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Extrinsic Doping of Electrodeposited Zinc Oxide Films by Chlorine
for Transparent Conductive Oxide Applications
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A systematic study of n-type zinc oxide thin films electrodeposition in presence of chloride ions is
presented in this article. The incorporation of chlorine during the growth is characterized by several
techniques, and its influence on the optoelectronic properties of the films is explored. Different deposition
conditions have been tested; depending on the support electrolyte nature (nitrate or perchlorate) and on
the chlorine concentration introduced in the bath, a large range of carrier concentrations has been reached
(from 7.4 x 10'7 cm™3 for a nitrate electrolyte without chloride ions addition to 9 x 10' cm ™ in perchlorate
conditions with a chloride concentration of 0.1 M). This evolution of the doping concentration evaluated
by Mott—Schottky measurements and confirmed by Raman spectroscopy has a great effect on the optical
transmission of the films. The increase in the doping concentration tends to shift the absorption edge to
higher energies and to induces the decrease of the transmission in the near-infrared range because of the
free carrier absorption. We finally propose a model to explain the effective n-type doping of ZnO with
Cl, based on the intrinsic and extrinsic defects of the system.

Introduction

Zinc oxide has received much attention over the past years
because of its numerous applications in such fields as
piezoelectric and optoelectronic devices, chemical sensors,
and photovoltaic applications.! ™ A wide range of properties
can be reached depending on its structure, morphology, and
conductivity. Among these properties, the transparency in
the visible region is assured by its wide band gap (3.3 eV
for intrinsic ZnO), and its conductivity can be tuned by
controlling the doping level. The choice of ZnO was
primarily motivated by its non toxicity and the abundance
of its components. The objective of this work is to prepare
transparent and high conductive n-type zinc oxide thin films
doped with chlorine, by electrodeposition. ZnO is generally
a n-type semiconductor and its conductivity which strong
depends on the doping level can range from insulating
(intrinsic material) to high values (c ~ 1 x 10* Sm™! for a
highly doped material). The doping can be intrinsic due to
an excess of zinc or a lack of oxygen or extrinsic by
incorporation of different impurities in the film. Doping
elements can be chosen in the III or IV columns (B, Al, Ga,
In, Ge, ...) of the periodic table, in which case they substitute
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Zn atoms in the lattice.”~” Alternatively elements in the VII
column can substitute the oxygen in the lattice (F, Cl, I,
Br).8712 Nevertheless, it is not easy to accurately control the
n-type conductivity without deteriorating the optical proper-
ties, and there is a large technological interest to search new
ways to obtain high conductive and transparent n-type ZnO,
with high uniformity in these properties.

Moreover, up until now, doping ZnO with anions in
substitution to oxygen has not been widely studied despite
some promising previous reports that have identified chlorine
as an effective n-type doping element.’"!! On the other hand,
the electrochemical method is an economical and low-
temperature technique that is capable of depositing high-
quality compounds on large areas.!* The electrodeposition
of ZnO was reported for the first time by Peulon et al.'* and
Izaki et al.'’’ with dissolved oxygen and nitrate ions as
electrochemical active compound, respectively. The hypoth-
esis of the CI doping by addition of chloride in the bath first
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proposed by Peulon et al.'* have been confirmed, and
recently, the effect of this element on ZnO nanowires growth
was described in detail.>'0~18

This paper presents a systematic study of the electrodepo-
sition of n-type doped ZnO thin films and describes the
influence of the chloride concentration introduced in the
electrolyte on the optoelectronic properties of the deposited
films. The choice of this element was motivated by its high
solubility in aqueous media at neutral pH.

Experimental Section

Electrodepositions were performed at 80 °C in a conventional
three-electrode cell using a VMP2 potentiostat from Princeton
Applied Research and the Ec-laboratory software. The reference
electrode was a saturated K,SO, mercury/mercurous sulfate elec-
trode (MSE, + 0.65 V vs normal hydrogen electrode (NHE)),
separated from the solution by an AlL,O; porous junction and
maintained at room temperature by a glass bridge filled with the
electrolyte. A Zn foil served as the counter electrode. The films
have been synthesized on F-doped SnO, coated glass with a sheet
resistance of 10 €/sq. The substrate is chemically treated: first
washed with ethanol and then with acetone (during 5 min in an
ultrasonic bath) and finally dipped in a 45% HNO; solution (during
2 min in an ultrasonic bath). Two different aqueous media have
been used for the electrodeposition of ZnO thin films: nitrate and
perchlorate bath. The films obtained in these two different baths
were compared in terms of light transmission, carrier density,
composition, structure, and morphology.

