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Abstract

The electrodeposition of tellurium (Te) on polycrystalline gold electrodes was studied using in situ optical second harmonic generation
(SHG) at two different excitation wavelengths. On excitation at 1064 nm, the SH signal decreased dramatically with the first Te
underpotential deposition (upd) and increased slightly with the second upd and the bulk deposition of Te. There was a linear correlation
between the square root of the SH intensity from the surface and the surface coverage of Te, although the proportionality constant of this
correlation for the first Te upd was different from those for the second upd and bulk deposition. This is possibly because of the stronger
interaction of the first upd layer of Te than the second and bulk layer of Te with the substrate surface. However, on excitation at 585 nm,
the behavior of the SH signal was more complicated, especially during the desorption process of the first Te monolayer. An increase in
the SH intensity was observed with the first Te upd, but this increase in SHG still continued in the potential region in which no deposition
of Te occurred. These results are interpreted by considering the existence of an optical resonance at the Au surface covered with a Te

monolayer.
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1. Introduction

Tellurium (Te) is one of the metalloids and has particu-
larly interesting electronic properties. The adsorption of
the metalloids may perturb the surface electronic proper-
ties of metal substrates quite differently from other metal
adsorbates. Additionally, Te is an important component in
the binary and ternary compound semiconductors, such as
CdTe and HgCdTe. The thin film growth of CdTe on
metal substrates has been extensively investigated to ob-
tain stable surfaces with high light conversion yields.
Electrodeposition has been one of the most studied meth-
ods [1-3], but there are problems in controlling the struc-
ture of the compound deposits. In order to control the
resulting structure of the electrodeposited layers, a thor-
ough knowledge of each deposited layer is required. Fortu-
nately, the electrochemistry of tellurium has been investi-
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gated in detail [4-8]. In addition, Stickney and coworkers
[9-13] have carried out detailed characterizations of the
first Te monolayer on Au single crystal surfaces by ex situ
LEED and STM in order to establish the method of
electrochemical atomic layer epitaxy (ECALE) of CdTe on
well-characterized single crystal surfaces. They reported
that ordered atomic layers of tellurium were formed on the
low index planes of Au by repeating the underpotential
deposition (upd) processes. Although structural informa-
tion on electrodeposited Te layers has been partially ob-
tained, the change in the surface electronic properties
accompanying the upd process is not yet fully understood.
The interactions between Te and metal substrates should
play an important role in the thin film growth of com-
pound semiconductors and should be interesting in view of
the formation of metal |semiconductor interfaces.
Recently, surface second harmonic generation (SHG)
has been recognized as a novel in situ optical probe of
surface electronic and geometric structures [14—16). Opti-
cal SHG is a second order non-linear optical effect that
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involves the conversion of two photons of frequency o
into a single photon of frequency 2 w. In the electric dipole
approximation, this phenomenon requires a non-centro-
symmetric medium. Therefore SHG cannot be observed in
centrosymmetric media such as bulk metals and solutions.
The SHG process can occur only within a few atomic
layers on either side of the interface where inversion
symmetry is broken. Consequently, the SH signal will be
sensitive to changes at the surface and interface, therefore
making this process a useful probe of various interfacial
phenomena. This technique has been applied to various
electrochemical systems, such as the adsorption of
molecules, ions and metal atoms on metal and semiconduc-
tor electrodes [17-31]. Most of the recent SHG studies at
metal electrodes, however, have investigated the structural
properties of the surfaces and the adsorbed overlayers
using rotational anisotropy measurements [19-23]. Al-
though there have been several wavelength- dependent
studies [25-31], these research efforts have focused on
gaining an understanding of the correlation between the
frequency dependence of SHG and the electronic proper-
ties of the metal substrate itself, and studies dealing with
the adsorbate—substrate interaction are limited. Investiga-
tions of the electrodeposition of metals on different metal
surfaces using linear spectroscopic methods [32-35] have
indicated that the substrate—adsorbate interaction causes a
frequency dependence of the optical responses. Thus dif-
ferent SH responses may be obtained during adsorption
processes by varying the pump wavelength used in the
SHG experiments. Buck et al. [31] reported that the SH
signal from Au during alkanethiol adsorption was depend-
ent on the pump wavelength. Further, it was reported that
SH signal change, induced by the adsorption of certain
species was observed only at specific fundamental wave-
lengths. For example, the adsorption of benzene on Rh(111)
strongly attenuated 532 nm excited SHG, but hardly af-
fected 1064 nm excited SHG [36). If we can understand
the frequency dependences of SHG in detail and optimize
the wavelength conditions needed to study a surface or an
adsorbate, SHG will become a more sensitive and there-
fore useful tool for interfacial studies.

