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A B S T R A C T

This work reports on a simple, yet unique approach to improving the opto-electronic properties of vertically-
aligned arrays of rutile TiO2 and Wurzite ZnO nanowires by means of controlled nitrogen doping during ex-
posure to highly kinetic radio-frequency generated N2 plasma radicals. Morphologically, the plasma treatment
causes a distortion of the vertical alignment of the nanowires due to a dissociation of the weak Van der Waals
force clustering the nanowires. Optical spectroscopy show that plasma treatment increases the light transmission
of TiO2 arrays from 48% to 90%, with the ZnO arrays exhibiting an increase from 70% to 90% in the visible to
UV range. The as-synthesized TiO2 array has an indirect band gap of 3.13 eV, which reduces to 3.03 eV after N2

treatment, with the ZnO equivalent decreasing from 3.20 to 3.17 eV post plasma exposure. A study of the 3d
transition metal near edge fine structure of both Ti and Zn show that the N2 plasma treatment of the nanowires
results in nitrogen doping of both TiO2 and ZnO lattices; this is confirmed by scanning transmission electron
microscopy coupled with energy dispersive spectroscopy x-ray maps collected of single nanowires, which show a
clear distribution of nitrogen throughout the metal-oxide. Application of these structures in P3HT:PCBM
polymer blends shows progressive improvement in the photoluminescence quenching of the photoactive layer
when incorporating both undoped and nitrogen-doped nanowires.

1. Introduction

An attractive approach to improve efficiency and reduce costs of
modern hybrid photovoltaics such as polymer, perovskite and radial
junction p-n type silicon cells, is the application of one-dimensional
(1D) metal-oxides such as TiO2 [1], ZnO as well as their nanocomposite
forms [2–4]. The n-type nature of these materials has been widely
exploited for use as an electron transport layer in these devices. How-
ever, this n-type character originates from the large density of oxygen
vacancies generally detected on the surface of these 1D materials. In
turn, these vacancies lead to electron trap-sites, causing electron–hole
recombination during operation of the device. In addition, the presence
of vacancies also changes the material's chemical reactivity and stabi-
lity [5–9]. To overcome this constraint, nitrogen doping has been the
preferred method, with various approaches employed, such as chemical
doping during synthesis [10], high temperature annealing in a nitrogen
ambient [11], ion implantation [12] and cathode magnetron sputtering
[13]. Considering the above approaches, radio frequency (RF) plasma
generation of highly reactive nitrogen species for substitutional

nitrogen doping in both TiO2 [14] and ZnO [15], unlike chemical, in-
situ or high temperature annealing approaches, allows for better control
of the dopant flux, depth and concentration [16] by altering the plasma
power, exposure time and temperature of the treated material. Dopants
such as nitrogen and carbon generally serve as electron donors in metal-
oxides [17–19], with the dopants introducing impurity states at var-
ious positions in the band gaps of both TiO2 and ZnO, leading to dif-
ferent degrees of modification in electrical conductivity [20,21];
oxygen vacancies, on the other hand, are known to be shallow donors
for TiO2 and ZnO, with relatively low formation energies [22]. This
study aims to contribute to this broad body of literature by showing that
radiating TiO2 and ZnO lattices with highly kinetic nitrogen plasma
species has a unique, two-fold lattice effect: (1) passivation of the
dangling Ti2+ and Zn2+ ionic species on the surface of the nanowire
and (2) creation of deep-lying ionic bonds in the lattice leading to an
increase in both electron conductivity and alteration of the optical
behavior of the material. TiO2 and ZnO NWs films are hydrothermally
grown on fluorine-doped tin-oxide (FTO) substrates using well-known
synthesis protocols [23,24], followed by plasma exposure for 10 min at
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a N2 plasma power of 500W, while keeping the substrates at room
temperature. The nitrogen modified nanowire/FTO substrates are
subsequently used as electron transport layers to study the interfacial
exciton dissociation in polymer photo-anodes with traditional poly(3-
hexylthiophene)/6,6-phenyl C61-butyric acid methyl ester (P3HT/
PCBM) blends used as the light absorber layer.

