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Abstract

The mechanisms related to the initial stages of the nucleation and growth of cadmium telluride (CdTe) thin films on the rough face side
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f a (1 0 0) monocrystalline n-type silicon have been studied as a function of different potential steps that varied from an initia
0.200 V to values comprised between−0.515 and−0.600 V versus saturated calomel electrode (SCE). The analysis of the corresp
otentiostaticj/t transients suggests that the main phenomena involved at short times is the formation of a Te–Cd bi-layer (BL). For
elow−0.540 V, the formation of this bi-layer can be considered independent of potential. At greater times, the mechanisms is co

wo process: (i) progressive nucleation three dimensional charge transfer controlled growth (PN-3D)ct and (ii) progressive nucleation thr
imensional diffusion controlled growth (PN-3D)diff , both giving account for the formation of conical and hemispherical nuclei, respec
x situ AFM images of the surface seem to support these assumptions.
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. Introduction

Chalcogenide cadmium telluride (CdTe), is recognized as
highly versatile II–VI narrow bandgap binary compound

emiconductor (Eg = 1.45 eV)[1], from which one can expect
high solar energy conversion efficiency. This compound is

he only binary II–VI material which can be in both n- and p-
onductivity types[2]. Furthermore, the direct optical transi-
ion results in a large absorption coefficient that makes the use
f thin film solar cells possible. Its applications range from
olar cells to gamma-ray and infrared detectors[3]. In addi-
ion, its close lattice match and chemical compatibility with
gCdTe make CdTe an ideal substrate for growth of this vari-
ble band-gap infrared detector material[4,5]. Lately, these
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materials are generating great interest because their p
ties are well suited for the fabrication of nuclear radia
detectors operating at room temperature[6]. On the othe
hand, silicon is appealing as a substrate material becau
its transparency to infrared radiation out to wavelengths
yond 14�m and because large-area wafers of the hig
structural perfection are readily available commerciall
a minimal cost. In addition, Si integrated circuit process
technologies are well developed and can be combined
ily with selected area HgxCd1−xTe/CdTe/Si heteroepitaxy
form the monolithic infrared detecting systems[3,4,7].

The growth of CdTe on silicon is driven mainly by infrar
applications. CdTe/Si is now being used for the fabricatio
megapixel HgCdTe hybrid infrared focal plane arrays (I
PAs)[4], which will find very large applications in militar
space and medical imaging areas for infrared imaging
low-background detection.
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Various growth techniques, such as molecular-beam epi-
taxy (MBE) [7–9], metalorganic chemical vapor deposition
(MOCVD) [10,11], UHV sublimation[12], metalorganic va-
por phase epitaxy (MOVPE)[13] and hot wall epitaxy[14,15]
have been used to grow CdTe films onto silicon substrates.
Notwithstanding, low-temperature, in situ fabrication of crys-
talline thin films, is essential in order to improve their quality,
lower production costs, and make the whole process environ-
mentally friendly. Electrodeposition is a well adapted alter-
native technique that has been successfully used for thin film
preparation. However, electrodeposition onto Si is very dif-
ficult and hard, the quality of the Si substrate surface greatly
influences the quality of the subsequent layers. For instance,
the native oxide formation leads to passivity problems. Metic-
ulous care has to be taken in preparing the Si surface prior
to electrodeposition in order to avoid adventitious surface
oxide formations as well as to eliminate the spontaneous de-
position of tellurium on the Si surface. The difficulty of ob-
taining CdTe thin films of good quality by electrodeposition
onto Si, appears to be an important challenge. Sugimoto and
Peter[16,17], and Berlouis group[18,19], investigated the
CdTe electrodeposition onto flat silicon single crystals. More
recently, Takahashi et al.[20], presented results on epitax-
ial grown of CdTe films by electrodeposition onto Si(1 1 1),
assisted by pulsed-light (from a xenon lamp).
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ing electrode for cathodic reactions in dark conditions. The
wafer was cut in small 1 cm× 1 cm squares that were first de-
greased in boiling isopropanol, and then rinsed with a 0.5:1:4
HCl:H2O2:H2O mixture heated up to 80◦C, in order to re-
move any trace of heavy metals. Afterwards, the oxide film
was removed by etching with a 2 M HF acid (pH 4.5) solution
and thoroughly rinsed with ultra pure water. The ohmic con-
tact was made through the application of a Ga–In eutectic in
the polished face of the samples that were mounted in a cop-
per support. The edges of the silicon squares and the copper
were isolated with an adhesive Teflon tape, leaving a defined
exposed area of 0.30 cm2 facing the solution. Before running
the electrochemical experiments the electrode surface was
again etched for 15 min with the 2 M HF solution (after this
procedure an atomically smooth and predominantly hydro-
gen terminated surface, H-terminated n-Si(1 0 0), would be
obtained[23,24]). The electrolytic solutions were prepared
from analytical grade reagents with the following composi-
tions: 1 mM TeO2 + 0.5 M CdSO4 + 0.5 M H2SO4 + 0.5 M
NH4F (pH = 0.29 at 20◦C as room temperature).

