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The growth morphology and the kinetics of a thin film of Te on Au during electrochemical depositie®2at

mV (vs Ag/AgCl/3 M NacCl) have been studied. The deposition conditions are similar to those used previously
by us to grow nanowires inside Au nanotubes by electrochemical deposition in the presence of Cd ions
(C#h). By using electrochemical deposition on a planar Au electrode, we explored the growth of the Te film
for two conditions: in the presence of €d0.1 mM TeQ + 1 mM CdSQ + 50 mM H,SQ; solution) and

in the absence of Cd (0.1 mM TeQ + 50 mM H,SO, solution). We used several surface investigation
techniques to study the growth such as: in situ electrochemical atomic force microscopy (EC-AFM), in situ
electrochemical surface plasmon resonance (EC-SPR), electrochemical methods, scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS). In the presence?sf il@dsitu electrochemical atomic
microscopy showed that €dacted as a mediator at the early deposition stage and caused smoothing of the
Te deposit obtained. In the absence ofCde had an island growth. The electrochemical surface plasmon
resonance showed that the deposit was characterized by a slower deposition rate in the presendbanrf Cd

in the absence of Cd. Additionally, the thickness of the film was evaluated using EC-AFM measurements,
electrochemical stripping analysis, and EC-SPR. The results obtained from all three measurements agree
well with the Te film obtained in the presence of Cdwhere a continuous and uniform film was formed. In

the presence of Cd, a Te film with a thickness of 1.04 nm and atomically flat surface was deposited on an
ultraflat Au surface. The XPS spectrum showed no significant amount of Cd in the deposit, indicating that
the Cd ion acted as a mediator and not as a co-deposition element.

1. Introduction of them, electrochemical atomic layer epitaxy (ECALE), has
been extensively studied by StickneCALE was reported

The study of growth mechanism and kinetics of ultrathin film A
yolg to grow nanostructured thin film on planar surfaces by alternat-

with ultraflat surface in the early stage of formation is of great . . . . .
importance not only for understanding the growth of thin films Ny atomlc_ally layers. This technique has the potential to form
but also for the progress of advanced technologies to nanodeviceSmOOth thin films.
fabrication! For example, At-Te nanocables have been  Therefore, thin film deposition with atomically smooth
fabricated in our group using nanotechnology, and Te nanowires morphology for use in nanodevice fabrication represents a
have been grown inside Au nanotubes by a well-controlled foremost goal in surface science investigations. However, an
electrochemical deposition technigti@his method allows us  atomically flat surface is not always thermodynamically favor-
to deposit a smooth and continuous layer of Te on Au surface able® In most deposition cases, atoms deposited during growth
and results in a sturdy Te nanowire inside a Au nanotube. are much easier to be moved away from the steps than to cross
However, there are exciting scientific challenges associated withthe steps, the surface diffusion is higher than the interlayer
the electrochemical deposition process inside metallic nanotubesdiffusion, and as a result, interlayer mass transport is severely
Much of these challenges arise from the fact that the existing reduced. This is the main reason that causes a significant
theories and models are for metal electrodeposition on planarincrease in surface roughness.
electrodes and not on low-dimension structures. In the case of To overcome these problems, surface agents that promote
axially uniform nanocables, there are still unknown effects on |ayer-by-layer growth have been sou§fiSurfactants, one type
the electrochemical deposition. For instance, if the deposited of mediators, have been successfully employed in ultrahigh
metal or semiconductor layer is discontinuous, the nanowire yacyum (UHV) deposition to promote layer-by-layer (LbL)
formed inside the metallic nanotube will _be loosely att_ached to growth (i.e., two-dimensional or Fran van der Merwe growth),
the wall of the nanotube and can be easily torn apart into small suppress island growth (i.e., three-dimensional (3D), Votmer
pieces after the nanotube template is dissolved. Additionally, a\Webber, or StranskKrastanov growth), and produce a smooth
fast growth 'rat'e is not desired for forming axially uniform morphology and a better crystalline quality in homoepitdtfaf
nanocables inside nanotubes or nanopdfether methods for 5 heteroexpitaxi@f-15-18 systems. For instance, thick Cu film
growing ultraflat thin films have been developed as well. One (1 um) can be deposited with excellent surface smoothness by
* Authors to whom correspondence should be addressed. E-mail: surfactant-assisted Chgmlcal vapor depos&fblm the. case of
pstroeve@ucdavis.edu (P.S.). a nonvacuum deposition system, surfactant-mediated electro-
T All Best Materials LLC, 7131 Raintree Dr., Citrus Heights CA, 95621. chemical deposition of Ag on Au(111) has been repoffed.
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These results have been achieved by addird RbAgCIO, from other surface characterization techniques, such as EC-AFM
+ HCIOq electrolyte and by controlling the deposition potential observation and electrochemical investigations.

to form a layer of underpotential deposition (UPD) of Pb on Stripping analysis can be additionally used to measure the
top of Ag. Using the layer of Pb UPD as surfactant to induce amount of metal deposited at a certain poterffiélsing linear-

