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Steady-state photoluminescence, time-resolved photoluminescence, and x-ray photoelectron
spectroscopy have been used to study the electrical and chemical properties of GaAs

surfaces exposed to inorganic and organic sulfur donors. Despite a wide variation in $*~ (aq)
concentration, variation of the pH of aqueous HS ~solutions had a small effect on the
steady-state n-type GaAs photoluminescence intensity, with surfaces exposed to pH = 8, 0.1-
M HS ™~ (aq) solutions displaying comparable luminescence intensity relative to those

treated with pH = 14, 1.0-M Na,S:9H,0(aq). Organic thiols (R-SH, where

R = — CH,CH,SH or — C;H,Cl) dissolved in nonaqueous solvents were found to effect
increases in steady-state luminescence yields and in time-resolved luminescence decay lifetimes
of (100)-oriented GaAs. X-ray photoelectron spectroscopy showed that exposure of

GaAs surfaces to these organic systems yielded thiols bound to the GaAs surface, but such
exposure did not remove excess elemental As and did not form a detectable As,S,

overlayer on the GaAs. These results imply that complete removal of As® or formation of
monolayers of As,S; is not necessary to effect a reduction in the recombination rate

at etched GaAs surfaces. Other compounds that do not contain sulfur but that are strong
Lewis bases, such as methoxide ion, also improved the GaAs steady-state
photoluminescence intensity. These results demonstrate that a general class of electron-
donating reagents can be used to reduce nonradiative recombination at GaAs surfaces, and also
imply that prior models focusing on the formation of monolayer coverages of As,S; and
Ga,S; are not adequate to describe the passivating behavior of this class of reagents. The time-
resolved, high level injection experiments clearly demonstrate that a shift in the

equilibrium surface Fermi-level energy is not sufficient to explain the luminescence intensity
changes, and confirm that HS ™ and thiol-based reagents induce substantial reductions

in the surface recombination velocity through a change in the GaAs surface state

recombination rate.

1. INTRODUCTION

The use of Na,S-9H,0 has been reported recently by
Yablonovitch, Sandroff, and co-workers to decrease sur-
face recombination rates at GaAs/air interfaces and to im-
prove the electrical characteristics of GaAs bipolar
transistors.! This system is notable because the surface re-
combination velocity under high level injection of
Na,S-treated (100) GaAs surfaces is 10° cms ! as op-
posed to the 10°-107 cm s ~ ! value that is characteristic of
unpassivated GaAs/air interfaces.!®? Apart from the ob-
servation that reductions in surface recombination velocity
(.S) can be obtained with Na,S, (NH,),S, and other salts
that yield aqueous sulfur species,'* little is known about
the chemical reactivity of the GaAs surface sites. To ad-
dress this issue, we report the surface electrical and chem-
ical properties of (100)-oriented GaAs that has been ex-
posed to a variety of sulfur, nitrogen, and oxygen donors.
Many of these treatments yielded improved GaAs surface
recombination properties, demonstrating that a.general
class of chemical reactivity can be exploited to obtain in-
formation on the GaAs surface state properties.

Additionally, although numerous spectroscopic and
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electrical studies of Na,S-coated GaAs surfaces have been
performed,>*¢-14 there is still controversy over the mech-
anism of surface passivation in the GaAs-Na,S-9H,0 sys-
tem. Some workers have associated the improvements in
surface recombination rates with the bonding and/or etch-
ing of electrical traps by the basic aqueous sulfide
solutions.! Other investigators have suggested that the
traps might be associated with excess elemental As, which
is presumably etched away by the Na,S solution.>!5 An-
other theory is that a slight shift in the surface Fermi level
pinning position towards the GaAs valence band edge is
responsible for the improved photoluminescence signals,
and that passivation effects due to a decrease in the surface
trap density and/or cross section are a secondary effect.®!?
Support for this latter hypothesis has been obtained from
deep-level transient spectroscopy,®® from valence band
shifts in vacuum photoemission experiments,’ and from
field effect measurements of the equilibrium band bending
at Na,S-treated GaAs surfaces.}® However, measure-
ments of the surface Fermi-level position under dark equi-
librium conditions are not sufficient to define the surface
carrier concentrations under strong illumination,'*! so
other data must also be obtained to understand the electri-
cal effects of the GaAs surface modifications.

In this work, we have used steady-state, low level in-
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jection, photoluminescence (PL) methods and time-re-
solved, high level injection, photoluminescence methods!’
to probe the electrical recombination properties of various
GaAs surfaces. Radiative lifetime data obtained under high
level injection conditions are relatively insensitive to the
position of the dark, equilibrium surface Fermi 1evel,1,6'18
therefore chemically induced changes in surface recombi-

nation rates can be probed unambiguously in such experi-
ments. In addition, we have used hloh-PnPrgy recalition
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x-ray photoelectron spectroscopy to investigate the ele-
mental As stoichiometry and to study the formation of
arsenic sulfides after the GaAs surface has been exposed to

the desired chemical reagent. These studies have been per- -

formed in a rigorously anaerobic environment, so that the
effects of native oxide growth on the formation of As,S;
and Ga,8, precipitates [from a chemical reaction with the

Na,S(aq) solutions] can be minimized and investigated
systematically. We have also exposed the GaAs surface to
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a variety of etches in order to obtain either a stoichiometric

surface, an As%-rich surface, or an oxidized surface. These -

experiments have enabled us to probe correlations between

the initial surface chemical composition and the stoichio- '

metry of the modified GaAs interface.

. EXPERIMENTAL
A. Samples and chemicals

All experiments in this work were performed with #-
type (100)-oriented GaAs, which varied in dopant density
from 10" to 10'® cm —3. Most bulk GaAs samples used in
x-ray photoelectron spectroscopy (XPS) experiments were
performed on (100)-oriented GaAs single crystals with do-
nor densities (&) of 10" ¢m 3 (Morgan Semiconductor,
Inc. or Wacker Inc.) or on low doped, nominally intrinsic,
GaAs samples. Some steady state PL measurements were
also performed on the N;= 10'7 cm ~3 bulk GaAs sam-
ples; however, in order to maximize the surface sensitivity
of the photoluminescence signals, the majority of the
steady state experiments were performed with thin, lightly
doped, GaAs epilayer structures. Except where otherwise

- noted, these samples consisted of a semi-insulating GaAs
substrate, followed by a layer of Aly,GageAs (1000 A
thlck), a layer of GaAs (1.01 um thick) doped at 10"

(n type), and then another layer of Aly,Gag¢As
(1000 A thick).?® For convenience, these samples will be
designated as the 1.0-um epilayer GaAs samples. For ex-
periments that probed the effects of treatments on the
GaAs surface, the top Aly4GagAs cap layer was removed
by etching the sample for 4 min in a solution of 0.05% Br,
{by vol.) in methanol. The PL intensity was monitored
during the etching process, and the etch was stopped when
no further decrease in the PL signal was observed in re-
sponse to a 15 s immersion into the Br,/methanol solution.

In order to confine carriers to a narrow region and
thereby maintain high injection during the course of the
photoluminescence measurements, time-resolved photolu-
minescence experiments were conducted on samples with a
layered structure that consisted of a semi-insulating GaAs
substrate, followed by a layer of Aly;Gag,As (1000 A
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thick); a layer of GaAs {2.8 pum thick), and then a layer
Aly3Gag;As (1000 A thick).?! These samples will be des-
ignated as the 2.8-um-thick epilayer GaAs samples. When
desired, the Aly;Gag;As cap was removed by etching the
sample for 4 min in 1:8: 500 (volume ratio) of a
H,80,(con.):30% H,0,(aq):H,0 solution. The exposed
GaAs layer was then etched and manipulated as described
below for the bulk GaAs samples.

A4 in thi 1, 22
Three types of etches were used in this work.

T tha
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first procedure, samples were etched sequentially in 0.05%
Br,-CH;OH and 1.0-M KOH(aq) solutions, with each
etch being 15 s in duration. After the KOH etch, the sam-
ple was rinsed with deionized water and then dried under
a stream of N,(g). Before further use of the GaAs, this
etching procedure was performed three times on each sam-
ple. This etch leaves a surface with minimal oxides and

elemental As, and will be referred to as etch A (or the

etch) 23 Thic atrh wae tha ~a 1

+1
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* commonly used to give a good starting GaAs surface, and

was used as the initial treatment except when otherwise
noted.

In some experiments, GaAs samples were subsequently
etched in 1:1:100 (con. H,80,:30% H,0,:H,0) solutions

‘for 30 s, and were then rinsed with deionized water and
“dried under a stream of N,(g). This procedure resulted in

a nonstoichiometric surface with an excess of elemental As
on the GaAs surface,22’24 arid will be referred to as etch B
(or the As®rich etch). Etch C consisted of exposure of the
GaAs surface to etch A followed by exposure to 30% H,0,
for 30 s, and resulted in the formation of an oxidized GaAs
surface layer.**%

The organic reagents were used as received (99% or
better purity) from Aldrich Chemical Co. The organic re-
agents were dissolved in diethylether or in carbon tetra-
chloride to make solutions of 1.0 M, unless otherwise
noted. The sodium salts of several of the organic reagents
were formed by addition of a 5% molar excess of sodium
to a 1.0-M solution of the organic reagent in diethylether.
Na,S- 9H20(s) was obtained from Mallinckrodt in 98.38%
purity, and NaHS(s) was obtained in 99% purity from
Aldrich.The pH of the aqueous Na,S and NaHS solutions
was adjusted by addition of 12-M HCl(aq) or 1.0 M
NaOH, as necessary.

Chemical treatments of the GaAs samples were per-
formed by immersing the etched GaAs surface into a Pyrex
beaker containing a solution of the desired reagent (1.0-M

- concentration, unless otherwise specified) for time periods

of 1-60 min, with an immersion time of 30 min used for
most experiments. Except where otherwise noted, all solu-
tions were open to the ambient air while in contact with the
GaAs samples. The samples were then removed from the
beaker, allowed to dry under N,(g), and then transferred
either to the XPS instrument or to the PL apparatus.

B. Steady-state photoluminescence experiments

Steady-state photoluminescence (PL) data were ob-
tained using either an Ar-ion laser at 514 am (100 mW) or
a He-Ne laser at 632.8 nm (10 mW). Both lasers were
focused to produce illuminated sample areas ~1 mm in
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diameter. In preliminary experiments, the relative trends in
PL intensity for surface treatments with aqueous sodium
sulfide on either 2.8-um GaAs epilayer samples or on
10""-doped bulk GaAs samples were found to be indepen-
dent of the choice of excitation wavelength (514 nm vs 633
nm), so 633 nm excitation was used for the majority of the
experiments described below.

For either excitation wavelength, the PL signal from
the GaAs was directed through a monochromator (SPEX
1681B, 1.25-mm slits) that was equipped with a long pass
filter (transmitting A > 740 nm). Light detection was per-
formed with a conventional photomultiplier tube (Hama-
matsu R632-01). A scan of the PL intensity was recorded
between 800 and 900 nm at a scan rate of 1 nm/s; the
maximum PL signal was then recorded as the characteris-
tic value for this sample. The wavelength of the peak max-
imum (874 nm) did not shift noticeably after any of the
surface treatments.

