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An electrochemical tunneling spectroscopy (ETS) system is constructed to study the electronic structure of semi-
conductor/electrolyte interfaces. By using this system, the tunneling current of GaAs (100) single crystal electrodes in
solution was measured as a function of electrode potential at a constant sample-tip distance. Tunneling current flowed
in the forward bias region; the current depended on the bias, i.e., the potential with respect to the flat band potential.
It decreased by decreasing the bias and became zero near the flat band potential. This behavior can be explained by
considering the potential dependence of the surface concentration of the majority carriers. The space charge layer within
the semiconductor formed in the reverse bias region worked as an extra barrier for the tunneling process; therefore, no
tunneling current was observed in this potential region. Current in the direction opposite to that in the forward bias region
flowed as the reverse bias became very large, although this current was very small. In this potential region, the thickness of
the space charge layer near the Fermi level of the tip became thinner and electrons were able to tunnel through the barrier.
Effects of the doping density, the tip potential, the pre-set tunneling current and the initial sample potential as well as the
surface treatment on the tunneling current—electrode potential relation were investigated in detail at n-GaAs(100) single
crystal electrodes. The tunneling behaviors in the forward and reverse bias regions were discussed semi-quantitatively
based on the calculation of surface electron concentration and the transmission coefficient through the space charge barrier,

respectively.

Because most surface science techniques, such as LEED,
XPS, and IR, can only provide information averaged over
a wide region of the surface, it had been difficult to study
the properties of local surface regions (~nm) until the scan-
ning tunneling microscope (STM) was invented by Binnig
and Rohrer in 1982.'? Because a tunneling current flows
through a region only several nm square, STM can provide
information about a solid surface with a very high spatial
resolution. STM now becomes a routine technique to obtain
the information about morphological structures of solid sur-
face on an atomic scale in ultra high vacuum (UHV), in air,
or even in an electrolyte solution. The applications and the
theory of the STM have been reviewed extensively.>—”

As tunneling current depends on the overlap between the
wave functions of sample and tip and is proportional to the
local density of states (LDOS) of the sample with an s-wave
(free electron) metal tip, STM can be used to obtain not only
the topographic information of the surface but also the infor-
mation about the electronic structure of the sample surface
on an atomic scalé (scanning tunneling spectroscopy: STS).
In fact, the STM was initially designed for this purpose.?

STS has been successfully applied for the studies of elec-
tronic structures of metals and semiconductors in UHV®—"
and in air."*~?» Hamers et al. reported an atomically resolved
electronic structure of the Si(111)(7x7) surface obtained by
STS measurement in UHV for the first time.®” In addition
to a conventional image, they mapped out the complete elec-
tronic structure of a Si(111)(7x7) unit cell. The results are
in good agreement with previous results obtained by spec-
troscopic measurements for large areas such as ultraviolet
photoemission spectroscopy (UPS) and inverse photoemis-
sion spectroscopy (IPS). Bard et al. carried out the tunneling
spectroscopy (TS) measurement on an n-FeS,(001) semi-
conductor in air.'® They observed a peak at 1.6 eV from the
Fermi level in the normalized conductance spectrum; this
peak is attributed to the valence level consisting mainly of
Fe3dt,, states of the sample.

The information of the electronic structure of semicon-
ductor/electrolyte interface, such as the band position, band
bending and the position and the density of the surface states,
is very important in semiconductor electrochemistry.?® Many
techniqueés are available to obtain such information. We have
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demonstrated that photoluminescence (PL) and electrolumi-
nescence (EL) measurements are useful to obtain such in-
formation to understand the photoelectrochemical processes
at semiconductor electrodes. For example, PL. measure-
ments showed that the surface recombination rate at p-GaAs
electrode is increased by the surface Pt modification.”” EL
measurements proved the formation of the inversion layer at
p-GaAs® and the accumulation layer at n-GaAs?® and the
existence of the intermediate adsorbed hydrogen at p-GaAs
surface.””

The information on the local morphological structure and
electronic states is essential to understand fully the surface
reactivity of electrodes. STM and atomic force microscope
(AFM) have been employed successfully to observe surface
structures of semiconductor electrodes in electrolyte solution
under potential control on atomic scale.”*—> STS measure-
ment is expected to provide much valuable information about
the local electronic structure of an electrode in electrolyte so-
lution. However, reports of electrochemical STS or even tun-
neling spectroscopic (TS) study on electrodes in electrolyte
solution are very limited. Although several papers on TS

measurements on metal electrodes have been published,*s*"

the results are still only preliminary. Noreal STS or TS study
with the controlled tip-sample distance has been carried out
on semiconductor electrodes.

Itaya et al. reported that the STM measurement of TiO,
and ZnO electrode was possible only when the electrode po-
tential was more negative than the flat band potential (Vp,),
i.e., in the forward bias region.*®*® The tip touched the elec-
trode surface when the electrode was in the depletion condi-
tion.

‘We have shown that the measurement of the tip current as
a function of the potential of the semiconductor electrode in
solution, with the feedback circuit of STM active, provides
the information of the electronic structure of semiconductor
surface and named this method as tip-current voltammetry
(TCV).#—*3 The pre-set tunneling current flowed at the STM
tip on the etched surface of n-GaAs when the potential was
more negative than the Vg,. It flowed even when the poten-
tial was more positive than the Vg, although there existed the
space charge region within the semiconductor. As potential
was made more positive, tip current started to decrease and
finally became zero and the tip touched the semiconductor
surface. As the potential became much more positive, the
tip was removed from the n-GaAs surface and the tip cur-
rent began to increase. The tip current finally reached the
pre-set value. The reverse situation was observed at the p-
GaP electrode. The detailed studies including the effects of
the surface treatment suggest that the tip current (it)—elec-
trode potential (V) relations were strongly affected by the
density of the surface states. Actually, the i—V relation at
the n-GaAs electrode treated with sulfur, which is known
to reduce the density of surface states,*” showed an ideal
diode-like behavior: it became zero at the Vg, and no it
was observed in the potential region more positive than the
Vip. Because a commercial STM unit with a feedback circuit
active was used in the TCV, the sample-tip distance changed
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during the measurement and the tip touched the semiconduc-
tor electrode surface in the potential region where it is less
than the pre-set tunneling current. To probe the electronic
structure at the electrode/electrolyte interface in more well-
defined surface conditions of both sample and tip, one needs
to measure it as a function of the electrode potential with a
fixed tip-sample distance.