In this article, we report the frequency-dependent be-
havior of the SH signal during tellurium electrodeposition
on polycrystalline Au electrodes. We are interested in
monitoring the Te upd process in real time using SHG
measurements and in examining the change in the elec-
tronic structures of the Au surface brought about by the
deposition of a Te monolayer. In this study, since we used
polycrystalline Au, the SH signals reflect an averaged
variation of the electronic properties of the surface. The
SH intensity from Au surfaces changed with Te coverage
and the magnitude of the changes was strongly wavelength
dependent. The mass change at the surface caused by Te
deposition was also studied by the electrochemical quartz
crystal microbalance (EQCM) technique [37] to obtain
useful information for understanding the SH response.

2. Experimental

Two different light sources were used to create SH
signals on the electrode surface. Pulses (1.6 ps) of light
(585 nm) generated by a 4 MHz cavity-dumped dye
laser / mode-locked Nd: YAG laser system (Coherent model
702) were employed for visible excitation and 10 ns pulses
of fundamental light (1064 nm) generated by a 10 Hz
Q-switched Nd:YAG laser (LEXEL HY-200S) were em-
ployed for near-infrared excitation. The detailed experi-
mental set-up used in the visible light excited SHG experi-
ment has been described elsewhere [17,19,20]. For the
near-infrared excitation measurement, the fundamental
beam was directed onto the surface of a gold electrode in a
spectroelectrochemical cell at an angle of incidence of 35°.
The fluence of excitation was lower than 10 mJ per pulse.
The SH light was separated from the fundamental laser
beam with an IR-cut filter and a spectrometer (Ritu MC-
10N) and detected by a photomultiplier tube (Hamamatsu
R636). The incoming train of SH light pulses was aver-
aged with a boxcar averager (Stanford Research SR250).
The intensity and temporal profile of the fundamental
beam were monitored by a separate reference channel and
the SH signal was normalized at each laser shot. The
reference channel consisted of a BBO crystal (Cleveland
Crystals), filters and a fast photodiode. The polarization of
the fundamental beam was set with a combination of a
polarizer and a double Fresnel thomb, and the polarization
of the SH light was selected by another polarizer. All of
the SHG data reported in this paper were obtained with the
p-in/p-out polarization condition.

Two types of working electrode were used in this study:
a 6 mm diameter polycrystalline gold disk that was embed-
ded into a Teflon rod (for 585 nm excitation) and a 10 mm
diameter polycrystalline gold disk that was held on a glass
tube (for 1064 nm excitation). Because different types of
holder were used, these electrodes were prepared by differ-
ent methods. The former was mechanically polished with
0.05 pm alumina until optically flat and chemically cleaned
in H,0, + H,S0, mixed solution before introduction into
the spectroelectrochemical cell. These treatments yielded a
sufficiently clean electrode surface. The latter was also
mechanically polished with 0.3 um alumina, and was then
electrochemically polished for 30 min by sweeping the
potential between —0.2 V and 1.5 V with a sweep rate of
0.5 Vs~' in 0.1 M HCIO, solution in the spectroelectro-
chemical cell. A standard three-electrode configuration
was constructed with a sodium saturated calomel electrode
(SSCE) reference and a Pt counterelectrode. Millipore-
filtered water was used in all experiments. Sodium per-
chlorate, perchloric acid and sulfuric acid were reagent
grade and were used as received from Wako Pure Chemi-
cals. The solution containing tellurium was prepared by
dissolving TeO, (99.995%, Aldrich Chemicals) in concen-
trated perchloric acid prior to dilution. All the electrochem-
ical measurements were carried out at room temperature
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after deaeration of the solutions by bubbling with high
purity nitrogen (better than 99.99%). The electrode poten-
tial was controlled with a potentiostat (Hokuto Denko
HA-151) and a function generator (Hokuto Denko HB-
111). The electrode potential, current and normalized SH
intensity were captured digitally via an A /D converter and
stored on a personal computer (NEC PC-9801VM).

