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We report on the growth of p-type ZnO thin films with improved stability on various substrates and study the
photoconductive property of the p-type ZnO films. The nitrogen doped ZnO (N:ZnO) thin filmswere grown on
Si, quartz and alumina substrates by radio frequency magnetron sputtering followed by thermal annealing.
Structural studies show that the N:ZnO films possess high crystallinity with c-axis orientation. The as-
grown films possess higher lattice constants compared to the undoped films. Besides the high crystallinity,
the Raman spectra show clear evidence of nitrogen incorporation in the doped ZnO lattice. A strong UV
photoluminescence emission at ~380 nm is observed from all the N:ZnO thin films. Prior to post-deposition
annealing, p-type conductivity was found to be unstable at room temperature. Post-growth annealing of
N:ZnO film on Si substrate shows a relatively stable p-type ZnO with room temperature resistivity of
0.2 Ω cm, Hall mobility of 58 cm2/V s and hole concentration of 1.95×1017 cm−3. A homo-junction p–n
diode fabricated on the annealed p-type ZnO layer showed rectification behavior in the current–voltage char-
acteristics demonstrating the p-type conduction of the doped layer. Doped ZnO films (annealed) show more
than two orders of magnitude enhancement in the photoconductivity as compared to that of the undoped
film. The transient photoconductivity measurement with UV light illumination on the doped ZnO film
shows a slow photoresponse with bi-exponential growth and bi-exponential decay behaviors. Mechanism
of improved photoconductivity and slow photoresponse is discussed based on high mobility of carriers and
photodesorption of oxygen molecules in the N:ZnO film, respectively.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

ZnO has attractedmuch attention as a promisingmaterial for the ul-
traviolet light emitting diodes and lasers because of its wide band gap
of 3.37 eV, large excitation binding energy (60 meV) and high optical
gain (320 cm−1) at room temperature [1,2]. For the device fabrication,
both n-type and p-type ZnO are essential. However, the as-grown ZnO
film grown by different techniques usually show n-type behavior due
to intrinsic defects. Moreover, high quality n-type ZnO can be obtained
by dopingwith group III elements such as Ga, Al and In [3–5]. Themajor
hurdle for the development of ZnO-based optoelectronic devices is the
lack of good and reproducible p-type conduction [6]. And also it is
observed that p-type conduction is very unstable even at room temper-
ature and easily converts to n-type conduction during storage [7–9]. The
p-type doping in ZnO is difficult due to various reasons, such as deep ac-
ceptor level, low solubility of acceptor dopant and native donor defects
like zinc interstitial (Zni) and oxygen vacancy (Vo) [10–14]. Different
sources, such as phosphorus, N2, NO, N2O, NH3, arsenic had been used
to prepare p-type ZnO by N doping [6,12,15–18]. However, the results
rights reserved.
are controversial, as some groups reported only n-type conductivity in
N:ZnO [13], while a few other groups reported p-type conduction in
N:ZnO [14,19,20]. Moreover, most of the p-type N:ZnO films have low
carrier mobility and are not stable. For example, it was reported that
p-type N:ZnO reverted to n-type N:ZnO in a period of several days
after deposition [19]. Further, a few groups reported instability of p-
type conduction in the dark and its gradual transformation to n-type.
However, as the n-type N:ZnO was irradiated with sunlight for a few
minutes, it reverted back to p-type in the dark as well as in the light
[20]. There have been attempts to utilize co-doping process to enhance
its stability. The p-type films grown by co-doping process using N2 and
tellurium show enhanced electrical and optical properties, but it fails
to remain p-type for long time [21]. Interestingly, a recent theoretical
study [22] concludes that nitrogen is a deep acceptor in ZnO and it
cannot lead to the hole conductivity. However, it contradicts several
experimental results and does not consider the possibility of defect
complex formation that may give rise to p-type conductivity [23,24].
Through first-principles density-functional theory calculations, Duan
et al. [23] shows that the valence band maximum characteristic
of ZnO can be altered by compensated donor-acceptor pairs, thus im-
proving the p-type dopability. Therefore, it is necessary to investigate
the mechanism/origin of hole conductivity in the p-type ZnO films in
order to achieve a stable and reproducible p-type doping. While there
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Fig. 1. XRD pattern of the N:ZnO thin films grown on: (a) Si, (b) quartz and (c) alumina
substrates. The strong (002) peak indicates prefered c-axis orientation and high crys-
tallinity of the doped ZnO films. The indicated 2θ value in each case corresponds to
(002) peak position. The XRD peaks marked with asterisk (*) indicate contribution
from alumina substrate.
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have been extensive studies on the electrical conductivity of N:ZnO
films, there are very few studies on the UV photoconductivity (PC) of
p-type ZnO. Further, the reported conductivity values are often very
low [21,25]. Hence, there is a growing need to understand the origin
of enhanced PC in p-type ZnO films for the fabrication of photodetec-
tors. Doped ZnO film with high photoconductive response is highly
desirable for the design of efficient photodetectors.

