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Photocorrosion of n-GaAs and passivation by Na;S have been studied in a working photoelectrochemical
cell as a function of crystal face orientation. Time-resolved photoluminescence studies of the (100), (110),
and (111)B faces of n-GaAs show that Na,§ provides a similar degree of commosion protection to the (100)
and (110) faces, although the corrosion-induced surface states eventually formed at each interface are separated
in energy by ~300 meV. Unlike (100) and (110), the (111)B surface is not passivated by Na;S. The high
density of intrinsic surface states at the (111)B n-GaAs surface, and the lack of removal of these states by
Na;S, pins the Fermi level and prevents trap saturation. X-ray photoelectron spectroscopic studies of the
three surfaces before and after Na,S treatment show a significant degree of arsenic sulfide bonding on (100)
and (110). The (111)B face shows very little As—S bonding, indicating that formation of interfacial sulfides
plays an important role in the reduction of interfacial traps and passivation of the photocorrosion reaction.

Introduction

GaAs has held great interest for use in semiconductor/liquid
Jjunction photoelectrochemical solar cell applications due to its
high absorption near 8 maximum in the solar encry spectrum,
The development of such devices has been hampered, however,
by photocorrosion of the semiconductor photoclectrode. A large
body of work has accumulated that addresses the problems of
photocell stability and efficiency, not only in an effort to find
& stable combination of semiconductor and electrolyte but also
to understand the basic chemical processes occurring at the
interface.'? In the case of photocorosion of n-GaAs, it is
thought that holes driven to the interface oxidize surface bonds,
causing an increase in the minority carrier surface recombination
velocity (SRV) and ultimately & decrease in device lifetime and
efficiency. Passivation of surface trap formation has been
demonstrated by a vadety of methods. Sandroff and co-
workers® first observed the passivating effect of agueous Na;S
on surface recombination centers of n-GaAs in air. Unfortu-
nately, the passivation of surface traps on n-GaAs by Na:S is
not permanent and eventually gives way to corrosion.® Nev-
criheless, the n-GaAs/Na,S system is among the most promising
due to the passivation of surface recombination centers by the
electrolyte itself, with no need for additiona! serface treatment.

In the search for an efficient semicondectorfliquid (SC/L)
Jjunction photoelectrochemical cell (PEC), verious combinations
of materials have been studied and treatments attempted for
passivation of GaAs as well as other semiconductors. For
example, studies have been performed on the effects of various
inorganic sulfides on the SRY of GaAs® the effects of other
chalcogenides on GaAs surfaces,7 the effects of metal ion
adsorption on GaAs surface recombination,® and the effects of
electrolyte composition on GaAs surface recombination® as well
as similar studies on CdSe systems!? and InP systems !! In the
work presented here the focus is on comparison of photocor-
rosion, photowashing, and passivation of three different low-
index crystal faces of GaAs. Correlations are made betwesn
the differcnt chemical processes that occur at the different faces
and the effectiveness of surface passivation

Our approach to studying these systems has been to use
several methods of measurement, both in-situ and ex-sine. The
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in-situ measurcments, time-resolved photoluminescence spec-
troscopy (TRFPL), and photocurrent (PC) spectroscopy allow
dynamic effects in the working cell to be measured. Time-
resolved photoluminescence (PL) decays measured at a variety
of potentials from sccumulation 1o depletion provide qualitative
trends which reflect the degree of charge separation, band
bending, and trap saturation. In addition, the decays can be
used 1o determine whether chemical changes in the surface have
any cffect on camier dynamics. PL decays measured at the flat-
band potential can be fitted to obtain the SRV.121Y Because
surface recombination is the most significant problem associated
with development of photoclectrochemical solar cells, and
because the SRV is a direct quantitative measurement of surface
recombination, this quantity is of central imporiance in char-
acterizing a given interface. In addition to the PL decays, the
voltage dependence of the PL and PC is also measured as a
function of sample exposure to laser irradiation. Changes in
these quantities reflect changes in surface properties resulting
from such processes as photocorrosion and photowashing,
Studies of these surfaces ex-situ have been conducted with X-ray
phatoclectron spectroscopy (XPS) and TRPL measurements,
XPS allows the determination of chemical products whereas
TRPL assists in understanding the effect of surface chemical
composition oa carrier dynamics. Core level photoelectron peak
cnergies are sensitive to the local bonding environment and can
be used to differentiste between surface oxides, sulfides, or other
surface substituents, making XPS an ideal complement to the
in-sitn stdies.

