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Abstract

ZnO is one of the most promising semiconductors for low-cost optoelectronics
and can be obtained from a variety of deposition techniques. Among them, elec-
trochemical growth in aqueous solution has become an important approach for
ZnO deposition with abundant morphologies and doping capabilities. This chapter
summarizes the current achievements in electrodeposition of ZnO and also
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discusses the challenges and extensive potential in this research area. The effects
of electrochemical growth conditions, annealing, and doping on the structural,
optical, and electrical properties of ZnO thin films and nanowires are presented
in detail. Electrical characterization using electrochemical impedance spectros-
copy and photoelectrochemical cell measurements are also included. n-Type and
p-type semiconductor nanowires are achieved by electrochemical doping of ZnO
with various elements such as Cl and Ag and are discussed as nanoscale building
blocks in advanced optoelectronics. Electrochemical deposition of highly uni-
form ZnO thin films and oriented ZnO nanowire arrays with desired physical
properties opens up possibilities for large-scale and economic fabrication of
advanced optoelectronic devices.
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Introduction
ZnO Basics

ZnO is a semiconductor with a direct bandgap of 3.37 eV (368 nm) at room tem-
perature. ZnO is therefore transparent to visible light, yet still a semiconductor.
Such a combination of properties is rare and enables ZnO to be considered for a
much wider span of device applications. ZnO also possesses an exciton binding
energy of 60 meV [1], which is significantly larger than its comparable materials
GaN (25 meV) and ZnSe (22 meV). Excitonic processes in ZnO, such as those
associated with light-emitting diode (LED), laser diode, and solar cell operation,
will be significantly more efficient and effective as compared to other wide bandgap
semiconductors. Optical processes involving excitons in ZnO also produce a rich
variety of interesting physics and behavior, making ZnO an attractive material not
only for devices but also for fundamental research.

Growth Techniques

The available growth techniques for ZnO are practically endless. Nearly every depo-
sition method for materials has been exploited to obtain ZnO in bulk, thin film, or
nanostructure form [2]. Many of the common growth techniques for ZnO are associ-
ated with relatively high temperatures and vacuum environments, such as molecular
beam epitaxy (MBE) [3], chemical vapor deposition (CVD) [4], pulsed laser deposi-
tion (PLD) [5, 6], thermal evaporation [7], and sputtering [8]. Bulk ZnO single
crystals can be formed in hydrothermal [9], chemical vapor transport [10], and pres-
surized melt-growth processes [11]. ZnO materials from these high-temperature
growth methods are often of very high quality and serve as the stepping stone for
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ZnO’s breakthrough into the device application market. But perhaps the most
interesting distinction for ZnO among other semiconductors is its amenability to be
deposited at low growth temperatures (<200 °C) and in aqueous solution.

Electrochemical Growth in Aqueous Solution

The device application potential of ZnO in the areas of electronics and optoelec-
tronics relies on achieving large-scale and homogeneous materials at low cost as
well as controlling ZnO’s fundamental physical properties. As mentioned above, a
wide variety of growth techniques has been explored to accomplish these goals and
obtain ZnO materials for potential use in device applications. In particular, low-
temperature growth processes for ZnO materials are becoming increasingly studied
due to their low cost and scale-up potential [12, 13]. Solution-based techniques for
depositing ZnO include electrochemical deposition (ECD), hydrothermal and/or
chemical bath deposition methods, sol-gel processes, and spray pyrolysis, just to
name a few. For a thorough and enlightening review of solution-based techniques
for ZnO deposition, see Ref. [12]. The various growth techniques and materials that
can be deposited for ZnO are summarized in Table 1.

This chapter is focused on ECD growth processes for ZnO, and therefore they
receive most of the attention here. The current achievements, challenges, and
extensive potential in the area of ZnO ECD are summarized. The effects of electro-
chemical growth conditions, annealing, and doping on the structural, optical, and
electrical properties of ZnO nanowires and thin films are presented in detail. Recent
work on utilizing ECD ZnO nanowires as nanoscale building blocks for advanced

Table 1 Growth techniques and materials available for ZnO

ZnO materials and growth methods
High temperature (>100 °C)

Method Environment Structure types References
MBE High vacuum Thin films, 3D nano [3]

CVD Moderate vacuum Thin films, 3D nano [4]

PLD High vacuum Thin films, 3D nano [5, 6]
Evaporation High vacuum Thin films [7]

Sputtering High vacuum Thin films, 3D nano [8]
Hydrothermal Ionic solution Single crystal [9]

CVT Moderate vacuum Single crystal [10]

PMG High pressure Single crystal [11]

Low temperature (<100 °C)

CBD Aqueous Thin films, 3D nano [12, 13, 21-24]
ECD Aqueous Thin films, 3D nano [12, 14, 15, 25]

Abbreviations: MBE molecular beam epitaxy, CVD chemical vapor deposition, PLD pulsed laser
deposition, CVT chemical vapor transport, PMG pressurized melt growth, CBD chemical bath
deposition, ECD electrochemical deposition, Nano nanostructures
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optoelectronic devices is also highlighted. ECD of highly uniform ZnO thin films
and oriented ZnO nanowire arrays with desired physical properties opens up
possibilities for large-scale and economic fabrication of advanced optoelectronic
devices.

ECD ZnO: Methods, Materials, and Properties
Electrochemical Growth of ZnO: A History

In 1996, two alternative methods for ECD of ZnO were introduced: (1) the dis-
solved oxygen method developed by Peulon and Lincot [14] and (2) the zinc nitrate
method developed by Izaki and Omi [15]. The amount of research activity associ-
ated with similar low-cost and low-temperature growth methods for ZnO materials
has increased tremendously since then. The basic scheme to produce ZnO in ECD
processes is as follows:

Ton species +e~ — OH™ (H
Zn** +20H" — Zn(OH), )
Zn(OH), - ZnO+H,0 3)
Zn** +20H" — ZnO+H,0 4)

The first requirement is the production of hydroxide ions (OH") in the growth
solution, and typically this step is accomplished by an electrochemical reduction
reaction (Eq. 1). In the zinc nitrate method, the ion species in Eq. 1 is NO;~, while
in the dissolved oxygen method, it is O, gas bubbled into the growth solution. Once
produced, the OH- ions react with zinc ions (Zn?*) also present in the solution to
eventually form ZnO. Zn* ions are already present in the zinc nitrate method, but
in the dissolved oxygen method, they must come from a secondary source such as
zinc chloride, perchlorate, acetate, or sulfate. Many studies of solution-based pro-
cesses in the literature list Eqs. 2 and 3 as the eventual pathway for ZnO crystalliza-
tion, which involves an intermediary Zn(OH), phase [12, 16, 17]. However, recent
investigations have provided strong support for the idea that Eq. 4 is the route for
ZnO formation — a direct crystallization from Zn?* and OH- ions that does not
involve any intermediate hydroxide phase [18]. If Zn(OH), is an intermediate to
eventual ZnO formation, only under appropriate conditions of pH, temperature, and
concentrations will it decompose to produce ZnO and water (Eq. 3) [12].