Electrochemical SHG measurements were carried out in
the following order. First, an electrochemical SHG mea-
surement on a bare gold electrode was performed by
sweeping the potential between —0.2 V and +1.5 Vin 1
M H,S0, or 0.1 M HCIO, solution; then both the cyclic
voltammogram (CV) and the potential dependence of SHG,
typical of the clean gold electrode, were confirmed. After a
clean gold surface was obtained, the solution containing
tellurium was introduced into the spectroelectrochemical
cell with nitrogen pressure. To prevent the adsorption of
Te on the Au surface at the rest potential, the potential was
kept at +0.8 V during exchange of the solution in the
electrochemical cell. The electrode potential was then swept
and SHG measurements were started.

In order to monitor the mass change at the Au surfaces
during Te deposition, the EQCM method [37] was used. In
the EQCM study, a gold thin film evaporated on a 5 MHz,
AT-cut quartz plate was used as a working electrode.
Details of the EQCM measurements have been described
elsewhere [38].

3. Results and discussion

Fig. 1 shows the CV and the simultaneously obtained
potential dependence of the 1064 nm excited SH signal
from an Au surface in 0.1 M HCIO, solution containing
0.5 mM TeO,. During the negative potential scan, a
cathodic peak corresponding to the reduction of TeO, to
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Fig. 1. (a) Cyclic voltammogram of first Te upd on gold electrode. Scan
rate, 5 mV s~ 1. (b) Potential dependence of 1064 nm excited SHG (532

nm) from gold surface spontaneously obtained with (a) (p-in/p-out).
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Fig. 2. (a) Cyclic voltammogram of upd and bulk deposition of Te on a
gold electrode. Scan rate, 5 mV s~ !. (b) Potential dependence of 1064
nm excited SHG (532 nm) from a gold surface spontaneously obtained
with (a) (p-in/p-out).

Te(0) was observed at 350 mV. It is referred to as the first
upd peak. In the positive scan, a stripping peak of the first
upd layer was observed at 520 mV. Similar CVs have been
reported in previous studies using Au single crystal sur-
faces [10-13] and polycrystalline Au [8—10]. It is gener-
ally agreed that the reductive electrodeposition of TeO, to
Te(0) occurs by the following four-electron reduction pro-
cess

HTeO; + 3H" + 4¢~— Te + 2H,0 (1)

In this experiment, the potential was scanned up to 150
mV so that only the first Te upd was completed. For the
negative potential scan, the SH signal decreased signifi-
cantly as the first upd proceeded. In the positive scan, the
SH signal increased as the desorption current of Te flowed,
and the signal returned to its initial value after Te dissolu-
tion was completed, showing that the clean gold surface
was recovered.

Fig. 2 shows the result of extending the potential win-
dow to more negative values. In addition to the first upd
peak described above, the second upd peak, although only
partially resolved from the bulk Te deposition current,
appeared as a shoulder at 50 mV. In the positive scan, the
stripping peak corresponding to the dissolution of bulk Te
was observed at 350 mV. There was a small shoulder
around 410 mV corresponding to the stripping of the
second upd layer. A stripping peak of the first upd layer at
520 mV was clearly distinguishable from the peaks corre-
sponding to the second upd and the bulk deposition of Te.

A significant decrease in SHG during the first Te upd
was also observed. However, the SH intensity increased
during the second Te upd and bulk Te deposition. The
potential dependence of SHG, with and without TeO, in
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solution, is compared in Fig. 3 for the negative potential
sweep. Since only the monotonic decrease in 1064 nm
excited SHG from the bare gold surface was observed
during the negative potential scan [30,39], most of the
variations of the SH intensity mentioned above were at-
tributed to Te deposition.