Photocorrosion has previously been observed in the n-GaAs/
Na;S system as an increase in the SRV and a decrease in PL.4%
It is thought that holes being driven to the surface oxidize the
surface bonds, degrading and changing the surface, although it
is unclear exactly what surface chemistry takes place and what
surface products result. Upon photocorrosion, the primary
observable effect is the introduction of additional surface states
at & particular energy within the bandgap which increase the
SRV at that energy.* Other observations of surface degradation
include reduction in efficiency of oxidation of the redox couple
(reduced photocurrent) and/or reduced absorption of incident
light. The creation of additional minority carrier traps at the
surface reduces the overall PL in the voltage region where those
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traps can be accessed and leads to an increased SRY in those
regions.* The energy of the corrosion induced traps at the (100)
n-GaAs/Na;8 interface is E. — 1 V, where E. is the encrgy of
the conduction band edge. At voltages more positive of E. —
1 V, the SRV is higher and the overall PL is lower than for an
uncorreded sample. These corrosion induced states have
previously been identified using capacitance techniques™ " and
arc fairly well characterized for the (100) surface. While a
mechanism for the anodic dissolution of n-GaAs has been
proposed,'® the chemical mechanisms of photocorrosion and
passivation are largely unknown.

The dependence of many material characteristics on the
crystal face orientation is well-known. For example, surface
electronic band structure, '™ surface reconstruction,” desorption
kinetics,* %2 and surface diffusion on metals™2® and semicon-
ductors®®?7 have all been shown to be crystal face orientation
dependent. There are also reactive differences found for
different crystal face orientations, including catalysis, chemical
etching rate, ¥ photochemical unpinning rate,® and potential
drop across an interface.? These studics suggest that it is not
only the types of surface atoms that come in contact with
solution which determine the interfacial chemistry but also the
specific arrangement and electronic structure of these atoms.
In this work, we have studied the photocorrosion of GaAs
surfaces and passivation by NuozS as a function of crystal
orientation. The emphasis is on understanding how the specific
interaction of 5 with surface Ga and As atoms affects photo-
corrosion and passivation. Our approach of studying the
dynamic in-situ cell operation combined with ex-situ surface
analytical techniques 1o determine interfacial products will help
clucidate the forces that determine surface atomic interactions
and should further the understanding of the passivation mech-
AMIYIIS.

Experimental Considerations

The Si-doped n-GaAs crystal wafers used in these studies
were obtained from Crystal Specialties [(100) and (110)] and
MUCP Wafer Technology (111)B. The carrier concentrations
were 6.2 % 10'7 em™? for (100) and (110) and 2 x 10"* cm™?
for (111)B. The semiconductor electrode preparation was
identical to that described in ref 13. Immediately prior to
insertion into the electrochemical cell, each sample was erched
(0.05% Bry/MecOH followed by 1 M KOH, cycle repeated three
times) to provide a clean, oxide-free surface. The sample was
the working electrode in a standard three-electrode electro-
chemical cell, with a Pt wire counter electrode and a Ag/AgCl
reference electrode. All potentials in this paper are referenced
o Ap/ApC] unless otherwise noted.

The working electrode wes illuminated at nearly normal
incidence by the 532 nm frequency-doubled, pulse-compressed
(~5 ps), focused output of 2 mode-locked Nd:YAG laser. The
laser spot diameter at the electrode was ~150—200 um. An
acoustooptic modulator was used to reduce the later repetition
rate, and a half-wave plate/polarizer was used to adjust the
power. To record photoluminescence decays, detection was
done using the time-correlated single-photon-counting tech-
nique.’? Luminescence was collected with /2 optics and
focused through a 610 nm long-pass filter into 8 monochromator
set to transmit 855 nm. The monochromator output was
detected by a microchannel plate photomultiplier wbe, whose
signal was then fed through a 1.8 GHz amplifier to a constant
fraction discriminator, A time-to-amplitude converter (TAC)
used the discriminator output as the start pulse, while a fast
photodiode, which detects the laser pulse used 1o excite the

sample, provided the stop pulse. The TAC output was recorded
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with a pulse height analysis program to give the luminescence
decay. For clarity of presentation, the time axis on decay figures
has been reversed

Decay analysis is based on the equation

TGavI0) = [(1/A) exp{A’T) erfe(AT?) —
(1/5) exp(5°T) erfc(ST'HI[SAKS — A)] exp(~T) (1)

where (1) is the PL intensity at time ¢, 2nd A, T, and 5 are the
reduced absorption coefficient (a(Dt)'?), reduced time (t'7),
and reduced SRV (s{t/D}'?), respectively. @ is the absorption
coefficient, r is the bulk luminescence lifctime, ¥ is the SRV,
and D is the ambipolar diffusion coefficient.'? As in our
previous studies.” eq 1 has been modified to treat the surface
recombination velocity (5) as a parameter that changes with time
to reflect trap saturation and the resultant change in activation
encrgy of trap occupation. The SRV, s, used in the above
equation becomes

s(f) = 5, expl— V(1 — exp(—t/t )Wk, T,)] (2)