2. Experimental

2.1. TiO2 and ZnO nanowire array synthesis

FTO coated soda lime glass substrates (F:SnO2, MSE Supplies USA,
12–15 Ω per square) were initially cut into 2× 1.5 cm2 sizes, followed
by successive ultrasonic bath cleaning in 2 vol% Hellmanex®-deionized
water solution and 100% isopropanol for 5min at 70 °C. The cleaned
substrates were then dried in an argon stream and stored under vacuum
until processing. During synthesis of the TiO2 NWs arrays, a nutrient
solution containing 12ml of deionized water, 0.25ml of tetrabutyl ti-
tanate and 10.5ml of hydrochloride acid (37 wt%) was prepared and
magnetically stirred for 10 min at ambient conditions. The solution was
subsequently transferred to a Teflon liner and placed inside a high
pressure reactive vessel (4744 General Purpose Acid Digestion Vessel
45 ml; Parr Instruments Company®), with the FTO substrates placed
upright inside the liner during synthesis. A growth temperature and
time of 150 °C and 4 h, respectively, yielded the most consistent na-
nowire structures and used as the optimum growth conditions. The
lattice matching of the rutile F:SnO2 substrate and rutile TiO2 phase
allows for the direct growth of the nanowires on the FTO substrates.
However, for use as an ETL in organic-inorganic solar cells, a compact
hole blocking layer directly grown atop the FTO layer is required [24]
prior to nanowire synthesis. In this work this was achieved by spin-
coating 35 μl of a solution comprising of 0.35ml titanium isopropoxide
dissolved in 5ml ethanol, with 0.1ml of 2M hydrochloric acid (37 wt
%) added as mediator. The final solution was stirred for 3 h at room
temperature, then spin-coated for 30 s at 4000 rpm and sintered at
500 °C for one hour.

For ZnO NW array growth on FTO substrates, the lattice mismatch
between the rutile FTO and stable hexagonal Wurzite phase of ZnO
meant that a seed layer was first required on the FTO substrate. This
seed layer also acted as hole blocking layer and consisted of a sol–gel
solution, prepared using 0.7M Zinc acetate dihydrate and 0.7M etha-
nolamine in 25ml ethanol and stirred for 10 min at room temperature,
spin-coated at 3000 rpm for 40 s, followed by curing at 250 °C for
10 min to evaporate the solvent and improve ZnO particle adhesion to
the substrate. The ZnO nanowires were then vertically grown by placing
the seeded FTO/glass substrate upside down in the Teflon liner con-
taining 25mM zinc nitrate hexahydrate (Zn(NO3)2•6H2O) and hexam-
ethyleneteramine (HTMA) in 20ml deionized water, which was mixed
for 20 min at room temperature. Synthesis occurred at optimized
temperature and time of 90 °C and 4 h, respectively. For both TiO2 and
ZnO structures, upon completion of the growth time, the autoclave
vessels are removed from the oven and evaporatively cooled to room
temperature before the removal of the substrate from the nutrient so-
lution. This method allows for faster and more controlled ceasing of the
nanowire growth. Once done, the samples were thoroughly washed in
deionized water and dried under an argon stream followed by storing
under vacuum for further processing.

2.2. Nitrogen plasma treatment and fabrication of glass/FTO/compact
layer/nanowire/P3HT:PCBM photo-anodes

Fig. 1 shows a schematic representation of the experimental ap-
proach used to obtain N2 plasma treated TiO2 and ZnO NW arrays. The
nanowire arrays were placed in a custom-built plasma-enhanced che-
mical vapor deposition chamber at a base and treatment pressure of
1.5× 10−6 and 7× 10−2 mbar, respectively. Prior to treatment, the

plasma power was fine-tuned in a N2:Ar gas mixture, controlled by
keeping a constant gas flow rate of 100:100 sccm mixture. Based on
previous optimization experiments, an optimum plasma power of
500W (plasma power supply = 5 V; 1.25 A) yields the most consistent
and significant changes in the opto-electronic behavior of both TiO2

