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Abstract: Doping engineering has been applied in niobium-doped NiO (NiO:Nb) by adding
nitrogen (N) in its structure. The rf-sputtered films were made from a Ni-Nb composite target on
unheated substrates at 300 W rf power and 5 mTorr total pressure. The plasma contained 50% Ar
and 50% O: for the fabrication of the single-doped NiO:Nb film (AN film), and N2 gas for the
incorporation of N in the Ni-O-Nb structure. The N2 in plasma was introduced by keeping constant
the flow rates of Oz and N2 gases (O2/N2=1) and reducing the amount of Ar gas, namely 94% Ar, 3%
O2, 3% N2 (film AN1), 50% Ar, 25% Oz, 25% N2 (film AN2), 6% Ar, 47% O», 47% Nz (film AN3). All
films had the single phase of cubic NiO and both Nb and N in the Ni-O structure were revealed by
XPS experiments. The roughness of the films was increased with the increase of N in plasma. Post-
deposition thermal treatment improved the crystallinity and reduced the structural disorder of the
films. The AN2 film was found to be the most transparent of all films exhibiting the widest band
gap, 3.72 eV, and the narrowest Urbach tail states width, 313 meV. The AN and the AN2 films were
employed to form NiO/TiO: heterostructures. The NiO:Nb/TiO2 and NiO:(Nb,N)/TiO:
heterostructures exhibited a visible transmittance of around 42% and 75%, respectively and both
showed rectification properties. Upon illumination with UV light, the NiO:(Nb,N)/TiO: diode
exhibited enhanced photovoltaic performance when compared to the NiO:Nb/TiO: solar cell: the
short circuit current densities were 0.2 mA/cm? versus 1.4 pA/cm? and the open-circuit voltages
were 0.5V versus 0.2 V. The output characteristics of the p-NiO:(Nb,N)/n-TiO2 UV-photovoltaic can
be further improved by proper engineering of the individual layers and device processing
procedures.

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

1. Introduction

It has been realized beyond any doubt that the climate change we are experiencing requires a
complete decarbonization of the energy system towards a net-zero energy future. The building sector
(residential, offices and commercial buildings), when compared to the transportation and industrial
sectors, consumes more than 45% of the primary energy used in Europe and is responsible for 36%
of greenhouse gases [1]. From the whole building envelope, the windows are responsible for the
building’s energy losses thus necessitating the consumption of large amounts of energy to maintain
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indoor temperature and the well-being of the inhabitants. Even though the smart windows, which
first appeared almost 40 years ago [2] as a promising energy-saving technology for controlling the
solar spectrum (heat and lighting), the lack of fully dynamic and end-user control of their
functionalities hampered their wide commercialization. Over the last decade with the huge advance
in the science and technology of materials, there has been a considerable effort in overcoming these
problems by developing the next generation of smart windows for climate neutral buildings, which
exploit the solar spectrum by simultaneously producing, manipulating and storing the solar energy
without losing any of its properties as “windows”. Thus, there have already been reports on smart
windows having thermochromic or dual band electrochromic coatings for controlling the solar
spectrum along with transparent photovoltaics producing electricity and microcapacitors for storing
energy on a single window [3-7]. The transparent solar cells required for the next generation smart
windows utilize only around 7% of the solar spectrum which accounts for the ultraviolet (UV) part
of it. The theoretical efficiency of transparent photovoltaics (PV) has been estimated to be 21% [8].
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 a p-type oxide semiconductor and its conductivity is due to non-
stoichiometric defects such as Ni vacancies and oxygen interstitials. Because of its hole conductivity,
high chemical stability and combined with wide band gap energy (3.1-3.8 eV), it is the most widely
used p-type transparent conductive oxide. Furthermore, NiO has attracted attention because its
properties can be modified by doping engineering depending on applications such as sensing,
microbatteries, photocatalysis, etc. Single or double doping of NiO has been reported mainly by
cation dopants like Li, Nb, Fe, Cu, Zn, Mg, Al, Co, Pb, Ir, etc, whereas tuning its magnetic, optical
and electrical properties has been attempted by cation and anion co-doping. In particular, the use of
nitrogen (group-V element) as anion dopant in Cu-doped NiO has been shown to deteriorate its
electrical properties but increase its optical transmittance [9]. Furthermore, doping of NiO with
niobium (NiO:Nb) has been shown that, apart from improving its photocatalytic and sensing
properties, it improves its linear and nonlinear optical properties for potential nanophotonic
applications [10], whereas when combined with TiO:z the formed heterodiode can reveal photovoltaic
behaviour, albeit with poor output characteristics [11].