In this work, we attempt to prepare a stable p-type ZnO film on
Si(100), alumina and quartz substrates by nitrogen doping using radio
frequency (RF) sputter deposition. The electrical conductivity of the
film was measured by Hall effect, p–n junction formation and Seebeck
voltage measurements and its stability was studied as a function of
time and post-deposition annealing temperature. The structure, quality
and optical properties of the undoped and doped ZnO films were char-
acterized by various structural and optical tools. We further studied
the photoconductive properties of the p-type N:ZnO films and discuss
about the origin of enhanced PC and stability of the doped ZnO films.

2. Experimental details

The N:ZnO thin films were grown on three different substrates:
Si(100), alumina and quartz using RF magnetron sputtering. An
undoped ZnO target (99.999% purity, Kurt J. Lesker) was used as
the ZnO source. For p-type doping, a mixture of high purity N2 and Ar
gas at a ratio of 1:4 was inserted during sputter deposition. Before the
deposition, all the substrates were cleaned in trichloro-ethylene,
acetone and methanol under ultrasonic bath for 15 min each and each
time substrates were washed with de-ionized water. Finally, these
were cleaned with dilute hydrofluoric acid to remove the native oxide
layer followed by rinsingwith de-ionizedwater and drying under nitro-
gen gas flow. Sputtering was carried out at a RF power of 120W for
60 min at a chamber pressure of 0.8 Pa at room temperature. In this pro-
cess, ~1 μm thickfilmswere grown on the substrate. To compare the re-
sults of the N:ZnO films with the undoped one, undoped ZnO film was
prepared under similar condition without N2 gas flow during sputter-
ing. Post deposition annealing was carried out at 500 °C for 1 h. To
study about the reproducibility of the p-type conductivity, another set
of three N:ZnO thin films were grown on Si, quartz and alumina sub-
strates by keeping the same experimental conditions. The structure
and morphology of the as-deposited and annealed films were studied
by X-ray diffraction using Cu Kα X-ray radiation in 3° grazing angle
(XRD, D8 Advance, Bruker), scanning electron microscopy (SEM, Leo
1430VP, Carl Zeiss) at 10 kV operating voltage with energy dispersive
X-ray spectroscopy (EDX) and atomic force microscopy (AFM, Model
5500, Agilent Technologies) in the contact mode using a silicon nitride
tip. Micro-Raman spectra of the films were measured in backscattering
geometry using a 632 nm laser and a liquid nitrogen cooled charge
coupled device detector (LabRAM HR-800, Jobin Yvon). The optical
properties of the films were studied by photoluminescence (PL) (FS
920P, Edinburg) and UV–vis (3000pc, Shimadzu) spectrometer. The
325 nm laser excitation from a He–Cd laser was used for PL measure-
ment at room temperature. Electrical properties were studied using
standard four probe, Hall effect and Seebeck voltage measurement sys-
tems. The photocurrent and photoresponse were measured using a
picoammeter (Keithley,Model 6487) under the illumination of amono-
chromated UV light (wavelength 360 nm) from a 150W xenon lamp.
The UV light is tightly focused onto the sample making sure that only
the region between the two electrodes is fully illuminated.