Electrochemical experiments were conducted in darkness
at 85◦C to obtain a good crystalline structure of the deposits
[18,19,25]. Prior to the experiment the electrolytic solutions
were de-aerated by purging with 5N nitrogen. To keep the cell
atmosphere free of oxygen during the measurement nitrogen
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Formation of a homogeneous film can be reached wi
deally energetically uniform surface, condition that in pr
ice is unreachable. An alternative approach can be exp
onsisting in using a substrate with a very high densit
urface non-uniformities[21]. This approach will lead to
acroscopic equalization of injection conditions for e

rons all along the surface, resulting in a uniform dep
rowing[21]. The rear side of one side polished silicon wa
the rough face side of the silicon wafer) contains this typ
n-homogeneities. Results on the electrodeposition of C
hin films onto the rough face side of a n-type silicon (1
afer, have been recently reported by our group[22]. The
lectrodeposits formed on this substrate shown a good a
nce as well as a (Cd/Te) atomic ratio very close to one. H
ver, the formation of a continuous and a good quality
lm requires a detailed understanding of the nucleation
rowth mechanisms. To our knowledge, only the work of

er et al. about nucleation and growth of the electrodepos
f CdTe onto n-Si with different surface orientations ((1 0
1 1 1) and (110)), can be found in the literature[16,17]. In
urrent work, results of the study on nucleation and gro
echanisms of the electrodeposition of CdTe onto the r

ace of a n-Si(1 0 0) are presented.

. Experimental

Nucleation and growth mechanism studies were
ormed on the rough face side of a (1 0 0) monocrysta
-type silicon (1.0–5.5� cm. P-doped, Int. Wafer Servic
A, USA), which was chosen because it gives a nonbl
as passed over the electrolyte. A platinum wire served a
ounter-electrode, and a saturated calomel electrode (
as used as the reference (all the potentials in this work
e referred to this SCE). To minimize the formation o
e layer, at the point of immersing the working electr

nto solution, the potential was set at−0.200 V employing
latinum probe.

The electrochemical measurements were done
odel IM6e BAS–ZAHNER impedance measurement u
nd electrodepositions were carried out using m
63A EG&G Princeton Applied Research potentiostat.
FM images were obtained with a Digital Instrum

NANOSCOPE IIIA Series) using the contact mode at a
ate of 0.02�m s−1.

The data analysis was performed using a commercial
are package (ORIGIN

TM
from MicroCal Software Inc.). Th

on-linear least square procedure fitting for the simulatio
he j/t transients was based on the Levenberg–Marquar
orithm.

. Results and discussion

.1. Voltammetric study

In order to understand the CdTe nucleation and gro
echanism on silicon, is important to know the electroch

cal response of the rear side of the one sided polishe
i(1 0 0) wafer, which is the substrate studied in present w

n the following the rough face refers to the rear side of
ide polished wafer whose cyclic voltammetric respons
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Fig. 1. Cyclic voltammogram of a n-Si(1 0 0) electrode (rough side), in 0.5 M
CdSO4 + 1 mM TeO2 + 0.5 M H2SO4 + 0.5 M NH4F. Scan rate: 10 mV s−1.
Temperature: 85◦C. The arrows denote the direction of the potential scan.

a electrodeposition bath containing Cd and Te precursors in
the presence of 0.5 M NH4F at a temperature of 85◦C is de-
picted inFig. 1. The small cathodic shoulder (1c) at−0.325 V
can be associated to HTeO2

+ reduction to tellurium through
a four electron process:

HTeO2
+ + 3H+ + 4e− ⇔ Te0 + 2H2O (1)

with an equilibrium potential,Ueq
0 = +0.278 V versus SCE.