In general, the SH intensity /(2 w) from a metal surface
is proportional to the square of the complex surface sec-
ond-order non-linear susceptibility x and the square of
the input light power () in the electric dipole approxi-
mation [14-16]

120) a |lew)  x? e( o) - e( )| I(w) (2)

where e(w) and e(2w) are the polarization vectors de-
scribing the input and output light fields. The surface
non-linear susceptibility y® is modified by the presence

of an adsorbate and becomes a new value, Xs,(z)

(2
X =xP+ xP + Ax® (3)

where x{? is the inherent non-linear susceptibility of the
adsorbate which is independent of the surface and Ax® is
the perturbation in the non-linear susceptibility due to any
interactions between the surface and the adsorbate. Al-
though x® is usually larger than x» for metal surfaces,
the non-linear optical properties of the Te-covered Au
surface are not so simple, since the adsorbate (tellurium)
absorbs photons in the wavelength region [37] employed in
this study. Consequently, it is not clear whether the varia-
tions of SHG on Te deposition are due to the optical
properties of the tellurium itself ( {») or to the interaction
between adsorbed Te and the Au substrate (Ax{?). Al-
though x? is expected to be proportional to the amount
of adsorbate, Ax{® is not necessarily proportional to this
value. The SHG behavior can be described by the linear
function of the surface concentration of tellurium, Iy,
only when Ax(® is proportional to Iy,

X =xP(1+cly) (4)

where ¢ is a proportionality constant, which is related to
both x{? and Ax{?. In this case, the following correlation
is derived, since the SH signal is proportional to the square
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Fig. 3. SHG signal (excitation, 1064 nm) as a function of the potential of

the Au electrode during a negative potential scan: (a) in 0.1 M HCIO,

(corresponding to I(2w),); (b) in 0.5 mM TeO, +0.1 M HCIO, (corre-

sponding to /(2 w)) (p-in/p-out). The full line is a linear least-squares fit.
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Fig. 4. Plot of the square root of the normalized SHG signal vs. the
electric charge density for Te deposition (Q1,) using Eq. (5); 1064 nm
excitation. The full line is a linear least-squares fit. Details are described
in the text.

of x/ and Iy, is derived from the Faradaic charge
density Qr, associated with Te deposition

X ( 1(20)

a —_—
x? 1(2w),

where IQ2w), is the SH intensity from the bare gold
surface at each potential and ¢’ is a proportionality con-
stant affected by both the optical properties of adsorbed Te
and adsorbate—substrate interactions.

Fig. 4 shows the (I(2w)/I(2w),) vs. charge density
(Q.) plot according to Eq. (5) for the Te deposition
process presented in Fig. 2. To calculate the charge density
for Te deposition, the double layer charging current was
subtracted assuming that the current in the double layer
region is independent of the potential. Since the SH signal
from the bare gold surfaces (I(2w),) varied as a function
of the electrode potential, the value (IQ2w)/IQ2w),)"/?
was calculated at each potential. Fig. 4 clearly shows that
there are two regions with different slopes. Regions I and
IT are associated with the first Te upd, and the second Te
upd and bulk Te deposition regions respectively. The
proportionality constant ¢’ of Eq. (5) was determined to be
2.3 X 107* for region I and — 6.8 X 10™* for region II. A
similar (/(2w)/I(2 w),) vs. charge density (Qy,) plot was
obtained for the desorption process of Te. Both the sign
and magnitude of ¢’ in region I are significantly different
from those in region II, although tellurium atoms form a
monolayer which adsorbs directly on the Au surface in
both the first and second upd [13]. Consequently, there is a
minimum of the SH intensity in the midst of the formation
of the monoatomic layer of Te. In addition, the slope of
the SH variation is the same, with no distinction between
the second upd and bulk deposition of Te, although the
adsorption sites are energetically different in each region.
If the non-linear susceptibility of Te ( x{?) is reflected in
the SH signal, the SH intensity should vary monotonically
with an increase in the surface concentration of Te and ¢’
should be the same in both regions I and II. Accordingly,
the sudden change in ¢’ in the midst of the formation of

172
) =A+Qr (5)
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the monoatomic layer should be attributed mainly to the
contribution of substrate—adsorbate interactions (Ax{?),
and it is suggested that the interactions of the first upd Te
and the second upd Te with the substrate are completely
different.

