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1. Introduction

Metal oxides exhibit important optical and electrical properties
highly relevant for many application devices such as sensors,

flat panel displays, photovoltaic (PV) cells,
etc.[1] For instance, their wide bandgap
and transparency offer excellent opportuni-
ties for PV devices and for the development
of second- and third-generation solar cells
including organic, dye-sensitized, quantum
dot (QD), and organohalide perovskite
solar cells (PCSs),[2–6] where metal oxides
are extensively employed as charge extrac-
tion/transport layers. For instance, PSCs
strongly rely on the performance of their
electron transport layer (ETL) and hole
transport layer (HTL), including their opti-
cal transparency, depending on the config-

uration (e.g., inverted). TiO2, ZnO, and SnO2 are commonly used
as ETLs in perovskite devices either as thin films, nanostruc-
tured, or as a combination forming a mesoporous structure.[7]

Organic compounds such as 2,2 0,7,7 0-tetrakis (N,N-di-p-methox-
yphenylamine)-9, 9 0-spirobifluorene (spiro-OMeTAD), poly
(3,4-ethyl- enedioxythiophene):poly(4-styrenesulfonate) (PEDOT:
PSS) and Poly(N,N 0-bis(4-butylphenyl)-N,N 0-bis(phenyl)benzi-
dine) (Poly-TPD) are generally used as HTLs.[8,9] However,
organic HTL have some disadvantages due to their relatively poor
stability and unmatched energy band levels as well as limited
deposition scalability and high costs. For these reasons, suitable
metal oxides are also being investigated as HTLs (e.g., NiOx,
CuxO, CrOx, VOx, and MoOx).

[2,10–12]

Nickel oxides are transition metal oxides that are used in sev-
eral applications such as in catalysis,[13] gas sensors,[14] optoelec-
tronic devices,[15] energy conversion,[14] and memory storage.[16]

They have a wide bandgap ranging from 3.6 to 4.3 eV and a
well-known p-type semiconductor behavior due to its intrinsic
oxygen-rich and nickel-deficient nature. Stoichiometric NiO phase
relates to nickel in its þ2 state, and it exhibits a cubic rock salt
crystal structure. Nickel oxides with aþ 3 oxidation state
(Ni2O3) or as an oxy-hydroxy phase (NiOOH) have been also
reported and used in many optoelectronic applications.[7,17,18]

While wet chemistry approaches have been often used, plasma-
based synthesis methods offer advantages and opportunities. In
particular, microplasmas operated at atmospheric pressure have
shown substantial capability for nanomaterials synthesis.[19–26]

In particular we have previously synthesized NiO QDs using
plasma-induced nonequilibrium electrochemistry,[27] which how-
ever produces colloids and cannot be directly deposited as films.

Here we report for the first time a one-step synthesis and
deposition of NiO QDs using atmospheric pressure microplasma
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synthesis. Compared to other approaches,[28–32] this methodol-
ogy uses a simple solid metal and gaseous molecular oxygen
as precursor, eliminating the need for complex and costly chem-
ical compounds that are required in other synthesis techniques
to be used as precursors, reducing agents, and surfactants. This
microplasma process therefore eliminates all purification steps,
minimizing waste and maximizing yield. The process is scalable
and applicable to a very wide range of other metal and metal
oxides (e.g., Au, W, Mo, Zn, Cu).[19,20,23,24,33–41] We demonstrate
here that the synthesis of NiO is also achievable and that ultra-
small QDs can be produced, adding opportunities for customiz-
ing band energy-level alignment.

2. Results and Discussion

2.1. System Configuration

The synthesis setup (Figure 1) consists of a microplasma reactor
with two ceramic tubes placed coaxially in which the inner tube
(1.3mm outer diameter, 0.7 mm inner diameter) contains a
0.5mm-diameter nickel wire (99.99% purity, purchased from
Alfa Aesar), whereas the outer ceramic tube (3mm outer diame-
ter, 2 mm inner diameter) carries the process gases. Both tubes
are inserted into two parallel copper electrodes, both powered by
a radio frequency (RF; 13.56MHz) power supply (Figure 1b).
All the components are held together with a Perspex frame.
The deposition processes were carried out for different oxygen

concentrations with constant He gas flow of 500 sccm, 70W
RF power, as shown in Table 1. The process was used to deposit
films of NiO QDs directly on various solid substrates. Unless
otherwise stated, the entire process was carried out for a duration
of 2min with a working distance of 7mm between the tip of the
outer capillary and the substrate.