3. Results and discussion

3.1. Structural studies

The structural characterization of the N:ZnO films was done by
X-ray diffraction measurements, which are shown in Fig. 1. The XRD
patterns show high crystallinity and c-axis orientation of hexagonal
ZnO phase. The N:ZnO films grown on Si and quartz substrates show
better crystallinity compared to the film grown on the alumina sub-
strate. The additional peaks (marked with *) in Fig. 1(c) are related
to the XRD peaks of alumina substrate (Al2O3). No other phases (e.g.
Zn3N2 or AlN) are detected in the XRD spectra, implying that nitrogen
concentration in the N:ZnO films is below the solubility limit ruling
out the possibility of Zn3N2 phase formation, as ZnO–Zn3N2 interface
is the another source of p-type conductivity in the materials that are
actually n-type [26]. The N:ZnO film grown on the alumina substrate
does not show any preferential orientation due to larger lattice
mismatch. The XRD peak positions (2θ values) of the N:ZnO films are
found to be lower than that of the unstrained ZnO. The calculated
lattice constants are c=5.223–5.269 Å and a=3.260–3.288 Å for the
as-deposited N:ZnO films. These are larger than that of pure ZnO
lattice (c=5.206 Å and a=3.249 Å) and the undoped ZnO film
(c=5.218 Å and a=3.256 Å). The larger lattice constants can be
attributed to internal tensile stress due to N atom incorporation in
the ZnO lattice [27]. The average grain sizes of the N:ZnO films are
calculated using Scherrer's equation [28]. The calculated grain sizes
are 68, 67 and 12 nm for quartz, Si and alumina substrates, respec-
tively. After post-growth annealing at 500 °C, the N:ZnO films show
enhanced intensity of XRD peaks along with an increase in grain
size, as expected. In the annealed films, the XRD peak moves (~0.08–
0.23°) closer to the peak position of unstrained ZnO indicating a par-
tial relaxation of strain. Therefore, after the annealing the structural
quality of the N:ZnO films are enhanced and defects states are possibly
reduced.

Since the PC of a semiconductor is usually controlled by surface
effects [29], the surface morphologies of N:ZnO films were character-
ized by SEM and AFM analysis to understand the observed enhance-
ment in PC. Fig. 2(a–c) show the surface morphology of the
undoped, doped and annealed doped ZnO thin films grown on the
Si substrate, respectively. It shows the formation of nanometer size
grains in the films with varying sizes. The N:ZnO films show larger
grain size compared to the undoped film. The measured grain size
of the N:ZnO films varies from 112 to 500 nm. During annealing
N:ZnO thin films recrystallized and forms a smooth surface with
faint grain boundaries. Fig. 2(d–e) show the AFM surface topography
images of the as-deposited and annealed N:ZnO films, respectively.
The pebble like nanostructure formation is observed from all the
films grown on different substrates. The measured root means square



Fig. 2. The SEM images of the: (a) undoped, (b) N-doped and (c) annealed N-doped ZnO thin films grown on Si substrates. Inset of 2(c) shows the EDX data of the corresponding
film. (d–e) AFM topography of the as-deposited and annealed doped films, respectively.
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(rms) roughness is ~61.8 nm and ~40.5 nm for the as-deposited and
annealed films grown on Si substrate. The reduction in rms roughness
after annealing indicates the formation of smoother surface with
better crystallinity of the film. The obtained smooth surface confirms
the reduction in grain boundary in the annealed thin film. The nitro-
gen doping in the N:ZnO films are confirmed by EDX analysis.
The EDX data of the annealed N:ZnO film grown on Si is shown in
Fig. 2(c) as inset. According to normalized EDX elemental analysis,
obtained elemental contents are Zn (49.8 at.%), O (48.8 at.%) and
N(1.4 at.%). The EDX data of the N:ZnO films grown on quartz and
alumina substrates show the presence of N. In general, it has been
seen that the as-deposited undoped ZnO thin film is colorless while
in this case the as-deposited N:ZnO films are yellow-orange colored,
which further supports the incorporation of nitrogen atoms inside
the ZnO lattice.

