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The structural, electrical, and optical properties of zinc oxide nanowire arrays electrodeposited from the
reduction of molecular oxygen in aqueous solutions containing zinc chloride and potassium chloride are studied
as a function of the potassium chloride concentration. The concentration is varied in a wide range (from 5 x
1073 to 3.4 M). The evolution of the lattice parameters suggests the formation of zinc interstitials, especially
for [KCI] > 1 M. The donor density of the as deposited nanowires, which was determined from electrochemical
impedance spectroscopy (EIS), varies between 7 x 10'® and 4 x 10?° cm™3. Annealing in air (1 h at 450 °C)
decreases the donor density to 10'7—10'"® cm™3, weakening the dependence on KCI concentration. The line
width of the near-band-edge photoluminescence shows a correlation with the donor density. By correlating
the variation of the lattice parameters, the donor density and the line width of the photoluminescence, we
conclude that intrinsic defects play a dominant role. The incorporation of chlorine impurities appears to be
of minor importance, but the concentration of chloride ions in the solution influences the formation of intrinsic

defects by modifying the local composition of the electrolyte around the nanowires.

Introduction

Single-crystal ZnO nanowire arrays have attracted much
research interest in the past decade because they not only allow
for fundamental studies to improve the understanding of the
physical properties of one-dimensional nanostructures but also
may be used as building blocks for a new generation of devices
in different technological domains such as optoelectronics,!-?
solar cells,>* gas sensing,>® microfluidics,’ field emission,®” and
piezoelectrics. !0

Until now, most of the work has been focused on deposition
methods, mainly on those from vapor phase techniques.'! Many
pioneering papers on nanostructured devices based on ZnO
nanowire arrays can be found in the recent literature.!~68710 A
precise control of the dimensions and physical properties of the
ZnO nanowires is required to increase their performance.

The electrical characterization of nanowire arrays is limited
to particular techniques, such as impedance spectroscopy!>!3
because their morphology complicates the use of more con-
ventional solid-state techniques such as Hall effect measure-
ments. The optical properties of ZnO nanowire arrays have been
extensively studied by photoluminescence.'4~!8 Except for some
recent works,!”1972! the photoluminescence investigations are
mostly focused on nanowire arrays deposited by high-temper-
ature techniques.!4~16.18

The potential of ZnO nanowire arrays deposited at low
temperatures has been demonstrated in a variety of technological
applications.>~4%79 Among the low-temperature deposition
techniques, electrodeposition is well-suited to obtain large-scale
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7ZnO nanowire arrays.?? The controlled ZnO precipitation (eq
1) from the reduction of dissolved molecular oxygen (eq 2a
and/or 2b)* in zinc chloride solutions®* has been exploited to
obtain arrays of ZnO nanowires with tailored dimensions.>>-20
The concentration of chloride ions (CI7) in the electrolyte has
been found to be a major parameter to act on the nanowire
growth mechanism. This is due to the strong adsorption behavior
of CI~ on ZnO surfaces.?” Since similar approaches have been
theoretically studied to attempt the doping in semiconductor
crystals,?® the C1~ concentration is expected to also affect the
electrical and optical properties of electrodeposited ZnO nano-
wire arrays.

Zn*" +20H" —ZnO + H,0 1)
0,+2H,0 +2¢” —H,0,+20H~ (2a)
0,+2H,0+4e —40H (2b)

Here, we report on a systematic study of the influence of the
KCI concentration on the electrical, optical, and structural
properties of the electrodeposited ZnO nanowire arrays. By
correlating the variation of the lattice parameters, donor density,
and PL emission, we conclude that the physical properties of
ZnO nanowires are mainly determined by intrinsic defects and
that chlorine impurities play a minor role.

