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Abstract

This paper describes the first instance of HgTe growth by electrochemical atomic layer epitaxy (EC-ALE). EC-ALE is the electrochem-
ical analog of atomic layer epitaxy (ALE) and atomic layer deposition (ALD), all of which are based on the growth of materials a mono-
layer at a time, using surface limited reactions. EC-ALE involves the successive application of electrochemical surface limited reactions
such as underpotential deposition (UPD), to form the desired material in a series of steps, a cycle, to produce a monolayer of the material.
The number such cycles then determines the thickness of the resulting deposit. This study describes attempts to optimize an EC-ALE cycle
for the growth of HgTe. The effect of changes in the deposition potentials for Hg and Te are studied, as well as that used to strip excess Te.
All depositions took place in an automated electrochemical flow cell deposition system, so that potentials and solutions could be repeat-
edly changed on the fly. Based on these studies, the best deposits were formed using Hg and Te deposition potentials of 0.40 V and
—0.35 V, respectively, and using a Te stripping potential of —0.70 V. Ellipsometric measurements of 100 cycle deposits formed using these
conditions showed a film thickness of 71.9 nm, about twice that expected, based on the view that each cycle should result in one HgTe
compound monolayer. Electron probe microanalysis (EPMA) of the deposit indicated a Te/Hg atomic ratio of 1.02, the expected stoichi-
ometry for the deposit. Electrochemical quartz crystal microbalance (EQCM) studies of this cycle, also using an automated flow cell, indi-
cated that some deposited Te was stripped at the potential used to deposit Hg. X-ray diffraction studies showed the deposits to grow in a
strongly (111) orientation. Room temperature IR absorption studies of HgTe indicated a negative bandgap, —0.20 eV.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction sized p-type HgTe with a bandgap between 0.02 and 0.3 eV

[8]. Optical properties of HgTe, formed by MBE, have been

Mercury telluride, HgTe, is a II-VI compound, which
has gained importance for its use in the development of
Mer Cad Tel (Hg;_,Cd,Te) IR detector material [1-5].
HgTe is a semi metal with a negative band gap, —0.14 eV
at 300 K [6]. Incorporation of Cd into this matrix results
in a bandgap anywhere between —0.15 and 1.6 eV, band-
gap engineering, making it a very desirable detector mate-
rial. HgTe has been formed by ALE [7], flash evaporation
[8] and electrodeposition [34]. Seyam and Elfalaky synthe-
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the subject of several papers [9,10].

Electrochemical atomic layer epitaxy (EC-ALE) is the
electrochemical analog of atomic layer epitaxy (ALE)
[11-13] and atomic layer deposition (ALD) [14-17], both
of which are gas or vacuum phase thin film formation tech-
niques based on deposition one atomic layer at a time,
using surface limited reactions. Underpotential deposition
(UPD), is used in EC-ALE to achieve atomic layer by
atomic layer growth [18-22]. UPD is the deposition of
one element on a second at a potential prior to that needed
to deposit the element on itself, the result of the free energy
of compound formation between the depositing element
and the terminating element of the deposit surface.
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A number of II-VI [23-25] and III-V [26-28] compound
semiconductors have been successfully deposited by EC-
ALE. The use of separately optimized precursor solutions
for each of the depositing elements, as well as separate
deposition potentials, times, etc., has proven to be very
important for the successful deposition of a wide variety
of materials. EC-ALE has recently been applied to the
deposition of metals, layer by layer, using redox replace-
ment of an atomic (UPD) layer of a more reactive metal
by a more noble metal.

This paper is the first report of the deposition of HgTe
by EC-ALE. All depositions were performed in an auto-
mated flow deposition system [29-31]. The dependence of
the HgTe deposit structure and composition on the poten-
tials for Hg and Te, as well as the Te reductive stripping
potential, was investigated. Studies were performed using
ellipsometry, optical microscopy, X-ray diffraction
(XRD), electron probe micro analysis (EPMA) and Fou-
rier transform infrared spectroscopy (FT-IR). Optimal
conditions obtained were further studied using an electro-
chemical quartz crystal microbalance (EQCM) flow cell
to better understand the deposition process.