where sq is the initial surface recombination velocity, ¥ is the
trap barrier height at long times, . is a time constanl character-
izing the evolution of the trap barrier height following laser
pulse illumination, k, is Boltzmann's constant, and Ty is the
temperature. The value for o was calculsted to be 78 421 em ™!
from measured values of the complex refractive index.® The
van Rooshrocck—Shockley value of 6.4 ns was used for the
bulk lifetime, t** The ambipolar diffusion coefficient was
calculated, using literature values for the carrier mobilities, 10
be D = 5.5 cmPfs. based on the doping density of the samples.
In performing the simulations, we chose the surface trapping
velocity such that the early portion of the decay was reproduced,
even without the inclusion of time-dependent trap bartier. In
all cases, the early portdon of the decay was found to be
insensitive to the choice of the other parameters in eq 2, Vand
r.. The expennmental decays were then simulated by adjusting
Vand r.. The cumulative uncertainty introduced by the many
physical constants and variable parameters in the simulation
preclude stating the precision of the measurements at better than
a factor of ~2—3. The stated precision, therefore, reflects the
sensitivity of the fit 1o only the SRV parameier, all other
uncertzinties held equal. This fitting procedure has previously
been used 1o interpret our data taken at a range of photon fluxes
and electrode biases, although it should be noted that the
equations assume flat-band conditions,'?-?

For the voltage-dependent photoluminescence scans, the PL
intensity used was the valid conversion cutput (VCO) from the
TAC, with a gate setting of 100 ns. The YCO was monitored
as a function of ime with a multichannel scaler as the electrode
potential was scanned at a rate of 20 mV/s.

XPS data were obtained using a Kratos Analytical Axis HSI
with @ monochromatic Al anode X-ray source and hemispherical
electrostatic electron energy analyzer. Samples were prepared
by the aforementioned BryMeOH/KOH etch procedure, fol-
lowed by soaking in Nas8 for 12 h and a water rinse. An
immediate transfer to XPS vacuum chamber was made with a
total exposure time of the sample to ambient atmosphere of <30
5. The vacuum chamber was maintained at a pressure of ~2
x 107% Tomr. Data collection times were on the order of § h.

Results and Discussion

A. In-Situ Studies. [ (100) and ([10) Faces. As stated
in the Introduction, it is known that photocorrosion at the (100)
n-GaAs/MNa,S interface results in the formation of corrosion-
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Figure 1. Photoluminescence and photocurrent as a function of applied
voltage for (100) n-GaAs in 0.5 M Na;S. Solid trace is response of
freshly etched sample; dashed trace is after severnl voltage sweeps and
lnser exposure.

induced minority trapping surface states as manifested in an
observed increase in the SRV. The effects of photocorrosion
are illustrated in Figure | where the photoluminescence and
photocurrent data are plotted as a function of the applied voltage
across the interface. Repeated cycling of the potential from
=20 = 0.0 — —2.0 V was performed as the PL and PC were
continually monitored. The laser repetition rate was 951 kHz,
with a fluence of 8.0 = 10" photonsf{cm? pulse). The solid
traces are the signal from a freshly prepared sample. The dashed
traces are the signal from the same sample after extended
exposure to high repetition rate laser radiation and continzous
cycling of the potential, Initially, the sample behaves as would
be expected, with the PL decreasing as the sample is biased
into the depletion region and the PC increasing simultaneously.
After extended exposure to the laser, photocorrosion causes a
noticeable drop in the PL and PC signals which is consistently
observed only at voltages positive of —0.5 V vs Ag/AgC] for
the {100} surface. The PL and PC signal cathodic of this
potentia]l remain unchanged with laser exposure time and
potential cycling. It was previously shown in this lsboratory*
that the corrosion which causes the decrease in PL in the
depletion region is due to the creation of new surface states.
Additionally, the studies showed that such corrosion ocours most
readily under conditions where the intrinsic traps are saurated
with minority carriers, i.c., high laser fluence and high excitation
repetition rate. Such conditions resulted in the data shown in
Figure 1. The additional traps reduce the degree of tmap
saturation by providing an additional nonradiative recombination
pathway for the photoinduced carriers. Figure 1 shows that
these new states are accessible only in a limited potential region,
i.¢., anodic of E. — | V, providing an indication of their position
within the bandgap.* The simultaneous drop in PC associzted
with corrosion indicates that these newly formed traps near E.
— 1V are not charge-transfer traps but lead to noarediative
recombination.

PL decay measurements corroborate this interpretation.
Figure 2a shows PL decays measured at the (100) n-GaAsNa,S
interface with the electrode held at V,, = 0.0 V, whichis at a
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Figure 2. Photoluminescence decays of (100) n-GaAs in 0.5 M NasS.
In (a) the electrode was beld in depletion at V = 0.0 ¥; In (b) the
electrode was held at flatband (= 1.6 V), Salid traces are response of
freshly etched electrode; dashed traces were obtained afler corrosion
of the sample.

potential where the newly formed surface states can be accessed
by carriers. The solid trace is from a freshly etched sample,
and the dashed trace is from the same sample after commosive
laser exposure. The faster decay observed after the laser
exposure shows that corrosion has ereated an additional non-
radiative channel for carriers. PL decays were also measured
before and after corrosion with the electrode held at Vi (Vi =
—1.6 V vs Ag/AgCl) and are shown in Figure 2b, The fact
that decays taken at flat band are identical before and after
corrosion confirms that the corrosion-induced traps formed at
this interface are only sccessible when the Fermi level is at or
below the energy of the traps.