In agreement with Kr̈oger theory[26], the broad current peak
at −0.380 V (2c) is related to the electrodeposition of CdTe
through a two-electron process,

Cd2+ + Te0 + 2e− ⇔ CdTe (2)

Extending the scan towards more negative potential a small
shoulder (1′c) is observed at ca.−0.500 V which is probably
related to the reduction of Te to H2Te [27]. This process is
followed by a current decay until a potential of−0.600 V
is reached. Beyond−0.600 V, the cathodic current (3c) that
increases almost linearly with potential may be associated to
the deposition of metallic Cd which is present in a substan-
tial concentration in the bath. The small peak (3a) observed
during the anodic scan indicates that only a fraction of the
electrodeposited Cd is stripped at this potential interval and
most of cadmium stripping is associated to the wide shoul-
d ct
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d the
r ob-
s ce of
a t the
c ition
o

Fig. 2. AFM images of (a) rough side of n-Si(1 0 0) and (b) CdTe film de-
posited atEd = −0.545 V vs. SCE on silicon substrate,qd = −0.319 C cm−2.

It is worth noting that in the potential interval between
−0.380 and−0.500 V, the deposition of CdTe may be accom-
panied by the formation of a Te excess. On the other hand, in
the potential interval where the metallic cadmium electrode-
position takes place (−0.500 to−0.580 V), stoichiometric
CdTe deposition should be expected. In fact, energy disper-
sive X-ray spectroscopy analysis showed that in this potential
range CdTe thin films with Cd/Te atomic ratios close to one
are obtained[28].

3.2. Morphological study

Morphological characterization of both, silicon rough sur-
face and electrodeposited CdTe thin film, were done by AFM
analysis.Fig. 2a shows the as received surface structure of
the rough face of a n-Si(1 0 0) where the presence of inverted
pyramids can be observed. These pyramidal texturing can be
attributed to the combination of anisotropic etching of the
silicon surface, and to hydrogen bubbles evolved during the
etching reaction[29]. According toTable 1, there is not a sig-
nificant difference between the roughness coefficient in both
sides of the Si wafer but, due to the presence of the pyramids,
the RMS values are remarkable different. Accordingly, the
er denominated as (3′c). This is probably due to the fa
hat as the metal is in direct contact with the CdTe semi
uctor film, a higher overpotential is needed to produce
e-oxidation. Further, the anodic stripping of CdTe is not
erved in this potential range, probably due to the presen
Schottky barrier at the n-Si(1 0 0) surface. The fact tha

urrent remains cathodic indicates a lower electrodepos
ver-voltage on an already coated surface.
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Table 1
Roughness coefficient obtained by roughness analysis in AFM images for
both n-Si(1 0 0) wafer sides and CdTe as electrodeposit on rough silicon

Material Geometric
area (�m2)

Surface
area (�m2)

Roughness
coefficient

RMS (nm)

Flat – Si 100.00 100.00 1.0000 1.698
Rough – Si 100.00 102.66 1.0266 191.000
Rough – Si/CdTe 100.00 112.36 1.1236 32.490

real surface area in rough silicon substrate is not extremely
different to the calculated geometric area.Fig. 2b shows an
AFM image of an as-grown electrodeposited CdTe film (1�m
thickness,Edep= −0.575 V), onto this rough silicon surface.
The film presents a smooth aspect, with a cauliflower mi-
crostructure. Moreover, inside of this surface some conical
nucleus can be seen.

F
r
−

3.3. Nucleation and growth mechanism analysis

The comparison between thej/t transient responses for
the formation of a CdTe film shows remarkable differences
in the nucleation and growth mechanism for both sides of a
n-Si(1 0 0) wafer(Fig. 3a). Whereas on the flat side the current
undergoes an exponential decay with time, the rough side ex-
hibits a well developed process associated to the nucleation
of a phase at the electrode surface. The increase in the nucle-
ation kinetics of the rough face can be related to the presence
of terraces that supply a significative number of edges that
energetically favors the adsorption and further reduction of
the redox species that are present at the interface. In fact,
studies conducted for other authors[16–19]demonstrate that
the growth of a thick CdTe layer on a flat n-Si(1 0 0) surface
is not possible due to the poor adherence of the film. Instead,
ig. 3. (a) Comparison between twoj/t transient obtained atEd = −0.545 V vs. S
ecorded on a n-Si(1 0 0) rough face using 0.5 M CdSO4 + 1 mM TeO2 + 0.5 M
0.545 V vs. SCE. All the simulation values are shown inTable 2.
CE on rough (- - - -) and flat (—)n-Si(1 0 0). (b) Experimentalj/t transients
H2SO4 + 0.5 M NH4F as deposition bath, (c)j/t transient fitting forEd =
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Table 2
Fitting parameter values for CdTej/t transients and nucleation and growth mechanisms proposed

