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Abstract

This thesis describes work that has been done to study the chemical properties of
GaAs surfaces relating to recombination processes. A variety of electrochemical,
photoluminescence, and surface techniques have been used to study the mechanism an
chemistry of the reduction of surface recombination in GaAs exposed to transition metal
ions and complexes, and GaAs exposed to sulfur-containing molecules.
Electrochemical studies done on polycrystalline n-GaAs/liquid junctions treated
with a variety of transition metal ions to study the mechanism of the observed improvement
in I-V properties of GaAs(M3+)/Se-!2--KOH photoelectrochemical cells showed that the
primary route is electrocatalysis. X-ray photoelectron spectroscopy (XPS) and extended
x-ray adsorption fine structure (EXAFS) studies were performed on single crystal GaAs
with Co, Ru and Cr ammines in order to determine the surface binding chemistry of the
transition metals.
Steady state and time resolved and photoluminescence studies were done on GaAs
surfaces exposed to sodium sulfide and a variety of organic thiols, alcohols and ammines.
Unlike the transition metal ions, these types of complexes are shown to affect the cross
section of surface recombination sites as determined by photoluminescence experiments.
XPS studies were also done to correlate the observed changes in photoluminescence yield
and lifetime with changes in surface chemistry.
Finally, some work has been done on an entirely different semiconductor system in
order to explore the surface reactivity of a semiconductor surface at a more fundamental
level. Several different types of metal dichalcogenides were exposed to strong Lewis acid
complexes, and the surface chemistry was followed by XPS. These studies showed that
there is a marked difference in the reactivity of metal dichalcogenide surfaces, which can be
predicted from the known electronic structure of the conduction bands.
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Chapter 1.

General Introduction

Semiconductor surfaces are important both in tenns of practical device fabrication
and fundamental understanding of electron transfer processes across interfaces. One
interesting aspect of many of these surfaces is the existence of electrical trap sites. The
chemical properties of these sites are currently rather ill defmed, but their existence is
responsible for current loss at semiconductor/metal or semiconductor/liquid junctions and
for a phenomenon known as Fermi level pinning, which limits the maximum voltage that
can be obtained from a junction.
When a semiconductor comes into contact with another material, charge transfer
occurs so that the Fermi levels equilibrate (Figure 1.1), causing the bands at the junction to
bend. 1 For a semiconductor/liquid junction, the Fermi level of the semiconductor
equilibrates with the redox potential of the solution. The diagram in Figure 1.1 is for
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Fermi level

liquid
semiconductor

liquid

..........---distance
Figure 1.1 Schematic of charge equilibration between a semiconductor and a liquid
containing the redox couple AlA+.

2
n-type material, and all further discussion will be for n-type material unless specifically
noted.
When light hits the interface, an electron-hole pair is created near the surface and
charges are separated because of the band bending. 2 The holes go across the junction into
the liquid to oxidize a species in solution, and electrons are collected as current Loss of
current occurs if the carriers recombine before they are collected. There are several different
routes for recombination that are illustrated in Figure 1.2: recombination in the bulk (Jbr),
recombination in the space charge region (Jdr), trapping in surface states (Iss), or majority
carrier injection over the barrier (Jth and Jtb). Loss also occurs if there is a barrier for the
injection of the hole into solution, since it will be more likely to combine

e-

- - - --

h+
semiconductor

E(A/K)

liquid

--t.~

Figure 1.2. Illustration of possible recombination routes for electrons in n-type material.

3
through one of the aforementioned routes. For some redox couples (e.g.,
ferrocene/ferrocenium), the charge transfer is rapid and the barrier for holes is low. For
other redox couples (e.g., selenium ions), the charge transfer is slow and the barrier for
holes may be significant.
Polycrystalline material has additional losses that are due to the grain boundaries. 3
Boundaries are a result of a lattice mismatch between two adjoining crystallites and
therefore have many dangling bonds that are electron deficient. One can think: of the
boundary as a p-type material sandwiched between two n-type pieces. The charges
equilibrate, resulting in some band bending (Figure 1.3a). The grain boundaries contribute
to current losses in two ways. First, the band bending results in barriers to an electron
traveling across the surface (Figure 1.3b). Secondly, the boundary is a very effective trap
for holes and therefore greatly increases the surface state density of a material.
For any given material, the current can be limited by either bulk or surface
properties. If the rate limiting mechanism is surface kinetics, either because of surface
trapping or a high barrier for hole diffusion into solution, then chemical modification of the
surface is an ideal way to improve junction behavior. The chemical treatment could modify
a surface trap (e.g. a dangling bond or a reactive surface site) by bonding to this site and
raising its energy out of the band gap (Figure 1.4). A chemical species can also act as an
electrocatalyst to hole injection into the electrolyte. Since the surface recombination
velocity is the ratio of the surface trapping to the hole injection, either process will result in
improved junction performance.
Semiconductor/liquid junctions are a convenient system to study processes
occurirng at semiconductor interfaces. Such a junction is accessible to light or other probes
and can be studied under operating conditions. The solution side can be easily modified to
affect energetics of the semiconductor surface (e.g .• through different redox couples) or the
chemistry of the surface by introduction of reactive species. The semiconductor is easily
removed for detailed analysis of changes at the surface. The above properties allow for the
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Figure 1.4. Energy level diagram for proposed mechanism for alteration of
surface states by chemical bonding. 15 a) Before chemisorption the surface states are at an
energy level where electrons can easily recombine with a hole on the surface; b) After
chemisorption, the surface states are split because of bond formation. The energy levels
are now unfavorable for efficient surface recombination.

detailed study of charge transfer processes at the interface, and so correlations between
observed chemical changes on the surface and changes in transfer processes can be made.
There are five main classes of semiconductors used in photoelectrochemical cells:
metal oxide (e.g., Ti(h, SrTi03), elemental (e.g., silicon), transition-metal dichalcogenides
(e.g., MoSe2, WSe2), II-VI semiconductors (e.g. CdS, CdTe), and III-V semiconductors
(e.g., GaAs, loP). The band gaps of some of the compounds in the last four classes make
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them ideal for applications involving conversion of solar energy to chemical energy (e.g.,
splitting H20). Unfortunately, most of these compounds are unstable in aqueous solutions
and have poor current voltage characteristics because of recombination losses. Stability can
be imprOVed either by supplying a redox couple with faster electron transfer kinetics than
the photocorrosion reaction 4 or by coating the semiconductor with a protective film.5 The
bulk of this manuscript is concerned with chemical modification of the surface to reduce
recombination processes.
This thesis describes work that has been done to study the chemical properties of
GaAs surfaces that relate to recombination processes. A variety of electrochemical,
photoluminescence, and surface techniques have been used to study the mechanism and
chemistry of the reduction of surface recombination in two systems. Chapter 2 describes
electrochemical studies done on polycrystalline n-GaAs/liquid junctions treated with a
variety of transition metal ions to study the mechanism of the observed improvement in J- V
properties of GaAs(M3+)/Se-12--KOH photoelectrochemical cells. Chapter 3 describes
x-ray photoelectron spectroscopy (XPS) and extended x-ray adsorption fine structure
(EXAFS) studies performed on single crystal GaAs with Co, Ru and Cr ammines in order
to determine the surface binding chemistry of the transition metals.
Chapter 4 describes steady state and time resolved and photoluminescence studies
done on GaAs surfaces exposed to sodium sulfide and a variety of organic thiols, alcohols
and ammines. Unlike the transition metal ions, these types of complexes are shown to
affect the cross section of surface recombination sites as determined by photoluminescence
experiments. Chapter 5 describes XPS studies done to correlate the observed changes in
photoluminescence yield and lifetime with changes in surface chemistry.
Finally, Chapter 6 describes work done on an entirely different semiconductor
system in order to explore the surface reactivity of a semiconductor surface at a more
fundamental level. Several different types of metal dichalcogenides were exposed to strong
Lewis acid complexes, and the surface chemistry was followed by XPS. These studies
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showed that there is a marked difference in the reactivity of metal dichalcogenide surfaces,
which can be predicted from the known electronic structure of the conduction bands.

References
1 . G. W. Neudeck, Modular Series on Solid State Devices, Vol. II The P-N function

Diode (Addison-Wesley, Reading, Mass., 1983).
2. A.L. Fahrenbruch and R. H.Bube, Fundamentals of Solar Cells (Academic Press, New
York, 1983).
3. G. Hodes, S. J. Fonash, A. Heller, and B. Miller, Adv. Electrochem. Electrochemical

Eng. 13, H. Gerischer, Ed., 113 (1984).
4. a) P. Allongue, H. Cachet, P. Clechet, M. Froment, J. R. Martin, and E. Verney, f.

Electrochem. Soc. 134,620 (1987). b) L. F. Schneemeyer and B. Miller, f. Electrochem.
Soc. 129, 1977 (1982). c) K. C. Chang and A. Heller, Science 196, 1097 (1977). d) A.
B. Ellis, J. M. Bolts, S. W. Kaiser, and M. S. Wrighton, f. Am. Chem. Soc. 99, 2848
(1977).
5. a) R. Noufi, A. J. Nozik, 1. White, and L. F. Warren, f. Electrochem. Soc. 129, 2264
(1982). b) R. Noufi, D. Tench, and L. F. Warren, 1. Electrochem. Soc. 128, 2596
(1981). c) H. D. Abruna, and A. J. Bard, f. Am. Chem. Soc.l03, 6898 (1981).

8

Chapter 2.

Studies of the Effects of Chemisorption of

Transition Metal Ion Treated on the Photoelectrochemical
Properties of Poly crystalline n-GaAs Photoanodes
I. Introduction
III-V semiconductors such as GaAs or InP have a band gap that is optimal for solar
energy collection,l but they are prone to corrosion reactions in most semiconductorlliquid
junction systems. Photoelectrochemical cells have been shown to be stable in only a very
few electrolytes (e.g., 1.0 M K2Se-/2- - 1.0 M KOH) where the kinetics of the electron
transfer is apparently sufficiently rapid to predominate over the corrosion reaction. 2
These cells, though stable for extended periods of time, are not very efficient because of
loss of current at the semiconductor/liquid interface via electrical trap sites (see Chapter 1).
Chemical treatment of the surfaces of ill-V semiconductors using transition metal ions has
been shown by Heller, Miller and coworkers to improve the characteristics of several of
these semiconductor/liquid junctions.3 ,4.5,6
Single crystal n-GaAs in the cell n-GaAs/Se-!2- showed improved I-V behavior after
treatment with several different transition metal ions including Ru III , Rh III" and PtII.5 Metal
ions such as Cull and Crill showed no effect. Polycrystalline n-GaAs used in the same
electrolyte improved after treatment with ruthenium ions. 6 Dare-Edwards, et. al showed
that the photocurrent for p-GaP also improved after treatment with Ru III , RbIII and others. 7
The mechanism for the improved properties of the ill-V semiconductorlliquid
junction was proposed by Heller to be the splitting of surface states out of the band gap by
chemical bonding of the metal ion to the trap site. In the case of polycrystalline material, he
proposed that the metal ions bond primarily to grain boundaries and so decrease
recombination at these sites. However, as stated earlier in Chapter 1, an improvement in
junction properties can be due to either a decrease in surface traps or an electrocatalytic
effect.

9

In the case of single crystal n-GaAs, the primary mechanism for improvement
appears to be electrocatalysis. 8 This was shown by experiments with Sn doped In203
(ITO) and n-, n+-, and p-GaAs. The ITO experiments determined the electrocatalytic
properties of the metal ions independent of the GaAs surface. Since ITO is a metal, there
are occupied electronic states above the bottom of the conduction band, and surface traps
are not electronically important. A chemical species that simply passivated surface states
should have no effect on the junction properties of this material. However, when ITO is
treated with metal ions, the overpotential of the reduction of Se - and oxidation of Se2- is
reduced, indicating an electrocatalytic effect 8a In order to determine that the same
electrocatalytic trends were dominant and n-GaAs surfaces, additional studies were done on
p-type and n+-type GaAs.
In n+-type material, there is such a high dopant density that the material behaves

electronically, like a metal. If electrocatalysis is the dominant mechanism, then the
overpotential should decrease on n+-type GaAs after metal-ion treatment, just as it did with
ITO; this is indeed what is observed. 8b In p-type material, the holes are the majority
carriers, so in the dark, the collected current will be due to the sum of the recombination
current and the injection of holes into solution. If surface states are removed, then the dark
current decreases and the junction becomes more rectifying. If electrocatalysis occurs and
more holes are injected into solution, the dark current increases. For the
semiconductor/liquid junction p-GaAs/Se-12-, the dark current increased after metal-ion
treatment 8a
As discussed in the previous paragraphs, the improvement of the n-GaAs/Se-/2semiconductor/liquid junction seems to be dominated by electrocatalytic effects. In addition
to the effect of electrocatalysis by metal ions, the passivation of surface recombination
processes at n-GaAs/air interfaces9 and the reduction in recombination losses for
polycrystalline n-GaAs/metal Schottky barriers6 and polycrystalline n-GaAs/KOH-Se-!2liquid junctions lO do seem to suggest an effect of grain boundary passivation at the n-
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GaAs(RuIII) surface. To investigate this possibility, we have studied the mechanism of 1-V
improvement of polycrystalline GaAs in contact with aqueous KOH-Se-!2- solutions and in
contact with Au Schottky barriers. In this chapter, a set of experiments performed with a
series of metal ions, all of which are efficient electrocatalysts for Se2- oxidation and all of
which yield improved I-V behavior in the single crystal n-GaAs/KOH-Se-!2- electrolyte,
will be described.
Additionally, the I-V behavior of polycrystalline n-GaAs samples in contact with an
outer sphere redox couple, ferrocene+,u, in CH3CN solvent was investigated This
interface is informative mechanistically because metal-ion induced grain boundary
passivation effects should still be apparent, but the effects of electrocatalysis by
chemisorbed metal ions should be greatly reduced in this weakly adsorbing,
electrochemically reversible redox system. ll ,12 Also described are the results of quantum
yield vs. wavelength studies that were performed to identify any changes in the minority
carrier collection length as a function of metal-ion chemisorption.

II. Experimental
All polycrystalline n-GaAs photoelectrodes were fabricated from material supplied
by Professor S. Chu of Southern Methodist University. The material was an epilayer of
the structure p+/n/n+-GaAs, which was grown on a W/graphite substrate with the n+ layer
contacting the W/substrate. The grain size, morphology, and solid-state solar cell
characteristics of similar material have been published previously)3 For this study, the p+
layer was etched off with a 10 sec exposure to 1% Br2-CH30H. Further etching yielded
no difference in I-V characteristics until enough material was etched off to affect the value
of the short-circuit photocurrent.
Photoelectrodes were fabricated by attaching the W/graphite substrates of the GaAs
samples to a Cu wire with silver print, and the electrode assembly was then sealed into
glass tubing with white epoxy resin. The electrochemical cell procedures, spectral
response apparatus, and photoelectrochemical measurement techniques used in our
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laboratory have been described in previous publications. 14.15 A schematic of the
electrochemical cell is shown in Figure 2.1. All electrochemical measurements were
perfonned under potentiostatic control with a Pt counter electrode and a Pt reference
electrode. The potential of the Pt reference electrode was generally about -0.95 V. vs. SCE

potentiostat

,

plattnum
counter
electrode

platinum
reference
electrode

GaAs

/

, ""
, ",
, ",
, ",
",, ",,
""
",, ",,
",",
", ",
", ",
""
",, ",,
, "",
,
, ""
,"
"

working
electrode

Lamp

Figure 2.1. Schematic of the photoelectrochemical cells used in this study.

in the aqueous KOH-Se-/2 - cell (of composition 1.0 M K2Se and 0.01 M K2Se2 in 1.0 M
KOH, unless otherwise specified) and was +0.17 V. vs. SCE in the CH3CNferrocene+ IO-LiCI04 cell (0.09 M ferrocene, 0.5 mM ferricenium, and 0.70 M LiCI04 in

dry, N2 purged solvent). Illumination was provided by a 3200 K ELH type tungstenhalogen bulb with a dichroic rear reflector, and the open-circuit voltage was measured with
a voltmeter after cycling.
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The polycrystalline electrodes were etched (1 % Br2-CH30H for 10 s), rinsed with
methanol, and dried with N2 prior to introduction into the photoelectrochemical cell.
Electrodes that received metal-ion treatments were etched as above, immersed in the metalion solution, rinsed with H20 and dried in a stream of N2 before use. The metal-ion
solutions consisted of 0.010 M MC13l0.1O M HCI (M=Ru,Os,Ir,Rb) for 60 sec at room
temperature (unless otherwise noted). Also tested were aqueous pH=l.O solutions of
0.010 M Co(bpyhCI3, Ni(NH3)@3r2, and [Cr(NH3)S(OH2)]N03 -N14N03, and a pH=9
solution of 0.01 M Co(NH3)6Cl3, with electrode inunersion times of 60 sec at room
temperature. A convenient shorthand for these interfaces is GaAs(MY), where MY indicates
the metal ion oxidation state initially present in the aqueous solution. Because of severe
effects of cross-contamination that were observed in earlier studies of single crystal n-GaAs
photoelectrodes,8 all studies with a particular metal-ion were performed with a dedicated set
of electrodes, redox-electrolyte solution, and glassware.
Schottky barriers were fabricated by depositing gold by filament evaporation in a
base pressure of < 8xlO-6 torr. The nominal thickness of Au was 125 A, as indicated by a
quartz crystal thickness monitor (R.D. Mathis, Inc.). The GaAs sample was polycrystalline
material that had been either etched, etched and treated with metal ions, etched and
immersed in KOH-Se-!2- solution, or etched, immersed in KOH-Se-!2- and then exposed to
metal-ion solutions. In many cases, Au was deposited simultaneously onto the control and
test samples, in order to insure that differences between runs were not simply due to
variations in deposition conditions from sample to sample.

III. Results and Discussion
111.1. I-V Behavior of Polycrystalline n-GaAs Electrodes in KOH-Se- /2 Solutions
The I-V characteristics of polycrystalline n-GaAs photoanodes in the 1.0 M KOH1.0 M Se2--O.01 M Se22- electrolyte are shown in the dashed curves in Figure 2.2.
Typical electrode samples displayed an I-V curve with a low open-circuit voltage and a
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poor fIll factor. Funhennore, no saturation in the collected photocurrent vs. applied
voltage was observed for potentials as positive as +0.2 V vs. the equilibrium cell potential.
These characteristics resemble those obtained for other small grain size GaAs and Si
devices, which typically display grain boundary-induced recombination losses in opencircuit voltage, shon-circuit photocurrent, and fIll factor. 16 ,17,18
In contrast, chemisorption of cenain metal ions onto the GaAs electrooe surface

yielded much improved I-V behavior in the KOH-Se-!2- electrolyte. The effect was
reversible in that etching of the surface after exposure to the metal ion was observed to
eliminate the improvement in I-V propenies. However, without deliberate etching of the
surface, the improved junction properties were extremely persistent and stable under cell
operation. Representative current-voltage curves for the various metal-ion treatments are
depicted in Figures 2.2a-c, and Table 2.I summarizes the open circuit voltage (Voc ), shoncircuit photocurrent density (Jsd, and fill factor. Fill factor is calculated through the relation
FF = (IV)maxl(VocJsd, where (IV)max is the maximum power point of the I-V curve.

Table 2.1. Electrochemical data for polycrystalline n-GaAs treated for 60 s with the
given metal-ion complex before introduction into the KOH-Se-/2- electrolyte. The
concentration for each metal-ion was 0.01 M in water at pH=!.
Metal-Ion
Shon Circuit
~nCircuit
Complex
Voltage (mv ± 20)
Current (mNcm2)

Fill Factor

blank

-380

13

RuC13
RhC13

-440
-447

14.1

0.34

13.6

0.37

IrC13
CO(NH3)6Ch (pH=9)

-420

14.6

0.38

-445

15.1

0.38

OsCl3

-502

13.8

0.41
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Every metal ion that we have observed previously8 to yield improved perfonnance
at single crystal, n-GaAs photo anodes, n+-GaAs dark anodes, In203 electrodes, and
p-GaAs anodes was also observed to improve the performance of the polycrystalline,
n-GaAs photoanodes used in this work. Furthennore, metal ions such as Ni and Cr,
which were observed to have no effect on the I-V properties of n-GaAs photoanodes,
yielded no change in the I-V properties of the polycrystalline samples. For single crystal,
n-GaAs photoanodes, OsIII ions were found to yield the best junction properties,8b and the
same behavior was observed in this study for the polycrystalline n-GaAs samples. The I-V
cwves for samples treated with Rhill and Irill resemble that for OsIII (Figure 2.2c), but
have slightly lower fill factors. The relative increase in efficiency of the n-GaAs(OsIII)
sample vs. the n-GaAs(Ru III) sample was 1.4, which compares with the 1.25 increase
observed previously8b for single crystal n-GaAs surfaces.
The similarity in behavior of single crystal, n-GaAs and polycrystalline, n-GaAs
photoelectrodes suggests that common mechanisms are producing the metal-ion induced
efficiency improvements in the two systems. All of our observations to date can be
explained by the electrocatalytic properties of chemisorbed metal ions in the KOH-Se -/2solution. CO(NH3)63+ has been previously shown to chemisorb on (100) n-GaAs single
II

crystals and on GaAs powders by reduction to the CoIl state,19 and this GaAs(Co ) system
then yields an active electrocatalyst for Se2- oxidation upon immersion into the aqueous
KOH-Se-/2- solution. 19,2O Similar interfacial chemistry is implicated by the improved I-V
characteristic, which was observed for the polycrystalline samples treated with
CO(NH3)63+, (Figure 2.2b) and by the lack of improvement of polycrystalline GaAs
electrodes that were exposed to the substitution-inert Co(bipyh 2+ ion. Furthennore, the
best electrocatalyst for Se2- oxidation has been identified previously to be the OsIII ion,8b
and this metal ion yielded the best I-V behavior of the polycrystalline n-GaAs(MIII)/KOHSe-/2- systems surveyed in this study. Also, no change in the low level, steady state
surface recombination velocity has been observed in our laboratory for single crystal, (1 (0)

15

Figure 2.2. Current-voltage curves for polycrystalline n-GaAs/KOH-Se-!2- junctions.
The illumination was 100 mW/cm2 from an ELH type 3200 K tungsten-halogen lamp, and
the data were obtained under potentiostat control with the photoanode as the working
electrode. (---) I-V properties after a 10 second etch in 1% Br2lCH30H and CH30H rinse.

