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Abstract

This paper reports the characterization of ternary II–VI semiconductor nanocrystals, deposited by the electrochemical atomic layer epitaxy
(ECALE) technique.

In particular, morphological and structural properties of the ternary compounds of formula CdxZn1−xSe deposited on Ag (1 1 1) have been
characterized as a function of composition. The number of the attainable x values is limited by the necessity of using well-defined ZnSe/CdSe
deposition sequences. However, the quantitative analysis carried out on the basis of both electrochemical and extended X-ray absorption fine
structure (EXAFS) experiments indicates that the ECALE method is a successful way of controlling the composition of CdxZn1−xSe. In addition, the
electrochemical measurements show that the amount of deposition is minimum in correspondence to the compound with x = 0.5, thus corroborating
the hypothesis of a higher degree of disorder suggested both by morphological and structural investigation. The morphology was studied by atomic

force microscopy (AFM). The structure of the films is estimated by EXAFS which is a powerful technique for the analysis of the local structure
around chosen atoms.
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

One of the goals of the present-day research is to decrease
he size of the various components which make up electronic
evices. This miniaturization is desirable not only in the elec-
ronic and optoelectronic industries, but more generally for the
ealization of new functional and smart materials. Such mate-
ials depend, to a large extent, on the possibility of controlling
he formation of the material at the nanoscopic scale. Today
lectrochemistry extends to the domain of material science by

eveloping electrochemical methods for material electrodepo-
ition with control down to an atomic level. The advantages are
ainly connected with good selectivity, low costs and low levels
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f wastestreams. The drawbacks are the necessity of conductive
ubstrates and the use of condensed media that increases the
resence of impurities [1].

Electrodeposition allows for the very precise control of mate-
ial deposited through, for example, Faraday’s law or through
he use of self-limiting phenomena such as those involved in the
nderpotential deposition (UPD). Underpotential deposition is
he basis of the electrochemical atomic layer epitaxy (ECALE)

ethod proposed by Stickney and Gregory [2] for the deposition
f well-ordered II–VI compounds. In the ECALE procedure, the
inary compounds are obtained by alternating the underpoten-
ial depositions of the metallic and non-metallic elements. One

ajor advantage of ECALE method consists in the possibility
f separately optimizing the different steps of the alternate

lectrodeposition by adjusting the experimental parameters.

The deposition of ternary II–VI compounds offers the pos-
ibility of tuning the bandgap to meet specific needs, but poses
he challenge of controlling the film composition. As reported
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y Wang’s review on the nanostructures of II–VI compound
emiconductors [3], cadmium selenides quantum dots demon-
trate a strong size dependence on their physical properties. In
articular, it has been shown that it is possible to correlate the
uantum confinement of small crystallites of CdSe to an induced
igher energy shift with decreasing size [4–7]. To improve quan-
um efficiency, the CdSe nanocrystal core is often passivated by
nother semiconductor shell with a higher energy band gap, such
s ZnSe [8].

Thin films of ternary compounds like CdxZn1−xSe have been
rown by different techniques. In particular, Han and Knoll pre-
ared a solid solution of nanocrystals by heat treatment [9] and
he mechanism for solid solution formation was elucidated by
he recent work of Sung et al. [10].

In our laboratory, experience in the ECALE growth of ternary
I–VI compound semiconductors was obtained by depositing
dxZn1−xS and CdSxSe(1−x) on Ag (1 1 1) [11–13]. Both com-
ounds were obtained by a procedure corresponding to the
lternate deposition of the corresponding binary compounds
n submonolayer amounts. Thus, the compound stoichiome-
ry depends on the ZnS/CdS or on the CdS/CdSe deposition
equence in a well-defined and reproducible way, with the limit
hat only certain discrete x values are attainable. However,
he quantitative analysis carried out by XPS and electrochem-
cal stripping experiments indicates that the ECALE method
as good control over composition. Then, photoelectrochemical
easurements confirmed that the bandgap values of the obtained

ompounds vary about linearly with the composition parameter
which agrees with literature data reported for bulk materials.

This paper reports a detailed analysis on the growth of
dxZn1−xSe by alternating the ECALE deposition of the
orresponding binary compounds. The experimental condi-
ions for the deposition of both ZnSe and CdSe on Ag
1 1 1) by ECALE, as well as some preliminary results on
he attainment of CdxZn1−xSe had been reported before
14,15,11].