Ed/V vs.
SCE

N.G.M.: Cottrell + (IN-2D)tc + (PN-3dD)diff + (PN-3D)tc; equation:i[A] = P1
t1/2 + P2t × exp−P3t2 + P4

t1/2 [1 − exp−P5t2] + P6[1 − exp−P7t3]

P1 = anFD1/2C∞
π1/2

(A s1/2)

P2 = 2πnFMhN◦k2

ρ

(A s−1)

P3 = πM2N◦k2

ρ2

(s−2)

P4 = anFD1/2C∞
π1/2

(A s1/2)

P5 = A′πKD

(s−2)
P6 =
anFk′

3 (A)
P7 = πM2k2

3A3N◦
3ρ2

(s−3)

−0.515 1.960× 10−5 4.09× 10−6 0.00582 9.6670× 10−3 3.0× 10−5 5.752× 10−5 2.0× 10−5

−0.530 1.550× 10−4 1.342× 10−5 0.00407 10.557× 10−3 1.0× 10−5 2.450× 10−4 3.0× 10−5

−0.545 2.210× 10−4 5.231× 10−5 0.00739 10.053× 10−3 4.0× 10−5 2.204× 10−4 4.0× 10−5

−0.560 1.474× 10−4 7.550× 10−5 0.00720 9.981× 10−3 1.0× 10−5 3.411× 10−4 2.0× 10−5

−0.575 1.825× 10−4 6.919× 10−5 0.00572 6.405× 10−3 2.0× 10−5 3.711× 10−4 2.0× 10−5

Ed: Potential step value;N◦: number of active sites under the experimental conditions (cm−2); A: bi-dimensional nucleation rate constant (cm−2 s−1); k:
bi-dimensional incorporation constant rate (mol cm−2 s−1); h: height of bi-dimensional nuclei (cm);n: electron number;F: Faraday constant (A s mol−1);
a: electrode area (cm2); M: molar mass (g mol−1); ρ: density (g cm−3); C∞: concentrations in bulk solution (mol cm−3); D: diffusion coefficient (cm2 s−1);
k′3: horizontal incorporation constant rate (mol cm−2 s−1); k3: perpendicular incorporation constant rate (mol cm−2 s−1); A3: three dimensional constant rate
(cm2 s−1). With K = 4/3(8πC∞M/ρ)1/2, A′ = ANo.

our results show that the imperfections that are present on the
rough side allow to successfully grow an adherent and thick
CdTe film.

To study the nucleation and growth mechanism of CdTe
on the unpolished side of the (1 0 0) silicon wafer a set ofE/t
perturbation programs (including different potential steps),
were employed.Fig. 3b shows the respectivej/t transients
recorded between an initial potential of−0.200 V and a fi-
nal value varying from−0.515 to−0.600 V. After the initial
double layer charging, they firstly exhibit an induction time
of about 1–2.5 s followed by a current increase associated to
the solid phase formation. The further evolution depends on
the final applied potential. An almost linear current increase
is observed for the more positive values but, from−0.530 V
two new contributions appear: one in the interval between 5
to 20 s and the other after 20 s.

At −0.600 V there are other current contributions that are
probably related to the deposition of a cadmium excess. The
fitting of the curves was made employing the general equa-
tion presented inTable 2for the transients recorded between
−0.515 and−0.560 V (i.e.−0.545 V,Fig. 3c). This general
equation has been constructed considering the addition of
the currents contributions and the theoretical nucleation and
growth mechanisms (NGM) that have been reported in the lit-
erature[30,31]. The parameters P1–P7 used in thej/t transient
fi is
i con-
t ears
fi pe
c tion
o ted
d ugh
s
(
( to
t ich is
i th
n l-
l s

Fig. 4. Evolution of (IN-2D)tc current contributions at different electrodepo-
sition potential (Ed). The inset shows the charge associate to each potential
step.

