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Abstract

While electrochemical anodization has been used to form a number of nanostructured n-type semiconducting metal oxides for
optoelectronic device applications, there exists a dearth of p-type metal oxide films that are solution processable. Herein, we
formed p-type semiconducting NiO films by vacuum depositing Ni thin films on non-native substrates (transparent conductive
oxide (TCO)-coated glass substrates and silicon wafers) using magnetron sputtering, and subsequently anodizing and anneal-
ing the Ni films. The Ni films were subjected to electrochemical anodization in diethylene glycol based organic electrolytes
and subsequently annealed at 600 °C to form nanoporous NiO films with a pore size of ~ 20 nm. Runaway etching is a key
issue in Ni anodization which was mitigated through the use of ice bath cooling and galvanostatic anodization. The choice
of substrate is found to be critical to the resulting morphology owing to the differing surface roughness. Crystalline NiO is
found to have formed from Ni(OH), and NiOOH during annealing, and an additional NiSi layer is noted for NiO films on Si
wafers. The bandgap of the NiO was estimated to be 3.5 eV. Electrochemical impedance spectroscopy and Mott—Schottky
analysis confirmed p-type semiconducting behaviour, and enabled measurement of an acceptor density (N,) of 2.85 x 108
cm ™ and a flatband potential (V) of 0.687 V versus Ag/AgCl.

1 Introduction

Transparent semiconducting oxides are an important class of
compounds for use as carrier transport layers or active layers
in electronic applications such as solar cells, photocatalysts,
transistors, sensors, and displays [1]. However, owing to the
electronic configuration of oxides, the majority of available
transparent semiconducting oxides are n-type as opposed
to p-type; furthermore, available n-type transparent oxides
deliver superior performance owing in part to their gener-
ally higher charge carrier mobilities [2]. Nanostructuring
the oxide layer is particularly important in photodetectors,
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photocatalysts, photovoltaics and photoelectrochemical sen-
sors to obtain high surface area electronic heterojunctions
and to overcome the trade-off between light absorption and
charge separation in light harvesting devices [3, 4]. Surface
traps in nanostructured metal oxides are another important
feature, and while traditionally viewed negatively, they have
also been shown to be beneficial in photodetection, photoca-
talysis and sensing [5—7]. In n-type semiconducting oxides
such as ZnO, TiO,, Fe,0;, Ta,05, Nb,O5 and WO, electro-
chemical anodization and solvothermal growth techniques
have been used to achieve nanotube, nanopore and nanorod
arrays with a high degree of control over the morphology of
the metal oxide [8-20]. For p-type metal oxides, a similar
degree of morphological control has been lacking. This has
meant that many potential applications and device architec-
tures are currently infeasible or impractical, and there is a
need for new and improved p-type oxide materials. One pos-
sibility is NiO, which is a p-type oxide semiconductor that
has been especially investigated for use in areas such as a
transparent photocathode for photoelectrochemical systems
[21] and as a hole transporting layer for perovskite solar cells
[22]. Conventional methods to prepare NiO include evapo-
ration, direct magnetron sputtering sol—gel techniques, and
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electrodeposition [23, 24]. However, anodization of Ni to
form nanostructured NiO remains largely unexplored, with
only two previous reports on the topic [25, 26]. In each case,
NiO was investigated for use as a p-type photocathode with
the goal of conducting water splitting. Besides contribut-
ing to the generation of photocurrent, it is also hoped that
NiO or similar p-type materials could replace the expensive
platinum and gold counter electrodes that are typically used
in photoelectrocatalytic systems.

Both previous studies resulted in a nanoporous nickel
oxide, after anodization and annealing of a Ni foil. However,
to the best of our knowledge there are no studies explor-
ing the anodization of thin films of Ni on non-native sub-
strates. This configuration is critical to the formation of a
wide variety of real-world devices because such a substrate
may either be a platform for integrating devices (e.g. silicon
wafers), or may need to be transparent to allow for light to
pass through for the function of optoelectronic devices (such
as the case for glass coated with a transparent conductive
oxide). Therefore, in this study, we have conducted elec-
trochemical anodization on sputtered Ni films, which has
resulted in nanoporous NiO. We further provide insight on
the critical synthesis parameters during the sputtering and
anodization processes, and performed material characteriza-
tion to quantify some of the properties of the anodized films.