In this work, nitrogen was incorporated as anion dopant into the structure of sputtered NiO:Nb
films and the effect of double doping with varying amounts of nitrogen (N) on the properties of the
films was investigated in an attempt to enhance the photovoltaic performance of NiO:Nb based solar
cells. It is revealed that the NiO:(Nb,N) with the optimum amount of anion dopant can remarkably
enhance the output ultraviolet photovoltaic characteristics of the NiO:(Nb,N)/TiOz heterostructure
when compared to the NiO:Nb/TiO2 one: increase of short-circuit current by two orders of magnitude
and increase of open-circuit voltage by a factor of 2.5. The output characteristics of the p-
NiO:(Nb,N)/n-TiO2 UV-photovoltaic can be further improved by proper engineering of the
individual layers and device processing procedures. These results pave the way for the double-doped
NiO:(Nb,N) to be used in all-oxide transparent photovoltaics on next generation smart windows for
energy efficient buildings.

2. Materials and Methods
2.1. Thin Films and Devices: Fabrication and Characterization

The NiO thin films were deposited by radio frequency (rf) sputtering from a Ni-Nb composite
target on room temperature substrates (patterned glass and Si pieces—see below for substrates’
details). The composite target was a Ni target (6 in. diameter, purity 99.99%) on top of which 14 Nb
pellets (dia. 1.5cm x 3mm thick, 99.95% purity) were placed [11]. The sputtering plasma consisted of
a mixture of Ar-O: gases for the fabrication of the reference single-doped Nb-doped NiO films
(NiO:NDb), whereas N2 gas was added in the plasma for depositing the double-doped NiO:(Nb,N)
films by keeping the ratio of Oz and N: flow rates equal to one, O2/N2>=1. Mass flow controllers were
used to adjust the flows of the three gases (Ar, O2 and N>2) to keep the ratio O2/N2=1 by appropriately
modifying the flow rate of Ar and keeping the total pressure constant at 0.67 Pa (5mTorr). The
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substrate holder was 10 cm above the target and the latter was powered by 300 W. Target
conditioning was performed by pre-cleaning in Ar plasma at 0.67 Pa (5mTorr) and 300 W for 45
minutes before each deposition run. Before immersing the Si substrates into the sputtering chamber,
they were treated for 15 minutes in an ultrasonic bath containing organic solvents, then cleaned in
alcohol and deionized water and purged in dry Nitrogen. This was followed by an additional dip in
10% HF solution to remove the native oxide from its surface before inserting it in the deposition
chamber. Whenever an insulating and or transparent substrate was required for specific
characterization techniques of the sputtered NiO-based films, an 1 inch x 1 inch glass substrate was
used having all the required geometrical patterns. The patterns were made by using a specially
designed two-level photolithography mask and standard optical lithography techniques. Details on
the deposition parameters/conditions of the films have been tabulated in Table 1. The thickness was
measured by a Veeco Dektak 150 profilometer and the films were thermally treated ex-situ after
deposition at 300 °C in flowing N: gas for 15 minutes (TT1). The optimum NiO:(Nb,N) film, with
regards to its properties, was chosen to be deposited on a TiO2/FTO/glass substrate and form the
heterostructure. The TiO: layer was a bi-layer formed by spin-coating a 200 nm thick mesoporous
TiO2 on top of a 40 nm thick compact TiO:z layer. Each of these TiO: layers had been heated in air at
500 °C. The TiO2 layer was the one used as electron transfer layer in perovskite solar cells and details
about the formation conditions and properties of the TiO2/FTO/glass can be found elsewhere [12].

Table 1. Deposition conditions of NiO-based films: single-doped NiO:(Nb) and double-doped
NiO:(Nb,N). All depositions were made at the power of 300 W and total pressure of 0.67 Pa (5mTorr).