and ZnO structures. Once set, the Ar flow was reduced to 0 sccm, al-
lowing for the red glowing N2 plasma (see Fig. 1) to interact with the
specimen; this point also signaled the time of exposure, set for a total of
10 min. Herein after the N2 plasma treated TiO2 and ZnO NW films will
be referred to as N-TiO2 and N-ZnO, respectively. A 30 µl drop of al-
ready prepared P3HT:PCBM 1:1 and 1:5 ratio solution was delivered
onto the middle of the substrates of TiO2 and ZnO NWs before and after
N2 treatment. The substrates were then spin-coated at 1000 rpm for
10 s, followed by 60 s at 2000 rpm. Firstly, the substrates were annealed
at 90 °C for 30 min, cooled down for 10 min; annealed for the second
time at 120 °C for 20 min, cooling down to room temperature and fi-
nally annealed at 150 °C for 20 min and allowed to cool down to room
temperature before vacuum sealing for further analysis.

2.3. Characterization

The morphology of the nanowire films was characterized using a
Zeiss Auriga field emission gun scanning electron microscope (FEG-
SEM) operated at an accelerating voltage of 5 kV using an in-lens high
resolution detector. The ZnO and TiO2 nanowires samples for trans-
mission electron microscopy (FEI Tecnai G220 FEG-TEM, 200 kV)
imaging were detached from the FTO substrates, followed by dispersion
in ethanol by sonication. A few drops of the sonicated suspension were
drop-casted onto a holey carbon coated Cu copper grid, followed by
drying under a high powered halogen lamp for 5 min. Energy dispersive
x-ray (EDX) maps were collected of the P3HT:PCBM coated nanowires,
whereas electron energy loss spectroscopy (EELS) was employed to
quantify the nitrogen concentration in the individual nanowires. The x-
ray maps were collected with the microscope operated in scanning
transmission (STEM) mode, using a nominal probe size of 0.2 nm, at a
camera length of 225mm, which allowed for good x-ray counting sta-
tistics. All EDX data was collected using a liquid nitrogen cooled EDAX
Si:Li detector, whereas all EELS spectra were obtained using a Gatan
Image Filter (GIF-2001) operated in parallel beam mode. The drift-
corrected EDX elemental maps collected in this study were obtained by
scanning a 500 × 500 nm2 grid on the sample, containing a few na-
nowires. Each grid comprised of 10 × 10 nm2 pixels, with each pixel
collected at a beam dwell time of 100 µs for a total spectral image (SI)
collection time of approximately 17 min.

Grazing incidence x-ray diffraction (GIXRD) patterns were recorded
using a PANalytical Empyrean diffractometer with CuK?? radiation
(λ= 1.5406 A˚) as x-ray source, operated at 45 kV, 40mA. The incident
beam was kept at 0.4° with respect to the substrate, with a 2θ range
from 10 to 90° and 0.02° step size at 2 s per step for a total data ac-
quisition time of 133 min. The incident beam optics comprised of a
parabolic mirror, 4mm mask, 1/16 divergence and 0.04 radians Soller
slit, whereas the diffracted beam optics include a parallel plate colli-
mator slit, 0.04 Soller collected by a PIXcel3D 55 μm2 (256 × 256
pixels) x-ray detector. To correct for the instrument broadening, a large
area Si <100> substrate was used. Photoluminescence (PL) was em-
ployed to quantify the fluorescence from the samples of ZnO/NWs/
P3HT: PCBM to determine if quenching exists between the donor and
acceptor layers, using a Horiba NANOlog –TRIAX, USA spectro-
fluorometer with an excitation wavelength of 480 nm. UV–vis spec-
troscopy was performed to investigate the optical behavior of the as-
synthesized and N2 treated nanowires, using a Cecil UV–vis–NIR
Spectrophotometer Unit 2021, operated between 200 and 900 nm.

3. Results and discussion

Fig. 2 (a, c and b, d) show the micrographs of the top and cross-
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Fig. 1. Schematic representation of the (top row) hydrothermal synthesis and; (middle row) N2 plasma treatment; (bottom row) optical image of a glass/FTO/compact
layer/ZnO NW array before and after N2 treatment.