2. Experimental

The electrochemical flow deposition system used for
these studies has been previously described [29-31]. Pump
heads, valves and tubing were confined inside a nitrogen
purged Plexiglas box to limit oxygen, which affects deposit
quality. The electrochemical cell consists of a thin-layer
design to promote laminar flow. The auxiliary electrode
was an ITO glass slide (Delta Technologies Ltd., Stillwater,
MN), and the reference electrode was Ag/AgCl (3 M NacCl)
(Bioanalytical Systems Inc., West Lafayette, IN). Sub-
strates consisted of 300 nm thick gold films on glass. The
substrates were annealed at 400 °C for 12 h under a vac-
uum of 107 Torr, after Au vapor deposition, resulting in
a (111) habit. The working and auxiliary electrodes were
held apart by a 2 mm thick silicon rubber gasket, which
defined a 1 x 3 cm? rectangular opening where deposition
took place. The ITO auxiliary was transparent, allowing
deposition to be followed visually. The reference electrode,
Ag/AgCl (3 M NaCl) was positioned at the cavity outlet.

The solutions used were 0.2mM HgO, pH 2 and
0.2 mM TeO,, pH 4, and both contained 0.5 M Na,SO,.
The blank solution contained only the 0.5 M Na,SO,, at
pH 4. Solution pH was adjusted using H,SO,4. Water used
for solutions was supplied from a Nanopure water filtra-
tion system (Barnstead, Dubuque, IA) attached to the
house DI water system. Chemicals were reagent grade or
better.

The basic EC-ALE cycle used to deposit HgTe was as
follows: the Te solution was flushed into the cell for 2s
(40 mL/min), and held quiescent for 15 s, all at the poten-
tial chosen for Te deposition. Blank solution was then
flushed through the cell for 3 s. This was followed by filling
the cell with the Hg solution for 2 s, and holding quiescent

for 15s for deposition. The cycle was then completed by
flushing with blank for 3 s. For the majority of the deposits
discussed here, this cycle was repeated 100 times.

Deposit thickness was monitored using a single wave-
length ellipsometer (Sentech SE 400). A Scintag PAD-V
diffractometer with Cu Ko radiation (4 = 1.5418 A), was
used to obtain glancing angle X-ray diffraction patterns.
Electron probe microanalysis (EPMA) was run on a Joel
8600 wavelength dispersive scanning electron microprobe.
Glancing angle absorption measurements were performed,
using an FT-IR spectrophotometer (Bruker FTS-66v, Bru-
ker optics Inc.).

Optimal deposition conditions were studied using a flow
cell based electrochemical quartz crystal microbalance
(EQCM). A 9 MHz AT-cut quartz crystal (Seiko EG&G)
was used, where both sides were coated with circular Au
electrodes (ca. 0.2 cm?, 5 mm in diameter). The electrodes
were formed with 50 nm of Ti, followed by 300 nm of sput-
tered Au. Calibration of the EQCM was carried out using
Ag electrodeposition coulometry.

3. Results and discussion

The deposition potentials initially chosen for Hg and Te,
and used in the first EC-ALE cycle, were obtained from
cyclic voltammetric data for Au electrodes in the Hg and
Te solutions. The use of upd potentials obtained from cyc-
lic voltammetry on Au must be considered a first approxi-
mation, as the potential needed to form atomic layer on the
growing deposit generally differ from those on the sub-
strate. However, values for UPD on Au provide a set of
potentials for an initial cycle.