2 Experimental
2.1 Sample preparation

The substrates of fluorine-doped tin oxide (FTO)-coated
glass, indium tin oxide (ITO)-coated glass, and <100> crys-
tal axis, n*-type, As-doped silicon wafers were used as-pur-
chased from Hartford Glass Co., Guluo Glass and Kunshan
Sino Silicon Technology Co. respectively. The FTO-coated
glass had a sheet resistance of 8.2 ohms per square, the ITO-
coated glass had a sheet resistance of 6.5 ohms per square,
and the silicon wafer had a sheet resistance of 0.060 ohms
per square. All pieces were cut to be approximately square
with an area of about 5 cm? (referred to hereafter in this
section as a “sample”). FTO-coated glass and ITO-coated
glass were cleaned by sequential ultrasonication in acetone,
methanol, and then deionized water for a duration of 10 min
each before drying under a nitrogen stream. Silicon wafers
were immersed in a piranha solution comprised of a 3:1
mixture of sulfuric acid and hydrogen peroxide for 15 min,
followed by a buffered oxide etch comprised of a 10:1 mix-
ture of ammonium fluoride and hydrofluoric acid, and then
rinsed with deionized water. A section of FTO and ITO sam-
ples with an area of ca. 0.8 cm* was covered using Kapton
tape to prevent metal deposition in this spot and allow for
direct electrical contact to the substrate during anodization;
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the same was not done for Si wafers, and electrical contact
was made directly to the backside of the Si wafer following
scratching with a scriber. The sputter deposition of nickel
was conducted for 10 min on all substrates in argon, with
a power of 300 W, a deposition pressure of 4.5 mTorr, and
substrate heating of 175 °C. The resulting film thickness was
~ 100 nm on top of the FTO or ITO coating. The Kapton
tape was removed, and the exposed transparent conductive
oxide attached via an affixed copper wire to a DC power sup-
ply. The sample was connected as the anode in an electrical
circuit, with a 5 mm diameter graphite rod as the cathode.
The anode and cathode were spaced 3 cm apart in a 30 mL
beaker filled with the electrolyte; the electrolyte composi-
tions used, the applied current/voltage, and the duration of
the anodization process are discussed in a later section. After
anodization, each sample was removed, soaked in methanol
and deionized water for 1 min each, and dried under a nitro-
gen stream.

2.2 Characterization

Imaging of the anodized films was conducted using a Zeiss
Sigma Field Emission Scanning Electron Microscope
(FESEM). Pore size was determined from FESEM images
by manually counting the diameter of 100 pores, and is
reported as the mean value + one standard deviation. X-ray
diffraction (XRD) spectra were collected using a Rigaku
Ultima IV equipped with a Cu-Ka source. Ultraviolet—vis-
ible (UV—Vis) spectroscopy was carried out using a Perkin
Elmer Lambda 1050 Spectrophotometer equipped with a
100 mm integrating sphere. The sample was placed at the
opposite end of the sphere from incoming light in front of a
highly reflective Spectralon coating and diffuse reflectance
was measured. X-ray photoelectron spectroscopy was con-
ducted using an Axis-Ultra (Kratos Analytical) instrument
equipped with a monochromatic Al-Ka source (15kV, SO0W)
under ultrahigh vacuum (~10~% Torr). To adjust for charge
correction, the spectra were adjusted so that the binding
energy of the C 1 s core level of adventitious hydrocarbons
matched the standard binding energy value of 284.8eV.