Among the various options for ECD ZnO, there is not a single method that pos-
sesses all of the desirable traits for ease of use and process flexibility. While the zinc
nitrate method is likely the simplest in that only one source material is needed and
it is not necessary to make dissolved oxygen solutions, it possesses the smallest
ZnO (instead of Zn) deposition potential window due to the reduction potential of
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the nitrate reduction reaction [15]. Meanwhile, both the dissolved oxygen and
hydrogen peroxide processes [19, 20] require a secondary source material to obtain
Zn?** jons, creating an immediate situation of unwanted and potentially contaminant
species in the growth solution. Regarding the viability of process scalability, in
principle only the dissolved oxygen method is limited due to the low solubility of
O, gas in water which creates an upper boundary on the growth rate of ZnO materi-
als by this method.

In addition to ECD, there are many similar techniques for depositing ZnO mate-
rials in solution. Another low-temperature deposition method for ZnO materials that
has experienced a seemingly exponential increase in growth since its beginnings in
2001 [12] is the so-called hydrothermal or chemical bath deposition [21-24]. This
method is actually quite similar to ECD of ZnO in aqueous solution in that chemical
species are mixed in water and a reaction between Zn** and OH- ions eventually
produces ZnO [12]. Only substrates with specific properties and of certain materials
can be utilized in the hydrothermal growth processes, however, due to limited initial
ZnO nucleation.

Based on the difficulty in facilitating ZnO nucleation in chemical bath deposition
and hydrothermal processes [21-24], Cui and Gibson developed a new ECD method
for ZnO in 2005 which is a modified version of the most common hydrothermal
growth process (zinc nitrate and hexamine, [21]) [25]. This method exploits the
benefits and overcomes the limitations of both the zinc nitrate ECD process and the
zinc nitrate plus hexamine hydrothermal process by combining them together.
By applying a potential during growth, it becomes possible to significantly increase
the nucleation density and growth rate of ZnO as compared to strictly hydrothermal
processes. This allows for the deposition of ZnO directly onto conducting or semi-
conducting substrates (e.g., polished Si) without the need for a ZnO seed layer.
In addition, the electrochemical growth of ZnO in a solution that contains zinc
nitrate as well as hexamine immediately provides the ability to obtain controlled 3D
nanowire structures [25]. While both the zinc nitrate and dissolved oxygen ECD
methods for ZnO were initially developed for thin film deposition, work on both
processes over the years has enabled modifications, such as the zinc nitrate plus
hexamine method [25], that allow for significant tunability of the ZnO structures to
include 3D nanowires and other useful morphologies. The growth conditions and
structural properties for a wide range of ECD ZnO materials and methods are sum-
marized in Table 2 and then discussed at length and in detail below.

ECD ZnO: Dissolved Oxygen Method

Much like any other deposition method for ZnO, the specific growth conditions in
the ECD process maintain a strong effect on the eventual physical properties of the
materials. Since all ECD methods for depositing ZnO eventually involve the reac-
tion of Zn?* ions with OH- ions to make ZnO, the relative concentration of these two
species near the electrode/growing crystal surface is expected to play a dominant
role in governing the properties of the ZnO materials obtained. Even though the
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Table 2 Growth conditions and structural properties for ECD ZnO materials

ECD ZnO: growth conditions and structural properties

Dissolved oxygen method

Main conditions Substrate/special condition Structural References

0.5 mM [Zn**], FTO Nanowires [14, 26]

0.1 MKCl

5 mM [Zn*], FTO Dense films [14,27]

0.1 M KCI

0.5 mM [Zn*], FTO; CI-, SO, acetate ions Nanowires (various [29]

0.1 M KCl added aspect ratios)

Zinc nitrate method

[Zn(NO;3),] Substrate/special condition Structural References

0.1M ITO; low potential 3D nano [15]

0.1 M ITO; high potential Dense films [15]

8-10 mM Si, poly Au, ITO; hexamine Nanowires [25]
added

0.5-3 mM ITO Nanowires [29]

0.05M Poly Au; galvanostatic, low Dense films [31]
current

0.05 M Poly Au; galvanostatic, high Nanowires [31]
current

0.05-0.1 mM 7ZnO seed; [NO5™] source: Nanowires (various [35]
0.1 M NaNO; aspect ratios)

0.05M Poly Au Nanowires [36]

0.05M Poly Au; 30-70 % methanol Dense films [36, 41]
electrolyte

0.05M Poly Au; 70-100 % methanol Nanosheets, [41]
electrolyte nanowalls

0.08 M ITO; 25 % ethanol electrolyte Dense films [37]

Abbreviations: FTO fluorine-doped tin oxide, /70 indium tin oxide, Nano nanostructures, poly
polycrystalline

eventual ZnO formation mechanism is the same in all ECD ZnO processes, many
factors related to the particular ECD method and growth conditions used will affect
the [Zn?*]/[OH] ratio.