The voltammetric behavior of Hg?" on gold on glass
electrodes is shown in Fig. 1. The Hg scan was started at
0.95V in the cathodic direction. Two distinct reduction
peaks were observed at potentials of 0.45 and 0.30 V. These
correspond to upd and bulk reduction features of Hg>",
respectively. Corresponding stripping features for bulk
and UPD Hg occurred at 0.42 and 0.55V, respectively
(dotted curve in Fig. 1). It is interesting to note, that as
the potential was scanned negative of 0.30 V, no further
increase in the bulk Hg oxidation feature (0.42 V) was
observed. However, a new peak between 0.70 and 0.75V
did appear, and grew as the negative limit for the scan
decreased. It is well known that Hg forms amalgams with
Au, and present results (Fig. 1) suggest that most of the
additional Hg, deposited below 0.30 V, went subsurface,
forming a surface amalgam. Stripping this surface amal-
gam then required a more positive potential than that for
Hg UPD stripping, accounting for the most positive oxida-
tion peak and its growth.

The voltammetry of a gold on glass substrate in the
0.2 mM HTeO;, pH 4, solution is shown in Fig. 2. The
cathodic Te scan was started at 0.95V and displayed
HTeOj reduction peaks at —0.35, —0.10 and 0.28 V, corre-
sponding to the bulk, upd (I) and upd (II) peaks, respec-
tively. Further scanning in the cathodic direction resulted
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Fig. 1. Cyclic voltammogram of Au electrode in 0.5 mM Hg*", pH 2
(electrode area: 4 cm?, scan rate: 5 mV/s).
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Fig. 2. Cyclic voltammogram of Au electrode in 0.2 mM HTeO;, pH 4
(electrode area: 4 cm?, scan rate: 5 mV/s).

in hydrogen evolution below —0.80 V, as well as the reduc-
tion of some bulk Te to a telluride species such as HTe .
During subsequent anodic scans, peaks at —0.75, 0.42
and 0.55V were evident, which correspond, respectively,
to HTe™ oxidation, bulk and upd stripping.

The preliminary EC-ALE cycle, designed to deposit
HgTe, was constructed as follows: the Te solution was
rinsed into the cell for 2 s at 0.20 V, at which point the solu-
tion was held without flowing, quiescent, for 15 s to deposit
the Te atomic layer. In order to avoid co-deposition of
HgTe by mixing Hg>" and HTeOj ions in the cell, a blank
rinse step, at 0.20 V, was used to flush the Te solution
before introduction of the Hg solution. This was followed
by a 2 s rinse with the Hg solution and 15 s quiescent depo-
sition at 0.48 V. The cycle was completed by rinsing again
with the blank solution, to conclude one EC-ALE cycle. In
general, in this study, deposits were formed using 100
cycles.

The above cycle, however, resulted in no observable
deposit. From plots of the current vs. time during the 100
cycles, a lack of Te deposited was evident, which is under-
standable given the slow kinetics for Te deposition, evident
by the overpotential needed to deposit Te (Fig. 3) [32]. If an
overpotential was used for Te deposition, the Te formed
usually consisted of both bulk and UPD components,
resulting in more Te than desired. The problems associated
with deposition of both bulk and UPD can be minimized
by using a short deposition time, as the surface limited
reaction (UPD) is significantly faster than bulk deposition,
and bulk deposition must, by definition, commence only on
top of UPD. In the present study after the first deposits did
not work, the deposition potential and time were optimized
to achieve Te deposition and minimize bulk Te formation.
However, some bulk Te was still present, motivating the
inclusion of an extra step in which excess, or bulk, Te
was reductively stripped at a more negative potential in a
blank solution, leaving only an atomic layer of Te [32].