more negative values. In fact, atEd =−0.515 Vtmaxis located
at 9.2 s but at−0.530 V, instead of finding a lowertmax this
is higher (10.8 s) than expected. A possible explanation of
this behavior can be associated to the fact that at more nega-
tive potentials starts the simultaneous deposition of tellurium
and cadmium a process which should present a coalescence
time different than that of tellurium alone. AsEd is made
more negative (Ed ≥ −0.560 V) the 2D process is now asso-
ciated to a Cd–Te bi-layer (BL), with its own time constant,
and thetmax decreases as expected. AtEd = −0.575 V,tmax
again increases a fact that can be explained assuming that at
this potential value the Cd and Te ad-atoms that are form-
ing at the electrode surface are distributed between the three
tting are described inTable 2and the meaning of each term
ndicated in the same table. The following deconvoluted
ributions were obtained: at very short interval times app
rst the double layer charging, followed by a Cottrell ty
urrent decay related to the multielectronic electroreduc
f HeTO2

+ ions to tellurium. The corresponding calcula
iffusion coefficient considering the real area of the ro
ilicon electrode gives a value ofDTe = 1.07× 10−5 cm2 s−1

close to that previously reported by Mori and Rajeshwar[29]
1.14× 10−5 cm2 s−1). The last contribution corresponds
he starting of the nucleation and growth processes wh
nitially related to the 2D Te nuclei formation. It is wor
oting that thetmax values of this 2D contribution do not fo

ow the typical behavior expected whenEd is moved toward
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Scheme 1.

contributions involved in the overall nucleation and growth
process hindering thus the 2D contribution. Moreover, the
details of the evolution of the bi-dimensional current contri-
butions at different potential steps are depicted inFig. 4. As
can be seen in the inset, the charge associated to this process
tends towards a value close to 6–7 mC cm−2. Considering
a roughness factor of 1.0266 (seeTable 1), and taking into
account that the charges involved in the growth of Te and
Cd monolayers are 1.0 and 0.5 mC cm−2 respectively, it can
be appreciated that for potential values more cathodic than
−0.540 V, the situation of one Cd monolayer grown onto a
previously one of deposited Te is reached. This constitutes
what we will label the first bi-layer. After that, the decrease of
the precursor concentration in the interface (gradient concen-
tration), and the increase of the charge transfer resistance due
to the BL formation, leads to a new situation in the interface,
which is very different from what has just been described.

At times greater than 20 s prevail the contributions cor-
responding to the progressive nucleation three dimensional
charge transfer controlled growth of conical nucleus (PN-
3D)ct, (seeFig. 3b). These are originated from the reaction
between the cadmium ions with the tellurium islands previ-
ously deposited to form CdTe. On the other hand, the progres-
sive nucleation three dimensional diffusion controlled growth
(PN-3D)diff generates hemispherical nucleus. This diffusion
p the
e face,
p t the

rough silicon surface, contributing to the formation of 3D nu-
cleus and to a rough morphology. This is probably the reason
for the decrease of the diffusion coefficient obtained from the
fitting in this time interval (DTe = 3.5× 10−7 cm2 s−1). The
ex situ AFM images of the electrode surface seem to support
the preceding interpretation of CdTe growth on the rough face
of the n-Si wafer (seeFig. 2b). As it is seen, most of the nu-
cleus are small and present cauliflower type morphology, but
some of them form overhanging isolated conic nucleus, both
accounting for the observed current/time contributions. The
observed phenomenology can be summarized inScheme 1
which accounts for the overall CdTe nucleation and growth
process on rough n-type silicon surface.

4. Conclusions

Thej/t transient responses for the formation of a CdTe film
show remarkable differences in the nucleation and growth
mechanism for both sides of a n-Si(1 0 0) wafer. On the flat
side the current only presents an exponential decay with time
but on the rough side a well developed process associated to
the nucleation of a phase at the electrode surface is observed.
The increase in the nucleation kinetics of the rough face is
attributed to the presence of terraces that supply a significant
n and
f at the
i

rocess found in this time interval would be related to
xistence of a tellurium concentration gradient at the sur
roduced by the depletion of this electroactive species a
umber of edges that energetically favors the adsorption
urther reduction of the redox species that are present
nterface.
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The analysis of the potentiostaticj/t transients suggests
that the main phenomena involved in the initial stages of the
nucleation and growth of the CdTe onto the rough face of a
n-Si(1 0 0) wafer is the formation of a Te–Cd bi-layer. For po-
tentials more negatives than−0.540 V, this BL formation can
be considered independent of the potential. At times greater
than 20 s, the CdTe nucleation-growth process is controlled
by (PN-3D)ct and (PN-3D)diff mechanisms, both accounting
for the formation of conical and hemispherical nuclei, respec-
tively. Despite of the formation of these type of 3D nuclei,
they can be considered as the sum of several 2D BL discs.
Ex situ AFM images of the covered surface seem to support
these assumptions.
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