We have constructed a new system by which the tunnel-
ing current can be measured as a function of the potential
of both sample and tip under a constant sample-tip distance
or as a function of the sample-tip distance under constant
potentials of sample and tip. One may call this electrochem-
ical tunneling spectroscopy (ETS). By using the system, we
measured it—V relations of n-GaAs and p-GaAs. Effects
of doping density, tip potential, the pre-set potential/current,
surface treatment on the it—V characteristics were investi-
gated in detail. We analyzed the results qualitatively and
semi-quantitatively and compared them with the results of
TCV.

Experimental

Construction of ETS System. In order to carry out the
TS measurement under a constant sample-tip distance, the STM
feedback loop must be cut and the piezo voltage of the tip must
be controlled externally. A NanoScope I (Digital Instruments) was
modified to carry out the electrochemical tunneling spectroscopy
(ETS) measurement. The block diagram of the system is shown
in Fig. 1. An analog switch and a sample hold (S/H) circuit were

“inserted into the feedback circuit of NanoScope I. The switch,

which is controlled by a personal computer (PC9801RAS5, NEC),
selects the input to the S/H circuit between the feedback loop and
the output of a D/A converter. The switching rate was ca. 2 ps.
In the case of ordinary STM, i.e., internal feedback control mode,
the piezo voltage of the tip was controlled by the STM feedback
circuit and the tunneling current and piezo voltage of the tip were
monitored by the computer via an external 16 bit A/D converter
(ADM1698-BPC, MicroScience); the bias was controlled by the
computer via an external 16 bit D/A converter (TDA-2698XPC,
MicroScience). After the tip was brought close to the surface and
a stable tunneling state was achieved, the feedback loop was cut
by the switch and voltage measured by the S/H circuit was applied
to the Z-piezo by the D/A converter (external mode). In the case
of external control mode, the tip-sample distance can be controlled
by changing the Z-piezo voltage applied to the tip. The tunneling
current can be measured as a function of bias under a constant tip-
sample distance or as a function of tip-sample distance under a
constant bias.

The pre-amplifier in NanoScope I converts the tunneling current
into voltage by employing a 1 MQ resistor between the tip and the
ground (Fig. 1).*9 In this arrangement, the actual bias (AV) applied
to the tip-sample differs from the pre-set bias (A Vpe-ser) and is given
by:

AV = Virerser — iR, 1)
where it is the tunneling current and R=1 (MQ). Thus AV de-
pends on the tunneling current and this makes a serious etror in the
bias value when the tunneling current is large. We corrected this
error by adding iR to the AVpe-set through a D/A converter. Two
resistors in the setpoint circuit of NanoScope I were replaced so

that the maximum tunneling current which could be measured was
expanded from the standard value of 10 nA to 100 nA.*
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Fig. 2. Experimental arrangement for the ETS measurement with an electrochemical cell and a bipotentiostat.

The block diagram for the electrochemical tunneling spec-
troscopy (ETS) system is shown in Fig. 2. The potentials of the
sample and the tip were controlled by a home-built bipotentiostat.*®
The reference electrode was a Pd—H electrode charged sufficiently
before each measurement at a current density of 10 pA cm™2. The
potential of the Pd—H electrode was corrected by recording the

cyclic voltammogram of platinum electrode in the same solution by
using the Pd-H as a reference electrode just after the ETS exper-
iment. All the potentials in this paper were referred to reversible
hydrogen electrode (RHE) scale. The counter electrode was a Pt
wire. The electrochemical cell made from PTFE was screwed onto
an invar metal plate and the plate was fixed onto the STM micro-
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scope stage by a magnet. The tip was a simply cut Pt wire (0.3 mm)
insulated with apiezon wax. The electrolyte solution, 2 mM HC1O4
(pH=2.77), was deaerated by bubbling N, through the solution
before each measurement.

Materials. Four kinds of semiconductor electrodes were used

" in this study: one of them was Zn doped p-GaAs single crystal
with the (100) face exposed (Na=1.01x10" cm™?), and three of
them were Si doped n-GaAs single crystals with the (100) face
exposed with various doping densities (Np=0.84x 10, 2.48 x 108,
and 4.2—8.0x10'"® cm™). The ohmic contact was obtained by
soldering with In/Zn alloy on p-GaAs and with In on n-GaAs.
Prior to the ETS measurement, the electrodes were etched with
H,0:H;0; : H,SOy4 solution (1:1:4) for 30 s, then, rinsed with
Milli-Q water and finally dried blowing nitrogen.

The surface modification by ruthenium was carried out by dip-
ping the etched electrode in RuCls solution (1 g of RuCls-nH,0 in
10 cm® water) for 30 min, followed by thorough rinsing with Milli-
Q water.*” The surface modification by sulfur was carried out by
immersing the etched electrode overnight in an aqueous solution of
(NH,4),S with excess S, followed by thorough rinsing with Milli-Q
water,*?

Results

Figure 3A and 3B show the typical it—V relations at n-
GaAs (Np=0.84x10'® cm~>) and p-GaAs electrodes, re-

spectively, obtained as follows. The sample potential was

first set in the forward region (—0.54 V for n-GaAs in Fig. 3A
and +0.47 V for p-GaAs in Fig. 3B) and the tip (Pt) potential
was set in the double layer region of Pt (+0.24 V in Fig. 3A
and +0.37 V in Fig. 3B). Pre-set tunneling currents for n-
GaAs and p-GaAs were —5 nA and 8 nA, respectively. In
this paper, electron tunneling from the sample to the tip was
denoted as cathodic current and from the tip to the sample
as anodic current. The tip was approached to the sample
surface and a tunneling state was achieved under ordinary
STM feedback control. The STM was then switched into the
external control mode and the potential of GaAs electrode
was swept while the tip potential and the tip-sample distance
were kept constant. The scan rate was ca. 0.28 Vs~!. Allthe
- results presented in this work were obtained in this manner,
although various parameters including pre-set initial sample
potential, pre-set tunneling current and tip potential were
varied.