LbL deposition has resulted in atomically flat film of Ag of scan anodic stripping voltammetry, the concentration of the
200 monolayers in thickneg8 Taking advantage of the UPD  deposit on the electrode surface can be determfihéthnd if
layer as mediator to promote LbL deposition and suppress islandthe deposit is uniform, the thickness of the deposit can be
growth has also been report&#? When the atoms of interest  calculatec?®5! In this work, we use anodic stripping analysis
are deposited on the surface, on the top of the UPD layer to estimate the thickness of Te thin film and to compare the
(mediator or surfactant), the site exchange between topmost layerresults with the values obtained by other techniques. In addition
and UPD layer occurs spontaneou&lyThis kind of site to these surface characterization techniques, we use the XPS to
exchange process induced by the presence of the surfactant isharacterize the composition of the deposit formed by electro-
thought to be the key parameter to lower the Ehrliithwoebel chemical deposition in the presence and the absence %f Cd
(ES) barrier, to increase the interlayer mass transport, and thus

to promote the layer-by-layer deposition, resulting in a smooth 2. Experimental Procedure

surface morpholog$/-10.12.14.17,2325

The strategy used in this work aims to explore the use of Cd
UPD as a mediator to smooth the deposited layer of Te and to
slow the rate of the electrochemical depositior-&2 mV (vs
Ag/AgCl). Unlike Te, Cd is highly reversible in its UPD sté&fe.
For the electrolyte containing Te and Cd elements, Cd can be
deposited and stripped off from the Te surface arotidb0
mV (vs Ag/AgCl)2 The deposition potential used in this work

2.1. Materials. Ultraflat Au(111) on mica (for electrochemical
atomic force microscopy observations) and thin Au film on glass
(for electrochemical surface plasmon resonance) were used. The
ultraflat Au(111) surfaces were prepared by a template-stripped
method by following the procedure presented in the literattre.
First, an Au film of 5 nm in thickness was vapor deposited on
mica at 300°C, followed by annealing o6 h at 300°C. Then,

. SR - sition of Au was continued to reach a total thickness
is =62 mV (vs Ag/AGCI), which is slightly more positive than g}e~d2%%0nm. The typical deposition rate is 0.1 nm/s. Second,
the Cd UPD. N N ) the gold surfaces on mica/Au were glued on glass cover slips

Using planar conditions to study the deposition, which are py epoxy (Epo-tek 377, Polyscience) to form the structures of
appropriated for surface characterization techniques, the QVOWthmica/Au/epoxy/gIass, and then curing mica/Au/epoxy/glass at
of Te film in two conditions, in the presence of €d0.1 mM 80 °C for 3 h. Right before experiments, the mica was
TeQ, + 1 mM CdSQ + 50 mM H;SQ; solution) and the  mechanically stripped from mica/Au/epoxy/glass, leaving a fresh
absence of Cd (0.1 mM TeQ + 50 mM H,SQ; solution), Au surface on Au/epoxy/glass. The Au(111) surfaces are
have been explored. We used several surface investigation teChatomicaIIy flat (typically, mean roughness is @5 nm in a
niques such as: in situ electrochemical atomic force microscopy 25 um? area)s? which are ideal for the EC-AFM investigation
(EC'AFM), in situ electrochemical surface p|a8m0n resonance of the surface morphology Changes during deposition_ Typ|ca|
(EC-SPR), electrochemical methods, scanning electron micros-triangular facets characterize the gold surfaces, and occasionally,
copy (SEM), and X-ray photoelectron spectroscopy (XPS).  holes of less than 200 nm in diameter are visible during AFM

Atomic force microscopy (AFM) has been used to investigate observation.
surface morphology of thin film&%27-43 High-resolution AFM In the electrochemical surface plasmon resonance experi-
has been used to reveal the atomic structure of the topmostments, we used Au films on LaSFN9 glass slides as working
surface of the deposit.3144For example, the atomic structure electrodes. Au films (thickness of 40 nm) were vapor
of UPD of Te and Cd have been studies by AFM and provides deposited on LaSFN9 slides at a deposition rate of 0.02 nm/s.
information on surface atomic structure under controlled The Au(111) is textured normal to the surf&8é4The optical
potentials?’-2842 Additionally, real time investigation of the  constants of Au area = 0.17 anck = 3.58 for wavelengtii =
electrochemical deposition has been performed by in situ 633 nm3> The LaSFNO9 slides are high-index glasses=(1.85
electrochemical AFM (EC-AFM37~29.33.34.37.43.44n this paper, atA = 633 nm, Schott, Germany) suited for SPR measurement.
we used the in situ EC-AFM to study the changes in surface 56-61
morphology during electrochemical deposition in order to  The electrolyte was prepared by dissolving $¢89.9995%,
understand the effect of the mediator (Cd) on the deposition Aldrich) and CdSQ (99.999%, Aldrich) with 50 mM HSO,
mechanism of Te thin film. in ultrapure water. The electrolyte was purged with pure nitrogen

Surface plasma resonance (SPR) is another surface techniquéor at least 15 min right before each experiment. All chemicals
that offers additional information for studying the film thickness were used as received without further purification. Ultrapure
and surface roughne$sThe SPR method can detect small water (18 MWcm) was obtained from the NanoPure Diamond
amounts deposited on the surface, as little as one monolayer ofsystem (Barnstead).