The characterization includes the electrochemical characteri-
ation, the evaluation of composition by differential pulse anodic
tripping analysis (DPASV) on hanging mercury drop electrode,
he morphological analysis by atomic force microscopy (AFM)
nd the structural investigation by extended X-ray absorption
ne structure (EXAFS) [16].

. Experimental

.1. ECALE film deposition

Fluka analytical reagent grade Na2SeO3·5H2O, Merck ana-
ytical reagent grade 3CdSO4·8H2O, ZnSO4·7H2O, HClO4,
H4OH, CH3COONa·3H2O and CH3COOH were used with-
ut further purification. Merk Suprapur NaOH and HClO4 and
H4OH were used to prepare the pH 8.5 ammonia buffer,
hereas CH3COONa·3H2O and CH3COOH were used to pre-

are the pH 5.5 acetic buffer. Merck Na4P2O7·10H20 was
ecrystallized twice from bidistilled water and then dried. The
olutions were freshly prepared just before the beginning of
ach series of measurements. An automated deposition appa-
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atus consisting of Pyrex solutions reservoirs, solenoid valves,
distribution valve and a flow-cell was used under the con-

rol of a computer. The electrolytic cell was a Teflon cylinder
ith a 6.7 mm inner diameter and a 37 mm outer diameter,
hose inner volume, about 0.8 ml, was delimited by the work-

ng electrode on one side and the counter electrode on the
ther side. The inlet and the outlet for the solutions were
laced on the side walls of the cylinder. The counter electrode
as gold foil, and the reference electrode was an Ag/AgCl

sat. KCl) placed on the outlet tubing. Both the distribution
alve and the cell were designed and realized in the work-
hop of our Department [17]. The solution is pushed into the
ell by applying a pressure as low as 0.3 atm which deter-
ines a flow-rate of about 1 ml s−1. When the cell is filled, the

ressure is no more applied, so that the flow is stopped dur-
ng ECALE depositions. A simple homemade software allows
lling the cell with the different solutions with the sequence
ecessary to obtain the compound. Binary compounds are sim-
ly obtained by alternating the underpotential deposition of
he metallic element with the underpotential deposition of the
on-metallic element in a cycle. Ternary compounds, such as
admium and zinc chalcogenides, require of further alternat-
ng the cation deposition, which corresponds to alternate the
eposition of the corresponding binary compounds. In other
ord, as better described later, cadmium and zinc selenide is
btained by alternating the deposition of CdSe and ZnSe. The
ilver single crystals were prepared according to the Bridgeman
echnique and polished by a CrO3-based procedure preparation
18–21].

.2. EXAFS measurements

EXAFS measurements at the Se–K (12658 eV) and Zn–K
9659 eV) edges were carried out at the GILDA-CRG beam-
ine [22] of the European Synchrotron Radiation Facility in
renoble. The photon energy selection was carried by a fixed

xit monochromator equipped with a pair of Si (3 1 1) crys-
als running in dynamical focusing mode [23]. Two Pd-coated

irrors, set to an energy cutoff of 21 keV, were used for the
armonics rejection. The intensity of the beam impinging on
he sample was monitored with an Ar filled ion chamber.
he fluorescence spectra was measured using a single element
yperpure Ge detector and the Se-K� and Zn-K� emission

ines were selected for the collection of the EXAFS spec-
ra at the related edges. 2 spectra per sample were collected
nd averaged in order to limit instrumental uncertainties to the
ata.

.3. AFM measurements

Topography was measured ex situ in a dry nitrogen atmo-
phere, using a Molecular Imaging AFM (PicoSPM, Molecular

maging) operating in contact mode, with a commercial Si3N4
antilever (Nanosensors, Wetzlar-Blankenfeld). The samples
ere characterized by non-filtered 512 × 512 pixels images of
�m × 5 �m.
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Fig. 1. (curve a) Cyclic voltammogram of 8 × 10−4 M Se(IV) solutions in pH
8.5 ammonia buffer recorded from −0.1 to −1.2 V vs. Ag/AgCl sat. on Ag (1 1 1)
after the attainment of stationary conditions; (curve b) reductive underpotential
deposition of Cd on a Se-covered Ag (1 1 1) substrate from a 1 mM Cd(II),
0.01 M pyrophosfate and 0.01 M NaOH pH 12 solution; (curve c) reductive
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. Results and discussion

