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We have used synchrotron-based high-resolution core-level photoemission and valence-band emission mea-
surements to characterize hydrogen chemisorption on nonpolar (GAsand polar GaA&00 and
GaAq001) surfaces. Chemisorbed atomic hydrogen forms both Ga-H and As-H bonds on all three surfaces,
causing chemical shifts of core-level binding energies and changing the valence-band emission. For low
hydrogen exposures arsenic desorbs from all surfaces. However, at higher exposurEN)) tharface trans-
forms into a Ga-rich structure with traces of metallic Ga, while th@0) surface transforms into an As-rich
structure. We have also observed some additional changes in the binding energy of bulk components of Ga and
As core levels as a function of hydrogen exposure, which may be explained by hydrogen-induced changes in
band bending.

DOI: 10.1103/PhysRevB.67.195325 PACS nuni®er79.60.Dp, 33.60.Cv, 33.70.Jg

I. INTRODUCTION very sensitive probe for hydrogen chemisorption on semi-
conductor surfaces as it reveals some characteristic,
The interaction of hydrogen with semiconductor surfacediydrogen-induced modifications of valence states.
has been attracting considerable interest over the past 20 The majority of experimental results has suggested that
years for both technological and fundamental reasons. Fdtydrogen chemisorbs on both Ga and As atoms even at low
example, the incorporation of hydrogen into crystalline semiydrogen coverages of GaAs surfaces, while As loss from
conductors can deactivate electrical activity of both shallowthe surfacemost likely in the form of AsH) at higher ex-
acceptor and donor impuritiésyhile a hydrogen plasma can POSures causes surface roughening and dramat|_c changes in
be used to etch and to clean surfaces and to remove theitfface stoichiometry towards a Ga-rlch'compos'lﬁ'éﬁ'.
oxides? On the other hand, information about physical and . However, several reports have provided quite different
chemical properties of adsorbed hydrogen is needed for ghigictures of hydrogen-induced changes in surface composi-

development of some fundamental mechanistic concepts iplon. For_ex.ample, in an early synchrotro_n-basgd core-level
hotoemission study of hydrogen chemisorption on polar

t_he field of surfa_ce science addre_ssm_g, for example, adsor‘%aAs(lOO) and GaAgll) surfaces, Bringans and
tion and desorption processes, epitaxial growth, or rearranges hrachP reported preferential bonding of atomic hydrogen
ment of surface atoms. ) to As atoms and formation of an As-rich structure for sur-
The hydrogenated GaAs surface has been recognized f%.e5 saturated with hydrogen, even for the initially Ga-rich
an ideal system for studying chemisorption processes angonstructions. An overall As enrichment of the GEAX)
rearrangements of surface atoms. Many surface-sensmv&rface(initia”y Ga-rich) has also been reported by Stietz
techniques, ranging from high-resolution electron-energyet a|* However, while a constant increase of the As/Ga in-
loss  spectroscopy (HREELS, low-energy electron tensity ratio as a function of H dose has been reported in Ref.
diffractior (LEED), and scanning tunneling microscopy 11, the same intensity ratio in Ref. 10 exhibits a pronounced
(STM) to temperature programmed desorpli¢iPD) and  maximum at lower exposures, followed by a steady increase
photon-stimulated desorptibtPSD), have been employed to at higher exposures.
study the interaction of atomic hydrogen with GaAs surfaces. The apparent discrepancy between these reports may be
Synchrotron radiation photoemission spectroscopies havelated to some extent to different surface preparation
also been used for characterizing the chemisorption of hytcleaved surfaces versurs situ or ex situgrown molecular
drogen on GaAs surfac8s.For example, from high- beam epitaxy(MBE) structures versus commercial wafers
resolution core-level photoemission measurements one cateanedin situ) and different orientation and reconstruction
separate the surface contribution from the bulk contributiorof GaAs samples used in different studies. In addition, one of
to the line shape of core-level emission and determine théhe problems one may encounter when comparing results
chemical shift in core-level binding energy as a function offrom different studies is the estimation of the hydrogen cov-
hydrogen coverage. In addition, the integrated ratio of Garage of the surface. Usually, hydrogenation is done by ex-
and As core-level lines may provide information aboutposing the clean GaAs surface to atomic hydrogen produced
changes in surface stoichiometry as a function of hydrogefrom molecular hydrogen by dissociation at a hot filament
exposure. On the other hand, the valence-band emission is(&2000 °Q. The filament is placed a few centimeters from
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the sample surface. The hydrogen exposure is given in lang-
muirs (L), representing the product of the uncorrected ion
gauge reading and the time of filament heating (1L
=10 ® Torrs of H,). Different hydrogenation geometries
(regarding the distance and the orientation of the filament in
relation to the sample surfagefilament temperature, and 2
base pressure during hydrogenatipnessures ranging from
107 to 10 4 Torr have been reported in the literatureay