Experimental Section

The electrodeposition of ZnO was performed in a three-
electrode electrochemical cell with the substrate as the working
electrode (cathode), a Pt spiral wire as the counter electrode,
and a saturated calomel electrode (SCE) as the reference
electrode. The electrolyte was an aqueous solution of ZnCl, and
KCl, saturated with bubbling oxygen 10 min before and during
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the experiment. The ultrapure water (18 MQ cm) was provided
by a Millipore setup. Anhydrous ZnCl, salt (Fluka, purity
>98.0%) was used as the Zn>" precursor. KCI (Fluka, purity
>99.5%) served mainly as a supporting electrolyte.> The ZnCl,
concentration was 5 x 107* M for all samples and KCl
concentration was varied in the range from 5 x 1072 to 3.4 M.
The substrates were commercial conducting (10 Q/square) glass/
SnO;:F from Solaronix, covered by a thin continuous layer of
ZnO deposited by spray pyrolysis at ~350 °C.2° The ZnO
nanowire arrays were electrodeposited at 80 °C under constant
potential (—1 V vs SCE). The charge density was 20 C/cm? for
samples deposited using [KCI] < 1 M and 5 C/cm? for those
obtained with [KCI] > 1 M. On the basis of the results published
in ref 25, the charge density was decreased to 5 C/cm? for
depositions with [KCI] > 1 M in order to avoid significant
differences in the nanowire diameters and in surface-to-volume
ratios.

Some samples were annealed in air at 450 °C during 1 h
atmospheric pressure using a tubular furnace. The heating ramp
was 10 °C/min, and the samples were kept inside the furnace
during the cooling.

The morphology and crystalline structure of the ZnO nano-
wires were analyzed using a Leo 1530 field emission scanning
electron microscope (FE-SEM) and a Philips PW1710 powder
X-ray diffractometer in Bragg—Brentano configuration. Elec-
trochemical impedance spectroscopy (EIS) measurements were
performed in a three-electrode cell using a Pt wire as counter
electrode and a standard Ag/AgCl (3 M KCI) as a reference
electrode. A carbonate propylene electrolyte (0.1 M LiClOy)
was used to avoid ZnO decomposition. EIS data was obtained
using a frequency response analyzer (FRA) equipped PGSTAT-
30 from Autolab. Each measurement was done by applying a
20 mV ac sinusoidal signal (frequency ranging between 500
kHz and 5 mHz) superimposed on a constant applied bias. For
photoluminescence measurements, a microphotoluminescence
setup was used. As excitation source, a frequency-doubled Ti-
Sapphire laser with a repetition rate of 82 MHz and a photon
energy of 3.542 eV was used for nonresonant excitation. The
sample was placed in a cryostat cooled with liquid helium and
the temperature was held constant at 7 K. The laser light was
focused on the sample through a microscope objective (spot
diameter on sample 2 um). The photoluminescence from the
nanowires was collected via the same objective and spectrally
resolved by a spectrometer (resolution of 0.06 nm) equipped
with a liquid nitrogen cooled CCD camera.

Results and Discussion

The influence of KCI concentration on the structural, electri-
cal, and  optical properties of  ZnO nano-
wires is investigated. The variation of the lattice parameters,
donor density, and photoluminescence characteristics of the ZnO
nanowire arrays as a function of the potassium chloride
concentration in the electrolyte is discussed.

1. Structural Properties. Electrodeposition resulted in highly
homogeneous samples, irrespective of the KCI concentration.
As an example, Figure 1 shows SEM micrographs of ZnO
nanowire arrays deposited using the lowest (Figures la,c) and
highest (Figures 1b,d) KCI concentrations. The mean values of
the nanowire dimensions and the array density were estimated
from a statistical evaluation of SEM images?’ and are sum-
marized in Table 1. Nanowire diameters in the range between
110 and 150 nm were obtained for all samples. For a constant
charge density, an increase of the nanowire length as a function
of KCI concentration can be observed. The influence of the
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Figure 1. SEM micrographs of ZnO nanowire arrays electrodeposited
using [KCI] =5 x 1072 M (a, plane view; ¢, cross section) and [KCI]
= 3.4 M (b, plane view; d, cross section). The insets show high-
magnification SEM micrographs.