.1. Se deposition on Ag (1 1 1) and on Ag (1 1 1) covered
y a UPD layer of either Cd or Zn

Due to the instability of selenide solutions, SeUPD layers
annot be directly obtained through oxidative underpotential
eposition. On the contrary, the suggested procedure to obtain an
PD layer of selenium consists of depositing an excess of Se(0)

rom 0.5 mM Na2SeO3 solutions and then applying a potential,
f about −0.9 V, which is sufficient to reduce bulk selenium,
ut not the UPD layer [14]. In spite of the two-step procedure,
he experimental conditions for the attainment of SeUPD on Ag
1 1 1) are not critical. In fact, the optimum potential for Se depo-
ition from pH 8.5 ammonia buffer solutions ranged from −0.86
o −0.9 V [15].

The electrochemistry of Se(IV) on Ag (1 1 1) has been thor-
ughly investigated in our laboratory [24] and the voltammetric
urves obtained on the single crystal were interpreted with
he help of the corresponding mass variations as obtained by
anobalance measurements on polycrystalline silver. In agree-
ent with some observations already reported in the literature

25–28], our analysis confirmed the presence of two different
e(IV) electroreduction pathways: the first one involving four
lectrons and leading to Se(0), and the second one involving
ix electrons and leading to Se(−II). However the direct elec-
roreduction yields “gray” electroinactive Se(0), whereas the
nly electroactive form of Se(0) seems to be the “red” selenium
hich is obtained by the chemical comproportionation reaction
etween Se(IV) and Se(−II). At first, Se(−II) is that formed
y the six electrons reduction scheme, but in a short time the
mount of Se(−II) dramatically increases, since it also origi-
ates by the concomitant “red” Se(0) reduction. Our analysis
uggested the existence of two competitive processes: the first
ne leading to the formation of “red” Se(0), and the second one
eading to its reduction. Curve a in Fig. 1 shows the attainment
f stationary conditions in the process of Red Se(0) formation
nd its successive reduction to Se(−II) on Ag (1 1 1) [24].

A short analysis of Se(IV) electrochemical behavior on Ag
1 1 1) covered by a UPD layer of either Cd or Zn, showed that
he same two-step procedure can be applied for obtaining the
PD layer of Se. Therefore, all UPD layers of Se were obtained
y depositing bulk Se(0) at E = −0.87 V and then destroying
he amount of Se(0) exceeding the UPD layer at E = −0.9 V.
his did not depend on which underlying substrate was
sed.

.2. Procedure of ECALE deposition of CdxZn1−xSe

As reported before, the experimental procedure to obtain
dxZn1−xSe with different x values consists of alternating ZnSe
nd CdSe ECALE cycles with different deposition sequences
11]. To obtain CdSe, Cd was deposited at underpotential on

he previously deposited Se. Curve b in Fig. 1 shows the reduc-
ive underpotential deposition of Cd on a Se-covered Ag (1 1 1)
ubstrate from a 1 mM Cd(II), 0.01 M pyrophosfate and 0.01 M
aOH pH 12 solution. As suggested from the figure, the CdUPD

Z

nderpotential deposition of Zn on a Se-covered Ag (1 1 1) substrate from 1 mM
n(II) solutions in acetic buffer. The scan rate is 50 mV s−1.

ayer was obtained by applying a potential E = −0.7 V for 60 s.
fter Cd deposition, the cell was rinsed with ammonia buffer.

n an analogous way, ZnSe was obtained by depositing Zn at
= −0.8 V, as suggested by the reductive underpotential depo-

ition of Zn from 1 mM Zn(II) solutions in acetic buffer (curve
in Fig. 1).

However, the compound obtained by alternating one CdSe
CALE cycle with one ZnSe ECALE cycle yields a compound
ith a very high percentage of Cd (74%) in place of the 50%

xpected value, even though XPS analysis revealed the expected
:1 stoichiometric ratio between cations (i.e. Cd + Zn) and Se.
hen, as already observed [11,13], the most effective way to

ncrease the amount of Zn in the deposit consists of deposit-
ng more ZnSe cycles per CdSe cycle. Therefore the basic
CALE cycles are combined as to give different ZnSe/CdSe
eposition sequences, and each deposition sequence can be
epeated as many times as desired to obtain deposits of practical
mportance.