NiO Films Sputtering NiO:Nb—Film NiO:(Nb,N)
conditions AN Film AN1 Film AN2 Film AN3
Target Ni-Nb Ni-Nb Ni-Nb Ni-Nb
Gases flow rates (%) Ar:02:N2 Ar:02:N2 Ar:0O2N2 Ar:02:N2
=50:50:0 =94:3:3 =50:25:25 =6:47:47
Deposition rate 1.59 1.61 145 1.30
(nm/min)
Thickness (nm) 175 161 164 186
at.% Nb (Nb/(Ni+Nb)) 35 38 24 14
Substrates Si (100) pieces, fused silica (1 mm thick), TiO2»/FTO/glass

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 on the films. The existence of the dopants (Nb and N) in NiO was confirmed by EDX for the
Nb dopant and X-ray Photoelectron Spectroscopy (XPS) for both the N and Nb dopants on selected
NiO films. The XPS experiment was carried out on a Specs Lab photoelectron spectrometer, with a
base pressure in the analysis chamber of 1.33x107 Pa. The X-ray source was the Al Ka radiation (1486.6
eV, monochromatized) at 13 kV and a power of 200 W. In order to take into account the charging
effect on the measured binding energies the spectra were calibrated using the C1s line (BE =284.8 eV)
of the adsorbed hydrocarbon on the sample surface. The XPS spectra were recorded by collecting
binding energies from 0 to 1100 eV for the wide scan survey spectra. Before the XPS measurements,
the samples were ex-situ heated to 100 °C for 5 min and their surface was in-situ etched for 10 min by
0.75 keV Ar+with a current density of around 5 mA/cm? to remove any adsorbed contaminants which
could originate from transferring the sample in ambient conditions.

Atomic force microscopy (AFM) measurements were performed to determine the Root Mean
Square (RMS) roughness of the films’ surface. The AFM measurements were carried out in tapping
mode, with the Digital Instruments-Multimode system, using sharp tips (8 nm tip radius; Si material,
PPP-NCHR type from NanosensorsTM).

The structure of the NiO films was studied by the X-Ray Diffraction (XRD) method. The
measurements were performed using a Rigaku D-max 2000 system, with Cu Kal radiation
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(A=1.5406A) and a fixed power source (40 kV and 30 mA). The diffractometer was set in the condition
of grazing incident Xray diffraction (GIXRD) with w=1.6° at a rate of 0.02°/sec and the 2-theta angle
over the range of 30-90°. The average crystallite size and lattice strain were estimated from the
Scherrer formula:

D =kA/BrucosO 1
and the formula:
eL = Brucot0/4 (2)

respectively, where k is the shape factor 0.94, A is the wavelength of incident radiation 1.5406 A, hkl
represents the Muller indices of the diffraction plane, Bnxis the full width at half maximum, and 0 is
the Bragg angle of the peak [13].

The basic optical properties of the NiO films were determined through the Tauc plots after
monitoring the normal incidence transmittance in the UV-Vis-NIR spectrum by employing a Perkin
Elmer Lambda 950 system. The optical direct band gap and the Urbach tails width of the films were
extracted through the relationships

T~exp(-ad) 3)
and
a = Cexp(E/Ev) (4)

and plotting [(ahv)?-vs-hv] and Ina-vs-hv, respectively [14,15]. In the above equations: T is the
transmittance, which was corrected for the transmittance of the substrate, d is the thickness, « is the
absorption coefficient, h is the Planck constant, v is the frequency, E is the photon energy, C is a
constant and Eu is the Urbach energy.

The resistivity of the NiO-based films was determined by employing the conventional four-
probe Van der Pauw technique on films deposited on glass substrate having stripes, 800 um long and
250 um wide and square pads with Au ohmic contacts (400 um x 400 pm and 150 nm thick) deposited
by electron beam evaporation. The quality of the Au metal as ohmic contact on the NiO-based films
of this investigation was tested by employing the linear transmission line measurements (I-TLM)
technique [16-18] for films deposited on glass. Square Au pads having increasing distance, L,
between each other were deposited on stripes of NiO-based films. By plotting the measured
resistivity, R, between pads as a function of L a straight line was obtained from which the specific
contact resistance between the Au metal and the film could be obtained. A typical example is seen in
Figure 1a for the AN3 film (NiO:(Nb,N). It was found that the specific contact resistance of Au on the
NiO:Nb was 0.2 Qcm? and increased by one order of magnitude for the NiO:(Nb,N) film (2.6 Qcm?).
It should be reminded that the optimum ohmic contact on semiconductors should exhibit a specific