C-) I-V properties after chemisorption of metal ions. The metal ion in solution is as
follows: a) RuCI3; b) CO(NH3)CI3; c) OsC13. The additional cathodic current in b) is from
catalytic H2 production by the metal-ion treatment.
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oriented n-GaAs surfaces that have been treated with Ru III , Osill,8b CO(NH3)63+,20 or !rIll
ions, even though these surfaces did consistently display improved I-V properties in the
KOH-Se-!2- electrolyte system. For all metal ions studied to date, the current-overpotential
behavior at p-GaAs , n+ -GaAs, and In20:3 electrodes has been a good indicator of the
photoelectrochemical behavior of n-GaAs anodes in the KOH-Se-!2- system.

111.2. Behavior of Polycrystalline n-GaAsI Au and Polycrystalline
n-GaAs/CH3CN Interfaces
If the dominant feature of metal-ion chemisorption at the n-GaAs/KOH-Se-!2junction were electrocatalysis of Se2- oxidation, then the I-V behavior of junctions with
rapid hole transfer kinetics, e.g., some nonaqueous systems and Schottky barriers, would
not be expected to exhibit a strong dependence on surface treatment. Consistently,
previous studies of single crystal, (100) n-GaAs photoanodes in CH3CN-ferrocene(Fc)+ICL
LiCl04 electrolytes indicated that no metal-ion treatment was necessary to obtain excellent
I-V characteristics, and that pretreatment of the surface with Ru III produced no change in
the I-V properties of the junction. 21 Thus, the variation in I-V properties in the
acetonitrile-ferrocene system is expected to be a very sensitive test of grain boundary
passivation effects in polycrystalline GaAs electrodes.
The I-V properties of polycrystalline, n-GaAs photoanodes in CH3CN-0.20 M Fc0.5 mM Fc+-0.7 M LiCI04 electrolyte are depicted in Figure 2.3 and the electrochemical
characteristics are given in Table 2.ll. The nonaqueous cell I-V characteristics closely
resembled that of the cell with the RullI-treated anode in KOH-Se-!2- media (Figure 2.2a
vs. Figure 2.3). No improvement in the n-GaAS/CH3CN-Fc+/O junction properties was
obtained if the electrode was ftrst treated with RuIll,!rIII or CO(NH3)63+ ions. Untreated
electrodes that were evaluated in CH CN-Fc+/(} and were subsequently cycled in the KOH3

Se-!l- electrolyte exhibited I-V properties in the aqueous medium that were identical to the
curves for untreated electrodes in Figure 2.2, indicating that the CH3CN-Fc+/(}-LiCI04

18

Figure 2.3. (_) I-V propenies of polycrystalline n-GaAs/CH3CN-Fc+/O junctions
under 100 mW/cm2 of tungsten-halogen illumination. For comparison purposes, (---) is the
behavior in KOH-Se-/2- electrolyte.

19

Current

....0I

0)

-_.

OJ

<

I

0

~

(J)

'<

."

:l

CJ)
I
......

I\)

I

-

I
G)

(')+

......

Cl

0

>
en

\

, ,
,,,,

\ \

'"
>

>

z

\,

m

'-J

'0
0

~\

.<

.......+

::z:

(,.)(')

(t)

-·

.-

(')

I

"

(t)

.00

"0::z:

'\~
~\
~\
\~

1\

:l

f\)

.

0
0

\~

"'tJ

0

2

.....

0
0

\

·

mA/cm

.

.0

I
0

Density,

\

I

0

·

f\)

\

\

,
"
"" "

" "" ,

·00

"~

~

20
Table 2.11. Electrochemical data for polycrystalline n-GaAs electrodes treated for 60 s
with the given metal ion complex before introduction into CH3CN-Fc+/O-LiCI04
electrolyte. The concentration for each metal ion was 0.01 M in water at pH=1.
Metal Ion
~n Circuit Voltage Short Circuit Current FIll Factor
Complex
(mv ± 20)
(mNcm2)
blank
RuC l3
IrCl3

-511
-514
-502

14
14.1

13.6

0.26
0.27
0.28

solvent-electrolyte combination did not produce a persistent passivation of grain boundary
recombination in the GaAs samples. Additionally, the beneficial effects on the KOH-Se-/21-V properties that were obtained by chemisorption of Ir or Ru were not altered by
exposure of the treated electrode to the CH3CN-Fc+IO-LiCI04 system.
The above results are consistent with the importance of the metal-ion catalyzed
oxidation of Se2- at n-GaAs electrode surfaces. In the aqueous KOH-Se-/2- cell, the
beneficial I-V improvement was interpreted to arise from larger rates of electrocatalysis by
the chemisorbed metal ions. This observation is consistent with the observation that the
trend in fill factor improvement follows the trend of better to worse electrocatalyst. This is
also consistent with the observation that the metal-ion chemisorption had no effect for the
kinetically favorable n-GaAS/CH3CN-Fc+,u interface. Also, given the persistence of the
metal-induced I-V improvement in the KOH-Se-!2- electrolyte, it is highly unlikely that the
grain boundaries are rapidly passivated by immersion of the polycrystalline n-GaAs into the
nonaqueous electrolyte at room temperature, and then are reversibly and rapidly activated
by subsequent exposure to the KOH-Se-/2- redox system.
A further test for possible effects of grain boundary passivation is the observation
of improved performance of polycrystalline n-GaAs/metal Schottky barriers.
Semiconductor/metal junctions should have high minority carrier collection velocities at the

21

Figure 2.4. I-V properties of polycrystalline n-GaAs/Au Schottky Barriers with (-) and
without (---) chemisorption of OsIII prior to junction formation. For comparison purposes,
the light intensity was adjusted to provide short-circuit photocurrent densities of 20
mNcm2 in each case.
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junction;22,23,24 thus, any change in I-V behavior of these interfaces should be primarily
due to metal-ion induced changes in the recombination processes at the grain boundaries.
Figure 2.4 compares the I-V properties of polycrystalline n-GaAs(OsIII)/Au and
polycrystalline n-GaAs/Au samples. Similar curves were also obtained using RhIII and
RullI ions; Table 2.m gives the Voc and J sc for various metal-ion treated and untreated
junctions. Exposure to KOH-Se-!2- solution before metal-ion treatment was also tried in
the RullI case and there was no change in the I-V behavior.

Table 2.m. Electrochemical data for polycrystalline n-GaAs/Au junctions where the
GaAs was treated for 60 s with the given metal-ion complex before evaporation of Au. The
concentration for each metal-ion was 0.01 M in water at pH=1.
Metal Ion
Open-Circwt
Short-Circuit
Voltage (mv ± 20)
Current (mNcm2 )
Complex
blank

-530
-450
RhCh
-490
OsCh
blank
-424
RuCh (after KOH-Se-!2-) -410

20
17.7
18.7
13 .4
13.4

Fill Factor

0.36-0.45
0.39
0.43
0.50
0.49

The diode J-V curves showed only very small changes as a result of the metal-ion
treatment, but all diodes displayed an improvement in the open-circuit voltage and fill factor
over the untreated n-GaAs/KOH-Se-!2- semiconductor/liquid junction. These results
further support an electtocatalytic mechanism for the improvement in polycrystalline, nGaAs-based, surface barrier devices after metal-ion treatment. The lower open-circuit
voltage of the polycrystalline n-GaAs/Au Schottky barrier as compared to that of the
polycrystalline n-GaAs/CH3CN-Fc+~ junction is also consistent with our previous

24

observations that GaAs/liquid junctions suffer less severe recombination losses than would
be predicted. given the measurements of GaAs/metal Schottky barrier heights and
thermionic emission recombination currents. 11b•c

111.3 Spectral Response Properties of Polycrystalline GaAs Samples
Another prominent feature of the n-GaAs(MIII)/KOH-Se-!2- interface is the
increased short circuit photocurrent obtained after metal-ion chemisorption. This could
arise either from a grain boundary recombination effect or from other surface-related
processes. To elucidate the origin of this effect, spectral response data were collected for
various n-GaAs(MIII) systems. Figure 2.5 compares the short circuit quantum yield vs.
wavelength for single crystal n-GaAs/KOH-Se-!2-, polycrystalline n-GaAs/KOH-Se-/2-,
polycrystalline n-GaAs(RuIII)/KOH-Se-!2-, and polycrystalline n-GaAs/CH3CN-Fc+1O
junctions. As we found to be the case for the polycrystalline n-GaAs/KOH-Se-!2-and
n-GaAs/CH3CN-Fc+~ 1-V data, the spectral response in acetonitrile was independent of

prior electrode history in KOH-Se-!2- and immersion in CH3CN did not affect the spectral
response of the various n-GaAs photoanodes in the KOH-Se-!2- system.
The polycrystalline n-GaAs/KOH-Se-!2- electrode displayed a rapid rise in quantum
efficiency near the band gap, but reached a saturation value that was much less than that
observed for a mirror-fmished, (100) oriented, single crystal, n-GaAs surface in the same
electrolyte. The metal-ion treated samples exhibited a similar rapid rise near the band edge,
but reached a limiting quantum yield that was greater than the untreated n-GaAs samples.
The untreated n-GaAs/CH3CN-Fc+~ interface displayed a spectral response that was
similar to that of the treated n-GaAs (MIII)/KOH-Se-!2- junction, though the quantum yield
was slightly higher. For wavelengths shorter than 800 nm, all of the junctions exhibited a
slight decline in external quantum yield with decreasing photon wavelength, which is due
to optical scattering from the polycrystalline GaAs samples.25 The sharp declines at
wavelengths shorter than 500 nm were due to solution absorptions.

25

Figure 2.5. Short-circuit quantum yield vs. wavelength data for several
semiconductor/liquid junctions. a) polycrystalline n-GaAslKOH-Se-!2-; b) polycrystalline
n-GaAs(RuIII)/KOH-Se-!2-; c) polycrystalline n-GaAs/CH3CN-Fc+lO; d) single crystal nGaAs/KOH-Se-/2-.
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All of the spectral response data can be understood by consideration of the
competing effects of minority-carrier recombination at the grain boundaries and minoritycarrier injection into the solution. If the grain boundaries are active minority carrier
recombination sites, then any carriers created within a diffusion length of the grain
boundary will be effectively scavenged by the boundary. Thus, only those carriers that are
created near the semiconductor/liquid junction and far from the grain boundaries will lead to
a photocurrent. Extensive theoretical modeling of this process has been discussed for
polycrystalline Si homojunction solar cells, 16,26 and our data are consistent with the
extension of this treatment to the polycrystalline n-GaAs/liquid junction systems. For the
KOH-Se-!2- system, there is a sharp rise in photocurrent, but an abrupt plateau at less than
unity external quantum yield. This behavior can be explained by recombination losses at the
grain boundaries. An increased rate of minority-carrier injection into the solution is
expected to increase the effective collection volume for the minority carriers, and should
produce an increase in the maximum quantum yield of the sample. This is consistent with
the improvement in spectral response for the polycrystalline n-GaAs(MIn)/KOH-Se-!2systems when M is an electrocatalyst for Se2- oxidation. It is also consistent with the high
quantum efficiencies observed for untreated polycrystalline n-GaAs samples in contact with
the electrochemically reversible CH3CN-Fc+1O electrolyte system.
Previous work by Johnston and Heller et. al6 ,27 using electron beam induced
collection microscopy (EBIC) yielded improved short-circuit current collection in
polycrystalline n-GaAs Schottky barriers that were exposed to RuIn ions. EBIC on our
samples (primary beam energy at 20 kV) showed very little difference in collected current
between a Schottky barrier fabricated using a sample that had just been etched, and one that
had also been exposed to selenide and RullI ion treatment before the gold deposition.
Samples used for EBIC differed from the Schottky barriers used to obtain I-V properties
only in that 400 Aof gold were deposited. In our studies, a comparison of short-circuit
photocurrent densities for polycrystalline n-GaAs/Au Schottky barriers with and without
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RullI treattnent showed only a very small change in J sc , implying that the magnitude of the
grain boundary passivation effect is much smaller than the electrocatalytic effect of the
metal ions in the KOH-Se-{l- medium. This is also consistent with the observation that the
quantum yields of the polycrystalline n-GaAs/CH3CN-Fc+1O system were comparable to
those of the n-GaAs(MIII)/KOH-Se-12- junctions. Furthermore, an inspection of the entire
I-V data for the Schottky barriers indicates that the grain boundary passivation effect is
rather small for the solid-state systems.

IV. Conclusions
This chapter has discussed a series of experiments designed to determine the
mechanism responsible for the observed improvement in I-V properties of polycrystalline
n-GaAs/KOH-Se-{l- junctions. A series of metal ions was tested in the KOH-Se-/2electrolyte, and the improvement in the I-V properties of the semiconductor/liquid junction
paralleled the known electrocatalytic properties of a specific metal ion for selenide
oxidation. The introduction of the polycrystalline electrodes into the CH3CN-Fc+1O
electrolyte system, which exhibits much faster electron-transfer kinetics, resulted in no
noticeable improvement of junction properties after metal-ion treatment. Au Schottky
barriers showed a similar lack of dependence on whether the polycrystalline GaAs had been
exposed to metal ions prior to device fabrication. Spectral response measurements are also
consistent with an increased rate of carrier injection into the solution after treattnent as
opposed to a decrease in trapping efficiency of grain boundary or surface states. We
therefore conclude that although electtocatalytic effects of certain chemisorbed metal ions
are an effective method of obtaining efficiency improvements in the polycrystalline nGaAs/KOH-Se-{l- cell, other chemical procedures must be identified if substantial grain
boundary passivation effects, and the resultant device efficiency improvements, for these
polycrystalline n-GaAs samples in contact with most surface barrier systems are to be
obtained.
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Chapter 3.

X-ray Photoelectron Specstroscopy and Extended

X-ray Absorption Fine Structure Studies of Cobalt, Ruthenium,
and Chromium Ammines Adsorbed on (100) n-GaAs
I. Introduction
Chapter 2 discussed the behavior of metal-ion exposed polycrystalline n-GaAs
electrodes in Se-/2- - KOH electrolytes and the electrocatalytic properties of the various
metal ions for selenide oxidation. This chapter discusses some studies performed to
elucidate the mechanism for surface binding of transition metals to GaAs surfaces. While
the transition metals unfortunately do not directly affect electronically active surface sites,
the study of the fundamental chemistry of GaAs surfaces exposed to transition metal
complexes is still important in understanding basic reaction pathways available for binding
true surface-state passivants.
There are several possible binding modes for a complex to a GaAs surface. The
metal complex can bind to unsaturated "dangling" bonds, to surface oxide species, or to the
surface through electrostatic interactions. In this work, GaAs surfaces were reacted with a
series of metal pentaammine complexes that are well characterized and well studied, so that
their reaction chemistry with the semiconductor surface can provide insight into the
chemical nature of the reactive surface species.
This chapter discusses the chemistry of three types of ammine complexes:
Ru(NH3)sH202+, CO(NH3)SX3+ (X=NH3, H20, N3), and Cr(NH3)sCF3S033+. The
semiconductor substrate was single crystal, (100) n-type GaAs and, in the case of the Ru
complex, GaP, and InAs. The surface coverage of the metal, and the question of whether
the starting complex remained intact during the course of exposure to the semiconductor,
were monitored through x-ray photoelectron spectroscopy (XPS). The structure of the
bound metal complex on the GaAs surface was studied by surface and powder extended
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x-ray adsorption fine structure (EXAFS) measurements. Observations made by XPS on
the reactivity of GaAs with [Rh(COhCI12 are discussed in the Appendix.

II. Experimental
A. Chemicals and Etches
The GaAs wafers used in the XPS studies were (100) oriented 10 17 doped n-type
single crystal bulk material (Wacker), and the EXAFS studies were 10 18 Si-doped 60 offaxis substrates. n-type, (100) oriented 30 off-axis GaP wafers were supplied by Sematech,
and n-type (unintentionally doped), (100) InAs was grown by MBE by Dr. T. Hasenberg
of Hughes Research Laboratories.
[Ru(NH3)sH20](PF6h was synthesized from Ru(NH3)SCI3 as per the literature. l
[Cr(NH3)sCF3S03](CF3S03h was synthesized by stirring Cr(NH3)SCI3 for 3.5 days in
tenfold molar excess of trifluorosulfonic acid under N2. The reaction was worked up by
adding an excess of diethylether while stirring, then filtering the salmon-pink precipitate in
air and washing with ether. This compound is moisture sensitive and should be stored

under N2.
Model compounds used for EXAFS studies of CoIII(NH3)SX on GaAs powders
were: Co(OHh,2 Co(OOH),3 Co(H20)6(CI04h (GFS Chemicals), CoSe2,4 and CoAS3.5
Models used for Ru(NH3)sH202+ on single crystal GaAs were: Ru(NH3)6CI3 (Strem),
Ru(NH3)6CI2 (Strem), Ru(H20)6(p-tosylateh,6 Ru(H20)6(P-tosylateh6 and RuSe2
(prepared by grinding a stoichiometric amount of Ru and Se powders together in a mortar
and pestle, sealing in an evacuated quartz tube and heating at 650 C for 4 days. Identity of
the compound was confirmed via a powder pattern). 7
All EXAFS experiments done on fine GaAs powders (400 mesh) were exposed to
0.01 M solutions of the cobalt complex (Co(NH3)sH203+, Co(NH3)sN33+, or
Co(NH3)63+) in either the chloride, bromide or perchlorate salts at pH > 10 (0.01 M KOH)
for 5 minutes, washed with H20, then CH30H, and dried with N2. The loading was
calculated to be 30-40 mg Co/g GaAs. The experiments were usually done at 77 K and
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6
10- torr, in order to minimize the thennal vibrational disorder introduced into the EXAFS.
Other conditions are noted in the results section.
GaAs powder samples were also studied, that were exposed to 1M KOH-IM K2Se
after exposure to cobalt ion, in order to detennine if any additional chemistry occurred after
introduction of the GaAs surface into an electrochemical cell. Powders were prepared as
above and then exposed to the selenide solution under N2 for 5 minutes, washed with H20
and dried.
Single crystal samples exposed to [Ru(NH3)5H20](PF6h were treated in a flowing

AI box, since the Ru complex is sensitive to N2. For GaAs samples, a 1" xl" square was
etched for 10 s in 4: 1: 1 (cone. H2S04:H20:30% H20z), then exposed to a 0.01 M
aqueous solution (pH = 1) of Ru(NH3)5H20(PF6h for 1 hour. The GaP samples were
etched in 1:1 (H20:HF) for 10 s and the!nAs samples in 0.05% Br2 in methanol (15 s),
1 M KOH (15 s), and then rinsed with water, repeated 3 times, before exposure to the Ru
complex. It should be noted that XPS spectra of lnAs after exposure to acidic etches (e.g.,
4: 1: 1), showed a marked decrease in As at the surface; however, the repetitive bromine
methanoVl(OH etch preserved the surface stoichiometry.