Similar experiments have been performed on the (110)
o-GaAsMNaS interface. Figure 3 shows the PL and PC as o
function of voltage for a fresh sample (solid) and for a sample
exposed to prolonged high repetition rate laser radiation
(dashed). A dip in oversll PL in the depletion region is
observed. as on (100), indicating that extended laser exposure
causes corrosion induced traps in a similar way as on (100),
Although it is difficult to quantify the laser exposure necessary
Lo see the effects of corrosion, it is consistently equal for the
two interfaces. An important difference in the behavior of the
two faces is the potential at which the dip occurs. The traps
on (100) become accessible at an applied potential (V) 2 —0.5
V. or ~1 V below the conduction band edge. The onset of the
PL drop on (110), however, is shifted anodic to that seen an
(100), indicating that the corrosion-induced surface states formed
on (110) are lower in the bandgap that those formed on (100)
(Figure 4). The PC response from the (110) surface, which
drops off at the same potential as did the PL signal, gives further
indication that the nature of the comosion states on (110) is
similar to those on (100), although they are shifted lower in
the bandgap. (It is possible that the apparent energy difference
in the photocorrosion induced traps for the (100) and (110) faces
is simply an artifact due to band movement/Fermi level pinning.
Mott~Schottky analysis showed identical flat-band potentials
and no band movement.)
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Figure 3. Photoluminescence and photocurrent as a function of applied
voltage for (110) n-GaAs in 0.5 M Na;5. Solid trace s response of
freshly etched sample; dashed trace is after several voltage sweeps and
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Figure 4. Diagram showing energies of corrosion-induced surface
states for the (100¥Na3S and (1 10WNa;S interfaces. Surfsce states
induced on (110) are ~300 meV lower in the band gap than those
formed on (1009,

To further examine the nature of induced traps and to assess
whether the drop in PL. and PC with exposure is simply a result
of formation of a polysulfide-type layer or other surface
deformation that could conceivably lead to similar observations,
the surfaces were examined under noncormosive, nonsaturation
conditions in which the laser repetition rate was reduced while
the fluence remained unchanged (repetiion rate = 238 kHz,
fluence = 8.0 x 10"! photons/(cm? pulse)). For the remainder
of this paper, “nonsaturation™ laser exposure will refer to this
fluence and repetition rate. For comparison, experiments were
performed both on freshly etched samples and on samples that
had been previously corroded with high repetition rate laser
radiation. Figure 5 shows the voltage-dependent PL and PC
data for a (100) surface* The top set of scans (Figure 5a) is
from a freshly etched sample; the bottom set (Figure 5b) is from
a sample that had been previously cormoded.  As before, repeated
cycling of the potential from —2.0 — 0.0 — —2.0 V was
performed as the PL and PC were continually monitored. The
solid traces are the initial scan in the experiment; the dashed
traces are the last. The imporiant feature in the data is that
there is no drop in either PL or PC in the depletion region for
the freshly ectched sample under these low repetiion rate
conditions (Figure 5a). Furthermore, it is apparent that the
commosive exposure which preceded the bottom scans has not
altered the way this sample behaves under nonsaturation
conditions; i.e., both the PC and FL arc identical o the fresh
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Figure 5. Photoluminescence and pholocurrent as a function of applicd
voltage for (100) e-GaAs in 0.5 M Na:S under low laser repetition
maie (238 kHz) conditions. Solid trace is response of freshly ctched
sample; dashed trace is after scveral voltage sweeps and laser exposure,
Top plot (a) is from a freshly etched sample; bottom plot (b) i3 from
previoualy cormoded sample.

sample. This indicates that high fluences are necessary not only
1o cause corrosion but also o access existing cormosion-induced
traps. The results also sogpest that trap formation is not
accomparied by any physical deformation of the surface which
would prevent absorption of the incident light.

The (110) surface exhibits very different behavior under low
repetition rate, nonsaturation cooditions.  Voltage-dependent PL
and PC data are shown in Figure 6 for a freshly etched sample
and for a previously corroded sample. Figure 6a shows that
both the PC and PL from a freshly etched (110) surface
continually increase as laser exposure continues, eventually
reaching a constant maximum. This behavior is in contrast to
the stable behavior of (100) (Figure 5a) under the same
conditions and is the reverse of what is seen during photo-
corrosion (Figure 3). An increase in PL with laser exposure
has been anributed to the removal of surface states by photo-
washing.” We attribute the behavior observed for the (110)
surface to a similar photowashing reaction.