The “nitrate electrolyte” was composed uniquely of dissolved
zinc nitrate salt ([ZnNO;] = 0.05 M). In this case, the addition of
a supporting electrolyte was not necessary because of the high
concentration of zinc salt introduced in the bath, moreover nitrate
ions acted as oxygen precursors. Electrodepositions were also
carried out in a perchlorate solution containing Zn>" ions introduced
as ZnClO, ([ZnClO,4] = 5 x 1073 M) and KClOy as the supporting
electrolyte (5 x 1072 M), the bath was in this case saturated with
oxygen gas. To show the effect of the dissolution of chloride ions
in the bath on the material properties, we have progressively added
CI” ions from KCI salts to the solution. The CI™ concentration
ranged from 0 to 0.1 M. Deposition experiments have been
performed under potential control (—1.4 V/MSE). In nitrate
conditions an electrochemical pretreatment was carried out by
applying a current density of 4 mA cm™2 during 15 s in order to
improve the film quality. This treatment has been shown to enhance
the number of nuclei on the substrate surface, thus allowing the
synthesis of dense and highly transparent ZnO films.!® Electrodepo-
sitions were carried out during approximately one hour correspond-
ing to thicknesses ranging from 0.6 to 2.2 um.

The morphology and composition of the films was studied using a
scanning electron microscope (LEICA S440), coupled to an EDX
analyzer. Raman microprobe measurements were made using a
HR800-UV Horiba-Jobin Yvon spectrometer coupled with an Olympus
metallographic microscope. The spectra measured on the samples were
obtained using as excitation the green line of an Ar' laser (1 = 514
nm) under unpolarized conditions. The spectra were fitted using the
LabSpec software defining the peaks as Gaussian—Lorentzian.
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The electrolyte for processing the Mott—Schottky measurements
is a phosphate buffer solution (pH 7) in which 0.1 M of KCIO; is
added. The contact to the F-doped SnO, substrate is made after
the dissolution of a part of the ZnO layer in 0.1 M HCI acidic
solution. A surface area of 0.07 cm? is isolated on ZnO films and
exposed to the electrolyte. The potential scan is carried out from
—1.6 V/MSE to 1.2 V/MSE using a £20 mV amplitude signal at
10kHz. The weak current density observed during the Mott—Schottky
measurement (<50 uA cm2) allows us to consider that the sample
is not altered by this experiment.

The optical transmission spectra were measured at room tem-
perature using a Perkin-Elmer lambda 900 spectrometer.

Results and Discussion

To study the growth kinetic of the films, we calculated
the growth rate from the film thicknesses observed on the
SEM images (see Figure 1). Their comparison with those
calculated from the consumed charge during the deposition
shows that the faradic efficiency is higher than 90% for each
of the tested conditions. In the perchlorate electrolyte the
growth rate is relatively low (0.45—0.6 um h™") with respect
to that obtained in the nitrate one (2.5 um h™!) and remains
reasonably constant for KCI concentrations ranging from 0
to 0.1 M. It is observed that the deposition mechanism of
ZnO is strongly dependent on the nature of the aqueous
media used. In the perchlorate electrolyte, the chronoampero-
metric curve reaches a minimum value and suggests a three-
dimensional electrocrystallization (not shown).?° In such a
case, isolated nuclei grow on the electrode surface increasing
the active surface, until they come into contact with their
near neighbors nuclei. This type of growth first causes the
decrease, then the increase and finally the stabilization of
the total current leading to the formation of large grains. In
this electrolyte condition, the deposition process is partially
limited by the oxygen diffusion at the working electrode
surface, and thus the growth rate is a function of its
concentration in the bath and of the stirring conditions. The
amount of Zn introduced in the electrolyte only weakly
influences the current density weakly.

In contrast, when a nitrate bath is used, the deposition
process has a kinetic limitation. The growth rate is affected
by the zinc concentration, the metal ions that are adsorbed
on the electrode surface catalyze the nitrate reduction and
then enhance the growth rate.?! The higher concentration of
Zn(NOs3), introduced in the nitrate electrolyte compared to
the saturation concentration of oxygen (0.8 x 1073 M at 80
°C) in water explains the growth rate variation between the
two electrolytes.

