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a  b  s  t  r  a  c  t

In  this  study,  N-doped  ZnO  thin films  were  fabricated  by oxidation  of ZnxNy films.  The  ZnxNy thin  films
were  deposited  on  glass  substrates  by pulsed  filtered  cathodic  vacuum  arc deposition  (PFCVAD)  using
metallic  zinc  wire  (99.999%)  as  a cathode  target  in  pure  nitrogen  plasma.  The  influence  of  oxidation
temperature,  on  the  electrical,  structural  and  optical  properties  of  N-doped  ZnO  films  was  investigated.
P-type  conduction  was  achieved  for  the  N-doped  ZnO obtained  at 450 ◦C  by oxidation  of  ZnxNy,  with
a  resistivity  of 16.1 � cm,  hole  concentration  of  2.03  ×  1016 cm−3 and  Hall  mobility  of  19  cm2/V s.  X-ray
photoelectron  spectroscopy  (XPS)  analysis  confirmed  the  incorporation  of  N  into  the  ZnO  films.  X-ray
diffraction  (XRD)  pattern  showed  that  the films  as-deposited  and  oxidized  at  350 ◦C were  amorphous.
However,  the  oxidized  films  in  air  atmosphere  at 450–550 ◦C  were  polycrystalline  without  preferential
orientation.  In  room  temperature  photoluminescence  (PL)  spectra,  an  ultraviolet  (UV)  peak  was  seen  for
eywords:
hin films
emiconductors
rystal structure
xidation

all the  samples.  In  addition,  a  broad  deep  level  emission  was  observed.
© 2011 Elsevier B.V. All rights reserved.
-ray diffraction

. Introduction

ZnO is a direct wide band-gap (Eg ∼ 3.37 eV) semiconducting
aterial, with a large exciton binding energy of 60 meV  and possess

ood transparency in the visible wavelength [1,2]. These properties
ake the ZnO an important semiconductor for various applications

n optoelectronic devices such as UV light-emitting diodes, laser
iodes and photodetectors [1,3]. To reach such goals, the fabrica-
ion of stable and reproducible n and p-type ZnO with excellent
lectrical and optical properties are very important [1,4,5].  n-type
nO is easily available with high quality by Al [6],  Ga [7] or In [8]
oping. However, the fabrication of p-type ZnO is difficult due to
he low solubility of the acceptor dopant, deep acceptor level and
elf-compensation effect involving native defects such as oxygen
acancies (Vo) and zinc interstitials (Zni), etc. [2,9,10].
In recent years, many works have been attempted to produce
-type ZnO films using various dopants. It has been suggested that
-type doping in ZnO can be achieved through substituting either

∗ Corresponding author. Tel.: +90 322 3386801; fax: +90 322 3386070.
E-mail address: hkavak@cu.edu.tr (H. Kavak).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.048
group I elements, such as Na [11], K [12] or Li [13] with Zn or group
V elements, such as N [10], P [14], As [5] or Sb [3] for oxygen. Fur-
thermore, Li–N [9] and Al–N [2] co-doped ZnO films have also been
studied to produce p-type ZnO.

ZnO thin films doped with group I or group V elements usually
exhibit low hole mobility and low hole concentration [4,10,11,15].
It is well known that nitrogen is the most promising candidate due
to small ionic size and low energy level of substitution (NO) [10,15].
However, there have been only very limited reports on the N-doped
p-type ZnO mainly due to the low doping efficiency and instability
of substitutional nitrogen molecule (N2) in the host ZnO. One of the
reasons for that behavior is the deactivation of NO to form compen-
satory nitrogen molecule (N2) in the host ZnO, in high temperature
annealing process, which is usually needed to activate acceptor in
N-doped ZnO. However, the formation of N2 molecule and key step
to prevent its formation are still uncertain [16,17].

Many thin film preparation techniques have been applied in
the synthesis of p-type ZnO films including a molecular beam epi-

taxy [18], metal organic chemical vapor deposition [4],  magnetron
sputtering [10], pulsed laser deposition [19], sol gel processing [2]
and so on. It is known that good quality dense carbon coatings are
produced by filtered cathodic vacuum arc (FCVA) technique. The

dx.doi.org/10.1016/j.jallcom.2011.06.048
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hkavak@cu.edu.tr
dx.doi.org/10.1016/j.jallcom.2011.06.048
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mpact energy of the depositing ions at the growth surface can be
eadily controlled using electric fields due to the 100% ionization
f the cathode materials in the plasma. Their high-energy plasma
lume ionizes most background gases. These features make the
CVA an ideal source for the production of metal oxides and nitrides
20]. In this study, we realized N-doped ZnO thin films by thermal
xidation of ZnxNy which was deposited by PFCVAD. The structural,
lectrical and optical properties of the thin films were characterized
s a function of oxidation temperature.