The nitrogen incorporation in the ZnO lattice and quality of the
N:ZnO films were further studied by micro-Raman analysis. Fig. 3
shows the Raman spectra of the N:ZnO films grown on the Si and
quartz substrates, respectively. The Raman spectra show characteris-
tic Raman modes of hexagonal ZnO, indicating good crystallinity of the
N:ZnO films. The Raman peaks at 438 cm−1 and 580 cm−1 correspond
Fig. 3.Micro-Raman spectra of the p-type N:ZnO thin films grown on the (a) quartz and
(b) Si substrate, respectively. (c) Micro-Raman spectrum of the undoped ZnO film.
to E2
high and A1

LO modes of hexagonal ZnO, respectively. The additional
Ramanmodes at 275, 510 and 643 cm−1 correspond to the local vibra-
tional modes of nitrogen [30]. Kaschner et al. [20] reported that the
intensity of 275 cm–1 mode strongly increases with the nitrogen con-
centration in N:ZnO films grown by chemical vapor depositionmethod.
From the relative intensity of 275 cm–1 band in N:ZnO film on quartz
and Si substrates, it appears that nitrogen incorporation is higher in
case of N:ZnO on quartz substrate. However, in case of Si substrate the
nitrogen incorporation may be optimum for activation of dopants and
this gives rise to enhanced electrical conductivity, as discussed later.
Therefore, our Raman studies confirm nitrogen incorporation and pres-
ence Zn\N bond in the N:ZnO films. For comparison, the Raman spec-
trum of the undoped ZnO film is also shown in Fig. 3. The observed
strong E2

high mode in undoped film indicates the presence of sufficient
oxygen molecules in the ZnO, as the above mode is associated with
the vibration of oxygen molecules. On the other hand, in N:ZnO films
A1
LO mode is stronger than the E2

high mode, which indicates a high den-
sity of oxygen vacancy or zinc interstitials. It is likely that an interplay
between these intrinsic defects and nitrogen related acceptors states
have influence on the overall p-type behavior of the N:ZnO films.

3.2. Electrical characterization

For the electrical characterization, the N:ZnO films were cut into
square shaped pieces. In the Hall measurement system, the tip of the
four contacts were placed near the edge of each side of the square
shaped N:ZnO film [31,32]. The Hall effect measurement of the as-
deposited N:ZnO films show positive Hall coefficients (32–43 cm3/C),
which implies a p-type conduction in the as-deposited N:ZnO film.
The electrical parameters of the as-deposited N:ZnO films calculated
from four probe resistivity and Hall measurements are summarized
in Table 1. The N:ZnO film grown on the Si substrate shows lowest
electrical resistivity, highest carrier concentration and mobility of
0.2Ω.cm, 1.95×1017 cm−3 and 58 cm2/V.s, respectively. Our results
Table 1
Electrical parameters of the as-deposited N:ZnO films grown on different substrates.

Substrate Resistivity
(Ω cm)

Hall mobility
(cm2/V s)

Carrier concentration
(cm−3)

Carrier
type

Si 0.202±0.003 58±3.1 1.95×1017 p
Quartz 190.0±8.9 0.22±0.010 1.50×1017 p
Alumina 200.0±12.3 0.21±0.013 1.45×1017 p

image of Fig.�2
image of Fig.�3
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are similar to the previous reports on p-type N:ZnO thin films grown
by different methods [8,14,19,33]. However in the present case, the
carrier mobility is relatively high compared to the previously reported
values. Note that this mobility value is lower than that reported by
Tsukazaki et al. [34] for the high quality single crystal N:ZnO epilayers
grown on a lattice-matched substrate in ultra high vacuum. In case of
N:ZnO films grown on the quartz and alumina substrates, relatively
higher resistivity (~200Ω.cm) and lower mobility (~0.2 cm2/V) are
obtained. This may be due to lower crystallinity of the N:ZnO films
grown on alumina and quartz substrates. Details of the resistivity,
Hall mobility, carrier concentration and carrier type of the as-
deposited films are presented in Table 1. Here, we have used a simple
approach to obtain nitrogen doping in the ZnO thin films. Although N2

