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ABSTRACT

Measurement of the in-phase (0°) and quadrature (90°) components of a small (12 mV) a-c signal at frequencies of 1-5000
Hzimposed on the d-c potential allows the determination of the a-c equivalent circuit. Study of the a-c impedance as a func-
tion of potential and frequency permits the determination of the properties of the semiconductor/solution interface. Results
of measurements on n-MoTe, in MeCN containing various redox couples spanning a wide range of redox potentials are
reported. The advantages of the in-phase (0°) component for extracting properties of surface states are discussed. In the
region 0.3-0.5V negative of the valence bandedge, the total surface-state density is ca. 10'° cm™. The adsorption in the I7/Iy
system on the n-MoTe, surface in aqueous and acetonitrile solvents are compared.

Surface states, due to the abrupt discontinuity at a
clean surface, were first postulated by Tamm (1) and
a rigorous analysis of a more general model was given
by Shockley (2). The abrupt discontinuity of the or-
dered crystal lattice at the surface results in dangling
or unsaturated bonds, producing surface energy levels
different from those in the bulk material. Interface
states produced by impurities incorporated at the sur-
face, e.g., by specific adsorption of solution species or
by formation of corrosion products at the semiconduc-
tor electrode surface, also can produce localized en-
ergy levels in the bandgap of the semiconductor elec-
trode. These energy levels in the forbidden gap can
serve as reservoirs of charge at the semiconductor sur-
face. The position of the Fermi level at the surface de-
termines whether these energy levels are filled or va-
cant. The determination of the energy and density of
interface states as well as the time constant associated
with the exchange of charge carriers with the bulk and
the capture cross section is important in understand-
ing the behavior of semiconductors in contact with a
metal or with a solution,

Indeed, the relative independence of the Schottky
barrier heights of low bandgap semiconductors in con-
tact with metals of widely differing work functions
was explained by Bardeen (3) and others (4, 5) in
terms of pinning of the Fermi level at the surface by a
high density of surface states. A similar phenomenon
has been observed in photoelectrochemical (PEC) cells
where low bandgap semiconductors such as Si (6, 7),
CdTe (8), and GaAs (9) exhibit a nearly constant
photovoltage in contact with solutions containing a
number of redox couples whose redox potentials span
a potential regime much wider than the Eg of the semi-
conductor. Such behavior can also be explained by
pinning of the Fermi level by interface states (10). In-
terface states can be studied by a number of optical
and electrical methods. Several techniques have been
developed for the measurement of interface-state prop-
erties in solid-state devices. These include measure-
ments of (i) the isothermal dielectric relaxation cur-
rent (IDRC) (11); (ii) the thermal dielectric relax-
ation current (TDRC) (12); (iii) the low frequency
capacitance-voltage behavior (13); and (iv) the a-c
conductance (14). However, the liquid electrolyte in
PEC systems precludes the application of the first two
methods, since meaningful results can be obtained only
over a wide range of temperatures which is restricted
by the liquid range of the solvent. The quasi-static low
frequency capacitance technique and the a-c conduct-
ance method do not suffer this limitation, and capaci-
tance measurements have been frequently employed to
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study the semiconductor/liquid interface (15, 16).
However, the capacitance technique is of limited value
in studying interface states. For example, in the case of
metal-oxide-semiconductor (MOS) devices the capaci-
tance method for the determination of surface-state
properties is said to suffer from the following limita-
tions (14a): (i) The variation in the capacitance val-
ues required to find the surface capacitance, even when
the frequency is increased by one order of magnitude,
is very small; this leads to errors in calculating the
density of surface states and their time constants. (ii)
The surface-state capacitance has to be extracted from
a combination of the space charge layer, surface state,
and the oxide layer capacitances. Since the oxide layer
capacitance is in series with the semiconductor capaci-
tance, it determines the maximum semiconductor ca-
pacitance that can be measured. This means that sur-
face states located near the middle of the gap cannot
be identified without greatly decreasing the thickness
of the oxide layer, which in turn permits tunneling of
charge carriers. The picture may be further compli-
cated by the inversion layer capacitance.