. Experimental procedures

Zinc nitride (ZnxNy) thin films were deposited on glass substrates (Corning 2947)
hrough PFCVAD system. Metallic zinc (1 mm in diameter and purity 99.999%) which
as  held in an alumina ceramic tube was employed as a cathode target. The depo-

ition chamber was  evacuated using a primary and a turbo molecular pump. The
etails of the deposition system were published in earlier studies [21]. In this study,
he  substrate temperature was kept at 25 ◦C. The glass substrates were cleaned
n  an ultrasonic bath with acetone for 20 min  at room temperature then washed
sing deionized water and finally dried by nitrogen blowing. The base pressure
f  the deposition chamber was ∼2.6 × 10−6 Torr and the working pressure was
.5  × 10−4 Torr. High purity (99.999% pure) nitrogen, which is produced by nitrogen
enerator were introduced into the chamber and controlled by multi gas controller.
uring the deposition, the nitrogen gas flow was fixed at 3.60 standard cubic cen-

imeters per minute. In the course of the deposition process, trigger voltage and arc
oltage were set to 20 kV and 580 V, respectively. All the films were deposited for 700
ulses and the thicknesses of the films which were evaluated from the transmittance
pectra according to the interference theory were about 200 nm.  After deposition,
he  films were oxidized at different temperatures for 1 h intervals in air.

The structural properties of the films were examined by XRD using a Rigaku

iniflex system with Cu K� radiation (� = 1.54059 ´̊A). XPS spectra was obtained
sing a UNISPECS ESCA system equipped with a Mg  K� radiation source of energy
alue of 1253.6 eV in a high vacuum system with a base pressure of about 10−7 Pa.
he  optical properties of the films were investigated by a double beam computer
ontrolled spectrophotometer (Perkin Elmer Lambda 2S) in the UV/VIS/NIR regions.
he  optical transmittance was recorded in the wavelength range of 300–1100 nm
ith 1 nm precision. The electrical properties of the films (resistivity, type of the

onductivity, carrier concentration and mobility) were determined by the Hall-effect
easurement system (HMS-3000), using the four-probe Van der Pauw technique.
MS-3000 system was  also employed to check the linearity of the contacts. All the
easurements were carried out at room temperature. In order to investigate the

uminescence properties of the samples, PL measurement was  performed at room
emperature using a He–Cd laser (325 nm,  30 mW)  as the excitation source.

. Results and discussion

.1. X-ray diffraction

XRD patterns of the as-deposited ZnxNy film and N-doped ZnO
lms obtained by oxidation of ZnxNy films between 350 and 550 ◦C
re shown in Fig. 1. XRD patterns of the as-deposited and oxi-
ized (1 h at 350 ◦C) samples did not display any well-defined
eaks suggesting that they were amorphous in nature. With the

ncrease of oxidation temperature from 350 to 550 ◦C, the diffrac-
ion peaks were observed at 2� = 32.49◦, 35.08◦, 36.91◦, 57.20◦

nd were attributed to (1 0 0), (0 0 2), (1 0 1) and (1 1 0) planes of
he hexagonal ZnO structure, respectively. The XRD patterns indi-
ate that N-doped ZnO films obtained after oxidation at 450 and
50 ◦C possessed a polycrystalline hexagonal wurtzite structure
ithout preferential orientation. When the oxidation temperature
as increased from 450 to 550 ◦C, a small decrease of the intensity

f the diffraction peak of the ZnO (1 0 0) was seen, while the inten-
ity of diffraction peak of the ZnO (1 1 0) increased. On the other
and, when the oxidation temperature was 450 ◦C, the diffraction
eak of the ZnO (1 0 1) was sharp and intense but, with a further

ncrease of oxidation temperature to 550 ◦C, the intensity of this
eak clearly decreased and the diffraction peak of the ZnO (0 0 2)
ecame sharper and more intense. The grain size can be evaluated

sing Scherrer’s formula.