In the dissolved oxygen method, precursor concentration limits are very much
set by the low solubility of O, gas in solution. As a result, the concentrations of the
reactant species used to deposit ZnO are typically very low, and a supporting elec-
trolyte such as KCl or KCIO, is used to establish a growth solution conductivity that
is amenable to ECD processes. The initial [Zn**] and [O,] are quite small, even
below the mM range [14, 26], resulting in a strong effect of [Zn?*] as it is increased
to higher concentrations. At low zinc concentrations, e.g., 0.5 mM, 3D nanowire-
type structures can be deposited (Fig. 1) [14, 26], while at slightly higher [Zn*'],
such as 5 mM, more dense and 2D type thin film structures are obtained (Fig. 2) [14, 27].
An even finer tuning of [Zn*] in the 3D nanowire regime enables control of the
nanowire diameter from 25 to 80 nm [28].
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Fig. 1 SEM images of 3D ZnO nanowires obtained from the dissolved oxygen method with
[Zn*]=0.5 mM (Reproduced with permission from Tena-Zaera et al. [26]. Copyright (2008)
American Chemical Society)

Other chemical species can be used to modify the ZnO growth process in the
dissolved oxygen ECD method. Various additives such as CI, acetate, and SO4>~ can
control the ZnO nanowire aspect ratio [29]. While additional CI- leads to thicker
and shorter nanowires, i.e., a low aspect ratio (Fig. 3a, b), acetate ions enable the
growth of longer and thinner nanowires to significantly increase their aspect ratio
(Fig. 3e, f). Cyclic voltammetry (CV) studies indicate the various ion species pref-
erentially adsorb onto the growing ZnO crystal surface in different ways and also
affect the electrochemical reduction of O, [29]. Both of these factors change the
local ZnO growth environment and in turn modify the rate and type of ZnO
deposition.

ECD ZnO: Zinc Nitrate Method

While the zinc nitrate ECD method utilizes a similar reaction pathway for depositing
ZnQ, it is certainly distinct from the dissolved oxygen process in several ways.
Perhaps most importantly, zinc nitrate is the only necessary precursor material — it
serves as the Zn?* source and the OH- source (via reduction of nitrate). Furthermore,
zinc nitrate is highly soluble in water; therefore, much larger precursor concentrations
can be used. This situation is quite different from the dissolved oxygen method,
suggesting that ECD of ZnO with the zinc nitrate method will lead to unique
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Fig.2 SEM images of 2D
ZnO thin films obtained
from the dissolved oxygen
method with [Zn**]=5 mM
(Adapted with permission
from Rousset et al. [27].
Copyright (2009) American
Chemical Society)
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conditions for crystal growth and in turn physical properties of the ZnO materials are
obtained. Various growth conditions such as [Zn*"], [NO;~], temperature, applied
potential, and electrolyte additives in the zinc nitrate method have been tested thor-
oughly in the literature.

Growth Conditions and Structural Properties

In the original work on the zinc nitrate ECD method, it was shown that the applied
potential during growth affects the structural properties of the ZnO materials sig-
nificantly [15]. More defined and 3D-type structures are formed at lower potentials
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Fig.3 SEM images of ZnO nanowires from the dissolved oxygen method with the addition of (a, b)
CI-, (¢, d) SO,*, and (e, f) acetate ions. Diameter and length distributions are shown in the insets
of each figure (Reproduced with permission from Elias et al. [29]. Copyright (2008) American
Chemical Society)

(near the limit for reduction of nitrate to occur), while more dense and 2D film
structures are obtained at more negative potentials well into the overpotential
regime (Fig. 4). As expected, the ZnO growth rate is also strongly affected by the
growth potential with a significant increase for more negative potentials [15].
More recent work associated with growth conditions in the zinc nitrate ECD
method showed that, much like in the dissolved oxygen process, a lower [Zn?*] during
growth leads to truly 3D nanowire structures [30]. In the same work, the authors also
concluded that an increased negative growth potential in fact leads to denser and more
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Fig.4 SEM images of ZnO materials obtained by the zinc nitrate method. The applied potentials
as measured relative to an Ag/AgCl reference electrode are shown in the figures (Reproduced with
permission from Izaki and Omi [15]. Copyright (1996) American Institute of Physics)

filmlike structures, perhaps due to the increased growth rate. Interestingly, in a different
study where the deposition was galvanostatic (constant current rather than con-
stant potential), a lower current during growth led to well-formed 2D films, while an
increased current produced very well-defined 3D nanowires structures (Fig. 5) [31].
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Fig.5 SEM images of
ZnO materials obtained
by the zinc nitrate
galvanostatic method:
(a) higher deposition
current, (d) lower
deposition current
(Adapted with permission
from Cao et al. [31].
Copyright (2006)
American Chemical
Society)
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These ideas were confirmed later in another work on galvanostatic deposition using
zinc nitrate when the most uniform and 2D film structures were obtained at quite low
deposition currents [32].

Zn?** as a Catalyst for Nitrate Reduction

It would appear as though the zinc nitrate method showcases some inconsistencies
and difficulties in obtaining repeatable structures based on certain growth condi-
tions. Recent investigations of the electrochemical growth mechanism in the zinc
nitrate method aid in understanding these difficulties.

As discussed already, perhaps the most important aspect of the growth mecha-
nism for ZnO in ECD processes is the local [Zn?*]/[OH"] ratio at the electrode.
Whereas the dissolved oxygen method allows for a broader control of this ratio,
in the zinc nitrate method, [Zn*"] and [OH"] are more difficult to separate. If zinc
nitrate is the only source material in the electrolyte, [Zn*] and [NO;7] are
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Fig.6 [-V curves measured at a ZnO-coated Pt disk-rotating electrode (500 rev/min) in aqueous
mixed solutions of zinc nitrate and potassium nitrate for which the concentration of NO;~ was fixed
at 200 mM while that of Zn** was varied as (a) 0, (b) 0.5, (¢) 2, (d) 4, (e) 10, (f) 20, and (g) 100
mM. Potential sweep rate=5 mV/s (Reproduced with permission from Yoshida et al. [16].
Copyright (2004) Elsevier B.V)

essentially predetermined: it is not immediately possible to independently control
[Zn?*], a very important ECD growth parameter. It was discussed in section “ECD
ZnO: Dissolved Oxygen Method” that certain ion species affect the electro-
chemical reduction reaction that governs ZnO deposition in ECD growth pro-
cesses. The same is true in the zinc nitrate method. It has been very well established
that metallic ion species in solution catalyze the nitrate reduction reaction [33, 34].
In fact, without Zn?* present in the zinc nitrate method, the reduction of nitrate
electrochemical reaction will not even occur (Fig. 6) [16]. So it becomes clear that
while both Zn?* and OH- are needed to deposit ZnO by ECD, in the zinc nitrate
method, these separate ion species are very much interconnected by the catalyst
nature of Zn*". Understandably, this complicates the zinc nitrate method to a cer-
tain degree in comparison to the dissolved oxygen process.