The parallel equivalent conductance (Gp) (the in-
phase component of the total admittance corrected for
the space charge resistance) is more useful in char-
acterizing interface states since one can measure di-
rectly the properties related to the capture and
emission rates of charge carriers by surface states.
Further, it is useful in extiracting data when the sur-
face-state density is as low as 1091011 c¢cm—2 eV-—!
(14a). In addition, G, can be used to determine the val-
ues for capture probability, Even in those cases where
the quadrature signal gives a frequency independent
capacitance-voltage plot, the location of surface states
and their time constants can be determined from the
in-phase component. If the time constant for the sur-
face states is independent of potential, the in-phase
component is related to the surface-state capacitance
by the following equation (see Appendix)

G = [
POETA & w2e)

where Cg is the surface-state capacitance, » is the an-
gular frequency of the applied a-c signal, and < is the
time constant associated with carrier exchange. From
the relevant equivalent circuits for the interface given
in Fig. 1a, it is clear that the conductance does not con-
tain Cp, the depletion layer capacitance, but depends
only on the surface-state branch of the equivalent cir-
cuit. A plot of Gy/w at a given potential will have a
maximum value at a particular frequency; the recip-
rocal of that frequency yields a weighted average of
the time constant associated with the surface states,
when &t = 1. This leads to a maximum value in Cg
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Fig. 1. (a) Equivalent circuit for “single-level” time constant
surface states in paraliet to the depletion layer capacitance in MOS
devices. (b) Equivalent circuit for “multi-level” time constant sur-
face states in parallel to the depletion layer capacitance in MOS
devices. Key: Cp, depletion layer capacitance; Cs, surface-state
capacitance; Ry, ‘surface-state resistance; Gy, equivalent parallel
conductance of the surface states.

equal to 2Gp/w. Hence, the capacitance associated with
the surface states can be readily calculated. The den-
sity of surface states at a given energy, N (in units
of eV—! cm~—2), can easily be obtained from G, since

Nss = 2Gypr/e [2]

(where e is the electronic charge). The value of «, as-
sumed to be independent of potential, is taken as that
corresponding to the peak value in a plot of Gp/w vs. w.

There have not been many reports on the use of the
a-c¢ conductance technique in studies of electrolyte/
semiconductor PEC systems (17, 18). Barabash and
Cobbold (17) reported some preliminary investigations
on the dependence cf interface-state properties of elec-
trolyte/SiOz/Si structures on pH. Essentially the re-
sults parallel those observed for MOS devices and con-
firm the validity of a-c conductance technique for eval-
uating interface-state properties of semiconductor/
liquid junctions. DuBow and Rajeshwar (18) have re-
ported a systematic study of the admittance charac-
teristics of the n-GaAs/AlCls-butylpyridinium chlo-
ride room temperature molten salt interface and
demonstrated that the equivalent parallel conductance
is more sensitive to interface~-state properties than the
parallel equivalent capacitance, although both funda-
mentally contain identical information about the sur-
face-state properties.

We report below the results of a~-c, impedance tech-
nique studies of n-MoTe; in MeCN, 0.1M tetra-n-butyl-
ammonium perchlorate (TBAP) containing a number
of redox couples with widely differing redox poten-
tials. MoTey is a-layered compound whose properties
as a semiconductor electrode were first studied by
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Tributsch and co-workers (19). More recent studies
of PEC cells with MoTez are described by Abruna
et al. (20).

Experimental

Crystal growth.—The «-MoTez crystals were grown
by halogen vapor transport from MoTes powder (Great
Western Inorganics, Golden, Colorado, 99.9%.) Either
Bry (70 mg) or TeCly (100 mg) was used as a trans-
porting agent for every 5g of MoTes. These were in-
troduced into a quartz tube (length 19 cm, diameter
18 mm), evacuated to better than 5 x 10—5 Torr, and
sealed. Samples using bromine transport were held at
liquid nitrogen temperature during evacuation. The
sealed tube, with the powder evenly distributed along
the length of the tube, was introduced into a hori-
zontal split tube furnace (Hevi-Duty Electric Com-
pany, Watertown, Wisconsin; length, 18 in., diameter
1% in.) and held at a maximum temperature of 875°C.
The temperature decreased to around 800°C at the
ends of the sample and increased crystal growth could
be noticed in these regions. Favorable conditions for
crystal growth were ensured when the tube was cooled
by convection of air through the split tube furnace,
with the majority of the crystals growing on the wall
above the original charge. After the transport had pro-
ceeded sufficiently, the tube was removed from the fur-
pace and a suitable section was held under running
water to condense the vapor phase. The rest of the tube
could then be cooled without heavy contamination of
the crystals with the transport agent.