 = 0.9�

 ̌ cos �
(1)
Fig. 1. The XRD spectra of the as-deposited ZnxNy film and N-doped ZnO films
obtained by oxidation of ZnxNy films between 350 and 550 ◦C.

where D is the grain size, � is the wavelength of the X-ray radi-
ation used,  ̌ is the full width at half maximum (FWHM) of the
diffraction peak, and � is the Bragg diffraction angle of the XRD
peak [22]. The grain size of the samples obtained by oxidation of
ZnxNy at various temperatures ranged between 9.75 and 36.37 nm.
The interplanar distance (dhkl) as calculated from XRD for (1 0 0),
(0 0 2), (1 0 1), and (1 1 0) peaks were 0.27553, 0.25576, 0.24349
and 0.16102 nm,  which were smaller than the corresponding bulk
values of 0.282, 0.260, 0.248 and 0.163 nm (JCPDS card No. 80-
0075) [23]. The films with values of lattice parameters greater than
the theoretical value have a positive or extensive strain in them
whereas those with lower values have a negative or compressive
strain [24]. Thus the lower values of lattice constant than those
of bulk values were indicative of compression stress, which was
caused by the formation of point defects that can be proved by PL
measurement [25]. Besides, since the diffraction peak position for
each orientation did not change greatly with increasing oxidation
temperature, the lattice constant of ZnO was  almost independent
of the oxidation temperature.

3.2. X-ray photoelectron spectroscopy

XPS measurement was  performed to analyze the chemical bond-
ing states of Zn, O and N in the film obtained after oxidation at
450 ◦C. To avoid the adventitious contaminants, the surface of the
sample was  sputtered for 2 min  by Argon (Ar+) ions with energy of
2000 eV prior to the XPS measurements. Binding energies were cor-
rected for charging effect with reference to the adventitious carbon
1s peak at 284.6 eV. C peaks came from the surface adsorption of
CO2. After sputtering with Ar ions, a noticeable reduction related to
C1s peak intensity was observed, suggesting surface adsorption of
CO2. The XPS spectra of N 1s core level were deconvolved into three
components using XPSPeak41 software and the profile of each peak
was  taken as an 80% Lorentzian and 20% Gaussian mixed function.
Fig. 2 shows the XPS spectra of N 1s core level. Three peaks at the
binding energies of 396.5, 399.4 and 405 eV were detected in the
N 1s region. The lower peak centered at 396.5 eV was  attributed
to typical Zn–N bonds [4].  According to our XPS spectra, a small
amount of C element still appeared on the surface of the sample
after sputtering processes. Thus, the N 1s peak at around 399.33 eV

could be ascribed to C–N bound [25]. The higher peak centered
around 405 eV was  associated with terminally bonded �-N2 states
[26].
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ig. 2. XPS spectra of N 1s core levels for the sample obtained after thermal oxidation
t  450 ◦C.

Fig. 3 shows the XPS spectra of O 1s core level. The XPS spectra
f O 1s core level were deconvolved into two components located
t 530 and 531.8 eV, the profile of each peak was  taken as a 20%
orentzian and 80% Gaussian mixed function. The peak centered
t 530 eV was related to Zn–O bonds. The higher energy peak at
31.8 eV could be related to the presence of water or OH bonds
27].

Fig. 4 shows the core level peaks of Zn 2p. The binding energy of
n 2p3/2 was located at 1021.2 eV, which is the value of Zn in ZnO.

.3. Hall-effect

To investigate the doping mechanism and influence of oxidation
emperature on the electrical properties of N-doped ZnO films, Hall-
ffect measurements were carried out as a function of oxidation
emperature. The ohmic contacts were made by soldering indium
etal to the four corners of the square shaped sample. Excellent
inearity was observed from the current voltage curves for the con-
acts on the sample, indicating good ohmic contacts between N
oped ZnO and In. The magnitude of the magnetic field was  0.54 T,

ig. 3. XPS spectra of O 1s core levels for the sample obtained after thermal oxidation
t  450 ◦C.
Fig. 4. XPS spectra of Zn 2p core levels for the sample obtained after thermal oxi-
dation at 450 ◦C.

and typical values of the currents were chosen as 1 nA and 0.5 �A
for the films obtained by oxidation of ZnxNy films at 350 ◦C and
450–550 ◦C, respectively. The Hall measurements were repeated
several times for each sample to ensure reliability of the results.
The results of the room temperature Hall measurements are listed
in Table 1.