is usually an n-type dopant, we observed a p-type conductivity due to
ionization of nitrogen molecules during sputtering. The ionized nitro-
gen atoms, which are present on the O sites in the ZnO lattice possibly
act as a shallow acceptors resulting in p-type conduction. Although,
achieving a stable p-type conductivity in N:ZnO film is very difficult,
in our case Hall measurements were repeated several times on differ-
ent samples that show the p-type behavior. Previously Ohgaki et al.
[35] experimentally showed that non-uniform film and improper elec-
trode position can yield wrong carrier type from Hall measurement.
Latter, proper contact positions were found out by Bierwagen et al.
[32] using finite-element analysis of the sample electrostatic potential
distribution. They showed that if the contacts of a square-shaped sam-
ple are placed in the corners/edge, the measured carrier type will be
correct even in the case of macroscopically inhomogeneous carrier
concentrations and/or mobilities. Keeping this in mind, Hall measure-
ments were performed by placing the tip of the four contacts on the
edge of each side of the square shaped films. The Hall measurements
were repeated over several times by interchanging the contact posi-
tions yielding identical results. To study the reproducibility of p-type
conduction behavior, the next set of N:ZnO films which were grown
later were characterized by four probe and Hall measurements. The
obtained Hall coefficients are positive (30–38 cm3/C), which indicates
the p-type conduction behavior of the second set films. Therefore, we
are getting reproducible p-type conduction behavior from the nitrogen
doped ZnO thin films.

To further confirm the p-type conductivity of the as-deposited
films, Seebeck voltage measurement was carried out by generating
a temperature gradient between two needle probes, one at room
temperature and other at higher temperature. The thermo voltage
was measured by making pressure contact with the needle probe on
the sample. Here p-type hot end was connected to the positive termi-
nal and cold end was connected to the negative terminal of the
voltmeter. This measurement was repeated by placing the probe on
different positions on the film and an average value is taken. The
Seebeck voltage measurement shows negative thermo voltage. The
negative sign of thermo voltage confirmed the p-type conductivity
of the as-deposited films on different substrates [36].

In order to understand the room temperature stability of p-type
conduction, electrical measurements on all the three samples were
performed again after 30 days. Interestingly, it is found that all the
N:ZnO films were reverted back to weak n-type conductivity. This
type of instability in the p-type N:ZnO film has been reported earlier
[19,20] and is explained on the basis of relaxation of lattice constants
and hydrogen generated donors in the films. Either water moisture or
other ambient impurities could supply hydrogen and thus be respon-
sible for the observed alteration of the conductivity type. In order to
achieve a more stable p-type conductivity, the n-type N:ZnO films
were annealed at 500 °C for one hour in air ambient. Interestingly,
all the annealed N:ZnO thin films show strong p-type conductivity,
as seen from Seebeck voltage measurement. The p-type conductivity
of the annealed films is retained even after sixteenth months, though
the measured Seebeck voltage is reduced to half of the voltage mea-
sured earlier. It is reported that present of interfacial defects may be
responsible for the apparent p-type conductivity in the N:ZnO films
[10]. It is also considered that the hydrogen or any other impurities
diffusion leads to an increase in donor density resulting a compensa-
tion of acceptors in the N:ZnO films. As the as-deposited N:ZnO films
contain interface defects and high density of grain boundaries, which
possibly increases the diffusion of impurities along the grain bound-
aries and interface defects. As a result, the p-type conductivity de-
grades with time and we obtained n-type conductivity after 30 days.
During annealing, moisture or other ambient impurities are evapo-
rated and hydrogen generated donors are removed from the film.
Due to removal of the donors, p-type conductivity with improved sta-
bility is obtained. The characterizations of the annealed films show im-
provement in the morphology, structural quality and reduction in
interface defects. Due to the reduction in interface defects and grain
boundaries, the annealed film opposed the re-adsorption and diffusion
of hydrogen or any other impurities to a better extent than the as-
deposited film and maintained the p-type conductivity for prolonged
duration. Note that the time scale for change in conductivity is very
large here compared to the earlier reports. However, prolonged expo-
sure to moisture can degrade the conductivity of the film and storage
in vacuum chamber is essential to retain the p-type conductivity of
these films. We have found that in the annealed film, the p-type con-
ductivity is retained even after 20 months, as demonstrated by the fab-
rication of a homo-junction p–n diode on the p-ZnO film. Note that the
present results show only an improved stability of p-type conduction in
doped ZnO film, though it is not highly stable. We believe that nitrogen
doping induces point defects in the ZnO crystal lattice and these defects
along with possible trace impurities in the ZnO form defect complexes
that effectively gives rise to p-type conductivity. For example, it has
been reported that donor-acceptor pair can compensate the donor in
ZnO and improve the p-type dopability in N-doped ZnO [23]. The lack
of very long term stability in these films strongly hints the involvement
of defect complexes in the observed p-type conductivity. Since the Si
substrate used was n-type doped, possibility of p-type conductivity
arising from substrate is ruled out. Further, if the substrate has any con-
tribution to the observed p-type conductivity in doped ZnO, the type
conversion observed in as-deposited film cannot be justified. Similarly,
change of Sebeck voltage in annealed film after 20 months strongly
points to the fact that the observed conductivity is intrinsic to the
doped film, rather than the substrate.