2.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was per-
formed using a three-electrode configuration at an applied
voltage of —0.4 V vs the reference electrode Ag/AgCl in a
pH 7, 0.1 M phosphate buffer solution comprised of 1 M
K,HPO, and 1 M KH,PO, mixed together in a 61.5:38.5
volume ratio. Mott—Schottky plots were collected from
impedance-potential measurements in the same 0.1 M phos-
phate buffer in the — 0.6 to + 1.6 V voltage range at 100 kHz
frequency.
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3 Results and discussion

3.1 Effect of synthesis parameters on anodized film
morphology

The first step towards anodizing Ni thin films was the
deposition of the film by sputtering. The key synthesis
parameters selected here were inspired by the numerous
studies conducted on anodizing Ti to form TiO, nanotubes,
particularly on non-native substrates [27-40]. For exam-
ple, it is understood that a denser metal substrate leads to
a more well-defined and ordered porous morphology when
anodizing Ti [25, 40, 41]. In the context of DC magnetron
sputtering, film density is primarily controlled by the sput-
tering gas pressure and substrate temperature as is well-
understood by the Thornton model [42, 43], where higher
substrate temperatures and lower deposition pressures gen-
erally lead to a denser film. The sputtering system utilized
here had a maximum achievable substrate temperature of
175 °c, so that was selected. The lowest possible argon gas
pressure of 0.6 Pa was utilized to benefit from the atomic
peening mechanism; we note that after experimentation
with the sputtering system, it was found that any lower
pressure would cause the plasma that is essential to the
sputtering process to extinguish in this case, as not enough
collisions to sustain the plasma.

The sputtered No thin films were anodized to result in
a nanoporous nickel oxide film after annealing. This was
accomplished by simultaneous electrochemical oxidation
and etching processes during anodization. While etching
processes are desired to allow for a porous structure, too
fast an etching process would lead to complete removal
of the films. An electrolyte comprised of 97 vol% diethyl-
ene glycol (DEG), 3 vol% deionized water, 0.15 M KOH,
and 0.1 M NH,F was found to produce the best porous
structure; this is a modification of the recipe reported by
Sépi et al [25], where we used DEG instead of ethylene
glycol (EG). The importance of each component in the
electrolyte is described as follows: first, in an anodization
process to produce nanostructures, the electrolyte is often
primarily composed of a polar organic solvent with a small
amount of water. While organic electrolytes donate fewer
07 ions at the electrolyte/oxide interface, thus leading
to slower oxide growth, the etching of the oxide is also
decreased, allowing for thicker, fully formed nanostruc-
tures [41, 44]. Thus, a small water content to supply some
readily available O* ions is optimal. The use of DEG
as the primary constituent of the anodization electrolyte
increased the pore size from ~ 2-3 nm when using ethyl-
ene glycol (EG) to tens of nanometers—as can be directly
compared between Fig. S1(a) and Fig. 1a which show the
resultant morphology of EG and DEG-based anodization

electrolytes respectively. The reason for the difference can
be explained based on work conducted on large-diameter,
widely spaced TiO, nanotubes using DEG-based elec-
trolytes [45—-49]. Due to the high viscosity of DEG and
lower ionic mobilities in DEG, DEG-based electrolytes
possesses a lower conductivity than EG-based electrolytes
for similar concentrations of water and fluoride ions. Con-
sequently, the much higher potential drop across the elec-
trolyte results in low electric field conditions across the
barrier layer and at the barrier layer-electrolyte interface,
leading to a low population of nucleation sites [47-50].
In addition, field-assisted reactions responsible for oxide
formation and etching are weaker, while chemical etching
remains relatively unaffected. Since chemical etching is
more isotropic than field assisted reactions, etching occurs
more isotropically in DEG electrolytes, thus resulting in
wider pores. In the case of nickel anodization, the result-
ant anodized material etches away too quickly in purely
acidic solution to form a substantially thick nanostructured
layer. The inclusion of KOH slows this process, to allow
the morphology formed by the etching process to remain
intact during anodization. We found that the temperature
of the electrolyte is also important to the anodization pro-
cess. Too high a temperature leads to a higher etching
rate; as the etching process is itself exothermic, this can
cause an avalanche effect and rampant etch rates; in this
case, a nanoporous structure was not found (shown in Fig.
S1(b)). For this reason, anodization was conducted with
the anodization vessel contained within an ice bath. For a
similar reason, we found that galvanostatic anodization is
preferred over potentiostatic anodization for the formation
of nanostructured nickel oxide. Upon applying a constant
voltage, current densities initially decrease as an oxide
layer is formed, followed by an increase owing to pitting
caused by etching. However, if current densities become
too high, we noticed a similar avalanche effect of etch-
ing rates and increasing temperature; the morphology of
anodized nickel using a constant voltage process is shown
in Fig. S1(c). It is noted that the morphologies displayed
by constant voltage anodization in an ice bath and room
temperature galvanostatic anodization display remarkable
similarity.