TABLE 1: Mean Values of the Nanowire Dimensions and
Array Density for Different KCl Concentrations

[KCl] diameter length density
(M) (nm) (um) (nanowires cm2)
0.05 115 0.8 2.3 x 10°
0.1 110 1.3 1.8 x 10°
0.5 130 2.3 2.0 x 10°
1 140 32 1.6 x 10°
2 110 1.4 2.4 x 10°
34 140 1.5 2.1 x 10°

chloride concentration on the dimensions of the ZnO nanowires
have been discussed previously.?’

X-ray diffraction (XRD) patterns of ZnO nanowire arrays
showed well-defined peaks belonging to ZnO wurtzite phase’
for all analyzed KCl concentration, without spurious phases
observed. The XRD patterns were evaluated using the Fullprof
software in profile matching mode.?' Rietveld refinement was
not performed, because the main goal was to obtain precise
values of lattice parameters without paying special attention to
structure factors and preferential orientation degree. Experi-
mental XRD patterns were fitted and a good agreement was
obtained (Figure 1 of Supporting Information). Figure 2
summarizes the evolution of lattice parameters as a function of
KCI concentration for as-deposited and annealed ZnO nanow-
ires. Both lattice parameters (¢ and c¢) increase with KCl
concentration for the as-deposited samples, the a parameter
increasing quite gradually. For the c¢ parameter, an abrupt
increase is observed for [KCI] > 1 M. No significant variations
of the a parameter were observed after the annealing process.
However, annealing resulted in substantial variations of the ¢
parameter in nanowires deposited using [KCl] > 1 M. As a
result, ¢ is approximately constant for all annealed samples,
irrespective of the KCl concentration, showing a good agreement
with the value reported for standard ZnO (cy = 5.2066 A3).

Previous studies have shown that the deposition efficiency,
defined as the ratio between the OH™ ions that reacted with
Zn*>" (yielding ZnO, eq 1) and the total amount of OH™
produced from O, electroredution (eq 2a), increases from 3 to
40% by varying KCI concentration between 5 x 1072 and 3.4
M. This suggests that the increase of KCI concentration results
in an increase of the [Zn2]/[OH] ratio around the nanowires.??
Since the formation energies of intrinsic defects in ZnO (such
as oxygen vacancies (Vo) or zinc interstitials (Zn;)) decrease
under zinc rich conditions,>33 a higher [Zn?>"]/[OH™] ratio may
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Figure 2. Lattice parameters, determined from X-ray diffraction
patterns, of the as-deposited (filled squares) and annealed (open circles)
7ZnO nanowires as a function of KCI concentration. a0 and c0O are the
values of the lattice parameters for standard ZnO.*

result in a larger amount of Vo and Zn; in ZnO nanowires.
Theoretical calculations predict the incorporation of Zn; along
the c-axis, inducing a large variation of the ¢ parameter.>* A
correlation between the ¢ parameter and Zn; can be also inferred
from recent experimental work in ZnO and Zn; ,Co,O thin
films.3 Accordingly, Zn; could be the main origin of the
increased ¢ parameter, especially for nanowires obtained using
[KCI] > 1 M. Because the migration of Zn; should be fast at
the annealing temperature (450 °C),3*3%37 the decrease of the ¢
parameter after annealing supports this interpretation. The
expansion of the a parameter with KCI concentration and its
stability under the annealing conditions could be related to the
incorporation of chlorine impurities into the ZnO lattice, which
should be less sensitive to the annealing treatment.

2. Electrical Properties. Electrochemical impedance spec-
troscopy (EIS) was used to investigate the donor density of the
ZnO nanowire arrays. A Mott—Schottky (MS) model was
developed to determine the carrier density in the ZnO samples.!?
This method is an extension of the MS analysis commonly used
to determine both dopant density and flatband potential of
semiconductor layers and planar semiconductor/liquid junctions,
which now takes into account the special geometry of the ZnO
nanowires. Solving the Poisson equation, the potential difference
across the semiconductor space—charge region, Vi, can be
calculated (see Figure 3a):

qND 1 2 2 2 R

=—|z(x"—R)+x"Inl—

Ve 2¢ 2(x )t n(x)] )
The positive charge in a cylinder of length L is Q = gNp(R?