Finally, to check the device performance of the annealed p-type
ZnO layer, a homo-junction p–n diode was fabricated by depositing a
thin n-type ZnO layer on the annealed p-type layer. The n-type ZnO
layer was grown by sputter deposition in Ar atmosphere, without
the use of nitrogen gas during the growth. The electrical contact was
made by depositing silver paste on both the layers (diameter of the
contact area ~1 mm) and one additional contact on the p-type layer
and subsequent heat treatment at 500 °C for 10 min. Inset of Fig. 4
shows the schematic of the device structure and the corresponding
current–voltage (I–V) characteristic of the p-type layer only. The I–V
characteristic of the p-type layer shows nearly linear current–voltage
characteristic, which indicates the formation of good Ohmic contacts
after the heat treatment at 500 °C for 10 min. The I–V characteristic
of the homo-junction diode is shown in Fig. 4 that demonstrates a
typical rectification behavior of the junction diode with a threshold
voltage 2.0 V. This rectification behavior confirms the p-type conduc-
tivity of the N:ZnO layer. Similar I–V characteristics of homo-junction
diode have also been reported by several groups using p-type N:ZnO
layer [34,37]. Thus, the p–n junction characteristic clearly demon-
strates that the annealed N:ZnO films are indeed p-type without
experimental artifacts.

3.3. Optical absorption and PL studies

In order to study the optical absorption characteristics of the
N:ZnO films, UV–vis absorption measurements were carried out for



Fig. 4. Current–voltage (I–V) characteristic of the ZnO based homo-junction p–n diode
made on the annealed N:ZnO film. Insets show the schematic of the fabricated device
and I–V curve of the p-type layer only by making one additional contact on the N:ZnO
film.

Fig. 6. Room temperature PL spectra of the as-deposited N:ZnO thin films grown on
(a) Si and (b) alumina substrates. (c) and (d) show the PL spectra of corresponding
annealed samples, respectively.
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as-deposited and annealed films. Fig. 5(a) shows the optical absorp-
tion spectra of the N:ZnO film grown on the quartz substrate, which
show a sharp peak at 368 nm. Fig. 5(b) shows the transmittance of
the above film which lies in the range 61–64% for the wavelength
region of 400–800 nm. This indicates a high optical transparency of
the doped film in the visible region, which is of crucial importance
for optoelectronic applications. The band gap of the N:ZnO film is
calculated from the linear fit to the linear portion of the (αhν)2 vs.
hν plot, and is shown in Fig. 5(c). The calculated band gap is
3.24 eV, which is smaller than the band gap of the pure undoped
ZnO (3.37 eV). This band gap narrowing is due to the incorporation
of the N atoms inside the ZnO lattice [33]. The annealed N:ZnO film
shows a slight increase in band gap with a band gap of 3.26 eV due
to the recrystallization and relaxation of tensile stress. Our results
are consistent with the earlier reports [38,39].