Morphology and Composition. The morphologies of the
films obtained in the nitrate electrolyte and the perchlorate
with 0.03 M chloride ions are shown in Figure 1. The films
deposited from the perchlorate electrolyte for all tested
chloride concentrations present a dense morphology and are
composed of large hexagonal grains perpendicular to the
substrate surface. The increase of the chloride amount in the
bath does not seem to have any influence nor in the global
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Figure 1. Morphology of films obtained in a perchlorate electrolyte containing 0.03 M of chlorine ions (top images) and in a nitrate electrolyte (bottom

images).

morphology, neither in the crystallites orientation. Con-
versely, the film synthesized in the nitrate bath shows less-
defined hexagonal structures and its surface is smoother than
those of “the perchlorate films”. The composition is analyzed
by EDX measurements. The intensity of the chloride signal
(peak at 2.63 keV) is enhanced as a function of the KCI
concentration (Figure 2a). The Cl atomic concentration
ranges from 0.9% for a pure perchlorate electrolyte to 3%
for a chloride concentration of 0.1 M (Figure 2b). The
detection of chlorine in the material even if no KCL is added
to the electrolyte shows that perchlorate ions can act as a
source of chloride. But this effect is much weaker than that
of adding chloride ions in the bath. The atomic concentra-
tion of chlorine in the film first increases sharply as a function
of chloride concentration before reaching a value (close to
atomic ratio Cl/Zn = 3% for [C1"] = 0.03 M) corresponding
to a saturation phenomenon. The samples were cleaned with
deionized water directly after the growth in order to eliminate
eventual chloride salt traces on film surfaces. So the EDX
measurements are expected to show the incorporation of
chlorine atoms into the ZnO bulk.

Raman Spectroscopy. The Raman spectra of the different
studied samples are shown in Figure 3. Among others, four
important features are observed in the studied region at

frequency close to 285, 395 (its position strongly depends
on the composition), 439, and 465 cm™!. The only one that
can be unambiguously assigned to ZnO is the mode at 439
cm™!, which corresponds to the E, vibration of the wurtzite
phase.??72% The position of this peak seems to not depend
on the KCI concentration, ranging its frequency between 439
and 440 cm™!. This value is lightly blue-shifted with respect
to that of bulk ZnO, suggesting that the films are under
compressive residual stresses. Although no relevant change
is observed in the Raman shift, it is observed in Figure 3
that this peak is wider and lower with the increasing CI
concentration and, at the same time, the other three peaks
appear and start to be more and more intense. Among these
peaks, two of them have a similar behavior, whereas the other
behaves very differently.
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Figure 2. (a) Evolution of the chlorine peak with the electrolyte composition;
inset: EDX spectrum carried out on a film deposited in a perchlorate
electrolyte containing 0.03 M of chlorine ions (logarithmic scale). (b)
Evolution of the CI atomic concentration as a function of the KCI
concentration ranging from 0 to 0.1 M.

The peaks at 284 and 465 cm ™! seem to not shift with the
KCl concentration but in contrast, their intensity significantly
increases. Recent work has shown that the mode at 284 cm™!
originates from host lattice defects?? and has been obtained
for ZnO samples doped with N, Fe, Sb, Al and Ga.>"2® We
observe this mode also for CI doped ZnO although with a
blue-shift with respect to the values presented in the literature.
This is a confirmation of the origin of this mode, which
presumably is related to distortions introduced in the lattice
by the incorporation of Cl. In such a case, indirectly Cl leads
to the formation of an intrinsic defect that can play a role
on the electrical properties of the samples. The mode at 465
cm~! shows a similar behavior to that at 284 cm™!,
suggesting that both can be related, but this point need a
deeper study for further confirmation.

Conversely, the additional mode close to 400 cm ™! behaves
completely different. A strong red-shift from 425 cm™! for
[KCI] = 0 M to 394 cm™! for [KCI] = 0.1 M is observed,
together with the increase of its intensity. This could be a
direct evidence that this additional mode originates from the
doping being useful as Cl incorporation marks. Its intensity
does not increase linearly with the KCI concentration (Figure
3b), but this result is logical if we take into account that the
Cl incorporation is also not linear with the KCI concentration.
In fact, the fundamental Zn—Cl vibration mode (stretching
mode), can vary their frequency from 400 to 300 cm™!
strongly depending on their enviroment.?’?® On the basis of
these results, we propose that this mode is due to the Zn—Cl
stretching vibration, implying the formation of the extrinsic
defect Clp, i.e., the chlorine atoms act as O substitutes.
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Figure 3. (a) Raman spectra obtained on films deposited in nitrate and
perchlorate electrolytes (0 M < [KCI] < 0.1 M). (b) Evolution of the relative
area of Raman modes with respect to the E, vibration mode of wurtzite
ZnO (240 cm™!) and evolution of the Raman shift of the mode assigned to
Cl incorporation (which ranges from 430 to 395 cm™') as a function of the
KClI concentration.