B. X-ray Photoelectron Spectroscopy
XPS spectra reported in this work were taken on three different XPS instruments.
High resolution spectra were obtained on a Surface Science Instruments system with a
Model 100 Top Hat mononchromatic Al-Ka x-ray source (SSI). Lower resolution spectra
were taken with either an Al (1486.6 eV) or Mg (1254. eV) x-ray source on a VG Mark II
system (Mark II) or a heavily modified VG HP580 system (VG). The FWHM of the Au
4f5/2line was 0.95 eV on the SSI instrument and was l.61 eV on the VG instrument The
base pressure was at least lxHr9 torr in the ftrst two instruments and 5xlO-9 in the VG.
Samples were transported to the instruments in N2 or Ar fIlled vials and, in the case of the
SSI and Mark II systems, were introduced into the chamber through a flowing N2 box or
an AI drybox.
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Data workup was performed by fitting the appropriate peaks using software
provided with the various instruments, and then calculating coverages through the relation:

(1)

where d is the thickness in angsttoms, Ax is the escape depth of the species of interest, nx
is the number density, Ix is the peak area,

e is the angle between the surface normal and the

detector, ax is the Scofield cross section;8 the layer designated as "a" is on top of the layer
designated as "b", and the transmission functions are assumed to be equal for both phases.
The escape depth was calculated via the method of Seah and Dench. 9 The values used for
all complexes in this chapter are given in Table 3.1. The angle between the surface normal

and the detector was 420 for the SSI machine and 150 for the VG and Mark II instruments,

Table 3.1. Cross sections (a), escape depth (A) and atomic density (n) used for
calculation of Ru and Cr coverages and mole ratios on GaAs, GaP,
Element
a
A (A)
Region
GaAs:
Ga (3d)
1.085
25
As (3d)
1.821
25
AS20:3 (As 3d)
1.821
36
GaP:
Ga (3d)
1.085
22
P (2p)
1.583
22
InAs:
In
13.32
22
As
1.821
26
Ru(NH3)sH2()2+
7.39 (Ru)
19 (Ru)
1.87 (N)
(Ru 3dS/2)
30 (Cr)
Cr(NH3)sCF3S033+ 7.6 (Cr)
1.87(N)
(Cr 3dS/2)

and InAs substrates.
n (atom/em3)
(x 10-22)
2.22
2.22
2.27
2.45
2.45
1.81
1.81
0.74 (Ru)
0.17
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unless otherwise noted. The concentration (moles/cm3) was calculated by multiplying the
calculated thickness by the density of the complex of interest.
All the initial XPS data on the Cr(NH3)sCF3S033+/GaAs system were taken on
the YG instrument This instrument does not have the capability of introducing a sample
anaerobically, so additional experiments were performed using the Mark II. A sample was
etched with 4: 1: 1 in an Ar drybox so that no detectable oxide (-1 x 10-10 moles/cm2) was
present on the surface by XPS, and this sample was run in parallel with another piece of
GaAs, which had been etched for 30 s in 30% H20z to leave an oxidized surface.

c.

EXFAS
EXAFS experiments were conducted at the Stanford Synchrotron Radiation

Laboratory (SSRL) at beam lines 11-3, IY-2, and YI1-3 using a Si (220) crystal in the
monochromator. Data for model compounds were taken by detection of the transmitted xrays with a nitrogen-filled gas ionization detector. All model compound data were taken at
the temperature of the GaAs unknown. Reference Co and Ru foil data for energy
calibration were taken with an Ar gas-filled ionization detector
Powder spectra were obtained by packing the unknown or the model at -10 wt% in
BN. The powder was placed in a copper holder (1cm x 4 mm x 1mm), which was
positioned in the x-ray beam either on the end of the refrigerated cold fmger (Figure 3.1) or
in a slot on the single crystal assembly (Figure 3.2). The slits were then closed so that the
x-ray beam was not hitting any portion of the copper holder (-1 x 20 mm) and the Co x-ray
fluorescence at 6.925 Kev was detected using an Ar gas ionization detector with an Fe
filter. A schematic of this apparatus is shown in Figure 3.1. The data for GaAs powder
samples were taken at 10 K using a helium refrigerator, or at 77 K using a home-built
copper cold finger filled with liquid nitrogen.
The data for single crystal samples were all taken at room temperature, and the Ru

Ka fluorescence line at 19.2 keY was detected using a 36 mm diameter, high-purity Ge
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Figure 3.1. a) Schematic of apparatus used for collecting powder EXAFS data at low or
ambient temperatures. b) Side view of refrigerator assembly. The refrigerator portion was
evacuated to
out of mylar.

10-6 torr by a diffusion pump (not shown) and the windows were fabricated
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Figure 3.2. Schematic of apparatus used for collecting surface EXAFS data.
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solid-state detector (Ortec LOAX-36300/15), in conjunction with an amplifier (Tenelec
TC244) and a single channel analyzer (Ortec 551 ).10 A schematic of this setup is shown in
Figure 3.2.
Data for SEXAFS experiments were obtained by positioning a 1" xl" sample of
(100) GaAs, GaP, or InAs so that the x-ray beam (slits were closed so that the beam was
-0.1-0.2 mm tall) was grazing the top of the sample. The sample was then rocked -1 0
until total external reflection occurred, and the Ru

Ka fluorescence became visible on a

multichannel analyzer. The gating electronics on the single-channel analyzer was then
adjusted so only the signal from the Ru fluorescence was counted and recorded by the
computer.
Once the spectra were obtained, a complex analysis is needed in order to extract the
desired structural data. 10 The process is illustrated in Figure 3.3. The general procedure is
first to extract the EXAFS out of the full absorption spectrum by subtracting the
background The pre-edge background is approximated by a line (step 1). The post-edge
background, which has contributions from processes other than the absorption (e.g. elastic
scanering and beam hannonics), is approximated by a cubic spline (step 2). After
subtraction of the background, the resulting EXAFS is weighted by a factor of k 3 to
amplify the oscillations at higher energies (step 3). The EXAFS is then Fourier
transfonned (step 4), producing peaks corresponding to the different atomic shells. By
back-transforming each peak, the contributions of each shell are separated (step 5). These
oscillations are curve-fined, using parameters from model compounds, to obtain the desired
bond length and number of scaners (nearest neighbors). The bond length determinations
have an error of about 0.05 A. The error in the number of nearest neighbors is about 1020%.lOa The analysis was done using software procedures developed by R. A. Scott of
the University of lllinois.
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Figure 3.3. lllustration of data manipulation used to extract structural data from raw
ray adsorption data.
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III. Results and Discussion
A. Co(NH3)SX3+ on GaAs Powders
The XPS data for a variety of CO(NH3)SX3+ complexes exposed to GaAs
powders and single crystals have been reported earlier.!! These data showed that Co
complexes were reduced from CollI to CoIl upon exposure to GaAs, that no ammine
ligands were present on the surface, and that a thick film (-60 A) of a Co-O phase was
deposited on the surface. Also, exposure of GaAs to a solution of Co(2,2-bipyridyl)]3+
resulted in the reduction of the Co, and the oxidation of the GaAs surface, but no adsorbed
Co was observed by XPS, and no improvement in I-V properties of photoelectrochemical
cells using K2Se-12- electrolyte. I I The structure of the Co phase was studied through a
series of EXAFS experiments on GaAs powder.
EXAFS and Fourier transfonns of the model compounds used for GaAs exposed
Co are shown in Figure 3.4 - 3.5. EXAFS of powders exposed to Co(NH3)sH202+,
taken at room temperature and 10-6 torr, yielded a spectrum which was extremely similar to
EXAFS data for bulk Co(OHh (Figure 3.6, 3.4a). The edge absorption position and
structure were also quite similar, lending further support to the assignment of the CoIl
oxidation state to the species on the surface. Using CO(OH)2 as a model compound,
analysis of the EXAFS yielded the results given in Table 3.n. We cannot detennine
whether any of the second-shell atoms are Ga or As because of the very similar scattering
properties expected for Co, Ga, and As. However, the high coverage of Co (approximately
10 monolayers by radioisotope and XPS analysis 11) suggests that most of the Co is in the
Co(OHh environment.
Comparison of the EXAFS data in Figure 3.6 with that obtained obtained for a
sample exposed to CO(NH3)sH203+ and measured at 10 K or 77 K, or in contact with
0.01 M KOH indicated no significant difference in the EXAFS data or Fourier transfonns
of these data (Figure 3.6, 3.7 and 3.8), implying that cooling and exposure to vacuum did
not induce significant changes in the sample. Exposure of GaAs powder to the complex
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Figure 3.4. EXAFS extracted from raw data of a) Co(OHh, b) Co(H20)6(CI04h, and
c) Co(OOH) taken at 77 K in transmission mode.
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Figure 3.5. Fourier transfonns of EXAFS shown in Figure 3.4.
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Table 3.11 - Bond distances and edge energies for model compounds and best fit numbers
for GaAs powders exposed to CO(NH3)SX3+ using Co(OHh as
Compound
Bond
Number of
Bond
Distance (A) Nearest
Distance (A)
(C<rO)
Neighbors
(Co-Co)
Co(OHh

2.097
Co(H20 )6(CI04h 2.085
Co(OOH)
1.90

6.0
6.0
6.0

the model compound.
Edge Energy
Number of
(eV)
Nearest
Neighbors

3.17

6.0

7719.7
7720.1
7721.3

3.13a
3.13a

7b
8b

7720.7

7b

7720.8

8b

7720.7

gb
6b

7720.3
7720.7

2.69

4.0

T= 10K
T=77K

2.08 a
2.08 a

7b
8b

T= 298 K

2.08 a

7b

slurry, T = 298 K 2.09a

6b

3.14a
3.13a

GaAs powder +
eon (aq)C
Co(NH3)sN33+d

6b
7b

3.13a
3.12a

GaAs powder +
CO(NH3)sH203 +

2.08a
2.0ga

7720.3

aThe error on the bond distances is ± 0.05 A.
bThe error on the number of nearest neighbors is ± 1. The numbers are slightly higher than
expected because of interference from the Cu sample holder.
CData taken at 10 K.
dOata taken at 77 K.

Co(NH3)sN33+ (77 K), and aqueous CoIl ions also yielded an x-ray absorption spectrum
that was also extremely similar to Co(OHn (Figure 3.9).
The fact that similar EXAFS, bond distances, and number of nearest neighbors
were obtained in the case of GaAs powders exposed to the azide and aquo ammines as well
as aqueous coll ions (Figures 3.6-3.9, Table 3.D) is consistent with a mechanism whereby
the CollI complex is reduced by the GaAs substrate, loses its ligands, and forms Co(OHh,
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Figure 3.6. a) Raw x-ray fluorescence data; b) EXAFS, and c) Fourier Transform for
GaAs powder exposed to CO(NH3)SH203+. Data were taken at 10-6 torr at room
temperature in the fluorescence mode. The dashed line in part b) is the two shell fit of the
filtered EXAFS using Co(OHh as the model compound.
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Figure 3.7 EXAFS ofGaAs exposed to CO(NH3)sH203+. Data taken at a) room

temperature, b) T = 77 K, c) T= 10 K, d) in contact with 0.01 M KOH. a) and b) were
taken at a pressure of 10-6 torr.
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Figure 3.S. Fourier transforms of EXAFS in Figure 3.7.
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Figure 3.9. a) EXAFS for GaAs powder treated with CoII(H20)6 at pH 12, b) Fourier
transfonn ofEXAFS in part a). c) EXAFS ofGaAs powder treated with CO(NH3)5N32+ at
pH II, d) Fourier transfonn of EXAFS in part c). The dashed line in a) and c) is the twoshell fit of the filtered EXAFS, using Co(OHh as the model compound. Data were taken
at T= 77K, p= 10-6 torr.
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which is insoluble at a high pH. This conclusion is further supported by the observation
that electrochemical studies using aqueous CoIl ions without the ammines as the starting
complex showed that there was an improvement in I-V properties of GaAs in the KOHSe-!2- test electrolyte, though the improvement was not as great as that from treattnent by
CollI ammine complexes. I I Also, at lower pH, the Co(OHh dissolved off the surface and
no beneficial effect on the I-V behavior of the semiconductor/liquid junction was
observed. I I
The analysis of the EXAFS of GaAs powders exposed to cobalt ions in basic
solution shows conclusively that a Co(OHh surface phase is formed, but this is most likely
not the phase that is present on the surface after exposure to the KOH-Se-!2- used for
electrochemical studies. When GaAs powder was exposed to CO(NH3)63+, then selenide
solution, the EXAFS shown in Figure 3.11 b was obtained.
A comparison of the edge and EXAFS of the treated GaAs samples to the CoSe2
model compound shows some dissimilarities. The edge of the CoSe2 is at lower binding
energy, implying that the cobalt in CoSe2 is in a nominally lower oxidation state.
However, the edge structure of the

C~treated GaAs

samples are very similar with and

without exposure to Se. The near edge or XANES region is a good indicator of the
geometry of the scatterer12 and thus indicates that the complex is still predominantly in the
same octahedral geometry before and after selenium exposure. The Fourier transforms of
the model and GaAs spectra both show a single shell at about the same R value (Figure
3.1Oc, 3.11c). Best-fit values using the CoSe2 model for the hexaammine, and
pentaammineaquo complexes are given in Table 3.I1I.
The above data for GaAs powders exposed to cobalt ions and then selenide solution
indicate that the selenium becomes incorporated into the inner shell. EXAFS is an average
over all the contributing absorber atoms, and a mixed oxide-selenide layer may be present;
since selenium will dominate the backscattering, any residual oxygen will not be visible. A
fit of the Co(NH3)sH2()3+ with CoAS3 as the model gave a significantly worse fit to the
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Figure 3.10. a) Normalized x-ray transmission data; b) EXAFS, and c) Fourier
transform for CoSe2 diluted with BN. Data were taken at 77 K and 10-6 torr.
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Figure 3.11. a) Raw x-ray fluorescence data for GaAs powder treated with CO(NH3)63+
at pH 11 and exposed to Se-!2- - KOH; b) EXAFS and single-shell fit (dashed line) of
filtered EXAFs data using CoSe2 as a mcxlel. c) Fourier transfonn ofEXAFs in b). Data
were taken at 77 K and 10-6 torr.
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Table 3.111 Bond distances and edge energies for model compounds and best-fit
numbers for GaAs powders exposed to CO(NH3)SX3+ + KOH-K2Se-12- using COSe2 as
the model compound.
Compound

CoSe2
CoAS3
GaAs+1.0 M K2Se-!2- - 1.0 M KOH+
CO(NH3)SH203+ (T

CO(NH3)63+ (T

= 10 K)

= 77 K)

Bond
Distance (A)
(Co-Se)

Number of
Nearest
Neighbors

Edge Energy
(eV)

2.42
2.34

6.0
6.0

7716.2
7717.0

2.3@
2.34a

5b
5b

7717.1
7719.0

aThe error on the bond distances is ± 0.05

A.

bThe error on the number of nearest neighbors is ± 1.

data, and along with XPS studies, 11 lends funher suppon to the proposal that Se is the
heavy scatterer incorporated into the inner shell. The electrocatalytic effects of the cobalt
and selenium overlayer are consistent with work done by Hodes, Manassen, and Cahen on
CoS electrodes. 13 They studied several electrodes in sulfide solutions (e.g., CuS, PbS,
CoS) and found that CoS showed a decrease in overpotential for sulfides compared to a
platinum electrode.

B. Ru(NH3)sH102+ on GaAs, GaP and In As
The Co results showed that redox chemistry can be imponant in the interaction of
metal ions with GaAs surfaces. Unfonunately, the thickness of the Co(OHh film formed
from the reduction of cobalt ammines precluded the observation of the surface bound metal
ion for that system. Other metal ammine complexes (Ru(NH3)sH202+,
Cr(NH3)CF3S033+) have reduction potentials significantly negative of CollI, and so would
not be expected to undergo this type of reaction. 14 These complexes do indeed exhibit a
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much lower surface coverage than Co and so offer an opportunity to observe directly the
GaAs binding site.
Accurate XPS data of Ru are difficult to obtain, because of the interference of the C
Is and Ru 4d lines. IS The XPS spectra for Ru(NH3)sH202+ on GaP, GaAs, lnAs, and
GaAs that had been deliberately oxidized prior to exposure, are shown in Figure 3.12. The
observation of the ammine ligands is hindered by the overlap of the Ga Auger lines on the
GaAs and GaP sample; however, it can be clearly seen on the InAs substrate (Figure
3. 12d). Estimated coverages and ratios are given in Table 3.N. There does not appear to

Table 3.IV. XPS data for GaAs, lnAs and GaP exposed to Ru(NH3)5H202+ for Ihr.
Data were taken on the SSI system with a spot size of 300 J.lIll for individual regions. All
ratios are normalized using appropriate cross sections. Ga, As, Ru and N binding energies
are reported with respect to C Is = 285.0 eV. These samples were confirmed to have no
oxide present (except for the intentionally oxidized sample) initially after treatment and prior
to EXAFS experiments, but all showed a large amount of oxidation after the EXAFS
experiments and it is on these surfaces that the Ru and N data were obtained.
Substrate Ga3d As 3d !II
CIs
Ru3d N Is
rRu xlOY
RY N
(eV)
(eV)
(eV)
(eY)
(moleslcm2)
Ru
As
V
ie\t1
GaAs

41.5

1.0

284.8

280.6

400.3

0.5

9

1.3

19.8
(oxidized) 21.4a

41.7
45.7 a

1.0

284.6

279.4

399.6

0.3

13

1.8

GaP

19.6

129.1b 1.8

285.7

280.7

402.6

0.8 c

9

2.5

InAs

17.8d

41.3

284.6

281.3

400.6

0.4

5

l.4

19.5

GaAs

1.3

aEnergies for substrate oxides.
bp 2p energy.
CRatio taken with respect to P area.

dIn 4d5/2 energy.
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Figure 3.12. Ru 3d XPS regions for a) GaAs, b) InAs and c) GaP exposed to 0.01 M
Ru(NH3)sH20(PF6n at pH=!. Also shown are the N 1s regions for d) GaAs, e) InAs
and 0 GaP. Data were taken on an SSI Model 100 system using monochromatic Al Ka Xrays.
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be a significant difference in coverage of chemisorbed metal on initially oxidized vs. cleanly
etched GaAs swfaces. The ratio of N/Ru on lnAs was in agreement with that expected for
ruthenium pentaammine.
There is a large amount of spread of the data in Table 3.lV because of the low
signal to noise ratio associated with the Ru peaks (Figure 3.12). This uncenainty also
limits the accuracy of the coverage estimates. The presence of Ru on all substrates was
confmned by secondary ion mass spectrometry (SIMS).16 While a quantitative estimation
of the coverage cannot be obtained without several control experiments to determine cross
sections, the relative intensity of the Ru signal was constant on all three types of substrates
and indicates approximately the same metal coverage. SIMS data also confIrm that there is
approximately the same amount of Ru present whether or not the GaAs substrate had been
oxidized or cleanly etched prior to exposure to Ru(NH3)sH202+.
Additional data on the coverage of Ru on GaAs and GaP surfaces were obtained
from Rutherford backscanering (RBS) measurements. This technique provides a more
accurate estimate of the coverage because the calculation relies on more well-known
parameters. 17 The estimated coverage from RBS is ~ 0.25 monolayer for GaAs and GaP.
An exact coverage could not be obtained because this is the detectability level of the

technique, and the signal was barely observable. This technique cannot be used on InAs
because In is a heavier atom than Ru, and would obscure the Ru signal. The calculated
coverages from XPS data are considerably higher (-1-2 monolayers, since 1 monolayer
-1.4xlo-9 moles/cm2), but this is most probably a function of the large number of
assumptions that must be made in order to estimate photoelectron escape depths for
unknown compounds. Cross sections are known to much better accuracy, and so the mole
ratios of the constituents from XPS are much more reliable numbers.
EXAFS spectra were obtained for GaAs powder exposed to aqueous Ruel3 (pH =
1), and the x-ray fluorescence data are shown in Figure 3.13. Better data was obtained by
surface EXAFS (SEXAFS) of (100) GaAs exposed to Ru(NH3)sH202+, and it is
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Figure 3.13. X-ray adsorption edge for GaAs treated with RuCl3 (aq) at pH 1. X-ray
fluorescence was taken at room temperature and detected by a Ge detector. The spectrum
shown is an average of three scans.
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Figure 3.14. a) X-ray absorbance data, b) EXAFS and c) Fourier transfonn of
Ru(NH3)6Ch. The x-ray transmission was detected at room temperature using a N2-f1l1ed
ionization detector.
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Figure 3.15. a) Raw data, b) EXAFS and c) Fourier transfonn of Ru(NH3)SH202+
adsorbed on (100) GaAs. The Ru x-ray fluorescence was detected at room temperature
using Ge detectors. The data shown are an average of twelve scans. The plain solid line in
b) is the best fit obtained using Ru(NH3)62+ as a model compound.
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Figure 3.16. X-ray adsorption edges of a) RuCl3 on GaAs powder and b)
Ru(NH3)sH202+ (dashed curves) on single crystal (100) GaAs compared to Ru(NH3)6CI3
(right-hand solid curve) and Ru(NH3)6Cl2 (left-hand solid curve).
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somewhat similar to data obtained from a sample of Ru(NH3)6C12 (Figure 3.14 vs. Figure
3.15).
The position of the x-ray adsorption edge is indicative of the oxidation state and
shows that the ruthenium is probably in the 3+ oxidation state for the RuC13 case (Figure
3.16a). Unfortunately, the signal-to-noise ratio is too low to allow the EXAFS to be
reliably fit to obtain any structural data. The position of the adsorption edge for the
Ru(NH3)sH202+ indicates that the Ru is also in the 3+ oxidation state (Figure 3.16b),
which is not surprising, since XPS of the Ga and As regions taken after the SEXAFS was
obtained clearly showed the presence of Ga and As oxides. The SEXAFS data were
gathered over a period of> 24 hrs., and even under flowing Ar there apparently was
sufficient leakage of ~ to oxidize the surface.
EXAFS obtained from the raw spectra is shown in Figure 3.15b, as well as the best
fit to the data using Ru(NH3)62+ as a model compound. The calculated values were
number of nearest neighbors =5 and bond distance

=2.07 A.