In order to minimize oxidation of the GaAs,? all PL
measurements were performed with the sample placed in a
two-necked glass cell equipped with a stopcock. The cell
was continuously purged with N,(g). The samples were
etched (in ambient air) as described above, placed in the
cell, and a baseline PI. measurement was obtained. The
samples were then transferred in air to the appropriate
solution, treated with the desired chemical reagent, rein-
serted into the Nj-purged cell, and the PL peak was then
rescanned. Frequently, there was some increase in the PL
intensity over a period of about 10 min, after which the PL
signal level remained constant. The data were recorded

after the peak had reached a constant intensity. This pro-.

cess was found to yield consistent trends in PL intensity for
the various reagents studied in this work. The increase in
PL with time was clearly due to a photochemical step,”
because after the PL signal had reached a maximum value
on a sample of GaAs, illumination of a different portion of
the same GaAs surface resulted in an initially low PL in-
tensity and also produced a similar time-dependence of the
PL signal. After re-etching treated GaAs surfaces with the
repetitive Br,-CH;OH and 1.0-M KOH(aq) procedure
(etch A), the PL intensity always returned to the baseline
value. For all samples, exposure of the Na,S films to air for
more than a few minutes usually resulted in adsorption of
water from the air; this process was readily identified be-
cause the water wetted the film and eventually reduced the
PL intensity back to the baseline value of etched samples.
Such long-term exposure to air was therefore avoided in
the measurements reported herein.

Some experiments were performed to investigate the
effects of spin-coating! versus the immersion and drying
procedures described above. Using a bulk GaAs specimen
(N;= 10" cm‘3, etched with etch A) in contact with
1.0-M Na,S-9H,0(aq) solutions, essentially identical PL
signals were obtained from the spin coating method versus
the immersion and drying procedure. Most of our work
was therefore performed using the more straightforward
immersion/drying procedure, as described above.

Some experiments were also performed using solutions
specifically prepared to minimize the amount of oxidized
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sulfur and to maximize the amount of sulfur in the — 2
oxidation state. In these experimenfi‘, NaHS' (H,0), was
dissolved in deaerated water to produce a 1.0-M NaHS
solution; 0.1-M NaN; was then added to this solution to
reduce any residual polysulfide species. The pH was then
adjusted by addition of either HCl or NaOH, as required.
Re-oxidation of the HS ™ was prevented by maintaining a
stream of N,(g) through the solution during the reduction
with NaN; and through all subsequent manipulation steps.
This procedure was found to minimize the oxidized sulfur
content relative to that obtained from solutions made with
commercial Na,S-9H,0(s) and no reductant present.

C. Time-resolved photoluminescence studies

Time-resolved photoluminescence experiments were
performed using time-correlated single photon counting in-
strumentation. The excitation source was a Coherent
Model 701-2 dye laser that was pumped by the mode-
locked, second harmonic output of a Nd:YAG laser (Co-
herent Inc. “Antares” Laser System). The dye laser pulses
were less than 10 ps in duration, the repetition rate was 152
kHz, and the power per pulse was 4.6 nJ at 620 nm or 13.1
nJ at 685 nm. All time-resolved PL studies were carried
out under high injection conditions. The beam was focused
to a spot with a diameter of < 100 um on the plane of the
sample, yielding an incident flux of 10' photons cm ~2
pulse ~!. The absorption coefficient for GaAs at 656 nm
(1.89 eV) is 3.44x 10* cm ~ 1,6 thus, after accounting for
a 30% loss in power due to reflection at the GaAs/gas
interface, this incident power resulted in an initial injection
level in the first 0.10 um of approximately 10'® cm ~3, and
produced injection levels of 10'® carriers cm ~ 2 after car-
rier diffusion through the 2.8-um-thick epilayer GaAs sam-
ple. All time-resolved PL, experiments were performed on
the sample with the 2.8-um GaAs epilayer structure.

The time-correlated photon counting apparatus con-
sisted of an EG&G Ortec Model 934 Quad Constant Frac-
tion Discriminator, a Tennelec TC 864 Time-Amplitude
Converter/Biased Amplifier and an EG&G Ortec Spec-
trum Ace-4K Multichannel Analyzer. Trigger pulses were
generated by an FND-100 photodiode, and were amplified
and inverted by a Hewlett Packard 8447F preamplifier.
The room-temperature GaAs band-gap luminescence at
880 nm was detected using an accelerated Hamamatsu
R928 Photomultiplier.””?® Stray light was rejected using
Hoya long pass cutoff filters at 740 nm that were placed in
front of the Spex monochromator, and the monochromator
was set to 880 nm with 1.25-mm slits. The system response
was determined by scattering the incident beam off of a
strip of Teflon tape, with some scattered light directed into
the photomultiplier tube. This procedure yielded a value of
=350 ps for the full-width at half-maximum of the system
response; the full system response function was recorded
and used in the convolution procedure described below.

Analysis of the time-resolved PL data was performed
using a digital simulation program.'”® In our simulation,
photogenerated carriers were created in a delta time pulse
with the appropriate penetration depth into the sample,
and were then allowed to diffuse, to recombine radiatively
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and nonradiatively in the bulk, and to recombine nonradi-
atively at the front and back GaAs surfaces. The high
injection levels of the experiment greatly simplified the
simulation procedure, because the flat-band conditions es-
tablished in the experiments justified neglect of drift terms
in the simulation. Standard Shockley—Read-Hall trapping
statistics were used to model the nonradiative processes,'®
and the known radiative recombination coefficient of
2% 107 cm® s ! was used for the GaAs luminescence
rate constant.?’ ]

For the samples of interest, the low-level injection bulk
minority-carrier lifetime was sufficiently long that bulk
nonradiative recombination processes were not important
in determining the time decay of the PL signal; thus, the
major factors that determined PL decays were carrier Iu-
minescence, diffusion, and surface recombination. Because
the carrier mobilities, sample thickness, injection levels,
and GaAs radiative rate constants were known indepen-
dently, the only adjustable parameter in the simulation was
the surface trapping rate, which was varied from 10'-107
cm s ~ ' in the simulations. The simulated PL response was
then convoluted with the laser/photomultiplier tube/
electronics system response function, and the resulting
time-dependent PL function was then compared directly
with the experimental PL data. Simulations of PL data on
the Aly;Gag;As capped, 2.8-um-thick GaAs samples
yielded a value for S of 500 cms ™!, which is in good
agreement with literature values for this interface.”?® PL,
decays for the other surface treatments were more rapid
than that obtained with the Alo 3Ga0 7As cap layer, and S
was found to range from 10* to 10® cm's ~! for these sys-
tems.

D. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopic (XPS) studies were
performed using a high-energy resolution Surface Science
Instruments Model 100 top hat monochromator (Al x
rays, 1486.6 eV) or using a VG Mark II ESCAlab non-
monochromatic x-ray source (Mg x rays, 1254 eV). The
FWHM of the Au 4f5,, line was 0.95 eV on the SSI in-
strument and was 1.61 eV on the VG instrument. The base
pressure was at least 1102 Torr in both instruments.
The monochromatic x rays from the SSI machine were
used to obtain chemical information in the As 3d and 2p
regions, while the use of the Mg source from the VG in-
strument eliminated interference from the As Auger lines
(=232 BeV in Al XPS) and allowed the observation of
signals in the S 25 229 BeV region. All peaks are reported
with respect to C 1s =285.0 eV, but the actual measured
value of the carbon peak for each spectrum is also reported
in the tables. XPS data were analyzed using standard peak
fitting routines to obtain peak areas. For analysis of the As
3d regions, two sets of doublets, each constrained to a ratio
of 1.5:1 and to a separation of 0.7 eV, were used to obtain
fits for substrate As and elemental As. The separation be-
tween the substrate and elemental As doublets was con-
strained to 0.7-0.8 eV.2* The amorphous As-S component
was fit with a broad singlet without any constraints.
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The etching procedure for samples studied by XPS was
the same as for steady-state PL measurements. However,
to avoid interference from surface oxides, the etching so-
lutions and all chemical reagent solutions were deaerated,
and etching was performed in either a glove bag or in an
N,-purged glove box. Except where otherwise noted, after
immersion into aqueous solutions, the GaAs samples were
rinsed thoroughly with deaerated H,O; after immersion
into organic solvents, the samples were rinsed with meth-
anol. Dried and treated samples were transported to the
XPS instrument, or between the two XPS machines, in
glass vials that were sealed under N, or Ar. The vials were
opened in a glove box that was attached to the desired XPS
instrument, and the GaAs samples were then introduced
into the vacuum chamber of the instrument without delib-
erate exposure to oxygen.

Spin profiling experiments were performed using the
following procedure. Bulk low doped GaAs samples were
exposed to etch B in a dry box containing flowing N,{g).
These samples were analyzed by XPS, and were then re-
turned to the dry box for subsequent exposure to 1.0-M
Na,S:-9H,0(aq). After a 10-min exposure, the GaAs sam-
ples were spun dried and transferred back into the high
vacuum chamber and another set of XPS data (which
showed only sodium, oxygen, carbon, and sulfur) was
taken. The sample was then removed, rotated on a spin
coater, exposed to one drop of water, and spun to dryness.
The XPS spectrum was then reexamined, and the spin/
etch/dry process was repeated until no further changes in
the XPS spectrum were noted. This procedure is very sim-
ilar to that described earher for profiling oxide films on Si

‘and GaAg.1930

Overlayer coverages were calculated from the XPS sig-
nal intensities assuming uniform layers and using the equa-
tion:

dy=Aqcos 0-In[ (T,opnsls) / (TponAs) + 11,

where 4 is the thickness in angstroms, A, is the escape
depth of the species of interest, #, is the number density, I,
is the peak area, 0 is the angle between the surface normal
and the detector, o, is the Scofield cross section, the layer
designated as “a” is on top of the layer designated as “b,”
and the transmlssmn functioiis are assumed to be equal for
both phases.’! Escape depths were calculated using the
method of Seah and Dench.* The coverages in mol/cm?
were then calculated by multiplying' the calculated depth
by the density of the species of interest.

. RESULTS

A. Steady-state photoluminescence -
1. Aqueous sulfide solutions

.The effects of various surface.treatments on surface
recombination rates were investigated through room-tem-
perature  photoluminescence .. (PL) measurements on
(100)-oriented n-type GaAs samples. As expected, the ab-
solute magnitude of the PL intensity was a function of the
thickness and minority-carrier lifetime of the sample,‘é’33
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AlGaAs Cap

NaHS«(H,0), ‘

H3S (aq) §

HS (gas)
KOH

etch A

1
103

PL Intensity
(arbitrary units)

FIG. 1. Bar graph of steady-state photoluminescence intensity at 874 nm
for 1.0 pm-thick epilayer (100) n-GaAs samples after exposure to various
aqueous solutions. The excitation source was a He-Ne laser at 632.8 nm.
The concentration of all species was 1.0 M with the exception of aqueous
H,S, which was 0.1 M in total sulfide (pH = 1.5). The H,S gas pressure
was ~1 atm, and no H,O was deliberately introduced into this environ-
ment. Only the final PL signal for H,S(g) exposure is shown; the initial
signal was approximately at the etch A level. .

with thin, epitaxially grown, GaAs layers of low dopant
density, high bulk lifetime, and a passivated back surface
(at the GaAs/Al,Ga; _ ,As contact) showing the greatest
relative increase in PL intensity. Although some previous
PL work has been performed using highly doped bulk
GaAs samples,*>%® the rather low dynamic range of the
PL signal for our highly doped samples precluded accurate
separation of the various chemical effects of interest in this
work. Therefore, epilayer samples with a thin active region
and a long minority-carrier lifetime (specifically, the 1.0-
pm epilayer GaAs samples) were used to obtain most of
the quantitative PL intensity data for the surface treat-
ments reported in this work.

a. pH dependence of the steady-state photoluminescence
intensity: HS ™ vs S%~ ions. Figure 1, Table I, and Table 11
report the steady-state, low level injection, GaAs PL data
for various surface treatments. All steady-state PL data in
Tables I and II are reported as the ratio of the PL signal for
the surface of interest relative to that observed for an
etched (etch A) GaAs surface under the same experimen-
tal conditions. Under these conditions, a 300 fold increase
in PL intensity was obtained after immersion of the 1.0-
pm-thick epilayer GaAs sample into an unbuffered (pH
~14) 1.0-M Na,S-9H,0(aq) solution (Table I, Sec. A,
and Fig. 1). This PL increase is very similar to that re-
ported by Sandroff et al., and indicates that our surface
passivation procedures and GaAs sample properties were
similar to those used in the previous work on this system.’
Notably, as reported in Fig. 1 and Table I, Sec. A, a slight
increase in PL intensity was observed when the GaAs sam-
ple was exposed to 1.0-M NaHS- (H,0), (pH=12). Sim-
ilar PL intensities were observed even when the pH was
lowered to <8 (Table I, Sec. A). Since H,S has pKq val-
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TABLE I PL intensity (arbitrary units) at 874 nm for 1.0-gm-thick
epilayer (100) n-GaAs. Excitation source was a He-Ne laser at 632.8 nm.
Time of treatment was 30 min and the nonaqueous solvent was diethyl-
ether. All intensities were scaled to the signal of GaAs surface exposed to
etch A.

