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Abstract

Nanocrystalline Ag and N dual-acceptor doped zinc oxide (ZnO:(Ag, N)) films were deposited on glass substrates by the spray
pyrolysis technique. The Hall measurement, X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), UV-vis and luminescence spectroscopy techniques were employed to investigate the electrical, structural,
morphological and optical properties of the films in detail as a function of concentration of dopants. The atomic force microscopy
(AFM) technique was employed to study the surface roughness and 3D surface profiles of the films. The Hall measurement results
showed that all the ZnO:(Ag, N) films exhibited p-type conduction. The films with a doping concentration of 4 at% is found to show the
lowest resistivity of 8.70 x 102 Q cm and highest carrier concentration of 2.17 x 10'® cm =3, The XRD results revealed that all the films
have good crystalline quality with a preferential c-axis orientation. The SEM micrographs of all the films exhibited uniformly distributed
spherical grains over the surface of the films. The EDX and elemental mapping results showed the presence and distribution of Zn, O,
Ag and N in the deposited films. The as-deposited ZnO:(Ag, N) films showed an average transmittance of about 90% in the visible
region. The photoluminescence (PL) results suggested the suppression of native defect levels due to the incorporation of Ag and N in to
the ZnO films.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years ZnO has become a promising material
for solar cells, surface acoustic wave devices [1], optoelec-
tronic devices such as ultraviolet light-emitting diodes,
laser diodes and photodetectors [2]. Among the available
wide band gap semiconductors, ZnO is considered as the
brightest emitter even at room temperature as it has wide
band gap (3.37eV) and large excitation binding energy
(60 meV) [3]. Recent reports on the p-type conductivity in
ZnO are broadening the scope for homo- and heterojunc-
tion ZnO devices. For the development of ZnO based
devices, it is necessary to have p-type and n-type ZnO [4].
First principles total energy calculations showed that the
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oxygen vacancy (Vo) and zinc interstitial (Zn;) defects in
ZnO have low formation energies and these intrinsic
defects act as the sources for the unintentional n-type
conductivity [5]. Hence, achieving p-type conduction in
ZnO is difficult due to the self-compensation effect and low
solubility of the acceptor dopants in ZnO [6]. There are
many reports claiming the realization of p-type conduction
in ZnO films by mono-doping of group V elements such as
N [7,8], P[9,10], As [10,11] and Sb [12], or group I elements
like Ag [13] and Li [14]. Recently, a dual-doping method
using two acceptor agents namely Li-N [15,16] or As—N
[17] was proposed to prepare p-type ZnO. In this line,
Zhang et al. [18] suggested that the dual-doping method is
the best channel to overcome the difficulties in achieving
p-type ZnO.

Furthermore, reproducible and long-time stable p-type
ZnO has been realized by the dual-acceptor doping of
silver and nitrogen. Ag and N are the two best candidates
for producing p-type ZnO considering the strain effects
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and energy levels of substitutional Agz,, and Ng acceptors.
However, there are only a few studies on ZnO:(Ag, N) films
reported in literature. Recently, Yan et al. [4] reported the
fabrication of p-type ZnO:(Ag, N) films with good elec-
trical properties by ion beam assisted deposition. Similarly,
Bin et al. [19] fabricated the p-type ZnO films by dual-
acceptor doping of Ag and N using the ultrasonic spray
pyrolysis technique. In the present study, p-type ZnO:(Ag,
N) films with low resistivity were achieved by spray
pyrolysis. The spray pyrolysis technique is a simple,
economical and more versatile than other chemical deposi-
tion techniques. In addition, it allows the possibility of
obtaining films with the required properties for different
applications. Further, it can be easily adapted for the
production of large-area films [20]. In this paper, the
authors concentrate on the effect of doping concentrations
of Ag and N on the structural, morphological, composi-
tional, electrical transport and optical properties of ZnO
films deposited by the spray pyrolysis technique.