2.2. Material Characterization of the NiO QDs and
Corresponding Films

Figure 2a–c shows low- and high-resolution transmission elec-
tron microscopy (TEM) images as well as size distribution analy-
sis for the samples produced with 31% oxygen. Synthesis at other
oxygen concentrations produced similar results (see Figure S1a–c,
Supporting Information). The TEM analysis shows the presence
of well-defined crystallites with sizes varying within the range
1–6 nm. The size distribution of the crystallites for different

Figure 1. a) Schematic of the full microplasma deposition system and b) microplasma reactor used for nickel oxide deposition. c) Enlarged part of
electrodes region with Ni wire inside the capillary tubes.

Table 1. Process parameters for nickel oxide deposition.

He gas [sccm] O2 gas [sccm] O2 gas fraction [%]

500 56 10

500 113 18

500 168 25

500 224 31
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oxygen gas mixing fractions is summarized in Figure 2d with
mean sizes varying between 2.9 and 3.5 nm. In the high-resolution
images, clear fringe patterns can be observed. Lattice spacing with
values of 0.205–0.208 and 0.239–0.243 nm could be found, which
correspond to the most prominent lattice planes related to the
(200) and (111) planes of the NiO cubic phase with values of
0.209 and 0.242 nm respectively. The TEM analysis therefore
suggests that quantum confined crystallites have been produced
(i.e., QDs, NiO Bohr radius is 7.7 nm)[42] and that the crystal struc-
ture is consistent with that of the rock-salt (Bunsenite) phase of
(NiO) nickel oxide.

Figure 3 presents the scanning electron microscopy (SEM)
images of QD films deposited on Si substrates with the insets
showing the cross section of the films. The films were synthe-
sized for different oxygen gas concentrations (Table 1), and they
reveal both smooth-to-rough features also with columnar struc-
tures. The films appear compact for lower oxygen concentrations
and the thickness increases with increasing O2 gas fraction, as
presented in Figure 4.

Figure 5 presents the grazing-incidence X-ray diffraction
(GIXRD) of the NiO QDs on Si substrates. All the samples show
a well-defined diffraction pattern with broad peaks, which were
further compared with peaks from standard JCPDS (file# 780429
for NiO, pdf#140481 for Ni2O3, pdf#270956 for NiOOH, and
pdf#731520 for Ni(OH)2) for possible existence of nickel oxides.

Also, in this case, the diffraction patterns from samples produced
with a higher content of oxygen in the process gases show a sim-
ilar crystal structure. The peaks match with the cubic rock-salt
phase of nickel oxide (NiO) corresponding to the (111), (200),
and (220) crystal planes. The peaks are broad, as expected for
crystallites of the dimensions observed by TEM. We should also
note that the peak above 35° is shifted with respect to the refer-
ence and we attribute this to the lattice relaxation of the QD sized
NiO particle as compared to referenced bulk nickel oxide.[43]

However, the spectra of NiO QDs produced with only 10% oxy-
gen gas confirm incomplete oxidation as, in addition to NiO
peaks, peaks could also be matched with peaks belonging to
the crystal planes (121) and (220) from the NiOOH phase
(74.08° and 75.39°).

Overall, the material characterization indicates the formation
of NiO quantum confined crystallites (<5 nm diameter) with
nonstoichiometric or partial oxidation at the surface. The use
of different oxygen concentration in the process gas does not
appear to impact the morphology; however, it is clear that a sup-
ply of low oxygen influences the oxidation process and reduces
the NiO crystal phase.

