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Abstract: Materials engineering based on metal oxides for manipulating the solar spectrum and
producing solar energy have been under intense investigation over the last years. In this work, we
present NiO thin films double-doped with niobium (Nb) and nitrogen (N) as cation and anion
dopants (NiO:(Nb,N)) to be used as p-type layers in all oxide transparent solar cells. The films were
grown by sputtering a composite Ni-Nb target on room-temperature substrates in plasma
containing 50% Ar, 25% Oz and 25% N2 gases. The existence of Nb and N dopants in the NiO
structure was confirmed by the Energy Dispersive X-Ray and X-Ray Photoelectron Spectroscopy
techniques. The nominally undoped NiO film, which was deposited by sputtering a Ni target and
used as the reference film, was oxygen-rich, single-phase cubic NiO, having a visible transmittance
of less than 20%. Upon double doping with Nb and N the visible transmittance of NiO:(Nb,N) film
increased to 60%, which was further improved after thermal treatment to around 85%. The
respective values of the direct band gap in the undoped and double-doped films were 3.28 eV and
3.73 eV just after deposition and 3.67 eV and 3.76 eV after thermal treatment. The changes in the
properties of the films such as structural disorder, direct and indirect energy band gaps, Urbach tail
states and resistivity were correlated with the incorporation of Nb and N in their structure. The
thermally treated NiO:(Nb,N) film was used to form a diode with a spin-coated two-layer,
mesoporous on top of a compact, TiOz film. The NiO:(Nb,N)/TiOz heterojunction exhibited visible
transparency of around 80%, showed rectifying characteristics and the diode’s parameters were
deduced using the I-V method. The diode revealed photovoltaic behavior upon illumination with
UV light exhibiting a short circuit current density of 0.2 mA/cm? and open-circuit voltage of 500 mV.
Improvements of the output characteristics of the NiO:(Nb,N)/TiO2 UV-photovoltaic by proper
engineering of the individual layers and device processing procedures are addressed. Transparent
NiO:(Nb,N) films can be potential candidates in all-oxide ultraviolet photovoltaics for tandem solar
cells, smart windows and other optoelectronic devices.

Keywords: NiO; NiO co-doping; NiO:(Nb,N); TiO2 ultraviolet photovoltaic; NiO/TiO2
heterojunction; Urbach tail; sputtering; mesoporous TiOz; optical properties

1. Introduction

It has been realized that we are experiencing a climatic change. A complete decarbonization of
the energy system towards a net-zero future has to be accelerated by employing a clean, renewable
energy system for all energy end-use sectors: power, heating/cooling and transport, securing at the
same time energy supplies. Thus, fundamental changes to the way energy is supplied, used, stored,
transmitted, bought and sold, are necessary to satisfy energy, environmental and health issues. In
addition, it is worth considering that the built environment accounts for more than 45% of the

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202406.0821.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2024 d0i:10.20944/preprints202406.0821.v1

primary energy used in Europe and is responsible for 36% of greenhouse gases [1,2]. This huge
amount of energy consumption is mainly due to heating, cooling and lighting in residential and
commercial buildings, where humans spend almost 90% of their time. Future zero-energy buildings
require user-controlled smart windows which can control glare, manage thermal/visual comfort and
at the same time be capable of powering wearable and mobile health in-door sensing systems
including circuits for the Internet of Things (IoT) [3]. Such energy producing smart windows require
the use of transparent solar cells utilizing the ultraviolet (UV) part of the solar spectrum. UV solar
radiation accounts for around 7% of the solar spectrum while the theoretical efficiency of transparent
photovoltaics (PV) has been estimated to be 21% [4]. Wide band gap oxide-based semiconductors,
with high visible transmittance, can be used for forming the required p-n junction and thus
fabricating transparent PVs absorbing the ultraviolet radiation.

Nickel oxide (NiO) is the most commonly used p-type oxide and, provided it can be sufficiently
transparent, it has been used with transparent n-type oxides like In20z:5n (ITO), ZnO and TiO2 to
form a p/n junction and realize solar-blind devices absorbing the ultraviolet solar radiation. All-oxide
NiO-based ultraviolet photovoltaics (UV-PVs) have been reported for NiO/TiO:z [5-9] and NiO/ZnO
[10-14]. As in the case of conventional PVs, the main factors determining the conversion efficiency
are: (i) the efficient absorption of photons at the front illuminated surface and generation of carriers,
(i) the efficient separation and transfer of these photogenerated carriers across the device with the
aid of the built-in electrostatic field at the interface and (iii) the collection of the photogenerated
carriers at the respective electrodes. Three techniques are generally followed to achieve PV with lesser
loss mechanisms and higher output characteristics. Firstly, the layers consisting of the PV device are
generally deposited/formed on intentionally heated substrates or on unheated substrates followed
by post-deposition heat treatments (= 300 °C) so as to create layers with less structural defects, stress
and distortion, minimizing thus recombination centers/states for the photogenerated carriers.
Secondly, suitable dopants are introduced which, as mentioned above, can reduce structural
defects/vacancies, affect the electronic structure, defect levels and the properties of the layers.
Thirdly, the insertion of an interlayer at the interface to spatially enhance the built-in electrostatic
field and subsequently improve photocurrent and photovoltage [11,15]. For the case of NiO/TiO2 UV-
PVs, improvements in the performance of the devices have been achieved by following some of the
above mentioned techniques. For example, heat treatments up to 600°C have been employed [9,11],
dopants like N in TiO2 [6] or Nb in NiO [7] have been used or suitable interlayers have been inserted
at the NiO-TiOz interface like SnS or MgO [16,17] so to enhance the output characteristics of the UV-
PVs.