To reiterate, all samples studied here have been chemically
eiched in an ideptical manner immediately prior 1o insertion
into the electrochemical cell. Previous studies of GaAs have
shown it to have an etch rate that is anisotropic with respect to
crystal orientation 2%  Although the order of etch rate was
found to be crystal face dependent, with an order of (110) =
(11138 > (100) = (111)A, the result of such an etch is similar
in terms of surface quality for all of the surfaces. Thus, we do
to etching differences. The data in Figures 5 and 6 show that
under nonsaturation conditions (100) is relatively stable whereas
(110) is prone to photowsshing and suggest that it is the specific
interaction of the different crystal faces with Na;S which
accounts for the different behavior. That is, while the different
surfaces have been etched similarly and have oxide-free
termination, the energetics of the bulk termination on (110) is
such that interaction with Na;S produces a high defect density.
These defect states are removed by photowashing,
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voltage for (100) n-GaAs in 05 M Nay5 under low laser repetition
mate (238 kHz) conditions. Solid trace is response of freshly etched
sarmple; dashed trace is afier several voltage sweeps and laser exposure,
Top plot (a) is from a freshly eiched sample; bottom plot (b) is from
previously corroded sample.

The increases in PL and PC shown in Figure 6a for the (110)
face eventually reach a maximum value and cease to increase
further, If that surface is then exposed to corrosion-inducing
illumination of high repetition rate laser light and then re-
examined under nonsaturation conditions (Figure 6b), the result
is o photocurrent that is the same as was seen from the
photoweshed sample before the corrosive exposure; Le., the
same high terminal PL and PC values are observed immediately
with no increase or decrease with continued exposure. Also
worth noting is that the corrosion-induced dip in PL and PC
which is observed under high repetition rate exposure (Figure
3) is absent here under low repetition rate nonsaturation
conditions (Figure 6b), as it was for (100) (Figure 5b), even
thoagh the sample has been corroded. Thus, whereas (100) and
(110) are similar in their degree of susceptibility to corrosion
at high laser fluences and in the nature of corrosion-indoced
states, there are important differences in the energy of the
cotrosion-induced states as well as in the behavior under
nonsaturation conditions, These differences are the direct result
of crystal face onentation.
is the SRV measured at flatband potential (Vg). Because there
is no field present at the interface at ¥p, the SRV measored
there reflects the “intrinsic” SRV, i.e., the ability of interfacial
statcs 10 trap photogenerated carriers which have no driving
force. (This is in contrast to the previously discussed corrosion-
induced traps which are inaccessible unless the carriers have a
driving force imparted by the applied voltage.) SRVs taken at
Vi have been measured from both (100) and (110) surfaces
under all of the conditions previously emploved in the PL and
PC cxperiments io observe how these treatments affect the
cammier trapping dynamics at the interface. Decays were
measured from uncomoded surfaces under (1) high repetition
rale (saturation) corrosive conditions, (2) low repetition rate
(nonsaturation) before photowashing, and (3) low repetition rate
(nonsaturation) afier a photowashing treatment. (Here, a
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TABLE 1: Effects of Photocorrosion on Freshly Etched
Samples

SRY (005 = 10 emfs)

(100} (1109
belore cormosion 1.12 1.41
after corrosion 112 1,34

TABLE 2: Effects of Photowashing on Freshly Etched
Samples

SRV (£0.05 = 10% cmds)

(100} (11
before photoweshing 1.13 1.41
after photowashing 1.12 112

TABLE 3: Effects of Photowashing on Previously Corroded
Samples

SRV (0,05 x 10 cm/s)

{100) {110}
belore photowashing 1,12 134
after photowashing 112 1.3

“photowashing treatment” is simply exposure to low repetition
rale, nonsaturation imadiation while cycling the potential, similar
to the conditions that led to the cbservations in Figure 6a.) The
same experiments were then duplicated on samples that had
been previously coroded. By fitting decays taken at Vi, to eq
I, we arc able 10 obtain the SRV ot V. The results are
summarized in the following tables. Table 1 shows the effects
of corrosion, Table 2 shows the effects of photowashing on a
freshly etched uncorroded sample, and Table 3 shows the effects
of photowashing on a previously corroded sample.

There are several important features in the data which warrant
discussion. The most prominent feature is that, for the (100)
surface, neither the photocorrosion nor the photowashing
pretreatments have had any effect on the SRV at V. This is
actually the expected result considering the PL and PC data
aircady discussed. While photocorrosion does induce traps
which are accessible in the depletion region (at £, — 1 V), the
fact that the PL dip in Figure 1 is well positive of Vy, would
suggest that the corrosion-induced traps are not accessible at
Ve Furthermore, because the photowashing treatment had no
cffect on the PL or PC for (100) at any potential, one would
Dot expect to see any significant changes in the SRV at Vi, after
photowashing.