UPD, and surface reconstructihHowever, in situ electro- 2.2. In situ Electrochemical Atomic Microscopy.A sche-
chemical SPR has not been used to date for probing the in situmatic drawing of the setup used for in situ electrochemical
deposition of inorganic thin films. We present in this work a atomic microscopy is shown in Figure la. The electrode Ag/
new approach to the surface investigation of the electrochemicalAgCl/3M NaCl was used as the reference electrode, gold wire
deposition that uses a combination of in situ EC-AFM, which was used as the counter electrode, and the ultraflat Au(111)
is local in character, and in situ EC-SPR, which averages a largesubstrate was used as the working electrode. All potentials
electrode area. Additionally, we demonstrate that the in situ EC- reported here are relative to the reference electrode of Ag/AgCl/
SPR can be used to provide qualitative and quantitative 3M NaCl. The Au/epoxy/glass substrate was placed on the XYZ
information on growth mechanism of electrochemical deposition piezotranslator of the AFM instrument. The electrolytes were
of Te at an early stage. These results obtained from an elaboratednjected through a tube inlet and secured by an O-ring inside
EC-SPR study on the kinetics and growth mechanism of the the AFM liquid cell (Figure 1a). Changes in surface morphology
electrodeposition can be corroborated with the results obtainedof the ultraflat Au(111) surface during the controlled electro-
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Figure 1. lllustration of the experimental setup of in situ EC-AFM (a) and in situ EC-SPR (b).

chemical deposition process were investigated in real time by 2.4. X-ray Photoelectron Spectroscopy (XPSXPS mea-

in situ EC-AFM. The potential was kept constant-&62 mV surement was performed by using a Perkin-Elmer PHI 5300
in all in situ EC-AFM experiments, controlled by a bipotentiostat ESCA system. The XPS includes an X-ray source of fixed-
(Model AFCBP1, Pine Instrument Co.) with a computer energy radiation, an electron energy analyzer, and a high-
interface. The electrochemical atomic force microscope was avacuum environment. The sample was mounted on a standard
multimode AFM (NanoScope llIA, Digital Instruments). Com- puck by using a Ted Pella carbon paper backing. The starting
mercially available triangular gold-coated cantilevers with base pressure is usually about %.0.0° Torr. The X-ray source
pyramidal tips of 0.5 N/m force constant were used. To correct was set at: Aluminum Source, 15 kV, 300 W.

for tilt and bow, the AFM images were image processed by  2.5. Hazardous Information. Exposure to material contain-
using the software provided with the instrument. ing Cd ions can cause lung and kidney disease and cancer.

2.3. Surface Plasmon Resonance and Cyclic Voltammetry ) )
Measurements An illustration of the setup for surface plasmon 3 Results and Discussions

resonance (SPR) and cyclic voltammetry (CV) measurementis 3.1. In Situ Electrochemical Atomic Force Microscopy
shown in Figure 1b. The setup was according to the Kretschmann(ec-AFM). Figure 2 shows a time sequence of the EC-AFM
configuration®? This setup has been used by us previctisly images recorded in situ during Te deposition on an Au substrate
and consists of a Teflon cell that is sealed with an O-ring and in the presence of Gd. We use the marker “A” as a trace to
mounted against the gold surface of the glass substrate. Thepcate the initial scanning area. Figure 2a is the original ultraflat
electrochemical assembly for the SPR (EC-SPR) was similar Au(111) surface, which is characterized by atomically flat
to that used in the EC-AFM experiments, i.e., the reference terraces having triangle patterns. Figure 2b clearly shows that,
electrode was the Ag/AgCl/3 M NaCl electrode, and gold wire at —62 mV for 346 s, the nucleation process starts and islands
was used as a counter electrode. In the EC-SPR experimentsare formed on the Au terraces. Figure 2c shows larger islands
we used Au films on LaSFN9 slides as working electrodes. The because the small islands start to coalescence. After 531 s, the
reflectivity vs angle R vs 6) curves measured by SPR in the features of the original Au surface, i.e., the Au-patterned
electrolytes and pure water are identical. The electrochemicalterraces, fade away. This kind of the coalescence is a typical
SPR cell made of Teflon was filled by 15 mL of electrolyte, process that results in smooth surfate®.Figure 2d shows
and an area of 2.83 c¢hof Au surface was exposed to the that, after 706 s, the coalescence process continues and the
electrolyte through a circular opening. A prism was mounted islands merge together and form larger, leveled areas. The
on the LaSFNQ slide with matching fluid (sulfur in 1-iodonaph- smoothing process that occurs during the electrochemical
thalene, Cargille Laboratories, Inc.) in between, which kept deposition results in a complete disappearance of the original
constant the refractive index through the prism, matching fluid, Au terraces. After 877 s, an almost leveled surface with new,
and LaSFNO slid&%6! The applied potential was controlled larger terraces with a few holes are observed in Figure 2e. For
by a bipotentiostat with a computer interface. All potentials longer deposition time, after 1050 s, some of the holes disappear
reported here are relative to the reference electrode of Ag/AgCl/3and a smoother surface is obtained (Figure 2f).

M NaCl. Prior to the EC-SPR measurement, the Au surfaces Figure 3 shows time sequences of the EC-AFM images
were electrochemically cleaned in 50 mM$0, by cycling obtained in situ during Te deposition on Au substrate-&2

the potential between-200 and 1000 mV until we obtained mV in the absence of Cd. Figure 3a is the original ultraflat
steady voltammogranf$:54 The SPR reflectivities vs angle  Au(111) surface. Figure 3b shows that the nucleation process
curves were obtained at open circuit before and after deposition.has already started after 315 s and Te islands develop. Figure
Details on the SPR measurements and calculations are giver8c—f show that the density of the islands increases as the
elsewhere®56.85The thickness of the deposits was calculated deposition progresses and that the original ultraflat Au surface
using the simulation software WINSPALL (Max-Planck Institute cannot be distinguished anymore. No smoothing process occurs
for Polymer Research, Mainz, Germany) by curve-fittingfhe  in this case. The EC-AFM observation of the Te layer on
vs 6 curves, which is based on the Fresnel theis.67 ultraflat Au at—62 mV in a solution that does not contain<d
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Figure 2. Time sequence of AFM images recorded in situ during Te deposition on Au substra2 eV in the presence of Cd(i.e., 0.1 mM
TeQ, + 1 mM CdSQ + 50 mM H,SO, solution). Point A is a common blemish for all images.