SEM images of the anodized films using the optimized
recipe are shown in Fig. 1. The imaged layers are labelled
as NiO for FTO samples, NiO,(OH), on ITO samples, and
NiO/NiSi for Si samples which is proven later. Clearly,
there are significant differences in morphology between
each substrate. The NiO formed on FTO resulted in small
pores (13.4 + 2.8 nm diameter), and etching occurred
preferentially at grain boundaries. Meanwhile, the NiO
formed on ITO and Si had larger pore diameters of 24.4
+ 7.4 nm and 22.7 + 4.6 nm respectively. The ITO sam-
ples displayed much less preferential grain boundary
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Fig. 1 Top view and cross-sec-
tional SEM images of anodized
Ni films on a, b FTO-coated
glass, ¢, d ITO-coated glass,
and e, f Si wafer. All scale bars
correspond to 200 nm

etching than FTO samples, although the etched pores
grew large enough to agglomerate in several locations;
these locations resemble the structure of former grain
boundaries, and it might be guessed that it is a small
amount of preferential etching that caused this phenom-
enon. However, silicon samples displayed no preferential
grain boundary etching. The primary reason for the dif-
ference in final NiO morphologies can be explained by
the differing roughness of each substrate. As character-
ized by AFM (images of the AFM scans shown in Fig.
S2), the root-mean-square roughness (S,) of the sputtered
Ni film on FTO glass, ITO glass, and the Si wafer was
28.8 nm, 5.58 nm, and 2.42 nm respectively. It follows
that the rougher a film is, the more exposed grain bounda-
ries there are. As grain boundaries are undergo chemi-
cal reactions at a higher rate than elsewhere in the film
microstructure, the etching-pitting environment for each
substrate is different, and thus a different nanoporous
morphology ensues. This mechanism also explains the
general similarity of the morphologies of ITO glass to Si
when one considers their relatively similar roughness, at
least compared to that of FTO glass.

@ Springer

3.2 Anodized film characterization

A study of the stoichiometry and crystalline phases present
after anodization and the subsequent annealing step was
conducted through use of XRD and XPS; XRD results are
shown in Fig. 2 while XPS results are shown in Fig. 3 and
Fig. S3 for the Ni 2p and O 1s spectra respectively. XPS was
not conducted on Si samples, but since the annealing tem-
peratures were identical for FTO and Si samples, the spectra
corresponding to FTO can be considered representative for
Si as the approximately 10 nm surface depth characterized
by XPS is not expected to be affected by the underlying sub-
strate. On all substrates after anodizing but before annealing,
no crystalline phases are present with the exception of trace
amounts of Ni and the substrate. XPS spectra reveal that
the films are comprised of amorphous NiOOH and Ni(OH),
prior to the annealing step; this agrees with prior reports on
the anodization of Ni [26]. However, after annealing the
film at 600 °C, XRD confirms the formation of crystalline
NiO on both FTO and Si samples. On the other hand, NiO
peaks on the ITO sample annealed at 375 °C are very weak
and the XRD signal was overwhelmed by stronger Ni peaks
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Fig.2 X-ray diffraction spectra of anodized Ni films on a FTO Glass,
b ITO glass and ¢ Si wafer substrates. The top red curve corresponds
to annealed samples (600 °C for FTO and Si, 375 °C for ITO), while
the bottom right curve corresponds to samples as-prepared after ano-
dizing. The peaks labelled with a black circle corresponds to FTO,

while peaks labelled with a black square corresponds to ITO as deter-
mined by comparison to works by Yousif et al and Irwin et al respec-
tively [58]. The XRD peak corresponding to the Si substrate, located
at 20 = 70° is just out of frame
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Fig.3 XPS spectra showing the Ni 2p region of anodized Ni films on (a) FTO samples as-prepared, (b) ITO samples as-prepared, (¢) FTO sam-