lead to the quite different hydrogen coverages of the surface
for the same nominal exposure in langmuirs.

Surprisingly, there are few reports in the literature on
comparative hydrogenation studies of different GaAs sur-
faces undertaken by the same technique and under the same
hydrogenation conditionéRef. 10 is one of the few excep-
tions). In this paper we report on photoemission studies on
polar and nonpolar GaAs surfaces, hydrogenated under iden-
tical conditions and analyzed in the same way. We employed
both core-level and valence-band photoemission measure-
ments, using synchrotron radiation, to characterize hydrogen
interactions with the surface.

Ga3d - GaAs(110)
hv =70 eV

2 0 L

5000 L

20000 L

INTENSITY (arb. units)

60000 L

Il. EXPERIMENT

The GaAs samples used in this study were grown by » 500000 L

MBE using semi-insulating GaA$110, (001), and (100
substrates. Following thermal oxide removal, a Si-doped (5
x 10" cm %) GaAs buffer layer approximately 0.2Gm

3 2 1 0 1 2 3 4 5

thick was grown on each substrate, having either the nonpo- RELATIVE BINDING ENERGY (eV)
lar (110 surface with an equal number of Ga and As atoms
or the polar As-terminated100 or (001) surface. The FIG. 1. Photoemission spectra for Gd Rvels in GaA§110) as

samples were then allowed to cool under an fisx while a & function of hydrogen exposure. The solid line is a numerical fit of
liquid-nitrogen-cooled finger contacted the substrate mounteéXperimental curvesopen circle representing superposition of
ing block. Over a period of some hours an amorphous arfwo doublets(clean surfaceor three doubletghydrogenated sur-
senic layer capped the surface, thus protecting it against de@ace)-
radation. The samples were stored under an Ar atmosphere in o . ]
a vacuum vessel and transported to the synchrotron-radiatid¥ filter to remove the contributions of higher-order light to
facility. the spectrum. The core-level photoemission was measured
All measurements were performed at room temperature iground Ga 8 and As 3l levels, using 70- and 90-eV pho-
an ultrahigh vacuuniUHV) chamber connected to beam line tONSs, respectively.
2B1 of the Pohang Light Source, which delivers photons in
the 12—-1200-eV range. The main chamber is equipped with a IIl. RESULTS AND DISCUSSION
hemispherical electron analyzé6ammadata SES 1D@or
photoemission studies and a LEED system for monitoring
surface reconstructions, while the heated sample holder and a The majority of synchrotron-based photoemission mea-
manifold with a hot filament for hydrogenation purposes issurements on the effects of hydrogen chemisorption on GaAs
placed in the prechamber. surfaces has been done previously on the GHEE® surface

The protective arsenic cap on GaAs samples was removegvhich can be easily preparéusitu by cleavagg which has
in the prechamber by heating the sample~t850 °C, fol-  confirmed that atomic hydrogen bonds to both Ga and As
lowed by annealing at-440°C for several minutes. This atoms and that, at higher hydrogen exposures, a Ga-rich sur-
procedure is known to produce surfaces of quality similar toface develops as a consequence of preferential etching of As
as-grown MBE surface¥. atoms from the surface®3 Following the same arguments,

Following the cap removal, the clean surface was exposedne may expect that, at even higher exposures, some metallic
to atomic hydrogen, produced by dissociation gfad a hot ~ Ga droplets may form on the surfatdeading eventually to
tungsten filamen{~2000 °Q placed about 6 cm and out of surface metallization. However, to the best of our knowl-
the line of sight to the sample surface. All hydrogenation wasdge, no photoemission studies from GaAs surfaces have
done at similar pressures in the T@Torr range and up to a shown this full range of possible transformations induced by
maximum dose of X 10° L. hydrogen chemisorption.