shows that the Te film has an island growth mode. By comparing in the absence of Cd (Figure 4b, rms= 0.545 nm). These
the surface plots in the two deposits, i.e., in the presence (FigureEC-AFM observations demonstrate that Cd acts as a smoothing

4a) and in the absence of &d(Figure 4b), for 40 min, the
surface morphology of the film obtained in the presence &fCd

agent for Te deposition.
3.2. Thickness.The thickness of the Te film (deposited at

is smoother than that of the deposit obtained in the absence of—62 mV for 40 min in the presence of €g was determined

Cd?* (in Figure 4b, higher elevations are brighter). Additionally,

by AFM measurement and electrochemical stripping analysis.

the mean square roughness (rms) of the surface shown in Figure 3.2.1. Atomic Force Microscopy Measuremefhtse thickness
4ais 0.376 nm, which is about 70% smaller than that obtained of the Te film deposited at62 mV for 40 min in the presence
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Figure 3. Time sequence of AFM images recorded in situ during Te deposition on Au substraé2 anV in the absence of €d(i.e., 0.1 mM
TeO, + 50 mM H;SO, solution).

of C#" was estimated from the AFM observations. We indicates a fully and evenly developed film. From AFM
measured the section across the areas with and withoutmeasurements, the thickness of the Te film measured across
electrolyte (the electrolyte was confined by the O-ring). Figure the two regions is about 0.60 nm.

5 shows the AFM image of the regions covered (right and down  3.2.2. Electrochemical Stripping Analysis of the Filithe
corner) and uncovered (left and up corner) with Te film. The electrochemical stripping analysis of Te films was performed
Te film has a solid and clear edge over#h in length, which by scanning the potential from62 to 700 mV after the Te
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Figure 4. Surface plots of films deposited for 40 min-a62 mV in
(a) the presence of €d (i.e., 0.1 mM TeQ + 1 mM CdSQ + 50
mM H,SQ, solution) and (b) in the absence of €di.e., 0.1 mM TeQ
+ 50 mM H,SO, solution).

Step height
100 ==l /T 0.60 nm

T M
Figure 5. AFM image of the regions covered with Te film (right and
lower portion) and without Te film (left and upper portion). The step

analysis of the crossover region between the Te film and bare surface@Q

is 0.60 nm. The deposition was performed in the presence &f Cd
(i.e., 0.1 mM TeQ+ 1 mM CdSQ + 50 mM H,SO, solution) for 40
minutes at—62 mV.

film was deposited at-62 mV for 40 min. The estimation of
the film thickness is based on the Faraday’s fw:

@)

wherel is the current density recorded at a stripping potential,
V, from —62 to 700 mV t is time,v is the potential sweep rate
of stripping ¢ = 5 mV/sec),Q is the total charge per 1 ém
surface area of the electrode,is the number of electrons

t v o
ﬁoldt— Uy dV=Q=nFM
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Figure 6. Stripping voltammograms of film deposited for 40 min at
—62 mV in (a) the presence of €d(i.e., 0.1 mM TeQ@ + 1 mM
CdSQ + 50 mM H,SQO, solution) and (b) in the absence of €di.e.,
0.1 mM TeQ + 50 mM H,SOy solution).
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Figure 7. (a) Four-layer model with continuous Te layer; (b) Four-
layer model with discontinuous Te layer.

involved in the reaction(= 4), F is the Faraday constant, and
M is amount of the deposit stripped off from 1 tarea of the
electrode surface. The amount (perZwf the deposit stripped
off from the electrode surfacé/l, equals the thickness times
the concentration (assuming that the concentration is uniform
in the deposit). Figure 6 shows stripping voltammograms of
the deposits, which were used for thickness calculations. A
smaller amount of Te was deposited in the presence 8f Cd
than in the absence of €d To make sure that all the deposit
was stripped off from the Au surface, tifevs 6 curves were
recorded under in situ EC-SPR before deposition and after
stripping. Figure 8 shows the SHRvs 6 curves of the surface
obtained at-62 mV for 40 min in the presence of €dand in
the absence of Cd. Figure 8 shows that the vs 6 curve after
stripping is restored back to the initial condition (i.e., before
deposition), which indicates that the charge obtained from the
stripping experiment reflects the total amount of material
deposited on the surface. The total charge calculated for the
film deposited in the presence and in the absence éf Gas
= 1.04 mC/cmd and Q = 1.81 mC/cm, respectively. The
total charge associated with the film deposited in the presence
of C?* is 42% smaller than that obtained in the absence of
Cd?*. These results suggest that Cd slows down the deposition
of Te at the deposition potential 6f62 mV. The slower rate
observed for the deposition of Te in the presence of Cd might
be due to the competition between Te and Cd ions during elec-
trochemical deposition at the deposition potentiat-@2 mV.
Assuming that the Te film has uniform concentration (the
density of Te film is assumed to be identical to bulk density of
Te, 6.25 g/cr?),%9 a thickness of 0.58 nm was calculated from
the total charge after stripping the deposit obtained in the
presence of Cd at —62 mV for 40 min. This thickness value
(0.58 nm) obtained from stripping analysis agrees well with the
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Figure 8. SPRR—6 curves of the surface obtained-a62 mV for 40 min in (a) the presence of €d(i.e., 0.1 mM TeQ + 1 mM CdSQ + 50
mM H,SO, solution) and (b) in the absence of di.e., 0.1 mM TeQ + 50 mM H,SQy solution).

thickness value of 0.60 nm that was obtained from the AFM
measurements for the same deposition condition. Therefore, we
assume that a uniform and continuous Te layer was deposited
in the presence of Cd on Au substrate.