The calculated fit is very

close to the actual data at lower k values, but diverges considerably at k > 9. The cause of
the divergence could be either due to the presence of a heavy scatterer (e.g., As)
incorporated in the first shell or due to excessive noise. The cross section for
backscattering is dependent on the atomic number of the backscatterer as well as on the
energy.20 As can be seen from Figure 3.17, the backscattering amplitude for light scatters
such as N or 0 would fall off sharply as a function of k, while Ga or As, which are very
close to Ge, has a peak at -8 k. A heavy scatterer, such as As, in the first shell would
therefore be expected to increase the amplitude of the EXAFS at higher k, and the EXAFS
of the Ru(NH3)SH2()2+ bound to an As or Ga on the surface should not fit well to a
Ru(NH3)6 2+ model at higher k values. A lighter scatterer, such as 0, would be expected
to be very close to N as a scatterer, and so the EXAFS should be well modeled by
Ru(NH3)62+.
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Figure 3.17. Calculated backscattering amplitude for representative atoms from
Reference 18.

Separation of Ga from As as a scatterer can be achieved by comparing EXAFS data
from InAs, GaAs and GaP, since In has a quite different envelope function than Ga, and P
is different from As. If Ru is binding exclusively to As, EXAFS obtained from GaAs
surfaces should be the same as that obtained from InAs surfaces, but different from that
from GaP surfaces, especially at higher k. GaP and InAs SEXAFS have also been
obtained (Figure 3.18); however, the large "humps" present in the background preclude the
separation of the EXAFS from the background, and thus extraction of structural data.
There does appear to be some difference in the near-edge region for the InAs surface,
possibly because of the effects of secondary scattering from the much heavier In atom.
Regardless, better data need to be gathered with better signal to noise and a more well-
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Figure 3.1S. Raw x-ray fluorescence data for Ru(NH3)sH202+ adsorbed on single
crystal (100) a) GaP (average of eighteen scans) and b) !nAs (average of twelve scans).
X-ray fluorescence was taken at room temperature and detected by a Ge detector.
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behaved background function before the question of the composition of the Ru inner shell
can be answered definitively.

C. Cr(NH3)CF3S033+ on GaAs
Cr ammines have a much slower rate constant for substitution than the Ru or Co
ammines~ 19 therefore, the pentaammine triflate was used instead of the pentaammine aquo

complex in order to decrease the time required to treat the samples. XPS data show that
this Cr complex, like Ru(NH3)sH202+ adsorbs on GaAs surfaces at very low coverages
(see Table 3.V, Figure 3.19), and that Cr was in the 3+ oxidation state. Unlike
Ru(NH3)sH202+, there is a correlation between the amount of oxide on the surface and the
adsorption of Cr. Also, a sample of etched GaAs which was place in a 0.01 M solution of
substitutionally inen Cr(bipyridylh(CI04h showed no detectable Cr by XPS after 15
hours, indicating that the Cr(NH3)sCF3S033+ is reacting with the surface.
The reaction is not completely selective, as a small amount of Cr was observed even
on a sample that was cleanly etched in a drybox before exposure to Cr(NH3)sCF3S033+
for 2 hrs., but about twice the level of Cr was observed on the heavily oxidized sample run
in parallel (samples 1,2,3, a and b, Table 3.V). The coverages reponed in Table 3.V are
not changed if the observed Cr intensity is corrected for the thickness of the oxide surface
layer. This is because the escape depth of the oxides is sufficiently large (33

A for AS203)

and the coverage of oxide sufficiently small (-1-4 A of effective thickness) that even for the
thickest oxide surface layer, the attenuation of the As substrate signal is not enough to alter
the calculation of Cr coverage to the accuracy reponed here.
The main conclusion to be drawn from the data of Table 3. V is that while
Cr(NH3)sCF3S033+ will bind to clean GaAs surfaces, there is preferential reaction with
surface Ga and/or As oxides. The observation that the Cr(NH3)sCF3S033+ binds
preferentially to an oxide, while there was no noticeable difference with Ru(NH3)sH202+,
can be rationalized on the basis of the type of metal involved. Cr is a "harder" metal than
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Table 3.V. XPS binding energies. calculated mole ratios and coverages for (100) n-GaAs
exposed to 0.01 M Cr(NH3)S(CF3S03h in acetone for varying time periods. Also
included are data taken for two CrIll ammine complexes. Data were taken using a
non monochromatic Mg Ka (1254 eV) x-ray source on a VG Mark II or VG HP580
system.

......
00

stUnple

,24 hrs.

GaAs + Cr(NH3)s(CF3S03h
1a) clean etch, 1 week
2 a)
, II hrs.

,2 hrs.

3)
4 a) etched

1 b)not etched, 1 week

5)
,2hrs.

, 1.5 hrs.

2 b)oxide etch, 24 hrs.

3 b)
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Figure 3.19. a) Cr 2p and b) Nls XPS regions of GaAs exposed to 0.01 M
Cr(NH3)sCF3S033+ in acetone for two hours. The GaAs was etched to leave an oxidzed
surface. Data were taken on a VG Mark II system using a nonmonochromatic Mg Ka
(1254 eV) x-ray source.
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Ru and so would be expected to be more likely to bond preferentially to
EXAFS data are needed to confIrm that the Cr has only lighter N or

°

° over As.

atoms in the inner

shell if some oxide is initially present on the 111-V surface.

IV. Conclusion
The chemistry of the Co, Ru, and Cr amrnine complexes on GaAs surfaces shows
that several types of binding modes are relevant to (100) n-GaAs surfaces as Co, Ru and
Cr ammines undergo rather different chemistries. Co(NH3)sX3+ complexes (X=H20,

NH3, N3) are reduced by the GaAs surface to coli, the ligands are lost, and a thick surface
phase of Co(OHh is formed. I I This phase undergoes further reaction with K2Se-KOH
electrolyte solution and Se becomes incorporated into the inner sphere.
The Ru(NH3)sH202+ and Cr(NH3)sCF3S033+ complexes adsorb at much lower
coverages and XPS measurements indicate that the complexes remain intact. RBS
measurements have put an upper limit on the Ru coverage at 0.25 monolayer and
preliminary EXAFS data indicate that the Ru(NH3)sH202+ may bond to an As substrate
atom, though further measurements are needed to confmn this hypothesis.
Ru(NH3)SH202+ has also been shown by XPS, SIMS, and EXAFS to bind to both GaP
and InAs surfaces.
Cr(NH3)sCF3S0)3+, like Ru(NH3}sH2()2+, exhibits

S;

1 monolayer surface

coverages. but unlike Ru(NH3)sH2()2+. there is some selectivity of reaction with respect to
a cleanly etched or oxidized GaAs surface, with oxide linkages apparently being preferred.
XPS studies indicate that the coverage of Cr is about twice as high on an oxidized surface.
The studies presented in this chapter show that three different metal pentaamrnine
complexes exhibit three different types of chemistry with the GaAs surface and indicate that
many modes of binding are available for attachment of potential surface state passivants to
GaAs surfaces. Much more data need to be collected. however. in order for correlations to
be made between the binding mode of a complex to the surface and the effects of a
molecule on the surface electronic properties.
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Appendix
The reactivity of [Rh(COhClh (Sa-em) with the (100) GaAs surface has also been
studied, and the following observations have been made by XPS:20
1. The Rh complex binds to GaAs in -1 monolayer coverage with the Rh 3dS12 peak at

308.3 eV (±O.2) and an average splitting of 4.4 e V between the 3dS12 and 3d3(2 peaks.
There is no detectable Cion these surfaces.

2 When these surfaces are exposed to K2Se-KOH electrolyte, Se is also detected on the
surface in -2:1 ratio to Rh, and the Rh coverage is about 85% of the selenide unexposed
surface.
4. Triphenyl phosphine does not react with the Rh complex on the GaAs surface; 0.05%
Br2 in methanol decreases the coverage of Rh by 67% and leaves a small amount of Br2 on
the surface. Exposure of the [Rh(COhClh treated GaAs surface to 1.0 M KOH also
appears to etch the Rh off the GaAs surface and to decrease the coverage by 50%.
3. Rh has also been detected after exposure of GaP to [Rh(COhClh.
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Chapter 4.

Steady-State and Time-Resolved Photoluminescence

Studies of the Effects of Exposure to Aqueous Sulfides, and
Nonaqueous Thiols and Alcohols on GaAs Surface
Recombination Properties
I. Introduction
The use of Na2S·9H20 has been reported recently by Skromme, Sandroff,
Yablonovitch, and co-workers to decrease surface recombination rates at GaAs/air
interfaces and to improve the electrical characteristics of GaAs bipolar transistors. 1 This
system is notable because the surface recombination velocity under high-level injection of
Na2S-treated (100) GaAs surfaces is 103 cm sec- l as opposed to the H)6-107 cm sec- l
value that is characteristic of unpassivated GaAs/air interfaces. l a,2 The application of the
sulfide has been done in a variety of different ways, and apart from the observation that
reductions in surface recombination velocity (S) can be obtained with Na2S, (NI-4hS and
other salts that yield aqueous sulfur species,I.,3.4,5,6.7.8.9little is known about the chemical
reactivity of the GaAs surface sites.
Additionally, although numerous spectroscopic and electrical studies of N a2Scoated GaAs surfaces have been perfonned, there is still controversy over the mechanism
of surface passivation in the GaAs-Na2S·9H20 system. Sandroff and coworkers showed
that there was an increase in gain in bipolar transistors fabricated from sulfide-treated
surfaces lb and that an As-S was present on the surface.7 Work by Carpenter, et al.
showed that Schottky baniers fabricated with sulfide-treated surfaces exhibited a slightly
more ideal electrical behavior than untreated GaAs surfaces. 8a Both groups of workers
have associated the improvements in surface recombination rates with the bonding and/or
etching of electrical traps by the basic aqueous sulfide solutions.l,s Other investigators
have suggested that the traps might be associated with excess elemental As, which is
presumably etched away by the Na2S solution. 1,8,l0
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Another theory is that a slight shift in the surface, Fenni level pinning position
towards the GaAs valence band edge is responsible for the improved photoluminescence
signals, and that passivation effects that are due to a decrease in the surface trap density
and/or cross section are a secondary effect. 9 ,10 Support for this latter hypothesis has been
obtained from deep-level, transient spectroscopy,9b from valence band shifts in vacuum
photoemission experiments,11 and from field effect measurements of the equilibrium band
bending at Na2S-treated GaAs surfaces. 9a However, measurements of the surface Fermi
level position under dark, equilibrium conditions are not sufficient to define the surface
carrier concentrations under strong illumination,6,12 so other data must also be obtained to
understand the electrical effects of the GaAs surface modifications.
To address this issue, the next two chapters present studies of surface electrical and
chemical properties of (lOO)-oriented GaAs that has been exposed 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 information on the GaAs surface state properties. In this work, we have
used steady-state, low-level injection, photoluminescence (PL) methods and time-resolved,
high-level injection. photoluminescence methods 13 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 level; 12.14 therefore, chemically induced changes in surface recombination rates can
be probed unambiguously in such experiments. High resolution, x-ray photoelectron
spectroscopy experiments done on these systems to determine how changes in
recombination rates correlate with changes in surface stoichiometry are discussed in
Chapter 5.

II. Experimental
A.

Samples and Chemicals
All experiments in this work were performed with n-type, (lOO)-oriented GaAs,
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which varied in dopant density from 10 14 cm- 3 to 1018 cm- 3. Some steady-state PL
measurements were also perfonned on the Nd= 10 17 cm-3 bulk GaAs samples; however, in
order to maximize the surface sensitivity of the photoluminescence signals, the majority of
the steady-state experiments were perfonned 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 Alo.4Gao.6As (1000 A thick), a layer ofGaAs (1.01

IJ.II1 thick) doped at 1015 cm- 3 (n-type), and then another layer of Alo.4Gao.6As (1000 A
thick).15 For convenience, these samples will be designated as the 1.0 Jlm epilayer GaAs
samples. For experiments that probed the effects of treatments on the GaAs surface, the
top Alo.4Gao.t;As cap layer was removed by etching the sample for 4 minutes in a solution
of 0.05% Br2 (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 response to a 15 sec immersion into the Br2fmethanol solution.
In order to confine carriers to a narrow region and thereby maintain high injection
during the course of the photoluminescence measurements, time-resolved
photoluminescence experiments were conducted on samples with a layered structure that
consisted of a semi-insulating GaAs substrate, followed by a layer of Alo.3Gao.7As (1000

A thick), a layer of GaAs (2.8 IJ.II1 thick) and then a layer of Alo.3Gao.7As (1000 A
thick).16 These samples will be designated as the 2.8 Jlm thick epUayer GaAs samples.
When desired, the Alo.3Gao.7As cap was removed by etching the sample for 4 minutes in a
1:8:500 (volume ratio) of a H2S04(con.):30% H2~(aq):H20 solution. The exposed
GaAs layer was then etched and manipulated as described below for the bulk GaAs
samples.
Three types of etches were used in this work.17 In the fIrst procedure, samples
were etched sequentially in 0.05% Br2-CH30H and 1.0 M KOH(aq) solutions, with each
etch being 15 sec in duration. After the KOH etch, the sample was rinsed with deionized
water and then dried under a stream of N2(g). Before further use of the GaAs, this etching
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procedure was performed three times on each sample, ending in KOH. This etch leaves a
surface with minimal oxides and elemental As, and will be referred to as etch A (or the
"near-stoichiometric" etch).18 This etch was the one most commonly used to give a good
starting GaAs surface, and was used as the initial treatment except where otherwise noted.

In some experiments, GaAs samples were subsequently etched in 1:1:100 (con.
H2S04:30% H2~:H20) solutions for 30 sec, and were then rinsed with deionized water
and dried under a stream of N2(g). This procedure resulted in a nonstoichiometric surface
with an excess of elemental As on the GaAs surface,17.18.19 and will be referred to as etch
B (or the AsO-rich etch). Etch C consisted of exposure of the GaAs surface to etch A
followed by exposure to 30%

H2~

for 30 sec, and resulted in the formation of an oxidized

GaAs surface layer.1 7•18
The organic reagents were used as received (99% or better purity) from Aldrich
Chemical Co. The organic reagents were dissolved in diethylether or in carbon
tetrachloride 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% mole excess of sodium to
a 1.0 M solution of the organic reagent in diethylether. Na2S·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 Na2S and NaHS solutions was adjusted by addition of 12 M
HCI(aq) or 1 M NaOH, as necessary.
Chemical treatments of the GaAs samples were performed 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 minutes, with an
immersion time of 30 minutes used for most experiments. Except where otherwise noted,
all solutions 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 N2(g), and then
transferred either to the XPS instrument or to the PL apparatus.
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B. Steady-State Photoluminescence Experiments
Steady-state photoluminescence (PL) data were obtained using either an Ar ion laser
at 514 nm (100 mW) or a He-Ne laser at 632.8 nm (to mW). Both lasers were focused to
produce illuminated sample areas "",1 mm in diameter. In preliminary experiments, the
relative trends in PL intensity for surface treatments with aqueous sodium sulfide on either
2.8 J,Lm GaAs epilayer samples or on 10 17 -doped bulk GaAs samples were found to be
independent of the choice of excitation wavelength (514 nm vs. 633 om), so 633 nm
excitation was used for the majority of the experiments described below.
For either excitation wavelength, the PL signal from the OaAs 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 performed with a conventional
photomultiplier tube (Hamamatsu R632-0l). A scan of the PL intensity was recorded
between 800 om and 900 nm at a scan rate of 1 nm/s; the maximum PL signal was then
recorded as the characteristic value for this sample. The wavelength of the peak maximum
(874 nm) did not shift noticeably after any of the surface treatments.
In order to minimize oxidation of the GaAs,20 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 N2(g). The samples were etched (in ambient air) as described
above, placed in the cell, and a baseline PL measurement was obtained. The samples were
then transferred in air to the appropriate solution, treated with the desired chemical reagent,
reinserted into the N2-Purged cell, and the PL peak was then rescanned. Frequently, there
was some increase in the PL intensity over a period of about 10 minutes, after which the
PL signal level remained constant The data were recorded after the peak had reached a
constant intensity. This process 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,4 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
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low PL intensity and also produced a similar time-dependence of the PL signal. After reetching treated GaAs swfaces with the repetitive Br2-CH30H and 1.0 M KOH(aq)
procedure (etch A), the PL intensity always returned to the baseline value. For all samples,
exposure of the Na2S ftlms to air for more than a few minutes usually resulted in
adsorption of water from the air; this process was readily identified because the water
wetted the ftlm 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
reponed herein.
Some experiments were performed to investigate the effects of spin-coatingl vs the
immersion and drying procedures described above. Using a bulk GaAs specimen
(Nd=lO l7 cm- 3, etched with etch A) in contact with 1.0 M Na2S·9H20(aq) solutions,

essentially identical PL signals were obtained from the spin-coating method vs. 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 sulfur and to maximize the amount of sulfur in the-2
oxidation state. In these experiments, NaHS·(H20h was dissolved in de aerated water to
produce a 1.0 M NaHS solution; 0.1 M NaN3 was then added to this solution to reduce
any residual polysulfide species. The pH was then adjusted by addition of either HC} or
NaOH, as required. Re-oxidation of the HS- was prevented by maintaining a stream of
N2(g) through the solution during the reduction with NaN3 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 Na2S·9H20(S) and no
reductant present.

C.

Time-Resolved Photoluminescence Studies
Time-resolved photoluminescence experiments were performed using time-

correlated single photon counting instrumentation. The excitation source was a Coherent
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Model 701-2 dye laser that was pumped by the mode-locked, second harmonic output of a
Nd:YAG laser (Coherent 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 highinjection conditions. The beam was focused to a spot with a diameter of <100 J..1.m on the
plane of the sample, yielding an incident flux of 10 14 photons cm-2 pulse-I. The
absorption coefficient for GaAs at 656 nm (1.89 eV) is 3.44 x 1()4 cm- 1;21 thus, after
accounting for a 30% loss in power that was due to reflection at the GaAs/gas interface,
this incident power resulted in an initial injection level in the flrst 0.10 J..1.m of approximately
10 19 em-3 , and produced injection levels of 10 18 carriers cm- 3 after carrier diffusion
through the 2.8 J..1.IIl thick epilayer GaAs sample. All time-resolved PL experiments were
performed on the sample with the 2.8 J..1.m GaAs epilayer structure.
The time-correlated photon counting apparatus consisted of an EG&G Ortec Model
934 Quad Constant Fraction Discriminator, a Tennelec TC 864 Time-Amplitude
ConverterlBiased Amplifier and an EG&G Ortec Spectrum Ace-4K Multichannel Analyzer.
Trigger pulses were generated by an FND-l 00 photodiode, and were amplifled and
inverted by a Hewlett Packard 8447F preamplifier. The room temperature GaAs bandgap
luminescence at 880 nm was detected using an accelerated Hamamatsu R928
Photomultiplier. 22,23 Stray light was rejected using Hoya long pass cutofffllters 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 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 halfmaximum 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 13,14 In our simulation, photogenerated carriers were created in a delta time pulse
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with the appropriate penetration depth into the sample, and were then allowed to diffuse, to
recombine radiatively and nonradiatively in the bulk, and to recombine nonradiatively at the
front and back GaAs swfaces. The high-injection levels of the experiment greatly
simplified the simulation procedure, because the flat-band conditions established in the
experiments justified neglect of drift terms in the simulation. Standard Shockley-Read-Hall
trapping statistics were used to model the nonradiative processes,12 and the known
radiative recombination coefficient of 2xlO- 1O cm3 s-1 was used for the GaAs luminescence
rate constant. 24
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 luminescence, diffusion, and swface recombination. Because the
carrier mobilities, sample thickness, injection levels, and GaAs radiative rate constants
were known independently, the only adjustable parameter in the simulation was the surface
trapping rate, which was varied from 10 L 107 cm s-1 in the simulations. The simulated PL
response was then convoluted with the laser/photomultiplier tube/electronics systemresponse function, and the resulting time-dependent PL function was then compared
directly with the experimental PL data. Simulations of PL data on the Alo.3Gao.7As
capped, 2.8 J.l.m thick GaAs samples yielded a value for S of 500 cm s-l, which is in good
agreement with literature values for this interface. 24a PL decays for the other swface
treatments were more rapid than that obtained with the AIO.3Gao.7As cap layer, and S was
found to range from 1()3-1()6 cm s-1 for these systems.