In a previous investigation we have shown that nitrogen doping in NiO can improve its
transparency by minimizing structural disorder, energy band gap widening [18] and reduction of
mid-band-gap states [19]. In addition, it was revealed that p-type Nb-doped NiO can exhibit
photovoltaic behaviour when forming a p/n junction with mesoporous TiO: [7]. In this work, we
proceeded in a combinatorial and selective double doping of NiO in an attempt to enhance further
the photovoltaic output characteristics of the transparent NiO/TiO:z heterostructure. The rf-sputtered
NiO layer was co-doped with the optimum amounts of anion (nitrogen -N) and cation (niobium -Nb)
dopants. The fabricated heterojunction formed with mesoporous TiO:2 showed excellent
NiO:(Nb,N)/TiOz UV-PV behaviour with enhanced characteristics compared to the device where the
NiO layer was single-doped (NiO:Nb/TiOz) [7]. Material improvements and modifications of the
fabrication procedure of the NiO:(Nb,N)/TiO: heterojunction for potential smart windows,
transparent electronic and photonic applications are also addressed.

2. Materials and Methods

2.1. Thin Films Deposition and Device Fabrication

The TiO: films were fabricated by the spin-coating technique on Sn20s:F (FTO)-coated glass
substrates. The thickness of the glass substrate was 2 mm. Initially, a 40 nm thick compact TiO: (c-
TiOz) layer was formed, which was subsequently thermally treated at 500°C for 15min in ambient air.
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On top of the c-TiO:zlayer a 200 nm thick mesoporous TiO2 (m-TiOz) layer was formed by spin-coating
followed by the same heat treatment as the c-TiO2 layer. The spin-coating conditions of the TiO: films
have been tabulated in Table 1A and more details can be found in Ref. [19]. The formed m-TiOz/c-
TiO2 layers and the m-TiO2/c-TiO2/FTO/glass substrate will be called hereafter TiO: layer/film and
TiO2/FTO/glass substrate, respectively. It should be mentioned that similar fabrication procedure is
employed when the TiO: is to be used as an electron transfer layer in perovskite solar cells [20]. The
TiO2/FTO/glass substrates were used for depositing the NiO layers to form the heterostructures.

Table 1. Deposition conditions of: (A) spin-coated TiO2 film (m-TiOz/c-TiO2) and (B) Sputtered NiO-
based films.

(A) m-TiO2/c-TiO: films

. Compact TiO2 Mesoporous TiO:
Details — ¢TiO: - m-TiO:
Spin-coating HCL:C,H¢O:C12H2s04Ti=50uL:2.3mL:150uL. TiO: paste + C;HsO
Rounds per minute / duration (sec) 2000/ 30 6000 / 30
Thermal treatment 500C / air / 15 min 500°C / air / 15 min
Thickness (nm) 40 200
Substrates FTO/glass (2 mm thick glass) c-TiO2/FTO/glass
(B) NiO-based films
Details NiO NiO:(Nb,N)
— Film X0 — Film XNN
Target Ni Ni-Nb
Gases flow rates Ar:02=50:50 Ar:02:N2=50:25:25
Pressure (Pa) 0.67 0.67
Power (W) 300 300
Deposition rate (nm/min) 1.52 1.28
Thickness (nm) 145 130
Target pre-cleaning 300 W/0.67 Pa Ar/45 minutes
Substrates Si (100) pieces, fused silica (1 mm thick), TiO2/FTO/glass

The undoped and cation-doped NiO films were fabricated by RF sputtering metallic targets: a
Ni target (6 in. diameter, purity 99.99%) for the fabrication of the reference undoped NiO films and a
Ni-Nb composite target, which consisted of the Ni target with 14 Nb pellets (dia. 1.5cm x 3mm thick,
99.95% purity) placed on its surface, for doping the NiO film with niobium. The co-doping of films
with the anion dopant was achieved by introducing nitrogen gas in the Ar-O: plasma during
deposition. The ratios of gases in plasma and the number of Nb pellets used have been shown in
previous investigations that could give p-type undoped NiO [21] and single-doped NiO:Nb and
NiO:N films with the optimum properties concerning transparency and p-type conduction [7,18].
Details of the deposition conditions of the undoped NiO and double-doped NiO:(Nb,N) have been
tabulated in Table 1B. All sputtered films were deposited on unheated substrates, which were
mounted 10 cm vertically above the target and their thickness was measured by a Veeco Dektak 150
profilometer. The nickel oxide films were post-deposition thermally treated in a glass tube furnace in
flowing nitrogen for 15 minutes at 300 °C, named thereafter as TT1.