3.2.3. Electrochemical Surface Plasmon Resonance Measure-
ments.The thickness of ultrathin film deposited on Au can be
determined by simulation of the SFRvs 6 curves, using the L e
Fresnel equation, if the refractive index of the ultrathin film is o
known35 We employed a four-layer model (Figure 7a) for °
simulation. When the film is not continuous (Figure 7b), the
simulation can be used to estimate an effective thickness and
refractive index by using the Bruggeman formula, which
assumes that the ultrathin layer consists of a mixture of the
deposit and the electrolyfé. The Bruggeman formula is
represented in eq 2.1

Figure 9. SEM images of the film deposited in the presence (a, c)

2 2 2 2
Nsow ~ Meri | Mre — Nep and the absence (b, d) of &d Scale for (a) and (b) is 2m and for
1-H—7 + =0 (2 (¢)and (d) 200 nm.

2 2 2
'solu + 2neff nTe + 2neff

wherene is the effective refractive index of the mixture layer, to simulate the SPR—6 data with a Cd layer or a CdTe layer,
Nsois iS the refractive index of the electrolyteye is refractive but the fitting was not possible, indirectly indicating there is
index of the Te bulk, andlis the volume fraction of Te in the ~ Nno Cd in the deposit. Actually, the XPS spectrum shows no Cd
mixture layer. in the deposit (see later section).

The SPRR vs 0 curves used for the study of the surface In the case of the deposition performed in the absence of
obtained at—62 mV for 40 min in the presence and in the Cd?*, we were unable to fit the curve of “after deposition”
absence of Gt is given in Figure 8. In Figure 8a, the initial  (Figure 8b) using the optical constant values obtained before,
state of the bare Au layer on a LaSFN9 glass substrate is referred.e., (0, k) = 4.68, 4.68. The best fitting gives an effective
to as “before deposition” on the SHRvs 6 curve. Simulation thickness of 1.82 nm andch(k) = (1.88, 2.92). The optical
of this curve gives a thickness value of 40.48 nm for the Au constants in this case are different from those of bulk Te, which
layer, taking into consideration the known values of the optical suggests that the deposit is not a continuous layer on the Au
constants of the LaSFN9 glass substrate, Au, and the electrolyte surface. In this case, it is difficult to evaluate the thickness from
The simulation curve fits well with the experimental data points. the SPR results. By application of eq 2, we estimate the volume
After the deposition performed at62 mV for 40 min (“after fraction of Te in a discontinuous film on the surface toflze
deposition” in Figure 8a), the experimental SRR data are 24% in the absence of €d
shifted from “before deposition”, suggesting that a new deposit The scanning electron microscopy (SEM) images show a
on top of the Au surface was formed. Similarly, the simulation continuous film (Figure 9a,c) for the deposition performed in
curve for the “after deposition” data shown in Figure 8a fits the presence of Cdl and a discontinuous film (Figure 9b,d)
well, giving a thickness of 0.55 nm and optical constants of the for the deposition performed in the absence ofCdhe SPR
deposit ofn = 4.64 andk = 4.64. The thickness value of the measurement can be used to accurately estimate the thickness
deposit agrees with the values obtained from the AFM measure-of the Te deposit if the deposit is a continuous film. Additionally,
ment and stripping analysis. Additionally, the optical constants if the deposit is a continuous film, we can further investigate
are close to the optical constants for Tie{ 4.67 andk = 4.67 the growth rate of the Te film in the presence off€drigure
at a photoelectron energy 2.0 eV)’2 The results suggest that 10 shows the SPR vs 6 curves scanned at 0, 40, 80, and 120
the deposit obtained at62 mV for 40 min is a continuous Te  min. The curves have good fitting with= 4.64 andck = 4.64.
layer on top of Au, which is also consistent with the AFM We were able to monitor the growth of a continuous Te film
measurement. Repeated experiments on several different Aulup to 1.04 nm in thickness. Figure 11 represents the thickness
LaSFN9 samples gives an average thickness of 8:5803 vs time for Te electrochemical deposited film in the presence
nm, and , k) = (4.684 0.03, 4.68+ 0.03). We have attempted (@) and the absence (b) of &d In the presence of Cd, the

n
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Figure 12. XPS spectrum of the film obtained by electrochemical
deposition at-62 mV film for 80 min in the presence of €d(i.e.,
Incident ange (8) 0.1 mM TeQ + 1 mM CdSQ + 50 mM H,SO, solution).