The chemical composition of the QD films was characterized
using X-ray photoelectron spectroscopy (XPS). Figure 6 shows
the elemental content of the film measured from the survey
spectra (shown in Figure S2a, Supporting Information), which

Figure 2. a) Transmission electron micrograph, b) size distribution, and c) high resolution with lattice fringes of QDs obtained for 31% oxygen gas
fractions. d) Size variation of QDs for different oxygen gas fractions with error bar representing the standard deviation from lognormal size distribution.
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include nickel and oxygen as expected and carbon from environ-
mental contamination as it is normally observed. The atomic per-
centage of Ni and O is shown in Figure 6a. The oxygen content in
the samples is impacted by environmental contamination; hence,
these results cannot contribute to defining the stoichiometry of
the NiO QDs; however, these results show that the concentration
of oxygen in the process gas has negligible impact in the

chemical composition. The chemical oxidation states of nickel
and oxygen were therefore explored through their high-
resolution scans (see Supporting Information which includes full
details on deconvolution). We have identified a component at
854.7 eV that belongs to the NiO phase[44] or presence of Ni2þ

state and the second component around 855.5 eV is identified
to belong to Ni(OH)2,

[45]Ni2O3,
[46] or β, γ-NiOOH[47] phases,

which are likely due to surface states of the QDs. The profile also
includes a higher-energy broad component approximately
around 857 eV assigned to a loss process due to the presence

Figure 3. Film morphology after deposited at static condition for various O2 gas fraction.

Figure 4. Variation in cross-sectional thickness of the films on Si substrate
deposited at static condition with error bar representing the standard devi-
ation estimated from ~35 thickness measurements across the substrate.

Figure 5. X-ray diffractogram of nanoparticle film on Si substrate for dif-
ferent oxygen gas mixing with various standard JCPDF nickel oxide phases.
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of NiOOH in the film as reported.[48] Figure 6b shows the esti-
mates of these nickel oxidation states/phases for different oxygen
gas fractions. Whenmore than 15% oxygen is used in the process
gas, the chemical composition of the NiO QDs is similar with a
constant fraction of the NiO phase, that is, Ni2þ state. Surface
and other states are also relatively constant, however with some
minor fluctuations at 25% oxygen. At low oxygen concentration
in the process gas (10%), the NiO phase concentration is lower
than for NiO QDs produced at higher oxygen concentrations.
Correspondingly the oxidation states related to nonstoichiomet-
ric NiO are higher in percentage and suggest incomplete oxida-
tion. The presence of the NiOOH phase is reported to originate
from oxidation of NiO in the presence of water and from oxygen
species,[49] consistent with higher density of surface states and
partial oxidation at low oxygen gas concentration and where
humidity from ambient air may have contributed to different
oxidation paths.

2.3. Energy Band Analysis

Figure 7a presents the optical transmittance of the films. The
samples obtained with different oxygen gas mixtures show
transparency over visible light with a strong absorption in the
ultraviolet (UV) region. The bandgap values were also estimated
(Figure 7b, see also Supporting Information). Several earlier
works have reported that nickel oxide compounds behave as a
direct-bandgap material with values ranging from 3.4 to
4.8 eV.[50,51] The values measured here are similar for all synthe-
sis conditions and range within 3.6 and 3.8 eV, in agreement
with expected values.[52]

The work function of the NiO QDs films on gold-coated silicon
substrates was measured by Kelvin probe microscopy. The meas-
urements are performed with a calibrated Au-alloyed tip work
function. Figure 8a presents the work function 2D area map
of NiO film obtained for 31% oxygen fraction. The work function
of the films for different oxygen gas fractions was measured in

Figure 6. a) Elemental quantification of nanoparticle film on Au-coated Si
substrate and b) surface chemical composition film using Ni 2p.