Fig. 2. Respective plan and cross-sectional SEM micrographs of (a, b) TiO2; (c, d) N-TiO2 (e, f) ZnO and (g, h) N-ZnO nanowires.
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sectional views of the TiO2 and N-TiO2 NWs, respectively, whereas
Fig. 2 (e, f and g, h) contain the micrographs of the top and cross-
sectional views of the ZnO and N-ZnO NW films, respectively. These
images clearly indicate that entire surface of the FTO substrates are
covered uniformly and densely with vertically oriented TiO2 and ZnO
NWs. Furthermore, the TiO2 NWs are tetragonal in shape with square
top facets, which is the typical growth mechanism for tetragonal TiO2

crystal structures [25]; the ZnO nanowires, in contrast, exhibit a needle-
shape structure as discussed by Yhimura et al. [23] and Baruah et al.
[26]. Moreover, it is also noticeable that the diameter of the ZnO NWs
slightly increases after the plasma treatment while the vertical align-
ment of the nanowires, for both TiO2 and ZnO become distorted, as can
be seen from the cross-sectional images. The untreated TiO2 NWs have
an average diameter of 112.17 ± 29.3 nm and length of
1.391 ± 0.051 µm, while the N-TiO2 nanowires have an average dia-
meter of 110.9 ± 10.3 nm and length of 453.04 ± 49.2 nm. It must be
noted that variance in length must be accounted for due to the error in
measurement in establishing the perpendicular component in the SEM
micrographs as well as the three dimensional non-alignment to the FTO
substrate. The images of untreated ZnO NWs have an average diameter
of 39.03 ± 6.31 nm and length is 1.33 ± 0.045 µm, with N-ZnO NWs
having an average diameter of 48.47 ± 11.95 nm and length of
1.226 ± 0.142 µm. The SEM micrographs of the untreated ZnO NWs
show an average diameter of 39.03 ± 6.31 nm and length of
1.33 ± 0.045 µm, with N-ZnO NWs having an average diameter of
48.47 ± 11.95 nm and length 1.226 ± 0.142 µm. The plan-view SEM
images also show that N2 plasma treatment decreases the areal density
(i.e. number of nanowires per unit area) of the nanowires at their tops.
This is due to dissociation of the weak, electrostatic Van der Waals
forces bunching the nanowires at their apices. Furthermore, cross-sec-
tional SEM micrographs show the nanowire orientation is distorted post
N2 treatment for both TiO2 and ZnO structures; this is preferable for
photovoltaic material deposition and improvement of the electron–hole
dissociation interface during device operation [25,34].

Huang et al. [27] reported that an increase in nitrogen plasma
treatment time of TiO2 nanotubes leads to the decrease of surface area
(length) and increases the pore diameter, which was attributed to the
growth of TiO2 crystallinities during sintering. Barakat et al. [28], on
the other hand, performed a similar thermal-plasma treatment of TiO2

and found that there was no significant change of surface area between
the raw and treated samples at 400 °C for 60min. A further study by
Ishihara et al. [29] interestingly reported that N2 plasma surface
treatment was responsible for better photocurrent density of TiO2 na-
notube arrays for samples treated from 10 to 60 min. It was postulated
that 10min of plasma treatment was probably too brief to induce sig-
nificant N-doping in the crystalline TiO2 structures, whereas 60min of
treatment was found to be detrimental to the TiO2 structure as a result
of induced surface defects as compared to the 20-min treatments of the
samples, which was found to be optimum. At any rate, all of the sam-
ples exposed to surface treatments (10, 20 and 60min) had superior
performance in comparison with the untreated samples. Annealing of
TiO2 nanotubes at the optimum temperature in the N2 and O2 atmo-
spheres is also of critical importance in order to impart high electron
conductivities which lead to high photocurrent densities. Several stu-
dies [e.g. 30] have shown that an annealing temperature in the range of
400–500 °C is most effective in transforming the amorphous phase of
TiO2 to crystalline anatase with a minimal fraction in the rutile form,
whereas at higher temperatures, a more polycrystalline structure is
formed with increasing amounts of rutile. These results show that ni-
trogen introduced in the TiO2 lattice has a direct influence on both the
crystallinity and electronic properties of the material, which in effect
will influence the related optical properties. Similarly, it can be an-
ticipated that the slight morphological changes of the TiO2 NWs shown
in Fig. 2(a)–(d) post N2 plasma treatment, will have an influence on the
optical properties of the material.