Separate NO3*- Source in the Zinc Nitrate Method

One strategy developed to overcome this limitation is to utilize a separate source for
NO?* ions in the zinc nitrate method [35]. By using sodium nitrate as the main elec-
trolyte precursor, the nitrate concentration can be held constant while the zinc
nitrate concentration is changed. What was found in this study was that the zinc
nitrate process can become very much like the dissolved oxygen method: low [Zn?*]
leads to strongly diffusion-limited growth of ZnO, and high aspect ratio 3D nanow-
ires are obtained. Here, the limited diffusion of Zn** ions not only minimizes the
availability of Zn?** for the reaction with OH- to produce ZnO but also the catalytic
effect for the nitrate reduction reaction to produce OH™ ions in the first place. The
end result is a very strongly limited growth regime in which the lateral growth of the
ZnO structures is completely suppressed, and highly uniform in diameter ZnO
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Fig.7 Schematic view of the growth of ZnO nanowires from nitrate-based solutions. (a) The Zn**
diffusion is significantly slower than the OH~ generation rate, and (b) the OH~ generation rate and
Zn* diffusion are in the same order (Reproduced with permission from Khajavi et al. [35].
Copyright (2012) Elsevier B.V)

nanowires are obtained (Fig. 7) [35]. By tuning [Zn**] while keeping other growth
conditions constant, it is possible to increase their lateral growth and in turn control
the aspect ratio of the ECD ZnO nanowires [35].

Mixed Water/Methanol Electrolytes for Zinc Nitrate ECD

Another strategy related to controlling the availability of Zn?* and OH- in the zinc
nitrate method involves the use of a mixed water/alcohol electrolyte. In this tech-
nique, zinc nitrate remains the only source material but instead of a water-only
electrolyte, various vol.% of an appropriate cosolvent are added (such as ethanol or
methanol) [36, 37]. This technique has been shown to effectively produce very con-
sistent and uniform 2D film structures using the zinc nitrate method across a wide
range of other growth conditions [36].

Structural Properties
As is typically found in the literature, when utilizing a water-only deposition solu-
tion in the zinc nitrate method, it is difficult to prepare samples with a consistent
morphology and homogeneity. Often, scattered and spotty 3D nanorod-type struc-
tures that do not eventually form a continuous and hole-/defect-free film are formed
[15,38—41]. An example of the morphologies obtained using a water-only solution
is shown in the scanning electron microscopy (SEM) image in Fig. 8a. On the other
hand, by simply adding 50 % by volume methanol to the deposition solution, the
ZnO morphology is remarkably changed such that a 2D coalesced film made up of
compact, hexagonal grains is formed (Figs. 8b, c). Figure 8c is a lower magnifica-
tion image to showcase the uniformity of and lack of defects in the ZnO film
obtained with 50 % methanol.

Furthermore, some of the specific properties of the ZnO films can be controlled
with various growth parameters such as applied potential, current density, and
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Fig.8 SEM images of ZnO samples deposited in 0.05 M zinc nitrate solutions: (a) 100 % water;
(b, ¢) 50 % water/50 % methanol (Reproduced with permission from Thomas and Cui [36].
Copyright (2013) The Electrochemical Society)

methanol concentration. Figure 9 shows some of the ZnO films obtained under
different growth conditions to modify the specific crystal and film morphology.
An increased current density during growth leads to a larger ZnO growth rate and
therefore larger crystal grains (Fig. 9a), while a more controlled current density
produces smaller and more complete grains (Fig. 9b). The cross section in Fig. 9¢
shows that the films are very uniform and dense.

Growth Mechanism: CV Analysis and Effects of Methanol

In the combined water/methanol zinc nitrate ECD method, the availability of Zn**
for the deposition of ZnO is quite constant because it comes directly from zinc
nitrate and is present at a relatively high concentration (0.05 M). On the other hand,
the availability of OH" is not immediate but instead relies on the reduction of nitrate
ions and therefore is dependent on the electrochemical growth conditions.

Figure 10 illustrates CV scans of growth solutions with varying amounts of
methanol. Methanol addition does not cause a drastic change in the CV scans; how-
ever, the most distinct change visible is the increased current density in the range
of potentials used for the deposition of ZnO (highlighted area: —2.4 to —2.6 V).
For example, at a potential of —2.5 'V, the current density is increased by ~50 %
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Fig.9 SEM images of ZnO thin films obtained in a water/methanol zinc nitrate solution: (a) 2.5V,
large current density, 50 % methanol; (b) —2.5 V, small current density, 50 % methanol; (¢) cross
section of (a) 2.2 pm thick film; (d) -2.5 V, 25 % methanol (Reproduced with permission from
Thomas and Cui [36]. Copyright (2013) The Electrochemical Society)

for the electrolytes with methanol added as compared to the water-only solution.
Because the current density should be mostly associated with the nitrate reduction
reaction, the CV scans indicate that adding methanol to the ZnO growth solution
enhances the nitrate reduction reaction, increasing the production of OH™ ions [36].
Growth solutions with methanol also create a much faster nucleation process, as
well as a faster time to coalescence and uniform film growth in general [36]. This
likely plays a role in establishing more 2D and uniform film growth dynamics rather
than “spotty” growth of 3D nanostructures.

OH- lon Production and Thermodynamic Equilibrium

A secondary, yet related, explanation for the improvement in the ZnO film morphol-
ogy upon methanol addition is an increase in the availability of OH™ ions. When the
supply of OH~ ions is slow and steady, a near equilibrium crystallization process for
ZnO likely dominates. Recent work on the crystallization of ZnO in solution processes
showed that the most important factor for obtaining ZnO nanowire-/nanorod-type
structures, i.e., a strongly dominant [0001] crystallization scheme, is the slow and
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Fig.10 CV scans of different electrolytes used for ZnO thin film growth. Only the forward scans
(0 to 2.7 V) are shown for clarity. The % methanol in the electrolyte is indicated in the figure.
Note that all scans were performed at a rate of 20 mV/s on Au substrates (1 cm?) after a thin layer
of ZnO was deposited (5 min growth time) using the respective solution. Only the first scans are
shown as no significant change was observed for repeating scans (Reproduced with permission
from Thomas and Cui [36]. Copyright (2013) The Electrochemical Society)

steady “release” or availability of OH- ions to react with Zn?** and make ZnO [42].
This is similar to the minimized availability of Zn** in the dissolved oxygen method
and separate NO;~ method due to their use of a low [Zn?*].