Samples transported with bromine required 2-3 days
to produce large crystals (~ 50 mm?2), whereas TeCl,
could transport good crystals in approximately 18 hr.
In both cases, an increased concentration of transport
agent increased the growth rate; conditions for growth
of the best crystals are those given above. Crystals
occurred in clusters, away from the side of the tube
in the form of platelets of up to 1 em? in area. Some
crystals exhibited hexagonal growth spirals and many
were twinned. However, a significant fraction had one
flat crystal surface, and a few grew as flawless hexag-
onal plates from one corner. Electron microprobe
analysis could not detect the presence of halogens in
the transported crystals or any variation in composi-
tion between crystals,

Electrodes.—Single crystals of «-MoTe; were se~
lected from the clusters of crystals and cut with a razor
blade to the desired dimensions. The face j C axis
was peeled off with adhesive tape and back-ohmic con-
tacts were made with Ga/In alloy. A copper wire lead
for electrical contact was attached to the back-side
with silver conductive paint (Allied Product Corpo~
ration, New Haven, Connecticut) and was subse-
quently covered with 5 min epoxy. The assembly was
mounted into 7 mm diam glass tubing and held in po-
sition with silicone rubber sealant (Dow Corning Cor-
poration, Midland, Michigan) which also served as an
effective seal against the seepage of electrolyte solu-
tion to the rear of the semiconductor. The exposed area
of the electrode was about 0.05 cm2, The surface of the
electrode was treated prior to use with 6M HC] for 5-10
sec and then rinsed thoroughly with distilled water
and dried.

The solvent, acetonitrile (MeCN), was purified and
stored as described elsewhere (21). All chemicals, em-
ployed after purification or in the purest form com-
mercially available, were dried under vacuum before
use. A check of the purity of all chemicals used was
performed by cyclic voltammetry at a Pt disk elec-
trode (0.02 cm?2) at the beginning of each experiment.
Polarographic grade tetra-n-butylammonium perchlo-
rate (TBAP),which was twice recrystallized from ace-
tone-ether and dried under a vacuum of < 10—5 Torr
for two days, was used as the supporting electrolyte at
0.1M concentration.
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A three-compartment electrochemical cell was used.
A large area (> 40 cm?2) Pt gauze counterelectrode im-
mersed in the same compartment as the working elec-
trode was used in impedance measurements. A Pt
gauze, separated from the main compartment by a me-
dium porosity glass frit was used as the counterelec-
trode for coulometric bulk electrolysis. The reference
electrode was an agueous saturated calomel electrode
(SCE) with a saturated KCl agar plug, immersed di-
rectly in the main compartment. All potentials, unless
stated otherwise, are reported vs. this SCE.

A Princeton Applied Research (PAR) Model 173
potentiostat and a PAR Model 175 universal program-
mer, equipped with a Houston Instruments (Austin,
Texas) Model 2000 X-Y recorder were used to obtain
cyclic voltammograms. For impedance measurements,
a Soltec (Sun Valley,- California) Model 6432 X-Y;Y;
recorder was employed. The lock-in amplifier tech-
nique, which yields the in-phase (0°) and out-of-phase
(90°) components of a sine wave superimposed onto
a linear potential ramp was employed. The a-c signal
(12 mV peak-to-peak) at different frequencies was
provided by an external signal generator, a Hewlett-
Packard (Palo Alto, California) Model 200CD wide
range oscillator. Components of the total impedance
were obtained with a PAR Model 5204 lock-in am-
plifier. All solutions were prepared and sealed in a he-
lium-filled Vacuum Atmosphere Corporation (Haw-
thorne, California) glove box.