The NiO:(Nb,N)/TiOzheterostructures were fabricated by placing the TiO2/FTO/glass substrates
in the sputtering chamber for the deposition of the NiO:(Nb,N) thin films using the sputtering
conditions described in Table 1B. As ohmic contacts, sputtered Au metal was used for both
NiO:(Nb,N) and FTO layers, employing a shadow mask which defined the junction area (7.8x10-
cm?). A schematic representation of the fabricated NiO:(Nb,N)/TiO: heterodiodes can be seen in
Figure 1. The diodes were characterized just after fabrication and after thermal treatment TT1 (300
°C, N2, 15 min).

do0i:10.20944/preprints202406.0821.v1
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Figure 1. Schematic representation of the fabricated NiO:(Nb,N)/TiO2 heterodiodes [NiO:(Nb,N)/m-
TiO2/c-TiO2/FTO/glass]. Thicknesses are not to scale.

2.2. Characterization Methods of Thin Films and Devices

The grazing incidence X-ray diffraction (GIXRD) method was used for studying the crystallinity
(crystallographic phases, crystallite size and lattice strain) of the films. The measurements were
performed using a Rigaku D-max 2000 system, with Cu Kal radiation (A=1.5406A) at grazing
incidence (1.6°) at a 20 rate of 0.02°/sec over the range of 30-90°. The average crystallite size and lattice
strain were estimated from the Scherrer formula D = kA/BrucosO and the formula: er = Prucot0/4,
respectively, where k is the shape factor 0.94, A is the wavelength of incident radiation 1.5406 A, hkl
represents the Miller indices of the diffraction plane, Brais the full width at half maximum of the
diffraction peak and 0O is the Bragg angle of the peak [22].

The surface morphology of the films was examined by Field-Emission Scanning Electron
Microscopy (FE-SEM) employing the Jeol JSM-7000F electron microscope, which was equipped with
an Energy-Dispersive X-ray (EDX) spectroscopy system (Oxford Instrument-INCA) for elemental
analysis of the films. The Atomic Force Microscopy (AFM) was used to examine the roughness of the
films by employing the Digital Instrument-Multimode system working in the tapping mode.

The confirmation of the co-existence of the dopants Nb and N in the Ni-O structure was achieved
by the X-Ray Photoelectron Spectroscopy (XPS) technique. The XPS measurements were performed
on as-prepared undoped and double-doped NiO films. The XPS spectra were recorded on a Specs
Lab photoelectron spectrometer using an Al Ka X-ray source at 13 kV and a power of 200 W. Wide
scan survey spectra were collected from 0 to 1200 eV (binding energy) as well as high-resolution
spectra of Nb 3d and N 1s core levels. All spectra were calibrated such that the adventitious carbon
C 1s main peak is at 284.8 eV. Before the XPS measurements, the samples were ex-situ heated at 100
°C for 5 min and their surface was in-situ etched for 10 min by 0.75 keV Ar* with current density 5
mA/cm? in order to remove any adsorbed contaminants which could originate from transferring the
sample through ambient conditions.

The optical properties of the films were examined by recording the normal incidence
transmittance in the UV-Vis-NIR spectrum by employing a Perkin Elmer Lambda 950 system. The
optical band gap of the films and the Urbach tails width were extracted through the relationship
T~exp(-ad), applying the Tauc plot, [(ahv)"-vs-hv] and the relation: a = Cexp(E/Ev), respectively
[23,24]. In the above equations: T is the transmittance, which was corrected for the transmittance of
the substrate, d is the thickness, a is the absorption coefficient, h is the Planck constant, v is the
frequency and n =2 or 1/2 for direct or indirect band gap, E is the photon energy, C is a constant and
Eu is the Urbach energy. The resistivity of the films was determined by employing the conventional
four-probe Van der Pauw technique on films deposited on a glass substrate having cross patterns
and Au ohmic contacts (150 nm thick) deposited by electron gun evaporation. The current-voltage
(I-V) characteristics of the heterodiodes were recorded using the Agilent 4200-SCS unit from which
the diodes’ parameters were extracted following thermionic emission theory from the I-V curve
[18,25]. The photo I-V characterization was performed by illuminating the diodes from the back side
(glass substrate) with a continuous-wave 325 nm laser having an intensity of 0.71 W/cm?. The I-V
curves under illumination were recorded by employing the Keithley 2401 SMU instrument.
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3. Results and Discussion
3.1. Thin Films Properties