The valence-band spectra were obtained using photons of If metallic Ga builds up on the GaAs surface, one should
h»=50 eV and a mixed andp polarization, filtered by an be able to measure the chemical shift in the Gaphoto-

A. Core-level photoemission
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emission signal originating from the metallic layer. In Fig. 1 As3d - GaAs(110)
we show a set of representative Gé @mission curves from 5| Vs hv = 90 eV
the GaA$110 surface(open circlegas a function of H dose \
up to 5x 10° L, taken by 70-eV photons and normalized to L
the photoemission current measured at the Au mesh. Clearly,
the Ga 3l emission changes dramatically with H exposure & 4 |
and represents a superposition of several emission lines. To-"é'
analyze these curves in more detail, we simulated them with =
several sets of characteristic Lorentzian doublets convoluted .©
with Gaussian function¥!

The Ga 2l peak from the clean surface was deconvoluted
into two doubletgsolid and broken lings shifted from each
other by 0.26 eV and with a spin-ord8O) splitting of 0.44
eV and branching ratio of 0.63. These parameters were held
fixed for all fittings, while the zero position of the binding
energy scale were taken at the Gdg3 position of the bulk
component. The two doublets and the fitting parameters we
used are characteristic for the bulk- and surface-related con-
tributions to the core emission, with the surface part shifted 2
to the higher binding energg,, .*3*° o | = =2

The emission from the hydrogenated samples cannot be —
simply fitted by only two doublets. However, the introduc- ) -1 0 1 2 3
tion of a third doublet, shifted towards highEf, by 0.6 eV,
gives an excellent fit to experimental curves in the lower- RELATIVE BINDING ENERGY (eV)
coverage regiméup to 2x 10* L) (see Fig. 1 The intensity o _
of the third doublet increases dramatically with hydrogen FIG. 2. Photoemission spectra for Ad &vels in GaA$l10) as
exposure, while at the same time the intensity of the surface? function of hydrogen exposure. Experimental curvegen
related doublet drops. We associate this new doublet with thEl"c/e9 are simulated by two or three doublets, as in Fig. 1.
formation of Ga—H bonds on the surface. The binding energyjean surface was decomposed in terms of bulk and surface
of this component increases with hydrogen dose and reacheg®ublets. We found the surface shift to be 0.38 eV towards
the maximum value of 1.1 eV below the bulk emission atthe lower binding energy, a SO splitting of each doublet of
2x 10" L, while the Ga 3 surface component remains at 0.69 eV, and a branching ratio of 0.66, in excellent agree-
the same binding energy for all exposures. At the same timenent with the published datd:®
the Lorentzian width of the H-related doublet increases from The As 3 emission from the hydrogenated samples re-
0.5 eV (at 5x10° L) to 0.65 eV (at 2x10* L), while the  quires an additional doublet to achieve the best fit with the
Gaussian component remains constant at 0.8 eV. experimental curvegsee Fig. 2 Again, we associate the

The same trend in chemical shift of Ga &mission and new doublet component with the reaction of atomic hydro-
the asymmetric broadening of the H-related Gadbublet  gen with surface As atoms and the formation of As—H bonds.
with hydrogen dose has also been reported in Ref(al3 This hydrogen-related component has the same SO splitting
though the H-induced effects reported there seems to be onamd branching ratio as the bulk component and is shifted by
smaller scalp and explained in terms of some unresolved0.35 eV towards higheE, . In contrast to the Ga® emis-
high-binding-energy components related to the disorder on gion, the binding energy and the width of the hydrogen-
rough, Ga-rich surfac® related doublet in the AsdBemission curves remain constant