The existence of a minimum of the SH intensity in the
monolayer deposition region has been reported previously
for Tl deposition on polycrystalline Ag electrodes [41,42].
This was attributed to T1 deposition occurring on energeti-
cally different sites in each deposition region [41]. This
causes a stepwise variation of the non-linear susceptibility
of the surface. However, the origin of the SH minimum
was not discussed in detail. Furthermore, several different
features of the SH behavior were noted. First, the slope of
the SH variation for the bulk deposition of Tl on Ag was
much larger than the slope for the monolayer region,
suggesting that the SH behavior could reflect the transition
from the monolayer adsorption region to the bulk deposi-
tion region. In the case of Te on Au, however, no such
transition is evident. Second, in the case of Tl on Ag, the
magnitude of ¢’ was almost the same in the monolayer
adsorption region, although the sign of ¢’ changed in the
midst of the upd process. In the case of Te on Au, the
magnitude of ¢’ in region I is at least three times larger
than that in region II. These observations indicate that the
modification mechanisms of the surface non-linear suscep-
tibility are quite different for each case, and therefore other
causes should be considered for Te deposition on Au.

In the present experimental conditions, the SH photons
(2.33 eV) generated from the Au substrate are expected to
couple with the interband transition because they are ener-
getically accessible to the interband transition threshold for
Au at 2.25 eV [24,43]. Therefore the SH signal from an Au
surface should be enhanced significantly by this resonance.
Thus it is probable that the decrease in the SH signal in the
first Te upd region is due to the quenching of the reso-
nantly enhanced surface non-/linear susceptibility of the
Au substrate ( x?) by Te deposition. However, this can-
not explain why the quenching of x!» is complete on
deposition of the first Te upd layer. Thus it is concluded
that the influence of the first upd layer of Te on the surface
electronic structure is larger than that of the second upd
and bulk deposition layers.

As mentioned above, the interaction between the first
Te upd layer and the Au substrate surface is distinctive,
and such an interaction is interesting in view of the
electronic properties of the surface. To examine the change
in the surface electronic properties during the first Te
deposition in more detail, the excitation wavelength was
changed to 585 nm. At this excitation wavelength, the
fundamental photon energy (2.1 €V) is slightly lower than
the interband transition threshold of Au (2.25 eV), but the
SH photon energy (4.2 eV) is much higher than that
energy and other optical transitions may also take place.
Thus the SH response was expected to be different from
that on 1064 nm excitation.
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Fig. 5. Potential dependence of the current (a) and 585 nm excited SHG
(292.5 nm) from the gold surface (b) in 0.5 mM TeO, +0.1 M HCIO, +
0.1 M NaClOQ, (scan rate, 10 mV per step; 1 s averaging; p-in/p-out).
The lower curve represents the potential dependence of 585 nm excited
SHG from the gold surface without Te deposition in 1 M H,SO,.

Fig. 5 shows the potential dependence of the current
and the 585 nm excited SH signal from an Au surface in
0.1 M HCIO, + 0.1 M NaClO, aqueous solution contain-
ing 0.5 mM TeO,. The voltammogram is slightly different
from Fig. 1(a) because a different electrode was used. As
mentioned in Section 2, the history of the electrode used
for Fig. 5(a) was different from that of the electrode used
for Fig. 1(a). A separate experiment showed that the
electrochemical cleaning cycle used for the electrode in
Fig. 1(a) yielded a smaller peak separation of the voltam-
mogram on Te upd, probably because of the increase in
surface defects. Such differences in electrode preparation
probably yield a different surface morphology and the
morphology of the electrode surface affects the voltammo-
grams of Te upd [13]. The potential dependence of the 585
nm excited SHG from bare Au in 1 M H,SO, is also
shown in Fig. 5 as the solid line. These results were
obtained by averaging the SH signal for 1 s with every 10
mV potential step. At this excitation wavelength, SHG
increased with the first Te upd, in contrast with the result
obtained on 1064 nm excitation. This SH behavior obeys
the linear correlation between the non-linear susceptibility
and the surface coverage of Te as predicted by Eq. (5); this
is shown in Fig. 6. In the positive scan, the SH signal
continued to increase up to the potential at which the
dissolution of the first upd layer started, although a ca-
thodic current for Te deposition was not observed. Then
the SH signal decreased sharply as the dissolution of the
first Te upd layer proceeded. Thus the maximum of the SH
signal appeared at the potential just before the dissolution
of the first Te upd layer. The maximum became clearer
when the electrode potential was swept more slowly. The
gradual increase in SHG in the positive scan could not be
explained by the linear correlation between the surface
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non-linear susceptibility and the surface coverage of Te,
because the deposition current for Te was not observed in
the corresponding potential region.