— x?)L and in the whole array Q. = gNpm(R?> — x?)LD,,S,

Tena-Zaera et al.

104

\ [ p—

10% 5 \\\

#HE, x

I
l
!
E

106 4

¥
depletion layer 3

| conducting region

T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

104
M(C) q
QE 4 i
3]
—~ L
SRR s 81
o o~
(&)
N %7
(o]
= g
@ [KCI}=0.05
106 1Y [KCI]—34 : 5
-04 -02 0.0 02 04 06 08 -0.4 -02 00 02 04 06 08
Potential / V vs. AgCI Potential / V vs. AgCI
35
(e) (f)
[ 3.0 4
10% 4 R ]
o g 25
- o 204
w
; NE_./ 15 B
L 10
© 05 -
0.0 4
106

-0.2 00 02 04 06 08 1.0
Potential / V vs. AgCI

-02 00 02 04 06 08 1.0
Potential / V vs. AgCI

Figure 3. (a) Schematic energy diagram in the radial direction of a
nanowire indicating the depletion layer at the surface and the quasineu-
tral region of radius x in the center. V is the potential, Vi is the potential
drop across the depletion layer, E. is the lower edge of the conduction
band, and Ef is the Fermi level. (b) Simulation of nanowire array
capacitance Cpy (L =2 um, R = 50 nm, Dy =2 x 10°cm™2, § =1
cm?) considering V=0V as the flat band potential. Complete depletion
of nanowires can be observed around 0.17 V vs Ag/AgCl, substrate
capacitance Csp = 5 x 1077 V705 and total capacitance Ciot = Cpw +
Cqup- (¢ and e) Capacitance plots for as deposited and annealed samples,
respectively. (d and f) Mott—Schottky plots of as deposited and annealed
ZnO nanowire arrays respectively obtained using the lowest (5 x 1072
M) and the highest (3.4 M) KCl concentrations. The solid lines represent
the fits.

where Dy, is the nanowire density per flat surface unit and S is
the total flat surface. Computing dV,./dx and dQ,./dx, we obtain
the capacitance of the nanowire array, dQ,/dVs., as a function
of the radius of the neutral region x:

2melD, S

Ctol = R
ln(—)
X

“)

The nanowire capacitance was obtained from the impedance
spectra. The donor density was determined by fitting the
capacitance in that range of voltages where it is governed by
the size of the depletion region employing eqs 3 and 4 and taking
into account the geometrical characteristics of the sample
analyzed.

Parts ¢ and d of Figure 3 show the measured capacitance
and MS plots, respectively, for as-deposited samples using the
lowest (0.05 M) and the highest (3.4 M) KCI concentration.
The solid lines represent the results of the fits. For as-deposited
samples (high donor densities), the MS plot shows a linear
behavior similar to that typically observed in flat samples.? The
annealed samples (Figure 3e,f) exhibit lower capacitances as a
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Figure 4. Donor density, determined from electrochemical impedance
spectroscopy, of as-deposited (filled squares) and annealed (open
squares) ZnO nanowires as a function of KCI concentration. Solid lines
are drawn to guide the eye.

consequence of the reduced donor densities. A curved MS plot
is obtained, and the effect of the special nanowire morphology
is clearly manifested.!”> The annealed sample prepared using
[KCI] = 3.4 M shows a step in the capacitance at 0.5—0.6 V
vs Ag/AgCl (Figure 3e). This can be better seen in the MS
representation (Figure 3f). It is worth noting that a complete
depletion of the nanowires was observed for all annealed
samples (when Np is relatively low it is possible to completely
deplete the nanowire). Its capacitance becomes rather low in
this case, because the variation of the charge with the potential
is very small. The effect of nanowire depletion producing a step
on the capacitance pattern is shown in Figure 3b, where the
substrate capacitance has been also taken into account. Unfor-
tunately, a fit that considers that the capacitances of the
nanowires (eqs 3 and 4) and the substrate (Cyy, 2 O V) are in
parallel cannot be obtained by the conventional ways. As a
consequence, we only fitted the experimental points for which
the capacitance is mainly governed by the capacitance of the
nanowire array (Figure 3e.f). In this case, the model slightly
overestimates the Np value when Np, is low enough. In the most
general case, other effects as trap levels could also influence
the capacitance pattern.