In both cases, tunneling current decreased quickly as for-
ward bias decreased and only very small tunneling currents
flowed at potentials more positive than ca. —0.35 V at n-
GaAs electrode (Fig. 3A) or more negative than +0.3 V at
p-GaAs electrode (Fig. 3B). A tunneling current of reverse
direction was observed at n-GaAs electrode at much more
positive potential region, ca. >+2 V (Fig. 3A) or at p-GaAs
electrode at much more negative potential region, ca. <—0.1
V (Fig: 3B).

In the following sections, effects of various parameters
on the tunneling behavior will be described. An anodic
dissolution current flowed in forward bias at p-GaAs; due
to this, changes in surface nature were expected during ETS
measurement. Thus, detailed study was carried out by using
n-GaAs electrodes only.
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Fig. 3. Typical results of ETS measurements at (A) n-GaAs

(Np=0.84x10"® cm3); (B) p-GaAs (Na=1.01x 10" cm )
electrodes in 2 mM HCIOy solution (1 M=1 mol dm ™).

Effect of Doping Density. Figure 4 shows ir—V relations
of n-GaAs electrodes of various doping densities. The initial
potential of n-GaAs electrode was set at —0.45 V in forward
region and the tip potential was set at +0.16 V. Although
we employed the same initial n-GaAs electrode potential
with respect to Pd—H reference electrode, the potential of
Pd—H reference electrode with respect to RHE differed be-
tween experiments, and, therefore, the initial potential in the
figure presented with respect to RHE differed slightly from
one experiment to another. After a —5 nA pre-set current
was attained under STM internal feedback control mode, the
external control mode was activated and the potential of n-
GaAs electrode was swept into positive direction to record
the it—V relation with a constant tip potential. The cathodic
tunneling current decreased quickly as the electrode poten-
tial was made positive. The tunneling current decreased to
zero around ca. —0.2 V (curve a for Np=0.84x10'® cm—3
and curve b for Np=2.48x 10'® cm—3 in Fig. 4A). No current
was observed when the potential became more positive than
ca. —0.2 V. A small anodic current, however, flowed in the
very positive potential region, as shown in Fig. 4B. The
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Fig: 4. Effect of doping density on ETS behavior of n-GaAs
electrode: (a) 0.84x10™ cm™>; (b) 2.48x10'® cm™3; (c)
4.2—8.0x10'® cm™2 in (A) cathodic (B) anodic regions.

amount of the current in this region depended on the dop-
ing density very much. The anodic tunneling current was
smaller at the n-GaAs electrode of lower doping density and
no current flowed until the potential became more positive
than +2.5 V (curve a for Np=0.84x10'® and curve b for
2.48x10'® cm™3). On the other hand, the current began to
flow at n-GaAs electrode of highest doping density even from
+1.2 V (curve ¢ for Np=4.2—8.0x10'® cm~3 in Fig. 4B).
The anodic currents at +3.3 V were 0.2 nA, 0.8 nA, and 100
nA (Fig. 4B) for n-GaAs of lowest, medium, and highest
doping densities, respectively.

Effect of Pre-Set Current.  Figure 5 shows it~V rela-
tions of a n-GaAs electrode (Np=2.48x10'® cm—?) in for-
ward (Fig. 5A) and reverse bias region (Fig. 5B), obtained
with the different pre-set tunneling currents (a) —4.5 nA and
(b) —10 nA. The initial tip and sample potentials were +0.36
V and —0.31 V, respectively. In the forward bias region,
the tunneling current at a given potential was larger at an n-
GaAs electrode with a larger pre-set current. For example,
the currents at —0.25 V were —1.8 nA and —4.0 nA for pre-
set currents of —4.5 nA and —10 nA, respectively. As the
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Fig. 5. Effectof pre-set tunneling current on ETS behavior of
n-GaAs electrode (Np=2.48x10'® cm ™) for (A) cathodic
and (B) anodic regions. The pre-set tunneling current were
(a) —4.5 nA and (b) —10 nA. The tip potential was +0.36
V and the potential of n-GaAs electrode was —0.31 V.

potential was made more positive, the tunneling current de-
creased. The apparent potential dependence of the tunneling
current is a strong function of the pre-set current. The larger
the pre-set current, the faster the tunneling current decreased
with potential. In the reverse bias region, anodic tunneling
current at a give potential was smaller with smaller pre-set
current (Fig. 5B). For example, the currents at +3.2 V were
0.5 nA and 1.1 nA for pre-set currents of —4.5 nA and —10
nA, respectively (Fig. 5B).

Effect of Initial Sample Potential. Figure 6 shows it—V
relations of a n-GaAs electrode (Np=0.84x10'® cm™3) for
forward (Fig. 6A) and reverse bias regions (Fig. 6B) obtained
with different initial sample potentials. The initial sample
potential was pre-set to —0.55 V for curve a and —0.45 V for
curve b. The tip whose potential was +0.15 V was brought
close to the sample surface and a stable tunneling current (—5
nA) was achieved in the forward bias region under the STM
internal feedback control mode. In the forward bias region,
the cathodic tunneling current decreased with the potential
at nearly the same rate. At a given electrode potential, the



280  Bull. Chem. Soc. Jpn., 69, No. 2 (1996)

A)

‘<= 0 ooocoggctee 08098002, 5%99%00¢
o®
~ o . —
“:_.." L
[ o e
E a2l .
o Oo L]
£
g af 7
.
= @ O
%o
-6 1 1 |
-0.6 -0.4 -0.2 0 0.2

Electrode Potential / V vs. RHE

(B)