III. RESULTS
A. Steady-State Photoluminescence
1.

Aqueous Sulfide Solutions
The effects of various surface treatments on surface recombination rates were

investigated through room-temperature photoluminescence (PL) measurements on (100)
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oriented n-type GaAs samples. As expected, the absolute magnitude of the PL intensity
was a function of the thickness and minority carrier lifetime of the sample,12,25 with thin,
epitaxially grown, GaAs layers of low dopant density, high bulk lifetime, and a passivated
back surface (at the GaAslAlxGal_xAs contact), showing the greatest relative increase in PL
intensity. Although some previous PL work has been performed using highly-doped bulk
GaAs samples,3,5,9a 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 Jlm epilayer GaAs samples) were used to obtain most of the
quantitative PL intensity data for the surface treatments reported in this work.

la) pH dependence of the Steady State Photoluminescence Intensity: US- vs
Sl- Ions
Figure 4.1, Table 4.1 and Table 4.n report the steady state, low level injection,
GaAs PL data for various surface treatments. All steady-state PL data in Tables 5.1 and
5.11 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 experimental conditions.
Under these conditions, a 300-fold increase in PL intensity was obtained after immersion
of the 1.0 Jlm thick epilayerGaAs sample into an unbuffered (pH=14) 1.0 M
Na2S·9H20(aq) solution (Table 4.1, section A and Figure 4.1). This PL increase is very
similar to that reported 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. 1 Notably, as reported in Figure 4.1 and Table 4.1, Section A, a slight increase
in PL intensity was observed when the GaAs sample was exposed to 1.0 M NaHS·(H20)x
(pH=12). Similar PL intensities were observed even when the pH was lowered to <8
(Table 4.1, Section A). Since H2S has pKa values of 6.9 and 18,26 the predominant
species for 7<pH< 15 is therefore HS-(aq) , with only extremely low levels of S2-(aq)
present in the pH=7.8 solutions. If S2-(aq) were the only species involved in reaction with
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Table 4.1. PL intensity (arbitrary units) at 874 nm for 1.0 ~m thick epilayer (100) nGaAs. Excitation source was a He-Ne laser at 632.8 nm. Time of treatment was 30
minutes and the nonaqueous solvent was diethylether. All intensities were scaled to the
signal of a GaAs surface exposed to etch A.
Treatment
Section A
1.0 M Na2S·9H20 (pH 13-14)
1.0 M NaHS·(H20h (aq)
0.10 M NaHS·(H20),c (pH 10.8)
0.10 M NaHS·(H20h (pH 7.8)
0.10 M NaHS·(H20h (pH 1.54)

PL Intensity_
270a
410a
120
240
26

Section B
H20 (I)
0.1 M NaOH (aq)
1.0 M KOH laq)

4()8

Section C
1.0 M Na2S·9H20 (pH 13.7)
0.10 M Na2S·9H20 (pH 12.7)
0.010 M Na2S·9H20 (pH 12.5)
0.0010 M Na2S·9H20 (pH 12.5)

280
220
33
1

SectionD
Etch A, 1.0 M Na2S·9H20 (aq)
Etch B, 1.0 M Na2S·9H20 (aq)
Etch A, 1.0 M Na2S·9H20 (aq)
Etch C, 1.0 M Na2S·9H20 (aq)
Etch A, 1.0 M HS~Cl
Etch B, 1.0 M HS~Cl

270
270
270
280
140
96

Section E
1.0 M Na2S'9H20 (aq)
1 drop H20
rinse

240
85
28

Section F
HSCH2CH2SH (I)
CH3SCH3 (l)
aExpenments used in Figure 4.1.

1
1

170a
2a

N

NaHS·(HP)x
H~ (aq)

PL Intensity
(arbitrary units)
Figure 4.1. Bar graph of steady-state photoluminescence intensity at 874 nm for 1.0 J..l.m
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 H2S, which was 0.1 M in total sulfide (pH=1.5). The
H2S gas pressure was -1 atm, and no H20 was deliberately introduced into this
environment.

GaAs, the steady-state PL increase would be expected to be pronounced only in the most
basic aqueous solutions. The data of Table 4.1 do not support this hypothesis, and
therefore imply that the predominant reactive species is not S2-(aq) but is HS-(aq).
To detennine if the GaAs surface recombination properties were influenced by the
variation in proton activity from the unbuffered 1.0 M Na2S·9H20(aq) (pH=14) solution
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to the pH=7.8, 0.1 M NaHS·(H20h solution, additional experiments were perfonned
without any sulfides present in solution. Neutral water did not increase the PL signal over
the value obtained from at etched GaAs surface (Table 4.1, section B). Also, exposure of
the 1.0 Jlm epilayer GaAs samples to 0.1 M NaOH(aq) caused a very small enhancement
in PL (-20% over baseline, which is a negligible increase in S for these low-doped
samples), while exposure to 0.10 M NaHS·(H20h solutions resulted 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 (Figure 4.1; Table 4.1,
Section 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 M or 1.0 M aqueous sulfide
solutions of 7~p~14.
Several control experiments were performed to determine whether S2-(aq), which is
present in extremely low concentrations in 0.10 M NaHS·(H20h (aq) solutions ofpH<lO,
could influence the GaAs surface recombination rate. In 0.10 M NaOH(aq), when the total
sulfur concentration (as HS-, S2-, 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 4.1,
section C). In contrast, as described above, a 200-fold increase in PL intensity was readily
observed after immersion of 1.0 Jlm GaAs epilayer samples into a pH=7.8, 0.1 M
NaHS·(H20)x (aq) solution. Since the equilibrium concentration of S2-(aq) in the 0.10 M
NaOH(aq), 1.0 mM Na2S(aq) solution was 1000 times higher than that in the 0.10 M total
sulfur, pH=7.8 solution (where S2-(aq)=1O- 1O M), these data indicate that S2-(aq) alone is
not responsible for the passivation effect on GaAs surfaces.

Ib) pH dependence of the Steady.State Photoluminescence Intensity: H2S
vs HS-(aq)
Some prior work has reported the formation of robust Ga2S3 overlayers on GaAs
after exposure to "activated" H2S(g);5 therefore, the activity of H2S(g) and H2S(aq) must
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also be considered in evaluating the role of HS-(aq). Exposure to 1 attn H2S(g) (made
from acidification of solid NaHS·(H20)x or to 0.1 M H2S(aq) (made from acidification of
0.1 M NaHS·(H20)x(aq» produced some increase in the GaAs PL signal, but did not
produce the 200-fold signal enhancements on 1.0 ~m epilayer GaAs samples that were
obtained from HS-(aq) solutions (Table 4.1, Section A; Figure 4.1). When the GaAs
samples were exposed to dry H2S(g) from a lecture bottle, no PL signal increase was
observed over timescales comparable to that used for the aqueous sulfide solutions.
Longer exposure times to H2S(g) in the presence of some water vapor did produce a
modest PL signal increase over about a ten-minute time period, but again these signals were
not of the magnitude obtained from immersion into the Na2S·9H20(aq) or NaHS(aq)
solutions. These experiments indicate that the predominant surface passivation effects of
Na2S·9H20(aq) solutions do not arise solely from H2S chemisorption, but likely involve
the aqueous HS- ion, which is the dominant aqueous species over the 7~pH~14 range in
which the large PL enhancements are observed.

1 c)

Role of the Sulfur Oxidation State on the Steady-State

Photoluminescence Intensity
The partial oxidation of aqueous chalcogenide anions by oxygen is well
documented,27 and must also be considered as a source of the surface-active sulfur species.
Solutions of 1.0 M Na2S(aq) prepared from commercial Na2S·9H20(S) turned yellow
upon acidification, indicating the formation of poly sulfide species. This effect was
minimized with the 0.10 M NaHS·(H20h solutions described above by using deaerated
solutions and added NaN3 as a reductant This is relevant because most prior
investigations of the GaAs-Na2S·9H20 and GaAs-(N'l4nS 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 ASOaAs or AsO into products such as AS2S3.
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Addition of elemental sulfur to 1.0 M Na2S-9H20(aq) solutions was observed to
yield only minor changes in the PL signal of bulk Nd= 10 17 cm- 3 GaAs (Table 4.II, Section
A). This experiment suggested that either oxidized sulfur was not the source of the GaAs
PL improvement, or trace levels of oxidized sulfur from the Na2S-9H20(S) were sufficient
to produce the maximum PL effect on GaAs surfaces. To test the latter possibility, a series
of experiments was performed with solutions that contained minimal oxidized sulfur.
Deaerated SO-free solutions prepared from 1.0 M NaHS(aq) and NaN3 (see Experimental
Section B) yielded PL signals on 1.0 ~ GaAs samples that were
slightly higher than those obtained from 1.0 M Na2S-9H20(aq) (Table 4.I, Section A).
Another set of experiments with bulk. Nd=10 17 cm- 3 GaAs was performed in a glove bag
that was purged with N2(g). For these experiments, the etching and 1.0 M
Na2S-9H20(aq) solutions were de aerated before use, the GaAs samples were etched and
manipulated anaerobically, and a polymer fIlm was used to cover the Na2S coating and to
prevent oxidation during subsequent handling steps. Despite these precautions, 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 4.II, section A). These experiments seem to confIrm the
hypothesis that reduced sulfur in the -2 oxidation state (in the form of HS-) is the key
solution component in the aqueous GaAs surface passivation process.

Id)

Role of GaAs Surface Composition on the Steady-State

Photoluminescence Intensity
The effects of varying the initial surface composition are also of interest, because of
a potential role of AsO in GaAs surface recombination processes. 2,4 For two etches used in
this study (the near-stoichiometric surface, etch A, or the Aso-rich surface, etch B), the
relative change in PL intensity after exposure to 1.0 M Na2S-9H20(aq) at pH=13 was
found to be independent of the etching procedure. This somewhat surprising result was
verified for the bulk. Nd= 1017 cm-3 GaAs material, and for the 1.0 ~ epilayer GaAs
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Table 4.11. PL Intensity (arbitrary units) at 874 nm for bulk ND=10 17 cm- 3 (100) n-GaAs
samples. The excitation source was an Ar-ion laser at 514 nm. The exposure time was 30
minutes and the nonaqueous solvent was diethylether. PL values are normalized to the
value obtained for a surface that had been exposed only to etch A.
Treatment

PL Intensity

Section A
1.0 M Na2S·9H20 (aq)

7

1.0 M Na2S·9H20 (aq) (in glove bag)
1.0 M Na2S·9H20 + 1 M So (aq)

5
9

Section B
Etch A, 1.0 M Na2S (aq)

1.7a

Etch B, 1.0 M Na2S (aq)

1.7

Etch A, 1.0 M HSC6H4Cl

1.5

Etch B, 1.0 M HSC6H4Cl

1.5

Etch A, 1.0 M HSClhCH2SH

1.5

Etch B, 1.0 M HSClhCH2SH

1.5

Section C
1.0 M Na2S (30 min.) (aq)
rinse

5
3

SectionD
1.0 M KSCN (aq)

0.9

1.0 M KCN (aq)

1

Section E :
HSCH2CH2SH (I)
3-methyl thiophene (I)
DMSO(I)

6
1

1

3QaAs samples used for the experiments in section B were 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.
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samples (Table 4.1, section D; Table 4.11, Section B). Use of the oxidizing etch (etch C)
also did not affect the magnitude of the PL increase for the 1.0 Ilm epilayer GaAs samples
(Table 4.1, section D). In fact, we did not observe any systematic correlation with the
initial GaAs surface composition for any of the aqueous Na2S·9H20 solutions investigated
in this study. The reasons for this insensitivity to initial GaAs surface composition are
readily apparent from, and consistent with, the XPS results described in Chapter 5.

Ie)

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 the GaAs surface
was thoroughly rinsed with H20. To illustrate this observation, Table 4.1, section E and
Table 4.11, Section C contain PL intensity data for two types of GaAs samples that had
been a) immersed into 1.0 M Na2S·9H20(aq) and dried, or b) immersed, dried and
subsequently rinsed with one drop, or a large volume, of H20. Although the PL signal
from a bulk Nd=1O l7 cm- 3 GaAs specimen that had been immersed in 1.0 M
Na2S·9H20(aq) declined by only a factor of 2 after an extensive H20 rinse, the same
procedure yielded a decrease in the PL signal by over an order of magnitude when the 1.0
j.1m GaAs epilayer sample

was used. Similar behavior has been reponed earlier for epilayer

GaAs samples. l
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 rinsing procedure did not affect
the GaAs surface recombination velocity; such conclusions required the use of high purity,
thin, low-doped, epilayer GaAs samples with low surface recombination velocities at the
back AIGaAs/GaAs interface. This is especially relevant to a number of prior spectroscopic
studies of bulk GaAs passivation chemistry on rinsed GaAs surfaces, in which increased
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PL signals on bulk, highly doped GaAs samples have been used as a check that the
passivation chemistry has not been altered during various aspects of the experimental
procedure.
Aqueous solutions that contained ions other than sulfide were used to explore the
possibility that a general class of large, negatively charged, aqueous ions might affect the
steady-state PL intensity ofGaAs surfaces. Exposure of bulk Nd=10 17 cm-3 GaAs to
either 1.0 M KCN(aq) or 1.0 M KSCN(aq) produced no statistically significant increase
PL intensity above the value for an etched GaAs sample (Table 4.II, Section 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 Sbased 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-(aq) prompted us to investigate
the effects of organic thiols, thiolates, and other electron rich centers on the GaAs PL
intensity. As depicted in Figure 4.2, exposure of the 1.0 J..I.II1 GaAs epilayer sample to a
variety of thiols (dissolved in diethyl ether solvent) yielded increases in PL that were
comparable to the increase produced by 1.0 M Na2S·9H20(aq). The thiol-induced
changes in PL intensity were identical for either etch A or etch B on the GaAs surface
(Table 4.1, Section D). Similar trends in the general thiol PL behavior were evident in
experiments performed on bulk Nd=10 17 cm- 3 GaAs samples (Table 4.II, Section E),
confinning that the surface passivation effects were not unique to low-doped, epi1ayer-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 hundredfold
increase in PL intensity for the 1.0 J.lm GaAs epilayer samples under our standard
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Figure 4.2. Bar graph of steady-state photoluminescence intensity at 874 nm for 1.0 ~m
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 Na2S-9H20 (aq)
solution is given for comparison. Unless otherwise indicated, all species were 1.0 M in
diethylether, except for the "wet" I-butanethiol experiment, which was done in the pure
liquid.

AIGaAs Capped

HS-Q-O
NaS-Q-O

Hs-Q- 0

+ acid

HS- 0I2 0I2 0I20I3

"wet"

Nao-O
mO
proton sponge
etch A
10

10 4

PL Intensity

(arbitrary units)
aSolvent was tetrahydrofuran.
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experimental conditions. Although 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. 980

);

when the GaAs surface was kept

in contact with the 1-butanethiol, either by continuous immersion in the liquid or by
maintaining the sample above a volume of liquid I-butanethiol, the expected PL increase
was observed.
Other sulfur-containing compounds, including (CH3hSO and thiophene, were
evaluated with respect to their surface passivation properties on bulk Nd=10 17 cm- 3 GaAs
(Table 4.11, Section E). These weak bases produced little or no change in the PL signal.
Dimethylsulfide produced a larger PL increase than the weaker bases (CH3hSO or
thiophene, but the magnitude of the (CH3hS-induced PL increase was much smaller than
that obtained with simple alkyl- or aryl-thiols (Figure 4.2 and Table 4.1, Section F). This
trend is consistent with the ligation properties of these compounds towards various Lewis
acid centers, as well as with trends in their equilibrium constants towards protonation. 28 ,29

3.

Other Organic Bases
Surprisingly, some nonsulfur BflI~nsted bases also produced substantial, persistent,

increases in the GaAs PL signal. Methoxide and phenoxide both yielded significant PL
increases, with the steady-state PL increase after exposure to OCHf being comparable to
that of the thiols and only slightly lower than that observed after contact with aqueous 1.0
M Na2S·9H20 solutions. The PL signal was also stable over time, unlike the behavior
observed after exposure to 1.0 M KOH(aq) solutions. The beneficial effects of these
oxygen bases were not anticipated in view of the previously proposed role for As-S (and/or
Ga-S) species in the surface passivation mechanism. 7,10 A consistent explanation for the
OCR3- and phenoxide PL response was obtained from time-resolved PL experiments that
are discussed in the next section.

B. Time-Resolved Photoluminescence
To further understand the mechanism of surface passivation, time-resolved
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photoluminescence studies were conducted 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 due primarily to variation in the density and capture cross
section of surface traps, with changes in the equilibrium 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 by changes both in S and in the equilibrium
surface Fermi level,30 the conversion of steady-state PL intensities into low-level S values
is not straightforward; therefore, S was instead extracted from the high-injection, timeresolved data. 12.14 ,31
Representative time-resolved PL data for several different GaAs surface treatments
are shown in Figure 4.3. These data were taken at a higher injection level and over a
shorter time period than the radio frequency decay measurements of Yablonovitch et al. 1e
Best fits of the PL decays are shown in Figure 4.4. The surface recombination velocity of
the AlGaAs/GaAs interface has been previously determined to be 100-500 cm s-I;1.25a,32
thus, in our experiments, the PL decay observed for an intact Alo.3Gao.7As capping layer
(yielding a best fit to S=500 cm s-1 (Figure 4.4a) 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
2x1OS cm s-1 (Figure 4.4c). The GaAs/air interface has been previously shown to have a
surface recombination velocity of> 1OS cm s-l, 1,2,32 which was consistent with both the
qualitative and quantitative PL results obtained in this study (Figure 4.3). The low S value
for the GaAs/Alo.3Gao.7As interface and high S value for the GaAs/air interface served as
benchmarks for determining the surface recombination velocity of the other, chemically
based, surface treatments.
As displayed in Figure 4.3, the various chemical treatments of GaAs surfaces
yielded decay times that were between these two extremes of S. While none of the
chemical surface treatments yielded PL decay times as long as those observed with the
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Figure 4.3. Time-resolved photoluminescence decay curves of 2.8 J,Lm thick epilayer
GaAs samples taken at 880 nm. The excitation source was aNd: YAG pumped dye laser
providing light at 685 run. a) Alo.3Gso.7As capped GaAs sample, as grown. b)
Alo.3Gso.7As cap etched off with 0.05% Bf2 in methanol and GaAs sample immersed into
in 1.0 M Na2S·9H20 (aq) for 30 min .. c) Etched GaAs sample immersed into in 1.0 M 4Cl-thiophenol in CC4 for 30 min.. d) Etched GaAs sample immersed into in 1.0 M
NaOCH3 in methanol for 30 min. e) GaAs sample exposed only to etch A (see text).
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Figure 4.4. Theoretical fits to the data of Figure 4.3. a) Alo.3Gao.7As capped GaAs
sample, as grown ( - - ) and fit (- - - -) using an S of 500 cm s-l. b) Alo.3Gao.7As cap
etched off with 0.05% Br2 in methanol and GaAs sample immersed into in 1.0 M
Na2S·9H20 (aq) for 30 min. ( - ) and fit (- - - -) using an S of7x104. c) GaAs sample
exposed only to etch A ( - ) and fit (- - - -) using an S of 2x lOS cm s-l.
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Al(uGao.7As capping layer, exposure to 1.0 M Na2S-9H20 (aq) clearly produced an
interface with a lower surface recombination velocity than that obtained from the
unpassivated, air-exposed, GaAs surface (Figure 4.3b,e). The fit to the PL decay curve of
a surface exposed to 1.0 M Na2S-9H20 (aq) yielded a surface recombination velocity of
7xl04 cm s-1 for this interface (Figure 4.4b). Analysis of the PL decays after exposure to
4-CI-thiophenol also yielded a value of 7xl04 em s-l. In contrast, exposure to
1.0 M NaOCH3 in CH30H yielded essentially the same decay time as the air-exposed
surface, (S=2xlOS cm s-I). These data clearly indicate that increases in the steady-state PL
signal do not necessarily correlate with decreased surface recombination rates under highinjection conditions.
The time-resolved PL results reveal that the steady-state PL improvement from
exposure to OCR3- was predominantly 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.

IV. Discussion
The photoluminescence experiments have shown that a series of chemical reagents
can be utilized to reduce substantially recombination rates at GaAs surfaces. The resulting
reductions in surface recombination velocity were quite large, and sulfur-containing
molecules produced passivation effects that were apparent under both high-level and lowlevel injection conditions. This implies that a major contribution to the passivation process
was a reduction in the surface trap density and/or trapping cross section. A second type of
molecule (methoxide) showed a reduction in steady-state surface recombination velocity in
the low-injection, steady-state experiments. The methoxide ion did not show an increase in
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lifetime in the high-injection PL experiments, thus indicating a second mechanism whereby
the steady-state PL yield increases through a shift in surface Fermi level.