For even higher exposures X6.0° L), the hydrogen- for all hydrogen exposures. However, the intensity of this
induced component decreases, while, at the same time, aublet decreases at higher exposures corresponding to the
additional structure emerges at the lovitsgredge, shifted by formation of a Ga-rich surface as in Fig. 1. This result con-
0.55 eV from the main bulk emission line. To reproduce thisfirms some previous reports on hydrogen-induced preferen-
structure, we have introduced an additional doublet with theial etching of As from GaA&10) surfaces?
same SO splitting and branching ratio as the bulk compo- Turning now to the photoemission data from pol400)
nent. The intensity of this additional component increasesind(001) surfaces, we first notice that the Gd Bhotoemis-
even more for the highest H exposure used in this experision exhibits much fewer changes as a function of hydrogen
ment (5<10° L). The shift in binding energy of this new exposure than the corresponding emission from the nonpolar
component corresponds to the chemical shift from elementabaAg110) surface. In addition, our measurements on polar
Ga (Ref. 16 and we associate it with the emission from surfaces did not show the pronounced “metallic” Ga contri-
metallic Ga formed on the GaAs surfate. bution, not even at the highest exposure used in our experi-

The As 3 emission, taken using 90-eV photons and dis-ments[see Fig. 8)]. This is in agreement with some previ-
played in Fig. 2, shows much less pronounced changes witbus reports from polar surfaces showing only very small
hydrogen exposure. We analyzed the emission curves in thehanges in line broadening of the Gd 8ore-levet* or no
same way as the Gad3curves. Again, the spectrum from a changes at af?
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FIG. 3. (a) Photoemission spectra for Asl3evels in GaA§100)
for three different hydrogen doses: %10 (solid line), 5x10° L
(dotted ling, and 5x 1C° L (dashed-dotted line The clean surface
is represented by open circles. Superposition of three doublets giv
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The emission taken around AgiXore levels is slightly
different. While the GaA®01) surface shows only small
changes in As 8 emission with hydrogen exposuf@ot
shown, the GaA$100 surface exhibits several pronounced
featuregsee Fig. 8)].

In Fig. 3, as an example, we show some representative Ga
3d and As 31 emission curves taken from hydrogenated
GaAq100. The fitting parameters for clean surfac€&l0
splitting, branching ratio, and shijtsvere fixed to the same
values as in the case of the G4dA&0 surface. Again, the
broadening of experimental curves at the higlagr edge
upon hydrogen exposure required an additional, hydrogen-
related doublet for the best fit.

In Fig. 3@ we show the As @ emission from thg100)
surface for three different hydrogen exposyr&sown in the
upper part of Fig. @)]. The emission from the clean surface,
as in the case of thel10) surface, shows the surface and the
bulk contribution, and also the small contribution from el-
emental As, originating from either arsenic dimers on the top
of the As-rich surface or some remaining As from the €ap.
At 10% L, the emission curve develops a pronounced,
hydrogen-induced shoulder at the higligredge, which in-
dicates the formation of As—H bonds. It has been simulated
with an additional doublet as shown in the lower part of Fig.
3(a). At higher hydrogen exposures ¥5L0° L) the emission
curve approaches the original shape and finally becomes
slightly sharper for 1.410° L. This behavior is consistent
with a reduction in the number of As—H bonds at the surface
and desorption of As, most likely in the form of Aghht
higher hydrogen exposures.

The line shape of Ga® emission, shown in Fig. (B),
also exhibits similar changes. The pronounced hydrogen-
induced component, shown by the solid line fox 60* L,
has been simulated by the third doublet in the lower part of
Fig. 3(b). At the highest hydrogen exposure used in our ex-
periments (5 10° L), the hydrogen-related contribution al-
most disappears, possibly indicating the loss of Ga from the
surface in the form of Ga hydridés.

The minimum changes in core-level emission were found
on the GaA&)01) surface(not shown. To confirm the hy-
drogen bonding on this surface, we turn to the valence-band
emission.