Supported by the following electrical and optical character-
ization, we will try to confirm the supposed origin of the
extrinsic defect.

Carrier Concentration. Some authors demonstrated that
ZnO films can be doped with chlorine atoms.’”!! This
element can theoretically be inserted in the ZnO lattice in
substitution to oxygen introducing an extrinsic donor energy
level. Mott—Schottky measurements have been carried out
in order to evaluate the impact of electrolyte nature on the
electrical properties of the deposited material. This method
is based on the Schottky barrier formation between the
semiconductor material and the electrolyte.” 3! If the
electrolyte is concentrated enough, the voltage drop due to
the inverse polarization and the Schottky barrier are com-
pletely distributed in the semiconductor material. It causes
the creation of a depletion zone that can be characterized by
a capacitance measurement. If the system obeys Mott—
Schottky behavior, the evolution of 1/C? is a linear function
of the applied potential. The sign and the value of its slope
is representative of the doping type and of the carrier
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Figure 4. (a) Mott—Schottky measurements on the films deposited in
perchlorate electrolyte containing different chlorine concentrations; inset:
Mott—Schottky measurement on the film deposited in the nitrate electrolyte.
(b) Carrier concentration as function of the chlorine concentration and as a
function of the atomic ratio Zn/Cl obtained by EDX analyses.

concentration (NN), respectively. This latter can be determined
from the slope of this curve, using the equation

L2:(;2)(‘/_‘@13_](_7‘) (1
C egye, NpA €

Where C is the capacitance of the space charge region of
the film at potential V, Vgg is the flatband potential, Np is
the free carrier concentration of the semiconductor, A is the
delimited area in contact with the electrolyte, the assumption
of a perfectly smooth surface is made, ¢ is the permittivity
of the free space, and ¢, the relative dielectric constant taken
as the typical value for bulk ZnO (8.0). The Mott—Schottky
plots obtained on the films deposited in nitrate and perchlo-
rate electrolytes are shown in Figure 4a. They are linear as
expected, and the decrease of the measured capacity (increase
in 1/C* when the applied potential is shifted to cathodic
values is the mark of a n-type semiconductor. Moreover great
differences can be noticed according to the nature of the
electrolyte. The evolution of 1/C* becomes progressively
smoother when chloride ions are added to the electrolyte.
This phenomenon is typical when the carrier concentration
increases. The values extracted from Mott—Schottky plots
are presented as a function of the chloride concentration in
the bath and as a function of the atomic ratio Cl/Zn (Figure
4b). The carrier concentration increases by almost 2 orders
of magnitude when the material is synthesized in the pure
perchlorate electrolyte (3.7 x 10 cm™3) as compared to
the nitrate condition (7.4 x 10'7 cm™3). The carrier concen-
tration is also enhanced by the increase of the chloride
quantity introduced in the bath, and ranges from 3.7 x 10"
cm 3 for [C17] = 0 M (“pure” perchlorate conditions) to 9
x 10" ¢cm™ for [C17] = 0.1 M. This latter value seems to
be close to the maximum reachable carrier concentration in
these conditions. Indeed, the curve N = f{{[KCl]) tends toward

Rousset et al.

a saturation value, and the chloride concentration can not
be indefinitely increased. The flat band potential is shifted
to more cathodic values when the chlorine concentration is
increased in the electrolyte (not shown), and this phenomenon
is also related to the evolution of the free carrier concentra-
tion in the material.

The maximum carrier concentration (9 x 10" cm™)
detected by Mott—Schottky measurements corresponds to a
chlorine atomic concentration of 0.4% in the film (consider-
ing an atom density of 2 x 10?> cm™3). This value stays
much lower than the chlorine rate detected by EDX, this
variation can be explain by the formation of zinc salts in
the material as ZnCl,, self-compensation of the doping, or
by formation of neutral CI related defects.