As a result, it becomes easier to see why ZnO grows preferentially along the
[0001] direction and forms nanorod or columnar structures in water-only deposition
solutions. The availability of OH™ ions is minimal, producing a growth process that
is very much limited by diffusion and thermodynamic equilibrium. However, if the
availability of OH™ ions is increased and conditions are shifted outside the realm of
equilibrium and diffusion limits, other crystallization schemes can contribute more
strongly and the anisotropic [0001] dominated growth may be overcome. This
enables more lateral crystal growth and eventually dense, 2D film structures, as
outlined in Fig. 7 in section “Separate NO*- Source in the Zinc Nitrate Method.”

Chemical Effects of OH- and Methanol

The chemical effects specific to methanol should also be considered because vari-
ous ion species were shown to affect the growth of ZnO in the dissolved oxygen
method [29]. OH ions may also become preferentially associated with the polar
(0001) face of the ZnO crystal once their availability is higher. This would be simi-
lar to NO;™ ions as suggested in other work on ECD of ZnO using zinc nitrate in
methanol [41] and citrate ions in the hydrothermal growth of ZnO films [43]. Such
adsorption of ion species on the polar ZnO crystal faces could drive the growth of
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the nonpolar crystal faces and produce a more 2D film structure. In fact, methanol
can be used at even higher concentrations in the zinc nitrate method to produce
more elaborate structures such as ZnO nanowalls and ZnO nanosheets [41]. This
suggests that methanol indeed plays a strong role in the various crystallization
schemes for ZnO when used in the zinc nitrate ECD method.

Optical and Electrical Properties: Growth Conditions
and Annealing

Optical Properties

The rich optical properties of ZnO materials are very important for their use in
advanced optoelectronics. The wide bandgap and large exciton binding energy
nature of ZnO leads to strong ultraviolet (UV) luminescence at room temperature as
well as the possibility for a range of optical emissions in the visible range.

Optical Quality and Luminescence

In one of the few studies on the effects of growth potential in the dissolved oxy-
gen ECD ZnO method [44], it was established that a lower growth potential, i.e.,
one that is very close to the limit for O, reduction to occur, produces ZnO materi-
als of a higher optical quality. Furthermore, a higher deposition temperature and
growth conditions that produce more 3D nanowire-type structures as compared
to 2D films also lead to ZnO with an intense UV photoluminescence (PL) emis-
sion and very little defect PL emissions. Finally, the use of a Cl~ electrolyte sup-
port also benefits the optical properties of ZnO deposited by the dissolved oxygen
method [44]. In the zinc nitrate plus hexamine ECD method, it was also shown
that the ZnO crystal quality, and in turn optical quality, of ZnO nanowires could
be modified by growth conditions such as the applied potential and relative hex-
amine concentration during growth [45]. More negative growth potentials and a
larger relative hexamine concentration lead to ZnO nanowires with a stronger
UV emission and very little defects. Much like in the dissolved oxygen method,
the addition of CI- to the electrolyte in the zinc nitrate plus hexamine process
enables filling of native defects with Cl impurities and the removal of defect PL
emissions [46].

Bandgap Tuning

Another key parameter with regard to ZnO’s optical properties is its bandgap energy.
Because ZnO maintains such a wide bandgap, the ability to modulate the bandgap
even further into the UV as well as into the visible region becomes highly desirable.
Interestingly, several studies have shown that the bandgap of ECD ZnO materials is
highly tunable with specific growth conditions as well as doping. The results on
doped ZnO will be discussed at length further in the chapter, but even undoped ECD
ZnO can show a range of bandgaps by changing the applied potential during growth
[47]. The ZnO bandgap is tunable within a range of about 0.2 eV with wider band-
gaps being associated with more negative growth potentials.
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Electrical Properties and Electrical Characterization Techniques

A sound understanding of the electrical properties of ECD ZnO materials is
paramount to their eventual application in advanced devices. Unfortunately, ECD
processes demand the use of a conductive substrate, stifling the ability to perform
standard semiconductor electrical characterization without complications and
erTors.

Thin Film Transfer

Efforts have been made in the past to isolate semiconductor thin films obtained by
ECD methods from their conductive substrate, most notably on solar cell materials
such as CdTe [48], CdS [48], CIS [49], and Cu,O [50]. Upon successful film trans-
fer, resistivity and Hall effect measurements can be carried out as with any other
semiconductor material. Only very recently have such methods been demonstrated
with regard to ECD ZnO, and finally there are viable data available for the electrical
properties of ZnO materials obtained by electrochemical methods [36, 51, 52].

Electrochemistry-Based Characterization Techniques

Another approach is associated with electrochemical impedance spectroscopy (EIS)
and Mott—Schottky analysis (MS) in which the conductive growth substrate required
for ECD processes is actually utilized in the electrical measurement. A wide variety
of ZnO thin films and even 3D nanowire structures have been characterized by such
EIS and MS methods [26, 27, 36, 38, 41, 53, 54]. For more details regarding the
theory and practice of EIS and MS analysis, see Refs. [27, 36, 38, 53].

The final technique for characterizing the electrical properties of ECD materials
is a photoelectrochemical cell (PEC) measurement [55-57]. This method cannot
provide any detailed quantitative information regarding charge carrier concentra-
tion or mobility, but it can give qualitative insight into the conductivity type and
relative magnitude of carriers. A PEC measurement involves a semiconductor and an
electrolyte interface, and the charge transfer between the two is monitored upon
illumination of the semiconductor with an external light source. A schematic of a
typical PEC setup is shown in Fig. 11. A positive change in potential signifies p-type
behavior, while a negative voltage change indicates n-type properties. Both ZnO thin
films [58, 59] and nanowires [57] have been characterized by PEC measurements in
order to gain information regarding their conductivity type and capability.

Specific Results on Various ECD ZnO Materials
While the available work on the electrical properties of ECD ZnO is somewhat
minimal, certain trends and consistencies are beginning to develop. Highly uniform
and dense 2D films grown by the dissolved oxygen method have shown electron
concentrations close to the 10%° ¢cm™ range when highly doped with Cl [27].
Meanwhile, the same study found that films deposited by the zinc nitrate method
were also n-type, but had electron concentrations nearly two orders of magnitude
lower than those obtained in the standard dissolved oxygen process [27].