The room temperature PL spectra of the N:ZnO films show strong
and sharp near bandedge UV emission at ~378 nm, as shown in Fig. 6.
Besides the UV peak, a broad green emission band is observed from
all the films. The green emission band can be deconvoluted into two
Gaussian peaks. For the thin film grown on the Si substrate, the ob-
served green emission bands are at 500 nm and 580 nm [Fig. 6(a)].
Fig. 5. (a) Optical absorption, and (b) transmittance spectra of as-deposited N:ZnO thin
film grown on quartz substrate. (c) and (d) show the plot of (αhν)2 against the photon
energy hν to calculate the bandgap energy for the as-deposited and annealed N:ZnO
film, respectively. Annealed thin film shows higher band gap.
The preceding one is possibly due to emission from the oxygen vacan-
cy states and later one corresponds to the intrinsic defect states in
ZnO [40,41]. It has been suggested that zinc vacancies are also a pos-
sible source of the often observed green luminescence in ZnO [42]. As
the sputtering was carried out without any additional flow of oxygen
gas, possible formation of oxygen vacancy states on the surface of the
N:ZnO films are expected. In contrast, zinc vacancies are deep accep-
tors and have high formation energies under p-type conditions [42].
Therefore, there is a strong possibility of formation of oxygen vacancy
states in the N:ZnO thin films. Under the UV excitation, the oxygen
vacancies result in green emission due to an excited-to-ground state
transition [10,40]. Leiter et al.[43] have identified that oxygen vacan-
cy as the defect responsible for the structure independent green
emission band in ZnO, and demonstrated striking similarities of this
defect to the anion vacancy in other ionic host crystals: BaO, SrO,
CaO, and MgO. After the post-deposition annealing, the 500 nm
and 580 nm components fully disappeared, which indicate that the
oxygen vacancy and intrinsic defect states are significantly reduced
after annealing. However, after annealing one new emission peak
appears at 547 nm that corresponds to the presence of interstitial ox-
ygen in ZnO [44]. During annealing the N:ZnO films are re-crystallized
and oxygen vacancy are compensated by absorbing oxygen atoms
from the air. The observed significant reduction in the 580 nm
peak confirms the reduction of intrinsic defect states during re-
crystallization. However absorption of more oxygen may cause
formation of interstitial oxygen, which results a peak at 547 nm. In
case of N:ZnO film on the alumina substrate, the intensity of the
green emission band is higher than the UV emission band as shown
in Fig. 6(b). After annealing, the intensity of the UV emission band
is considerably enhanced, while the green emission band is corre-
spondingly reduced. This implies that oxygen vacancies are still pre-
sent in the annealed film and it may need longer time annealing
to fully remove the associated defects. PL studies on as-deposited
and annealed samples show that intrinsic defects are present in
both cases and perhaps play a key role in the stability of the p-type
conductivity of the N:ZnO. Though the exact mechanism of relatively
stable p-type conduction in annealed N:ZnO films are not clear, it is
likely that the defect complexes involving nitrogen impurity and
oxygen/zinc interstitials may be responsible for the observed p-type
behavior [24].
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3.4. Photoconductivity studies

The PC of the N:ZnO film was measured by making contact on the
surface of the film at a fixed distance of 3 mm between the two elec-
trodes. A 200 μm thick aluminum wire was used for making electrical
contact using silver paste with contact area ~0.25 mm2. Since the
N:ZnO film grown on Si substrate shows high electrical conductivity,
it was chosen for PC studies. Fig. 7(a) shows the photocurrent-
voltage characteristic of the annealed N:ZnO film grown on the Si sub-
strate. The observed photocurrent increases linearly with the applied
voltage indicating an Ohmic contact on the film. The photocurrent
spectra [see Fig. 7(b)] measured at a bias voltage of 2 V show a sharp
peak at 380 nm due to the band-edge absorption and generation of
the photocarriers and two other peaks at 419 nm and 517 nm due to
the photocarriers released from the two ingap defect states. For com-
parison, photocurrent spectrum of the undoped ZnO film measured
with similar conditions is shown in Fig. 7(c), which shows similar
features with three peaks located at 379, 418 and 494 nm. Note that
the measured photocurrent in the annealed N:ZnO film is very high
compared to the undoped film. This is likely to be caused by the
large carrier concentration as measured from Hall effect and large
grain size as seen from the SEM and AFM images of the N:ZnO film.
A large surface area causes strong surface adsorption and higher PC.
It is found that for excitation at 380 nm the PC of the N:ZnO film is
enhanced by 335 times to that of the undoped ZnO film. This enhance-
ment is very high compared to the earlier reports [21,25]. In a recent
report, Liu et al. [45] shows the enhanced photoconduction from
ZnO nanowires (NWs) by L-lysine passivation on the surface of the
NWs. The L-lysine treatment suppressed the oxygen vacancy related
states on the surface of the NWs and as a result an enhanced PC is
observed. They also observed that NWs with fewer defects gain larger
enhancement of PC. In our case, high carrier (hole) density, high mo-
bility and presence of less defect states are believed to be responsible
for the observed enhanced PC in the doped ZnO film. For the undoped
ZnO film, the dark current is in the range of nA, but for the N:ZnO film
it is of μA range. The high dark current in the N:ZnO film is the result
of high carrier concentration and higher mobility. In our case, we
observed a reduction in oxygen vacancy related defect states in the
PL spectra after annealing the films. The reduction in defect density
Fig. 7. (a) Photocurrent versus voltage at an excitation wavelength of 360 nm, (b) pho-
tocurrent as a function of wavelength for the annealed N:ZnO film on Si substrate,
(c) Photocurrent spectra of the undoped ZnO film. (d) transient PC of the annealed
N:ZnO thin film. The transient data fits to a bi-exponential growth and a bi-
exponential decay. In each case, experimental data is shown with symbols and fitted
data are shown with solid lines.
is partly responsible for the enhanced photoconduction, because very
few photogenerated carriers can be trapped inside the defect states
and most of the carriers can contributed to the photocurrent.