Figure 10. SPRR—6 curves scanned at 0, 40, 80, and 120 min of the . L .
film deposited for 40 min at-62 mV in the presence of Gti(i.e., 0.1 reversible in its UPD stat.For the electrolyte containing Te

mM TeQ, + 1 mM CdSQ + 50 mM H,SO; solution). and Cd elements, Cd can be adsorbed and desorbed from the
Te surface aroune-150 mV (vs Ag/AgCl)?6 The mobility of
®r the specifically adsorbed €dis high at the deposition potential
40 used in this work, which is around Cd UPD on Au. A similar
3 fast mobility of the mediator during deposition has been
associated with a smoothing mechanism in the case of the Ag
- Pb systen?9-22 In our work, the smoothing effect induced by
" Cd has been identified by in situ EC-AFM (Figure 2). Because
_— Cd could not be detected in the Te deposit obtained in the
// presence of Cd, we assume that Cd acts only as a mediator
(a) in the electrochemical deposition of Te.
If the effective bond strengths satisfy the inequalitgs a
. . . . . | > Va-m > Vu-wm, then a submonolayer of mediator (M)
0 20 40 60 80 100 120 140 efficiently acts as a surfactant and promotes layered A-on-A
Time (min) growth10 In the case of the CdTe system discussed in this

Figure 11. Thickness vs time for the film deposited fer62 mV in paper, Vre-te (259.8 kJ/mol}? > ,VT‘*Cd ,(:,I'OO kJ/moly? >

(a) the presence of Gd (i.e., 0.1 mM TeQ + 1 mM CdSQ + 50 Vca-cd (7.36 kd/mol)’2 meets the inequalities above for using
mM H,SQs solution) and (b) in the absence of &di.e., 0.1 mM TeQ Cd as a mediator for LbL deposition of Te. Cd acts a mediator
+ 50 mM H;SQ, solution). to lower the Ehrlich-Schwoebel (ES) barrier and to increase
the interlayer mass transport and, thus, to promote the layer-

)
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\
\
\
\
\
\
—
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—
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(=] (&) [=] (o]
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thickness vs time curve was obtained from the growth rate data L M
presented in Figure 10. In the absence of Cdhe estimated by-layer deposition, resulting in a smooth surface morphology.

thickness is the effective thickness, because the Te deposit does It Worth mentioning that the SPR results obtained in this work
not develop a continuous film in this case. Figure 11 shows shows that the opt|c_al constant of a continuous !ayer of Tein
that the growth rate decreases as the deposition time increase§,h,e presence of Cd is n = 4'6,4 an.dk = 4.64, Wh|c7k21 agrees
the growth of the deposit being faster in the absence 8f Cd with the values parallel to thedirection of Te crystal’? These

These results suggest that the rate of Te deposition is slowed€SUlts suggest that trieaxis is oriented perpendicular to the
by the presence of Cdl in the electrolyte. The slower growth Au surface, and therefqre, the Te(0001) plane is parallel to the
rate is the reason Te nanowires can be grown inside Au Au(111) surface. The distance measured between the Te atoms

nanotubeg on the (0001) plane is 0.445 nm, which agrees with the AFM
3.3 X-raiy Photoelectron SpectroscopyWe used XPS to observation of (3x 3) Te structure on Au(111) at the initial Te

identify the composition of the deposit formed in the presence bulk depositiorf:
of C?*. The deposition was performed at the potentiat-62
mV for 80 min in the presence of €don an ultraflat Au
surface. Figure 12 shows the XPS spectrum of the elements The morphology and film formation of the Te deposit has
and the chemical structure near the outmost surface. The deposibeen studied in the presence and in the absence 3f @ing
contains elemental tellurium and no tellurium oXiglbecause various surface characterization techniques. The Te layer on
the Te 3D spectrum shows a peak at 573 eV and no peak atultraflat Au shows different growth mechanisms depending on
576 eV. Additionally, there is no peak around 405 eV in Figure the presence or the absence ofCith the solution. The surface
12, indicating the absence of Cd in the deposit. The oxygen morphology of the film obtained in the presence of?Cds
and carbon peaks in Figure 12 are from air contamination. From smoother than that of the deposit obtained in the absence of
these XPS results, we confirm that Cd is not co-deposited alongCd?™. The roughness analysis from AFM images shows that
with Te at the deposition potential 6662 mV. When the applied  the roughness of the film obtained in the presence ot Gsl
potential is removed, the weak absorbed Cd atoms are removed’0% smaller than that obtained in the absence of*Ciihe
from the surface. Thus, XPS shows no Cd in the deposit. smoothing role played by Cd was also verified by SEM
Elemental Cd is less noble than Te, and this makes Cd aobservation. Additionally, the thickness of the film was evalu-
good candidate as a mediafrUnlike Te, Cd is highly ated using AFM measurements, electrochemical stripping

4., Conclusion
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analysis, and SPR. The results obtained from all three measure- (32) Flowers, B. H.; Wade, T. L.; Garvey, J. W.; Lay, M.; Happek, U.;

ments agree well for the Te film obtained in the presence of
Cd?t, where a continuous and uniform film was formed. In the
presence of C&t, a Te film with a thickness of 1.04 nm and an
atomically flat surface is deposited on the ultraflat Au surface.
However, in the absence of €d the Te film is not uniformly

deposited, the thickness obtained from the stripping analysis,

and that obtained from SPR do not agree. In situ EC-SPR
provides additional information on the kinetics and growth

mechanism of the Te film, which explains the smoothing effect
induced by Cd during Te deposition. Although®ds present

in the electrolyte, its role is only to mediate the layer-by-layer

deposition process of the Te film. The XPS analysis supports

Stickney, J. LJ. Electroanal. Chem2002 524, 273-285.

(33) Koinuma, M.; Uosaki, KElectrochim. Actal 995 40, 1345-1351.

(34) Li, F.B.; Newman, R. C.; Thompson, G.Hectrochim. Acta 997,
42, 2455-2464.

(35) Kim, S.; Oh, J.; Kang, J.; Kim, D.; Won, J.; Kim, J. W.; Cho, H.
K. J. Cryst. Growth2004 262, 7—13.