Figure 4 summarizes the evolution of the donor density as a
function of the KCI concentration for the as-deposited and
annealed samples. For the as-deposited nanowires, the donor
density increases from values slightly lower than 10'° cm™3 to
those higher than 10%° cm™3 as a function of KCI concentration.
A slight decrease of the donor density as a function of KCl
concentration is observed for annealed samples.

Because Zn; act as donors, 0 they could be the main origin
of the increased donor densities especially for [KCI] > 1 M.
This is in good agreement with the variation of the ¢ parameter
as a function of KClI concentration in the as-deposited samples
(Figure 2b). Because of their higher mobility, the annealing
should affect Zn;-related defects more strongly than chlorine-
related ones. Therefore, we expect chlorine-related impurities
to be the dominant remaining donor species in the annealed
samples. However, as the donor density of the annealed
nanowires measured with EIS shows only a weak dependence
on KClI concentration, chlorine-related impurities do not seem
to significantly contribute to the electrically active shallow
donors in the electrodeposited ZnO nanowires.

3. Photoluminescence. The photoluminescence (PL) spectra
measured at 7 K were dominated by the near-band-edge (NBE)
emission, while the broad deep level emission (DLE) centered
at ~2.1 eV was distinctly weaker with an intensity ratio /ngg/
IpLg of about 10 (Figure 2 of Supporting Information). We focus
the analysis on the NBE emission to get information about the
shallow donors influencing the optical spectra. Figure 5 shows
the high resolution PL spectra, recorded in the spectral range
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Figure 5. High-resolution photoluminescence spectra, measured at 7
K, of the as-deposited (a) and annealed (b) ZnO nanowire arrays as a
function of KCI concentration.

between 3.15 and 3.40 eV, for arrays deposited using different
KCI concentration. For the as deposited samples (Figure 5a),
two peaks in NBE emission can be clearly observed for [KCI]
< 1 M: the DBE (donor band emission) and the D band. Both
bands merge for [KCI] > 1 M and only a broad, asymmetric,
and structureless spectrum is observed for nanowires deposited
using [KCI] > 1 M. For the nanowires deposited at the lowest
KCI concentration, the DBE has a line width of 18 meV. Due
to the relatively broad line width and the absence of distin-
guished and relatively sharp emission bands together with the
high donor density measured for this sample, the observed
emission is attributed to emission from a band of donor
states.!”*! Detailed and systematic PL investigations of elec-
trodeposited ZnO nanowires revealed that the intensity of the
D band scales with the diameter of the nanowires. Therefore,
Voss et al.*! assigned the D band to recombination processes
involving surface states. Because the intensity ratio Ipgg/Ip
seems to decrease with KCI concentration, a contribution from
chloride adsorbates onto the surface of ZnO nanowires is
suggested. Nevertheless, the contribution from other adsorbed
species cannot be rule out.

As the KCI concentration increases, the line width of the DBE
also increases accompanied by a shift of the DBE peak to higher
energies (see Table 2). It is important to note that the blue shift
goes along with an increase in the donor density determined
for the as-deposited nanowires. The discussions about the
electrical properties (section 2) led to the conclusion that for
higher KCI concentration more Zn; are incorporated and act as
donors in the nanowires. Therefore, the blue shift of the DBE
peak with an increase in donor density is due to the filling of
lower states in the conduction band (the Burstein-Moss effect).*!