B. Photoemission from the valence states

Hydrogen chemisorption is known to affect significantly
the valence-band spectra of GaAs. For example, on the
GaAgq110 surface hydrogen removes states from near the
top of the valence band and introduces several new structures
in the valence band and the heteropolar Yfaphe new emis-

slon peak around-5.5 eV (with respect to the valence-band

an excellent it to the experimental lines of hydrogenated samplegn@ximun) is believed to be dominated by bonding states

as shown in the lower part for hydrogen exposure ot 110 (b)
Selected photoemission curves for Ga &re levels in GaA&.00
at different hydrogen exposuréspen circles for clean surface;
solid line for 2x10* L; dashed line for X 10° L). Simulation,
given for hydrogen exposures ob6L0" L, is shown in the lower

part.

formed by Gas orbitals and H adsorbed on Ga atofrishas
been shown that this emission increases with H dose on the
nonpolar GaAgl10) surface!’ The emission at-8.5 eV
comes from states localized in the heteropolar gap of GaAs.
It also increases with H dose and is believed to reflect the
etching action of hydrogen and removal of As from the
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BINDING ENERGY (eV) gen exposure of 510° L may indicate the buildup of me-
tallic Ga droplets on the surfa¢tWe have also observed the
reduction in emission arounet1l eV upon hydrogen ad-
sorptiosn, which may reflect the removal of Aslike surface
surfacet’ Finally, the emission at around11 eV arises from Sta—:—isé results from Fig. 4 confirm that hydrogen bonds to
As s orbitals and hydrogen adsorbed on As at(?ms. _ both Ga and As atoms on Ga@91) and that hydrogen ad-
However, there are no detailed studies available in theqgrption introduces qualitatively the same features to the

literature on the valence-band spectra of polar GaAs surfacgs;jence-band emission from both polar and nonpolar GaAs
as a function of H exposure. In Fig. 4 we show a set ofg, f5ces.

representative curves taken from the GE&4) surface as a
function of H exposure. o

The curves in Fig. @) are plotted after subtraction of the C. Surface composition
secondary background and normalization to the beam cur- The interaction of hydrogen with GaAs surfaces may dra-
rent. The clean surface exhibits a pronounced peak close tmatically change the surface stoichiometry and reconstruc-
the valence-band maximumE{(gy=0), which probably tions. For example, hydrogen adsorption has been reported to
represents a mixture of emission from the surface states argteferentially remove arsenic from nonpolar GaAs surfaces,
some Ag-like dangling bond$.Hydrogen chemisorption causing roughening of the surface and leading to Ga-rich
removes these states from near the top of the valence basttucture$:** On the other hand, both As-rich and Ga-rich
and introduced new bands arountb.5 and —8.5 eV, as polar surfaces can be transformed into As-rich composition
shown by the difference curves in Figlb} after chemisorption of atomic hydrogéh!!

In agreement with the previous work on nonpolar Photoemission measurements around Ga and As core lev-
GaAg110) surfaces;**'"we assign the-5.5-eV emission to  els have often been employed to study the variation of sur-
the Ga—H bonds. It increases with H exposure, indicating aface stoichiometry with H exposure. In general, the Ga to As
increasing number of Ga—H bonds. The hydrogen-inducedatio has been calculated from integrated emission intensities
emission at—8.5 eV is believed to reflect the etching action of Ga 3 and As 3 core levels. Sorbat al. have shown a
of hydrogen and depletion of As from the surface, followinglinear increase of the Gad3As 3d ratio as a function of H
the formation of volatile Ash.!” On the other hand, the exposure for the GaA$10) surface'® Such behavior clearly
relative drop in the—5.5-eV emission at the highest hydro- reflects the preferential removal of As and formation of a