2. Experimental

In the present work the ZnO:(Ag, N) films were deposited
using a spray solution mainly comprises of 0.1 M
Zn(CH;COO0), - 2H,0O (Sigma-Aldrich, 99.5%, Germany)
dissolved in a mixture of deionized water and ethanol
(Merck, 99.9%, Germany) taken in the proportion of 9:1
respectively. The dopant concentration was varied from 0 to
4 at% for both Ag and N. The Ag and N dual doping was
achieved by dissolving an appropriate quantity of AgNO;
(Sigma-Aldrich, 99.9%, USA) and CH;- COONH,4 (Sigma-
Aldrich, 99.9%, Germany) in the zinc acetate solution. A
small amount of acetic acid (Merck, 99.9%, Germany) was
added into the spray solution to avoid the formation of
hydroxides [21]. The ZnO:(Ag, N) films were deposited on
glass substrates by spray pyrolysis at a substrate temperature
of 623 K. Prior to the film deposition, the glass substrates
were cleaned with detergent solution and deionized water.
Further, ultrasonic cleaning was carried out for 30 min in an
ultrasonic bath and then rinsed in acetone for 10 min. The
distance between the spray nozzle and the substrate was
maintained at about 10 cm. The prepared solution is sprayed
(3 ml/min) onto the clean glass substrates for a deposition
time of 3 min. In this procedure, compressed air was used to
atomize the solution containing the precursor compounds
through a spray nozzle over the heated substrate. The
precursor is pyrolyzed on the heated substrate where the
pyrolytic decomposition process occurs and high quality
ZnO:(Ag, N) films were produced with an average thickness
of 987 nm.

The structural properties of the deposited ZnO:(Ag, N)
films were investigated by X-ray diffraction (XRD) mea-
surements using a Rigaku D/Max ULTIMA III diffract-
ometer with CuK,, radiation (1=1.5406 A). The thickness
was measured using stylus profile meter. The surface
morphology and the compositional analysis of the films
were carried out by a scanning electron microscope

(S3000N, Hitachi) equipped with energy dispersive X-ray
spectroscopy and elemental mapping facilities. Atomic force
microscopy (NTMDT-NTEGRA, Russia) was employed to
analyze the surface roughness of the films. The optical
measurements of undoped and ZnO:(Ag, N) films were
carried out at room temperature using a Shimadzu UV-
1700 spectrophotometer in the wavelength range of 300—
1100 nm. Photoluminescence spectra were recorded at room
temperature using Perkin Elmer LS 55 luminescence spectro-
photometer with an excitation wavelength of 325 nm. Elec-
trical resistivity, carrier concentration and mobility were
measured at room temperature using an Ecopia Hall mea-
surement system (Model: HMS-5000) in the van der Pauw
configuration.

3. Results and discussion
3.1. Structural analysis

Fig. 1 shows the XRD patterns of ZnO:(Ag, N) thin
films with Ag and N dopants concentration varied from
0 at% to 4 at%. It can be observed from Fig. 1 that all the
films exhibit the characteristic diffraction peaks of ZnO
(JCPDS card: 75-0576) indicating that the films are in
polycrystalline form with wurtzite structure. Further, no
characteristic peaks corresponding to the presence of
secondary phases are observed implying that the dopants
have not destroyed the ZnO structure and act as typical
dopants. A switching in the preferential growth from the
(100) plane to the (002) plane is observed when the dopant
concentration increases from 1 to 4 at%. Generally, the
direction with the highest planar density of lattice points
corresponds to the lowest surface free energy which
facilitates an easier grain growth in that direction [22].
The change in the preferential growth from the (100) plane
to (002) plane observed in all the ZnO:(Ag, N) films

&
(=]
=3
= &
2 S 4ath
= [
8 )
= . 3at%
=
z
2 at%
3 il i
£ N
1 at%
i .
= o
g 2
faes - o,
5 Oatﬁaq_
T ¥ T ¥ T " T T T i T ' T

35 40 45 50 55 60 65 70
20 (degree)

©
=]