Figure 7. Optical characteristics of nickel oxide film on quartz substrate.
a) Variation of light transmittance and b) estimated bandgap for different
oxygen gas mixture.
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the range 5.1–5.4 eV (see Supporting Information), which is
close to the value reported in the literature (�5.3 eV).[53,54]

However, other values that varied from 4.8 to 5.6 eV and even
6.4 eV have been also reported depending on the crystal planes
and surface chemistry.[55,56] Figure 8b shows the XPS valence
band spectra of NiO film produced with 31% oxygen on gold-
coated Si substrate, revealing valence orbital of metal Ni 3d
and oxygen O 2p levels along with Au 3 d from the Au film
(see Supporting Information for XPS valence band measure-
ments at other synthesis conditions). The difference between
the valence band maximum edge and the Fermi level (EF) was
estimated from the Ni 3d level after deconvolution (Figure 8b)
and produced a value of 1.88 eV. Figure 8c shows the overall
energy band diagram determined from work function, XPS
valence band, and transmission measurements.

While the oxygen concentration used in the process gas
affected surface states of the NiO QDs, this does not appear
to impact the optoelectronic properties dramatically. The band
diagram shows some changes at 25% oxygen; however, these
are still relatively small. These measurements confirm the quan-
tum confinement regime of the NiO crystallites and its slightly
‘p-type’ behavior.

2.4. Process Characterization

As low oxygen concentration in the process gas impacts the crys-
tal structure of the NiO QDs and a higher concentration appears
to increase the throughput (e.g., Figure 3), we further analyzed
the synthesis with 31% oxygen. The mass deposited by the pro-
cess was measured with the quartz crystal microbalance (QCM)
and the results are reported in Figure 9 (see supporting informa-
tion for more results). The mass deposited increases very quickly
in the first �1min of the process reaching �4.3 μg and subse-
quently deposition appears to stop. We believe that this is due to
the Ni wire consumption; hence, it suggests that a wire feeding
apparatus would be required for a continuous deposition.

We have then carried out experiments to further assess the
film deposition and corresponding thickness with an x–y motor-
ized stage. The schematic of the setup is shown in Figure S6 in
the Supporting Information. As we are currently limited by the
wire consumption speed, the deposition was carried out with
20mm-long linear scans at speeds of 25 and 100mm s�1 and
for different number of scans. The thickness was studied by
cross-sectional SEM analysis (see supporting information for
images) on Si- and Au-coated Si substrates because we observed

40 30 20 10 0

|VBM - EF| =1.88 eV

).u.a(
ytisne tnI

Binding energy (eV)

O 2s
O 2p

Ni 3d

Au 3d

(b)(a)

(c)

Figure 8. Energy band analysis of NiO nanoparticles: a) work function, b) XPS valence band spectra of NiO obtained at 31% oxygen gas mixing, and
c) complete energy band diagram of NiO nanoparticle obtained at different oxygen fractions.
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different deposition rates for different substrates (Figure 10).
Deposition at 25mm s�1 (Figure 10a) shows an almost linear
trend with time/number of scans. However, the thickness is
higher when deposition is carried out on silicon substrates.
Various factors can play a role in this result. For instance,
QDs are expected to be negatively charged when they exit the
plasma, and the substrate conductivity/charging state may
impact both the collection efficiency of the QDs and the compact-
ness or porosity of the film. The values of thickness observed are
relatively high and for many applications much thinner films are
often required. We have therefore characterized the deposition at
a higher scan speed, 100mm s�1.

The results at higher speed show similar linear trends with
deposition on silicon, also presenting higher thickness values.
Thinner films are also achievable, increasing the deposition
speed; however, porosity and roughness (Figure S8 in
Supporting Information) become more prominent (see
Supporting Information for ellipsometry results in Table S2).

2.5. Application of NiO Hole Transport Layer for Solar Cells

As a final assessment for this deposition technique, we have fab-
ricated solar cell devices, using the NiO QD film as HTL directly
deposited over the active layer of methyl ammonium lead iodide
(MAPI) perovskite (see Supporting Information on the device
fabrication). We have chosen MAPI-based devices due their cur-
rent relevance in PVs and because new approaches for transport
layers are currently needed for these types of devices to prevent or
limit the perovskite decomposition at ambient conditions.
Additive-free, cost-effective, stable HTLs are required to replace
expensive organic HTLs. Moreover, for organic HTLs, conduct-
ing enhancing additives are required which make the fabrication
process more laborious and time consuming. Hence a one-step
deposition of stable NiO QDs on top of the perovskite layer can
be an ideal step for device fabrication.