Changes to the existing EC-ALE cycle involved use of a
more negative Te deposition potential, and use of the
above mentioned Te stripping step to remove any bulk
Te remaining. The stripping step involved rinsing the
deposit at —0.70 V for 3 s in the blank solution, after the
Te deposition step. Bulk Te was reduced to HTe ™, a solu-
ble species that was rinsed away with the blank.
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Fig. 3. Effect of Te deposition potential on 100 cycle deposits (Hg
deposition potential: 0.40 V; Te stripping potential: —0.70 V).
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To optimize the deposition of Te, a series of experiments
were performed where the deposition potential of Te was
varied from —0.25 to —0.60 V while maintaining the depo-
sition potential for Hg at 0.40 V and the Te stripping
potential at —0.70 V. The resulting deposits were analyzed
by coulometry, optical microscopy and EPMA. The cou-
lomteric results (Fig. 3) indicated that the deposition of
Te did not start until a potential of —0.30 V was used,
which again points out the slow kinetics for Te deposition
(0.6 V negative of the formal potential for HTeO; reduc-
tion). The graph shows a plateau region between —0.35
and —0.55V, where the ML coverage for Te deposition
was nearly constant while the potential was shifted nega-
tive. A monolayer (ML) is a unit of coverage defined in sur-
face science as one adsorbate atom for every surface atom.
Annealed gold on glass was used as substrate, which gener-
ally shows a strongly preferred (111) oriented growth
habit. Thus for the present study, a monolayer was defined
assuming the surface to be (111), with a roughness factor
of 1. The actual surface will not be completely (111) or
atomically flat, however, the errors associated with these
factors are in opposite directions, minimizing problems.
Based on EPMA, optical microscopy and coulometry,
—0.35 V was chosen as the best deposition potential for Te.

A similar approach was taken for finding the best Te
stripping potential. So the Hg and Te deposition potentials
were maintained at 0.40 and —0.35 V, respectively, and the
Te stripping potential was varied from —0.35 to —0.95 V.
As the deposit thickness was an indirect measure of the
amount of Te deposited, and thus an indication of the
amount of Te being stripped, the resulting deposits were
analyzed by a single wavelength ellipsometer to follow
the effect of the stripping step. EPMA and optical micros-
copy were also performed to determine deposit stoichiom-
etry and morphology, respectively. Fig. 4 shows the
dependence of deposit thickness on the Te stripping poten-
tial. At the more negative potentials, such as —0.95V,
essentially no deposit was observed, as all the Te (including
UPD Te) was stripped. Correspondingly, potentials posi-
tive of the telluride reduction potential had little effect on
the deposit thickness. Based on optical microscopy and
EPMA data for the deposit stoichiometry, —0.70 V was
chosen as the stripping potential, even though the deposit
thickness was considerably higher than the ideal deposit
thickness (71.9 vs. 37.4 nm). The optimal thickness for a
100 cycle deposit is based on the assumption of one Hg—
Te bilayer growing each cycle with the (111) orientation
of a zinc blende crystal structure, which should be 37.4 nm.

A possible reason for the excess thickness could be the
redox replacement of the deposited Te by Hg ions. It is well
known that more active species are oxidized by and
exchanged for more noble species, in a redox replacement
reaction. Since Hg is nobler than Te, it is possible that
some Te was exchanged for Hg. The extra Hg would then
react with more Te. Another possibility is that the extra
thickness is inherent in the growth of HgTe, and the simple
model of one Hg-Te bilayer is faulty. To address this ques-
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Fig. 4. Effect of Te stripping potential on the thickness of 100 cycle
deposits (Hg deposition potential: 0.40 V; Te deposition potential:
—0.35V).

tion, an electrochemical quartz crystal microbalance
(EQCM) flow cell system was used, and the results will
be discussed below.

To obtain the ideal deposition potential for Hg, a poten-
tial dependence study was performed by keeping the Te
deposition and stripping potentials constant at —0.35 and
—0.70 V, respectively (Fig. 5). The nature of the deposition
of Hg is intriguing, as a typical S shaped curve is evident in
Fig. 5. The figure is based on coulometry for the deposition
of Hg, as a function of the potential used for Hg deposi-
tion. What is intriguing is that at more positive potentials,
oxidative currents were observed, not reductions. The neg-
ative coverages observed for Hg could probably be due to
the simultaneous oxidation of Te at Hg deposition poten-
tials. Further discussions on this topic are given below.
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Fig. 5. Effect of Hg deposition potential on 100 cycle deposits (Te
deposition potential: —0.35 V; Te stripping potential: —0.70 V).
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There is a plateau in the graph, between 0.40 and 0.52 'V,
but the coverage relating to the plateau corresponds to a
coverage of essentially 0 ML. However, based on EPMA
results and optical microscopy observations of the depos-
its, 0.40 V was chosen for Hg deposition.