In the case of nitrogen plasma treated ZnO, Allami et al. [31]

reported the use of 100W direct-current magnetron plasma and 450 V
direct-current glow discharge plasma at different exposure periods of
ZnO NWs and found that N incorporated in the ZnO lattice structure
with multiple chemical states, including the well-screened molecular
state (α-N2), molecular nitrogen (γ-N2) and α-N atoms occupying O
sites to form Zn3N2 bonds. These results are in agreement with that
reported by Tabet et al. [32], who added that ZnO1−xNx forms by the
decomposition of Zn3N2 and the re-arrangement of N atoms in the ZnO
lattice [32] and NO2

− on the surface of ZnO thin films irradiated with
nitrogen species during DC magnetron sputtering at low kV. Moreover,
it was found that the chemical states and bonding energies of these
vibrational states differ according to the plasma treatment type. In any
ionizing environment, dissociation and recombination of the plasma
species occur simultaneously, with the process that becomes prevalent
depending on the plasma power [31]. This is particularly true in this
study, as the high power radiofrequency plasma employed produces all
three prevalent nitrogen species, namely α-N2, γ-N2 and atomic ni-
trogen. The α-N acts as an etching agent during treatment and causes
the dissociation of the weak Van der Waals forces, as discussed above,
leading to the disordering of the vertical alignment of both TiO2 and
ZnO nanowire arrays. The molecular nitrogen γ-N2 in turn forms the
Zn3N2 bond during substitutional doping of the ZnO lattice and de-
composes into the ZnO1−xNx. Gao et al. [33] reported a change of
growth direction of N-doped ZnO nanowires., whereas Yuan et al. [34]
reported that N-doped ZnO nanowires grown at high temperature ar-
range along the [110] direction compared to the [001] direction for
pure ZnO structures, which is ascribed to the difference in surface en-
ergy of the (100) and (110) plane densities, with the (110) facets more
inclined to the incorporation of N atoms in the lattice, subsequently
inhibiting the [001] growth of ZnO. Once more, as was the case for N-
doped TiO2, these studies show that the incorporation of N in the ZnO
lattice causes a clear change in growth kinetics, which in turn will in-
fluence the measured crystalline and optical properties of the struc-
tures.

GIXRD patterns were collected to study the incorporation of the
nitrogen in the metal-oxide lattices, the results of which are shown in
Fig. 3. From the diffraction patterns it is found that the TiO2 NWs grow
in the tetragonal rutile phase and ZnO in the hexagonal Wurzite
structure. Considering the geometry of the incident x-ray beam, i.e.
parallel to the FTO/glass substrate and hence perpendicular to the
growth of the nanowires, it can be seen that the TiO2 nanowires grow
predominantly along the rutile (101), whereas the ZnO stack along the
(002) basal plane of the Wurzite hexagonal structure, along the length
of the nanowires. From these patterns it is determined that the as-grown
TiO2 nanowire array has lattice constants a=0.467 nm and
c=0.292 nm, which remain unchanged post N2 plasma exposure.

The Williamson-Hall (W-H) transformation [35] of the GIXRD data,
shown in Fig. 3(c) shows that the average crystalline grain size in-
creases from 44 nm for the TiO2 NWs to 60.79 nm for the N-TiO2 NWs.
At the incident x-ray beam angle of 0.4˚, these grain sizes are com-
parable to the nanowire diameter, which was determined to be in the
range of 100 nm from the SEM results of Fig. 2. The increase in nano-
wire diameter post N2 plasma treatment is ascribed to an increase in the
lattice strain, as shown by the W-H data of Fig. 3(c), due to the passi-
vation of the dangling of Ti bonds deep in the TiO2 matrix, caused by
the reactive nitrogen species of the plasma during doping. In the case of
ZnO an average crystalline grain size of 112.68 nm and lattice strain of
2.21 × 10−3 are calculated from Fig. 3(d) post plasma treatment
compared to a grain size and strain of 76.57 nm and 1.58 × 10−3,

respectively for the as-synthesized nanowires. Once more the increase
in diameter, caused by the increased lattice strain, is ascribed to the
deep level doping of the ZnO lattice by the nitrogen during plasma
exposure.