ples annealed 600 °C, (d) ITO samples annealed 375 °C

because the annealing temperature was not high enough.
XPS results further substantiate this, as significant Ni(OH),
and NiOOH contributions to the spectra are apparent. This
lower annealing temperature was selected in the case of ITO
samples because ITO experiences thermal degradation as
oxygen diffuses throughout its structure, lowering its con-
ductivity [44]. Thus, 375 °C was the highest temperature

that was attempted; clearly, there is incompatibility with a
procedure that requires a post-annealing process and the use
of ITO. On the other hand, XRD results of annealed NiO/Si
samples show the presence of not merely NiO but NiSi as
well; from SEM images, this NiSi layer may be estimated
to be ca.120 nm thick. Comparing the XRD spectra of Si
samples before and after annealing, it can be ascertained
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that NiSi formed as Ni diffused into Si during the annealing
process, a well understood interaction that occurs between
the two elements [50]. The formation of NiSi here is una-
voidable as NiSi has a much lower formation temperature
than NiO, with the onset of formation at ~ 350 °C. However,
we also note that NiSi has been investigated extensively for
use in the microelectronics industry, such as a contact mate-
rial for Si-based transistors owing to its low resistivity, and
relatively low consumption of silicon during formation [26,
50, 51]. While we do not further investigate the NiO/NiSi/
Si structure that forms, it may prove advantageous in device
applications.

3.3 Optoelectronic characterization of NiO
on FTO-coated glass

The remainder of this work is devoted to optoelectronic
investigation of the nanoporous NiO that was synthesized
on FTO-coated glass through UV—Vis spectroscopy, electro-
chemical impedance spectroscopy (EIS) and Mott—Schottky
analysis.

As shown in Fig. 4, UV-Vis absorption spectra clearly
show the transparency of the NiO at visible wavelengths,
which is expected given its large bandgap. In addition, a
Tauc plot could be generated in order to determine the opti-
cal band gap of the material by plotting (ahv)'/" versus hv,
where a is the absorption coefficient, / is Planck’s constant,
v is the frequency of light, and #n is a constant dependent on
the electronic transition type (in most cases either direct or
indirect transitions are considered, corresponding to an n of
14 or 2 respectively). Here, NiO is assumed to have a direct
band gap as has been generally done in the previous litera-
ture [52-54]. By extrapolating the linear region of Tauc plot

1.4 % 0.08
g 0.06

-~ 1.2 1 < 004
= 2002
S 1.0 2 9 I
5 0 22 2.4 26 2.8 3.0 3.2 3.4 3.6 3.4
(%) hv (eV)
C 0.8
©
K]
[
O 0.6
n
Ke]
< g4-

0.2

o.o 1 1 1 1

400 500 600 700 800
Wavelength (nm)

Fig.4 UV-Vis spectrum of NiO films on FTO-coated glass. The
inset shows the Tauc plot of the associated spectrum, with the dashed
line showing the measured band gap of the material at the x-intercept

@ Springer

to the point on the y-axis where (ahv)'/? = 0, the bandgap

was determined to be 3.5 eV, which falls within the range of
values typically reported for NiO (3.4—4.0 eV).

EIS was used to study the semiconductor-electrolyte
interfacial behavior of the nanoporous NiO film in a phos-
phate buffer solution at pH 7, at room temperature and under
room lighting conditions. Experimental and fitted Nyquist
and Bode Phase plots in the 1-70,000 Hz frequency range
under dark condition (i.e. without exposure to illumination),
and at an applied potential of —0.4 V versus Ag/AgCl are
shown in Fig. 5a and b. The equivalent circuit of the EIS
data is shown in Fig. 5¢, where Rg, Ry, Rc, Cyc, and Cy; are
the electrolyte resistance, charge transport resistance, charge
transfer resistance, space charge capacitance, and electro-
chemical double-layer capacitance, respectively. Also pre-
sent in the equivalent circuit diagram are two constant phase
elements (CPEs) denoted by O, and Q, with coefficients n,;
and n,. While impedances due to resistance Rg, R, are Ry
are frequency independent and have the same magnitude as
the resistances themselves, impedances due to capacitances
(ZCsc and ZCH) and constant phase elements (ZQ| and ZQz)
are frequen\c/Ldependent, and are given by Egs. (1, 2, 3, 4),

where i = 4/ —1. The total impedance of the system (Z) is
given by Eq. (5).
1

Zp = ————

e T iQaf)Cyc M
7. = 1

= iQaf)Cy &)
7 - 1

" @ae, @
7 = 1

7 (2af)2Q, @
Z=Rs+Rc+Rer+Ze, +Zc, +Zp +Zy, (5)