Conversely, the (110) surface shows a complex response to
the various pretreatments which is indicative of its more complex
surface photochemistry. Considering first the experiments on
uncorroded samples (Tables 1 and 2), several observations are
noteworthy, First, the SRV from the as-etched (110) surface
is significantly higher than that for (1007, for both low and high
repetition rate experiments. In general, a higher SRV under
similar excitstion conditions means a higher number of surface
siztes or & higher rapping cross section. This indicates that
the (110) surface has a higher density of intrinsic defects/
trapping states than the (100) surface. Second, after a photo-
washing treatment, the (110) surface has the same SEV as a
freshly etched (100) surface (Table 2). This is further evidence
that, although both samples received an identical etch which
results in an oxide free, well-terminated bulk, the (110)0/MNa;S
interface has a higher defect density and is thus more prone to
photowashing. This photowashing reactivity apparently results
in a surface comparable in quality to the as-etched (100) surface,
as shown by its decreased SRV after the photowashing
treatment.  This result confirms the earlier result shown in
Figures 5 and 6 for the voltage-dependent PL. and PC experi-
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ments where photowashing was seen on (110 but not (100).
These results have implications on surface preparation methods.
If one wishes to prepare a given interface to be in its Jowest
defect state, one must consider not only the types of materials
that are to be in contact but also the crystal orientation of the
materials.

The experiments on previously corroded samples are equally
interesting (Table 3). The most striking feature of these data
is that the SRVs from all previously corroded (110) surfaces
are identical. Comparison of these results to those for samples
that had not been previously corroded is very revealing,
Because the dip in PL and PC which resulted from corrosion
(Figure 3} is in the depletion region, one would not expect to
see and change in SRV at V. But, in fact, it has changed,
from 1.4]1 = 10P 1o 1.34 = 10 indicating that the corosion.
inducing exposure may actually have slightly improved the
surface as compared to the as-etched surface, but not to the
same extent that photowashing improves the surface. Although
corrosion is typically associated with surface degradation and
an increased SRV, the resulting traps are not accessible at Vs,
Thus, the reduced SRV at Vy, is a result of some degree of
photowashing which accompanies the corrosive high repetition
rale eaxposure. This photowashing is not as complete as that
induced by the low repetition rate photowashing, where the SRY
was reduced from 1,41 x 10°t0 1.12 x 10%, indicating that the
corrosion reaction interferes somewhat with the photowashing
reaction,

An alternative interpretation of the photocurrent data in figure
Ga is that the increasing photocurrent is due to photocorrosion,
which is well-known 10 be a six-electron reaction.™ The natre
of the experiment, as well as the other evidence to the contrary,
rules this interpretation out. The data in figure 6 were obtained
over a period of ~10 min, with the potential being continually
swept and laser cxposure remaining constant.  Only the first
and lust scans are shown. While a photocorrosion reaction does
produce an instantansous current 6 times that of & simple
interfacial sulfide oxidation, the final result of photocomosion
is lower photocurrent due to the deterioration of the corroded
interface.*® Furthermore, while an instantaneous photocurrent
Jjump accompanying photocorrosion is probable, 1o maintain that
increase for the duration of the experiment would require
consumption of a large amount of semiconductor material, a
result which is not observed.

I (111)8 Face. The (111)B face of GaAs behaves very
differently than the two faces already discussed. The differences
are best understood in terms of saturation of intrinsic traps. For
the (100) and (110) faces, corrosion is the result of saturation
of intrinsic traps which canses the creation of corsion-induced
traps. Changes in decay rate as a function of excitation power
have been previously shown for ( 100) 1o be a result of saturation
of intrinsic traps'? when the photon-induced charge injection is
on the order of wap density. Here, PL decays were measured
from the (111)B/Na:S interface as a function of excitation power
and are shown in Figure 7. Photon fluence ranged from 1.5 x
10" to 1.5 » 10" photons/(cm® pulse) at a repetition rate of
951 kHz. The data show identical decay rates over an order of
magnitude of laser power, indicating that there is no change in
the degree of trap saturation. This lack of trap saturation has
been seen for unpassivated (100) samples examined in air, which
are known to have a high density of surface traps. It can be
concluded that Na;S provides very little reduction or removal
of interface traps from (111)B.

Experiments have also been performed that measure the
potential dependence of PL decays from the (111)B/Na:S
interface. In the absence of Fermi level pinning. a change in
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Figure 7. Laser power dependence of photoluminescence decays from
the (111}B/Na:S interface.
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Figure 8. Dependence of photoluminescence decays on applied
potential for the (111)B/MNasS interface.

interfacial potential results in a variation in PL decay rate as
the depletion layer width is varied. At flat-band condition there
is no field at the semiconductor surfice, so photoinduced
electronhole pairs have no force separating them, and the result
is slow decays. When the electrode is biased toward depletion,
the ficld present at the surface separates electron/hole pairs,
resulting in a faster decay rate. This effect has previously been
demonstrated.* Shown in Figure 8 are potential-dependent PL
decays for (111)B/Na;S interface. Decays were measured at
three potentials anodic of the flat-band potential. The lack of
potential dependence of the PL decays is likely the result of
Fermi level pinning, which results in the applied potential being
dropped in the Helmholiz layer and surface states rather than
in the space charge region. Because the applied potential would
not be felt in the semiconductor, the depletion layer width would
not change with applied potential, accounting for both the lack
of power dependence and the lack of potential dependence of
the PL decays.

