombination ve-
As DIMERS locity and surface barrier. We demonstrate that photoreflec-
g tance can be better adapted than photoluminescence because
the PLI variation may be very small due to the compensating
effect of the photovoltage. Since the effect of this annealing
: . on the chemical bonds on the surface is known from photo-
s As - rich emission spectroscopy on the same surface, we were able to
W demonstrate experimentally the dominant features which de-
termine the quality of the passivation.

Based on the present results, we propose the following
description for the change electronic properties of
GaAdq001) during passivation: (i) on the gallium-
terminated part 0of001) surface, Ga-O bonds change to Ga-S
bonds which does not induce states in the forbidden gap.
Formation of chemical bonds between sulfur and Ga-related

FIG. 5. Photoluminescence intensity as a function of arsenicsurface defects leads to their complete or partial passivation.
dimer signal and the gallium dimer signal for different annealing(ii) At the same time, some accumulation of surface arsenic
stages. With respect to As-decapped GaAs, passivatio?biNa,S  and formation As-As surface bondmstead of As-Q takes
increases the PLI and decreases the dimer signal. Passivation pyace. This last fact deteriorates the electronic passivation,
0.IM NaS has the opposite effect. and the optimum surface electronic properties can be ob-

tained only after annealing that breaks As-related surface
mately follows under annealing a straight line. The distanceyonds.(jii) Formation of surface defects due to etching of

between this line and the origin is connected to the totakyrface in passivating solutions also influences the result of
dimer concentration on the surface, which is smaller if thethe passivation.

defect concentration is larger. One sees that this concentra-
tion for the IM passivated sample is smaller than for the
sample before passivation, whereas the situation is opposite
for the 0.M passivated sample. This is due to the different We are grateful to J.-P. Hirtz of Thomson CSF, for pro-
defect concentrations on these surfaces, which are then founitling the p-type sample, and to V. Thierry-Mieg for grow-
to be maximum for the W passivated sample and minimum ing the As-capped sample. A.O.G. is grateful to the French
for the 0.IM passivated one. Ministere pour I'Enseignement Supeur et la Recherche
These observations suggest that two different types of sSuMMESR) for financial support. This work was supported by
face defects are present. There is first the defects on whidie Russian Fundamental Research Foundation and by a Re
depends the SRV, which are only passivated by concentratestau Formation Recherche of the MESR.

PLI of oxided sample
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