Treatment PL intensity
Section A

1.0-M Na,S-9H,0 (pH 13-14) 270%
1.0-M NaHS- (H,0),(aq) 410°
0.10-M NaHS- (H,0), (pH 10.8) 120
0.10-M NaHS: (H,0), (pH 7.8) 240
0.10-M NaHS- (H,0), (pH 1.54) 20
Section B

H,0 () 1
0.1-M NaOH (aq) 1
1.0-M KOH (aq) 400
Section C

1.0-M Na,S-9 H,0 (pH 13.7) 280
0.10-M Na,S-9H,0 (pH 12.7) 220
0.010-M Na,S-9H,0 (pH 12.5) 30
0.0010-M Na,$-9H,0 (pH 12.5) 1
Section D

Etch A, 1.0-M Na,S$-9H,0 (aq) - 270
Etch B, 1.0-M Na,S-9H,0 (aq) 270
Etch A, 1.0-M Na,$-9H,0 (aq) 270
Etch C, 1.0-M Na,S:9H,0 (aq) 280
Etch A, 1.0-M HSC,H,Cl 140
Etch B, 1.0-M HSCH,Cl 90 .
Section E

1.0-M Na,$-9H,0 (aq) 240
1 drop H,0 ' 80
rinse 30
Section F

HSCH,CH,SH (/) 170°
CH,SCH; (/) 2t

*Experiments used in Fig. 1. Data in the table are the representative
average values for the particular treatment, while data in Fig. 2 represent
one particular trial.

ues of 6.9 and 18,** the predominant species for 7 <pH
< 15 is therefore HS ™ (aq), with only extremely low levels
of §?~ (aq) present in the pH = 7.8 solutions. If $*~ (aq)
were the only species involved in reaction with GaAs, the
steady state PL increase would be expected to be .pro-
nounced only in the most basic aqueous solutions. The data
of Table I do not support this hypothesis, and. therefore
imply that the predominant reactive species is not $2 ~ (aq)
but is HS ™ (aq).

To determine if the GaAs surface recombination prop-
erties were influenced by the variation in proton activity
from the unbuffered 1.0-M Na,S-9H,0(aq) (pH=14) so-
lution to the pH = 7.8, 0.1-M NaHS- (H,0), solution, ad-
ditional experiments were performed without any sulfides
present in solution. Neutral water did not increase the PL
signal over the value obtained from an etched GaAs sur-
face (Table I, Sec. B). Also, exposure of the 1.0-um epil-
ayer GaAs samples to 0.1-M NaOH(aq) did not cause any
enhancement in PL, while exposure to 0.10-M
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TABLE II. PL intensity (arbitrary units) at 874 nm for bulk N, = 10"’
cm 3 (100) #-GaAs samples. The excitation source was an Ar-ion laser
at 514 nm. The exposure time was 30 min and the nonaqueous solvent
was diethylether. PL values are normalized to the value obtained for a
surface which had only been exposed to etch A.

Treatment PL intensity
Section A '
1.0-M Na,8-9H,0 (aq) 7
1.0-M Na,S-9H,0 (aq) (in glove bag) 5
1.0-M Na,8-9H,0 + 1-M §° (aq) 9
Section B
Etch A, 1.0-M Na,S (aq) L7
Etch B, 1.0-M Na,S (ag) 1.7
Etch A, 1.0-M HSC(H,CI 1.5
" Etch B, 1.0-M HSC,H,Cl 15
Etch A, 1.0-M HSCH,CH,SH LS
Etch B, 1.0-M HSCH,CH,SH 1.5
Section C
1.0-M Na,S (30 min) (aq) 5
rinse with H,0 3
Section D
1.0-M KSCN (aq) 0.9
1.0-M KCN (aq) 1
Section E
HSCH,CH,SH (/)
3-methyl thiophene (/) 1
DMSO (/) 1

*GaAs samples used for the experiments in Sec. B had nominally the same
dopant density, but had a lower bulk lifetime and were not from the same
supplier as the GaAs used for all other experiments in this table.

NaHS- (H,0), solutions did result in a large PL signal.
These experiments clearly indicated that the predominant
surface passivation effects were related primarily to the
sulfur component of the aqueous solutions. Exposure to
1.0-M KOH(aq) did yield modest improvements in the
GaAs PL signal (Fig. 1; Table I, Sec. B), but these PL
signals were transient in nature and were not of the same
magnitude as those obtained after exposure to either the
0.10 or 1.0-M aqueous sulfide solutions of 7<pH<14.
Several control experiments were performed to deter-
mine whether S%~ ( aq), which is present in extremely low
concentrations in 0.10-M NaHS- (H,0), solutions of pH
<10, could influence the GaAs surface recombination
rate. In 0.10-M NaOH (aq), when the total sulfur concen-
tration (as HS—, S* 7, etc.) was lowered to 1 mM, no
increase in the GaAs PL intensity was observed relative to
the etched and air-exposed GaAs surface (Table I, Sec. C).
In contrast, as described above, a 200-fold increase in PL
intensity was readily observed after immersion of 1.0-um
GaAs epilayer samples into a pH=7.8, 0.1-M
NaHS- (H;0),(aq) solution. Since the equilibrium con-
centration of §*~ (aq) in the 0.10-M NaOH(aq), 1.0-mM
Na,S(aq) solution was 1000 times Aigher than that in the
0.10-M  total sulfur pH=7.8 solution [where
S~ (aq) = 107 '° M], these data indicate that S~ (aq)
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alone is not responsible for the passivation effect on GaAs
surfaces.

b. pH dependence of the steady-state photoluminescence
intensity: H,S vs HS™ (ag). Some prior work has described
the formation of robust Ga,S; overlayers on GaAs after
exposure to “activated” H,S(g);'? therefore, the activity of
H,S(g) and H,S(aq) must also be considered in evaluating
the role of HS~ (aq). Exposure to l-atm H,S{g) (made

from acidification of solid NaHS-(H,0), or to 0.1-M

H,S(aq) [made from acidification of ~0.1-M
NaHS- (H,0),(aq)] produced some increase in the GaAs
PL signal, but did not produce the 200-fold signal enhance-
ments on 1.0-um epilayer GaAs samples that were ob-
tained from HS ~ (aq) solutions (Table I, Sec. A; Fig. 1). .
When the GaAs samples were exposed to dry H,S(g) from
a lecture bottle, no PL signal increase was observed over
timescales comparable to those used for the aqueous sulfide

i fevac Fn TT Q7 o) 2 tlen oo
solutions. Longer exposure times to H,S(g) in the presence

of some water vapor did produce a modest PL signal in-
crease over about a 10-min time period, but again these
signals were not of the magnitude obtained from immer-
sion into the Na,S-9H,0(aq) or NaHS(aq) solutions.
These experiments indicate that the predominant surface
passivation effects of Na,S-9H,0(aq) solutions do not
arise solely from H,S chemisorption, but likely involve the
aqueous HS 7ion, which is the dominant aqueous species
over the 7<pH< 14 range in which the large PL enhance-
ments are observed.

c. Role of the sulfur oxidation state on the steady-state
photoluminescence intensity. The partial oxidation of aque-
ous chalcogenide anions by oxygen is well-documented,3’
and must also be considered as a source of the surface-
active sulfur species. Solutions of 1.0-M Na,S(aq) pre-
pared from commercial Na,S-9H,O(s) turned yellow
upon acidification, indicating the formation of polysulfide
species. This effect was minimized with the 0.10-M
NaHS- (H,0), solutions described above by using deaer-
ated solutions and added NaN; as a reductant. This is
relevant because most prior investigations of the
GaAs-Na,S-9H,0 and GaAs-(NH,),S interfaces have not
indicated that precautions were taken to exclude air from
the aqueous solutions used as surface treatments or sample
rinses, and even in basic solutions, oxidized sulfur could
provide a facile reactant for transforming either lattice
Asgaas or As® into products such as As,S,.

Addition of elemental sulfur to 1.0-M Na,S-9H,0(aq)
solutions was observed to yield only minor changes in the
PL signal of bulk N, = 107 cm ~3 GaAs (Table II, Sec.
A). This experiment suggested that either oxidized sulfur
was not the source of the GaAs PL improvement, or that
trace levels of oxidized sulfur from the Na,S-9H,0(s)
were sufficient to produce the maximum PL effect on GaAs
surfaces. To test the latter possibility, a series of experi-
ments was performed with solutions that contained mini-
mal oxidized sulfur. Deaerated S’-free solutions prepared
from 1.0-M NaHS(aq) and NaN; (see Experimental Sec.
B) yielded PL signals on 1.0-um GaAs samples that were
slightly higher than those obtained from 1.0-M
Na,S-9H,0(aq) (Table I, Sec. A). Another set of exper-
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iments with bulk N; = 10'” cm 3 GaAs was performed in
a glove bag that was purged with N,(g). For these exper-

iments, the etching and 1.0-M Na,S-9H,0(aq) solutions-

were deaerated before use, the GaAs samples were etched
and manipulated anaerobically, and a polymer film was
used to cover the Na,S coating and to prevent oxidation
during subsequent handling steps. Despite these precau-
tions, no significant difference in the steady-state GaAs PL
increase was observed relative to experiments performed
when the sample was etched in air and exposed to air
during transfer to the PL setup (Table II, Sec. A). These
experiments seem -to confirm the hypothesis that reduced
sulfur in the — 2 oxidation state (in the form of HS 7 ) is
the key solution component in the aqueous GaAs surface
passivation process.