The values of the equivalent circuit elements were
obtained by fitting the transverse function, which was
obtained by summing up the impedance of the elements.
R, R¢ and Ry were determined to be 40, 15 and 78 Q cm™
respectively. Similarly, Cqc, and Cy were determined to be
42x107 Fcm™2 and 6.0x 10~° F cm ™~ respectively. Q, and
Q, were 9.3 X 10 Fem™2s7%1% and 2.0x 107* Fem 257098
respectively, and imply capacitive nature of the constant
phase elements. Lastly, n, and n, were determined to be
0.92 and 0.81 respectively. R for this porous NiO film was
found to be higher than other porous nickel oxide electrodes
and therefore implies reasonable chemical stability [52].
The product of Ry and Cg is the hole-lifetime, 7, which is
3.28 ps.
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Mott—Schottky analysis was performed to estimate the
charge carrier concentration (N,) and flat band potential
(Vgg) of the nanoporous NiO film on FTO-coated glass;
the relevant equations for this analysis are shown in Eq. (6)
and (7). In these equations, e is the elementary charge
(1.602x 10712 °C), g, is the vacuum permittivity (8.854 x
1072 F m™), ¢, is the semiconductor dielectric constant,
taken as 5 for NiO [55], V is the applied potential, k is the
Boltzmann constant (1.381 X 1073) K'l), and T is the abso-
lute temperature in K. N, was calculated using Eq. (7) and
the slope of the Mott—Schottky’s plot (Fig. 5d). The slope
is noted to be negative, which confirms the expected p-type
behaviour. N, is found to be 2.85 X 10" cm™3, a value that is
similar to acceptor densities values reported in literature [56,
57]. Vig was determined from the intersection of the slope

We have presented, for the first time, anodized nanoporous
NiO on non-native substrates. The formed NiO layers on
FTO:glass and ITO:glass were approximately 200 nm thick.
An approximately 120 nm thick layer of NiSi is present
underneath anodized NiO on Si wafers. It should be noted
that since NiO is more vulnerable to etching processes than
other valve metals that have been successfully anodized to
their oxides (such as Al and Ti), precise control of synthesis
conditions is required. This is doubly true when anodizing
thin films of Ni—as there is no bulk amount of Ni below
the anodized layer, there is little leeway in the anodizing
process, and removal of the film may occur very suddenly.
We found that using a constant current when anodizing
at ice bath temperatures helped prevent overetching from
occurring and resulted in a more nanoporous morphology.
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A diethylene glycol-based electrolyte was found to result
in pores an order of magnitude larger that ethylene glycol-
based electrolytes. We also found that anodized NiO demon-
strated an appropriate bandgap and charge carrier densities
of 3.5 eV and 2.85x 10'® cm™ respectively, indicating that
the quality of the nanoporous layer is excellent.
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Figure S1. SEM images of anodized Ni films on FTO Glass, following the standard optimized recipe with the
following exception as noted: (a) using ethylene glycol in place of diethylene glycol (b) anodization was begun
with electrolyte at room temperature instead of chilled in ice bath (c) anodization conducted at constant
voltage of 45 V. All scale bars correspond to 200 nm.
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Figure S2. Three-dimensional AFM Images of sputtered Ni on (a) FTO Glass, (b) ITO Glass, and (c) a silicon
wafer. Shown in the bottom right corner of the figure is the scale for interpreting topographical heights by
colour.
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Figure S3. XPS spectra showing the O 1s region of anodized Ni films on (a) FTO samples as-prepared, (b) ITO
samples as-prepared, (c) FTO samples annealed 600°C, (d) ITO samples annealed 375°C.
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