3.1.1. Properties of TiO: Layer

The TiOz layer was used as the n-type layer for the p/n heterojunction investigated in this work.
It should be reminded that the TiO: layer consisted of a compact c-TiO2, formed on the FTO/glass
substrate, on top of which the mesoporous m-TiO: was formed and the heterojunction was
illuminated to reveal its photovoltaic behaviour. The SEM cross-section of the TiO2/FTO/glass layers
is shown in Figure 2a. The FTO and the m-TiO: layers, which were around 600 nm and 200 nm thick,
respectively, can be easily seen, whereas the 40 nm thick c-TiO2 layer, in between the FTO and m-
TiO2 layers, can be hardly discerned in Figure 2a. The RMS roughness of the m-TiO: surface, as
determined from AFM measurements, was 20 nm, which is a typical value for spin-coated
mesoporous TiO: films [26], whereas XRD results, not shown here but reported elsewhere, revealed
that it consisted of a mixture of anatase and rutile phases [19]. The optical properties of the m-TiOz/c-
TiO2 layers were determined by treating them as one effective single TiO: layer deposited on the
FTO/glass substrate. The UV-Vis-NIR transmittance of the TiO»/FTO/glass configuration has been
plotted in Figure 2b along with the transmittance of the FTO/glass substrate. The abrupt increase of
transmittance (decrease of absorption) for photons with energy less than 4 eV (more than 310 nm)
can be observed and the transmittance reaches its maximum value of around 72% for photons with
energy of 3.2 eV (387 nm). The absorption coefficient of the effective TiO: layer was calculated from
the transmittance data, which were then normalized to the transmittance data of the FTO/glass
substrate. Through the Tauc plots seen in Figure 2b the direct and the indirect band gap of the
effective TiOz layer were determined to be 3.72 eV and 3.28 eV, respectively. The co-existence of direct
and indirect band gaps for polycrystalline bi-layers has been previously reported [27,28]. It is worth
mentioning that the band gap of TiO:2 layer has been reported in the literature to be phonon-assisted
indirect band gap between 2.7 and 3.4 eV depending on the crystalline structure and oxygen
vacancies [26,29-31]. The Urbach energy (Eu), which is an indicator of the disorder and defects in the
structure introducing localized states at the edge of the conduction band (tail states width), was
extracted from the absorption coefficient and was found to be 211 meV [29,31]. These optical
properties of the effective TiO2 layer are of importance since they will be correlated with the optical
properties of the NiO films, in order to understand the behaviour of the fabricated p/n heterojuction
of this work, as will be presented and discussed in the next sections. The TiO: layer was too resistive
for Hall measurements to be performed.
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Figure 2. (a) SEM cross-sectional image of TiO:/FTO/glass. (b) UV-Vis-NIR transmittance of
TiO2/FTO/glass (black solid line) and FTO/glass (red dash lines). The Tauc plots for determining the
optical energy gap of effective TiO:z are also shown in (b): blue open circles for indirect band gap
((othv)'2-vs-E)) and red solid squares for direct band gap ((ahv)?-vs-E)) analysis.
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3.1.2. Properties of NiO and NiO:(Nb,N) Thin Films

The undoped NiO, which was used as the reference X0 film, was deposited following the
conditions shown in Table 1. Under these deposition conditions, the NiO films were deposited with
a rate of 1.52 nm/min, they were O-rich (at.% O/Ni~1.72) and exhibited p-type behaviour [19,21]. In
order to introduce in the Ni-O structure simultaneously the optimum amounts of Nb and N as cation
and anion dopants, respectively [7,18], Nb pellets were placed on the Ni target surface and Nz gas
replaced half of the O: gas used for depositing the undoped NiO film while keeping the %Ar in
plasma constant (see Table 1B). The resulting film was deposited at a rate of 1.28 nm/min. The
reduced deposition rate when compared to the deposition rate of the undoped NiO was due to three
factors: (i) the Nb pellets were placed on top of the Ni target thus reducing the exposed Ni target
surface to the sputtering plasma, (ii) Nb has a lower sputtering yield than that of Ni and (iii) the
nitrogen atoms are lighter than the oxygen atoms. Even though the existence of cation dopants (Nb)
in the Ni-O structure could be revealed through EDX measurements, the light N element could not
be accurately detected by EDX and values of at.% around or less than 1% were at the limit of detection
above the noise signal. For these reasons, the existence of Nb and N dopants in the Ni-O structure
was also confirmed by XPS experiments. Figure 3a shows the wide-scan XPS spectra of the undoped
NiO -X0 film and the double-doped NiO:(Nb,N) —XNN film, in which the characteristic peaks of Ni,
O, N and Nb can be seen, strongly suggesting the presence of both Nb and N in Ni-O structure.
Furthermore, even though the mild Ar-ion sputtering of the surface, which was performed in situ
before the XPS experiment, is known to cause preferential sputtering of species like oxygen and
nitrogen [32,33], the nitrogen signal in the XPS spectra can be clearly observed in the double-doped
XNN film after monitoring and plotting in Figure 3b the high resolution spectra of the N 1s core level.
The incorporation of Nb into the Ni-O structure was confirmed by monitoring the high resolution
spectra of the Nb 3d core level, which is seen in Figure 3c. The features at 209.1 eV of Nb 3ds: peak
and 206.6 eV of Nb 3ds» peak, seen in Figure 3c, indicated that Nb exists in Ni-O structure is fully
oxidized into its maximum valence of +5 (Nb%) [7,34,35].
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Figure 3. (a) Wide-scan XPS spectra of undoped NiO -X0 film and double-doped NiO:(Nb,N) -XNN
film. (b) and (c) High-resolution N 1s and Nb 3d core levels spectra of double-doped NiO: (Nb,N) -
XNN film, respectively.