The electrical properties of ZnO nanowires obtained by the dissolved oxygen
method have also been explored with EIS and MS. It is necessary to modify the
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Fig.11 Schematic of the PEC measurement setup and basic principles

analysis in order to compensate for the 3D geometry of the nanowires [53], but very
consistent data has been obtained by a variety of groups [26, 53, 54]. As-grown ZnO
nanowires by the dissolved oxygen method are typically highly n-type, with carrier
concentrations at least in the 10" cm™ range [26, 53, 54]. This may stem from the
fact that CI doping takes place due to the CI~ supporting electrolyte. Similar experi-
ments have been performed on ZnO nanowires obtained by the zinc nitrate plus
hexamine method, and they show that undoped nanowires have carrier concentra-
tions in the mid-10'7 ¢cm™ range [60]. Then, purposeful Cl doping can be utilized to
increase their electron concentration to the mid-10% ¢m= range [60]. It seems Cl
doping is very much a part of the electrical properties of ECD ZnO nanowires,
whether it is desired or not. In related studies [26], it was shown that CI~ ions in
particular inhibit the O, reduction reaction, which lowers the production of OH" ions
and alters the [Zn?*]/[OH"] ratio during growth. The increased availability of Zn?* in
comparison to OH™ leads to more ‘“Zn heavy” ZnO nanowires with an increased
electron concentration due to zinc interstitial and oxygen vacancy defects [26].
The electrical properties of ZnO materials obtained by the zinc nitrate method have
also been investigated. In this case, both MS and Hall effect measurements have been
used so a more complete picture of the electrical properties can be seen. The applied
potential during growth has been shown to be a very strong factor in determining the
electrical properties of ECD ZnO obtained by nitrate reduction. Figure 12 displays the
calculated carrier concentration values obtained from MS analysis for several ZnO
films as a function of the applied potential used during growth (zinc nitrate in 50 %
methanol). Three different films all deposited at —2.4 V are included in the data to
show that the samples have reasonably consistent carrier concentrations for a given
applied potential (—2.4 V ranges from 9.6x 10" to 2.9%x 10'® cm~). A lower applied
potential, which also corresponds to a lower current density and growth rate, produces
ZnO films with higher carrier concentrations. Meanwhile, a more negative growth
potential leads to a faster ZnO growth rate as well as lower carrier concentrations.
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Fig.12 Carrier concentration data calculated from MS plots of ZnO films deposited by the zinc
nitrate plus methanol method as a function of applied potential during growth (Reproduced with
permission from Thomas and Cui [36]. Copyright (2013) The Electrochemical Society)

The range of carrier concentrations for growth potentials from —2.2 to —2.5 V extends
through nearly three orders of magnitude [36].

Other works on ZnO films obtained by nitrate reduction found highly similar
results when the effects of current density on electrical properties were tested: a
lower current density during growth produces ZnO films with higher carrier con-
centrations as measured by the Hall effect [52]. Changes in the current density
alone enabled a similar three orders of magnitude control of the electron concen-
tration of the ZnO films (Fig. 13) [52]. Previous work on ZnO by nitrate reduction
using MS analysis has also shown that more negative growth potentials produce
lower carrier concentrations with a three orders of magnitude range controlled by
the potential [38].

A likely explanation for the observed carrier concentration changes is the growth
conditions for ZnO associated with an increased current density and/or more nega-
tive growth potentials. Such conditions are related to an increased availability of
OH- ions from an enhanced nitrate reduction process. More OH™ ions may shift the
ZnO growth conditions toward a more even Zn/O ratio in that there is plenty of the
oxygen source (OH") available for stoichiometric ZnO crystallization.

Annealing Effects

Because of their very-low-temperature deposition, moderate annealing has been
shown to affect the various properties of ECD ZnO materials as well. MS analysis
of ZnO films from the zinc nitrate in 50 % methanol method annealed at 200 °C
in air reveals that they possess carrier concentrations as much as two orders of
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Fig. 13 Variation of electrical properties of electrodeposited ZnO films as a function of (a, b)
current density and (c, d) deposition temperature (Reproduced with permission from Shinagawa
et al. [52]. Copyright (2012) American Chemical Society)

magnitude higher than the as-grown films (annealed in air: high 107 to low 10'® cm™)
[36]. The increase in free carriers is partially dependent on the films’ as-grown prop-
erties — those samples with lower as-grown carrier concentrations experience the
most drastic increase in carrier concentration upon annealing.

Hall effect analysis from the same study indicates similar trends: some of the
typical resistivities measured for such ZnO thin films are shown in Fig. 14. It is clear
that as-grown films are highly resistive, while moderate annealing in air can improve
their conductivity. Some other works on ZnO thin films by nitrate reduction have
indicated a similar increase in conductivity after moderate annealing [51, 52], but
the opposite seems to be true for ZnO nanowires obtained by ECD and then annealed
in air [26, 53, 54]. It is interesting that as-grown nanowires by ECD have high elec-
tron concentrations and annealing can make them more “intrinsic,” in fact lowering
their carrier density by as much as three orders of magnitude. Meanwhile, as-grown
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films by ECD are often highly resistive, but moderate annealing improves their
conductivity. It is clear that the growth conditions leading to either 3D nanowires or
2D film structures also affect the electrical properties of ECD ZnO.

ECD ZnO: Doping for Device Applications
Electrochemical Doping of ZnO

The idea to dope ZnO utilizing low-temperature, electrochemical growth methods
is certainly not new. Once the original methods for obtaining nominally undoped
ZnO by ECD were established, work on doping ZnO by similar processes soon fol-
lowed. To date, more than 17 dopants have been tested by various ECD growth
processes for ZnO. In most cases, the purpose of the doping is to modulate the opti-
cal and/or electrical properties of the ZnO materials. For example, dopants such as
Al [61, 62], Ga [61], In [62, 63], B [64], CI [26, 27, 60, 65], and Y [66] were all
expected to enhance the native n-type conductivity of ZnO. Dopants like Cd, Mg,
and Eu have been shown to modify the optical properties of ZnO by changing its
bandgap (Cd, Mg) [67-70] or utilizing excited state transitions of the dopant (Eu)
[70]. In addition, a few particular dopants such as Ni [71], Co [71, 72], Fe [73], and
Mn [74] were focused on introducing ferromagnetic properties into the ZnO materi-
als for the purpose of creating dilute magnetic semiconductors (DMS).