In general, the increase in steady-state PL intensity followed the trend in the donor
atom of S>O=N. This is characteristic of a so-called "class b," or soft acid center,29 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 sites. The trends in reactivity certainly suggest that an electron-deficient
site is present on the GaAs surface, and that this species is the key chemical site for
recombination. Although this trend in reactivity is unfortunately not sufficient 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 determination 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 vacuum spectroscopic methods for this purpose. Equilibrium isotherm
measurements33 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. Dunnhauser et aJ. 34 have
observed that exposure to ethylenediaminetetraacetate yields a dramatic 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 coworkers in studies of the low-level PL intensity of CdSe surfaces,35 where exposure to
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strong nitrogen and oxygen donors andlor 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 position (i.e., a change in the so-called "dead layer" width) upon
adsorption of the amine reagents, although the passivation of trap recombination cannot be
explicitly ruled out without direct information on either the surface recombination 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 recombination 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 Figure 4.3 also confmned that the
Na2S (aq) and 4-CI-thiophenol treannents significantly affected the surface recombination
properties. This conclusion is supported by previous high-level injection rf decay signals
obtained with GaAs surfaces exposed to 1.0 M Na2S·9H20(aq), but does not support the
hypothesis of Spindt et al. 9,10 that increased band bending is the primary cause of the
steady state PL improvement. In fact, increased band bending should increase the dead
layer width35 , which should produce a decrease in the steady-state luminescence intensity
that is due to enhanced charge separation. This effect would be opposed only by a bandbending 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. 12 Thus, explanations invoking
increased band bending as the source of the PL effect are inconsistent with the experimental
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behavior of the GaAsisulfide system and with general expectations based on conventional
carrier trapping statistics at depleted, uninverted, semiconductor interfaces.
V. Conclusions
The photoluminescence experiments described in this chapter demonstrate several
important properties of the interaction of sulfides, thiols, and other organic electron donors
with GaAs surfaces. The steady-state PL measurements indicated a correlation between the
electron donating ability of a species and the improvement in PL. The improvement in PL
with methoxide, phenoxide, and ethylenediamine, and the transitory 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=N, which is characteristic 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.
The time-resolved PL studies showed that there was an increase in carrier lifetime,
in the GaAs flat-band condition, after treatment with 4-CI-thiophenol or with aqueous
sulfides. Therefore, these surface treatments decreased the cross section or density of the
important surface traps. Other reagents, such as sodium methoxide, yielded substantial
increases in the steady-state PL intensity, but did not affect the inherent GaAs surface
carrier trapping rates. GaAs surfaces exposed to sodium methoxide 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.
Although both types of reagents (OCH3- and thiols) produced a change in the
observed low-level, steady-state PL intensity, the time-resolved PL results show that both
types of systems do not coordinate to GaAs surface traps. It is this type of interaction that
is the desired target of our work because of its more general relevance to the reduction of
surface recombination processes in a variety of device configurations and under a variety of
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carrier injection levels. Future work targeting reagents with the chemical propenies of
sulfides (electron donating, strong base), but having greater stability in air may result in
even better passivants.
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Chapter S.

X-ray Photoelectron Spectroscopy Studies of the

Surface Chemistry of (100) n-GaAs Exposed to Thiols and
Aqueous Na2S
I. Introduction
In the previous chapter, steady-state and time resolved PL experiments were
described which demonstrated that sulfur-containing inorganic salts and organic thiols were
effective in reducing the cross section of surface recombination sites. In addition, we have
used high-resolution x-ray photoelectron spectroscopyl to investigate the elemental As
stoichiometry and to study the formation of arsenic sulfides after the GaAs surface has been
exposed to the desired chemical reagent Previous photoemission studies of GaAs exposed
to aqueous Na2S and (Nl4hS 2 ,3.4,5,6,7 have shown that an As-S phase, and possibly a
Ga-S phase are formed on the surface. The As-S phase has been assigned to AS2S3 by
several different authors,2,6 on the basis of the position of the As peaks. The Ga-S phase
is rather difficult to resolve because of the small chemical shift of this species.
In this chapter, the correlation between changes in surface stoichiometry and the PL
changes described in Chapter 4 is investigated. These studies have been performed in a
rigorously anaerobic environment, so that the effects of native oxide growth on the
formation of AS2S3 and Ga2S3 precipitates (from a chemical reaction with the Na2S(aq)
solutions) can be minimized and investigated systematically. The GaAs surface was also
exposed to a variety of etches in order to obtain a stoichiometric surface, an AsO-rich
surface, or an oxidized surface. These experiments have enabled us to probe correlations
between the initial surface chemical composition and the stoichiometry of the modified
GaAs interface.

II. Experimental
Most bulk GaAs samples used in XPS experiments were perfonned on (100)oriented GaAs single crystals with donor densities (N(!) of 1017 cm-3 (Morgan
Semiconductor, Inc. or Wacker Inc.) or on nominally undoped GaAs samples. XPS
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studies were performed using a high resolution Surface Science Instruments Model 100 top
hat monochromator (AI x-rays, 1486.6 eV) or using a VO Mark II ESCAlab,
nonmonochromatic, x-ray source (Mg x-rays, 1254 eV). The FWHM of the Au 4f7(1line
was 0.95 eV on the SSI instrument and was 1.61 eV on the VO instrument. The base
pressure was at least lx1o- 9 torr in both instruments. The monochromatic x-rays from the
SSI machine were used to obtain chemical infonnation in the As 3d and 2p regions, while
the use of the Mg source from the VO instrument eliminated interference from the As Auger
lines (=232 BeV in Al XPS) and allowed the obsetvation of signals in the S 2s 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 between
the substrate and elemental As doublets was constrained to 0.7-0.8 eV.8 The amorphous
As-S component was fit with a broad singlet without any constraints. Overlayer coverages
were calculated from the XPS signal intensities as described in Chapter 2 and the values for
0',

A, and n used in this chapter are given in Table 5.1.
The etching procedure for samples studied by XPS was the same as for steady-state

PL measurements in Chapter 4. However, to avoid interference from surface oxides, the
etching solutions and all chemical reagent solutions were deaerated, and etching was
performed either in a glove bag or in an N2-purged glove box. Except where otherwise
noted, after immersion into aqueous solutions, the OaAs samples were rinsed thoroughly
with de aerated H20; after immersion into organic solvents, the samples were rinsed with
methanol. Dried and treated samples were transported to the XPS instrument, or between
the two XPS machines, in glass vials that were sealed under N2 or Ar. The vials were
opened in a glove box that was attached to the desired XPS instrument, and the OaAs
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Table 5.1. Cross sections (a), escape depth (A) and atomic density (n) used for
calculation of coverages and mole ratios on GaAs surfaces exposed to various etches and
sulfur-containing compounds. Numbers in parentheses are for Mg x-rays.
ace species
a
A(A)
n (atom/cm3)
(xl 0- 22)
As
regIOn:
2.22
GaAs substrate
1.821(1.972) 25(22)
"
4.6
23
AsO
36(33)
2.27
"
AS20:3
2.52
As S
42
"
As p regIOn:
2.22
GaAs substrate
27.19
8
4.6
"
8
2.27
12
"
1.68
14
"

.
21.4
..
(1.25)
..

1.085(1.193) 25(22)
28(25)

2.22
3.97

12
14

2.22
2.52

(36)
(31)
1
36(29)

2.52
0.52
.5
13.1

samples were then introduced into the vacuum chamber of the instrument without deliberate
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 N2(g) .
These samples were analyzed by XPS, and were then returned to the dry box for
subsequent exposure to 1.0 M Na2S-9H20 (aq). After a 10 min exposure, the GaAs
samples 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
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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 similar to that described earlier for profiling oxide films on Si and GaAs. 1•9

III. RESULTS
A. Etched GaAs Surfaces
The high-resolution, small-spot XPS instrument described in the experimental
section was used to obtain chemical information on the GaAs surface composition. (I (0)oriented GaAs samples were exposed to three different etching procedures (etch A, B or C)
in order to obtain a range of initial surface stoichiometries. The As 3d regions of the XPS
spectra for these three surfaces are displayed as the dashed lines in Figures S.la-c,lO and
the corresponding As 2p regions are the dashed lines in Figures S.ld-f. These spectra
were normalized relative to the intensity of the ASGaAs 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.

1. XPS Spectra of the Br2-CH30H/KOH Etched GaAs Surface
Etch A has been studied previously by Stocker and Aspnes using spectroscopic
ellipsometryll and by Tufts et al.,12 using XPS. If exposure to air is minimized, this
etching procedure has been shown to leave a minimally oxidized, near stoichiometric,
GaAs surface. This behavior was apparent in the data depicted in Figure 5.la (dashed
curve). ASOaAs signals in the As 3d region were apparent as the As 3d5/2 peak at
41.2(±O.3) eV, with a doublet splitting of 0.7 eV, and ASOaAs 2P3/2 signals were apparent
as a peak at 1322.9(±O.2) eV. The Ga 3d region (not shown) displayed the expected peak
for GaoaAs at 19.3(±O.3) eV. Although the calculated elemental ratio of ASOaAs to GaoaAs
was not precisely unity (fable 5.11), 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. Specifically. the lack of detectable peaks at 20.3 e V in the
Ga 3d region and at 44.3 e V in the As 3d region (Figure 5.la, Table 5.11) indicated that the
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Figure 5.1. As 3d and 2p XP spectra for bulk 10 17 doped (100) n-GaAs. The dashed
lines are the spectra for the freshly etched sample, and the solid lines are after immersion
into 1.0 M Na2S·9H20 (aq) for 30 min. and extensive rinsing with H20. Panel a) displays
the As 3d 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 Na2S·9H20 (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 Na2S·9H20
(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
Na2S·9H20 (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 0 shows the As 2p
region for the samples of Panel c). All spectra were collected with a monochromatic XPS
source under rigorously anaerobic conditions, except for the spectra in panels c) and 0.
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Table

s.n. XPS data for GaAs exposed to aqueous sodium sulfide solutions.

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 X 10-9 moles/cm2 . "--" indicates that the peaks
.
were un detecta ble because 0 f el·ther sensltlvlty or resoI utlon.
Ga3d
Sample
r
Ga
x-rar Ga
source (GaAs) (GaA) (G~)
eV
eV
~
cm2

Ga2p
Ga

Ga

(GaAs)
eV

(GaA)
eV

Etch A
+ 1.0 M Na2S (30 min)
Etch B
+ 1.0 M Na2S (60s)

fresh fIlm
+ 1 drop H2O
+ 2 drops H2O
+ H20 rinse

19.5
18.7
Al/Mg 19.4
Al/Mg 19.5
AI
19.5

AI
AI

-

-

0.5
0.0
0.0
0.0
0.0

1116.4
1117.0
1117.1
1117.2

-

1116.3
1116.5
1116.5

-

-

1118.2

1118.3

0.0
0.0
0.0
0.8

AI
AI
AI
AI

18.8
AI
19.3
Mg
19.0
AI
19.3
Etch B
AI
19.2
+ 1.0 M Na2S (1hr)
Mg
19.2
Etch B
AI
19.0
+ 1.0 M Na2S pH 7 (1 hr)
Mg
19.2
AI
19.2
Etch C
Al/Mg 19.5
+ 1.0 M Na2S (30 min)
Al/Mg 19.9
Etch C
Al/Mg 20.1
+ 1.0 M NaHS pH 7 (15 min)
19.5

EtchB
+ 1.0 M Na2S (60s)

20.5

(G~)

~
cm2

X 109

X 109
EtchAC
+ 1.0 M Na2S (30 min)

r

19.8

-

20.3

20.6

20.6

21.5

-

0.3
0.0
0.0
0.4
0.0
0.0
0.2
0.0
0.0
5.3
0.0
2.4
0.0

-

0.0
0.0
0.0

aAI=Data taken with monochromatic Al Ka x-rays (1486.6 eV) on a Surface Science
Instruments Model 100.
Mg=Data taken with Mg Ka x-rays (1254 eV) on a VG Mark II.
AVMg=Data taken primarily with Al Ka x-rays on a VG HP 580, except for S regions.
b'fhe GalAs ratio is based on substrate peaks and does not include oxides.
cElCh A=l.O M KOH (15s), 0.5% Bf2/Methanol (15 s), repeated 3 times and ending in
KOH.
Etch B= Etch A + 30s 1:1:100 (H2S04:30% H2~:H20).
Etch C= Etch A + lOs 30% H2<h.
dBinding energy for S 2p region.
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Table 5.11. Continued
As
(GaAs)

As

r

(AsA)

(~

eV

eV

IIUlks.

As 3d
As
(MY)

eV

cm2
X

41.3
40.5

44.6

41.4
41.5
41.5

44.0

-

0.2
0.0
0.0

r

As

r

(AsO)

(As,.S)')

(As,.S)')

~

eV

IIUlks.

cm2

109

0.3
0.0

As 2p

X

0.0
0.0

42.3

5.1

-

X

eV

eV

(AsA)
~

cm2

-

X 109

109

1326.0

0.5
0.0

42.4

0.0
0.2

1323.1
1322.1

-

0.0
0.0
0.0

1322.4
1322.6
1323.1

-

0.7
0.0
0.0

0.0
0.1

1321.7
1321.8
1322.1

-

0.0
0.0
0.0

0.0
0.0

1322.9

1326.9
1326.0

0.6

0.0
0.0

-

1328.6

1323.4

-

40.7
40.7
41.1
40.8
41.2
41.1
41.2

-

0.0
0.0
0.0
0.0
0.0
0.0
0.0

41.5
41.5
42.0

2.9
l.7

43.0

2.9

-

-

41.0
41.0
41.0

44.3

-

-

--

41.9
42.0

0.9
2.1

43.4

-

-

41.7

5.0

-

0.3
0.0
0.0

-

-

-

41.8

0.8

43.4

41.3
41.9

45.7
44.7

3.8
0.3

-

-

-

-

42.1
41.4

46.5

l.9
0.0

-

-

-

-

As

r

(~~)

cm2

109

-

As
(GaAs)

1325.4

0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.3

0.0
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Table 5.11. Continued
As
(AP)
eV

r

As2p
As

(AsCY)
~

(~Sy)

(~Sy)

eV

~

-

1323.6

1324.3
1323.8

1322.4
1322.5
1322.9

1324.0
1323.9
1323.7

1.5
2.0

-

0.0
0.4

1.1

1.4

1.4
2.4

0.7

1.3

0.1
0.3
0.2

0.9

0.0
0.0

-

1324.4
1325.0

eV

284.9
285.9

5.7
225.8

0.2

162d

>10.4

285.6
285.4
285.5

1.6
225.2

225.7

286.0
286.2
284.9
285.6

0.3

0.4

284.9
286.8
285.2
285.2
285.5

1.1

285.4
285.2
285.1

0.0
0.3

1.9
1.4

286.2
286.4

0.0
0.4

1.3
1.3

1.8
1.3

-

C Is

(S)
~
cm2

162d

1.8
1.2

0.0
0.0

r

X 109

1.6
1.2
0.9

-

S 2s
eV

region

0.0
0.7

4.2

0.9
0.2
1.1

GalAs
2p

3d
region

cm2
X 109

cm2

Xl()9
0.0
0.0

r

226.2

226.6

1.3

0.2

285.5
284.9
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Ga20:3 and AS203 coverages were less than lxlo- IO moles 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 (Figure 5.1d).
The presence of elemental AsO was also of concern, because of its importance in
various proposed GaAs surface passivation schemes. Excess elemental As has been
observed to exhibit an XPS peak at 41.8(±O.3) eV in the As 3d region; 13 thus, the small
chemical shift difference between AsO and lattice ASGaAs precluded obtaining a distinct peak
for AsO using the available XPS instrumentation. However, the coverage of elemental AsO
can be detennined from the AsO contribution to the intensity of the higher binding energy
peak of the ASOaAs doublet. 12,13 After etch A, the ASOaAs spin-orbit doublet was observed
to have a 3:2 area ratio, as expected for a surface with no detectable, excess elemental As
(Figure 5.1a).l2,13

2. XPS Spectra of the Br2-CH30H/KOH, 1:1:100 H2S04:H202:H20,
Etched GaAs Surface
Etch B has been shown previously by spectroscopic ellipsometry 11 and by
XPS12,13 to yield a surface with substantial excess elemental AsO. This was clearly
reflected in the XPS data of Figure 5.1 b by the additional intensity at 41.8 e V in the As 3d
region and by the enhanced intensity of the As 2p peak at 1323.8 eV. Spectral fitting 12,13
in the As 3d region was used to obtain a quantitative estimate of the Aso coverage, which
had a value of 5.1x1Q-9 moles cm-2 for the sample of Figure 5.1b; analysis of the As 2p
region yielded an elemental AsO coverage of 4.2x1o-9 (Table 5.1n. As displayed in Figure
5.1 b, negligible amounts of AS203 (or Ga203) were routinely observed when etch B was
used, and the sample was handled in an anaerobic environment.

3. XPS Spectra of Peroxide Etched GaAs Surfaces
GaAs surfaces exposed to etch C showed decreased absolute ASOaAs and G3GaAs

peak intensities relative to those observed from GaAs samples exposed to Etch A.
Additionally, a broad peak at 20.6 eV in the Ga 3d region indicated the presence of a
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mixture of Ga203 and Ga20S, and the peaks centered at 45.7 e V in the As 3d region and at
1326.9 e V in the As 2p region indicated the presence of a mixture of AS2~ and AS20S
(Figures 5.1c,f, and Table 5.11). This surface was clearly oxidized, as indicated by
previous spectroscopic ellipsometryll and XPS13 data. Unlike the previous spectra
discussed above, the XPS data of Figure 5.1c,f were obtained on a nonmonochromatic
XPS instrument; thus, the lack of resolution in the ASQaAs 3d doublet region is not an
inherent property of these samples, but reflects the resolution limits of the
instrumentation. 13 The elemental AsO coverage was not of concern for this etch, so the
lack of high-resolution XPS data in the As 3d region did not preclude use of this sample for
the Na2S·9H20 experiments described below. The obvious differences in surface
stoichiometry provided by these three different GaAs etches were exploited in our XPS
investigations of the S-based, surface passivation chemistry.