Fig. 4(a) and (b) shows UV–vis transmittance plots with a distinct
improvement in light transmittance for both TiO2 and ZnO NW arrays
post N2 plasma treatment. In particular, it can be seen that the TiO2
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array transmittance peaks at 90% at 750 nm after treatment compared
to the as-synthesized structure with a low transmittance of 48% at the
same wavelength. Similarly, the ZnO array transmittance increases
from 70% to 90% over the same wavelength range, post plasma ex-
posure. This is a significant result considering the fact that the metal-
oxide nanowire films act as electron transport layers during solar cell
operation and must not impede the light penetration (when illuminated
from the FTO side) of the device. The improvement in transmittance is
directly attributed to the distortion of the nanowire alignment by the N2

plasma treatment, as shown in Fig. 2, caused by a dissociation of the
electrostatic Van Der Waals force between two adjacent, vertically-
aligned nanowires. The bandgaps of both TiO2 and ZnO before and post
plasma treatment were estimated using Tauc plots. To achieve this,
αhυ( )1/2 versus hυ was plotted, where ?? is the absorption coefficient
and hυ is the photon energy. The absorption coefficient was calculated
from the absorbance divided by the film thickness. The bandgap was
estimated by extrapolating the linear portion of the Tauc plot of the x-
axis, where value of αhυ( )1/2 approaches zero. The respective Tauc plots
for TiO2 and ZnO are shown in Fig. 4(c) and (d).

The band gap obtained for TiO2 NWs is 3.13 eV before and 3.03 eV
after N2 treatment, whereas the Tauc plot band gap of ZnO NWs is
3.20 eV before and 3.17 eV post treatment. The decrease in bandgap
caused by an introduction of nitrogen in the TiO2 lattice has been
previously studied by Jinlong et al. [36], who reported that nitrogen
doping leads to an increase in visible light absorption, which may be

attributed to the introduction of localized N 2p states, caused by atomic
β-N, within the band gap. The reduction of the ZnO bandgap post N
doping can similarly be explained by visiting previous literature. Reddy
et al. [37] reported that extensive plasma exposures increase the
amount of nitrogen implanted in ZnO nanorods, with the incorporation
occurring in two ways, namely by interstitial and substitutional doping.
During interstitial doping, the nitrogen atoms neutralize the defect
states present on the surface of ZnO materials, whereas in substitutional
doping, nitrogen impurities generate interstitial defects by replacing
oxygen atoms. Khranovskyy et al. [38] report that, in general, the
electrical conductivity of ZnO is primarily dominated by electrons
generated from oxygen vacancies and zinc interstitial atoms. Various
studies report that the conductivity of different types of semiconductors
[39–42] reduces upon interstitial incorporation of nitrogen atoms in the
lattice, diminishing the existing defect states due to passivation and
subsequently minimizing the density of charge carriers. As such, the
defects related absorption peak intensity strongly reduces in optical
studies and may be accompanied by a decrease in band gap of ZnO
since ∝E ng i

2
3 , where ni is the electron carrier density of an intrinsic

semiconductor; this is also evident in Fig. 4(d). Extensive literature on
the structural and optical effects of nitrogen plasma treatment on ZnO
nanowire arrays are not readily available. Of the few studies published,
Chantarat et al. [43], reported that nitrogen plasma treatment of both
ZnO NWs and nanotubes causes insignificant structural damage in ei-
ther structure, and noticed a reduction of the emission intensity of the

Fig. 3. GIXRD patterns of (a) TiO2 and (b) ZnO NW arrays before and after N2 plasma treatment; Williamson-Hall data of (c) TiO2 and (d) ZnO NW arrays before and
after N2 plasma treatment.
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deep-level donor band; this was attributed to the passivation of the
surface defects, mainly oxygen vacancies, of ZnO. Elsewhere, Lin et al.
[44], reported that the broad emissions associated with intrinsic defects
in ZnO NRs tend to disappear upon plasma treatment in NH3 environ-
ments for 180 s, which indicates that the native defects or impurities
contributing to visible transition can be greatly reduced by NH3 plasma.
However, it was observed that extensive plasma treatment can give rise
to etching damage to the NR surface and results in the reduction of UV
emission. These studies unanimously show that the nitrogen is in-
troduced as a p-type dopant in the ZnO lattice during plasma treatment
in a nitrogen rich environment. The dopants passivate the dangling
Zn—O bonds that causes oxygen vacancies, thereby slightly reducing
the electron charge transport in the structure. This is accompanied by a
slight decrease in the optical bandgap, but more importantly a lowering
of the conduction band minimum (Ec), which is especially important for
heterojunction photovoltaic cell application, where any reduction in Ec
is beneficial to the band alignment with the P3HT:PCBM blends. A final
advantage of the nitrogen plasma treatment, as shown in the SEM mi-
crographs of Fig. 2, extensive treatment leads to an etching effect, in
accordance with [44], subsequently leading to lower areal density of
NWs and improvement of light transmission through the nanowire
array.