The following EC-ALE cycle was then chosen (Fig. 6)
based on the above mentioned studies: Te solution was
rinsed into the cell for 2 s at —0.35 V, and the solution then
held static for 15s, for deposition. The cell was then
flushed with blank solution for 3s at —0.35V, at which
point, the potential was then changed to —0.70 V for 3s.
After which, Hg solution was flushed through the cell for
2 s, and held static for 15 s at 0.40, to deposit. This was fol-
lowed by another blank rinse at 0.40 V for 3 s.

As noted above, questions concerning this cycle and the
deposition mechanism were investigated using an EQCM
(electrochemical quartz crystal microbalance) flow cell.
Some aspects of the deposition process in the EQCM flow
cell differed from those in the standard flow cell hardware
used for the majority of the studies here. For instance,
experience showed that the EQCM flow cell worked best
if solution was continuously flowed through the cell, no
static deposition was used, however a much lower flow rate
was used (6 mL/min). Overall, use of continuous flow in
the EQCM did not appear to significantly change the
resulting deposit. The optimal EC-ALE program was
repeated for 5 cycles, with the fifth cycle shown in Fig. 7.
The cycle to cycle variations were minimal and predictable,
allowing conclusions to be drawn concerning the changes
in mass between cycles. However, within a cycle, variations
in frequency were function of a number of variables besides
the masses of electrodeposited atomic layers. For instance,
reversibly adsorbed electrolyte may increase, upon adsorp-
tion, or decrease, upon desorption, the observed mass
changes in a given solution. This forces statements con-
cerning mass changes observed within a cycle to be edu-
cated guesses. On the other hand, mass changes from the
same points in one cycle to the next are an accurate mea-
sure of the mass change for a cycle.
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Fig. 6. Optimal deposition program for HgTe deposition.
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Fig. 7. Current-time profile during HgTe deposition using optimal
deposition program by EQCM (5th cycle).

The results shown in Fig. 7 indicate a Te coverage of
2.62 ML from mass and 1.79 ML from coulometry. The
Hg coverage was 2.18 ML and —0.39 ML from mass and
charge, respectively. The negative Hg coverage, based on
charge (Fig. 5), indicates that a net oxidative charge was
passed during Hg deposition. The question is then what
is being oxidized if Hg?" ions are being reduced? Given
the voltammetry for Te (Fig. 2), it is clear that Te may
be vulnerable to oxidation at such a positive potential. This
then leads to the question of a redox replacement reaction,
where deposited Te is traded for Hg at this potential. An
experiment devised to investigate this question involved
first deposition of three cycles of HgTe, followed by a
blank rinse for 17s at the Hg deposition potential
(0.40 V). An oxidation current was observed (Fig. §), which
appears to indicate that Te was being oxidized in the
absences of Hg?" ions, as there was nothing else in the solu-
tion to oxidize. It was also important to determine the
length of time required to oxidize all of the excess Te at
Hg deposition potential. So, again the same experiment
was performed, but instead of flowing blank for 17s, a
10 min rinse was performed (Fig. 9), which suggests that
it takes about 3 min to strip excess Te from the deposit sur-
face. The net Te coverage was 0.42 ML, on top of the pre-
viously deposited Hg layer, very close to the ideal Te
coverage of 0.44 ML. From previous studies on CdSe it
was found that the formation of one CdSe bi-layer from
the (111) plane of zinc blende CdSe would require
0.44 ML of Cd and 0.44 ML of Se [33]. This is a good
approximation of the CdTe, and HgTe in the present case.