The near-band-edge PL spectra of the annealed samples
exhibit two distinguished bands, labeled as B and the DX,
irrespective of the KCI concentration. The B band is observed
at ~3.318 eV for all annealed samples, while the position of
the DX emission varies (see Table 2). It must be mentioned
that other features can be inferred from these spectra, especially
at ~3.25 and ~3.375 eV. Small contributions of the peak at
3.375 eV to the main DX emission complicate the determina-
tion of the line width of the DX emission. A clear shift of the
main near-band-edge emission and an appreciable reduction of
the line width are observed after the annealing process. These
results coincide with a reduction of the donor density of the
annealed samples. Therefore, we attribute the near-band-edge
recombination processes in the annealed samples to result from
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TABLE 2: Energy Position and Line Width of the DBE Photoluminescence Emission for the As-Deposited and Annealed ZnO

Nanowire Arrays®

PL
as deposited annealed Np (cm™)

[KCI] (M) Epgg (eV) FWHMpge Ep’X (eV) as deposited annealed
0.05 3.363 18 3.359 5.9 x 10" 1.6 x 10"
0.5 3.366 19 3.358 3.0 x 10" 2.8 x 10"
1 3.372 26 3.362 3.6 x 10" 2.5 x 10"
2 3.378 30 3.357 3.7 x 10% 2.7 x 10"
34 3.400 3.360 2.4 x 10% 1.4 x 1018

“The values of the donor density, determined from electrochemical impedance spectroscopy, are also shown.

localized excitonic transitions (donor-bound excitons). A detailed
discussion concerning this phenomenon and a correlation of the
electrical and optical properties of the ECD nanowires can be
found elsewhere.*! The reduction in donor density is most
probably due to the out-diffusion of the Zn; during the annealing
process, as discussed in section 2.

By analyzing the variation of the lattice parameters, the donor
density, and the near-band-edge PL emission as a function of
KCI concentration, we can conclude that [KCl] = 1 M induces
the formation of more intrinsic defects (most probably Zn;) that
act as electrical donors. The nature of the main PL peak (DBE)
is clearly affected by the concentration of these defects.
Annealing at 450 °C in air (1 h) is an effective way to decrease
the carrier density to ~5 x 10'7 cm™3, resulting in a reduction
of the DBE line width. The evolution of the D peak as a function
of KCI concentration seems to indicate its relation with chloride
adsorbates on the ZnO nanowire surfaces. As suggested by the
expansion of the a parameter, some chlorine atoms might be
incorporated into the ZnO lattice. Nevertheless, their amount
should be low compared to the chloride concentration in the
deposition solution. This suggests the presence of a “self-
purification” process of ZnO nanowires during the electrodepo-
sition because chloride adsorption affects their growth,?22%-27
but chlorine impurities do not remain in the ZnO lattice. A
potential mechanism for the “self-purification” process could
be the formation of zinc—chloride complexes that are generally
highly water-soluble. Their dissolution would decrease the
chlorine content in ZnO nanowires. Chlorine impurities (ad-
sorbed onto ZnO surfaces and/or placed into ZnO lattice) seem
to play a minor electrical role that is not yet fully understood.
Because an increase of the [Zn?*])/[OH ] ratio can be induced
by increasing KCI concentration,?? an increase of the Zn; amount
is expected for the highest KCl concentration. The contribution
of Zn; to the high donor density in as-deposited ZnO nanowire
arrays is supported by the thermal annealing effects.

Conclusions

A systematic study of the variation of the structural, electrical,
and optical properties of the electrodeposited ZnO nanowire
arrays as a function of the potassium chloride concentration in
the range from 5 x 1073 to 3.4 M in the growth solution has
been performed. The variation of the lattice parameters before
and after annealing has suggested the presence of zinc inter-
stitials, especially for [KCI] > 1. The donor density at room
temperature has been determined from electrochemical imped-
ance spectroscopy measurements. The near-band-edge photo-
luminescence emission has been investigated, yielding a clear
correlation between the variation of the donor density and the
line width of main PL emission. The electrical and optical
properties seem to be mainly determined by intrinsic defects,
leaving a minor contribution of chlorine impurities. However,

the chloride concentration is a major parameter that affects the
local concentration around the nanowires during the elec-
trodeposition and therefore the formation of intrinsic defects.
As aresult, the donor density of electrodeposited ZnO nanowires
can be modified in a wide range (from 3 x 10'7 to 4 x 102
cm™3) by changing the KCI concentration and postdeposition
thermal annealing treatments.
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