Tunneling Current / nA

1.5 2 2.5 3 3.5
Electrode Potential / V vs. RHE

Fig. 6. Effect of initial sample potential on ETS behavior of
n-GaAs electrode (Np=2.48x10'® cm™) for (A) cathodic
and (B) anodic regions. The n-GaAs sample potential were
(a) —0.55 V and (b) —0.45 V. The tip potential was +0.15
V and the pre-set tunneling current was —5 nA.

cathodic current was larger for curve b than for curve a. For
example, currents at —0.4 V were ca. —1 nA and —4 nA for
the initial potentials of —0.55 V and —0.45 V, respectively
(Fig. 6A). The tunneling current became zero at —0.2 V and
no current was observed at a potential more negative than +2
V in either case. A small anodic tunneling current flowed
at potentials more positive than +2 V. The more positive
the pre-set sample potential was, the more easily the anodic
tunneling current flowed. The anodic tunneling current at
+3.2 V with initial sample potential of —0.45 V was 5 times
larger than that of —0.55 V (Fig. 6B).

Effect of Tip Potential. Figure 7 shows it—V relations
of a n-GaAs electrode (Np=2.48x10'® cm—?) obtained with
different tip potentials: (a) +0.16 V, (b) +0.36 V, and (¢)
+0.56 V. The initial sample potential was —0.42 V and the
pre-set tunneling current was —5 nA. The sample potential
was swept from —0.42 V to +3.3 V. In the forward bias
region (Fig. 7A), the tunneling current flowed more easily
at more positive tip potentials. For example, the currents at
—0.3 V were ca. —0.5 nA, —1.1 nA, and —1.3 nA for the
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Fig. 7. Effect of tip potential on ETS behavior of n-GaAs
electrode (Np=2.48x10'® cm™3) in (A) cathodic and (B)
anodic regions. The tip potential (a) +0.16 V, (b) +0.36 V,
and (c) +0.56 V. Initial sample potential was —0.42 V and
pre-set current was —5 nA.

tip potentials of +0.16 V, +0.36 V, and +0.56 V, respectively.
In the reverse bias region (Fig. 7B), no tunneling current
was observed in the potential region more negative than +2.5
V. When the potential of n-GaAs electrode became more
positive than +2.5 V, a small anodic tunneling current was
observed. At a given n-GaAs electrode potential, the more
negative the tip potential was, the larger the anodic tunneling
current which flowed. For example, the anodic tunneling
currents at +3.2 V were 1.0 nA, 0.6 nA, and 0.1 nA for the
tip potentials of +0.16 V, +0.36 V, and +0.56 V, respectively.

Effect of Surface Treatments.  To clarify the role of
the surface state on the it—V relation, we have modified the
n-GaAs surface with the ruthenium and sulfur. Ruthenium
and sulfur are known to increase and decrease the surface
state density on GaAs surface, respectively.**?”*4? The sig-
nificant effects of surface treatment by ruthenium and sulfur
on the tip current-potential relation at GaAs electrode with
STM feedback circuit active (TCV) have been demonstrated
previously.*—
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After the surface modification, it—V relations were mea-
sured with the pre-set tunneling current of —5 nA. The
initial n-GaAs potential was —0.30 V and the tip potential
was +0.44 V.

Figure 8A shows the i7—V relation of a n-GaAs electrode
(Np=0.84x10'® cm—3) with (a) usual etching treatment and
(b) Ru treatment. The tunneling current in the forward bias
region was nearly the same at etched and Ru treated elec-
trodes. On the other hand, the anodic tunneling current was
much larger at Ru treated n-GaAs electrode than at the etched
electrode in the reverse bias region. The anodic current be-
gan to flow at ca. +1.3 V at the Ru-treated surface, which
is much more negative than the value at the etched surface
(+2.5V).

Figure 8B shows the ip—V relation of (a) etched and
(b) S-treated n-GaAs electrodes of highest doping density
(Np=4.2—8.0x10'® cm~3). While no obvious effect was
observed in the forward bias region, a significant effect of
the S modification was observed in the reverse bias region.
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Fig. 8. (A) ir—V relations of (a) etched and (b) Ru-treated
n-GaAs electrode (Np=0.84x10"® cm™3). (B) ir—V re-
lations of (a) etched and (b) S-treated n-GaAs electrode
(Np=4.2—8.0x10"® cm™%). The initial n-GaAs potential
was —0.30 V and tip potential was +0.44 V.
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As already shown in Fig. 4B, the anodic tunneling current
was very easy to flow at this electrode of highest doping
level (Np=4.2—8.0x10'® cm™3) in the reverse bias region.
No current was, however, observed at the S-treated n-GaAs
electrode even when the potential was as positive as +3.3 V.

Discussion

Qualitative Description for Tunneling Behavior of
GaAs Electrodes in Electrolyte Solution.  The it—V re-
lations of GaAs electrodes can be explained by considering
the potential dependent band bending of the semiconduc-
tor electrode and the relative positions of the Fermi levels
of the tip and semiconductor. The energy diagrams for n-
GaAs/solution/tip interface in different potential regions are
shown in Fig. 3A to describe the it—V relation. The model is
essentially the same as the one proposed to explain the TCV
behavior of a semiconductor electrode.?’-*#40

When the potential of n-GaAs electrode is more negative
than the Vg, the n-GaAs electrode is under “accumulation”
condition and there are enough carriers (electrons) at the
semiconductor surface. If the tip is brought close to the
n-GaAs surface under this condition with feedback circuit
active, electrons can tunnel from n-GaAs to the tip and the
pre-set tunneling current flows. As the potential is swept
positively in external control mode, the Fermi level of n-
GaAs is lowered and the electron concentration at the n-
GaAs surface is decreased, leading to a rapid decrease of
the cathodic tunneling current tunneling from n-GaAs to the
tip (Fig. 3A). The tunneling current decreases to zero near
the Vi, and no current is expected to flow at potentials more
positive than the Vp,, as observed experimentally, since a
space charge layer is formed within the semiconductor when
the potential becomes more positive than the Vg, (“depletion”
region). The space charge layer can be considered as an extra
barrier for the electron tunneling from n-GaAs to the tip. The
tunneling barrier becomes thicker as reverse bias increases.