Results

Capacitance-voltage plots.—The two important pa-
rameters, the flatband potential (Vyp) and doping
density are usually deduced from Mott-Schottky (MS)
plots. Such MS plots for n-MoTes in MeCN containing
0.1M TBAP alone are given in Fig. 2 for frequencies in
the range 200 Hz-7 kHz, Although there is a very small
dispersion in the slope, the Vyg for all plots is located
at —0.3V vs. SCE. If the dielectric constant of n-MoTes
is taken as that of n-MoSes (22), the donor density
(Np) is calculated to be about 2 x 107 em ™3, The dif-
ference (AEr) between the conduction bandedge (CB)
and the Fermi level (Er) can be calculated from the
Fermi-Dirac equation (23). With the reduced mass for
the electron taken as the rest mass (22), AEr is ~ 0.1
eV, so that the conduction bandedge lies at —0.4V.
With an MoTes bandgap 1.1 €V (24), the valence band-
edge is at 0.7V vs. SCE. The band positions and the
formal potentials of the redox couples employed in
this study are given in Fig. 3.

Conductivity—The value of the conductivity has
been computed from the equation ¢ = neu, where ¢ is
the conductivity (! em™!), n is the charge carrier
density (cm—3), e is the electronic charge (1.6 X
10—19C), and x is the mobility (cm2/V sec). A value of
# = 20 is taken from the literature (25). With n = 2
X 1017 em™3, the resistivity (1/¢) is found to be 1.560
em. This is in good agreement with previous values re-
ported (26) for single crystal n-MoTes.

Impedance measurements—The properties of the in-
terface were primarily deduced from a-c impedance
measurements. The impedance of the semiconductor/
electrolyte interface was measured as a function of
both the electrode potential and frequency (or angular
frequency, ). The frequency range studied was 50 Hz-
7 kHz. Typical plots of Gy vs. V and C vs. V are shown
in Fig. 4 for n-MoTez in MeCN containing 0.1M TBAP
alone. Figure 5 shows similar plots in the presence of
various redox couples. As described previously, a plot
of Gp/w vs. f can be employed to determine the time
constant of surface states. Such a plot is given in Fig.
6a for MeCN, 0.1M TBAP at 0.3V vs. SCE. Plots of Gy
vs. V and C vs. V in MeCN in the presence of I~ (as
TBAI) and both I~ and I3~ are shown in Fig. 7 and 8,
respectively. For comparison, plots of n-MoTes; in
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aqueous solutions containing I~ and I-/I3— are given
in Fig. 9.
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Fig. 2. Mott-Schottky (MS) plots of n-MoTes in MeCN contain-
ing 0.1M TBAP alone, at different frequencies.
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Fig. 3. Position of bandedges of n-MoTez in MeCN containing
0.1M TBAP. CB, conduction bandedge; VB, valence bandedge; Er,
Fermi level; |, iodine; FeCps, ferrocene; 10-MP, 10-methylpheno-
thiazine; Th, thianthrene.
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Discussion

The presence of surface states can cause frequency
dependent slopes and flatband potentials (Vpp) in MS
plots, and the absence of surface states is sometimes
assumed when one obtains frequency independent MS
plots. Although n-MoTes shows frequency independent
MS plots, the in-phase component provides evidence
for surface states. The in-phase component of the
total impedance has been shown to deal directly with
rates of emission and capture of carriers from surface
states to either the bandedges or the bulk traps (14a).
Consider Fig. 4, where the G, vs. V and C vs. V plots
are given for n-MoTes in MeCN containing 0.1M TBAP
alone. The C-V plots are frequency independent; how-
ever, the plot of G, vs. V shows a hump near +0.3V
whose magnitude is frequency dependent. The G, val-
ues in the depletion region vary with frequency by
nearly two orders of magnitude while the overall ca-
pacitance values change only marginally in the same
frequency regime. This observation, that the equiv-
alent parallel conductance is more sensitive to the
presence of surface states than the quadrature compo-
nent for semiconductor/liquid junctions, parallels that
observed in MOS devices (17). Nicollian and Goetzber-
ger (14a) observed that for Si/SiOs/M the capacitance
increased by only 14% while the in-phase component
varied by one order of magnitude for the same fre-
quency domain. Several authors have shown that the
surface states located in a particular potential regime
may be composed of surface states with different time
constants (27). The equivalent circuit for this condition