-d. Role of Gads surface composition on the steady-state
photoluminescence intensity. The effects of varying the ini-
tial surface composition are also of interest, due to a po-
tential role of As’ in GaAs surface recombination
processes.>> For two etches used in this study (the near-
stoichiometric surface etch A, or the As%-rich surface etch
B), the relative change in' PL intensity after exposure to
1.0-M Na,S-9H,0(aq) at pH = 13 was found to be inde-
pendent of the etchant procedure. This somewhat surpris-
ing result was verified for the bulk N, = 107 cm ~3 GaAs
material, and for the 1.0-um epilayer GaAs samples (Table
I, Sec. D; Table I, Sec. B). Use of the oxidizing etch (etch
C) also did not affect the magnitude of the PL increase for
the 1.0-um epilayer GaAs samples (Table I, Sec. D). In
fact, we did not observe any systematic correlation with the
initial GaAs surface composition for any of the aqueous
Na,S:9H,0 solutions investigated in this study. The rea-
sons for this insensitivity to initial GaAs surface composi-
tion are readily apparent from, and consistent with, the
XPS analysis discussed below in Sec. ITI C 1. :

e. Other variables affecting the GaAs photoluminescence
intensity. A significant observation with respect: to the
XPS data is that the PL intensity resulting from all the
aqueous treatments was observed to decrease after theé
GaAs surface was thoroughly rinsed with H,O. To illus-
trate this observation, Table I, Sec. E and Table II, Sec. C
contain PL intensity data for two types of GaAs samples
that had been (a) immersed in 1.0-M Na,S-9H,0(aq) and
dried, or (b) immersed, dried and subsequently rinsed with
one drop, or a large volume, of H,O. Although the PL
signal from a bulk N, = 10'7 cm =3 GaAs specimen that
had been immersed in 1.0-M Na,S:-9H,0(aq) declined
only by a factor of 2 after an extensive H,O rinse, the same
procedure yielded a decrease in the PL signal by over an
order of magnitude when the 1.0-um GaAs epilayer sam-
ple was used. Similar behavior has been reported earlier for
epilayer GaAs samples.!

The difference in PL behavior between the low-doped,
thin epilayer and the highly doped bulk GaAs samples was
due to the decreased bulk recombination rates, the longer
radiative lifetime, and the increased ratio of surface to bulk
present in the epilayer sample. The observation that the PL
signal did not change substantially on a highly doped, bulk
GaAs sample was not therefore sufficient to insure that the
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rinsing' pro;:edure did not aﬁ'ect the GaAs surface recom-
purity, thin, low doped epﬂayer GaAs samples with low
surface recombination “velocities at the back AlGaAs/
GaAs interface. This is especially relevant to a number of
prior spectroscopic studies of the bulk GaAs passivation
chemistry on rinsed GaAs surfaces, in which increased PL
signals on bulk, highly doped GaAs samples have been
used as a check that the passivation chemistry has not been
altered during the various aspects of the experimental pro-
cedure.

Aqueous solutlons that contalned ions other than sul-
fide were used to explore the possibility that a general class
of large, negatively charged, aqueous ions might affect the
steady-state PL intensity of GaAs surfaces. Exposure of
bulk N, = 107 cm ~ 3 GaAs to either 1.0-M KCN(aq) or
1.0-M KSCN(aq) produced no statistically significant in-
crease in PL intensity above the value for an etched GaAs
sample (Table II, Sec. D). This suggests that the large PL
effects induced by the aqueous HS ™ solutions were not
dominated merely by an electrostatically driven adsorption
process, but that specific S-based chemical interactions
with the GaAs surface must be invoked to explain the large
PL intensity change.

2. Organic thiols and sulfides

The significant surface passivation properties of
HS 7 (aq) prompted us to investigate the effects of organic
thiols, thiolates, and other electron rich centers on the
GaAs PL intensity. As depicted in Fig. 2, exposure of the
1.0-um GaAs epilayer sample to a variety of thiols (dis-
solved in diethylether solvent) yielded increases in PL that
were comparable to the increase produced by 1.0-M
Na,S-9H,0(aq). The thiol-induced changes in PL inten-
sity were similar for either etch A or etch B on the GaAs
surface (Table I, Sec. D). Similar trends in the thiol PL
behavior were evident in experiments performed on bulk
N;=10"7 cm ~ 3 GaAs samples (Table II, Secs. B and E),
confirming that the surface passivation effects were not
unique to low-doped, epilayer-type GaAs samples.

The efficacy of surface passivation was approximately
the same for aromatic thiols, aliphatic thiols, and aliphatic
dithiols, all of which showed on the order of a hundred fold
increase in PL intensity for the 1.0-um GaAs epilayer sam-
ples under our standard experimental conditions. Al-
though 1.0-M solutions of 1-butanethiol in diethylether did
not yield an increase in PL comparable to that of the other
thiols, this effect was readily explained by the volatility of
the butanethiol (b.p. 98°); when the GaAs surface was
kept in contact with the 1-butanethiol, either by continu-
ous immersion in the liquid or by maintaining the sample
above a volume of liquid 1-butaneth101 the expected PL
increase was observed. :

~Other sulfur-containing compounds, including
(CHj;),S0 and thiophene, were evaluated with respect to
their surface-passivation properties on bulk N,= 107
cm ™3 GaAs (Table II, Sec. E). These weak bases pro-
duced little or no change in the PL signal. Dimethylsulfide
produced a larger PL increase than the weaker bases
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FIG. 2. Bar graph of steady-state photoluminescence intensity at 874 nm
for 1.0-um thick epilayer (100) n-GaAs samples after exposure to various
nonaqueous solutions. The excitation source was a He-Ne laser at 632.8
nm. The result for a 1.0-M Na,S-9H,0(aq) solution is given for com-
parison. Unless otherwise indicated, all species were 1.0 M in diethyl-
ether, except for the “wet” 1-butanethiol experiment which was done in
the pure liquid and NaOCHj; which was 1.0 M in methanol.

(CH;),80 or thiophene, but the magnitude of the
(CHj;),8-induced PL increase was much smaller than that
obtained with simple alkyl- or aryl-thiols (Fig. 2 and Table
I, Sec. F). This trend is consistent with the ligation prop-
erties of these compounds towards various Lewis acid cen-
ters, as well as with trends in their equilibrium constants
towards protonation. 3637

3. Other organic bases

Surprisingly, some nonsulfur Brénsted bases also pro-
duced substantial, persistent, increases in the GaAs PL
signal. Methoxide and phenoxide both yielded significant
PL increases, with the steady-state PL increase after expo-
sure to OCH;~ being comparable to that of the thiols and
only slightly lower than that observed after contact with
aqueous 1.0-M Na,S-9H,0 solutions. The PL signal was
also stable over time, unlike the behavior observed after
exposure to 1.0-M KOH(aq) solutions. In contrast, the
sterically hindered nitrogen base, 1.8-bis(dimethylamino)-
naphthalene, or “proton sponge,” yielded only a small in-
crease in PL intensity. The beneficial effect of the oxygen
bases were not anticipated in view of the previously pro-
posed role for As-S (and/or Ga-S) species in the surface
passivation mechanism.!*!> A consistent explanation for
the OCH;™ and phenoxide PL response was obtained from
time-resolved PL experiments that are discussed in the
next section.
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FIG. 3. Time-resolved photoluminescence decay curves of 2.8-um-thick

epilayer GaAs samples taken at 880 nm. The excitation source was a

Nd:YAG pumped dye laser providing light at 685 nm. (a) Aly;GagAs

capped GaAs sample, as grown. (b) Aly;Gag;As cap etched off with
0.05% Br, in methanol and GaAs sample immersed into in 1.0-M
Na,S-9H,0(aq) for 30 min. (c) Etched GaAs sample immersed into
1.0-M 4-Cl-thiophenol in CCly for 30 min. (d) Etched GaAs sample
immersed into 1.0-M NaOCH, in methanol for 30 min. (¢) GaAs sample
only exposed to etch A.

B. Time-resolved photoluminescence

To further understand the mechanism of surface pas-
sivation, time-resolved luminescence studies were con-
ducted under high level injection conditions. Since the
bands are flattened promptly after the laser excitation
pulse, changes in the high level injection PL signal should
be primarily due to variation in the density and capture
cross section of surface traps, with changes in the equilib-
rium band bending exerting only a minor effect on either
the high level injection PL intensity or the PL decay time.
Because the low level injection PL intensity is affected both
by changes in S and in the equilibrium surface Fermi
level,*® the conversion of steady-state PL intensities into
low level S values is not straightforward; therefore, S was
instead extracted from the high injection, time-resolved
data, 161839

Representative time-resolved PL data for several dif-
ferent. GaAs surface treatments are shown in Fig. 3. These
data were taken at a higher injection level and over a

‘shorter time period than the radio-frequency decay mea-

surements of Yablonovitch et al.'® The surface recombina-
tion velocity of the AlGaAs/GaAs interface has been de-
termined previously to be 100-500 cm s ~ ! (Refs. 1, 29(a),
40); thus, in our experiments, the PL decay observed for
intact Aly;Gag;As capping layer (yielding a best fit to
S =500 cm s ™'y served as an excellent validation of our
digital simulation method for these PL decay experiments.
The most rapid PL decays were recorded for an etched,
uncapped, air-exposed, GaAs surface, which gave a best fit
S of 2X10° cms~!. The GaAs/air interface has been
shown prevmusly to have a surface recombination velocity
of >10° cm s~ !,12% which was consistent with both the
qualitative and quantltative PL results obtained in this
study (Fig. 3). The low S value for the GaAs/
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Aly3Gag ;As interface and high S value for the GaAs/air
interface served as benchmarks for determining the surface
recombination velocity of the other, chemically based, sur-
face treatments.

As displayed in Fig. 3, the various chemical treatments
of GaAs surfaces yielded decay times that were between
these two extremes of S. While none of the chemical sur
face treatments yielded PL decay times as long as those
observed with the Aly3;Gag,As capping layer, exposure to
1.0-M Na,S-9H,0(aq) clearly produced an interface with
a lower surface recombination velocity than that obtained
from the unpassivated, air-exposed, GaAs surface. Best fits
of the PL decays yielded a surface recombination velocity
of 7X10* cms ™! for this interface. Analysis of the PL
decays after exposure to 4-Cl-thiophenol also yielded a
value of 7xX10* cms~'. In contrast, exposure to 1.0-M
NaOCH; in CH;0H yielded essentially the same decay
time as the air-exposed surface, (S=2X 10° cms™ ).
These data clearly indicate that increases in the steady-
state PL signal do not necessarily correlate with decreases
surface recombination rates under high injection condi-
tions.

The time-resolved PL results reveal that the steady-
state PL improvement from exposure to OCH; was pre-
dominantly due to a shift in the equilibrium band bending,
as opposed to a reduction in the inherent surface state
recombination rates. This system therefore comprises a
separate type of molecule that improves steady-state GaAs
PL signals without concomitant decreases in high-level
surface recombination velocity, and illustrates the variety
of chemical mechanisms that can lead to changes in the
GaAs steady-state PL intensity.