contact resistance as low as 103-104 Qcm? [17,18]. Whenever p-NiO has been used in optoelectronic
devices, Au [19-21], Ni/Au [22], Ag [23-26], Al [27] and Pt [28,29] have been reported as ohmic contact
metals on p-NiO. No attempt was made to improve the ohmic contact behaviour on p-NiO since it
was beyond the scope of this investigation. The NiO:Nb/TiO2 and NiO:(Nb,N)/TiO: heterostructures
were fabricated by placing the TiO2/FTO/glass substrates in the sputtering chamber and the
depositions of the NiO:Nb and the optimum NiO:(Nb,N) thin films were made using the sputtering
conditions described in Table 1. As ohmic contacts, sputtered Au metal was used for both the NiO-
based and the FTO layers, using a specially designed shadow mask which defined the junction area
of the diode (7.8x10° cm?). A schematic representation of the fabricated NiO:Nb/TiO: and
NiO:(Nb,N)/TiO: heterodiodes can be seen in Figure 1b. The diodes were characterized just after
fabrication and after thermal treatment TT1 (300°C, N2, 15 min.
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Figure 1. (a) Resistivity as a function of Au pads distance for determining the specific contact
resistance from I-TLM experiment and (b) schematic representation of the fabricated NiO:(Nb,N)/TiO2
heterodiodes [NiO:(Nb,N)/m-TiOz/c-TiO2/FTO/glass]. Thicknesses are not to scale.

The dark 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 curves [30,31]. The photo I-V characterization was performed by
illuminating the diodes from the back side (glass substrate) with a He-Cd cw laser at 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.

3. Results
3.1. Thin Films Properties
3.1.1. Properties of TiO: Layer

The TiOz layer, which was used for the fabrication of the NiO-based/TiO: heterostructures, was
made by the spin coating technique, as described in subsection 2.1. The TiO2 structure consisted of a
mixture of anatase and rutile phases, whereas the RMS roughness of the surface was 20 nm. The
visible transmittance of the TiO:/FTO/glass was 75-85%. A full account of the properties of the TiOz
layer can be found in Ref. [12].

3.1.2. Properties of NiO:(Nb,N) Thin Films

It has been shown in a previous investigation [11] that the undoped NiO films fabricated from a
Ni target at 300 W in plasma containing 50% Ar and 50% O: gases in total pressure of 0.67 P (5 mTorr)
are O-rich, p-type materials with high structural disorder and low visible transmittance. By adding
Nb as dopant in NiO it was shown [10,11] that Nb replaces Ni atoms and the resulting single-doped
NiO:Nb retains the p-type conductivity and the low transmittance of undoped NiO but improves its
conductivity. On the contrary, doping NiO with nitrogen (N) resulted in single doped NiO:N films
with the opposite properties to those of NiO:Nb, namely low conductivity, high visible transmittance
and much lower structural disorder [31]

In order to investigate the effect of introducing N in the structure of Nb-doped NiO, the Ar flow
was reduced in the plasma during deposition and at the same time N2 gas was introduced in the
sputtering chamber by keeping the ratio of flow rates constant, O2:N2=1 and the total pressure at 5
mTorr (0.67 P). By doing so, the amount of the heavy atoms of Ar gas in plasma was reduced, as seen
in Table 1, thus leading to reduced deposition rate for the fabricated films: from 1.59 nm/min for the
film made in N-free plasma (Ar:02:N2 = 50:50:0, AN film) to 1.30 nm/min for the film made in 47% Nz
containing plasma (Ar:Oxz:N:z = 6:47:47, AN3 film). The reduction of heavy Ar species in plasma was
accompanied by the reduction of Nb atoms in the grown film. As deduced by EDX measurements
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and presented in Table 1, the atomic percentage (at.%) of Nb in Ni-O structure was reduced from 3.5
to 1.4. However, the unambiguous incorporation of the light N atom in the Ni-O-Nb structure could
only be revealed by XPS experiments. The XPS experiment was selectively performed on the double-
doped AN2 film (Ar:02:N2=50:25:25) and the N-free single-doped NiO:Nb —AN film (Ar:OzN:z=
50:50:0) and the results have been plotted in Figure 2. The wide-scan spectra are plotted in Figure 2a
where the characteristic peaks of Ni, O as well as those of the dopants, N and Nb, can be clearly
observed. The latter peaks, N and Nb, have been expanded and shown in Figures 2b and 2c,
respectively. The features of Nb peak at around 209 eV and 207 eV, seen in Figure 2b, correspond to
Nb 3ds2 and Nb 3dse indicating that Nb exists in Ni-O structure and is fully oxidized into its
maximum valence of +5 (Nb°*) [11,32,33].