The effect of the double doping (Nb,N) in the Ni-O structure was examined by XRD
measurements. The XRD graphs of both undoped NiO —XO0 film and double-doped NiO:(Nb,N) -
XNN film, deposited on glass substrates, just after fabrication and after thermal treatment TT1 are
shown in Figure 4. The asterisks in Figure 4 denote diffraction peaks originating from the films” Au
metallization pads which have been applied for performing the electrical characterization of the films
(Joint Committee of Powder Diffraction Standards (JCPDS) card no 040-0784). The undoped NiO film
just after deposition (Figure 4a) yielded one main diffraction peak at around 42.5° and two more
peaks with smaller intensity at around 36.5° and 62.2°. All diffraction peaks were identified as those
arising from (200), (111) and (220) crystallographic planes, respectively, of the cubic NiO phase
(JCPDS card No: 04-0835). After the thermal treatment (TT1) of NiO, the diffraction peaks (Figure 4a)
became sharper, with higher intensity indicating improvement of crystallinity, while shifting to
higher angles indicating a change in strain.
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S —
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Figure 4. XRD graphs of (a) undoped NiO —-XO0 film and (b) doped NiO:(Nb,N) -XNN films deposited
on glass substrates just after fabrication and after thermal treatment (TT1).

The crystallographic parameters which were extracted from the XRD patterns, like average
crystallite size, lattice strain and lattice constant, confirmed these observations and have been
tabulated in Table 2. It is observed that after TT1 there is almost a 40% increase in average crystallite
size, from 5.3 to 7.4 nm, a 30% decrease of lattice strain and almost 2% decrease of lattice constant
from the unheated film. All crystallographic parameters of thermally treated NiO approached those
of crystalline NiO (JCPDS card No: 04-0835). As seen in Table 2, the low-temperature growth induced
defect-related disorder in the structure and created tensile stress which was partially relaxed after
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TT1 leading at the same time to bigger crystallites. By introducing Nb and N as dopants in the Ni-O
structure, the films remained polycrystalline single phase NiO, as seen in Figure 4b, without any
detectable Nb-related or nitride phases. Improvement of crystallinity was observed after the heat
treatment of the films as in the case of undoped NiO. However, the NiO:(Nb,N) films had almost
twice the size of crystallites (10 nm) and almost half the lattice strain, than that of the undoped NiO
as seen in Table 2. These properties are expected to significantly reduce the scattering of carriers at
the grain’s or crystallite’s boundaries and the trapping into states which can act as non-radiative
recombination centers.

Table 2. Crystallographic properties of undoped and double-doped NiO films.

(200) Peak Position, Crystallite Lattice Strain, Lattice

20 (degree) Size, D (nm) € (x107) Constant (A)
As- 42. . 17.7 4.24
X0 - NiO s-prepared 56 5.33 5
TT1 43.40 7.44 12.4 4.166
XNN - As-prepared 42.66 10.07 9.4 4.235
NiO:(Nb,N) TT1 43.04 9.13 10.2 4.200

It has been reported [18] that when NiO is made by sputtering in plasma containing N2 gas as a
dopant, the optimum amount of nitrogen in plasma for obtaining films with the largest crystallite
size and the smallest lattice stress is (50% Ar + 25% Oz + 25% Ny2). Furthermore, if Nb is used as a
dopant in NiO [7], it does not cause significant changes in the Ni-O structure. By fabricating doped
NiO using the optimum amounts of both Nb and N as dopants during deposition, the nitrogen
dopant has more drastic effects on improving the structural properties of the resulting double-doped
NiO:(Nb,N). The NiO:(Nb,N) film had the biggest crystallites and the minimum lattice disorder when
compared to the undoped film as seen in Table 2. However, the double doping has little effect on the
RMS roughness of NiO:(Nb,N) since it appeared slightly smaller than that of the undoped NiO (2.75
nm and 2.85 nm respectively). The SEM and AFM images for the undoped and double-doped NiO
films are shown in Figure 5, respectively.

X0 - NiO XNN - NiO:(Nb,N)
(@)

(b)