There has been less work on p-type doping of ZnO by electrochemical methods,
with only Ag-doped ZnO being tested recently [57, 75, 76]. Other low-temperature
solution methods (hydrothermal) have been explored more in this regard, with Sb as
the most common dopant [77, 78]. Others such as K [79], P[80], Ag [78], and Li [81]
have been investigated as well. Some of the more thorough and enhanced work on
electrochemical doping of ZnO is summarized here with focus on n-type and p-type
dopants.
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n-Type Doping with CI

While n-type doping of ZnO using ECD methods has been explored significantly,
the most successful and consistent results are associated with CI doping. In particu-
lar, the dissolved oxygen ECD method has been used to dope both ZnO thin films
[27] and nanowires [26] with Cl, in part because Cl- or ClO4™ ions are naturally
present in the supporting electrolyte. In fact, when a chlorine-containing electro-
lyte is used in the dissolved oxygen method, it is essentially impossible to avoid Cl
doping in the ECD growth process. Naturally, such ECD ZnO materials become
highly n-type with enhanced electron concentrations [26]. Upon further addition of
ClI to the growth process, carrier concentrations as high as 9x 10" ¢cm= for 2D
films [27] and 4 x 10%° ¢m™ for 3D nanowires [26] can be achieved. Such materials
are excellent candidates for transparent conductor applications in solar cells and LEDs.
In fact, Cl-doped ZnO films by ECD have been utilized as a top contact layer in
solar cells [65]. Cl doping also widens the bandgap of both ZnO thin films [27] and
nanowires [46, 60].

p-Type Doping with Ag

Among various potential dopant materials, Ag has demonstrated its suitability for
p-type doping of ZnO. So far, Ag-doped ZnO nanostructures and thin films have
been explored by many techniques, but very few were low-temperature and/or
solution-based methods [78, 82]. In many cases of the high-temperature methods,
the Ag-doped materials showed p-type conductivity [83-85]; however, there is
certainly not a guarantee that successful Ag doping of ZnO will lead to p-type
behavior [86]. Achieving p-type ZnO via solution-based methods at lower deposi-
tion temperatures has proven to be more difficult.

In the past several years strides have been made in p-type doping of ZnO by ECD
processes with Ag doping in the zinc nitrate plus hexamine process [57, 75, 76].
As was mentioned above, the zinc nitrate plus hexamine process tends to produce
ZnO nanowires, and in the undoped case their background electron concentrations
are not too high (~10'7 cm™) [60]. Therefore, the zinc nitrate plus hexamine method
provides an excellent starting point for p-type doping.

Effects of Ag* on ECD Growth Process

Ag* maintains a much stronger influence on the ECD growth process than many
other additive ions have shown in previous work. Whereas CI-, Cl10,~, SO,*-, and
acetate ions can all be added to the ECD growth solution to relatively high concen-
trations (0.1 M) [26-28], the addition of Ag* must be much more closely monitored
and controlled. Basically, even at concentrations of only 1-5 % relative to Zn*", Ag*
disrupts the normal ZnO nanowire growth process, making the deposition of highly
uniform Ag-doped ZnO materials difficult [87]. Investigations with CV analysis
show that Ag* catalyzes the nitrate reduction electrochemical reaction much like
Zn*, perhaps even more so [76].

Figure 15 shows CV scans of various zinc nitrate plus hexamine electrolytes
with different amounts of Ag* added. It is clear that even at a very low relative con-
centration of 0.05 %, Ag* strongly affects the nitrate reduction reaction, enhancing
the cathodic current significantly [76]. Figure 16 displays the measured deposition
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applied potentials. The data are taken from the CV scans in Fig. 17. The solid lines are simply
guides for the eye (Reproduced with permission from [76]. Copyright (2012) American Chemical
Society)
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currents at various applied potentials along with the effects of Ag* at different
concentrations. At larger negative potentials, the influence of Ag* is even more
pronounced at the lowest concentration, indicating its true nature as a catalyst for
nitrate reduction [76].

Structure and Morphology

The overall result of the catalyst nature of Ag* is simply that growth conditions such
as [Ag*] and the applied potential must be well optimized for efficient doping of Ag
into ZnO nanowires. The well-controlled and uniform growth of ZnO nanowires
needs to be maintained, yet sufficient Ag doping must also occur in order to obtain
p-type properties. Such conditions include a low Ag concentration in the growth
solution (0.05-0.5 %) as well as a minimized current density.

Figure 17 shows representative SEM images of the undoped and Ag-doped
nanowire arrays obtained by ECD under more controlled growth conditions. The
nanowires have diameters of 100-200 nm and lengths ranging from 0.7 to 2.5 pm
depending on the specific growth parameters. Under these milder growth condi-
tions, the ZnO nanowire morphologies are not significantly affected by Ag doping.
However, as discussed above, it is possible to drastically modify the morphologies
of the Ag-doped ZnO nanomaterials by using higher Ag concentrations and poten-
tials [87].

Ag Doping Levels: ECD Growth Conditions
An approximately linear increase in the Ag content of the nanowires is observed as
the Ag concentration is increased in the electrolyte (Fig. 18). The actual Ag content
in the doped nanowires is much larger than the Ag concentration in the growth solu-
tion, indicating Ag is readily incorporated into the ZnO nanowires even at a very
low concentration relative to Zn in the electrolyte. The enhanced catalytic role of
Ag* in the electrochemical growth process may help to explain this observation:
much like Zn**, Ag* is adsorbed onto the electrode (ZnO nanowire) surface where it
acts as a catalyst for the reduction of nitrate [76]. The CV analysis suggests Ag* is a
more efficient catalyst than Zn?* for nitrate reduction; therefore, it may be more eas-
ily incorporated into ZnO than Zn despite its very low concentration relative to Zn.
Because of the very low concentration of Ag relative to Zn, Ag incorporation is
also highly limited by diffusion. As a result, the nanowire growth rate affects the
final Ag content because faster ZnO deposition limits the possibility for Ag incorpo-
ration. This likely explains the trend of lower Ag contents in the samples deposited
at more negative potentials but the same Ag concentration (Fig. 18). ZnO doped
with other materials by ECD methods has shown similar behavior [62-64], suggest-
ing the electrochemical doping process in ZnO maintains universal traits.