(36) Yuan, W. L.; O'Rear, E. A.; Cho, G.; Funkhouser, G. P.; Glatzhofer,
D. T. Thin Solid Films2001, 385 96—108.

(37) Hyde, M. E.; Jacobs, R.; Compton, R. & Phys. Chem. B002
106, 11075-11080.

(38) Dua, A. K.; Roy, M.; Nuwad, J.; George, V. C.; Sawant, S. N.
Appl. Surf. Sci2004 229, 254-262.

(39) Hansen, P. J.; Strausser, Y. E.; Erickson, A. N.; Tarsa, E. J;
Kozodoy, P.; Brazel, E. G.; Ibbetson, J. P.; Mishra, U.; Narayanamurti, V.;
DenBaars, S. P.; Speck, J. &pl. Phys. Lett1998 72, 2247-2249.

(40) Hwang, B. J.; Santhanam, R.; Wu, C. R.; Tsai, Y.JASolid State

the smoothing mechanism induced by Cd and shows no tracegjectrochem2003 7, 678-683.

of Cd in the Te deposit.

Acknowledgment. We thank Ting-Yu Shih for the XPS
measurements.

References and Notes

(1) Banerjee, S.; Kundu, Surf. Sci.2003 537, 153-160.

(2) Ku, J. R.; Vidu, R.; Talroze, R.; Stroeve, P. Am. Chem. Soc.
2004 126, 15022-15023.

(3) Hulteen, J. C.; Martin, C. Rl. Mater. Chem1997, 7, 1075-1087.

(4) Stickney, J. LElectrochemical Atomic Layer Epitaxy (EC-ALE):
Nanoscale Control in the Electrodeposition of Compound Semiconductors
Alkire, R. C., Kolb, D. M., Eds.; Wiley-VCH: Weinheim, Germany, 2002;
Vol. 7.

(5) Vaidyanathan, R.; Stickney, J. L.; Cox, S. M.; Compton, S. P;
Happek, U.J. Electroanal. Chem2003 559 55—61.

(6) Meyer, J. A.; vanderVegt, H. A.; Vrijmoeth, J.; Vlieg, E.; Behm,
R. J.Surf. Sci.1996 355 L375-L380.

(7) Camarero, J.; Cros, V.; Capitan, M. J.; Alvarez, J.; Ferrer, S.; Nino,
M. A.; Prieto, J. E.; Gomez, L.; Ferron, J.; de Parga, A. L. V.; Gallego, J.
M.; de Miguel, J. J.; Miranda, RAppl. Phys. A1999 69, 553-557.

(8) Copel, M.; Reuter, M. C.; Vonhoegen, M. H.; Tromp, R. Rhys.
Rev. B 1990 42, 11682-11689.

(9) Hornvonhoegen, M.; Legoues, F. K.; Copel, M.; Reuter, M. C.;
Tromp, R. M.Phys. Re. Lett. 1991 67, 1130-1133.

(10) zZhang, Z. Y.; Lagally, M. GPhys. Re. Lett.1994 72, 693—-696.

(11) vanderVegt, H. A,; Alvarez, J.; Torrelles, X.; Ferrer, S.; Vlieg, E.
Phys. Re. B 1995 52, 17443-17448.

(12) Vandervegt, H. A.; Breeman, M.; Ferrer, S.; Etgens, V. H.;
Torrelles, X.; Fajardo, P.; Vlieg, Rhys. Re. B 1995 51, 14806-14809.

(13) Camarero, J.; Ferron, J.; Cros, V.; Gomez, L.; de Parga, A. L. V.;
Gallego, J. M.; Prieto, J. E.; de Miguel, J. J.; MirandaPRys. Re. Lett.
1998 81, 850-853.

(14) Esch, S.; Hohage, M.; Michely, T.; Comsa, Bhys. Re. Lett.
1994 72, 518-521.

(15) Copel, M.; Reuter, M. C.; Kaxiras, E.; Tromp, R. Mhys. Re.
Lett. 1989 63, 632-635.

(16) Legoues, F. K.; Hornvonhoegen, M.; Copel, M.; Tromp, RPkys.
Rev. B 1991, 44, 12894-12902.

(17) Higuchi, S.; Nakanishi, YJ. Appl. Phys1992 71, 4277-4285.

(18) Hornvonhoegen, M.; Copel, M.; Tsang, J. C.; Reuter, M. C.; Tromp,
R. M. Phys. Re. B 1994 50, 10811-10822.

(19) Hwang, E. S.; Lee, Electrochem. Solid-State Le®00Q 3, 138
140.

(20) Brankovic, S. R.; Dimitrov, N.; Sieradzki, KElectrochem. Solid-
State Lett1999 2, 443-445.

(21) Sieradzki, K.; Brankovic, S. R.; Dimitrov, Neciencel999 284,
138-141.

(22) Wang, J. X.; Ocko, B. M.; Adzic, R. Rsurf. Sci2003 540, 230—
236.

(23) Ferron, J.; Gomez, L.; Gallego, J. M.; Camarero, J.; Prieto, J. E.;
Cros, V.; de Parga, A. L. V.; de Miguel, J. J.; Miranda,Jurf. Sci.200Q
459, 135-148.

(24) Rosenfeld, G.; Servaty, R.; Teichert, C.; Poelsema, B.; Comsa, G.
Phys. Re. Lett. 1993 71, 895-898.

(25) Harris, SPhys. Re. B 1995 52, 16793-16795.

(26) Gomez, H.; Henriquez, R.; Schrebler, R.; Riveros, G.; Cordova,
R. Electrochim. Acte2001, 46, 821—827.