The next question is whether Hg*" was replacing Te by a
redox replacement reaction. In order to study this problem,
three cycles of HgTe were deposited using the deposition
program, followed by rinsing with the Hg?" solution for
1 min at open circuit (Fig. 10). The mass of the electrode
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Fig. 9. EQCM experiment showing the time dependence of Te oxidation
at Hg deposition potential (0.40 V).

appeared to have increased but not enough to suggest a
redox replacement of Te taking place. If there was an
actual replacement taking place then the deposited Te
would be oxidizing into HTeO;, giving out four electrons
to Hg?" ions to deposit. So for every Te atom being oxi-
dized, two Hg atoms would be reducing. The mass change
in terms of frequency change of the quartz crystal for this
reaction would be around 537.8 Hz. This kind of mass
change was not observed by the EQCM experiment
(137.0 Hz). Moreover, a 3 s blank rinse after the open cir-
cuit Hg solution rinse resulted in a corresponding decrease
in electrode mass, suggesting desorption of adsorbed Hg
ions. These results suggest that Te was not replaced by
Hg at open circuit.
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Fig. 10. EQCM experiment to determine redox exchange of Te with Hg at
open circuit.

Presently, it is proposed that as Hg is electrochemically
reduced on the excess of Te, some Te is simultaneously oxi-
dized. The net current, essentially zero, is thus the sum of
that for the reduction of Hg*" ions and for the oxidation
of excess Te. Given the above results with the EQCM,
where no net replacement of Te was observed at open cir-
cuit in the presences of the Hg”" ions, it appears that the
deposition of Hg catalyzes the oxidation of Te. If it is
assumed that Hg is mobile, and will penetrate into the Te
layer, extending the HgTe crystal, this should change the
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Fig. 11. XRD diffraction pattern of 100 cycle HgTe thin film.
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Fig. 12. IR absorption spectrum of 100 cycle HgTe thin film.

bonding of the adjacent layer of Te, possibly making it
more reactive, and promoting its oxidation.

Ellipsometric measurements of 100 cycle deposits
formed using this program indicate that the film was
71.9 nm thick. EPMA of the deposit indicated a Te/Hg
atomic ratio of 1.02. Fig. 11, shows the X-ray diffraction
pattern for the deposit. Peaks corresponding to (111),
(220) and (311) planes of HgTe (JCPDS 8-469) were evi-
dent, and no elemental peaks for Hg and Te were
observed. The deposit, however, showed a strongly pre-
dominant (111) orientation. Room temperature IR
absorption studies of HgTe were performed using a glanc-
ing angle of 85° from the surface normal. Fig. 12 displays
a plot of the square of the absorption data vs. energy for
the 100 cycle HgTe deposit. An absorption edge was
found around —0.20 eV. Much like HgSe, HgTe is also
a semimetal, with a negative energy gap. Theoretically,
the value of the fundamental energy gap for HgTe is
—0.14 eV at 300 K [6].

4. Conclusion

The dependence of nanofilms of HgTe grown using EC-
ALE on the deposition potentials used for Hg and Te, as
well as that used for a reductive Te stripping step, has been
reported. The optimal deposition cycle devised included
deposition of Hg at 0.40 V, deposition of Te at —0.35V
and, stripping of excess Te at —0.70 V. The resulting 100
cycle deposit was 71.9 nm thick, more than that expected
from the ideal model of one compound monolayer for each
cycle, but the deposit was stoichiometric, and showed a
strong preferential (111) orientation. The absorption spec-
trum for this deposit suggested a negative band gap of
0.20 eV, consistent with the literature. Studies using an
EQCM flow cell helped in understanding the deposition
process. It was observed that some of the Te each cycle
was oxidatively stripped upon switching the potential from
the Te deposition potential of —0.35 V to that for Hg depo-

sition, 0.40 V. In addition, it also appeared that Te was not
exchanged for Hg. However, the net result was a high qual-
ity nanodeposit of stoichiometric HgTe.
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