In this paper, a systematic investigation was carried out with
nSe/CdSe deposition sequences ranging from 1 to 8:

nSe/CdSe = 1 : Se/Cd/Se/Zn/Se/Cd/Se/Zn/Se/Cd

/Se/Zn/Se/Cd/Se/Zn/ . . .

nSe/CdSe = 2 : Se/Cd/Se/Zn/Se/Zn/Se/Cd/Se/Zn

/Se/Zn/Se/Cd/Se/Zn/ . . .
nSe/CdSe = 5 : Se/Cd/Se/Zn/Se/Zn/Se/Zn

/Se/Zn/Se/Zn/Se/Cd/Se/Zn/ . . .
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Yet, the slope of the plot changes while changing the ZnSe/CdSe
sequence. More particularly, plotting these slopes against the
stoichiometric x parameter, a minimum at x = 0.5 is observed,
ig. 2. Plot of the x stoichiometric parameter as a function of the ZnSe/CdSe
eposition sequence as obtained by DPASV (�) and EXAFS measurements (�).

nSe/CdSe = 8 : Se/Cd/Se/Zn/Se/Zn/Se/Zn/Se/Zn

/Se/Zn/Se/Zn/Se/Zn/Se/Zn/ . . . /Se/Cd . . .

.3. Stoichiometry of the ternary sulfides obtained with
ifferent deposition sequences

The stoichiometry of the compounds obtained with the
nSe/CdSe sequence equal to 1, 3, 5 and 8 was determined
y classical quantitative analysis: the deposits were dissolved in
ml of 0.1 M HCl, where selenium is eliminated as H2Se. Then

he amount of cation was determined by DPASV on hanging
ercury drop electrode. Fig. 2 shows that the x stoichiometric

arameter is a linear function of the ZnSe/CdSe sequence. The
inear behavior is confirmed by the x values derived from EXAFS

easurements for the ZnSe/CdSe sequence equal to 1 and 5. All
amples were obtained with approximately 100 ECALE cycles,
hatever the deposition sequence used. The composition mea-

urements well fit the stoichiometries determined before for the
nSe/CdSe sequences equal to 1, 3 and 8 by ex situ X-ray pho-

oelectron spectroscopy (XPS) in ultra-high vacuum [11]. As
lready reported [11–13], the stoichiometry of the ternary com-
ounds depends on the deposition sequence and this is evidenced
o be a well-defined and reproducible trend. The linear behav-
or of the plot allows for a good estimation of the x values not
irectly measured.

.4. Electrochemical characterization

As usual, the first characterization of the ternary compound
btained is the electrochemical characterization [17]. This is
arried out, in situ, by scanning the potential to values where
he deposits are destroyed. As for the binary compounds, the

harge obtained by integrating the stripping peaks obtained with
ifferent numbers of basic ECALE cycles (either of CdS or ZnS)
ives the amount of the elements deposited for that number of
ycles. As an example, Fig. 3 reports the stripping curves of

F
a
d

ig. 3. Linear sweep voltammograms for the oxidative strippings of 4, 8 and 12
Zn + Cd) layers and the reductive strippings of the corresponding Se layers, for
he ZnSe/CdSe deposition sequence equal to 3. The scan rate is 10 mV s−1.

eposits obtained with a ZnSe/CdSe sequence equal to 3, and
ith increasing number of ECALE cycles. Numbers on each

urve indicates the number of deposition cycles. Of course in
he case of the cations, the numbers indicate the sum of Cd and
n. This procedure was applied to the deposits obtained with
nSe/CdSe deposition sequences equal to 1, 2, 3, 5, 7 and 8.