B, Ex-Situ Studies. The in-situ studies already discussed
provide considerable information relating to how the cell
behaves under operating conditions and how dynamic effects
are manifested in changes in the FL, PC, and SRV, However,
this information is somewhat incomplete in that it does not
reveal much about the specific chemical interactions that result
in the observed behavior. To obtain additional information
about the chemical composition of the surface, we have
performed X-ray photocleciron spectroscopy which is, by
necessity, an ex-sim ultrahigh-vacoum technigue. We have
complemented these studies with ex-situ TRPL measurements
which have been conducted in a similar manner to the in-situ
TRPL previously discussed.

L Ex-Situ TRPL PL decays measured in air are very
sensitive to the density of surface states; any change in this
density resulting from chemical interactions will be evident. PL
decays have been measured from untreated (native oxide
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Figure 9. Ex-situ (nir) photoluminescence decays. Solid traces are
from untreated, unetched sumples; dashed traces are from eiched, NacS-
coated surfaces. The system response is shown in the top plot

covered) samples and from samples that had been chemically
etched and soaked in 0.5 M Na,S with the NayS allowed to dry
onto the surface and are shown in Figure 8. All three untreated
surfaces (solid lines) exhibit a very fast early decay component,
with a long time component that asymptotically approaches an
exponential decay. The early portion (r < ~2 ns) is sensitive
primarily to changes in the SRV as found from performing data
simulations using eqs 1 and 2, both in this study and in previous
studies.®'? The latter portion of the decay (r > ~4 ns) is a far
less sensitive indicator of changes in SRY and is sensitive
primarily to variation of V and r.

Upon coating the surfaces with Na;S (dashed lines), the early
portion of the decay is slowed considerably for the (100) and
{110} surfaces, indicating that the N2:5 has removed surface
states from these two surfaces, reducing the SRV. For the
(111)B surface this effect is not observed, suggesting that Na,S
has no impact on the surface recombination velocity; i.e., Na.§
provides little, if any, removal of surface traps from the (111}B
surface,

Alternatively, by comparing only the laner portions of the
decays from the unreated surfaces, one might conclude that
(111)B initially has & lower SRV which is subsequently not
affected by the sulfide treatment. However, this explanation is
inconsistent with the very fast decay observed for this surface
in the first few nancseconds. shown in the inset. Tt is also
inconsistent with the fast SRV which was observed for this
surface in solution, as discussed previously. Thus, we conclude
that the intrinsic surface states on the (111)B surface are not
removed by NapS, whereas they are removed for (100) and
(1.

Yablonovitch and co-workers® have measured the effect of
MNazS on the density of recombination centers for the {100)
n-GaAs surface using transient photoconductivity measurements
and showed that the change in the decay was directly attnibutable
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Figure 10. X-my photoclectron spectra. Data in the left column are
from etched samples; data in the right column are from NagS-coated
samples.

to removal of surface states resulting in a reduction of the SRV
by a factor of 25. We conclude from the data shown in Figure
9 that Na,$ interacts strongly with {100} and (110}, significantly
reducing their SRV, while it interacts very little with (111)B,
leaving the intrinsic SRY unchanged. This conclusion is
consistent with our in-situ experiments described earlier which
showed that NaqaS does not provide the corrosion protection to
(111)B that it provides to (100) and (110). (The fast carly decay
component present in the (111)B data is too fast to be modeled
accurately using eqs 1 and 2. The upper limit of accuracy for
the simulation is ~SRV = 350 000 cmv/s. Thus, we put a lower
limit on the SRV of the (111)B surface of 350 000 cm/s.)

{I. X-ray Photwelectron Spectra. To further examine the
nature of the differences in behavior exhibited by the differemt
crysial faces, X-ray photoelectron spectroscopy was performed
on the samples. The As 2p core levels were examined under
several different sample preparation procedures to detenmine
the extent of sulfide formation at the surface. The As 2p peak
is known to be sensitive to the oxidation state and bonding
enviromment of the surface As atoms." Samples were prepared
by first etching with Bry/MeOH and KOH followed by im-
mediate transfer to a Na;S solution which was identical to the
electrolyte used for the in-situ experiments previously discussed.
After soaking the GaAs in the NayS solution for 12 h, the
samples were subject to a running water rinse sufficient to
eliminate any visible surface film, typically for about 5 s
Samples were then allowed to dry in a flowing N; atmosphere
and subsequently transferred to the vacuum chamber. Samples
rinsed for longer periods of time showed similar spectral
features; those ninsed for shorter periods had a visible excess
of Wa;5 film which prevented the detection of the surface As
XFS signal. For comparison, experiments were also performed
on “clean” surfaces, those with no other surface substitucnts
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other than the atoms that terminate the bulk. The clean surfaces
were prepared by Art spatier etching in the XPS vacmum
chamber. Data acquisition and sputtering were alternated until
no further change was observed in the signal, indicating that
any contaminants had been removed.

Spectra for (100), (110), and (111)B samples, both clean and
Na;S-treated, are shown in Figure 10. The most notable feamre
of the spectra is that the (100) and (110) samples show a
prominent shoulder on the main As 2p peak after NasS treatment
whereas this shoulder is absent for (111)B. It has been shown
previously for the NasS-coated (100) surface of GaAs that this
shoulder is due to the formation of arsenic sulfides.'® Thus, it
15 clear from the data here that there is significant formation of
arsenic sulfides on the (100} and (110) surfaces, while litlle or
none are formed on the (111)B surface.