Anodic tunneling current was observed, however, as the
potential became much more positive (>+2.5 V), although
it was much smaller than the cathodic tunneling current ob-
served in the forward bias region (Fig. 3A). As mentioned
above, the space charge layer, which blocks the tunneling
of electrons, becomes thicker in the potential region much
more positive than the Vy,. The Fermi level of the semicon-
ductor electrode, however, becomes lower than that of the
tip under a very large reverse bias condition and the barrier
for electron tunneling from the tip to the sample becomes
thinner as potential becomes more positive. Thus, electrons
are expected to tunnel from the tip to the unoccupied state
of the conduction band in n-GaAs electrode in an opposite
direction to that in forward bias region.

A larger anodic tunneling current was observed at an elec-
trode of higher doping density (Fig. 4). This is reasonable,
since a semiconductor of higher density has a thinner space
charge layer at a given electrode potential. One must note,
however, that an oxide layer may be formed on the n-GaAs
surface at very positive potential and the nature of the n-
GaAs surface should be changed by the formation of the
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oxide layer. Thus, a quantitative treatment of the anodic
tunneling current is rather difficult.

A similar qualitative interpretation can be given for the
it—V relation of p-GaAs shown in Fig. 3B, except for the
facts that the space charge layer is formed in the anodic
potential region and holes are the majority carrier (see the
energy diagrams in the figure). As described in the Results
section, anodic current flowed in the forward bias region at
p-GaAs electrode; therefore, the change of surface nature of
p-GaAs during the ETS measurement should be larger than
that of n-GaAs electrode.

Semi-Quantitative Analysis for the Tunneling Behavior
of n-GaAsin the Forward Bias Region. Tunneling current
for an s-wave-tip is often given approximately by:”

it o< ps(0, Er)AV-exp (—2x) 6)

where ps(0,E¢) represents the sample surface LDOS near
the Fermi level, E¢, AV and x are the bias and the distance
between sample and tip and » is the decay constant which
is given by

o = 27/ m)2mp)'/? ©)

where A is the Planck constant, m is the mass of electron, and
¢ is the mean barrier height. Unfortunately, however, this
equation is applicable only to the situation where AV is very
small and, therefore, is not suitable for the analyses of the
present results as the bias is more than few hundred mV.

The net flux of the tunneling electron from a substrate to
a tip, Jt, can be given by:

JT = Js-»T - JT—»S, ’ (8)

where Js_,t and Jr—,s and the flux of the tunneling electron
from the substrate to the tip and that from the tip to the
substrate, respectively. When the bias between the substrate
and the tip zero, no net tunneling current flows as

JS—)T =JT4>S =J0, (9)

where Jj) is the flux of tunneling electron flowing in both di-
rections. A generalized expression was derived for the bias
dependence of Jr for the electron tunneling between simi-
lar electrodes by Simmons for an arbitrary barrier by treating
both Js_,t and Jr_,s.*® He has shown that an expression sim-
ilar to Eq. 6 can be deduced for the low bias limit. He further
applied the formula for a rectangular barrier for low, inter-
mediate and high bias cases. Here we modified his treatment
so that it can be applied to the semiconductor/electrolyte/tip
interface.

Figure 9A shows an energy diagram for n-GaAs/
electrolyte/tip interface when n-GaAs and the tip are at Vi,
where E., E,, and Ef are the energy of the conduction band,
valence band, and the Fermi level, respectively, and ¢y is the
barrier height for electron tunneling. In the treatment of this
study, E. is assumed to be equal to Ef in the semiconductor
bulk. In this case no net tunneling current flows as the bias
is zero, although electron tunnel between n-GaAs and the tip
in both directions with same rate, Jy. In this case, Jy can be
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given by:
Jo o ¢pexp (—2 #x). (10)

In this case, ¢ in Eq. 7 should be replaced by ¢%. When the
tip potential is made more positive while keeping n-GaAs
at the Vi, as shown in Fig. 9B, the mean barrier height for
the electron tunneling from n-GaAs to the tip becomes ¢,
which is smaller than ¢ by [e(Vi,— V13p))/2. On the other
hand, the mean barrier height for the electron tunneling from
the tip to n-GaAs becomes @y+[e(Vip,— Vrip))/2. Thus, Jt is
given by

Jr =Jsr—Jros
oc{ gpexp (—2xs—1x) } —{ [ +e(Veo— Vrip)lexp [—2r—.sx]},

(1

where
ss—1 = (270 /B)2mepg)'?, (12)
srss = (2t /B){2ml g + e(Veo — V)] } /2. 13)

Since we consider only the situation of intermediate bias with
the Vy, is more negative than Vy;, (Fig. 9), the absolute value
of the second term in Eq. 11 is much smaller than the first
term. Furthermore, there is no acceptor level for the electron
tunneling from the tip to n-GaAs, because the Fermi level
of the tip is within the forbidden band of n-GaAs. Thus, the
second term can be ignored.