B. Exposure of GaAs to Na2S ·9H20(aq) Solutions
1. GaAs Surface Composition After Exposure to 1.0 M Na2S·9H20(aq) and
a "20(1) Rinse
The solid lines in Figures 5.1 a-f display the As 3d and As 2p XP spectra obtained
after exposure of the etched GaAs surfaces to 1.0 M Na2S·9H20 (aq). A striking feature
of these spectra is that the three Na2S-treated GaAs samples had extremely similar surface
compositions, despite the significant differences in initial surface stoichiometry for the three
etching procedures. The 1.0 M Na2S·9H20(aq) exposure removed almost all of the As
oxides and Ga oxides (Figures 5.1c,f; Table 5.n) and substantially reduced the levels of
AsO (Figures 5.1 b,d; Table 5.m that were introduced by the etching steps. The only
significant difference between the three fmal surfaces was the oxide peak evident in the As
2p region of Figure 5.1f. This residual, low level, oxide peak was observed in the surfacesensitive As 2p region on this sample because unlike the XPS instrument used for Figures
4a,b,d,e, the XPS instrument used for experiment 5.1c,f did not have an anaerobic
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interlock to a glove box, and therefore atmospheric exposure could not be completely
eliminated for this specimen.
Independent XPS experiments verified that AsIlI oxides, GallI oxides, and AsO
were not removed by rinsing the GaAs surface with pure H20; thus, the similarity of the
GaAs spectra in Figure 5.1a-f after Na2S(aq) immersion and H20 rinsing indicates that
excess AsO, As oxides, and Ga oxides were all removed by the Na2S(aq) ·9H20(aq)
solutions. This is consistent with prior studies of the behavior of GaAs surfaces immersed
into 1.0 M KOH-0.8 M K2Se-0.l M K2Se2 solutions, and is expected given the bulk
solubility behavior of As-oxides in basic aqueous solutions 14 and of elemental As in basic
aqueous chalcogenide solutions. 15 ,13 These spectra are clearly consistent with
observations in section A, that the 1.0 M Na2S·9H20(aq)-induced increase in steady-state
PL intensity was not sensitive to the GaAs etching procedure.
Figure 5.2 shows fits to the XPS spectra obtained after the various etching and 1.0
M Na2S·9H20 (aq) immersion steps. An As-S species was detectable on all of the GaAs
samples exposed to 1.0 M Na2S·9H20(aq), as evidenced by the presence of peaks at
43.3(:t{).2) e V in the As 3d region and at 1324.1 (:t{).3) e V in the As 2p region. Although
the As-S peak was more clearly evident in the surface-sensitive As 2p spectral region
(Figure 5.1d-f vs. Figure 5. la-c), fitting of the As 3d lineshape confmned the presence of
the As-S phase (Figure 5.2b,d); this peak could not be satisfactorily fit using only the
known ASOaAs, AsO, and AS203 peak energies and linewidths. The calculated coverage of
the AsxS y phase from the As 2p region was about 2-4-fold higher than the coverage
obtained from the As 3d region (Table 5.11), indicating inhomogeneity in the film and/or a
deviation from the experimental photoelectron cross section from those obtained from
Scofield16 because of the different response of the detector at low kinetic energies. The
effective thickness of the AsxS y phase was also considerably higher than that calculated
from the As 3d region. 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
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Figure 5.2. Peak fits for selected As 3d and 2p XP spectra of Figure 5.1. The As 3d
doublets were constrained to a ratio of 1.5:1 and a separation ofO.? eV. Substrate As
doublet peaks are indicated as the dashed lines in the fits, and elemental AsO peaks are
indicated as the solid lines. a) As 3d Spectrum of etched GaAs sample from Figure 5.la,
with peak fits as shown. b) As 3d Spectrum of 1.0 M Na2S·9H20(aq) exposed GaAs
sample of Figure 5.la, with peak fits as shown. c) As 3d Spectrum of etched GaAs
sample from Figure 5.lb, with peak fits as shown. d) As 3d Spectrum of 1.0 M
Na2S·9H20(aq) exposed GaAs sample of Figure 5.lb, with peak fits as shown. e) As 2p
region for the sample of paneI5.2a). t) As 2p region for the sample of panel 5.2b). g)
As 2p region for the sample ofpaneI5.2c). h) As 2p region for the sample of paneI5.2d).
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authentic AS2S3 sample on the same XPS instrument. 11 but is consistent with an As-S
phase. most likely of As/S ratio somewhat higher than the value of 0.66 characteristic of
AS2S3·
The presence of sulfur on GaAs exposed to 1.0 M Na2S·9H20(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
expectations for the S2- oxidation state. l8 The sulfur coverages were fairly independent of
the type of etch (Table

S.m. even though the coverage of As-S species did vary

substantially for these same GaAs specimens. This change in the total SIAs-S ratio was
outside the error of the XPS instrumentation, and indicated that not all of the adsorbed
sulfur participated in strong As-S bonding on the GaAs surface.
For all GaAs samples that had been treated with 1.0 M Na2S·9H20(aq) and
thoroughly rinsed with H20, the Ga 3d lineshape for the lattice GaoaAs peak 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 Na2S immersion and H20 rinse. However, the chemical shift expected for
Ga2S3 or related Ga sulfides is sufficiently close to that of lattice GaoaAs that no
quantitative limits on the coverage of this species at submonolayer levels was possible with
our XPS instrumentation.1 9 Specifically, the low levels of Ga-S observed by Spindt et
al.2a (using a synchrotron source) on Nl4S-treated GaAs samples would not have been
readily observable, using our instrumentation.

2. GaAs Surface Composition After Exposure to 1.0 M Na2S·9H20(aq):

Depth Profiling with Controlled H20(1) Exposure
To investigate the depth profile of the overlayer obtained after exposure of GaAs to
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1.0 M Na2S·9H20(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 Na2S·9H20(aq). The samples were
profiled by exposure of the film to single droplets of water while the GaAs was spinning
on a spin coater. This procedure was very similar to methods described previously for the
wet chemical depth profiling of oxide fIlms on Si and GaAs. 1•9
For a GaAs sample that had been exposed to etch B and then to 1.0 M
Na2S·9H20(aq), XP spectra obtained after various stages of the rinse-spin profiling
procedure are displayed in Figure 5.3. Examination of the film after immersion into 1.0 M
Na2S·9H20(aq) yielded negligible intensity from any peaks in the Ga 3d or As 3d region.
At this stage, only S 2p signals characteristic of S2- and partially oxidized sulfur (Figure
5.3f), and of Na Is, C 1s, and 0 1s were seen in the XPS data. When the films were
completely rinsed to reveal the GaAs surface, small amounts of AsO, but no Ga or As
oxides, were detected by XPS (Figure 5.3d). XP spectra obtained at intermediate depths
were characteristic of the limiting spectra and showed the etching of AsO by the
Na2S·9H20 film (Figure 5.3b,c), and the reduction of the amount of sulfur to levels that
were not detectable above the As Auger background (Figure 5.3g,h). The fmal surface
was As-deficient in the top layer, with respect to the lattice GaoaAs peak (Table 5.m. The
extended rinsing used to obtain the spectrum of Figure 6d was also used for all of the
samples of Figures 5.1-5.2. In some prior work, samples had not been rinsed with H20
after immersion into Na2S·9H20(aq) solutions;2b our data indicate that the Ga or As XP
signals obtained from such specimens may not be characteristic of the general behavior of
GaAs surfaces after contact with Na2S·9H20(aq) solutions.

3. Surface Composition Changes After Exposure to Na2S·9H20(aq);
Variation in pH Changes
The effect of solution pH was investigated for the AsO-rich surface (etch B),
because the pH may be an important factor in the removal of AsO and in the related
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Figure 5.3. 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 Na2S·9H20 (aq)
for 10 min., then gradually rinsed with H20. a) As 3d region after initial etch. b) As 3d
region after sulfide treatment and one drop of H20. c) As 3d region after one more drop of
H20. d) As 3d region after final, extensive rinse with H20. e) S 2p region of sample after
initial etch; same experiment that yielded the As 3d region in panel a). f) S 2p region after
N a2S film was dried on the surface. g). S 2p region after one drop of H20; same
experiment that yielded the As 3d region in panel b). h) S 2p region after 2 drops of H20;
same experiment that yielded the As 3d region in panel c). No further changes in the S 2p
region were observed with rinsing because the signal was already at its baseline value
because of the presence of the As Auger line; therefore no S 2p region was collected for the
extensively rinsed sample of panel d).
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improvement in PL intensity. The excess AsO signal intensity produced by etch B was
reduced substantially after immersion of the GaAs specimen into either 1.0 M
Na2S·9H20(aq) (pH=13) or 1.0 M Na2S·9H20(aq) (aq) (pH=7) solutions (Table S.Il).
Immersion into the pH=7 Na2S·9H20(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.
The effect of pH on an oxide-rich surface (etch C) was also investigated, since
AS2S3 is soluble in basic aqueous solutions, but is essentially insoluble in water,20 and
therefore a thicker layer of AsxS y might be expected to result from the reaction of arsenic
oxide with aqueous sulfide at a more neutral pH. However, a sample that had been etched
with Etch C and then exposed to a solution of NaHS at pH 7 showed exactly the same
behavior as the sample in Figure S.le,f.

C. 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 investigated
after etching to yield either a stoichiometric surface (etch A) or an AsO-rich surface (etch B).
XPS peak energy and coverage information obtained from these experiments are
summarized in Table 5.m.
The dashed line in Figure 5.4a 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 Figure 5.4a displays the spectrum of a nominally identical specimen that was etehed in
parallel but was exposed to a solution of 1.0 M 4-Cl-thiophenol in CC4 and rinsed with
deaerated methanol before introduction into the XPS chamber. All etching and
manipulations of these samples were done in a box containing flowing N2(g), in order to
minimize inadvertent oxide fonnation. The key feature of these As 3d spectra is that the
surface As composition was essentially unchanged by exposure to the thiol solution. No
signals ascribable to an As-S species were detected, despite the fact that exposure to this
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Figure 5.4. As 3d and 2p XP spectra for bulk 10 17 doped (100) n-GaAs samples, taken
with monochromatic Al x-rays. The dashed lines are spectra for freshly etched samples,
and solid lines are spectra obtained for a separate set of samples that had been etched and
then immersed into 1.0 M 4-chlorothiophenol in CC4 for 30 min., followed by rinsing
with methanol.. a) As 3d regions after etch A ,and after exposure to the thiol. b) As 3d
regions after exposure to etch S, and after exposure to the thiol. c) As 2p regions
corresponding to the sample of panel b).
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Table S.In. XPS data of GaAs exposed to nonaqueous solutions of thiols and sodium
methoxide. 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 X 10-9 moles/cm2 . "__ " indicates that
the peaks were undetectable because of either sensitivity or resolution.
Sample

x-rayA

Ga

source (GaAs)
eV

EtchAC
+ 1.0 M 4-CI-C6Ii04-SH in CC14 (30 min)

Ga3d
r
Ga
(GaA)
(GaA)
eV
~
cm 2
Xl()9

As 3d
As
As
(GaAs) (~
eV

eV

AI
AI

19.2

20.0
20.1

0.4

41.0

-

19.2

O.S

41.1

+ 1.0 M 4-CI-C6fJ4-SH in CC14 (30 min)

Mg

20.0

20.9

0 .2

42.0

-

+ 1.0 M 4-CI-C6fJ4-SH + 1.0 M NaOCH3

AI
Mg

18.8

19.8

0.6

40.7

44.4

in methanol (30 min)
Etch B
+ 1.0 M 4-CI-C6fJ4-SH in CC14 (30 min)

+ HS-CH2CH2-SH (liquid) (1 he)
Etch B

+ 1 M NaOCH3 in methanol (30 min)

41.3

44.4

AI
AI

19.7

20.6

0.4

41.6

19.4

-

0.0

41.2

-

AI

19.0

20.2

0.2

40.8

-

AI

19.6

0.0

41.4

44.2

AI

19.2

-

0.0

41.0

-

aAI=Data taken with monochromatic AI Ka x-rays (1486.6 eV) on a Surface Science
Instruments Model 100.
Mg=Data taken with Mg Ka x-rays (1254 eV) on a VG Mark II.
lYJbe GalAs ratio is based on substrate peaks and does not include oxides.
CEtch A=l.O M KOH (15s), 0.5% Br:JMethanol (15 s), repeated 3 times and ending in
KOH.
Etch B= Etch A + 30s 1:1:100 (H2S04:30% H2~:H20).
dThe coverage of thiol based on the Cl2p region is 0.9 X 10-9 moles/cm2.
O'fhe coverage of thiol based on the Cl 2p region is 1.7 X 10-9 moles/cm2.
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Table S.III. continued.

r

(A£A)

As 3d
As
(AsO)

~

eV

r

As 2p

r

(AsO)

As
(AsxS y)

~

eV

(AsxS y)

As
(QaAs)

As
(Asa:n)

~

eV

eV

r

r

As

(A£A)

(AsO)

(M')

eV

~
cm2

cm2

cm2

cm2

~
cm2

Xl()9

X 109

X 109

X 109

0.8
0.8
0.0

0.0
0.0
0.0
0.0
0.0
0.0

1323.3
1323.0

1325.6
1325.2

0.7
0.3

1324.1
1323.9

3.7
3.4

0.0
0.0
0.0

1323.3
1322.8

1325.9

0.6
0.0

1324.1
1323.8

2.5
2.6

0.0
0.0
0.0

41.7
41.8

0.4
0.0
0.4
0.0

42.3
42.0

0.0
0.0
2.7
4.9

0.0
0.6
10.0

41.6
42.1
41.8

3.0
3.6
1.9

-

Xl()9
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Table 5.111. continued
As2p
As
r
(As,.Sy) (As,.Sy)
eV

3d

C Is

S 2s

GalAs
eV

region b

r

~

~

cm2
X 109

cm2
X 109
1.7
1.1
1.0

227.6

d
0.4

285.3
285.2
285.1

227.0

0.4

285.6
286.6

e

284.7
285.1

1.1

-

-

1.5
1.6

eV

(S)

0.8

285.5

1.9

284.9

1.9

285.3
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thiol yielded a significant increase in the both the steady-state PL intensity and in the timeresolved PL lifetime (Chapter 4) of GaAs epilayer samples. The thiol was clearly adsorbed
onto the GaAs surface, because the CI 2p intensity was significantly above background
levels.
To funher investigate the potential reactivity of surface AsO, another set of GaAs
samples was exposed to the AsO-rich etch (etch B) and then to 1.0 M 4-CI-thiophenol in
CC4. The As XPS data for these samples, displayed in Figure 5.4b,c, showed that excess
AsO 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 spectral fits to the As 2p region that are displayed in Figure 5.5.
Although there was a peak at higher binding energy, this peak was also present in the
etched sample (Figure 5.5a) and is most likely due to an As suboxide. Any As-S signal
was certainly minor compared to the levels detected after exposure to 1.0 M
Na2S·9H20(aq), as shown in Figures 5.2f,h. This lack of a detectable As-S phase was
found to be representative of all the thiols investigated by XPS (1,2-dithiolethane and 4-CIthiophenol) on AsO-rich GaAs surfaces (Table 5.III).
To insure that the CI signals in the wide scan using the AI x-ray source instrument
were indicative of the persistent adsorption of the 4-CI-thiophenol, XPS data were also
collected with the Mg x-ray source. For GaAs samples exposed to either the stoichiometric
or AsO-rich etches (etch A or B) and then exposed to 1.0 M 4-CI-thiophenol
in CC4, a CI:S elemental ratio of (1.1±O.2), and a lack of Ga-Cl or As-CI peaks, was
observed (Table 5.III). This implies that the CI intensity obtained on the high-resolution,
Al x-ray photoelectron spectrometer was a reliable indication of the adsorbed 4-CIthiophenol coverage, and that the lack of As-S fonnation 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 determine if there was any
photochemical formation of an As-S phase under laser irradiation, since some time

As2Q

A~s.,
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Figure 5.5. Peak fits for the As 2p XP spectra of Figure 5.4c. a) Spectrum and fits after
etch B. b) Spectrum and fits after etching and exposure to the thiol solution.
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dependence of steady-state PL intensity was occasionally observed. A sample of the 1.0
~

thick GaAs epilayer was etched to remove the top AIGaAs layer, exposed to etch A in a

glove box containing flowing N2(g), sealed in a glass cell, and subjected to XPS analysis.
XPS data collected on this sample revealed a spectrum identical to that displayed in Figure
5.4a.. The sample was then returned to the glove box, soaked in a 1.0 M 4-CI-thiophenol
solution as described above, sealed again in a glass cell and irradiated for 20 minutes. XPS
obtained after this process showed no change in the GaAs surface composition except for
the detection of the anticipated small amount of a from the adsorbed thiol.
XP spectra 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 AsO-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. 3methylthiophene 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 composition 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 increase in the high-level injection PL decay
time. Figure 5.6 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 exposed to 1.0 M NaOCH3 in CH30H. Although the elemental AsO coverage was
reduced slightly by exposure to 1.0 M NaOCH3 ,most of the AsO (2x1o-9 moles cm-2)
remained on the GaAs surface. The lack of gross stoichiometry changes, or the appearance
of new chemical species after OCH3- exposure, implies that the resulting small changes in
surface stoichiometry effected by this reagent were not detectable with the sensitivity levels
of conventional XPS analysis.
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Figure 5.6. a) As 3d and b) As 2p XP spectra for bulk 10 17 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.
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IV. Discussion
A key result of the XPS studies reported herein is that in certain cases, substantial
AsO 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 Na2S-9H20(aq) solutions were found to be effective in removing excess AsO,
exposure to thiols in nonaqueous solvents did not substantially reduce the AsO content of
the GaAs surface. 4-CI-thiophenol did, however, yield substantial reductions in both the
low-level and high-level surface recombination velocity. Furthermore, no AS2S3 signal
was evident after exposure of GaAs surfaces to the nonaqueous thiol solutions, indicating
that the formation of an epitaxial overlayer of AS2S3 from excess Aso is not the key
chemical process responsible for lowering surface recombination in these systems.
Another significant observation is that only submonolayer (about one half to three
quarters of a monolayer) levels of As-sulfides were observed in this work after exposure
either to Na2S-9H20(aq) solutions or to NaHS(aq) solutions. These low AsxS y signals are
in qualitative accord with the results of Tiedje, et al.,3 but the AsxS y peak intensities and
calculated AsxS y coverages are substantially lower than those reported in the work of
Sandroff and co-workers. 6 Sandroff and co-workers observed a slightly higher binding
energy AsxS y phase after treatment with Na2S than after treatment with Nli4S.6 One
possible explanation for the difference in the As 2p XP spectra is that in the Sandroff study
the Na2S films were rinsed with CS2 so that the surface was visible by XPS. NaOH,
which is a component of a dried Na2S film, reacts with CS2 to form NaCS3.21 This
compound could further react with any arsenic sulfide that was present on the surface to
form an arsenic polysulfide. In our study and the study by Tiedje, et. al,3 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 studies2b.5.6 is a result of handling procedures and
is not inherent in the chemistry of the surface.
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The magnitude of the steady-state PL intensity change discussed in Chapter 4 is in
accord with prior observations on epilayer-type GaAs samples. Taken together with XPS
measurements described above, this set of observations indicates that the PL changes
resulting from immersed and dried GaAs surfaces do not correlate with the AS2S3
coverages determined on thoroughly rinsed GaAs samples exposed to thiols and aqueous
sulfides. This conclusion was verified in this work. for GaAs samples that were handled
under a variety of conditions, including aerobic vs. anaerobic etching and sulfide treatment,
exposure to partially oxidized or totally reduced sulfide solutions, and exposure to
Na2S(aq) following establishment of a variety of different GaAs surface stoichiometries.
The similarity of the fmal 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 interest with respect to the surface
passivation effect. This behavior can be readily understood by reference to the solubility
properties of Ga oxides, As oxides, and elemental As, and by reference to prior
experimental investigations of GaAs surface reactivity after contact with basic aqueous
chalcogenide solutions. 12,22 Specifically, after immersion into a 1.0 M KOH-0.80 M
K2Se(aq)-0.1 M K2Se2(aq) solution, a remarkably clean, near-stoichiometric, GaAs
surface was produced regardless of the initial GaAs etching procedure. 12 Although the
prior work. dealt specifically with reactions ofGaAs in contact with KOH- K2Se (aq)
solutions, the observations of GaAs/NaOH-Na2S(aq) surface chemistry reported herein
(Table 5.n, Figure 5.1) are fully consistent with these earlier XPS observations.
This surface chemistry of oxidized As also naturally provides a mechanism for the
formation of the AS2S3 that has been observed in this work. and in prior studies of the
GaAs/Na2S (aq) chemistry.2b,3-6 Oxidized As (i.e., AsIll) and oxidized Ga (GallI) readily
react with aqueous sulfide solutions to yield AS2S3 and Ga2S3;23a thus, oxidized GaAs
surfaces are expected to produce AS2S3 and Ga2S3 without the concomitant formation of
covalent bonds to the substrate or passivation of surface states. Deposition of the product
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of a precipitation reaction has been observed previously on GaAs surfaces that have been
exposed to basic solutions of CoIl or CollI complexes; this procedure resulted in deposition
of multilayer coverages of a Co(OHh surface species that persisted on the GaAs surface
even after thorough rinsing with H20.22 However, unlike Co(OHh. AS2S3 is partially
soluble in aqueous, basic solutions (because of the formation of soluble thio and oxy
anions),23b so the observed AS2S3 coverages on an air-exposed GaAs sample that has been
exposed to 1.0 M Na2S(aq) and rinsed with H20 are not expected to reflect accurately
either the initial AS2S3 levels or the coverage of sulfur that is covalently bound to the
surface.
One interesting aspect of the Na2S·9H20(aq)-GaAs chemistry evident from Table
S.Il is that even heavily oxidized surfaces show little AsxS y when exposed to sulfide in a
pH 7 solution. This result is a bit surprising in light of the solubility behavior of AS2S3
discussed above. A GaAs surface that had been etched to have a large amount of oxide
initially would presumably react with the sulfide solution and precipitate an As-S phase on
the surface, similar to the behavior of coil and Coill ammine complexes at a pH> 8. 22
The fact that the oxidized GaAs surface exposed to sulfide in pH 7 solution did not show
evidence of the formation of any more AsxS y than a sample exposed to a basic solution
indicates two possible chemistries. The first is that the equilibrium constant of the product
fonned from reaction of arsenic oxides and aqueous sulfides with the solution is of
sufficient magnitude to dissolve all but a small amount of an AsxS y phase, even at a lower
pH. The second is that the local pH at the surface is sufficiently basic to dissolve off the
reaction product The differentiation between these two mechanisms would require further
studies in carefully buffered solutions, and also at even lower solution pH. This rather
complex surface chemistry may well account for the differences in As-S coverages reported
in various studies. 3,6
Funhennore, on GaAs surfaces without substantial AsIII or AsO present initially,
and in fully reduced sulfide solutions, fonnation of monolayer levels of AS2S3 from GaAs
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must result in the fonnation of reduced products, which would presumably be elemental Ga
and/or H2(g). No XPS signals from elemental Ga were observed after Na2S(aq)
immersion and H20 rinsing, implying coverages of GaO < lxlO- lO moVcm2. Additionally,
estimates of the thennodynamics of the reaction (2GaAs + 6S2- + 12 H20 =AS2S3 +
Ga2S3 + 12 OH- + 6H2) from the appropriate half-cell potentials42 indicate that it is
unlikely to be exoergic. These arguments, combined with the observation that the PL
intensity was independent of the initial etching solution (Chapter 4), and with the fact that
AS2S3 formation was not observed from the thiol exposure in nonaqueous solvents, lend
support to the notion that bulk AS2S3 formation is not directly related to passivation of the
key chemical trapping species at the GaAs surface.
Similar arguments can be applied to the fonnation of Ga2S3 from oxidized Ga.
Spindt et al.2a have suggested that bulk thennodynamics based on heats offonnation
indicate that Ga2S3 should be formed preferentially with respect to AS2S3, and suggest that
this species plays a key role in the GaAs/Na2S interface passivation chemistry. The above
analysis for AS2S3 formation suggests that an alternative mechanism for Ga2S3 fonnation
is the reaction of inadvertently oxidized Ga with the aqueous sulfide solutions. This
implies that unless rigorously anaerobic conditions are maintained throughout the
experiment, the detection of Ga2S3 on the GaAs surface may not indicate fonnation of a
covalent bond between the Ga2S3-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 Na2S-treated surfaces,2b and
suggests that observation of Ga2S3 may be unrelated to the chemistry of the important
surface trap levels.
It should be noted, with regard to whether Ga or As sulfide would be the most
thermodynamically favorable, that kinetics can frequently dominate in surface reactions. Of
course, when heated to high temperatures, equilibrium may be established and the
thennodynamically predicted species of Ga2S3 should then be observed for the
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GaAs/Na2S·9H20 interface; however, bond-strength arguments must be used with caution
to predict surface compositions obtained in the kinetically limited situations commonly
encountered when semiconductor surfaces are immersed in aqueous solutions at room
temperature.
With respect to the energetics of the GaAs surface, ultraviolet photoelectron
spectroscopy (UPS) of Na2S-treated GaAs surfaces has been used to show that the surface
Fermi level is still pinned at a value of 0.7-0.9 e V below the bottom of the conduction band
edge.2b The XPS spectrum obtained in the present work after immersion of GaAs into 1.0
M Na2S(aq) solutions did not display any signals from the Ga or As substrate lines (Table