FIG. 4. (a) Valence-band emission argd) difference curves for
the hydrogenated Gaf®01) surface.
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0.2 e v sy 0.3 the GaA$100) surface to a high dose of hydrogen. The en-
a) GaAs (100) 8\0 B> richment of the(100 surface with As also has been reported
s . As /a0 % 402 & in Ref. 11.
2 01 o Ga o 3 o o However, our core-level photoemission data around the
'g ! 101 = As 3d level[see Fig. 8)] indicates removal of As—H bonds
~ 0 e 8 < from the surface and As desorption at high hydrogen expo-
E O ° 10 sure. Therefore, an overall As enrichment of the surface
01 L cd o Lo .01 should be caused by either some additional Ga desorption,
' 03 probably in the form of Ga hydridé§;'* or by an enhanced
0.2 rrrrm T P N ’ diffusion of As to the surfac& The Ga 3! emission data
—_ b) GaAs (110) 32 B> [see Fig. 8)] would favor the former proposition as the
o o As ‘ge 102 m hydrogen-related di from the @
B 01L o . 3/ o r-;5 ydrogen-related component disappears from the @a 3
3 101 & emission curve at higher hydrogen exposures.
= 0L o o, &
< o T ¢ 7 =~ D. Binding energy shifts
-0.1 Lol 4 vl P -0.1 Turning now to hydrogen-induced shifts in binding en-
ergy, we note that some small changes of both Ga anddAs 3
o Gas (001) o ._\' core levels has been reported in Ref. 11 for the hydrogenated
01} e As3d AR GaAq100 surface. An increase of Gad3binding energy
> from 19.8 to 20.4 eV was measured even at very low hydro-
% f‘,x. gen coverage, while, at the same time, the As Bnding
< ’ energy increased from 41.85 to 42.45 eV. However, at H
o o e - exposures above 1@, the binding energy of both Ga and
< | | | | | | As 3d levels returns to the clean-surface value.

Our measurements on three different GaAs surfaces, sum-
marized in Fig. 6, show a similar trend. In Figabwe show
the normalized shift in binding energ}E,, for the bulk
component of the As @ level (full circles) from the (100
surface. After~10® L the binding energy starts to increase
and reaches a maximum, or a plateau, betweeh &l
10° L. For higher exposuresAE, decreases towards the

Ga-rich surface. On the other hand. data from Ref. 11 show S€@n-surface value. However, the overall variation in bind-
nonlinear decrease of GadBAs 3d r’atio with H exposure Ing energy i_s abolut a_factor of 2.sma||er than has been re-
indicating an overall As enrichment of the GaA60) sur—’ ported previously! while the nominal hydrogen exposures

face. in %greement with the work from Ref. 10. However are shifted towards higher values. The corresponding

. . 'changes in As 8 binding energy as a function of H exposure
results presented in Ref. 10 clearly show three different r g g 9y P

e. .
for GaAg110 and GaA$001) surfacedFigs. b) and Gc
gions: initial decrease of the Ga/As ratio for low H expo- o, hipit tﬁe sr)alme generSaOI bt)ahavior. {Figs. b) 80

sures, followed by a rapid increase of the Ga/As ratio aftera |, Figs. §a) and &b) we have also plotted changes of the

minimum obtained at intermedigte exposures, and, finally, g5 34 binding energy as a function of hydrogen exposure
slow bl_Jt steady decrease for hlgher exposures. (open circley for GaAg100) and GaA$110) surfaces, re-

In Fig. 5 we plot the normalized ratio of the integrated spectively. The overall variation in the Gal 3hift is slightly
intensities of Ga @ and As 31 emission curves as a function higher than the As @ shift, but otherwise follows the same
of hydrogen dose for all three surfaces used in our study. Ifrend. The values oAE, for the Ga 3l level from the hy-
contrast to the results from Ref. 18howing a linear in- drogenated GaA801) surface were scattered around the
crease of the Ga/As intensity ratio with hydrogen exposurelean-surface value and are not shown in Fig,).6
of (110 surfacey our measurements on tH@10 surface The variation in binding energy can be understood to
show more likely an exponential dependence of the Ga/Asome extent in terms of hydrogen-induced band bending. In
ratio as a function of hydrogen exposure. TB81) surface  general, the band bending results from the additional charge
exhibits behavior similar to th€l10) surface, except for an in the surface layer, which is compensated by an opposite
initial drop in the Ga/As intensity ratifFig. 5(b)]. space charge inside the semiconductor. The formation of this

The intensity ratio from thg100 surface shows some space-charge layer is responsible for the band bending with a
more structure[Fig. 5(c)]. It decreases initially from the maximum value at the surface. The numerical estimation of
clean-surface value, then increases almost exponentially withand bending on the Ga&00 surface as a function of H
hydrogen exposure in the 305X 10* L range, and finally exposure has been determined previously from fitting the
starts to decrease for higher exposures. This result, qualitddREELS measurements to a simple theoretical expression
tively quite similar to that from Ref. 10, indicates an overall for the energy-loss probability in the dipole scattering
change towards the As-rich stoichiometry upon exposure ofheory® At low exposures, up to a few hundred langmuirs,