The film oxidized at 350 ◦C showed an ambiguous conduction
type. However, with the increase of oxidation temperature from
350 to 450 ◦C, more N acceptors began to be activated and as
a result more holes were produced, which led to an increase of
hole concentration, so the film obtained after oxidation at 450 ◦C
showed definite p-type conduction [28,29].  However, with a fur-
ther increase of oxidation temperature to 550 ◦C, the conduction
type was changed from p-type to n-type. This result was attributed
to a decrease of N concentration in ZnO with increasing oxidation
temperature as reported previously [28–30].  The optimized result
was  realized for the film obtained after oxidation at 450 ◦C with a
resistivity of 16.1 � cm,  a hole concentration and Hall mobility of
2.03 × 1016 cm−3 and 19 cm2/V s, respectively.

The reproducibility and stability of the p-type ZnO:N film was
also investigated. Two additional ZnxNy films were obtained under
the same condition and oxidized at 450 ◦C. These two  films obtained
after oxidation at 450 ◦C exhibited a resistivity of 21.6–35.9 � cm
and hole concentration of 2.11 × 1016–5.53 × 1016 cm−3 and Hall
mobility of 13.6–3.1 cm2/V s. Six month later, all the films obtained
after oxidation at 450 ◦C exhibited a resistivity of 90.1–28.7 � cm
and hole concentration of 6.37 × 1015–1.03 × 1016 cm−3 and Hall
mobility of 10.8–21.1 cm2/V s. However, in about 1 year, all the
films exhibited higher resistivity (up to 200 � cm)  and lower car-
rier concentration (1014–1015 cm−3). Besides, all the film obtained
after oxidation at 450 ◦C showed ambiguous conduction type after

◦
1 year. Thus, the film obtained after oxidation at 450 C was repro-
ducible but the stability of p-type behavior in the films was still
doubtful.

Table 1
The results of Hall effect measurements.

Oxidation
temperature
(◦C)

Carrier
concentration
(cm−3)

Mobility
(cm2/V s)

Resistivity
(� cm)

Type

350 1.28 × 1012 2.67 × 101 1.82 × 105 n or p
450  2.03 × 1016 1.90 × 101 1.61 × 101 p
550 6.47 × 1016 1.67 × 100 5.74 × 101 n
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or neutral-acceptor-bound exciton emission (AoX) were observed
due to the thermal effect quenching [30]. Also a broad deep level
emission has been observed between 1.8 and 2.7 eV. The blue-green
band emission and orange-red band emission for the N-doped
ig. 5. The optical transmittance of the as-deposited ZnxNy film and N-doped ZnO
lms obtained at different oxidation temperatures.

.4. Optical properties

The optical transmittance spectra recorded in the wavelength
anging from 300 to 1100 nm for the as-deposited ZnxNy film and
-doped ZnO films which were obtained by oxidation of ZnxNy

etween 350 and 550 ◦C are shown in Fig. 5. The transmittance
f the as-deposited ZnxNy was very low due to excess of Zn in the
tructure of the film [31]. After oxidation, all the samples became
ore transparent and their transmittance in the visible range was

bove 85%. When the oxidation temperature was  increased from
50 to 450 ◦C, the optical transmittance decreased. On the other
and, with a further increase of oxidation temperature to 550 ◦C,
he optical transmittance increased again. In addition, very sharp
ear UV absorption edges were observed at 374.28, 379.90 and
78.04 nm for all the samples after oxidation between 350 and
50 ◦C, indicating that the films had pure ZnO phase and very strong
V absorption properties.