NiO QDs were deposited on top of the perovskite layer using
gas-phase microplasma at process condition of 31% O2 mixing
for a total duration of 1min. The deposition required is in this
case over an active area of 25mm� 13mm. The moving stage
was programmed to scan for a length of 35mm, that is, exceed-
ing the device length by 5mm on each side of the required depo-
sition area. A speed of 100mm s�1 was selected, and deposition
was carried out for 52 scans. The distance between the micro-
plasma capillary and the surface of the device was set at
15mm. Figure 11 presents the current density–voltage ( J–V)
curve of the device with/without NiO QDs as HTL layered device.
As this is a proof of principle study for the deposition methodol-
ogy, devices are not optimized and produced in open air, which
limit their overall performance. Hence, the most important
result here is that the deposition has not damaged the underlying
layer and the device is still in working conditions with good rec-
tification (Figure 11); this is also important in the context of the
perovskite degradation considering that oxygen was included in
the process gas. Further we observed an improvement in the
overall efficiency with the NiO QDs, from 1.8% to 2.8%, as it
would be expected by adding the HTL. After the deposition of
the HTL, the current density increases from 3.85 to
6.09mA cm�2 whereas there is no significant change in open-
circuit voltage. This suggests the effectiveness of NiO as HTL

Figure 9. Estimation of mass of NiO deposition at 31% oxygen gas mixing
for different process times.

Figure 10. NiO film thickness optimization for different scan numbers with a) 25 and b) 100mm s�1 scan speeds performed on silicon- and gold-coated
silicon substrates.
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to enhance charge transport and confirms the viability of this
microplasma-based one-step synthesis and deposition of NiO
QDs films.

3. Conclusion

NiO QD synthesis (2–4 nm) was demonstrated using a gas-phase
microplasma process using a sacrificial Ni wire electrode and
oxygen gas as precursor. The process was investigated for differ-
ent oxygen gas concentrations, revealing that this parameter has
limited impact on the synthesis process for the range of concen-
trations considered. The analysis of the deposition process sug-
gests that very fast deposition can be achieved, in particular for
thin films (<500 nm). However, further work will be required to
understand on how to control roughness and porosity. For large-
area deposition, the process can be scaled up by producing arrays
where continuous wire feeding would also be required. One of
the most important aspects of this technology is the real possi-
bility of generalizing the process for a very wide range of metal
oxides.

4. Experimental Section

Material Characterization: The film morphology was analyzed using
field-emission SEM (FESEM) with a Hitachi SU5000 operated at a poten-
tial of 15 kV and emission current of 0.215mA in observation mode.
Images were captured for different magnifications with a fixed working
distance of 5 mm. For the measurements, the samples were prepared
by depositing the QDs onto Si substrate in static condition, that is, without
changing the relative position of the substrate with respect to the micro-
plasma. Energy-dispersive X-ray analysis on different spots on the samples
were measured using air-cooled X-MaxN 80 silicon drift detector coupled
with FESEM system operated via AZtech 3.3 software from oxford instru-
ments nanotechnology Tools Ltd. with the same accelerating voltage and
current as used for microscopy imaging.

The optical characteristics of the QDs films were characterized
using a Perkin Elmer-Lambda 1050þ spectrometer. Also, in this case,

the samples were produced by depositing on quartz substrate in static
conditions for different oxygen gas mixing. The optical transmittance
(T ) of the films was recorded in the transmittance compartment
and the corresponding absorption coefficients (α) were estimated (see
Supporting Information).