C. X-ray photoelectron spectroscopy

1. Etched GaAs surfaces

A high-energy resolution, small spot XPS instrument
was used to obtain chemical information on the GaAs sur-
face composition. (100)-oriented GaAs samples were ex-
posed to three different etching procedures (etch A, B, or
C) in order to obtain a range of initial surface stoichio-
metries. The As 3d regions of the XPS spectra for these
three surfaces are displayed as the dashed lines in Figs.
4(a)-4(c),* and the corresponding As 2p regions are the
dashed lines in Figs. 4(d)—-4(f). These spectra were nor-
malized relative to the intensity of the Asg,,, lattice peak
in the As 3d region. To provide background for the
changes observed after exposure to the various chemical
reagents, the important features of the XPS spectra for
each etch are discussed below.

a. XPS spectra of the Br,-CH;OH/KOH etched Gads
surface. Etch A has been previously studied by Aspnes
and Stocker using spectroscopic ellipsometry?? and by
Tufts et al.?® using XPS. If exposure to air is minimized,
this etching procedure has been shown to leave a mini-
mally oxidized, near stoichiometric, GaAs surface. This
behavior was apparent in the data depicted in Fig. 4(a)
(dashed curve). Asg,a, signals in the As 3d region were
apparent as the As 3ds,, peak at 41.2(+0.3) eV with a
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FIG. 4. As 3d and 2p XP specira for bulk 10'-doped (100} #-GaAs. The
dashed lines are the spectra for the freshly etched sample, and the solid
lines are after immersion into 1.0-M Na,S-9H,0(aq) for 30 min and
extensive rinsing with H,O. Panel (2) displays the As 34 region for a
sample that had been exposed to etch A (dashed line), and for another
sample that had been etched and then exposed to 1.0-M Na,S-9H,0.
(solid line). Panel (b) displays the As 3d region for a sample that had
been exposed to etch B (dashed line), and for another sample that had
been etched and then exposed to 1.0-M Na,S-9H,0 (solid line). Panel
(c) displays the As 3d region for a sample that had been exposed to etch
C (dashed line), followed by subsequent exposure of this same sample to
1.0-M Na,S-9H,0 (solid line). Panel (d) shows the As 2p region for the
samples of panel (a). Panel (e) shows the As 2p region for the samples of
panel (b). Panel (f) shows the As 2p region for the samples of panel (c).
All spectra were collected with a monochromatic XPS source under rig--
orously anaerobic conditions, except for the spectra in panels (c) and (f).

doublet splitting of 0.7 eV, and Asg,as 203/, Signals were
apparent as a peak at 1322.9(=+0.2) eV. The Ga 3d region
(not shown) displayed the expected peak for Gag,,s at
19.3(+0.3) eV. Although the calculated elemental ratio of
ASgaas 10 Gagaas Was not precisely unity (Table III), no
oxidized Ga, little oxidized As, and no other significant
impurities (other than adventitious carbon and oxygen
from adsorbed water) were detected on this surface. Spe-
cifically, the lack of detectable peaks at 20.3 ¢V in the Ga
3d region and at 44.3 eV in the As 3d region (Fig. 4, Table
III) indicated that the Ga,0; and As,O; coverages were
less than 110~ ° mol cm 2 on this sample; the only
evidence for oxidation was the small peak at 1326.0 eV in
the surface-sensitive As 2p region [Fig. 4(d)].

The presence of elemental As® was also of concern, due
to its importance in various proposed GaAs surface passi-
vation schemes. Excess elemental As has been observed to
exhibit an XPS peak at 41.8(=%0.3) eV in the As 3d
region;24 thus, the small chemical shift difference between
As? and lattice Asg,a, precluded obtaining a distinct peak
for As® using the available XPS instrumentation. However,
the coverage of elemental As® can be determined from the
As? contribution to the intensity of the higher binding en-
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TABLE III XPS Data for GaAs exposed to aqueous sodium sulfide solutions. -

Ga 3d ‘Ga 2p As 3d As 2p S2s

r r r r r

Ga Ga  (Ga0;) Ga Ga As As  (As0;) As  (A)  As (AsS,)  As As As  As  Ga/As (s)
xray® (GaAs) (Ga0;) mol/em? (GaAs) (Ga;05) (GaAs) (As)0;) mol/em? (As%) mol/em® (As,S,) mol/em? (GaAs) (As)0;) (As”) (AsS,) 34 mol/em® Cls
Sample source eV eV x10° 3% eV &v eV x10° eV x10° eV x10° ev eV eV eV region eV  x10° eV
Etch A° Al 195 205 05 413 446 03 0.0 00 13231 13260 L5 284.9

4+ 1.0-M Na,§ (30 min) Al 187 00 11164 405 0.0 0.0 24 02 13221 1323.6 2859
Etch A Mg 194 00 11170 T 414 #4002 00 13224 13254 SR 2860

+ 1.0 M Na;§ (30 min) Mg 195 00 - 11171 415 0.0 00 13226 - 13243 14 2258 02 2862
Etch B Al 195 00 11172 11183 415 00 423 51 00 13231 1323.8 13 284.9

+ 1.0-M Na, S (60's) Al : : 162¢  >104 2856
fresh film - : ‘ :

+ 1 drop H,0 Al - 11163 ‘ : . 13217 13224 13240 1629 285.6
t 42 drops H,0 Al 1116.5 - 40.7 s 00 45 290 - 00 13218 1322.5 113239 285.4
¢+ H,0 rinse Al 188 198 03 11165 407 00 415 17 430 01 13220 13229 13237 09 . 285.5
EtchB - _ Al 193 00 41.1 00 . 420 29 0.0 L6 2849

+ 1.0-M Na,S (60 5) Mg 190 0.0 408 00" e e 0.0 12 2252 03 28638

: ‘ Al 193 203 04 412 00. 419 09 | 434 0.2 0.9 2852
Etch B Al 192 0.0 411 00 420 21 0.0 1.8 285.2

+ 1.0-M Na;S (1 h) Mg 192 0.0 412. 0.0 - 0.0 12 2257 04 2855
EwhB Al 190 206 02 410 443 03 417 50 00 1.8 ‘; 285.4

+10MNaSpH 7 (1h) Mg - 192 - 0.0 41.0 00 - 00 13. 2262 13 2852

Al 192 00 410 00 -418 08 43.4 03 1.1 285.1

Etch C _ S Mg 195 206 53 11182 413 457 38 . 00 13269 - 19 286.2
. N | 9

+ 1.0-M Na;$ (30 min) Mg 199 ‘ 0.0 419 447 0.3 " 00 13229 13260 13244 14 2266 02 2864

#Al = Data taken with monochromatic AlKa x rays (1486.6 eV) on a Surface Science Instruments Model 100.
Mg = Data taken with Mg Ka x rays (1254 ¢V) on a VG Mark IL
All coverages were calculated relative to the As 3d GaAs substzate peak. A value of 0.0 indicates that the level was less than 0.1 10~° mol/cm?.

- indicates that the peaks were undetectable due to either sensitivity or resolution.
"I‘he Ga/As ratio is based on substrate peaks and does not include oxides.

°Etch A = 1.0-M KOH (15 s), 0.05% Br, /methanol (15 s), repeated 3 mmés and endmg in KOH

Etch B = Eich A + 30 s 1:1:100 (H,S0.30% H,0,:H,0).
Etch C = Etch A + 10 s 30% H,0,. -
Binding energy for S 2p region.
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ergy peak of the Asg,,, doublet.”*?* After etch A, the
Asgaas Spin-orbit doublet was observed to have a 3:2 area
ratio, as expected for a surface with no detectable excess
elemental As [Fig. 4(a)].2*

b. XPS spectra of the Br,-CH;OH/KOH, 1:1:100
H,SO.H,0xH,0, etched Gads surface. Eich B has been
shown previously by spectroscopic ellipsometry** and by
XPS??* to yield a surface with substantial excess elemen-
tal As®. This was clearly reflected in the XPS data of Fig.
4(b) by the additional intensity at 41.8 ¢V in the As 3d
region and by the enhanced intensity of the As 2p peak at
1323.8 eV. Spectral fitting?>?* in the As 3d region was used
to obtain a quantitative estimate of the As’ coverage,
which had a value of 5.1 X 10~ mol cm ~2 for the sample
of Fig. 4(b); analysis of the As 2p region yielded an ele-
mental As® coverage of 4.7 10~°, As displayed in Fig.
4(b), negligible amounts of As,O; (or Ga,03) were rou-
tinely observed when etch B was used and the sample was
handled in an anaerobic environment.

¢. XPS spectra of peroxide etched Gads surfaces.
GaAs surfaces exposed to etch C showed decreased abso-
lute Asg,a and Gag,as peak intensities relative to those
observed from GaAs samples exposed to Etch A. Addi-
tionally, a broad peak at 20.6 eV in the Ga 3d region
indicated the presence of a mixture of Ga,0; and Ga,0s,
and the peaks centered at 45.7 eV in the As 3d region and
at 1326.9 eV in the As 2p region indicated the presence of
a mixture of As,0; and As,Os [Figs. 4(c) and 4(f); Table
III]. This surface was clearly oxidized, as indicated by pre-
vious spectroscopic ellipsometry?? and XPS?* data. Unlike
the previous spectra discussed above, the XPS data of Figs.
4(c) and 4(f) were obtained on a nonmonochromatic XPS
instrument; thus, the lack of resolution in the Asg,,, 3d
doublet region is not an inherent property of these samples,
but reflects the resolution limits of the instrumentation.”*
The elemental As® coverage was not of concern for this
etch, so the lack of high-energy resolution XPS data in the
As 3d region did not preclude use of this sample for the
Na,$-9H,0 experiments described below. The obvious dif-
ferences in surface stoichiometry provided by these three
different GaAs etches were exploited in our XPS investi-
gations of the S-based surface passivation chemistry.

2. Exposure of GaAs to Na,S-9H,0(aq) solutions

a. Gads surface composition after exposure to 1.0-M
Na,S-9H ,0(aq) and a H,0(]) rinse. The solid lines in Figs.
4(a)-4(f) display the As 3d and As 2p XP spectra ob-
tained after exposure of the etched GaAs surfaces to 1.0-M
Na,S-9H,0(aq). A striking feature of these spectra is that
the three Na,S-treated GaAs samples had extremely simi-
lar surface compositions, despite the significant differences
in initial surface stoichiometry for the three etching proce-
dures. The 1.0-M Na,S-9H,0(aq) exposure removed al-
most all of the As and Ga oxides [Figs. 4(¢) and 4(f);
Table III] and substantially reduced the levels of As® [Figs.
4(b) and 4(e) Table III] that were introduced by the etch-
ing steps. The only significant difference between the three
final surfaces was the oxide peak evident in the As 2p
region of Fig. 4(f). This residual, low-level, oxide peak was
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FIG. 5. Peak fits for selected As 34 and 2p XP spectra of Fig. 4. The As
3d doublets were constrained to a ratio of 1.5:1 and a separation of 0.7 eV.
Substrate As doublet peaks are indicated as the dashed lines in the fits,
and elemental As® peaks are indicated as the solid lines. (a) As 3d spec-
trum of etched GaAs sample from Fig. 4(a), with peak fits as shown. (b)
As 3d spectrum of 1.0-M Na,S$-9H,0(aq) exposed GaAs sample of Fig.
4(a), with peak fits as shown. (c) As 3d spectrum of etched GaAs sample
from Fig. 4(b),with peak fits as shown. (d) As 3d spectrum of 1.0-M
Na,$:-9H,0(aq) exposed GaAs sample of Fig. 4(b), with peak fits as
shown. (e) As 2p region for the sample of panel (a). (f) As 2p region for
the sample of panel (b). (g) As 2p region for the sample of panel (c). (h)
As 2p region for the sample of panel (d).

observed in the surface-sensitive As 2p region on this sam-
ple because unlike the XPS instrument used for Figs. 4(a),
4(b), 4(d), and 4(e) the XPS instrument used for exper-
iment Figs. 4(c) and 4(f) did not have an anaerobic inter-
lock to a glove box, and therefore atmospheric exposure
could not be completely eliminated for this specimen.
Independent XPS experiments verified that As(III)
oxides, Ga(IIl) oxides, and As® were not removed by rins-
ing the GaAs surface with pure H,O; thus, the similarity of
the GaAs spectra in Figs. 4(a)—4(f) after Na,S(aq) im-
mersion and H,O rinsing indicates that excess A, As
oxides, and Ga oxides all were removed by the
Na,S(aq) ‘9H,0(aq) solutions. This is consistent with
prior studies of the behavior of GaAs surfaces immersed
into 1.0-M KOH-0.8-M K,Se-0.1-M K,Se, solutions, and
is expected based on the bulk solubility behavior of As
oxides in basic aqueous solutions** and of elemental As in
basic aqueous chalcogenide solutions.>** These spectra are
clearly consistent with observations in Sec. A that the 1.0-
M Na,8-9H,0(aq)-induced increase in steady-state PL in-
tensity was not sensitive to the GaAs etching procedure.
Figure 5 shows fits to the XPS spectra obtained after
the various etching and 1.0-M Na,S-9H,0(aq) immersion
steps. An As-S species was detectable on all of the GaAs
samples exposed to 1.0-M Na,S-9H,0(aq), as evidenced
by the presence of peaks at 43.3(£0.2) eV in the As 3d
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region and at 1324.1(=0.3) eV in the As 2p region. Al-
though the As-S peak was more clearly evident in the sur-
face-sensitive As 2p spectral region [Figs. 4(d)-4(f) vs
Figs. 4(a)—4(c), fitting of the As 3d lineshape confirmed
the presence of the As-S phase [Figs. 5(b), 5(d); this peak
could not be satisfactorily fit using only the known Asg, 4,
As® and As,O; peak energies and linewidths. The calcu-
lated coverage of the As,S, phase from the As 2p region
was about 2—4-fold higher than the coverage obtained from
the As 3d region, indicating inhomogeneity in the film. The
As-S peak position was slightly lower in binding energy
than the As 3d value of 43.9 eV and much lower than the
As 2p value of 1325.7 eV from an authentic As,S; sample
on the same XPS instrument,* but is consistent with an
As-S phase, most likely of As/S ratio somewhat higher
than the value of 0.66 characteristic of As,S,.