(b)N1s
z
€
2
z
&
Z
3
H]
£
@ =
10 . . . .
& 385 390 395 400 405
= AN2 - NiO:(Nb,N Binding Energy (eV)

Ni LMM2
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1000 800

600 \@j \{6}/ 0
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Figure 2. (a) Wide-scan XPS spectra of NiO:Nb -AN film (Ar:OzNz = 50:50:0) and AN2 film
(Ar:02:N2=50:25:25). (b) and (c) Expansion of circled areas shown in (a) where the binding energies of
Nb 3d and N 1s are located, respectively.

The effect of introducing N in the Nb-doped Ni-O structure on the structural and optical
properties of the films just after deposition was examined by XRD measurements and monitoring the
UV-Vis-NIR transmittance. The XRD patterns of the as-prepared double-doped AN1, AN2 and AN3
films, along with those of the single doped NiO:Nb -AN film and the crystal NiO (Joint Committee
of Powder Diffraction Standards (JCPDS) card No: 04-0835) are shown in Figure 3a. As can be seen,
there is one main diffraction peak at around 42.6° and two more peaks with much lower intensity at
around 36.5° and 62.2°. All diffraction peaks were identified as those arising from the (200), (111) and
(220) crystallographic planes, respectively, of the cubic NiO phase. Niobium oxide or any nitride
phases could not be detected. The asterisks in Figure 3a denote diffraction peaks originating from the
films’” Au metallization pads which had been applied for performing the electrical characterization of
the films (JCPDS card no 040-0784). The crystallographic parameters which were extracted from the
XRD patterns, like average crystallite size and lattice strain, have been tabulated in Table 2.
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Figure 3. (a) XRD patterns and (b) UV-Vis-NIR transmittance of as-prepared NiO:Nb -AN film and
NiO:(Nb,N) films AN1, AN2 and AN3 deposited in decreasing % Ar gas in (Ar-O2-N2) plasma. The
XRD lines of crystal NiO JCPDS card number 04-0835 is also shown in (a). The asterisks denote peaks
from the Au pads (JCPDS: 040-0784).
Table 2. Details of sputtering conditions and properties of as-prepared NiO:Nb and N-doped NiO:Nb
films. D = crystallite size, eL=lattice strain, T = transmittance, Egap = energy gap, Eu= Urbach energy.
D iti Optical
ePO,SI, ' Structural properties P IC%
conditions properties
As-prepared Flow rates e .
. o (200) peak26 D RMS roughness Direct Egap Eu
Films 00 " (egree)  (nm) ¥1” (nm) V)  (meV)
Ar O No 8 %)
NiO:Nb AN 50 50 O 42.58 4.7 20,9 2.11 3.25 2,734
AN1 94 3 3 42.86 52 181 2.08 3.14 1,231
NiO:(Nb,N) AN2 50 25 25 42.69 89 92 2.75 3.67 557
AN3 6 47 47 42.72 7.7 12.2 5.47 3.21 812

It is seen that upon N-doping of NiO:Nb and when compared with the single-doped NiO:Nb
AN-film: (i) there is a small shift to higher angles, as clearly seen for the highest (200) diffraction peak,
indicating compressive stress, (ii) the average crystallite size increased by almost 90%, from 4.7 nm
for the AN film to 8.9 nm for the AN2 film and (iii) the strain reduces by around 50%, from 17.8x10-3
to 9.15x1073. Taking into account that the (200) diffraction peak of crystal NiO appears at 43.3°, Nb
doping has created tensile stress in the Ni-O structure despite the relatively smaller ionic radius of
Nbs+ (0.64 A) than that of Ni2* (0.69 A) [34,35]. As in the case of N-doped NiO, where the N in NiO
reduces the strain of Ni-O structure [21], the introduction of N as second dopant in Ni-O-Nb structure
relaxed the tensile stress reducing the lattice stress. The co-doping of NiO:Nb film with nitrogen
increased the surface porosity and the RMS roughness of the films along with the increase in
crystallite size. This can be seen in Figure 4, where the SEM and AFM images of the N-doped NiO:Nb
films are shown. The respective images of the reference single-doped NiO:Nb AN-film are not shown
since surface topography and roughness (Table 2) were similar to those of AN1 film.