L
I

— 1
+0.4 a0 - 04
VvsSCE
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is shown in Fig. 1b, where several different R;-C; ele-
ments are connected in parallel with the space charge
layer capacitance. For simplicity, however, we assume
that the surface states in n-MoTez can be represented
by a single time constant and the equivalent circuit is
shown in Fig. la. The plot of Gp/w vs. f for a given po-
tential exhibits a peak at a particular frequency char-
acteristic of the time constant of the surface state (Fig.
6a). The peak value occurs at 3000 Hz, corresponding
to a time constant w~1 = (2af) ~! = 5 X 105 sec, This
time constant probably represents a weighted average
of time constants associated with surface states near
0.3V, The increase in Gy/w at low frequencies suggests
that a faradaic component also contributes to the mea-
sured total conductance at these frequencies (18). If
the 50 zsec time constant is taken to represent that as-
sociated with surface states at n-MoTe;, the density of
surface states (Ng) can be calculated from Eq. [2].
Figure 6b is a typical plot of Ng (cm—2 eV~—1) for the
n-MoTe; electrode in MeCN, 0.1M TBAP solution con-
taining FeCpo®+ over the potential range 40.4 to
4-0.1V vs. SCE, where a peak in the G, vs. V plot oc-
curs, The surface-state density in this potential range
varies between 5 X 101 and 3 x 101! cm~2 eV—L, The
time constant indicates that these surface states are
fast surface states (28). Integration of Ngs with potential
over this region (0.2-0.4V) yields a total surface den-
sity, Ng¢/, of ca. 101 em—2. Note that this density of
surface states is not sufficient for Fermi level pinning
to occur (10). This is demonstrated for a 10-methyl-
phenothiazine (10-MP%+) solution (Fig. 5¢) whose
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Fig. 4. Parallel equivalent conductance (Gp) (0° component) and capacitance (C) (90° component) vs. V for n-MoTez in MeCN contain-
ing 0.1M TBAP. Frequency (f) = (a) 200 Hz; (b) 500 Hz; (c) 3000 Hz; (d) 5000 Hz. '
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Fig. 5. Gp and C vs. V for n-MoTez in MeCN, 0.1M TBAP solution containing (a) 10 mM FeCps and 1.2 mM FeCpy*; f = 200 Hz. (b)
10 mM FeCpy; f = 500 Hz. (c) 10 mM 10-MP and 1 mM 10-MP*; f = 2000 Hz. (d) 8 mM Th°; f = 2000 Hz.

Vredox is located 0.1V positive of the VB of n-MoTes.
In the presence of 10-MP% +, the G, vs. Vand C vs. V
curves are essentially the same as those obtained with
blank solution, indicating no change in Vpgp. Addition
of other redox couples, such as thianthrene (Tho/+)
and FeCps?/+, also produced no apparent shift in Vgs.
This lack of change in Vg for n-MoTe; in the presence
of both forms of the redox couple parallels the be-
havior found for other layered compounds (29). These

nN
T
(cmiZev ix10™"

g
Ngs

8
G, Xx10
P/w

4
f(kHZ)

results can be contrasted to those of other elemental
and compound semiconductors where a monotonic shift
of Vyp withVy eqox in the presence of both forms of the
couple in MeCN solution was found (30). This be-
havior of the layered compounds suggests that surface
states are not important in establishing the equilib-
rium properties of the interface and that specific ad-
sorption of electroactive species on the electrode sur-
face does not occur. Note that the a-c impedance mea-