The charge involved in the stripping increases linearly with
he number of deposition cycles. However, regardless of the
toichiometry of the ternary compound obtained, the charge
nvolved in stripping the cations equals the charge involved in
tripping the anion, thus indicating the right 1:1 stoichiomet-
ic ratio. As an example, Fig. 4 shows that this occurs even
n the case of the extreme deposition sequence ZnSe/CdSe = 8.
ote that in this case the plot is limited to 3 points since the

ation/anion balance can be done only every 9 ECALE cycles.
ig. 4. Plots of the charges involved in the oxidative stripping of (Zn + Cd) (�)
nd Se (©) as a function of the number of ECALE cycles for the ZnSe/CdSe
eposition sequence equal to 8.
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Fig. 6. (a) Reports the current flowing during deposition as a function of time for
the ZnSe/CdSe sequence equal to 5. Spikes in the cathodic currents indicate the
solutions changes and the highlighted profile is that of the bulk Se deposition.
The sharp decrease every 5 cycles identifies bulk Se deposition on Cd. (b) Current
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ig. 5. Plot of the charge per cycle as obtained by either the oxidative stripping
f (Zn + Cd) or the reductive stripping of Se as a function of the stoichiometric
arameter x.

ith two symmetrical branches around the minimum (Fig. 5).
he figure also shows the values obtained for the binary Zn
nd Cd selenides [14,15]. This behavior is not monotonic and
herefore it cannot be ascribed to the increasing (or decreasing)
ercentage of just one of the two cations.

Now, it must be stressed that each slope plotted in Fig. 5 gives
he total amount of cations (or of Se) deposited in each depo-
ition cycle for that deposition sequence. As a consequence, it
s evident the presence of a limiting factor that occurs in the x
ange between 0.3 and 0.7 and is maximum for x = 0.5. These
toichiometric values coincide with those reported in the litera-
ures [29,30] for the ranges of existence of the different structures
scribed to the CdxZn(1−x)Se thin films:

Zincblend (cubic) for 0 ≤ x < 0.3,

Cubic + hexagonal for 0.3 < x ≤ 0.8,

Wurtzite (hexagonal) for 0.8 < x ≤ 1

In other words, we can assume that when the percentage of
n in the compound is approximately equal to that of Cd, the
ifferent structures are present in a comparable amount, thus
uggesting a structural disorder that could be responsible for a
educed amount of deposition. In the following it will be shown
hat such disorder is also indicated by the EXAFS measurements.
he EXAFS data also indicate strong differences in the Zn–Se
nd Cd–Se bond length values.

.5. Assessment of the experimental conditions for
eposition and current profiles

Good experimental conditions for deposition require that the
harges involved in the UPD layers of each element do not
ndergo appreciable changes during the whole process of depo-
ition. In our experiments, the turbulence in correspondence of

he solution exchanges, operated by means of a suitable pres-
ure, prevents the accurate measurement of the charge during
eposition. Therefore, as already shown, we usually measure
he stripping charges flowing when the deposits are destroyed.

s
a
T

rofiles of bulk Se deposition as in Fig. 6a (a, red dots), CdSe (curve b, blue line),
nd ZnSe (curve c, green line). (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of the article.)

o limit the possibility that the experimental conditions could
ppreciably vary during deposition, becoming critical, the poten-
ials chosen for deposition should ensure UPD conditions also
oing on with the number of ECALE cycles. More precisely,
n our opinion, the potentials should be as close as possibly to
ulk deposition, still remaining in the UPD region. For exam-
le, referring to Fig. 1, note that the potential chosen for Zn
eposition, −0.8 V, is much more negative than the potential,
0.62 V, of the UPD peak, and the potential chosen for Cd depo-

ition, −0.7 V, is again much more negative than the potential,
0.52 V, of the UPD peak. Analogous criteria were applied for

he deposition of bulk Se(0) excess and its successive reduc-
ion necessary to obtain the UPD layer. Then, the evidence
hat the conditions did not vary while increasing the number
f ECALE cycles is given by the linear increase of the charge
ith the number of deposition cycles, which indicates that the

ame amount of compound is deposited in each deposition
ycle.
A large part of the literature on ECALE stresses the neces-
ity of reaching “steady-state conditions”, thus indicating the
ttainment of a reproducible current profile during deposition.
herefore, even though we choose the experimental conditions
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Fig. 7. 5 �m × 5 �m AFM images of Cd0.74Zn0.26Se (a), Cd0.5Zn0.5Se (b) a