The transient PC was measured with the excitation wavelength of
360 nm at a bias voltage of 2 V and the result is shown in Fig. 7(d).
The PC takes more than 10 min to reach themaximum value, indicating
a slow photo-response of the doped film. On the other hand, undoped
ZnO thin film show a relatively fast photoresponse, where PC reached
the maximum within a few seconds. Tansley and Neely [46] also ob-
served the similar slow photoresponse behavior as ours in vacuum.
Ghosh et al. [47] reported high UV photoresponse from Cu doped as
well as Cu–Li co-doped ZnO films. In the present case, the PC shows a
bi-exponential growth and a bi-exponential decay behavior. The
growth portion in the photoresponse curve is fitted with the equation,

σ tð Þ ¼ A1 1−e−t=τ1
� �

þ A2 1−e−t=τ2
� �

ð1Þ

where time constants are found to be τ1=18 s and τ2=285 s, indi-
cating a very rapid photocurrent growth followed by a very slow
growth process. The photoresponse of N:ZnO films consists of
two parts: a rapid process of photogeneration and recombination of
electron–hole pairs, and a slow process attributed to the surface
adsorption and photodesorption of oxygen molecules due to the pres-
ence of defect states within the bandgap [25,48]. Similarly, when the
UV light is turned off, the photocurrent show a rapid decay followed
by a slow decay. The decay part can be fitted with a bi-exponential
decay equation,

σ tð Þ ¼ σ0 þ A1e
−t=τ1 þ A2e

−t=τ2 ð2Þ

where the two relaxation time constants are calculated to be τ1=67 s
and τ2=680 s, respectively. In the literature, similar bi-exponential
decay behavior with time constants of several seconds has been
reported for the undoped ZnO thin film [49]. When the UV light is
off, i.e., during the decay process, the electron–hole recombination
dominates, which corresponds to the faster decay component; so
the conductivity decreases quickly at first. With the surface adsorption
again, the conductivity comes to the initial value very slowly. During
this process, chemisorbed oxygen species that act as a shallow trap-
ping level establish equilibrium with the charge carriers, resulting
in the slow photoresponse decay. Further, as revealed from the AFM
and XRD studies, there exist nanocrystalline grains in the doped ZnO
film and the carrier movement in such structures may be controlled
by intercrystallite depletion barriers due to the presence of ionized
adsorbates on nanocrystallite surfaces [46]. Surface rearrangement of
mutually repulsive ions is expected to be a slow process that may
give rise to such a slow photoresponse behavior as observed here.

4. Conclusions

In conclusion, we have achieved p-type conduction with improved
stability and an enhanced PC in nitrogen doped p-type ZnO thin film
grown by the RF sputtering method. The observed p-type conduction
is retained even after 20 months for the annealed films, while the as-
deposited films reverted back to n-type after a few days of growth.
The stability of the annealed p-type films are discussed on the basis
of morphology and structural improvement which possibly prevents
the diffusion of impurities. We achieved a very low resistivity and
a moderately high mobility p-type conduction in the N:ZnO film
grown on Si substrate. Rectifying behavior of the p–n homo-junction
formed on the doped ZnO film confirms the p-type conductivity
of the N:ZnO layer. The suitability in the application of the grown
p-type film is checked and found to be important for photodetection
applications. A slow photoresponse with bi-exponential growth and
decay behavior of the photocurrent is observed from the N:ZnO

image of Fig.�7
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film and it is ascribed to chemi-absorption of oxygen on the ZnO film
exposed to air.
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