25

Fig. 1. XRD spectra of ZnO:(Ag, N) thin films.
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suggests that the incorporation of Ag and N in to ZnO
enhances the grain growth by decreasing the surface free
energy in the (002) direction. As a result, all the ZnO:(Ag,
N) films show a strong and narrow (002) diffraction peak
indicating that the films have preferential c-axis orientation
in the (002) direction. Similarly, Fujimura et al. [23] also
reported that sputtered ZnO thin films were generally
polycrystalline with a c-axis preferential orientation due
to the lowest surface free energy of the (002) plane in ZnO.
It can also be observed from Fig. 1 that the intensity of the
(002) peak increases gradually and reaches the maximum
at a dopant concentration of 4 at% for both Ag and N.
But, the other diffraction planes show a low intensity in
the films. The average crystallite size ‘D’ is calculated using
Scherrer’s formula [24]

ki
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where 4 is the wavelength of CuK,, radiation (1.5406 A), k
is the shape factor (0.9), f is the instrumental corrected
full-width at the half-maximum (FWHM) intensity and 6
is Bragg’s diffraction angle. Fig. 2(a) shows the variation
in average crystallite size with dopant concentration.
The crystallite size increases with increase of dopant
concentration.

The preferential or random growth of polycrystalline
thin films can be understood by calculating the texture
coefficient TC(hkl) for all the planes. The texture coeffi-
cient TC(hkl) is calculated for the characteristic diffraction
planes from the X-ray diffraction data using the well-
known formula [20]
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TC(hkl) = (

where [y indicates the X-ray diffraction intensity
obtained from the films and N is the number of reflections
observed in the XRD pattern. I, ) is the intensity of the
standard diffraction pattern (JCPDS card: 75-0576). The
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texture coefficient (TC) represents the texture of the
particular plane, deviation of which from unity implies
the preferred growth. The value of the texture coefficient
indicates the maximum preferred orientation of the films
along the diffraction plane, meaning that the increase in
preferred orientation is associated with increase in the
number of grains along that plane. The texture coefficient
calculated for the three main diffraction peaks namely
(002), (110) and (103) are presented in Fig. 2(b). It can be
seen that the highest TC is obtained for (002) plane in all
the films. As seen in this figure, the TC(kkl) values for the
other two peaks are almost below 1, indicating that the
ZnO:(Ag, N) films do not exhibit preferred orientation
along (110) and (103). The texture coefficients of the (002)
plane of the films are between 1.64 and 3.37. The increas-
ing texture coefficient causes the increase in the crystallite
size of the films. It means that crystalline quality has been
improved upon ZnO:(Ag, N) dual doping.

3.2. Surface morphology studies

Fig. 3(a)(c) shows the SEM surface micrographs of
ZnO:(Ag, N) films with different dopant concentrations from
0 at% to 4 at%. The microstructure of all the films consists of
many spherical grains distributed regularly throughout the
film surface. There are no visible pores and defects over the
film surfaces. It can be observed from Fig. 3 that the grain size
of the ZnO:(Ag, N) films increases as the Ag and N
concentration is increased to 4 at%. In addition, light colored
nanograins distributing in the dark matrix can be observed in
Fig. 3(b)(e). Fig. 4 illustrates the EDX spectrum and
elemental mapping results showing the presence and distribu-
tion of Zn, O, Ag and N for the 4 at% Ag and N doped ZnO
films. It can be observed from Fig. 4 that the composition of
the prepared film constitutes Zn, O, Ag and N that are
distributed regularly over the film surface and no significant
signal distribution corresponding to secondary phase
formation was observed. This result suggests that the observed
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. 2. (a) Variation of crystallite size (b) variation of TC(002), TC(101) and TC(103) as a function of (Ag, N) concentration.
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Fig. 3. SEM images of the ZnO:(Ag, N) films with (a) 0 at%, (b) 1 at%, (c) 2 at%, (d) 3 at% and (e) 4 at%.

light-colored nanograins distributing in the dark matrix
material in the SEM images [Fig. 3 (b)(e)] may not
correspond to the secondary phase formation or segregation.
Hence, the appearance of light colored grains may be
attributed to the variation in the contrast of the secondary
electron signal coming from suitably oriented ZnO grains.
Similar kind of light colored nanograin distribution in the
SEM images can also be observed in the reports published by
Yan et al. [4]. The chemical compositions of Zn, N, Ag, and O
in the ZnO:(Ag, N) films have been determined as 30.30, 2.33,
0.61 and 66.76 at%, respectively.