The presence of sulfur on GaAs exposed to 1.0-M
Na,S:-9H,0(aq) was independently verified by collecting
XPS data on an instrument equipped with a Mg anode.
This allowed simultaneous investigation of the S 2s, Ga 3d,
and As 3d regions by removing the interference between
the S 2s line and the As Auger signal. The lower resolution
of this instrument produced a broad S 2s peak, but the
signal for a GaAs sample (exposed to either etch A or etch
B) was centered at 226 eV, which is consistent with expec-
tations for the $?~-oxidation state.** The sulfur coverages
were fairly independent of the type of etch (Table III),
even though the coverage of As-S species did vary for these
same GaAs specimens. This change in the total S/As-S
ratio was outside of the error of the XPS instrumentation,
and indicated that not all of the adsorbed sulfur partici-
pated in strong As-S bonding on the GaAs surface.

For all GaAs samples that had been treated with 1.0-
M Na,S-9H,0(aq) and thoroughly rinsed with H,O, the
Ga 3d lineshape for the lattice Gag,s, was unperturbed
relative to that from the near-stoichiometric surface of etch
A. This is a qualitative indication that large amounts ( >
monolayer coverage) of a Ga-S species were not present
after the Na,S immersion and H,O rinse. However, the
chemical shift expected for Ga,S; or related Ga sulfides is
sufficiently close to that of lattice Gag,a, that no quanti-
tative limits on the coverage of this species at submono-
layer levels were possible with our XPS instrumentation.*
Specifically, the low levels of Ga-S observed by Spindt et al.
(using a synchrotron source) on NH,S-treated GaAs sam-
ples would not have been readily observable using our in-
strumentation.

b. GaAs surface composition after exposure to 1.0-M
Na,S-9H,0(aq): Depth profiling with controlled H,O(l) ex-
posure. To investigate the depth profile of the overlayer
obtained after exposure of GaAs -to 1.0-M
Na,S-9H,0(aq), a series of XP spectra were taken on a
sample of low-doped GaAs that had been etched and then
exposed to 1.0-M Na,S-9H,0(aq). The samples were pro-
filed by exposure of the film to single droplets of water
while the GaAs was spinning on a spin coater. This pro-
cedure was very similar to methods described previously
for the wet chemical depth profiling of oxide films on Si
and GaAs.!"¥ ;
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FIG. 6. As 2p and S 2p XP spectra for a sample of boron-compensated,
low-doped, (100) n-GaAs. The sample was etched with etch B, treated
with 1.0-M Na,S-9H,0(aq) for 10 min, then gradually rinsed with H,O.
(a) As 3d region after initial etch. (b) As 3d region after sulfide treat-
ment and one drop of H,0. (c)As 3d region after one more drop of H,0.
(d) As 3d region after final, extensive rinse with H,O. (e) S 2p region of
sample after initial etch; same experiment that yielded the As 3d region in
(a). (f) S 2p region after Na,S film was dried on the surface. (g) S 2p
region after one drop of H,0; same experiment that yielded the As 3d
region in (b). (h) S 2p region after two drops of H,O; same experiment
that yielded the As 3d region in (c). No further changes in the S 2p region
were observed with rinsing because the signal was already at its baseline
value due to the presence of the As Auger line; therefore no S 2p region
was collected for the extensively rinsed sample of (d).

For a GaAs sample that had been exposed to etch B
and then to 1.0-M Na,S-9H,0(aq), XP spectra obtained
after various stages of the rinse-spin profiling procedure are
displayed in Fig. 6. Examination of the film after immer-
sion into 1.0-M Na,S:-9H,0(aq) yielded negligible inten-
sity from any peaks in the Ga 3d or As 3d region. At this
stage, only S 2p signals characteristic of S~ and partially
oxidized sulfur [Fig. 6(f)], and of Na Is, C 1s, and O 1s
were seen in the XPS data. When the films were completely
rinsed to reveal the GaAs surface, small amounts of As®,
but no Ga or As oxides, were detected by XPS [Fig. 6(d)].
XP spectra obtained at intermediate depths were charac-
teristic of the limiting spectra and showed the etching of
As” by the Na,S-9H,0 film [Figs. 6(b),6(c)], and the re-
duction of the amount of sulfur to levels which were not
detectable above the As Auger background [Figs.
6(g),6(h)]. The final surface was As-deficient in the top
layer, with respect to the lattice Gag,, peak. The extended
rinsing used to obtain the spectrum of Fig. 6(d) was also
used for all of the samples of Figs. 4-5. In some prior work,
samples had not been rinsed with H,O after immersion
into N2,S-9H,0(aq) solutions’; our data indicate that the
Ga or As XP signals obtained from such specimens may
not be characteristic of the general behavior of GaAs sur-
faces after contact with Na,S-9H,0(aq) solutions.
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¢. Surface composition changes after exposure to
Na,S-9H ,0(aq); Variation in pH. The effect of solution pH
was investigated for the As’-rich surface (etch B), because
the pH may be an important factor in the removal of As®
and in the related improvement in PL intensity. The excess
As® signal intensity produced by etch B was reduced sub-
stantially after immersion of the GaAs specimen into either
1.0-M  Na,S:-9H,0(aq) (pH=13) or 1.0-M
Na,S-9H,0(aq) (aq) (pH = 7) solutions (Table III). Im-
mersion into the pH = 7 Na,$-9H,0(aq) solution resulted
in slightly higher levels of sulfur remaining on the GaAs
surface, but no other differences in surface composition
were apparent in response to the variation of pH.

3. Exposure of GaAs to thiols and other nucleophiles

XP spectra were collected for a representative set of
thiol reagents that were found to affect the GaAs steady-
state photoluminescence intensity. Surfaces were investi-
gated after etching to yield either a stoichiometric surface
(etch A) or an As’-rich surface (etch B). XPS peak en-
ergy and coverage information obtained from these exper-
iments are summarized in Table IV,

The dashed line in Fig. 7(a) displays the XP spectra of
a GaAs sample that had been etched to obtain a near-
stoichiometric surface (etch A). For comparison, the solid
line in Fig. 7(a) displays the spectrum of a nominally iden-
tical specimen that was etched in parallel but was exposed
to a solution of 1.0-M 4-Cl-thiophenol in CCl, and rinsed
with deaerated methanol before introduction into the XPS
chamber. All etching and manipulations of these samples
were done in a dry box containing flowing N,(g), in order
to minimize inadvertent oxide formation. The key feature
of these As 3d spectra is that the surface As composition
was essentially unchanged by exposure to the thiol solu-
tion. No signals ascribable to an As-S species were de-
tected, despite the fact that exposure to this thiol yielded a
large increase in both the steady-state PL intensity and in
the time resolved PL lifetime (vide supra) of GaAs epil-
ayer samples. The thiol was clearly adsorbed onto the
GaAs surface, because the Cl 2p intensity was significantly
above background levels.

To further investigate the potential reactivity of sur-
face As°, another set of GaAs samples was exposed to the
As®rich etch (etch B) and then to 1.0-M 4-Cl-thiophenol
in CCl,. The As XPS data for these samples, displayed in
Figs. 7(b) and 7(c), showed that excess Asq introduced by
the etching process was not removed by immersion into the
thiol solution. Also, no As-sulfide peaks were detectable on
this surface. This can be seen more clearly from the spec-
tral fits to the As 2p region that are displayed in Fig. 8.
Although there was a peak at higher binding energy, this
peak was also present in the etched sample [Fig. 8(a)] and
is mostly likely due to an As suboxide. Any As-S signal
was certainly minor compared to the levels detected after
exposure to 1.0-M Na,S-9H,0(aq), as shown in Figs. 5(f)
-5(h). This lack of a detectable As-S phase was found to
be representative of both the thiols investigated by XPS
(1,2-dithiolethane and 4-Cl-thiophenol) on As%-rich GaAs
surfaces (Table IV).
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To insure that the Cl signals in the wide scan using the
Al x-ray source instrument were indicative of the persistent
adsorption of the 4-Cl-thiophenol, XPS data were also col-
lected with the Mg x-ray source. For GaAs samples ex-
posed to either the stoichiometric or As’-rich etches (etch
A or B) and then exposed to 1.0-M 4-Cl-thiophenol in
CCly, a CL:S elgmental ratio of (1.1+0.2), and a lack of
Ga-Cl or As-Cl peaks, was observed (Table IV). This im-
plies that the Cl intensity obtained on the high-energy res-
olution Al x-ray photoelectron spectrometer was a reliable
indication of the adsorbed 4-Cl-thiophenol coverage, and

‘that the lack of As-S formation in these samples was not

due to a lack of reactivity of these surfaces with the thiol.
An additional set of experiments was done to deter-
mine if there was any photochemical formation of an As-S

-phase under laser irradiation, since some time dependence

of steady-state PL intensity was occasionally observed. A
sample of the 1.0-m-thick GaAs epilayer was etched to
remove the top AlGaAs layer, exposed to etch A in a glove
box containing flowing N,(g), sealed in a glass cell, and

‘subjected to XPS analysis. XPS data collected on this sam-~

ple revealed a spectrum identical to that displayed in Fig.
7(a). The sample was then returned to the glove box,
soaked in a 1.0-M 4-Cl-thiophenol solution as described
above, sealed again in a glass cell and irradiated for 20 min.
XPS obtained after this process showed no change in the
GaAs surface composition except for the detection of the

" anticipated small amount of Cl from the adsorbed thiol.

XP specira were also collected for GaAs surfaces that
had been exposed to two other organic reagents. For a
sample of GaAs that had been etched to yield an As®-rich
surface (etch B) and then exposed to 3-methylthiophene
(liquid), XPS data showed no change in the surface As or
Ga regions and no detectable sulfur in the S 2p region.
3-methylthiophene did not produce significant increases in
the steady-state PL intensity of GaAs surfaces; the XPS
data imply that this is simply due to an extremely weak, or
readily reversible, interaction between the thiophene and
the GaAs surface.