SEM images AFM images


https://doi.org/10.20944/preprints202411.0925.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2024 doi:10.20944/ rints202411.0925.v1

Rms=5.47nm

Figure 4. Topography of double-doped NiO:(Nb,N) films deposited on Si substrates: (a) SEM and (b)
AFM images.

The structural improvement concerning crystallite size and stress of NiO:Nb films upon doping
with N, was reflected in the optical properties of the double-doped NiO:(Nb,N) films. Figure 3b
shows the transmittance of the as-prepared films and it is seen that N co-doping of NiO:Nb films
increased transmittance particularly for the AN2 film. The enhanced transmittance of the N-doped
NiO:Nb films was accompanied by an increase in the energy band gap (Egap) and a decrease of the
tail states width (Urbach energy, Ev). The direct Egap and the Eu values of the films have been
tabulated in Table 2, along with the structural properties. It is seen that the introduction of N in
NiO:Nb films increased the direct band gap and reduced the structural disorder by reducing the band
gap states and the localized states near the valence band edge (Eu). The biggest optical direct band
gap and the narrowest tail states width were observed for the AN2 film which was deposited in
plasma containing 50% Ar, 25% Oz and 25% N2 gases. Since the aim of this investigation was to
fabricate solar blind and transparent solar cells based on all-oxide NiO/TiO: heterostructures, in the
following we proceeded only with the most transparent double-doped NiO:(Nb,N) fabricated in this
work, namely the AN2 film and compared it with the reference single-doped AN film (NiO:Nb).

Before fabricating the NiO/TiO: heterostructure the AN and AN2 films were annealed and their
structural and optical properties after thermal treatment TT1 are depicted in Figure 5a and 5b,
respectively, whereas the respective properties extracted from these plots have been tabulated in
Table 3. The general improvement of films’ crystallinity after TT1 when compared with that of the
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as-prepared films seen in Figure 3 and Table 2 is explicit. In addition, the AN2 film showed superior
properties after TT1 than those of AN film: increased crystallite size, less lattice stress, larger band
gap and narrower width of tail states (Urbach width). These properties are expected to significantly
affect the transport of the carriers by reducing their scattering at the grain’s or crystallite’s boundaries
or trapping them into states which can act as recombination centers.
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Figure 5. XRD patterns of AN ref NiO:Nb film and NiO:(Nb,N) film AN1, AN2 and AN3 deposited
in decreasing % Ar gas in (Ar-O2-N2) plasma after thermal treatment (TT1). The XRD lines of NiO
JCPDS card number 04-0835 are also shown.

The resistance of the films was high enough to allow any reliable Hall measurements to be
performed. The defective and disordered single-doped NiO:Nb had resistance, measured between
the opposite contact pads of Hall pattern, of a few tens of kQ. Upon co-doping with nitrogen, as
shown above, the film exhibited an increase in resistance to a few hundreds of kQ. This observation
indicated that the increase in the energy band gap of NiO:(Nb,N) in this investigation is not associated
with an increase in holes’ concentration due to the Moss-Burstein effect [36-39], according to which
an increase in carrier concentration results in an increase in the energy band gap. The Moss-Burstein
effect generally occurs in degenerated semiconductors, which is not the case of the investigated NiO-
based films. The increase in films’ resistivity along with the observed reduction in structural disorder
indicated that the NiO:(Nb,N) film has become more stoichiometric after the post-deposition heat
treatment. Deterioration of the electrical properties and improvement of optical properties have been
reported for NiON films when doped with Cu [9]. It is the first time to our knowledge where the
introduction of nitrogen as anion co-dopant in NiO:Nb films is reported to improve its optical
transmittance, paving the way for applying NiO:(Nb,N) films in transparent optoelectronic
applications. Nevertheless, more in-depth investigation is needed by theoretical calculations as well
as experimental instrumentations so as to thoroughly explore and control the interaction mechanisms
between Nb and N in the Ni-O structure.