Then, the n-type doping of ZnO:Cl can be explained by
intrinsic, extrinsic or more probably by both mechanisms.
The formation of the intrinsic defect observed at 284 cm™!
by Raman spectroscopy (see Figure 3a) is related to a
compression of the bonds responsible of this mode. Although
there are no direct evidence, on the basis of earlier studies,
we propose that this intrinsic defect arise from the approach
of two O atoms and the formation of a like-dimer of these
atoms.>> When Cl occupy O sites, they act as donor defect
(Clp”™), forcing the elongation of the C1—Zn bond. At the
same time, two O near neighbor atoms of Zn are forced to
approach forming the VI—VI like-dimer. This type of
intrinsic defect introduces deep donor levels? and then are
not able to explain the effective n-type doping of the samples.
Nevertheless, the extrinsic defect already observed by Raman
spectroscopy (Clo”") has all the characteristics allowing to
explain the electrical properties of the samples: it is a donor
defect and the halogens introduce shallow levels in II—VI
semiconductors, being the most probably extrinsic defect able
to explain the increase of the doping level with the Cl
concentration.

Optical Properties. The optical properties of the deposited
films have been explored by optical transmission and the
corresponding spectra are shown in panels a and b in Figure
5. The total transmission of the glass/SnO,/ZnO system is
represented with air (Figure 5a) or glass/SnO, as references
(Figure 5b). The electrodeposited films present, for each set
of deposition conditions, a high transmission in the visible
wavelength range and a sharp absorption onset. Two major
evolutions can be noticed depending on the nature of the
bath. The first visible in the inset of the Figure 5b ((ohv)?
= f(hv)) concerns the position of the absorption onset, which
shifts to shorter wavelengths (higher energies) with the
increase in the carrier concentrations in the film. The var-
iation in (othv)? is linear as a function of Av in the wavelength
range of the absorption edge. Its shape, which is a trademark
of a direct band gap material, allows us to determine the
optical band gap by extrapolation. Figure 6 shows that the
optical band gap is closely connected to the growth condi-
tions. Nitrate bath deposition yields a bandgap of 3.3 eV,
close to that of bulk intrinsic ZnO. The carrier concentration
drops when the electrolyte nature is changed (E, = 3.5 eV
for the pure perchlorate electrolyte). Moreover, E, increases
at first sharply with the chloride concentration and finally

(32) Park, C. H.; Chadi, D. J. Phys. Rev. Lett. 1995, 75, 1134.



Extrinsic Doping of Electrodeposited ZnO Films by Cl

(@)
80 -
60 - R
- Nitrate electrolyte
Perchlorate electrolyte
- 001 M<[KC<01M Perchlorate electrolyte
£ 0.
= ,
20
0£ T v — T T 3
500 1000 1500 2000 2500
A (nm)
(b)
100 -
80 I
|
60 - "
—_— 1.2x10
Q) .
= 40 8.0x10°
e 4.0x10°
20 L
0.0 -
3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7
o T T T hv (EV) T T T 1
300 600 900 1200 1500 1800 2100
A (nm)

Figure 5. (a) Total transmission obtained on films deposited in nitrate and
perchlorate electrolytes (0 M < [KCI] < 0.1 M). Air taken as reference.
Diffuse transmission obtained on films deposited in nitrate and pure
perchlorate electrolytes. Air taken as reference. (b) Total transmission
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[KCI] < 0.1 M). Glass/SnO, taken as reference; inset: (ahv)*> = fihv)
representation from the transmission data obtained on films deposited in
nitrate and perchlorate electrolytes (0 M < [KCl] < 0.1 M) (0, nitrate
electrolyte; A, pure perchlorate electrolyte; O, [KCI] = 0.01 M; x, [KCI]
= 0.03 M; O, [KCI] = 0.06 M; +, [KCI] = 0.1 M).
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Figure 6. Band gap value as a function of the carrier concentration; inset:
representation of the bang gap shift as a function of N3,

stabilizes around 3.65 eV. This E, shift could be considered
as further evidence of chlorine incorporation into the material.
This phenomenon can be attributed to the so-called
Moss—Burstein effect.**3* It occurs when carrier concentra-
tions are such that electrons partly fill the conduction band.
As a result, optical absorption measurements overestimated

(33) Martinez, A. I.; Acosta, D. R. Thin Solid Films 2005, 483, 107.
(34) Lee, H. W.; Lau, S. P.; Wang, Y. G.; Tse, K. Y.; Hng, H. H.; Tay,
B. K. J. Cryst. Growth 2004, 268, 596.
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Figure 7. Absorption coefficient as a function of the carrier concentration
measured just after the growth () and after a 48 h storage in air (H).

the band gap due to the additional energy required to excite
electrons from the top of the valence band to the Fermi level
within the conduction band (degenerated semiconductor). The
variation in E, with N, characteristic of this effect, is
presented in Figure 6 (inset) for the five samples with highest
doping concentrations synthesized in the perchlorate elec-
trolyte. The linear coefficient (11 x 107" cm™3) obtained is
close to that calculated (9 x 107" cm™) from the theory
and validates the Mott—Schottky measurements of the carrier
concentration.