Fig. 5 (a, b) and (c, d) shows top and side-view SEM images of glass/
FTO/ZnO NWs/P3HT:PCBM (1:1) and glass/FTO/N-ZnO NWs/
P3HT:PCBM (1:1), respectively whereas Fig. 5 (e, f) and (g, h) shows

the SEM images of glass/FTO/TiO2 NWs/P3HT:PCBM and glass/FTO/
N-TiO2 NWs/P3HT:PCBM (1:1), respectively. A clear distinction was
observed between the untreated and treated samples of both TiO2 and
ZnO in that an increased contrast is observed as result of the N2

treatment of P3HT:PCBM 1:1 sample on both ZnO and TiO2 top images,
as a result of the dissociation of the weak, electrostatic Van Der Waals
forces on the areal density of NWs at the top, forming a less dense NW
array. The cross-sectional SEM micrographs show the NW orientation is
distorted after N2 treatment for ZnO NWs, while the TiO2 NWs remain
vertically aligned to substrate, but with a lower areal density; both are
recommended for photovoltaic material deposition.

HR-TEM, in combination with STEM, EDX and EELS were used to
probe the internal structure, as well as the bonding and elemental
concentration, as well as distribution of the N2 treated TiO2 and ZnO, as
shown in Fig. 6. The analysis shows that each individual TiO2 nanowire
observed in the SEM consists of bundles of smaller nanowires (so-called
fingers) having diameters ranging between of 10 and 20 nm; this is
shown by the in-set of Fig. 6(a) and is consistent with the structures
reported by Wisnet et al. [45]. In contrast, the ZnO structures primarily
consist of a single structure, with a sharp, hexagonally-shaped tip, with
a diameter range as determined from the SEM micrographs of Fig. 2;
once more these are consistent with that reported previously [e.g. 46].
A study of the TiO2 L3,2 edge in the EELS spectra of Fig. 6(c) shows that
the ratio of the L3 (on the lower energy side of the spectrum) to L2
(generally referred to as white-lines) changes upon the exposure of the

Fig. 4. UV–vis transmittance plots of untreated versus N2 plasma treated (a) TiO2 and (b) ZnO NWs films; Tauc plots comparing the untreated and N2 plasma treated
structures of (c) TiO2 and (d) ZnO.
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nanowires to the N2 plasma. At closer inspection, this change in ratio is
found to be due to a change in the splitting of the L3 and L2 white-lines
into respective t2g and eg sub-bands as a result of the common crystal
field splitting associated with TiO2 polymorphs [47,48]. From Fig. 6(c)
it is found that the intensity ratio of the t2g (on the low energy side of
the respective L3 and L2 white-lines) to eg sub-bands increases upon N2

exposure for both the L3 and L2 peaks (red curve) as compared to as-
synthesized TiO2 structures (black curve). This change is indicative of
the change in Ti-O P42/mnm space group symmetry of rutile caused by
the introduction of N impurity atoms in the lattice of the metal-oxide.
This change in lineshape, caused by the introduction of N, resembles
that of other TixOy oxides, as reported previously [49]; in this case,
however, the redistribution of the oxygen in the lattice by the N leads to
the formation a Ti—N bond, thereby causing the change in symmetry.
The STEM-coupled EDS spectral image (STEM-SI) collected of a single
TiO2 nanowire is shown in Fig. 6(g) and the extracted elemental maps
of Ti, O and N shown in color; from these the distribution of nitrogen
throughout the TiO2 lattice is clearly observed (green color map).