As a direct band gap semiconductor, ZnO film has an absorp-
ion coefficient (˛) obeying the following relation for high photon
nergies (h�)

(hv) = A(hv − Eg)1/2 (2)

here Eg is the optical band gap of thin film, and A is a constant
32,33]. Near the absorption edge,  ̨ can be expressed as

 = −Ln(T)
d

(3)

here d is the film thickness [34]. The plot of (˛h�)2 vs. the pho-
on energy (h�) in the absorption region of the samples is shown
n Fig. 6. The optical band gap energy Eg can be estimated from
he obtained absorption spectrum by extrapolating the linear por-
ion of (˛h�)2 vs. h� to  ̨ = 0 [32,33].  The optical band gap energies
ere determined to be about 3.313, 3.280 and 3.264 eV for the N-
oped ZnO films obtained after oxidation at 350, 450, and 550 ◦C,
espectively. The optical energy band gap was decreased with the
ncrease of oxidation temperature from 350 to 550 ◦C. The changes
n the reported values in band gap of the ZnO can arise from the
resence of growth stresses, thermal expansion mismatch stresses
nd dopants [34]. The Pauling theory says that a large difference
n the electronegativity between two elements forming the single
ond leads to higher ionicity in the bond. The electronegativity of Zn
s 1.6 eV, and the electronegativity of O (3.5) is larger than that of N
3.0), so the Zn–O band has larger ionicity than the Zn–N band. From
he Hall-effect measurements, we know that more N-acceptors
ere activated with the increase of oxidation temperature from
Fig. 6. (˛h�)2 vs. h� plots of N-doped ZnO films obtained by oxidation of ZnxNy films
between 350 and 550 ◦C.

350 to 450 ◦C, so the decrease in Eg was probably attributed to the
decrease in ionicity and formation of Zn–N bands in the films [35].
On the other hand, we  know that N concentration in ZnO decreased
with a further increase of oxidation temperature to 550 ◦C. Thus, the
out diffusion of N impurities from the film created vacancies and
other defects. Therefore, a further decrease of Eg was  also observed,
when the oxidation temperature was  550 ◦C [34].

3.5. Photoluminescence

Room temperature photoluminescence measurements for
nitrogen-doped ZnO films obtained at different oxidation tem-
peratures are shown in Fig. 7. The spectra were dominated by
3.327 eV and 3.294 eV emissions for the N-doped ZnO after oxi-
dation at 350 ◦C and 450–550 ◦C, respectively. The origin of the
near-band edge (NBE) UV emissions at 3.327 and 3.294 eV were
from the recombination of free excitons [25,30,36].  The lumi-
nescence probably consisted of the overlap of free excitons and
bound excitons [28]. In room temperature PL spectra, no acceptor-
related emissions, such as donor–acceptor pair transitions (DoAo)
Fig. 7. The photoluminescence spectra measured at room temperature for N-doped
ZnO films obtained by oxidation of ZnxNy films between 350 and 550 ◦C.
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nO were attributed to deep acceptor levels. The broad blue-green
and emission from the ZnO is generally explained as the radiative
ecombination of a photo generated hole with the electron at the
ingly ionized intrinsic oxygen vacancies [34,37,38].  Orange band
mission and red band emission are usually attributed to Zni, or
ingle ionized O interstitial (O−

i ) or Zni-related defects (or called
ni complex) [20,39]. Thus, the defect-related emission in the visi-
le region could be ascribed to oxygen vacancies, zinc interstitials,
tc. With the increase of oxidation temperature from 350 to 550 ◦C,
he intensity of the peak in the visible region increased, indicating
he increase of point defects.

. Conclusions

The ZnxNy thin films on glass substrates were deposited by
ulsed filtered cathodic vacuum arc using metallic zinc as the cath-
de target in nitrogen plasma and oxidized between 350 and 550 ◦C
n air atmosphere. The XRD pattern shows that the as-deposited
nd oxidized (at 350 ◦C) ZnxNy films were amorphous. The ZnxNy

lms oxidized in air at 450–550 ◦C were polycrystalline without any
referential orientation. The films after oxidation at 350 ◦C showed
mbiguous conduction type, while the film after oxidation at 450 ◦C
howed definite p-type conductivity. On the other hand, when the
xidation temperature reached to 550 ◦C, the conduction type of
he film converted to n-type. The XPS spectra showed a typical N
s peak at 396.5 eV, which is usually attributed to N atoms on O sites
NO) to act as acceptors. The UV–visible spectra show that the trans-

ittance of as-deposited ZnxNy was very low and after oxidation,
ll the samples became more transparent and their transmittance
n the visible range was above 85%. Also the UV absorption edge
t 374–378 nm was observed for all the oxidized samples. In room
emperature PL spectra, an UV emission and a broadband visible
mission were observed for all the films.
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