If the potential of n-GaAs electrode is made more negative
than the flat band potential by (V—Vg), the mean barrier
height for the electron tunneling from n-GaAs to the tip
decreases by e(Vg,—V), but that for the electron tunneling
from the tip to n-GaAs does not change (Fig. 9C). This is
because the band edges of the conduction and valence bands
of n-GaAs are pinned with respect to the vacuum level and
the potential drop occurs solely within n-GaAs.* The second
term of Eq. 11 can be ignored also in this case. Thus, Eq. 11
can be written for this situation as:

JT = Js-—»T - JT—»S

~ JS—»T
o< {@g +e(Va, — V) }exp (—2 #5—1x), (14)
where
#s—1 = 210/ W) {2ml @ — e(Vis — VII}'/2. (15)

In this treatment the tunneling current is considered to be
affected by potential only through the potential dependence
of the mean barrier height. Since the surface concentration
of electrons varies with potential quite significantly in the
present case, the potential dependence of the surface electron
concentration should be taken into account and Jt should be
given by:

Jr o< ns(V)-{ g — e(Veo — V) } exp (—2 #5 1), (16)

where ng(V) is the surface electron concentration at a given
potential and is approximately given by:

ns(V) = noexp [e(Va — V) /KT, amn
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n-GaAs Tip

Energy diagram of n-GaAs/solution/tip interface when the potential of (A) n-GaAs and the tip were at Vi; (B) the tip was

more positive than the Vg, while keeping n-GaAs at the Vip; (C) n-GaAs was more negative and the tip was more positive than the

Vi; (D) n-GaAs was much more positive than the V.

where ng is the electron concentration in the bulk of the n-
type semiconductor (1n9~Np), k is the Boltzmann constant,
and the Vg, and V are the flat band potential and the potential
of the semiconductor electrode, respectively, with tespect to
a common reference electrode. Thus, Eq. 16 becomes

Jr o< noexp[e(Va — V)/kT1-{ ¢y — e(Va — V)} exp (=2 25, 7%).

(18)
This equation suggests that the tunneling current changes ex-
ponentially with potential as long as the term (Vg,—V) does
not vary too much. Figure 10 is the replot of the results of
Fig. 4A and shows the potential dependence of log of tun-
neling current for n-GaAs electrode of two different doping
densities (Np=0.84x10"® cm™3 and 2.48x10'® cm™3). It
is clear that the tunneling current actually varies exponen-
tially with potential, as expected from Eq. 18. The surface
electron concentrations of the two samples are calculated by
using Eq. 17 and are also plotted as a function of the potential
in Fig. 10. The n-GaAs of higher doping density shows a
higher surface electron concentration at a given potential but
the slopes of log (ns(V))—V relations are the same. The slopes
of the log (i1)-V relation for two samples are also very simi-
lar. However, the slopes of log (ns(V))—V relations are larger
than those of the log (it)-V relations. This discrepancy will
be discussed more later.

Effects of the pre-set tunneling current on the tunneling
behavior can be also explained, based on Eq. 18. If one
starts the ETS measurement at the same initial sample poten-
tial with the different pre-set tunneling current (Fig. 5), the
tip-sample distance is different and a smaller pre-set current

10
o]
< H410° @
> g
5 ! 0
= o 8
5 . 10 e
2 g
g 0.1 é
8 ~
é - 10" g
0.01 L
-0.45 -0.4 -0.35 -0.3 -0.25
Electrode Potential / V vs. RHE
Fig. 10. log(it)-V relations of n-GaAs with doping levels

of (a) 0.84x 10" cm ™ and (b) 2.48x 10" cm™>. Results
are of Fig. 4A. Surface electron concentration of n-GaAs
electrode with the doping densities of (a) 0.84 x 10" cm—3
and (b) 2.48x10'® cm™? are also shown in the figure by
solid and broken line, respectively.

means a larger tip-same distance, as Eq. 18 clearly shows.
In the present ETS measurement, the distance between the
tip and the sample was fixed after the STM internal feedback
control mode was switched into the external control mode.
Thus, the smaller the pre-set current, i.e., the larger the tip-
sample distance, the smaller the tunneling current at a given
bias. Under the experimental conditions of Fig. 5, the tun-
neling currents of the two different pre-set tunneling current
at a given potential, V, are given by:
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Jr1 o< ngexple(Ve — V)/KT1-{ ¢y — e(Vio — V) } exp(—2 #5_»1x1),

19
Jra o< ngexple(Ve, — V) /kT1-{ ¢pg — e(Ver — V) } exp(~2 352

(20
Thus, if one plots the log (it,;) and log (ir;) as a function
of potential, the slopes should be the same. Experimen-
tal results confirmed this expectation, as shown in Fig. 11,
where the results of Fig. SA obtained for two different pre-set
current are replotted as log (it)—V relations. Straight lines are
again observed and the slopes of the two curves are almost
the same. This result supports the model that the potential
dependence of the tunneling current is essentially explained
by considering the surface electron concentration and the
pre-set current affects only the tip-sample distance.

The effect of the sample-tip distance should be also consid-
ered in any discussion of the effect of initial sample potential.
The tip should be closer to the sample when smaller initial
bias is employed at a given pre-set tunneling current. Since
the tip potential was fixed at +0.15 V in Fig. 6, the more neg-
ative the initial sample potential, the larger the initial bias
and, therefore, the larger the tip-sample distance. Thus, the
current should be smaller in this case, as observed'experi—
mentally (curve a, Fig. 6). The log (it)-V relations of two
different initial sample potentials are obtained by using the
results of Fig. 6A and are shown in Fig. 12. As was the
case for the effect of the pre-set current, two straight lines of
almost the same slope were obtained, supporting the above
model.

The effects of the tip potential on the tunneling behavior
seem to be more complicated. The results of Fig. 7A are
replotted as the potential dependence of log (i7) in Fig. 13.
Although linear relations are obtained in all the cases, the
slopes of log (it)-V relations depend on the tip potential.
The more positive the tip potential was, the smaller the slope
was. The potential dependence of the surface electron con-
centrations of n-GaAs of the same doping density is also
shown in Fig. 10. Different tip potentials for a given sample
potential and a given pre-set tunneling current means differ-
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Fig. 11. log (ir)-V relations for two different pre-set tunnel-
ing currents of (a) —4.5 nA and (b) —10 nA. Results are of
Fig. 5A.
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Fig. 12. log(it)-V relations for two different initial sample

potentials of (a) —0.55 V and (b) —0.45 V. Results are of
Fig. 6A.
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Fig. 13. log (ir)-V relations for three tip potentials of (a)

+0.16 V, (b) +0.36 V, and (c) +0.56 V.

ent initial bias, i.e., different tip-sample distance (Eq. 18).
The results in Figs. 11 and 12 clearly show that the tip-sam-
ple distance does not affect the slope of log (it)-V relation,
as expected from Eq. 18.