The second evolution of the transmission curves with the
change of the bath composition is located in the near-infrared
part of the spectra. While the transmission remains quite
constant in the wavelengths ranging from 400 to 900 nm, it
clearly depends on the bath conditions (and then on the
doping) for wavelengths superior to 900 nm. This effect can
be related to the free carrier absorption and has been
quantified by considering the absorption coefficient at 1 =
1700 nm.> As expected from the transmission spectra, the
absorption coefficient increases with the carrier concentration
(Figure 6). Moreover for a given carrier concentration, the
absorption coefficient decreases as a function of the storage
time of the samples grown in the perchlorate electrolytes
without adding chlorine ions and those containing 0.01 M
of Cl™. In contrast, for the other conditions tested, the
absorption coefficient remains quite constant with time. This
effect can be explained by considering two different kinds
of doping which can be effective in the case of electrode-
posited ZnO in the presence of chloride ions. The carrier
concentration can be enhanced by intrinsic doping or by
extrinsic doping (for instance, the incorporation of chlorine
impurities which is the topic of this study). The first has
been shown to be unstable over long storage time by the
plot on Mott—Schottky curves carried out on samples grown
in a nitrate electrolyte (not shown). The doping that is
expected to be intrinsic in this deposition conditions could
be lowered in contact with the oxygen from the atmosphere.
Thus in the case of samples grown in the perchlorate
electrolyte, absorption coefficient’s decrease with time could
be related to the intrinsic part of the doping in the material.
The stability of the carrier concentration for the samples
grown in electrolyte with highest chlorine concentrations can
be considered as an indirect mark of extrinsic ZnO doping.

Figure 5a compares the diffuse transmission (with air as
reference) of the film deposited in the nitrate electrolyte and
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in the pure perchlorate electrolyte. These curves show that
the diffusive properties of the films are higher in the short
wavelengths range and decreases when the incident light
energy is shifted to lower energies. The diffusion phenom-
enon is due to the film surface roughness. So the smoother
surface obtained in the nitrate electrolyte makes the film less
diffusive than that deposited in the perchlorate one. This can
be related to the electrochemical pre treatment which leads
to a deposition process close to a two-dimensional growth.
The grains are smaller than that obtained with a three-
dimensional growth and smooth the sample surface.

Conclusion

This paper presents a systematic study dealing with the
electrodeposition of dense ZnO layers containing chlorine
impurities for transparent conductive oxide applications. The
effect of the electrolyte nature (nitrate or perchlorate) and
the addition of chloride ions in the bath on the morphology,
the structure, the carrier concentration and the optical
properties of the ZnO layers have been investigated. Compact
films with high transmission in the visible wavelengths range
and containing high carrier density (up to 9 x 10" cm™)
have been obtained. Compositional analysis, optical and
Mott—Schottky measurements allowed to demonstrate that

Rousset et al.

the doping is extrinsic and achieved by incorporation of
chlorine into the layer. Using Raman spectroscopy an
intrinsic defect is detected and assigned to O like-dimers
which introduce a deep donor level, and do not affect
significantly the electrical properties. Also, an active Raman
mode is observed at 400 cm ™! approximately, with a position
and an intensity which strongly depend on the Cl concentra-
tion. We propose a defect model in which (Clo”") can
explain all the properties of ZnO:Cl presented in this study.
On the other hand, electrochemical deposition in electrolytes
containing chloride ions appears to be a very interesting way
to synthesize transparent conductive oxides because this
technique is easy to carry out and economical. The choice
of a chlorine species is also a promising because of its
behavior in a aqueous medium. In contrast to classical doping
species like indium the solubility of chlorine ions is high at
the pH used during the synthesis (close to neutral pH). This
work opens the perspectives of using electrodeposited ZnO:
ClI layers as an alternative to other TCO’s for numerous
optoelectronic applications.
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