(27) Vidu, R.; Hara, SScr. Mater.1999 41, 617-624.

(28) Vidu, R.; Hara, SJ. Vac. Sci. Technol., B999 17, 2423-2430.

(29) Vidu, R.; Hara, SJ. Electroanal. Chem1999 475 171-180.

(30) Uosaki, K.; Kondo, T.; Koinuma, M.; Tamura, K.; Oyanagi, H.
Appl. Surf. Sci1997 121, 102-106.

(31) Uosaki, K.; Konishi, K.; Koinuma, M_Langmuir1997, 13, 3557
3562.

(41) Hwang, E. S.; Lee, £hem. Mater200Q 12, 2076-2081.

(42) lkemiya, N.; lwai, D.; Yamada, K.; Vidu, R.; Hara, Surf. Sci.
1996 369, 199-208.

(43) Figge, S.; Bottcher, T.; Einfeldt, S.; Hommel, D.Cryst. Growth
200Q 221, 262—266.

(44) Uosaki, K.; Koinuma, MJ. Electroanal. Chem1993 357, 301~
306.

(45) Toyama, S.; Takei, O.; Tsuge, M.; Usami, R.; Horikoshi, K.; Kato,
S. Electrochem. Commur2002 4, 540-544.

(46) Jin, Y. D.; Dong, S. 3. Phys. Chem. B003 107, 13969-13975.

(47) Wang, JAnalytical Electrochemistry2nd ed.; Wiley-VCH, 2000,
pp 75-84.

(48) Fonticelli, M. H.; Posadas, D.; Tucceri, RJI.Electroanal. Chem.
2003 553 157-161.

(49) De Vries, W. T.; Van Dalen, El. Electroanal. Chem1967, 14,
315-327.

(50) Schiewe, J.; Oldham, K. B.; Myland, J. C.; Bond, A. M.;
VicenteBeckett, V. A.; Fletcher, SAnal. Chem1997, 69, 2673-2681.

(51) Radisic, A.; Oskam, G.; Searson, P.JCElectrochem. So2004
151, C369-C374.

(52) Wagner, P.; Hegner, M.; Guntherodt, H. J.; SemenzaaGgmuir
1995 11, 3867-3875.

(53) Hou, Z. Z.; Abbott, N. L.; Stroeve, Rangmuir1998 14, 3287
3297.

(54) Hou, Z. Z.; Dante, S.; Abbott, N. L.; Stroeve, [RFangmuir1999
15, 3011-3014.

(55) Knoll, W. Annu. Re. Phys. Chem1998 49, 569-638.

(56) Zhang, L. Q.; Booth, C. A.; Stroeve, P. Colloid Interface Sci.
200Q 228 82—89.

(57) Zhang, L.; Vidu, R.; Waring, A. J.; Lehrer, R. I.; Longo, M. L.;
Stroeve, PLangmuir2002 18, 1318-1331.

(58) Baba, A.; Lubben, J.; Tamada, K.; Knoll, Wangmuir2003 19,
9058-9064.

(59) Baba, A.; Tian, S. J.; Stefani, F.; Xia, C. J.; Wang, Z. H.; Advincula,
R. C.; Johannsmann, D.; Knoll, W. Electroanal. Chem2004 562, 95—
103.

(60) Badia, A.; Arnold, S.; Scheumann, V.; Zizlsperger, M.; Mack, J.;
Jung, G.; Knoll, W.Sens. Actuators, B999 54, 145-165.

(61) Xia, C. J.; Advincula, R. C.; Baba, A.; Knoll, W.angmuir2002
18, 3555-3560.

(62) Aust, E. F.; Sawodny, M.; Ito, S.; Knoll, Wscanningl994 16,
353-361.

(63) Ehler, T. T.; Walker, J. W.; Jurchen, J.; Shen, Y. B.; Morris, K.;
Sullivan, B. P.; Noe, L. JJ. Electroanal. Chem200Q 480, 94—100.

(64) Yagi, |.; Nakabayashi, S.; Uosaki, B. Phys. Chem. B998 102
2677-2683.

(65) Zhang, L. Q.; Longo, M. L.; Stroeve, Pangmuir200Q 16, 5093~
5099.

(66) Ma, C.; Srinivasan, M. P.; Waring, A. J.; Lehrer, R. |.; Longo, M.
L.; Stroeve, PColloids Surf., B2003 28, 319-329.

(67) Artyukhin, A. B.; Burnham, K. J.; Levchenko, A. A.; Talroze, R.
V.; Stroeve, PLangmuir2003 19, 2243-2248.

(68) Hwang, E. S.; Lee, Jl. Vac. Sci. Technol., B998 16, 3015~
3020.

(69) Shackelford, J. Antroduction to Materials Science for Engineers
3rd ed.; Macmillan Publishing Company: New York, 1985.

(70) Ohlidal, I.; Franta, DActa Phys. Sleaca 2000 50, 489-500.

(71) Bruggeman, D. A. G. The Calculation of Various Physical Constants
of Heterogeneous Substances. I. The Dielectric Constants and Conductivities
of Mixtures Composed of Isotropic Substanc&en. Phys. (Leipzig)d935
24, 636-664.

(72) Lide, D. R.CRC Handbook of Chemistry and Physig9th ed.;
CRC Press: Boca Raton, FL, 1998; pp—1126.

(73) Varazo, K.; Lay, M. D.; Sorenson, T. A.; Stickney, J. L.
Electroanal. Chem2002 522, 104-114.