£

c
=]
-]
=]
Q
«

Figure 5. Topography on the same scale of undoped NiO and double-doped NiO:(Nb,N) films
deposited on Si substrates: (a) SEM and (b) AFM images.
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It is known that undoped NiO made by sputtering on substrates kept at room temperature, has
a disordered structure and the Ni vacancies create Ni*3 ions, which have been associated with the low
transmittance of NiO, while thermal treatment improves crystallinity, reduces Ni vacancies and
improves transmittance [7,36,37]. This was the case for the NiO films fabricated in this work, where
the optical properties of the films followed the structural improvements concerning defects, strain
and transparency. The red curves in Figure 6a show the transmittance of undoped NiO —X0 film just
after deposition and after thermal treatment (TT1), where the arrow indicates the increase of the as-
prepared film’s transmittance at A = 550 nm after thermal treatment. The NiO shows low visible
transmittance (around T=10% at 550 nm) which is increased after TT1 (T=55% at 550 nm). Cation and
anion co-doping of NiO with Nb and N, respectively, resulted in as-prepared NiO:(Nb,N) -XNN film
with significant improvement in transmittance just after deposition (T=60% at 550nm), which is
further enhanced upon thermal treatment (around T=90% at 550 nm), as indicated by the arrows of
Figure 6a. The increase in transmittance of XNN film can be attributed to the reduction of structural
disorder and defects as well as to crystallinity enhancement upon doping which was increased
further with the subsequent thermal treatment of the films. Improvement of Ni-O structure with
double doping and TT1 resulted in a film through which more photons can be transmitted as they
encounter less scattering at defects and grains/crystallites boundaries. This is in very good agreement
with the observed increase of crystallites by a factor of two upon double doping, as seen in Table 2.
As depicted in Figure 6a, there is no significant change at the onset of transmittance at short
wavelengths, indicating that the energy band gap of the films should be expected to be similar.
Details about the optical properties extracted from transmittance curves are presented below.
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Figure 6. Optical properties of NiO —X0 and NiO:(Nb,N) —XNN films just after deposition and after
thermal treatment (TT1): (a) UV-Vis-NIR transmittance of X0 and XNN films (the arrows indicate the
increase of transmittance at A =550 nm after TT1). (b) Absorption coefficient, a and In(at), and (c) Tauc
plots of X0 film. (d) Tauc plots of XNN film.
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NiO is generally considered a direct band gap semiconductor associated with transitions from
the top of the valence band to the bottom of the conduction band. The direct band gap of thin films
is generally determined from spectrophotometric measurements such as UV-Vis-NIR transmittance
as described in the Experimental Details section. Nevertheless, the band gap of NiO has been reported
to be either a direct one ranging from 3.6 to 4 eV or an indirect one ranging from 2.75-2.83eV [38] or
3.45eV [39] or having both direct (3.6eV) and indirect (3.2eV) band gaps [40]. In addition, the Urbach
tail states width, the Urbach energy (Eu), which has been associated with non-stoichiometric and
disordered Ni-O structures resulting in shallow localized states near the edge of valence band. It has
been reported that Euv depends on NiO thickness and subsequent thermal treatment, starting from
600 meV for 420 nm thick NiO to 1.7 eV for 700 nm thick NiO, which were subsequently reduced to
500 meV upon annealing [10]. On the contrary, strontium (Sr) doping has been reported to increase
Eu from 558 meV for the undoped NiO and 892 meV for NiO:Sr [41]. The optical properties of
undoped NiO —XO0 film before and after TT1 as extracted from transmittance measurements are
shown in Figures 6b,c. The absorption coefficient a and the In(a) for determining Urbach width (Euv)
are depicted in Figure 6b, whereas the (ahv)? and (ahv)'? plots against photon energy for determining
the direct and indirect band gaps (Tauc plots) are seen in Figure 6c. The values of these optical
properties have been tabulated in Table 3. It is seen that there is an improvement in the optical
properties of undoped X0 film upon annealing due to the improvement of crystallinity and reduction
of strain in the Ni-O structure: Ev is reduced and the direct gap is increased. In addition, there is clear
evidence of indirect band gap of undoped NiO films only after thermal treatment. On the contrary,
an indirect band gap could be determined for the double-doped NiO:(Nb,N) film before any heat
treatment which has been plotted in Figure 6d along with the direct band gap before and after thermal
treatment. The optical properties of X0 and XNN films, along with those of the effective TiO: film
presented in section 3.1.1, are tabulated in Table 3. It has been reported that the onset of absorption
and determination of indirect band gap from Tauc plot for nanostructured and polycrystalline films
can be associated with phonon-assisted processes as well as to the presence of defects [41]. More
experiments along with theoretical modeling are required to clarify and confirm the correlation
between the structural defects and the indirect band gap of NiO-based films as determined from Tauc
plots [42].

Table 3. Optical properties of undoped NiO -X0, double-doped NiO:(Nb,N) -XNN and TiO: films.
Egap=energy band gap, TT1=thermal treatment, TiOz=m-TiO2/c-TiO2.

Direct Egap (€V) Indirect Egap (€V) Urbach width, Euv (meV)
As-prepared TT1 As-prepared TT1 As-prepared TT1
NiO 3.28 3.67 - 2.97 2330 471
NiO:(Nb,N) 3.73 3.76 2.75 3.08 586 313
TiO: 3.72 3.28 211

As can be observed from the results of Table 3, the thermal treatment has more profound effect
on the optical properties of the undoped NiO compared to the double-doped NiO films. It seems that
the disorder, strain structure and the associated defects in the Ni-O structure for the undoped film
fabricated at room temperature have been significantly reduced by the dopants, Nb and N in our
case. Most of these defects were compensated by the dopants reducing the tail states and increasing
the band gap. In addition, the width of Urbach states is another important improvement of material
properties since these states appear at the NiO:(Nb,N)-TiO: interface, affecting the rectifying output
characteristics of the diode [43]. As expected and seen in Table 3, the TiO2 had the narrowest tail states
width (211 meV) and the lowest difference between the direct and indirect band gaps compared to
both the NiO:(Nb,N) film (313 meV) and the NiO film (471 eV) after TT1. This observation indicates
that the indirect band gap of the films determined from Tauc plots is most probably associated with
the presence of defects in the structure as previously suggested [41]. Single doping of NiO with
nitrogen has been correlated with the reduction of Ni vacancies, fewer Ni* ions, higher visible
transmittance and a larger energy gap [18,19]. On the contrary, when NiO is single-doped with Nb,


https://doi.org/10.20944/preprints202406.0821.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2024 d0i:10.20944/preprints202406.0821.v1

11

it has been shown not to reduce Ni vacancies but to replace Ni by forming Nb20Os and decreasing the
resistivity of the film [7]. By the doping engineering presented in this work, the combination of
optimal double doping by Nb and N resulted in a film with an increased transparency without having
a major effect on its conductivity, as will be shown next.