In the case of the Zn L3,2 of Fig. 6(f), the crystal field splitting leads
to a sharp distinction of the L3 and L2 edges, post N2 plasma treatment
(red curve) compared to that found for the as-synthesized ZnO. The Zn
L3,2 edge characteristically does not split into distinct L3 and L2 white-
lines, as in the case of TiO2 [46,50], and as such the presence of the
sharp L2 line at 1043 eV, is very peculiar and once more evidence that
the highly kinetic N infiltrates the ZnO lattice, causing a change in the
local symmetry of the Zn metal by substitutional replacement of the
oxygen in the lattice. Once more, the STEM-SI map of Fig. 6(h) shows
the distribution of nitrogen (green map) throughout the ZnO lattice.
Elemental quantification from EELS reveals that individual nanowires
of TiO2 are doped with 0.41 at% of N 100 atoms of Ti, O and N,
equating to an atomic areal density of 1.86 × 1011 atoms/nm2, whereas
ZnO shows a N doping concentration of 0.62 at% N per 100 atoms of
Zn, O and N or an areal density of 2.81 × 1011 atoms/nm2. This result
is in agreement with Koslowski et al. [51], who reported that although
an incorporation of N cannot be ruled out completely due to the EELS
detection limit of around 1%, the noticeable increase in electrical
properties of ZnO thin films even at low nitrogen doping levels can only
be ascribed to the incorporation of the N in the ZnO lattice.

Fig. 7(a) compares the PL of films of pure P3HT and P3HT:PCBM
blended in 1:1 and 1:5 volume ratios, spin-coated on an FTO substrate,
without the addition of an electron transport layer. As shown, in the
absence of an ETL, minimal quenching of the main luminescence peak
at ∼ 650 nm occurs. In contrast, in Fig. 7(b) an N-ZnO compact layer is
added to the film arrangements of Fig. 7(a) and it becomes immediately
clear that exciton dissociation occurs as evidenced by the quenching of
the major PL peak. When two different materials are combined, i.e.

P3HT:PCBM [n-type, p-type] the intensity of the PL of the pristine
materials (i.e. P3HT) drops abruptly, due to the quenching behavior of
the blended mixture. This occurs due to electron transfer between the
P3HT-donor and PCBM-acceptor. The drop in intensity may also be as a
result of defect states present in the blended materials, which results in
non-radiative recombination.

Good charge separation occurs as electrons generated in conduction
band of P3HT donors are completely extracted by the acceptor PCBM,
these in-turn increases the charge separation and quenching intensity
[52]. Fig. 7(c) shows progressive improvement in the PL quenching of
the photoactive layer, meaning the electrons and holes are effectively
separated, as preferred for PV use. Similar behavior was found for N-
TiO2 films as well as for the as synthesized NW films (not shown in the
manuscript for conciseness). The PL spectrum peaks reported are si-
milar to the results reported in [52–55], while Omar et al. [56] reported
that these peaks originate from recombination of electron–hole (e–h)
pairs, localized within small sp2 carbon clusters embedded within sp3

matrix and agglomeration phenomena. The results of Fig. 7 show that
the plasma treated layers are suitable for application in polymer solar
cell devices.

4. Conclusions

In this study the optical properties of vertically-aligned arrays of
rutile TiO2 and Wurzite ZnO nanowires were modified by the in-
troduction of N into the respective metal-oxide host lattices, during
exposure to a radio-frequency generated nitrogen plasma at a high
operating power. It was found that the nitrogen doping reduces the
bandgaps of both TiO2 and ZnO, as a result of the introduction of lo-
calized N 2p states close to the metal-oxide valence caused by a β-N
bonding arrangement. Moreover, it was found that the changes are
caused by N doping levels of less than 1 at% in individual TiO2 and ZnO
nanowires, which changes the crystal field splitting of both Ti L3,2 and
Zn L3,2 edges as measured by EELS. Upon application of these structures
in P3HT:PCBM polymer blends the photoluminescence quenching of
the photoactive layer is significantly improved for both as-prepared and
nitrogen-doped nanowires, thus making it an interesting and promising
architecture for overall device efficiency improvement.
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