The comparison between Figs. 1 and 5 shows clearly
that the potential dependence of the SH intensity during
the first Te upd process is dependent on the excitation
wavelength. The deposition of Te on Au changes the SH
signal in the opposite direction. Such a wavelength-de-
pendent behavior of SHG was also observed in studies on
the surface oxidation of gold electrodes: the SH intensity
decreased with surface oxide formation on 1064 nm excita-
tion, but increased with visible light excitation [30,39].
Both the optical properties of the gold substrate itself and
the substrate—adsorbate interactions should be taken into
account to understand fully this frequency-dependent be-
havior of SHG. When optical resonance with the electronic
states of the substrate exists, free electrons and bound
electrons, which take part in the electronic transition reso-
nance, contribute to SHG, and the contribution to the
induced non-linear polarization by the bound electrons
should be dominant [44]. Thus we conclude that the ad-
sorption of Te modifies the surface density of the bound
electrons of Au. A more detailed quantitative explanation
of the wavelength dependence of the SH behavior requires
more data and a further development of the theory. Addi-
tionally, the gradual increase in the SH intensity before
dissolution of the first Te upd layer is detected only on 585
nm excitation. Such a wavelength-dependent change in the
SH intensity may be attributed to the perturbation of
surface electronic properties.

One of the possible reasons for the electronic perturba-
tion is the specific adsorption of anions. We carried out an
EQCM measurement [37] to monitor the mass change at
the electrode surface caused by anion adsorption. Fig. 7
shows the CV (a) and EQCM response (b) obtained simul-
taneously. Different features of the voltammogram (Fig.
7(a)) compared with those of Figs. 1(a) and 5(a) suggest
that the evaporated Au electrode was oriented differently
from the polycrystalline gold disk electrodes. In contrast
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Fig. 6. Plot of the square root of the normalized SHG signal vs. the
electric charge density for the first Te upd (Qr,) using Eq. (5). The full
line is a linear least-squares fit. Excitation, 585 nm. Details are described
in the text.
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Fig. 7. (a) Cyclic voltammogram of first Te upd on gold electrode. (b)
Potential dependence of resonant frequency shift (Af) of 5 MHz EQCM.

Both current and Af were spontaneously obtained in 0.5 mM TeO, +0.1
M HCIO,. Scan rate, 20 mV s~ 1.

with a previous EQCM study of Te deposition, where no
mass change was observed during the first Te upd [8],
valid mass changes during the first upd and dissolution
processes were observed in the present study as shown in
Fig. 7. These mass changes correspond to the Faradaic
charge for deposited Te layers. As shown in Fig. 7,
however, almost no frequency change of EQCM was
observed in the potential region in which the gradual
increase in SHG was observed. From these results, we
conclude that anion adsorption is not responsible for the
increase in SHG. This is consistent with the fact that the
SH increase in the corresponding potential region is ob-
served only on 585 nm excitation. Based on the results of
STM measurements, Suggs and Stickney [13] suggested
that Te dimer or chain structures were partially formed in
the first Te upd layer, and the relative area of this domain
structure increased as a function of the adsorption time and
the electrode potential. The existence of Te—Te bonds
should perturb the surface electronic properties and, in
turn, modify the non-linear susceptibility of the surface.
Thus the gradual increase in the SH signal in Fig. 5 may
be attributed to the formation of in-plane Te—Te bonds.
These explanations are consistent with the results of EQCM
studies, which demonstrate that no mass change of the
electrode occurs.

4. Conclusions

The in situ optical SHG technique was used to follow
both the deposition and desorption processes of Te on
polycrystalline Au electrodes. It was demonstrated that the
SH signal was sufficiently sensitive to monolayer adsorp-
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tion on metal surfaces and that the SHG study became
more useful on changing the excitation wavelength. On
1064 nm excitation, the SH signal changed with the sur-
face coverage of Te. It was also found that the first upd
layer of Te strongly perturbed the substrate surface. In
contrast, on 585 nm excitation, the SH signal changed in a
complicated fashion during the desorption process of the
Te monolayer from Au. These results were interpreted in
terms of the existence of an optical resonance and the
gradual structural change which accompanies energetic
perturbation on Te-covered Au surfaces.
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