Fig. 5(a) and (b) shows the 3D AFM images of the
ZnO:(Ag, N) films observed at 1at% and 4 at% dopant
concentrations respectively. The AFM images were
recorded over a scan area of 1 um x 1 pum. The RMS
roughness of the films with a lower doping concentration
of 1 at% is 9.77 nm and that with a higher value of 4 at%
doping levels is 15.45 nm. This indicates that the increase
in dopant concentration tend to increase the particle size
and the surface roughness. The particle size is found to
increase from 94 nm to 131 nm with the increase of dopant
concentration from 0 to 4 at%. The size of the particle
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Fig. 5. AFM 3D images of the ZnO:(Ag, N) films with (a) 1 at% and (b) 4 at%.

measured from the AFM surface micrograph is higher
than the values calculated from the XRD studies, indicat-
ing that these particles are probably an aggregation of
small crystallites on the surface of the films.

3.3. Electrical studies

The Hall measurement technique is employed to mea-
sure the electrical properties and to determine the nature
(p-type or n-type) of conduction in the ZnO:(Ag, N)
films. Table 1 shows the measured electrical resistivity,

corresponding carrier concentration and mobility of
ZnO:(Ag, N) films of various dopant concentrations. It
can be observed from Table 1 that the undoped ZnO film
shows n-type conductivity due to the native donor defects
such as zinc interstitial (Zn;) and oxygen vacancy (Vo).
Furthermore, the undoped ZnO film shows high resistivity
of 3.33x10°Qcm with a carrier concentration of
5.65x 10" cm ~* compared to that of ZnO:(Ag, N) films.
Hence, the electrical study results of undoped ZnO film
suggest that the above mentioned intrinsic defects need to
be suppressed for the fabrication of p-type ZnO films [25].
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Table 1
Variation of electrical resistivity (p), carrier concentration (n) and
mobility (¢) of the ZnO:(Ag, N) films with dopant concentration.

Concentration  Resistivity Carrier Mobility Carrier
(at%) Ag:N (Q cm) concentration (em*>V~'s™1) type
(em™)

0:0 333x10°  5.65x 10" 0.334 n

1:1 17.4 1.01 x 10" 3.55 p

2:2 0.569 523 x 10" 21.1 p

3:3 0.168 8.10 x 10"7 45.6 P

4:4 0.087 2.17 x 10'® 33.0 p

Table 2
Carrier concentrations as a function of the preservation period after
deposition of ZnO:(Ag, N) films with dopant concentration.

Concentration As-prepared After 3 months After 6 months Carrier

(at%)Ag:N ny (cm™?) ny (em™?) ne (cm™?) type
1:1 1.01 x 107 9.96 x 10'® 8.71 x 10'° p
2:2 523x 107 4.84x 10" 3.90 x 107 P
3:3 8.10x 10" 6.81 x 10" 4.95x 10" P
4:4 2.17x10"%  1.29x 10" 0.82x 10" p

The p-type conductivity is greatly enhanced in terms of
conductivity and carrier concentration by the dual-
acceptor doping with Ag and N. In case of ZnO:(Ag, N)
films, the Ag ion occupies the Zn site while N ion is on the
O site forming Agz, and Ngo acceptors. Therefore, the
film can easily behave as p-type conduction in achieving
shallow acceptor level [4]. From Table 1, the carrier
concentration of ZnO:(Ag, N) films significantly increases
with the dopant concentration. The highest carrier con-
centration of 2.176 x 10'® cm ~* with a low resistivity of
8.70 x 1072 Q cm is obtained for the ZnO:(Ag,N) films at
the doping concentration of 4 at%. The growth in grains
with the increase of dopant concentration leads to the
reduction in grain boundary scattering of charge carriers,
thereby increases the carrier concentration of the obtained
films [26] and eventually reduces the film resistivity. The
lowest resistivity of p-type ZnO:(Ag, N) films prepared by
ultrasonic spray pyrolysis reported so far is 56 Q cm [19].
According to theoretical prediction, among all possible
acceptors, N would produce a shallow acceptor level in
ZnO [27]. However, Ag theoretically has the lowest
transition energy and a shallow acceptor level at 0.3 eV
above the valence band maximum [28,29]. Additionally,
the formation energy of Agyz, is theoretically low in O-rich
conditions, which could enable the incorporation of high
concentrations of dopants and suppress compensating
defect formation [28]. To verify the stability and reliability
of the electrical properties for the obtained ZnO:(Ag, N)
films, the samples have been preserved in an ordinary
silica-gel desiccators for a period of 6 months. Table 2
shows the aging effect of carrier concentration with respect
to the preservation period. Their p-type conductivities are
relatively stable and do not convert to n-type even over 6
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Fig. 6. Transmittance and reflectance spectra of ZnO:(Ag, N) films with
various dopant concentrations.

months. This fact proves that the ZnO:(Ag, N) films have
enhanced stability and conductivity when compared to the
mono doped ZnO films reported in literature [19].