or deposition on the basis of the stripping charges, we also
ecorded the current during the whole deposition of a given
ompound to examine the current behavior. Different levels of
urrent allow for the distinction of the successive steps of the
ompound growth, i.e. (i) bulk Se deposition, (ii) reduction of
he excess of bulk Se(0) leaving the SeUPD layer, (iii) forma-
ion of the UPD layer of either Cd or Zn. Fig. 6a reports the
urrent flowing during deposition with respect to the time of
eposition, in the case of a ZnSe/CdSe sequence equal to 5.
pikes in the cathodic currents are connected with the solution
xchanges. It must be noted that the cathodic current involved
n bulk Se deposition masks the currents involved in the UPD
ayers, which are only observed when the curve is enlarged
see the zoomed part of Fig. 6a). However, in our opinion,
he current profile is worthwhile to be reported because of its
eculiarity. Then, the highlighted profile is that of the bulk
e deposition (also reported as curve a in Fig. 6b). The sharp

ecrease every 5 cycles identifies bulk Se deposition on Cd.
his behavior reflects the different current profiles obtained dur-

ng CdSe (curve b in Fig. 6b) and ZnSe deposition (curve c
ig. 6b). Future investigation could be directed to determine

s
t

m

d0.39Zn0.61Se (c). All compounds were obtained with 60 deposition cycles.

he influence of parameters such as capacitance and resistivity
f the growing film as well as of the presence of a differ-
nt electrocatalytic effect exerted by the Cd or Zn deposited
ayers.

.6. Morphological characterization

Ex situ AFM measurements were performed both on the
inary and on the ternary selenides.

Fig. 7 shows 5 �m × 5 �m AFM images of CdxZn1−xSe
btained with the same 60 deposition cycles and with x values
anging between 0.3 and 0.8. The figure shows a well-defined
rend of the roughness and of the cluster’s size: qualitatively, both
how a minimum for x = 0.5. The minimum is confirmed by the
rend of the crystallite sizes as estimated on statistical basis. A
imilar trend is reported in Ref. [28], where the crystal sizes
etermined from XRD and SEM micrographs for chemically

ynthesized CdxZn1−xSe were found to decrease with increasing
he Zn percentage (up to x = 0.5).

For x = 0.5 is also observed the minimum value of the root
ean square (RMS) roughness parameter calculated via the



6984 F. Loglio et al. / Electrochimica Acta 53 (2008) 6978–6987

F
C

s

R

H
t
d

a
p
s
v
r
t
i
n

F

Fig. 9. EXAFS spectra at the Se–K edge (a) and Zn–K edge (b) of the samples
indicated in the figures together with the model reference compounds CdSe and
ZnSe. For clarity reasons, the curves relative to different samples are vertically
shifted. Se is present in both reference compounds, however the EXAFS signal
i
c
r

H
t
o
n
h

3

A
F
t
g

d
i
c
s

ig. 8. Three-dimensional 5 �m × 5 �m AFM images of ZnSe (a) and
d0.39Zn0.61Se (b).

tandard formula [31,32]:

q =
√∑M−1

k=1
∑N−1

l=1 (Zk,l − Z̄)2

MN
with

Z̄ = 1

MN

M−1∑
k=0

N−1∑
l=0

Zk,l (1)

ere Zk,l is the height of pixel kl; Z̄ is the mean value of dis-
ribution; and M × N is the number of pixels and, therefore, of
ata points.

The calculated RMS values are included between 1 and 3 nm
nd, therefore, seem to be too low to represent a significant
arameter. The comparison with the already investigated ternary
ulfides [11] suggests that the low values are ascribable to the
ery thin layer obtained with 60 deposition cycles, whereas the
oughness is expected to increase with the number of deposi-
ion cycles up to a limiting value. The specific investigation on

ncreasing the film thickness was not carried out since we did
ot consider it crucial for the present morphological analysis.

As expected, the binary selenides appear more homogeneous.
ig. 8 shows the comparison between ZnSe and Cd0.39Zn0.61Se.

a
s
p
t

s extremely sensitive to its surrounding as observable in the top and bottom
urves in (a). There the dashed line show an inversion of the phases between the
eference compound curves.

owever, the roughness value of ZnSe, 2.2 nm, is not far from
hat, 2.6 nm, of the ternary compound. This confirms our former
bservation that a very low roughness value is not always con-
ected to a very smooth surface, but can also be ascribed to the
igh packing effect exerted by very small cluster’s size [12,13].