The resistivity of as-prepared undoped NiO was measured to be around 1 {dcm whereas upon
double doping with Nb and N the NiO:(Nb,N) film exhibited an increase in resistivity to 19 kQcm.
The resistivity of single doped NiO with nitrogen (NiO:N) has been reported to drastically increase
the resistivity of undoped NiO [18,19] whereas single doping with niobium (NiO:Nb) has been shown
to have the opposite effect on resistivity [7,44]. Thermal treatment of the films led to a further increase
of resistivity to around 2 kQcm for the undoped NiO and >100 kQcm for the double-doped
NiO:(Nb,N) film. The high resistivity of the NiO:(Nb,N) films did not allow any Hall measurements
to be performed for unambiguously confirming the p-type conduction of the film. It can be
anticipated that after thermal treatment, the reduction of structural disorder and band gap states
(Urbach width) increased both the resistivity and the visible transmittance along with the energy
band gap of the films.

3.3. Properties of NiO:(Nb,N)/TiO: Heterostructure

For the fabrication of the transparent photovoltaic device, the NiO:(Nb,N) film was sputtered on
top of the spin-coated TiO: film and the heterostructure configuration, NiO:(Nb,N)/m-TiOz/c-
TiO2/FTO/glass, was thermally treated (TT1) so as to exploit all the structural and optical
improvements of the NiO:(Nb,N) layer after heat treatment. Figure 7a shows the topography of the
fabricated heterostructure at 30° tilted view and Figure 7b shows the transmittance of the
NiO:(Nb,N):TiO: heterostructure before and after TT1, along with the transmittance of the substrate
(FTO/glass) for comparison reasons. The visible transmittance of the as-prepared NiO:(Nb,N)/TiO:
heterostructure was increased by 25% after TT1, from T=45% to around T=70%, respectively. As
described in the Experimental Details section, the mesoporous m-TiO:z and the compact c-TiO2 were
subjected to thermal treatments at 500°C during their fabrication. Thus, the improvement of visible
transmittance of NiO:N/TiO: diode upon thermal treatment is expected to be mainly due to
improvement of the structural and optical properties of the NiO:(Nb,N) layer, such as less disorder
and lattice strain leading to a narrower Urbach tail and to reduced photon scattering centres.
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Figure 7. NiO:(Nb,N)/TiO: heterostructure: (a) Topography at 30° tilted view and (b) UV-Vis-NIR
transmittance before and after TT1, along with the transmittance of substrate (FTO/glass).

The semi-log dark current density-voltage (Ja-V) characteristic of the heat-treated
NiO:(Nb,N)/TiO2 diode is seen in Figure 8a. The heterostructure revealed a rectifying behavior and
the rectification ratio (forward current density to reverse current density, Ji/Jr) at £2V was J¢/J: = 20. In
addition, the dark J-V curve did not exhibit any shift to lower or higher voltages (V#0 for the
minimum Ja value) indicating that there was not a dipole interlayer formed at the NiO:(Nb,N)-TiO:
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interface, as commonly observed for most all-oxide diodes [45-47]. Assuming thermionic emission
over the barrier for the NiO:(Nb,N)/TiO:z heterojunction, the parameters of the diode after TT1 were
calculated to be [7,18]: saturation current density Js = 1x10-° A/cm?, barrier height ®v=0.71 eV, ideality
factor n==8.2 and series resistance Rs =398 Q). The diode had relatively high saturation current density
(Js), high series resistance (Rs) but reasonable barrier height (®v) [25]. The high values of Js and Rs
must be attributed to the interface states and the resistivity of the layers forming the diode. However,
as the ideality factor was found to be n=8.2, the transport mechanism of the carriers seems to be
dominated by recombination centers at the NiO(Nb,N)-TiO: interface and the depletion layers of the
heterostructure. It should be emphasized that the NiO:(Nb,N)/TiO2 heterostructure is a hybrid one,
since the n-type layer was made by the chemical method of spin-coating whereas the p-type layer
was formed by the physical vapour deposition technique of sputtering.
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Figure 8. Current density-voltage J-V characteristics of the NiO:(Nb,N)/TiO2 heterodiode (a) semilog
characteristics in the dark (Ja-V)) and (b) linear characteristics in the dark (Jda) and under UV
illumination (Jph).

By illuminating the NiO(Nb,N)/TiO:z heterodiode with UV laser light of 325 nm wavelength from
the glass substrate side, photovoltaic behavior was observed, which is seen in Figure 8b. The short-
circuit current density was Isc= 200 uA/cm? and the open-circuit voltage was Voc = 500 mV. These
photovoltaic characteristics of the diode, particularly the Voc, are one of the best reported in the
literature for thin film all-oxide NiO/TiO:z heterostructure. The reports in the literature on NiO/TiO:
UV-PVs have been tabulated in Table 4 along with the major characteristics/properties of the reported
devices. It is worth mentioning that, as seen in Table 4, when a single doped NiO:Nb formed a
junction with a m-TiO2/c-TiO: layer and was illuminated with the same UV light the resulting
photovoltaic device [7] exhibited inferior properties compared to the double-doped NiO presented
in this work.