Optical and Electrical Properties: Evidence for p-Type Doping

The PL properties of ECD Ag-doped ZnO have also been investigated [57, 75].
Samples grown at increased applied potentials were very different from undoped
ZnO with respect to their defect emission in the visible and near-band edge (NBE)
emission in the near-UV range. These changes indicate that Ag doping enhances
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Fig.17 SEM images of (a) undoped and (b—f) Ag-doped ZnO nanowires. The growth conditions
are as follows: (a) -0.7 V, 0 % Ag; (b) -0.7 V, 0.05 % Ag; (c) -0.7 V,0.2 % Ag; (d) -0.8 V, 1 % Ag.
(e, f) are a cross section and tilted view of the sample in (¢). The scale bar in each figure is 500 nm.
Note that all deposition potentials are reported relative to an Ag/AgCl reference electrode (Adapted
with permission from Thomas and Cui [57]. Copyright (2010) American Chemical Society)

the concentration of native defects during the nanowire growth process and also
may establish a reduced bandgap in ZnO [57, 75]. Intense emissions at low tem-
perature of a free electron to neutral acceptor transition at 3.323 eV were present
in Ag-doped samples grown at more negative potentials, while a donor-bound



19 Electrodeposition of ZnO Nanostructures... 673

Fig.18 Ag content 6 - T T T T
measured by energy
dispersive x-ray

spectroscopy in the doped 5 —a—-05V .
7ZnO nanowires as a | —e— 0.7V |
function of Ag —A—_Q9V

concentration in the growth
solution (Reproduced with
permission from Thomas
et al. [76]. Copyright
(2012) American Chemical
Society)

Ag Content (Atomic %)
w
1

T T T
0.0 0.1 0.2 0.3 0.4 0.5
Ag Concentration (mol%)

exciton emission dominated the band edge emission for undoped ZnO [75].
Temperature-dependent PL. measurements allowed for the calculation of a binding
energy of 117 meV for the acceptor involved in the transition at 3.323 eV [75]. The
incorporation of Ag into ZnO enhanced the acceptor-related emission, although it
is not clear whether this enhancement directly results from Ag impurities or native
defects. The optical properties’ results provide evidence that Ag is a potential
p-type dopant for ZnO.

The electrical properties of the undoped and Ag-doped ZnO nanowires were
also explored with a solution-based PEC technique. Both as-grown-doped and
undoped nanowires have negative PEC responses upon illumination (n-type con-
ductivity, Fig. 19). However, the doped samples tend to show a smaller magnitude
of the negative PEC signal, indicating a possible decrease in donors and increase
in acceptors in these samples due to Ag doping. The annealed Ag-doped nanowires
display significant changes in their PEC responses depending on their growth con-
ditions. Much like the PL results, Ag-doped samples grown at more negative
applied potentials were distinct from undoped and other Ag-doped nanowires.
These samples showed positive PEC responses, a strong indicator of p-type electri-
cal properties [57]. Ag-doped samples grown at more negative growth potentials
and annealed at moderate temperatures in air (350 °C) showed the most enhanced
p-type properties [76]. The p-type properties of the nanowires were very repeatable
under appropriate growth conditions and were also stable over long periods of
sample storage. The key factors in producing Ag-doped ZnO with strong evidence
of p-type properties from both optical and electrical characterization included suf-
ficient Ag doping, improved crystalline quality from moderate annealing, and min-
imized effects of Ag* on the ECD growth process [57, 76].
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p-Type Doping Mechanism

It is possible that electrochemical growth parameters such as the applied potential
and presence of Ag* can modulate the deposition conditions for ZnO, favoring
either Zn-rich or O-rich environments. Certainly, as the deposition proceeds and
ZnO is formed, some of the Zn is used up, in principle lowering the [Zn**]/[OH"]
ratio. This should be true especially for larger growth rates. At larger negative
potentials and with Ag* present, the ZnO growth rate is the highest, leading to the
fastest use of the available Zn. The availability of OH~ from the electrochemical
reduction of nitrate ions is also highly dependent on the applied potential, and from
the CV analysis for Ag-doped growth solutions (Fig. 17), it is clear that the presence
of Ag* creates a similar increase in the rate of nitrate reduction. Therefore, as the
applied potential is increased negatively and Ag* is added to the electrolyte, the
production of OH~ ions is substantially increased, and the [Zn?*]/[OH"] ratio may
decrease considerably. These combined effects shift the growth conditions toward
an O-rich environment, in turn altering the native defect and Ag impurity formation
mechanisms in the nanowires [76]. O-rich conditions are expected to minimize the
formation of native donor defects (Zn;, Vo) [88, 89] while also lowering the forma-
tion energy for native acceptor defects (Vz,, O') [88, 89] and Ag impurities [90-92].
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These ideas could help to explain the results discussed above where Ag-doped
nanowires with p-type properties were mainly obtained at a potential more negative
than —0.65 V [57], and the optimal p-type properties were associated with a larger
negative potential (0.9 V) and moderate annealing temperature of 350 °C [76].
Similarly, even in undoped ZnO nanowires, their PEC responses indicated reduced
n-type character at more negative growth potentials, which fits well with the discus-
sion here and in section “Electrical Properties and Electrical Characterization
Techniques.”

Summary and Outlook

From their humble beginnings almost 20 years ago, ECD processes for ZnO have
become an increasingly important choice among the various techniques for fabricat-
ing ZnO materials. The low cost and low-temperature nature of ECD, along with its
amenability to large-scale production, suggests it will only continue to gain interest
in the future. The electrochemical growth mechanisms associated with ECD ZnO
processes are now very well understood. Regardless of the specific ECD method
used, the local ZnO growth environment, specifically the [Zn?**]/[OH"] ratio, has
been demonstrated to be the single most important parameter for governing the
properties of ECD ZnO materials. Many strategies can be used to alter these condi-
tions, such as changing the growth potential, adjusting initial precursor concentra-
tions, and including additives with the standard ECD electrolyte. As a result of these
modifications, it has become possible to control the structural, optical, and electrical
properties of ZnO for use in a range of advanced device applications. ECD ZnO
materials have been integrated into solar cells [65, 93-95], LEDs [68, 96], photon-
ics [97], and DMS applications [71, 72], just to name a few.

The future of ECD ZnO is bright, with new opportunities to further improve the
quality and variety of ZnO structures, sharpen controlled fabrication methods for
tunable 1D and 2D arrays, and modulate the electrical properties of thin films and
nanomaterials for use in low-cost optoelectronics.
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