3.2. NiO-Based Heterostructure Properties

The AN and AN2 films were employed to form the NiO/TiO: heterostructures by depositing
them by sputtering on the TiO2/FTO/glass substrates using the deposition conditions described in
Table 1. The formation of the heterostructure was completed by heat treating the NiO/TiO: films
under TT1 conditions (300 °C, N2, 15 minutes) to improve the quality of the NiO films as shown in
the previous sections. The NiO:Nb/TiO: and the NiO:(Nb,N)/TiO: films were tested for their
transmittance and the dark current density —voltage (Ja-V) characteristics and the results have been
plotted in Figure 6a and 6b, respectively. As seen in Figure 6a, where the transmittance of the
TiO2/FTO/glass has also been plotted, the transmittance of the NiO:(Nb,N)/TiO: heterostructure is
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larger than that of the NiO:Nb/TiO:z heterostructure. The enhancement in transmittance is due to the
higher quality of the NiO:(Nb,N) ~AN2 film than that of the NiO:Nb —AN film. The highly conductive
FTO-covered glass substrate is responsible for the decrease in transmittance observed at long
wavelengths for all films. Furthermore, as depicted in Figure 6b, both heterostructures show
rectification behaviour but the NiO:(Nb,N)/TiO: diode exhibited superior properties than the
NiO:Nb/TiO2 diode. As seen in Table 4, where the diodes properties have been tabulated, the
NiO:(Nb,N)/TiO: diode has shown higher Ja(f)/ Ja(r) at + 3 V, lower saturation current density (Js),
higher series resistance (Rs), larger barrier height (¢b) and almost the same ideality factor (n) when
compared to those of the NiO:Nb/TiO:z diode. The larger resistivity of the AN2 film than that of AN
film is attributed to the high Rs of the diode formed using the AN2 film. In addition, the better
crystallinity and the less disordered structure of the AN2 film than that of AN film contributed as
well to the better rectification properties for the respective heterostructures. The fact that the TiO»
layer was formed by spin-coating and not by sputtering as the doped NiO layers must be the reason
for the high ideality factor. High values for the ideality factor have been observed in all-oxide diodes

[40], oxides grown on epitaxial layers [21] or non-oxide epitaxially grown structures [41] and have
been attributed to transport mechanisms through recombination at defects/states at the interface,
tunneling through the interfacial layer or space charge current transport. However, the enhanced
properties of the NiO:(Nb,N)/TiOz diode in the dark is expected to show better output characteristics
than the NiO:Nb/TiO2 diode upon illumination.
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Figure 6. (a) UV-Vis-NIR transmittance and (b) dark current density-voltage (Ja-V) of NiO:Nb/TiO2
and NiO:(Nb,N)/TiO: diodes.

Table 4. NiO:Nb/TiO2 and NiO:(Nb,N)/TiOz diodes parameters as extracted from Figure 6b and using
the I-V method. Ja(f) = current density at +3 V forward voltage, J4a(r) = current density at -3 V forward
voltage, Js = saturation current density, Rs = series resistance, n = ideality factor, ¢b = barrier height.

NiO/TiO: Ja(6)/Ja(r) Js Rs @b
Diodes (at3V) (A/em?) (Ohm) n (eV)
NiO:Nb/TiO: 7.2 1.8x107 13 7.0 0.58
NiO:(Nb,N)/TiO: 19.1 1.0x10% 351 8.2 0.71

Figure 7 shows the current density—voltage characteristics of the NiO:Nb/TiO: and the
NiO:(Nb,N)/TiO2 heterodiodes after illumination with UV laser light of 325 nm wavelength from the
glass substrate. Even though it is known that the NiO:Nb/TiO: heterodiode can exhibit photovoltaic
behaviour [11] photovoltaic activity was also observed for the NiO:(Nb,N)/TiO: heterodiode.
However, the photovoltaic characteristics of the NiO:(Nb,N)/TiO: diode are far superior to those of
the NiO:Nb/TiO:2 one: the short-circuit current density (Jsc) was 0.2 mA/cm? and 1.4 pA/cm?, whereas
the open-circuit voltage (Voc) was 0.5 V and 0.2 V, respectively. The enhancement of the output
photovoltaic performance can be attributed to the double-doping of NiO, which affects the layers’
properties as well as the NiO-TiO: interface by suppressing defects, modifying interface states and



https://doi.org/10.20944/preprints202411.0925.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2024 d0i:10.20944/preprints202411.0925.v1