There have been previous reports on double doping of NiO with either anion-cation dopants
like NiO:(Fe,F) [49], NiO:(Cu,N) [50] or cation-cation dopants like NiO:(Zn,La) [51], NiO:(Li,Mg) [52],
NiO:(Fe,Co) [53], NiO:(Zn,Mg) [54], NiO:(Pb,Ir) [55] for enhancing its properties as electrode, catalyst,
dielectric or magnet. However, it is the first time that the effect of anion and cation co-doping of NiO
has been explored to show enhanced ultraviolet photovoltaic performance when forming a p/n
heterojunction with TiOz. The photovoltaic performance of NiO:(Nb,N)/TiO: is very promising,
particularly regarding the Voc of the device. Nevertheless, further improvements on the output
characteristics of the UV-PV heterojunction can be realized by making a few design and fabrication
optimizations, some of which are: (i) fabricate an all-sputtered NiO:(Nb,N)/TiO: heterostructure
instead of a hybrid one, (ii) introduce an interlayer between the NiO-TiO: interface to enhance the
built-in electric field, (iii) reduce the thickness of the NiO:(Nb,N) and TiO: layers so as to improve the
resistivity of the layers and reduce scattering losses and (iv) illuminate the UV-PV from the NiO side
s0 as to eliminate loss of photons due to absorption in the TiO2 bi-layer, as seen in Figure 2b and Table
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3, when illuminated from the substrate. It is anticipated that these modifications will eliminate the
NiO:(Nb,N)-TiO: interface states, improve the dark parameters of the diode, particularly Js and v
and subsequently the behavior of the diode under illumination (Jsc and Voc).

Table 4. Selected properties of published NiO/TiO2-based UV-PV thin film devices. SP = Spray
Pyrolysis, DC S = DC Sputtering, RTP = Rapid Thermal Processing, Tvis= visible transmittance, Pin =
input power, Jsc = short circuit current density, Isc = short circuit current, Voc = open circuit voltage.

Deposition
Techn./Thickness Tvis A (nm)/Pin

Voc
p/n layers . n-TiOs (%) (mW/cm?) Jsc or Isc (mV) Year/[Ref.]
p-NiO layer
layer
. . Solar
NiO/TiO: SP SP - Simul./100 16.8 mA 350  2018/[5]
NiO/SnS/TiO:2 DC 5/30nm DC S/80nm 40-60 365nm/70 274 uA/cm? 765  2020/[16]
P DC S+RTP 0.7-20
NiO/TiO: DCS /100nm 60-70  365-520nm/ -- WA /cm? 25-250 2020/[48]
D RTP
NiO/TiOz=N 30 CSr 25-45 365-520nm/6.5 558-66 HA 130  2020/[6]
/120nm
D RTP
NiO/TiO: DCS €5 40-55  365nm/30 7-8 mA/cm? 300-500 2021/[47]
/350nm
NiO:Nb/m-

Spin coating .
TiOu/c-TiOx RF MS/150 1240 nm 55-65  325nm/710 1.4 pA/ecm? 200  2023/[7]

NiO:(Nb,N)/m- Spin coating i
TiOJe-TiO. N MS/130 1240 nm 70-80  325nm/710 200 pA/cm? 500

[2024] This
work

4. Conclusions

A transparent NiO:(Nb,N)/TiO: heterodiode was fabricated by employing sputtered double-
doped NiO:(Nb,N) and spin-coated TiO: as p-type and n-type layers, respectively. The reference
undoped NiO was fabricated by sputtering a Ni target in plasma containing 50% Ar and 50% O:. The
Nb dopant was introduced in the Ni-O structure by placing Nb pellets on the Ni target and the N
dopant was introduced by sputtering the composite Ni-Nb target in plasma by substituting half of
Oz with N2 gas (50% Ar, 25% Oz and 25% N3). All films were deposited on room temperature
substrates. Upon Nb and N doping, the O-rich undoped NiO film became less disordered and more
transparent. The structural disorder was further reduced and transmittance increased by thermal
treatment of the NiO:(Nb,N) films. The direct and indirect band gaps of NiO:(Nb,N), as well as the
sub-gap states, the Urbach tail states, were correlated with the existence of niobium and nitrogen Ni-
O structure. The thermally treated NiO:(Nb,N) film revealed a direct band gap of 3.76 eV, indirect
band gap of 3.08 eV and Urbach energy (tail states) width of 313 meV. The heterojunction was formed
on a TiOz bi-layer, namely a spin-coated mesoporous TiOz on top of a compact-TiOz, using FTO/glass
as substrate. The NiO:(Nb,N)/m-TiOz/c-TiO2/FTO/glass heterostructure exhibited a visible
transmittance of around 80% and showed rectification properties, which were analyzed by
employing the I-V method. Upon illumination with UV light, the heterodiode revealed photovoltaic
behaviour with a short circuit current density of 0.2 mA/cm? and an open-circuit voltage of 500 mV.
The double doping of NiO with anion (N) and cation (Nb) dopants can be used as UV-PV for solar
cells, smart windows and other optoelectronic applications.
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