The crystal structure and morphology of the NiO QDs were studied
using TEM (JOEL, JEM-2100F with a Gatan DualVision 600 charge-coupled
device) at an accelerating voltage of 200 kV. For TEM measurements, all
the samples were prepared initially by depositing onto n-type Si substrate,
then scratched, and redispersed as a colloid in ethanol (purity 99.8%,
Sigma Aldrich). 20 μL of the colloid in ethanol was drop cast onto a holey
carbon-coated grid (400 mesh, #S187-4, Agar Scientific) with an ultrathin
carbon film (3 nm thick) and allowed to dry completely under ambient con-
ditions leaving the grids overnight. The d-spacing values of the crystal
planes were measured on the digital image using ImageJ software.

GIXRD measurements were carried out using an EMPYREAN
PANalytical instrument with monochromatic Cu Kα X-ray (wavelength=
1.5406 Å) radiation generated at an accelerating voltage of 45 kV and a
current of 40 mA. The incidence angle for all measurements was set within
the range 0.3°–0.5° with respect to the sample plane and data were
acquired at a rate of 0.0065° increments with a scan speed of 300 and
500 s per step. Finally, the phases in the samples were identified using
the standard JCPDF files obtained from international centre for diffraction
data database.

XPS was performed by direct deposition of NiO QDs on gold-coated
silicon substrates. Analysis was performed using an ESCALAB Xiþ spec-
trometer microprobe (Thermo Fisher Scientific) with a focused monochro-
matic Al Kα X-ray source (hν= 1486.6 eV, 650 μm spot size) operating at a
power of 225W (15 kV and 15mA), and the photoelectrons were collected
using a 180° double-focusing hemispherical analyzer with a dual-detector
system. The energy scale of spectrometer was calibrated with sputter-
cleaned pure reference samples Au, Ag, and Cu (Au 4f7/2, Ag 3d5/2,
and Cu 3p3/2) positioned at binding energies of 83.96, 368.21, and
932.62 eV, respectively. The base pressure in the analysis chamber was
better than 5� 10�9 mbar, which increased up to 5� 10�7 mbar with
charge neutralizer (flood gun) operated at 100 μA emission current. For
the Fermi-level alignment, a copper strip was used to make good electrical
contact between the sample and the spectrometer. For all the samples
analyzed, the survey spectra were recorded with a step size of 1 eV and
a pass energy of 150 eV and the narrow scans were recorded with a step
size of 0.1 eV and a pass energy of 20 eV. This pass energy gave 0.65 eV
width for the Ag 3d5/2 peak measured on a sputter-cleaned Ag sample. The
spectra obtained were charge corrected using Au core level and valence
band spectra.

Mass of NiO QDs deposition was studied using QCM. The setup
consisted of rate monitor SQM 160 from Sigma instruments along with
oscillator bridge and quartz sensor. The sensor hosted 10 mm-diameter
gold-coated quartz crystal (frequency= 6MHz) with a 6mm-diameter
window for deposition. The measurement was performed by first record-
ing the change in frequency in the interval of every 30 up to 120 s and using
Sauerbrey equation; the mass NiO QD deposition was estimated and
presented. For this, the plasma was operated at RF power of 70W with
31% O2 gas mixture in 500 sccm He gas.

The temperature of the NiO deposition process on the substrate was
measured using a noncontact infrared pyrometric technique using the
device thermoMETER CT from Micro-Epsilon UK Ltd. with temperature
range from �50 to 1600 °C. For this measurement, the process was per-
formed at 70W RF power with 31% oxygen gas fraction in 500 sccm He
gas. The IR temperature probe was placed at a distance of 15mm, angle of
45° from the substrate. The sample also maintained was kept at a distance
of 15 mm from the plasma with sample area of 10� 10mm2 monitored
for temperature change.

Current–voltages ( J–V) of MAPI/NiO device were characterized by irra-
diating the cell with 100mW cm�2 (450W xenon lamp, Oriel instrument).
A 1 sun AM1.5G filter was used to simulate the solar spectrum. The active
area of the cell was 1 mm2. The photocurrent was measured using a
Keithley 2400 source measure unit.

Figure 11. I–V characteristics of NiO nanoparticle HTL with MAPI solar
cell device with insets showing the device performance and architectures.
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