.7. EXAFS characterization

The experimental EXAFS spectra, extracted using the
THENA package [33], are shown in Fig. 9, and the related
ourier transforms are shown in Fig. 10. The EXAFS spec-

ra of the reference compounds were collected in transmission
eometry using CdSe, ZnSe and ZnO powders.

A qualitative analysis of the spectra permits to immediately
raw some conclusions on the first neighbors of the absorb-
ng atoms. By observing the EXAFS spectra of the ternary
ompounds at 3.9 and 5.5 Å−1, where the reference compound
ignals show a complete out of phase oscillation, we can notice

reduction of the oscillation with respect to the reference CdSe

pectra. This already give the feeling that some disorder must be
resent and that an atomically mixed first coordination shell of
he Se atoms is present. Moreover, no signal from the higher
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Fig. 10. Experimental (lines) and best fit (dots) moduli of the Fourier trans-
forms of the EXAFS spectra collected at the Se–K edge (a) and Zn–K edge
(b) presented in Fig. 1. The transforms were carried out in the interval k = 3,
13 Å−1 using a Hanning window and a k3 weight (Se–K edge) or a k2 weight
(Zn–K edge). The dashed line in the Se–K edge spectra marks the position of
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Table 1
Results of the quantitative data analysis of the Se–K edge EXAFS spectra

Parameter CdSe Cd0.5Zn0.5Se Cd0.74Zn0.26Se ZnSe

RZnSe (Å) 2.445 (7) 2.47 (1) 2.447 (1)

�2
ZnSe (Å

2
) 0.0078 (3) 0.0075 (1) 0.0057 (1)

RCdSe (Å) 2.621 (1) 2.612 (6) 2.610 (4)

�2
CdSe (Å

2
) 0.0047 (2) 0.0070 (3) 0.0066 (1)

XZn ± dX 0.45 (4) 0.24 (4)

The local structural parameters like Se–Zn and Se–Cd bond length and Debye-
W
l
S

S
t
n
t
Z
p
i

f
F
c
b
a
i
C
c
n
w
b
Cd or Zn atom) and the lattice parameter linearly scaling with
the composition [39]. The cation–anion bond length instead,
exhibits a scarce dependence on the composition as already evi-
he bond corresponding to the Se–Zn pair whereas in the Zn–K edge spectra the
ine marks the position of the Zn–O bond. For clarity of presentation the curves
elative to different samples are shifted vertically.

oordination shells is visible in the Fourier transforms sug-
esting a considerable structural disorder in the particles. For
hat concerns the Zn–K edge the main peak in the FT of
oth samples coincide with that due to Zn–Se bonds in the
nSe compound (see Fig. 10). A shoulder at low R values is
lso observed in the FT of sample Cd0.74Zn0.26Se that coin-
ides in position to that of the Zn–O bond in the crystalline
nO. From a qualitative point of view Zn is a mixed phase
f selenide plus oxide, the latter probably due to air/moisture
xposure.

Data were quantitatively analyzed by generating the theoret-
cal EXAFS signals with the Feff 8.10 code [34] starting from
lusters of ZnSe [35], CdSe [36], mixed Cd0.5 Zn0.5Se and ZnO
37]. The fit to the experimental data was carried out using the
RTEMIS code [38]. In the case of the data of the Se–K edge the
rst shell was modeled with a mixed Se–Cd and Se–Zn contribu-

ion whereas for the data at the Zn–K edge the Zn–Se and Zn–O

ontributions were taken into account. For each contribution the
mplitude factor S2

0 and the energy shift �E0 were determined
n the related model compound and kept fixed during the struc-
ural refinement of the samples. Free parameters of the fit at the

F
o
(
p

aller factors (DWF) are shown together with the Zn alloy content XZn. This
ast parameter is calculated from the number of Zn neighbors surrounding the
e, NZn.

e–K edge were the Se–Cd and Se–Zn shell radii RSe–(Zn or Cd),
he related Debye-Waller factors (DWF) σ2

Se–(Zn or Cd) and the
umber of Zn and Cd atoms surrounding Se with the constraint
hat their sum is equal to 4. Similar criteria were used for the
n–K edge with the difference that here no Zn–Cd bonds are
resent. The results of the quantitative data analysis are reported
n Table 1 for the Se–K edge and in Table 2 for the Zn–K edge.