107 10° 10 10° 10° 10* 10° 10°
H exposure (L)

FIG. 6. Change in binding energAE,,) for As 3d and Ga &
levels as measured ofd) GaAg100), (b) GaAg110, and (c)
GaAg001) surfaces.
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the band bending decreases from 350 to around 250 meV At higher hydrogen exposures, tiiE0) surface becomes
(and shows some zigzag-type variajiowhile at higher ex- enriched in As, while, at the same time, some metallic Ga
posures it increases dramatically-+@00 meV at the highest builds up on the110 surface. A metal/semiconductor con-
exposure of 1DL used in Ref. 18. Our hydrogenation ex- tact is known to introduce a depletion layer in afype
periments also show two distinctive regions in band-bendingemiconductor, followed by band bendiffgln the case of
variation, although the nominal hydrogen exposures used ifhetals on the GaA%10) surface, a very small initial change
our experiments differ from those in Ref. 18. in thickness of the metallic overlayer drastically increases the

Looking now at Fig. 6, we first notice th&t{E, for the  pang pending22which, in turn, reduces the binding energy.
(100 surface[Fig. 6(a)] closely follows the variation of sur-

face stoichiometry, given in Fig.(§) by the integrated ratio

of Ga and As core-level emission curves. The initial increase

of AE,, for hydrogen exposures up te5x 10* L implies the

reduction in band banding. For these exposures, as demon- Atomic hydrogen bonds to both Ga and As on polar and

strated in Figs. 3 and 5, As desorbs from the surface and thgonpolar GaAs surfaces, causing a dose-dependent chemical

surface stoichiometry changes towards a Ga-rich composkhift of 0.8—1.1 eV for Ga 8 core levels and 0.35 eV for As

tion. The missing As atoms are related to the localized 6|eC‘3d levels. Hydrogen removes states from near the top of the

tronic defect states, which act as acceptors and can be occyglence band and introduces some new similar structures in

pied by electrons. Therefore, the hydrogen-induced changgfe valence band and the heteropolar gap on both polar and

in surface stoichiometry affect the net surface charge an@ionpolar GaAs surfaces. In addition, chemisorbed hydrogen

may changdreduce or increasehe width of the depletion induces preferential etching of As at room temperature on the

layer in ourn-type samples which will, in turn, change the nonpolar GaA&110) surface, leading to a Ga-rich composi-

band bending. Indeed, some angle-resolved ultraviolet phajon and metallization of the surface at high hydrogen expo-

toelectron spectroscopy experiments on the G8BH  sures. Preferential removal of As has also been observed on

surfacé® have shown that a change in surface As concentrapolar surfaces in the low exposure linflitelow 16 L of H.).

tion changes the band bending. In addition to hydrogentjowever, at higher exposuréabove 16 L of H,), an As-

induced changes in surface stoichiometry, the atomic hydrorich composition develops on the GaA80 surface. The

H into the bulk of GaAs may passivate the electrically activeand As core levels closely follows the change in surface sto-

dopants and affect the band bending, again by changing thghjometry and composition with hydrogen exposure and can

width of the depletion layef? _ ~ be understood in terms of band bending. The band bending
The same reasoning can be applied to band bending afecreases for low hydrogen exposure but increases again at

the GaA$110) surface[Fig. 6b)] for hydrogen exposures up higher exposures.

to ~5x10* L. However, at higher exposures, the final sto-

ichiometry of (100 and (110 surfaces differs significantly

[see Figs. &) and 5c)], while the binding energy changes in ACKNOWLEDGMENT

almost the same way. To explain this discrepancy we point

out once again that at lower hydrogen exposures both sur- The authors acknowledge the Australian Government’s

faces lose As through preferential etching, thus developin@epartment of Industry, Science and Resources for finan-

similar changes in the net surface charge and, consequentlyially supporting this work through the Access to Major Re-

similar changes in band bending. search Facilities Program.

IV. CONCLUSION
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