3.4. Optical studies

Fig. 6 represents the optical transmittance and reflectance
spectra of ZnO:(Ag, N) thin films with dopant concentration
varied from 0at% to 4 at%. It can be seen that while the
undoped ZnO film showed an average transmittance of 52%,
all the ZnO:(Ag, N) films exhibited an average transmittance
of 89% in the visible region. It is seen that the transmittance is
limited by an average reflectance of about 9.5%. The observed
decrease in the transmittance at higher dopant concentration
may be attributed to the increased scattering of photons by
increased surface roughness of the film. The optical transmit-
tance of a film is known to depend strongly on its surface
morphology. The RMS surface roughness of the films
increases with the increase of dual acceptor doping concentra-
tion, which is evident from the AFM result. All the samples
showed sharp absorption edge near 375 nm in the UV region.
The absorption edge is slightly shifted to longer wavelengths
(red shift) with increasing Ag and N concentration.

Fig. 7 illustrates the room temperature PL spectra of the
ZnO:(Ag, N) films. The PL spectra consist of UV emission
and deep-level emission (DLE). A strong near-band-edge
(NBE) ultraviolet emission peak centered at 393 nm
(3.16 ¢V) is related to free exciton-recombination [30].
The weak green emission band related to deep-level
emission is observed for all the samples. The peak observed
at 484 nm (2.56 eV) is attributed to deep level emission,
which originates from the defect emission of oxygen
vacancies [31]. It is well known that such DL emission is
closely related to intrinsic defects such as Zn interstitials
and O vacancies [32], which are believed to act as donor
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Fig. 7. Photoluminescence spectra of ZnO:(Ag, N) films with different
dopant concentrations.

defects. The deep level emission shows a low density of
native defects. This also supports the formation of p-type
ZnO films by Ag—N dual acceptor doping. The relative
intensity ratio between NBE to deep level emission is
usually employed to characterize the crystallization [33].
The variation of Iygg/Igg ratio with respect to doping
concentration is shown as inset graph in Fig. 7. It has been
demonstrated that the ratio of NBE emission to deep level
emission of ZnO films depends on the stoichiometry and
microstructure of the materials [34]. It should be noted
that the increase of Iygg/Igg ratio upon dual acceptor
doping implies the increase of crystalline quality. There-
fore, these results indicate that the ZnO:(Ag, N) films with
high optical quality is obtained at the deposition tempera-
ture of 623 K, which is in good agreement with the results
of XRD and the Hall-effect measurement.

4. Conclusions

In the present study, the structural, morphological,
electrical and optical properties of ZnO:(Ag,N) films
deposited by spray pyrolysis (SP) were investigated in
detail as a function of dopant concentration. The con-
ductive type of the ZnO:(Ag, N) films showed p-type with
increasing Ag and N dopant concentration. The p-type
ZnO films with high hole concentration (2.17 x 10'* cm ~?
and low resistivity (8.70 x 102 Q cm) were obtained at a
dopant concentration of 4 at%. The XRD results revealed
a change in the preferential growth from the (100) to (002)
direction and an increase in the crystalline quality by the
dual acceptor doping of ZnO film. The AFM results
illustrated that there is an increase in the surface roughness
of the ZnO:(Ag, N) films with the increase of doping
concentration. Furthermore, PL spectra of ZnO:(Ag, N)
films showed low signal in deep level transition, indicating
a low density of native defects. The deposited ZnO:(Ag, N)

films showed good transmittance of about 90% in the
visible region. The present investigation proves that Ag
and N dual acceptor doping is one of the best methods for
the preparation of stable p-type ZnO films with acceptable
properties for optoelectronic applications.
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