The different tip-potential means the different mean barrier
height, since ¢ is given by:

B = v — [e(Vi — Vrip)1/2. 1)

The potential dependence of log (ir) was estimated using
Eg. 18 by taking Eq. 21 into account. Calculated results show
that log (it)—V relations are almost linear even if all the terms
in Eq. 18 are taken into account, but Vr;, affects the slope
only slightly. Thus, the mean barrier height difference cannot
explain the discrepancy between the slopes of log (ns(V))-V
relations and that of log (it)-V relations as well as the tip-
potential dependent slope in log (it)-V relations.

We have assumed so far that all the potential drop occurs
within the n-GaAs electrode, but it is known that some of
the potential drop occurs also in the Helmholtz layer when
the carrier density or the surface state density is high.*” This
makes the slope of log (ns(V))-V and, therefore, of log (it)-V
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relations small. This should be at least a part of the reasons
for the discrepancy between the slopes of log (ny(V))-V re-
lations and that of log (it)—V relations. The tip-potential
dependent slope suggests that the presence of the tip near the
semiconductor electrode affects the potential distribution at
the semiconductor/electrolyte interface.

Semi-Quantitative Analysis for the Tunneling Behav-
ior of n-GaAs in Very Positive Potential Region.  As
discussed before, when the potential of n-GaAs became very
positive, a small amount of tunneling current flowed from
the tip to n-GaAs electrode. The energy diagram for this
situation is shown in Fig. 9D. Again, the barrier shape at the
interface does not change if one assumes all potential drops
within the semiconductor. In this case, however, in addition
to the tunneling barrier at n-GaAs/electrolyte/tip interface in
the forward bias region discussed above, the space charge
layer formed within n-GaAs electrode should be considered
as an extra barrier for electron tunneling from the tip to the
conduction band. It is obvious from Fig. 9D that the second
term dominates in Eq. 8, as (V— Vi) is fairly large and there
is no vacant state in the tip at Er of n-GaAs in the present
condition.

The effects of the pre-set tunneling current and the initial
sample potential on the tunneling current at a given potential
can be analyzed simply as a result of the different sample-tip
distance, as was the case in the forward bias region. Thus, the
larger the pre-set tunneling current, the smaller the tip-sample
distance and, therefore, the larger the tunneling current in the
reverse bias region (Fig. 5B). Similarly, the more negative
the initial sample potential, the larger the tip-sample distance
and, therefore, the smaller the tunneling current in the reverse
bias region (Fig. 6B).

As described above, the space charge layer formed within
n-GaAs in the reverse bias region acts as an extra barrier for
the electron tunneling from the tip to n-GaAs. The thickness
and the height of the space charge layer affects the tunnel-
ing probability in the reverse bias region. The degree of
the tunneling process through the extra barrier (space charge
layer) can be evaluated by calculating a transmission coef-
ficient through the barrier. The potential distribution within
the semiconductor can be calculated by solving the Poisson
equation, which can be written for the present situation as:

d’V(x)/dx* = eNp/ o, (22)

where V(x) is the potential of the semiconductor at x from
the semiconductor surface, & is the dielectric constant of
vacuum, & is the relative dielectric constant of the semicon-
ductor, and Np is the concentration of the donors.’® One
must note V(0)=Vg, and V(co)=V. As an example, the en-
ergy diagrams of the conduction band of n-GaAs of two dop-
ing densities (Np=0.84x10'® cm—3, dotted line; 2.48x 108
cm™3, solid line) were calculated for V=+43.16 V by using
Eq. 22 with V=—0.34 V. Results are shown in Fig. 14A.
The tip potentials of +0.16 V, +0.36 V, and +0.56 V which
were employed in the present study are also indicated in the
figure. The energy diagrams were enlarged for the region
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near the Fermi level of the tip in Fig. 14B. Figure 14 clearly
shows that n-GaAs of higher doping density has a thinner
space charge layer at a given tip potential. The transmission
coefficient through the space charge layer for the electron
tunneling from the tip to the conduction band of n-GaAs,
k, depends on the thickness of the space charge layer at the
energy of the E; of the tip, d(Vr3;p), and the energy difference
between the E; of the tip and bottom of the conduction band
at the surface, which is equal to e(Vrip — V). The following
Gamaw-Jeffreys equation can be used for the calculation of
k5P

ki = exp {(87d(Vrip) /3)[2me(Vip — Vio)1}. (23)

Here the barrier shape was assumed to be a triangle as a
first approximation. This assumption is reasonable, as shown
in Fig. 14B.

The values of k; were calculated by using Eq. 23 with the
values of the thickness of the space charge layer for various
tip potentials shown in Fig. 14 for V=+3.16 V. The calculated
values for the two doping densities are shown in Fig. 15
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Fig. 14. Calculated conduction band position as a

function of distance in the space charge region of
n-GaAs/solution/tip interface for Np=2.48x10'® cm™3
(solid line) and Np=0.84x10"® cm™> (dotted line). (A)
whole region; (B) enlarged region near interface. Vp=
—0.34 V, AV=3.50 V. The thickness of space charge layer
for respective tip potential of (a) +0.16 V, (b) +0.36 V, and
(c) +0.56 V were shown at the figure. See text for details.
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as a function of the tip potential. The higher the doping
density, the larger the k;, since the barrier width is thinner.
This result is in agreement with the experimental results
(Fig. 4), although the calculated effect of doping density on
k; is much larger than the experimentally observed effect on
ir. Figure 15 shows that k; for Np=2.48x10'® cm—3 is 10°
times larger than that for Np=0.84x10'® cm™ in the case
of a tip potential of +0.16 V. Although a similar tendency
of doping density dependence was obtained for it, the effect
was less significant, as it at n-GaAs of Np=2.48x10'® cm 3
was only about 4 times larger than that of Np=0.84x10'®
cm™? at the same experimental conditions (Fig. 4B).