It was also of interest to examine the surface compo-
sition of a GaAs sample that had been exposed to sodium

" methoxide, because this reagent yielded a large increase in

the steady-state PL intensity without a concomitant in-
crease in the high-level injection PL decay time. Figure 9

depicts the XP spectrum that was obtained for a GaAs

surface that had been treated with etch B, and also displays
the XP spectrum for a similar sample that had been ex-
posed to 1.0-M NaOCH; in CH,OH. Although the ele-
mental As® coverage was reduced slightly by exposure to
1.0-M NaOCH,;, most of the As® (2 10~° mol cm ~2)
remained on the GaAs surface. The lack of gross stoichi-
ometry changes, or the appearance of new chemical species
after OCH; exposure, implies that the resulting small
changes in surface stoichiometry effected by this reagent
were not detectable with the sensitivity levels of our XPS
analysis.
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TABLE 1V. XPS data for GaAs exposed to nonaqueous solutions of thiols and sodium methoxide.

Ga/As
3d Cls
Ge 3d As 3d As2p region® S 2s eV
r r r T r
Ga Ga  (Gn0;)  As As  (A05) As  (A)  As  (AsS,)  As As As . As s) -
xray’ (GeAs) (Ga,0;) mol/em® (GaAs) (As;0;) mol/em’ (As”) mol/em’ (AsS,) mol/cm’ (GaAs) (As,0;) (A% (As,S) mol/em?
Sample source eV ev x10° ev eV x10° eV x10° ev x10° eV eV eV ev eV x10°

Etch A® ‘ Al 19.2 20.0 0.4 41.0 o 0.0 4L7 0.8 e 0.0 » 17 285.3
+ 1.0-M 4-CI-C¢H,-SH in CCl; (30 min) Al 19.2 20.1 0.5 41.1 0.0 41.8 0.8 0.0 11 d 2852
+ 1.0-M 4-CI-C{H,-SH in CCl, (30 min) Mg 20.0 20.9 0.2 420 e 0.0 o 0.0 o 0.0 ‘ L0 2276 04 2851
+ L.0-M 4Cl-C¢H,-SH 4 1.0-M NaOCH; Al 18.8 19.8 0.6 - 40.7 44.4 0.4 0.0 o 0.0 L1 285.6
in methanol (30 min) Mg 41.3 0.0 e 0.0 e 00 ] e 2270 04 286.6
Etch B Al 19.7 20.6 04 41.6 44.4 0.4 423 2.7 1323.3 13256 13241 see 13 284.7
+ 10-M 4-CI-CH-SH in CCly (30 min}) Al 19.4 s 0.0 412 R 0.0 42.0 4.9 e 0.0 13230 13252 13239 see 1.6 e 285.1
-+ HS-CH,CH,-SH (liquid) (1 h) Al 19.0 202 0.2 40.8 0.0 41.6 3.0 0.0 08 285,5
Eich B Al 19.6 e 0.0 414 44.2 0.6 2.1 3.6 e 0.0 13233 13259 1324.1 e L9 284.9
+ 1-M NaOCHj; in methanol (30 min) Al 19.2 e 0.0 41.0 0.0 418 L9 e 0.0 1322.8 e 1323.8 - 19 285.3

#Al = Data taken with monochromatic AlKa x rays (1486.6 V) on a Surface Science Instruments Model 100.

Mg = Data taken with Mg Ko x rays (1254 ¢V) on a VG Mark II.

All coverages were calculated relative to the As 3d GaAs substrate peak. A value of 0.0 indicates that the level was less than 0.1 10~° mol/cm?,
“.++” indicates that the peaks were undetectable due to either sensitivity or resolution.

®The Ga/As ratio:is based on substrate peaks and does not include oxides.

°Etch A = 1.0-M KOH (15 s), 0.05% Br,/Methanol (15 s), repeated three times and ending in KOH.

Etch B =Etch A + 30 s 1:1:100 (H;S0,:30% H,0,:H,0).

The coverage of thiol based on the Cl 2p region is 0.9 10 ~° mol/cm?.

“The coverage of thiol based on the CI 2p region is 1.7 10 ~° mol/cm?

8 39 }um

covL
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FIG. 7. As 3d and 2p XP spectra for bulk 10'7-doped (100) n-GaAs
samples, taken with monochromatic Al x rays. The dashed lines are spec-
tra for freshly etched samples, and solid lines are spectra obtained for a
separate set of samplés that had been etched and then immersed into 1.0-
M 4-chlorothiophenol in CCl, for 30 min, followed by rinsing with meth-
anol. (a) As 3d regions after etch A, and after exposure to the thiol. (b)
As 3d regions after exposure to etch B, and after exposure to the thiol. (c)
As 2p regions corresponding to the sample of (b).

1V. DISCUSSION
A. Photoluminescence measurements

This work has shown that a series of chemical reagents
can be utilized to substantially reduce recombination rates
at GaAs surfaces. The resulting reductions in low-level
injection surface recombination velocity were quite large,
and sulfur containing molecules produced passivation ef-
fects that were apparent under both high- and low-level
injection conditions. This implies that a significant contri-
bution to the passivation process was a reduction in the
surface trap density and/or trapping cross section. A sec-
ond type of molecule (methoxide) showed a reduction in
steady-state surface recombination velocity in the low in-
jection, steady-state experiments. The methoxide ion did
not show an increase in lifetime in the high injection PL
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FIG. 8. Peak fits for the As 2p XP spectra of Fig. 7(c). (a) Spectrum and
fits after etch B. (b) Spectrum and fits after etching and exposure to the
thiol solution.
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FIG. 9. (a) As 3d and (b) As 2p XP spectra for bulk 10'-doped (100)
n-GaAs taken with monochromatic Al x-rays. The dashed lines are the
spectra obtained after exposure to etch B, while the solid lines represent
the XPS data obtained after immersion of the GaAs into 1.0-M sodium
methoxide for 30 min, followed by extensive rinsing with methanol.

experiments, thus indicating a second mechanism whereby
the steady-state' PL yield increases through a shift in the
surface Fermi level.

In general, the increase in steady-state PL intensity
followed the trend in donor atom of S > O. This is charac-
teristic of a so-called “class b,” ‘or soft acid center,”” as
opposed to the behavior expected for the prototypical hard
acid center of a proton. Arsenic sites would be expected to
exhibit such chemical behavior, although Ga defects in'a
polarizable environment such as GaAs might also exhibit
similar reactivity. It is unlikely, however, that oxides or
hydroxides on the GaAs surface would show this order of
binding or reactivity, so the PL observations suggest that
these species are not the electrically important surface
sités. The trends in reactivity certainly suggest that an elec-
tron deficient site is present on the GaAs surface, and that
this species is the key chemical site for recombination. Al-
though this trend in reactivity is unfortunately not suffi-
cient to identify unambiguously the chemical nature of the
recombination sites, it should provide a useful guideline for
choosing other potential surface passivating reagents on
GaAs surfaces. A more quantitative analysis of the trends
in surface ligation, specifically to address why the thiolates
did not exhibit PL increases that generally were superior to
those obtained with the thiols, would require determina-
tion of the binding constants and saturation coverages of
the various ligands; however, the reduced magnitude of the
PL effect on rinsed GaAs samples precludes the use of
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vacuum spectroscopic methods for this purpose. Equilib-
rium isotherm measurements®® would be required to
achieve these measurements, and these results will be the
topic of a separate experimental study.

The general reactivity of donors with the GaAs surface
is similar in many respects to recent observations on other
semiconductor surfaces. McLendon et al.#’ have observed
that exposure to ethylenediaminetetraacetate yields a dra-
matic effect on the surface recombination properties of Cd-
rich CdSe colloids, presumably through chelation of the
Cd surface trap sites. Similar electron donor effects have
also been observed by Ellis and co-workers in studies of the
low level PL intensity of CdSe surfaces,”® where exposure
to strong nitrogen and oxygen donors and/or chelating
reagents have been observed to produce large increases in
the steady-state PL signal. These workers have proposed
that the origin of this steady-state PL change arises from a
modification of the equilibrium surface Fermi level posi-
tion (i.e., a change in the so-called “dead layer” width)
upon adsorption of the amine reagents, although the pas-
sivation of trap recombination cannot be explicitly ruled
out without direct information on either the surface recom-
bination velocity under high injection or on the absolute
value of the equilibrium surface Fermi level position. Our
results indicate that both mechanisms are relevant to the
GaAs surface chemistry; species such as methoxide do not
effect changes in the surface recombination velocity under
high injection, but thiols and HS ~ (aq) solutions do yield
substantial reductions in the inherent surface recombina-
tion rates.

In our work, the real-time PL data clearly indicated
that the methoxide treatment improved the steady-state PL
intensity primarily through a change . (increase) in the
equilibrium band bending, without a significant reduction
in the inherent surface state recombination rate. The high
level injection PL data of Fig. 3 also confirmed that the
Na,S(aq) and 4-Cl-thiophenol treatments significantly af-
fected the surface recombination properties. This conclu-
sion is supported by previous high level injection rf decay
signals obtained for GaAs surfaces exposed to 1.0-M
Na,S-9H,0(aq), but does not support the hypothesis of
Spindt et al.'® that increased band bending is the primary
cause of the steady-state PL improvement. In fact, in-
creased band bending should increase the dead layer
width,*® which should produce a decrease in the steady-
state luminescence intensity due to enhanced charge sepa-
ration. This effect would only be opposed by a band-bend-
ing induced reduction in effective surface recombination
velocity for certain specific conditions of the surface Fermi-
level position and of the (majority-carrier/minority-
carrier) capture cross-section ratio for the important trap
sites.® Thus, explanations invoking increased band bend-
ing as the source of the PL effect are inconsistent with the
experimental behavior of the GaAs/sulfide system and
with general expectations based on conventional carrier
trapping statistics at depleted, uninverted, semiconductor
interfaces.

Although both types of reagents (OCH, and thiols)
produce a change in the observed low level steady-state PL
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intensity, the coordination of GaAs surface traps is the
desired target of our work because of its more general
relevance to the reduction of surface recombination pro-
cesses in a variety of device configurations and under a
variety of carrier injection levels. Future work targeting
reagents with the chemical properties of sulfides (electron
donating, but polarizable), but having greater stability in
air may result in even better passivants.

B. Surface compositional changes as monitored by
x-ray photoelectron spectroscopy

A key result of the XPS studies reported herein is that,
in certain cases, substantial As® remained on the GaAs
surface even when the surface recombination velocity was
significantly lower than that of the etched, air-exposed
GaAs surface. Although the basic 1.0-M Na,S-9H,0(aq)
solutions were found to be effective in removing excess As®,
exposure to thiols in nonaqueous solvents did not substan-
tially reduce the As® content of the GaAs surface. 4-Cl-
thiophenol did, however, yield substantial reductions in
both the low-level and high-level surface recombination
velocity. Furthermore, no As.S, signal was evident after
exposure of GaAs surfaces to the nonaqueous thiol solu-
tions, indicating that the formation of an epitaxial over-
layer of As,S; from excess As® is not the key chemical
process responsible for lowering surface recombination in
these systems.