11

the depletion region, thus enhancing carrier transport and collection. Despite the relatively low
photovoltaic efficiency of the diodes upon UV illumination, the double-doping of NiO has shown
very enhanced UV photovoltaic performance when forming a p/n junction with TiOz. Theoretical
calculations on Cu20 [42] have shown that double-doping can improve the properties of the material
suggesting it can be a promising approach for developing more efficient oxide-based photovoltaic
devices. This approach has been successfully applied for oxide-based PVs like dye-sensitized solar
cells employing anion and cation co-doping of TiO2:(ALN) [43] and double cation doping of
BiFeOs:(Nd,Cr)-based solar cells [44] as well as non-oxide Cu2ZnSn(S,Se)s/CdS PVs (Li-Ag [45] and
Co-Zn [46]). It is the first time, however, where a double-doped p-type NiO:(Nb,N) is employed in
an_all-oxide NiO/TiO2 UV-PV with enhanced photovoltaic properties are reported. The UV PV
performance of the NiO:(Nb,N)/TiO: heterojunction is very promising. It is expected that
modifications concerning design and fabrication steps like the optimization of ohmic contact on NiO-
based films, the elimination of the interface states by forming both NiO and TiO: layers by sputtering,
the intentional incorporation of an interlayer between the NiO-TiO: interface and illumination of the
device from the NiO side, will improve the performance of the diode in the dark and subsequently
the behavior of the diode under illumination.
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Figure 7. Photo current density-voltage characteristics of the NiO:Nb/TiO2 and NiO:(Nb,N)/TiO2
heterodiodes under UV (A =325 nm) illumination. The Jph values of the NiO:Nb/TiO: heterodiode are
multiplied by x100 for better visibility.

4. Conclusions

Nitrogen (N) was incorporated into the structure of Niobium-doped NiO (NiO:Nb) and the
effect of double doping (Nb,N) on the properties of the NiO:Nb films was investigated to further
enhance the photovoltaic performance of NiO:Nb based solar cells. The films were fabricated by the
rf-sputtering technique by employing a Ni-Nb composite target and the depositions were made on
room temperature substrates. The deposition power was kept at 300W and the total pressure was at
5mTorr. The plasma contained Ar, O: and N2 gases and the content of N2 in plasma was introduced
by keeping constant the flow rates of O2/N2=1, namely 94% Ar, 3% Oz, 3% Nz (film AN1), 50% Ar, 25%
Oz, 25% N2 (film AN2), 6% Ar, 47% Oz, 47% N2 (film AN3). A reference single-doped NiO:Nb film,
ANO: 50% Ar and 50% O: was also fabricated. Upon N co-doping, the O-rich NiO:Nb film became
less disordered and more transparent. The structural disorder was further reduced and the
transmittance was increased by post-deposition thermal treatment of the films at 300°C in N2 ambient.
The AN2 film, which was fabricated in plasma containing 50% Ar, 25% Oz, 25% N3z, was the most
transparent of other films fabricated in this work exhibiting the widest band gap and the narrowest
Urbach tail states width. The direct band gap of the films, as well as the sub-gap states, the Urbach
tail states, were correlated with the existence of the dopants in the Ni-O structure. The thermally
treated AN2 film revealed a direct band gap of 3.72 eV and Urbach energy (tail states) width of 313
meV, which were 50 meV larger and 213 meV narrower when compared to the respective values of
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the NiO:Nb film. The heterojunction was formed on a TiO: bi-layer, namely a spin-coated
mesoporous TiO2 on top of a compact-TiOz, using FTO/glass as a substrate. The NiO:Nb/TiOz and
NiO:(Nb,N)/TiO2 heterostructures exhibited a visible transmittance of around 42% and 75%,
respectively and both showed rectification properties. Upon illumination with UV light, the double-
doped AN2 heterodiode revealed superior photovoltaic performance than that of single-doped ANO
heterodiode: short circuit current density of 0.2 mA/cm? versus 1.4 pA/cm? and an open-circuit
voltage of 500 mV versus 200 mV, which is very promising for enhanced all-oxide transparent solar
cells.
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