Fig. 6. (a) Gp/w (in sec/Q
cm?2) vs. f for n-MoTez in MeCN,
0.1M TBAP solution. Potential:
~+0.3V vs, SCE. (b) Nss vs. V for
n-MoTeg in MeCN, 0.1M TBAP
containing FeCpg?/*,

| 1 | L.

o 0.2 0.4
V vs. SCE
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Fig. 7. Gy and C vs. V for n-MoTez in MeCN, 0.1 TBAP solu-
tion containing 10 mM 1, (a) f = 500 Hz. (b) f = 2000 Hz.
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Fig. 8. Gp and C vs. V for n-MoTez in MeCN/0.1 TBAP solution
containing 10 mM |~ and 1.2 mM 13—, (o) f = 200 Hz. (b) f —
2000 Hz.
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Fig. 9. (a) Gy and C vs. V for n-MoTey in aqueous solution con-
taining 1M KI. f = 2000 Hz. (b) Gy and C vs. V for n-MoTe; in
aqueous solution 1M KI/0.1M Iz, f = 2000 Hz,

surements carried out in the presence of I~ and I=/I3™
(Fig. 7 and 8) [iodine has been shown to be specifically
chemisorbed on electrode surfaces (31)] indicates no
change in the Gy vs. V and C vs. V plots except for a
small hump around —0.1V vs. SCE at low frequencies
in MeCN. This suggests that in MeCN, I~ and I3~ are
not specifically adsorbed on layered compounds. How-
ever, impedance measurements in aqueous solution in
the presence of both I~ and I-/I;—, shown in Fig.
9a and b, demonstrate that while there is no effect with
I~ alone, the presence of I3~ shifts Vs to more posi-
tive values and completely eliminates the humps at-
tributed to the surface states. Kautek and Gerischer
(32) reached a similar conclusion for MoSes in aqueous
solutions in the presence of I-/I3~.

Conclusions

The a-c impedance of the semiconductor/liquid in-
terface parallels that for MOS devices. The in-phase
component is more sensitive to surface-state properties
than the quadrature component. For n-MoTes in
MeCN, the total surface-state density was about 1010
cm—2, which is too small for Fermi level pinning to
occur. The single-level time constant was estimated as
5 X 105 sec, which falls in the domain of fast surface
states. The behavior of n-MoTes parallels that of other
layered compounds in MeCN. While adsorption of I3~
in MeCN solutions was not found, shifts of Vg in
aqueous I3~ solutions suggests interaction of this spe-
cies with the electrode surface under these conditions.
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APPENDIX

The overall equivalent circuit for the semiconductor/
i)liigio)n/metal counterelectrode cell is given in Fig.

-1(a).

Since the counterelectrode area is about 500 times
larger than that of the semiconductor electrode, the
contribution of the Ccounter and Reounter to the overall
cell impedance can be neglected. Because the electro-
lyte concentration is fairly high and the bulk resistance
of the electrode is small, the contribution of Cyg and
Caies should be small. The equivalent circuit then re-
duces to that shown in Fig. A~1(b). Finally, since dark
faradaic currents are not observed, Rg should be very
high. Since it is in-parallel to Rgs, the Ry term can be
neglected. Then the equivalent circuit of the semicon-
ductor/liquid junction in the dark reduces to Fig. 1(a).
Analysis of the admittance of this circuit, A, where

AD - Gp + jOJCp [A-'l]

yields the following expressions for the conductance,
Gp (in-phase component) and capacitance, C, (quad-
rature component)

("’Css)ﬁRss 0205517

p = = [A-2]
14 (wRssCss)? 1+ (wr)2
” i
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= R,
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Fig. A-1. Equivalent circuit for the semiconductor/solution/metal
counterelectrode cell. Ceounter, capacitance associated with coun-
terelectrode/liquid junction; Cgqizr, diffuse layer capacitance; Cq,
Helmholtz layer capacitance; Csc, space charge layer capacitance;
Css, surface-state capacitance; Rp, resistance associated with bulk
resistance of the electrode and solution resistance; Rcounter, any
resistance associated with interface between counterelectrode and
solution; Ry, resistance due to faradaic impedance; R, resistance
arising from the presence of surface states.
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where 1 = RssChs.
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