rrn, and therefore suggests that independent support for the UPS measurements is needed
from another type of experiment A nonhomogeneous surface coating procedure could
yield XPS signals 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. 2b The high coverage of oxidized As in the UPS sample reported earlier,
combined with the observations above that Ga oxides and As oxides are readily dissolved
by basic Na2S(aq) solutions, strongly suggests that the areas contributing to the observed
XPS and UPS signals were not exposed to the Na2S 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. 1A The rf conductivity data of
Yablonovitch et al.2S indicates that the surface Fermi level position on Na2S-coated
surfaces depends on the injection level and that it can be unpinned under high-level
injection conditions. Although the data of Yablonovitch et al. 25 are not consistent with a
strongly pinned surface Fermi level at 0.7-0.9 eV below the conduction band edge, their
observations are consistent with the increased PL decay times observed in this work for the
Na2S and 4-Cl-thiophenol treatments of epilayer-type GaAs samples and with the analysis
of the XPS and UPS data presented above.
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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 binding constant must be relatively weak
because rinsing with solvent substantially diminishes the steady-state GaAs PL intensity.
This fact presents a severe impediment to obtaining useful correlations between the surface
chemistry determined with vacuum spectroscopic methods and the reactivity of the actual
electrical recombination sites on Na2S·9H20(aq)-coated GaAs interfaces. The
nonaqueous thiol solutions are better suited to formulate these correlations, but no changes
in gross surface stoichiometry have been observed for thiol reagents that yield large
improvements in the steady-state PL intensity. Further spectroscopic-based advances in
our understanding of the chemistry of the recombination sites will require methods that
directly probe the bonding of a limited number of surface sites in the presence of higher
coverages of precipitates and other spectator surface species.

V. Conclusions
The XPS studies described in this chapter indicate that while aqueous Na2S
treatments and exposure to thiols exhibit similar changes in steady-state PL yield (Chapter
4), these two classes of compounds do not interact with the GaAs surface in the same way.
The aqueous Na2S treatments acted as an etch for oxides and elemental arsenic, and yielded
a small residual AsxS y signal on the GaAs surface. However, exposure of GaAs surfaces
to thiols did not yield detectable residual AsxS y signals, indicating that the AsxS y 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 arsenic initially present on the surface.
The lack of a clear correlation with surface stoichiometry and changes in surface
recombination velocity is probably because the trap density is sufficiently low that gross
changes in surface stoichiometry may not accompany (or yield information regarding) the
reactivity of the important surface recombination centers. However, these studies have
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served to indicate that the presence of AsO does not always result in an interlace with high
surface recombination velocities, and that the fonnation of an AsxS y phase is most likely
due to a byproduct of reaction of arsenic oxides with aqueous sulfides and is not an
essential pan of the GaAs surface passivation process.
The XPS data presented in this chapter, taken together with the PL results described
in Chapter 4, have shown that variation in the nature of the passivating reagent from a
complex mixture of aqueous sulfides to nonaqueous, organic species has yielded valuable
infonnation on the chemical nature of the important surface recombination sites and the
GaAs surface chemistry relevant to the observed decrease in surface recombination
velocity.
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Chapter 6. Reaction of the Basal Plane of Various Metal
Dichalcogenides with Organometallic Reagents
I. Introduction
Chapters 2-5 have been concerned exclusively with the chemistry of GaAs or
similar ill- V surfaces in relation to the observed surface electronic properties. The
experiments described in this chapter apply the same types of techniques to study the
reactivity of the basal plane of a series of metal dichalcogenide compounds in order to relate
reactivity to the electronic properties of the metal-dichalcogenide surface.
The transition-metal dichalcogenide semiconductors have a layered crystal structure
with the chalcogenide atoms on the surface. 1 The metal-chalcogenide bonds are generally
rather strong, but the bonds between layers are rather weak, so that these compounds are
mostly air-stable, but also have a strong tendency to form intercalation complexes.2
Even though all the different types of materials discussed in this chapter have a
similar bulk structure, the details of the crystal symmetry, and metal and chalcogenide
orbital contributions to the makeup of the conduction band, result in marked differences in
reactivity. The group VIB metal dichalcogenides (e.g., MoS2, WSe2) have a trigonal
crystal lattice and a conduction band that is primarily metal d in character, with small
amount of chalcogenide p character. 1,3 The amount of mixing of the metal d and
chalcogenide p orbitals increases in the order S < Se <fe, since the energy difference
between the d and p orbitals becomes smaller as the atomic number increases.
Two other metal-dichalcogenide layered compounds were studied in order to
compare the surface reactivity with the group VIB metal dichalcogenides.

Zrs~

is very

similar in structure to the group vm materials, but the Zr-Se bond is more ionic, and so the
bond strength is not as great as WSe2 or MoSe2. 4 SnS2 has an octahedral crystal
symmetry and a conduction band composed primarily of chalcogenide 2p orbitals.
Like the m- V semiconductors discussed in Chapter 2, metal dichalcogenides have
been used in semiconductor/liquid junction solar cells, because the band gap of many of the
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group VIB compounds are at an energy that is optimum for the efficient collection of the
solar spectrum.s However, while oxidation and corrosion reactions similar to GaAs do not
usually occur, these cells are not without losses that are due to surface recombination
processes.
Canfield and Parkinson found that in the case of MoSe2 or WSe2, step sites of
exposed transition metals were responsible for poor current-voltage characteristics because
they provided a trap site for recombination. 6 By reacting the crystals with bis(1,2diphenyl-phosphino)ethane or t-butylpyridine prior to use in the photoelectrochemical cells,
improved current voltage (I-V) curves were obtained, presumably because the ligating
reactants reduced the cross section of the traps on the step edges. Razzini, et al. used
EDTA to affect trap sites on these same materials.7
Similar behavior was found by Folmer, et al., in the case of PdPS after reaction
with ferrocyanide.8 Treatment of the surface with ferrocyanide resulted in a stable cell with
improved I-V properties. The proposed mechanism was that ferrocyanide bonded to the
edge sites and mediated the charge transfer from the semiconductor into the electrolyte, so
that the charge transfer was competive with photocorrosion at these sites.
This chapter discusses work done to explore the reactivity of metal chalcogeoide
surfaces as a function of the Lewis acidity of the reactant. as a function of the electronic
structure of the surface. The emphasis for this chapter is not on reaction with defect sites
or step edges, but on reaction with chalcogenide atoms on the basal plane of the metalchalcogenide surface. Even though materials such as MoS2 and MoSe2 are rather inert,
there is some precedent for this type of reaction. Jaegermann, et al., found that when Cu
was depositied on SnS2, a CuSnS compound was formed. 9 Lynch and coworkers have
experimented with increasing the reactivity of MOS2 by creating reactive sites through
bombardment with Ne+. 10 Under these conditons, MOS2 reacts with MnlOa and Fe lOb
deposited on the surface. Our approach has been to try to react the surface with strong
Lewis acids targeted at the chalcogenides.
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II. Experimental
All metal chaclcogenides used in this work were single crystal, basal plane material.
MoS2 was naturally occurring material. WSe2 and MoSe2 were grown by L. Schnemeyer
of AT&T Bell Laboratorites. SnS2 and ZrSe2 were grown by B. A. Parkinson of Dupont
Central Research and Development. All crystals were cleaved prior to chemical exposure
by peeling with tape.
W(COh(CH3CH2CH2CNh was synthesized by refluxing W(CO)6 in butylnitrile 11
(C5H5)Fe(CO)z«CH3)zCHOh)BF412a, and (C5H5)Fe(CO)z(dibenzothiophene)12b were
also synthesized following literature procedures.l 2 [(C5H5)Fe(CO)Zh, K2PtC4 (Strem),
AgCF3S03 (Aldrich), and HgCl2 (Strem)were used as received. Butylnitrile, which had
been dearated prior to use, was used as the solvent for samples treated with
W(COh(CH3CH2CH2CNh. Nitromethane, which was dried over CaR and dearated prior
to use, was used for (C5H5)Fe(COh-«CH3)zCHCH2)BF4 exposures. The samples were
treated by placing the substrate in 2-5 mI. of -0.01 M metal complex solution in a glass
vial. All treatments were done in a drybox and treatment time varied from 1-72 hours
depending on the substrate. The samples were throughly rinsed with the appropriate
solvent before mounting on XPS sample stubs.
The XPS instrumentation and data workup procedures have been described in detail
in Chapters 3 and 5. The cross sections and escape depths used for the complexes
described here are reported in Table 6.1. In order to avoid possible interfrence from the
stainless steel sample stub, XPS experiments on surfaces exposed to Fe complexes were
performed on Al foil-coated sample stubs fitted with brass screws. The samples were
transported to the XPS instruments in sealed vials under N2, then quickly transfered to the
entry lock through air.

III. Results
A. Reaction of MOSl with K2PtCI4, AgCF3S03, and HgCll
A summary of the metal chalcogenide samples, the treatment times, and XPS
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Table 6.1. Cross sections (0'), escape depth (A.) and atomic density (n) used for
calculation of coverages and mole ratios on MX2 substrates. Values are for an Ai Ka. x-ray
source.
Element
Region
MoS2 (Mo 3d5/2):
MoSe2 (Mo 3dS/2):
WSe2 (W 4t):
ZrSe2 (Zr 3d)
SnS2 (Sn 3d)
K2PtC4 (Pt 4f7/2)
AgCF3SO:3 (Ag 3d)
HgCI2 (Hg 4f712)
W(CO}J(C3H7CN}J (W 4t)
Fe(CsHs)(COh(c4Hg)BF4 (Fe 2P312)

0'

A. (A)

5.62
(S 2s=1.43)
5.77 a
(Se 3d= 1.46a)
1O.27a
(Se 3d= 1.46a)
4.17
(Se 3d= 1.82)
14.8
(S 2p = 1.67)
8.65
lO.66
lO.57
9.8
10.82 (1O.54a)

20

n
(atom/cm3)
(x 10-22 )
1.81

20a

1.41

23 a

1.32

28

0.94

19

1.48

46
26

0.49
0.94
1.21
0.45
0.3

44

33
26

aValues for a Mg Ka x-ray source.

results is given in Table 6.0. XPS of MoS2 exposed to K2PtC4 showed a large amount of
Pt, some Cl and no K. While the CVPt ratio (2.1) and the binding energy of the Pt 13

(Table 5.m are consistent with the values expected for K2PtC4, the large amount of Pt (-5
monolayers calculated coverage) indicates that the K2PtC4 is associating with itself as well
as with the surface.
HgC12 apparently dissociated, because the Cl/Hg ratio is quite high (4.0) and the
surface coverage of Hg was calculated to be greater than a monolayer. The AgCF3 S03.
however, apparently did adsorb in monolayer coverages and there was also signal detected
from the fluorines on the triflate. No change in the metal or chalcogenide regions of the
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Table 6.ll. XPS data for various metal dichalcogenides (designated "MX2") exposed to
several metal complexes (metal designated "Y"). Data were taken on a VG HP580 or VG
Mark II system. All ratios are normalized using appropriate cross sections.
Substrate (treatment time)
M
X
M Y
(eV)
(eV) X (eV)

Y

M

r

x 109

~

crnz

K2PtC4 + MoS2a
HgC4+MoS2a

3.5
S 2s 0.7 Pt4f
228.2
74.3 (~=3 . 6)
0.5
S 2s 0.6 Hg4f
227.3
101.6(~=4.0)
S 2p
Ag3d
163.1
368. 9(~=4. 0)

4.7

Sn 3dS/2
487.0
Zr2p
180.9 (~=2.4)
182.1 (~=2.4)

S 2p 0.5 W4f
162.1
36.4(~=2.0)
Se 3d 0.4 35.6 (~=2.1)
53.4
55.3

0.1

0.7

Mo3d
229.7 (~=3.4)
Mo3d
229.6 (~=3.2)
Mo3d
229.2 (~=3.2)
W3d
32.8 (~=2.1)

S 2s
227.2
S 2s
226.9
Se 3d
54.9
Se 3d
55.1

0.4

0 .8

0.4

0.9

0.1

0.5

0.4

1.1

Mo3d
230.2 (~=3.2)
M03d
230.1 (~=3.1)

AgCF3SO:3 + MoSr

2.0
0.7 b

~(C(»3(C3H7C~)3

on SnS2a
on ZrSe2a

0.05 0.2

1Fe(CsHS)(C(»2(~lig)+

on MoS2 (20 hrs)a
on MOS2 (3 days)C
onMoS~c

onWSe2c
1Fe(CsHs)(C()h
(dibenzothiophene)B1F4
on In foua
1Fe(CsHs)(C()h(C4ilS)B1F4
on In foua
aAI Ka. x-ray source.

bCalculated with respect to the S 2p peak.
CMg Ka x-ray source.

1.0 711.4
(~=13.4)

1.0 712.6
(~=13.2)

0.3 711.6
(~=13.4)

0.2 712.0
(~=13.3)

711.6
(~=13.1)

710.7
(~=12.8)
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XPS was observed after exposure of any of the suraces to any of the above metal
complexes.

B. Reaction of MoSel, MOS1, WSel, and SnSl with
[Fe(CsH s)(COh(C4H S)]BF 4
MoSe2, MOS2, WSe2, and SnS2 were all exposed to Fe(C5H5)(COh«4Hg)+ in
nitromethane. The amount of time needed before Fe was detectable by XPS was a function
of the type of chalcogenide. MoS2 exhibited very slow kinetics. As can be seen from
Figure 6.1, the amount of Fe adsorbed on the MOS2 surface gradually increases as the
exposure time increases, with -1-2 monolayers adsorbing after 3 days. An equivalent
amount of Fe as in Figure 6.1a was adsorbed by both MoSe2 and WSe2 after overnight
exposure to Fe(CsH5)(COh(C4fls)+. The interference of the Sn 3p lines prevented
definitive identification of Fe on the SnS2 surface. No changes were observed by XPS in
the metal or chalcogenide regions on any of the samples after reaction with
Fe(C5HS)(COh«4Hg)+.
The [Fe(CsHs)(CO>2h dimer also showed some reactivity with all metal
chalcogenide surfaces discussed above, though further work has revealed that this complex
forms clusters on the surface. 14 In order to determine if the Fe complex was intercalating,
rather than bonding to the surface, a sample of MoSe2 was placed in contact with ferrocene
for a period of 18 hours. No Fe was detected on this surface by XPS .

C. Reaction of SnSl, MOS1, MoSel, and ZrSel with W(CO}J(C3H,CN)
SnS2. MoS2, MoSe2, and ZrSe2 were all exposed to W(COh(C:¥I7CNh in
butyl nitrile. The SnS2 and ZrSe2 reacted readily with the W complex after 2 hours or less
(Table 6.1n. Exposure of SnS2 to W(CO)6 for the same time period did not result in any
detectable W above background levels. The MoSe2, however, did not react after 3 hours,
and MoS2 did not show any XPS signals attributable to W, even after an exposure time of
more than 3 days. No change in the metal or chalcogenide regions of the XPS was
observed after reaction with any of the above substrates. The ZrSe2 did show a small
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Figure 6.1. Fe 2p XPS region for MoS2 exposed to 0.01 M Fe(CsHs)(COh(C4fIS)BF4
in nitromethane for several different times-a) 3 days exposure time, b) 20 hours, c) 14
hours, d) background spectra. Data were obtained on a
nonmonochromatic Al Ka x-rays.

va HP580 system using

705

710

715
720
725
BiDding Energy (eV)
Fe 2p

730
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shifted component (Table 6.m, even on a freshly peeled sample, but these peaks account
for only about 10% of the fitted peak area. The SnS2 substrate was also studied, using
high-resolution XPS (SSI), and no contribution from a component with a shift in binding
energy was observed on a W exposed surface.

IV. Discussion
The reactivity trends exhibited by the group VIB metal chalcogenides with
Fe(CsHs)(COn(C4liS)+ and W(COh(C3H7CNh can be understood by the amount of
chalcogenide orbital mixing into the conduction band The selenide complexes would be
expected to have more chalcogenide character, and therefore more chalcogenide electron
density available for bonding interactions. This is borne out by the fact that MoSe2 and
WSe2 reacted with Fe(CsHs)(COn«4HS)+ on a much shorter time scale than did MoS2.
The conduction band of SnS2 is primarily S 3p in character, and so it is not
surprising that this substrate readily reacts with W(CO)3(CJlI7CN)3. ZrSe2 also reacted
readily with the W complex as the Zr-Se bond is rather weak compared to other metal
chalcogenide materials. The group VIB substrates are unreactive towards W(COh(C3H7CNh. Apparently, the Lewis acidity of the W complex is not quite as high as that of
the Fe complex.
An interesting side note to the reactivity of these surfaces is the apparent behavior of
ZrSe2 exposed to Te complexes. A sample of ZrSe2 was exposed to W(COh(C3H7CNh
in a glove box that was contaminated with (CH3nTe. The resulting XPS showed a
significant amount of Te had been adsorbed and that there was a large amount of the
oxidized 'b component While this experiment was only preliminary, and needs
independint conformation under more controlled conditions, the results from the
inadvertent Te exposure seem to indicate that the Zr component is much more vulnerable to
attack than the Se, and further study of the reactivity of the metal component of metal
chalcogenides is in progress in our laboratory.
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The interaction of metal complexes with metal chalcogenide surfaces also provides a
possible route towards probing the electron denstiy imaged by STM. There is some
controversy as to whether STM images of MoS2 and other metal chalcogenides are maps of
the metal or sulfide electron density. 15 By binding complexes to the surface, the density
imaged by the microscope should change and contributions of the different components
may be separable. Preliminary studies of SnS2 exposed to W(COh(C3H7CNh, however,
showed that these types of experiments are hindered by etching of the substrates by the
STM tip. Such etching behavior has been observed for a variety of substrates,16 and has
been observed by us on MoSe2 and SnS2 surfaces. Perhaps if a well-behaved reactant is
found for MoS2, then this surface would be sufficiently stable under STM conditions that
the nature of the metal complex/ surface interaction could be studied.

IV. Conclusions
There is a marked difference in reactivity between different types of metal
dichalcogenide substrates. If the metal is a group vm metal, the surface is rather
unreactive, with the selenide-containing materials exhibiting faster kinetics than the sulfides
in the case of exposure to [Fe(CsHs)(COh(<4HS)]BF4. The only complexes studied here
that reacted with MoS2 in close to monolayer coverages were AgCF3SO:3 and
[Fe(CsHs)(COh(<4Hs)]BF4, though the latter complex shows a tendency to form
clusters. Other types of metal chalcogenides, i. e. SnS2 and ZrTe2, were much more
reactive. The study of the reactivity of the surface of metal chalcogenides not only provides
fundamental insight into the chemistry of this class of materials, but also will provide for
ways of attaching various electron donating and accepting species to the surface in order to
study electron transfer properties at the interface.
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