The quantitative analysis of the EXAFS data highlights the
ormation of a random solid solution of the type CdxZn(1−x)Se.
rom the atomic composition of the first shell the overall alloy
omposition has been derived and, in both cases, it results to
e poorer in Zn with respect to the nominal value of a factor
bout 2. Evidence for an oxidized phase for Zn (about 5 ± 2%)
s found from the analysis of the Zn–K edge. The bond lengths
d–Se and Zn–Se keep well distinct values and exhibit no appre-
iable trend with the composition. This means that this alloy is
ot described by the virtual crystal approximation (VCA), i.e.
ith all the atoms placed at the ideal lattice points of a zinc-
lende structure (and cation locations randomly occupied by a
ig. 11. Experimental values of the RSeCd and RSeZn bond lengths as a function
f the alloy composition as determined from the number of first shell neighbors
Table 1). The results of the VFF theory [44] (solid lines) are compared with the
rediction of the VCA model (dashed line) for the first shell bond length.
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Table 2
Results of the quantitative data analysis of the Zn–K edge EXAFS spectra

Parameter ZnSe Cd0.5Zn0.5Se Cd0.74Zn0.26 Se ZnO

RZnSe (Å) 2.450 (3) 2.45 (1) 2.46 (2)

�2
ZnSe (Å

2
) 0.0064 (3) 0.008 (1) 0.007 (1)

RZnO (Å) 1.96 (3) – 1 O @1.85 (2)
3 O @1.97 (1)

�2
ZnO (Å

2
) 0.002 (1) – 0.0015 (5)

XZn ± dX 0.95 (2) 1.00 (2)
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he local structural parameters like Zn–Se and Zn–O bond length and DWF are s
rom the number of Se neighbors, NSe.

enced in a number of semiconductor alloys [39–42]. In order
o confirm this idea a theoretical calculation on the first shell
ond length values has been carried out. This calculation was
ased on the valence force field (VFF) method [43] (i.e. consid-
ring an harmonic interaction potential between first neighbors)
nd using the procedures described in Refs. [41,44] taking into
ccount the elastic and structural data of the CdSe and ZnSe
ompounds. The results are shown in Fig. 11 where it is evident
hat the anion–cation bond length has a faint dependence on the
omposition when compared to the VCA prediction.

. Conclusions

CdxZn1−xSe were grown on Ag (1 1 1) by the ECALE method
ith a stoichiometry controlled by the ZnSe/CdSe deposition

equence.
The charge involved in stripping either the metal or the

halcogen atoms from CdxZn1−xSe increases linearly with the
umber of deposition cycles, thus supporting a layer-by-layer
rowth, at least concerning the first stages of the film forma-
ion. Moreover, regardless of the stoichiometry of the ternary
ompound obtained, the two charges are equal, thus confirming
he right 1:1 stoichiometric ratio also estimated from EXAFS
ata.

The total amount of cations (or of Se) deposited in each depo-
ition cycle depends on the chosen deposition sequence, i.e. on
he stoichiometry, with a precise trend. More particularly, a lim-
ting factor occurs in the x range between 0.3 and 0.7 and is

aximum for x = 0.5. The coincidence of this range with the
ange of coexistence of the different structures exhibited by the
dxZn(1−x)Se thin films suggests that the reduced extent of depo-

ition could be ascribed to the presence of structural disorder.
his hypothesis is supported both by morphological and struc-

ural data: AFM images show that the cluster sizes are minimum
n correspondence of x = 0.5, and EXAFS measurements indi-
ate strong differences in the Zn–Se and Cd–Se bond length
alues.

The quantitative analysis of the EXAFS data confirm the
ypothesis of CdxZn(1−x)Se formation. The different values for

he bond length of the Cd–Se and Zn–Se pairs indicate that the
CA is not satisfied. The theoretical calculation of the bond

ength values based on the VFF method confirm the observed
xperimental data.

[

[
[

together with the fraction X of Zn atoms present in the alloy phase as calculated
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