Figure 15 also shows that k; increases as the tip potential
becomes more negative. The dependencies of log (ir) and
log (k:) on n-GaAs potential in very positive potential region
are shown for three different tip potentials in Fig. 16. The
tunneling current in very positive potential region was found
to flow more easily at a more positive sample potential and
with a more negative tip potential (Fig. 7B and Fig. 16A) and
the calculated relation between log (k;) and the potential of
n-GaAs at different tip potentials showed a similar tendency
(Fig. 16B). The values of k, depended on the potential of n-
GaAs and on the tip potential more significantly than those
of iy. For example, it of n-GaAs at +3 V increased ca.
one order of magnitude by changing the tip potential from
+0.56 V to +0.16 V (Fig. 7B) but k; increased more than
ten orders of magnitude for the same change (Fig. 16B).
Similarly, the tunneling current increased about 5 times as
the potential changed from +2 V to +3 V with a given tip
potential of +0.16 V (Fig. 6B) while the calculated & is
expected to increase ca. 30 times under the same conditions
(Fig. 16B). The effect of the tip potential on the tunneling
current can be explained by considering the thickness of the
space charge layer at the energy of tunneling electron, i.e.,
the Fermi level of the tip. As the thickness of the tunneling
barrier within the space charge layer is thinner when the tip
potential is more negative (Fig. 14), the tunneling probability
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Fig. 15. Calculated transmission coefficients were shown as
a function of the tip potential for (a) Np=2.48x10'® cm ™3
and (b) Np=0.84x10" cm™>. Vp=—0.34 V and n-GaAs
potential=+3.1 V.
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Fig. 16. (A)logiand (B)calculated transmission coefficients
as a function of substrate potential at n-GaAs electrode
(Np=2.48x10" cm ™) the tip potential of (a) +0.16 V, (b)
+0.36 V, and (c) +0.56 V.

from the tip to n-GaAs electrode through the space charge
layer should be higher at more negative tip potential, i.e., at
higher energy. As the potential becomes more positive, the
difference between the Vg, and V increases, leading to the
decrease of the thickness of the space charge layer at the tip
potential d(Vrip) and, therefore, the increase of ;.

Several reasons should be considered for the discrepancy
between the potential dependence of &, and that of iy. One
important reason is that the tunneling barrier consists of not
only the space charge layer of n-GaAs but also the barrier
between the n-GaAs surface and the tip, which is considered
to be the only barrier for the electron tunneling in forward
bias region in the preceding section. Thus, the potential
dependence of k; is not necessarily that of it.

A more important reason seems to be, however, the exis-
tence of some surface states and impurity levels of n-GaAs.
If one looks at the energy diagram shown in Fig. 14, the thick-
ness of the space charge layer at the tip potential d(Vr;) is far
too thick for electron tunneling to take place with reasonable
tunneling probability without considering the resonance tun-
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neling through these states. The importance of the surface
states to the tunneling behavior is clearly demonstrated in
Fig. 8. The anodic tunneling current flowed more easily at
an n-GaAs electrode treated with Ru than at the etched GaAs
electrode (Fig. 8A) but the S-treated n-GaAs electrode be-
haved as an ideal semiconductor and tunneling current was
observed only in the “accumulation” region (Fig. 8B). The
Ru- and S-treatments have been known to increase and de-
crease, respectively, the surface state density.?*?54¢47 These
results confirmed those obtained by the tip-current voltam-
metry (TCV) measurement reported before.*?

Comparison between the Results of ETS and TCV. Fi-
nally, the results of ETS should be compared with those ob-
tained by TCV.*—* Although essential features are similar,
there are several important differences to be noted. The tip
currents which flowed in weak depletion region and in very
positive potential region in the case of TCV were much larger
than those observed in the present ETS measurements. In the
case of TCV measurement, the feedback circuit of the STM
instrument functions all the time. When the tunneling cur-
rent becomes smaller than the pre-set current, the feedback
circuit forces the tip-sample distance to become small so that
the pre-set current can flow. Of course, there is a situation
when the tip current is smaller than the pre-set current even if
the tip touches the surface. The current observed in this situ-
ation is not the tunneling current but the current at a Schottky
junction. As the potential becomes much more positive, the
tip current begins to increase and finally reaches the pre-set
current. Then the tip is removed from the semiconductor
electrode surface.

On the other hand, in the case of ETS measurement, the
feedback loop of STM does not work and the piezo voltage of
the tip controlled by an external D/A converter keeps the tip-
sample distance constant during the experiment. Tunneling
current decreases continuously with decreasing forward bias
and becomes zero at potential of the V. As the potential
becomes positive enough, the tunneling current is able to
flow from the tip to n-GaAs electrode. Thus, the tip-sample
distance in the ETS measurements should be larger than that
in the TCV measurement in the depletion condition.

Conclusion

An electrochemical tunneling spectroscopy (ETS) system
was constructed and applied for n-GaAs and p-GaAs single
crystal electrodes. The effects of doping density, tip/sample
potential, and present current/potential as well as the surface
treatment on the tunneling current-electrode potential rela-
tions were investigated in detail. In the forward bias region,
the tunneling current decreased quickly as the potential be-
came close to the flat band potential. This was attributed to
the decrease of the concentration of surface majority carriers
of GaAs electrode.

Since the space charge layer worked as an extra barrier to
block the tunneling process, no current can be expected in
the reverse bias region. However, as the reverse bias became
very high, a small current flowed in the direction opposite
to that in forward bias region. The doping level, the tip-
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sample distance, the tip potential, and the surface treatment
by ruthenium and sulfur were found to affect the behavior in
the reverse bias region significantly.

The tunneling behaviors in the forward and reverse bias re-
gions were discussed semi-quantitatively, based on the calcu-
lation of surface electron concentration and the transmission
coefficient through the space charge barrier, respectively.
The agreement between the calculated and experimental re-
sults was fair and various reasons for the discrepancies were
considered. All the results and the comparison with the TCV
confirmed the importance of the ETS in the study of elec-
tronic structure of semiconductor electrode.
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istry of Education, Science, Sports and Culture.
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