It was concluded from the optical experiments that NasS
passivates the (100) and (110) surfaces ﬁ;\um corrosion whereas
(111)B is not passivated. The lack of passivation of (111)B
was wisociated with a high SRY and surface trap density such
that trap saturation by photoinduced charge carriers was not
observed. The evidence from XPS is that As sulfides are formed
on (100) and (110} but not on (111)8B. We propose that the
passivation mechanism involves the formation of sulfides at the
interface and that this sulfide formation reduces the SRV,

Conclusions

The results presented here show that there are important
differences in the photoelectrochemical behavior of the (100),
(110}, and (111)B faces of the n-GaAsNa:S PEC. Experiments
that monitor PL and PC as a function of applied voltage show
that Naa S provides a similar degree of corrosion protection 1w
both the (100 and (110) surfaces. However, the surface siates
eventually caused by corrosion are separated by several hundred
millielectronvolis, those on (110) being closer to the valence
band edge. These experiments, as well as time-resolved PL
decays, also show that the etched (100) face is inert to any
photowashing reactions in NasS, whereas (110), which has a
higher initial SRV, is susceptible to photowashing in the cell,
resulting in & reduction of surface siates. The photowashing
reaction reduces the SRY 10 2 value identical to that for (100),
The (111)B surface has a significantly higher SRV than either
(100} or (110); passivation by Na:S i5 not observed for the
(111)B surface. XP5 results show significant formation of
arsenic sulfides on the (100) and {110) surfaces whereas (111)B
showed little if any arsenic sulfide formation.

As mentioned in the Introduction, there are many examples
of material properties and chemical reactions that are dependent
o ¢rystal face orientation, including catalysis, surface recon-
structions, surface band structure, and molecular adsorption/
desorption. Theoretical calculations predict that the position
and density of surface states for Si, Ge, and GaAs will be
orentation dependent,™ & consequence of differences in rehy-
bridization of surface orbitals, electronegativities of the atoms
residing on the surface, and the resulting occupation of these
surface orbitals. A common factor in all types of surface
anisotropic processes is the energetics of the surface atoms with
one another and the resulting interactions of these atoms with
adsorbing and reactive species. In the analysis of the results
presented bere, it is instructive to examine the atomic arrange-
ment of the three surfaces studied here (Figure 11). Only one
type of atom is on the surface of (100) and (111)B, whercas
both Ga and As atoms are on the surface of (110). Furthermore,
the number of bonds each atom has with the bulk, and with
other surface atoms, is different. A further consideration is the
ionic or polar nature resulting from the M-V zinc-blende
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Figure 11. ldeal surfaces and 2-D cutaway view showing dangling
bonds for the three low-index orientations studied.

structure of GaAs. These factors all contribute to very different
encrgetics al these faces.

Based on the results shown in this work, specifically that
(100) and (110) are passivated by Na;S while (111)B is not
and that arsenic sulfides form on (100) and (110) but not on
(111)B, it is our conclusion that this arsenic sulfide formation
is what provides the protection from photocorrosion. The
passivation 18 accompanied by a removal of surface states. When
bond formation occurs at a surface, the resulting energies of
the new surface states will move away from midgap, towand
the band edges, if the new bond is stronger then the one it
replaces. ™ The (110WNa;S interface showed the largest degree
of surface As—S formation as well as surface state formation
&t ~300 meV closer to the valence band edge than that of the
(100)WNa,S interface, which is consistent with our interpretation.

The likelihood of the reaction that produces the passivating
arsenic sulfides is directly related to the atomic arrangement
and resulting energetics of surface atoms. This can be made
clear by examination of the (111)B/Na:5 interface, The ideal
termination of the (111)B bulk results in a surface with a lone
pair extending perpendicularly from the surface at every atom.
While the termination of the etched surfaces is surely not ideal,
the tendency of the surface toward this configuration will
dominate the interfacial energetics. The species in solution that
will participate in surface charge transfer are presumably the
anionic Na5~ and 5%, We suggest that it is the repulsive
interaction between these species and the surface atoms which
reduces the degree of As—3 formation, as compared to {100)
and (110), and thus prevents passivation of the (111)B surface.
These results for (111)B are corroborated by a recent study done
by Murphy ct al.*® Passivation of these surfaces is associated
with removal of midgap surface states and unpinning of the
Fermi level. From their synchrotron radiation photoelectron
stuchies, in which they observed no movement of the Fermi level
with sulfur adsorption in vacuum, Murphy et al. conclude that
(111)B could not be passivated by sulfur. Further XPS analysis
of Ga core levels as well as the lower binding energy levels of
Ga and As, combined with similar studies of the (11 1)A surface,
should provide further information regarding the role of bound
sulfur in the passivation of n-GaAs.
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