Another significant observation is that only submono-
layer (about one half to three quarters of a monolayer)
levels of As sulfides were observed in this work after expo-
sure either to Na,S-9H,0(aq) solutions or to NaHS(aq)
solutions. These low As,S, signals are in qualitative accord
with the results of Tiedje ez al.’ but the As,S, peak inten-
sities and calculated As,S, coverages are substantially
lower than those reported in the work of Sandroff and
co-workers.'? Sandroff and co-workers observed a slightly
higher binding energy As,S, phase after treatment with
Na,S than after treatment with NH,S.!? One possible ex-
planation for the difference in the As 2p XP spectra is that
in the Sandroff study the Na,S films were rinsed with CS,
so that the surface was visible by XPS. NaOH, which is a
component of a dried Na,S film, reacts with CS, to form
NaCS;.*® This compound could further react with any ar-
senic sulfide that was present on the surface to form an
arsenic polysulfide. In our study and the study by Tiedje,’
water was used to rinse the film before XPS investigation.
Also, our study has shown that the large amount of oxide
present in some prior studies”!!? is a result of handling
procedures and is not inherent in the chemistry of the
surface.

The magnitude of the steady-state PL intensity change
observed in this work is in accord with prior observation
on epilayer-type GaAs samples. Taken together with our
XPS measurements, this set of observations indicates that
the PL changes resulting from emersed and dried GaAs
surfaces do not correlate with the As,S, coverages deter-
mined on thoroughly rinsed GaAs samples exposed to thi-
ols and aqueous sulfides. This conclusion was verified in
this work for, GaAs samples that were handled under a
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variety of conditions, including aerobic versus anaerobic
etching and sulfide treatment, exposure to partially oxi-
dized or totally reduced sulfide solutions, and exposure to
Na,S(aq) following establishment of a variety of different
GaAs surface stoichiometries. ,

The similarity of the final GaAs surface stoichiometry
after exposure to aqueous sulfides, despite the substantial
differences in the three initial GaAs surface compositions
induced by the various etching procedures, is also of inter-
est with respect to the surface passivation effect. This be-
havior_can be readily understood by reference to the solu-
bility properties of Ga oxides, As oxides, and elemental As,
and by reference to prior experimental investigations of
GaAs surface reactivity after coritact with basic aqueous
chalcogenide solutions.?>* Specifically, after immersion
into a 1.0-M KOH-0.80-M K,Se(aq)-0.1-M K,Se,(aq)
solution, a remarkably clean, near stoichiometric, GaAs
surface was produced regardless of the initial GaAs etch-
ing procedure.?* Although the prior work specifically dealt
with reactions of GaAs in contact with KOH-K,Se(aq)
solutions, the observations of GaAs/NaOH-Na,S(aq) sur-
face chemistry reported herein (Table III, Fig. 4) are fully
consistent with these earlier XPS observations.

This surface chemistry of oxidized As also naturally
provides a mechanism for the formation of the As,S; that
has been observed in this work and in prior studies of the
GaAs/Na,S(aq) chemistry.*™*12 Oxidized As [ie,,
As(IIT)] and oxidized Ga [Ga (III)] readily react with
aqueous sulfide solutions to yield As,S; and Ga,$,,>'®
thus, oxidized GaAs surfaces are expected to produce
As,S; and Ga,S; without the concomitant formation of
covalent bonds to the substrate or passivation of surface
states. Deposition of the product of a precipitation reaction
has been observed previously on GaAs surfaces that have

been exposed to basic solutions of Co (II) or Co (III) -

complexes; this procedure resulted in deposition of multi-
layer coverages of a Co(OH), surface species that per-
sisted on the GaAs surface even after thorough rinsing
with H,0.% However, unlike Co(OH),, As,S; is partially
soluble in aqueous basic solutions (due to the formation of
soluble thio and oxy anions),’!® so the observed As,S;
coverages on an air-exposed GaAs sample that has been
exposed to 1.0-M Na,S(aq) and rinsed with H,O are not
expected to accurately reflect either the initial As,S; levels
or the coverage of sulfur that is covalently bound to the
surface. This rather complex surface chemistry may well
account for the differences in As-S coverages reported in
various studies.”'?

Furthermore, on GaAs surfaces without substantial
As(TIII) or As® present initially, and in fully reduced sul-
fide solutions, formation of monolayer levels of As,S; from
GaAs must result in the formation of reduced products,
which would presumably be elemental Ga and/or H,{(g).
No XPS signals from elemental Ga were observed after
Na,S(aq) immersion and H,O rinsing, implying coverages
of Ga®<1x10~° mol/cm® Additionally, estimates
of the thermodynamics of this reaction (2GaAs -6
S, + 12H,0 = As,S; + Ga,S; + 120H ™ + 6H,) from
the appropriate half-cell potentials*? indicate that it is un-
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likely to be exoergic. These arguments, combined with the
observation that the PL intensity was independent of the
initial etching solution, and with the fact that As,S; for-
mation was not observed from the thiol exposure in non-
aqueous solvents, lend support to. the notion that bulk
As,S; formation is not directly related to passivation of the
key chemical trapping species at the GaAs surface.

Similar arguments can be applied to the formation of
Ga,S; from oxidized Ga. Spindt ez al.b have suggested that
bulk thermodynamics based on heats of formation indicate
that Ga,S,; should be formed preferentially with respect to
As,S;, and suggested that this species plays a key role in
the GaAs/Na,S interface passivation chemistry. The above
analysis for As,S; formation suggests that an alternative
mechanism for Ga,S; formation is the reaction of inadvert-
ently oxidized Ga with the aqueous sulfide solutions. This
implies that unless rigorously anaerobic conditions are
maintained throughout the experiment, the detection of
Ga,S; on the GaAs surface may not indicate formation of
a covalent bond between the Ga,S;-type layer and the
GaAs itself, and may not correlate with the bonding to the
important electrical trap sites. This is consistent with the
rather high levels of oxide evident in some earlier XPS
work on Na,S-treated surfaces,’ and suggests that obser-
vation of Ga,S; may be unrelated to the chemistry of the
important surface trap levels.

We also note, with regards to whether Ga or As sulfide
would be the more thermodynamically favorable, that ki-
netics can frequently dominate in surface reactions: In the
case of Si, surface thermodynamics indicate that Si—F
bonds are much stronger than Si-H bond's,52 yet observa-
tion has shown that kinetic considerations dramatically
overshadow the thermodynamic predictions on Si surfaces.
Stable Si-H terminated Si surfaces result from the exposure
of oxidized Si to aqueous 48% HF solutions.>® Of course,
when heated to high temperatures, equilibrium may be es-
tablished and the thermodynamically predicted species of
Ga,S; should then be observed for the GaAs/Na,S-9H,0
interface; however, the Si example serves to illustrate that
bond strength arguments must be used with caution to
predict surface compositions obtained in the kinetically
limited situations commonly encountered when semicon-
ductor surfaces are immersed in aqueous solutions at room

temperature.
With respect to the energetics of the GaAs surface,
ultraviolet photoelectron  spectroscopy (UPS) of

Na,S-treated GaAs surfaces has been used to show that the
surface Fermi level is still pinned at a value of 0.7-0.9 eV
below the bottom of the conduction band edge.” The XPS
spectrum obtained in the present work after immersion of
GaAs in 1.0-M Na,S(aq) solutions did not display any
signals from the Ga or As substrate lines (Table III), and
therefore suggests that independent support for the UPS
measurements is needed from another type of experiment.
A nonhomogeneous surface coating could yield XPS sig-
nals from the uncovered and untreated portion of the
GaAs substrate, and this scenario would explain the XPS
and UPS spectra reported in previous work on unrinsed
samples.” The high coverage of oxidized As in the UPS
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sample reported earlier, combined with the observations
above that Ga oxides and As oxides are readily dissolved
by basic Na,S(aq) solutions, strongly suggests that the
areas contributing to the observed XPS and UPS signals
were not exposed to the Na,S treatment. This is consistent
with the extensive literature indicating that oxidized GaAs
surfaces have their surface Fermi levels pinned. 0.7-0.9 eV
positive of the conduction band edge.’* We note that the rf
conductivity data of Yablonovitch ez al.'* indicate that the
surface Fermi-level position on Na,S-coated surfaces de-
pends on the injection level and that it can be unpinned
under high level injection conditions. Although the data of
Yablonovitch e al.'* are not consistent with a strongly
pinned surface Fermi level at 0.7-0.9 eV below the con-
duction band edge, their observations are consistent with
the increased PL decay times observed in this work for the
Na,S and 4-Cl-thiophenol treatments of epilayer-type
GaAs samples and with the analysis of the XPS and UPS
data presented above. ‘

In general, it can be seen that the chemistry of GaAs
with sulfides is complex and varied. The chemical probes
indicate that the important surface recombination site is
“soft” and electron deficient in nature, but the sulfide bind-
ing constant must be relatively weak because rinsing with
solvent substantially diminishes the steady-state GaAs PL
intensity. This fact presents a severe impediment to obtain-
ing useful correlations between the surface chemistry de-
termined with vacuum spectroscopic methods and the re-
activity of the actual electrical recombination sites on
Na,S-9H,0(aq)-coated GaAs interfaces. The nonaqueous
thiol solutions are better suited to formulate these correla-
tions, but no changes in gross surface stoichiometry have
been observed for thiol reagents that yield large improve-
ments in the steady-state PL intensity. Further spectro-
scopic-based advances in our understanding of the chem-
istry of the recombination sites will require methods that
probe directly the bonding of a limited number of surface
sites in the presence of higher coverages of precipitates and
other spectator surface species. For these reasons, the use
of chemical probes to elucidate the surface state identity
seems to be a promising avenue for further research, and
such experiments are being pursued further in our labora-
tory at present.

V. CONCLUSIONS

This study has several implications for how various
complexes interact with GaAs surfaces: :

(1) The steady-state PL measurements indicated a
correlation between the electron donating ability of a spe-
cies and the improvement in PL. The improvement in PL
with methoxide, phenoxide, and ethylenediamine, and the
transistory improvement with hydroxide, indicated that
other strong electron donors beside sulfides can exhibit
beneficial effects on GaAs surface recombination rates. The
increase in PL followed the trend S > O, which is charac-
teristic of a soft acid center. Charge alone was not sufficient
to effect an improvement in steady-state PL, as several
ionic species did not produce any decrease in the observed
surface recombination rate.
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(2) The time-resolved PL studies showed that there
was an increase in carrier lifetime, in the GaAs flat band
condition, after treatment with 4-Cl-thiophenol or with
aqueous sulfides. Therefore, these surface treatments de-
creased the cross section or density of the important sur-
face traps. Other reagents, such as sodium methoxide,
yielded substantial increases in the steady-state PL inten-
sity, but did not affect the inherent GaAs surface carrier
trapping rates. GaAs surfaces exposed to sodium methox-
ide did not exhibit a change in the high level injection PL
lifetime, and therefore this reagent produced an increase in
the steady-state PL intensity by effecting a change in the
surface Fermi-level position.

(3) XPS studies indicated that the aqueous Na,S treat-
ments acted as an etch for oxides and elemental arsenic,
and yielded a small residual As,S, signal on the GaAs
surface. However, exposure of GaAs surfaces to thiols did
not yield detectable residual As,S, signals, indicating that
the As,S, phase was not necessary for an increase in the
GaAs PL signal. XPS data on GaAs samples exposed to
thiols also showed that an enhancement in the PL signal
could not be correlated with the amount of elemental ar-
senic initially present on the surface.

(4) Variation in the chemical identity of the passivat-
ing reagent from aqueous sulfides to nonaqueous thiols has
yielded valuable information on the chemical nature of the
important surface recombination sites. This chemical ap-
proach can potentially yield more relevant and predictive
information than a surface stoichiometry analysis, because
the magnitude of the PL effect was observed to decrease
markedly when the overlayer was rinsed to expose the
GaAs surface, and because the trap density may be suffi-
ciently low that gross changes in surface stoichiometry
may not accompany (or yield information regarding) the
reactivity of the important surface recombination centers.
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