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a b s t r a c t

Silver- and copper-doped ZnO films were prepared by radio-frequency (RF)-magnetron sputtering on glass
and quartz substrates. The influence of dopants content on the microstructural evolution and optical as
well as nonlinear optical (NLO) properties were investigated. It has been found that the grain sizes were
enlarged with increasing of Ag, Cu dopants amount in ZnO films. The Ag or Cu doping leads to the optical
vailable online 31 March 2009
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band gap narrowing. Besides, the second-order NLO response of Ag- and Cu-doped ZnO films is lower
than that of undoped ZnO film. The second harmonic generation (SHG) efficiency of the ZnO:Ag film was
found to be higher than that of the ZnO:Cu film at the similar concentration of dopant. In addition, the
decrease of the third harmonic generation (THG) response is observed in ZnO films with increasing of Ag
or Cu dopant amount.
HG
HG

. Introduction

ZnO is a very interesting material for many different applications
n both microelectronic and optoelectronic devices. It is a wide-
and gap oxide semiconductor with a direct energy gap of about
.37 eV and high exciton binding energy of 60 meV. Though, ZnO
bsorbs ultraviolet (UV) radiation due to band-to-band transition,
t can be used as transparent conductive oxide thin film, mainly
or applications such as solar cells, liquid crystal displays and heat

irrors [1–3]. Furthermore, ZnO is used as semiconducting multi-
ayers, gas sensors and optical position sensors, UV light emitters,
urface acoustic wave devices and piezoelectric transducers [4,5].
n the last few years, ZnO has emerged as one of the most promising

aterials due to its optical and electrical properties, high mechani-
al and chemical stability, together with its abundance in nature and
ontoxicity. In order to improve the properties of ZnO films, sev-
ral techniques such as sputtering [6–10], thermal evaporation [11],
etal-organic chemical vapour deposition [12,13], spray pyrolysis
14] and pulsed laser deposition [15–17] have been applied for their
roduction. Radio-frequency (RF) magnetron sputtering technique

s one of preferred among these techniques since it is versatile and
ermits to produce the high-quality films for different applications.

∗ Corresponding author. Tel.: +380509128436.
E-mail address: bohdan kulyk@yahoo.com (B. Kulyk).
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oi:10.1016/j.jallcom.2009.03.117
© 2009 Elsevier B.V. All rights reserved.

The structural, physical and electrical properties of ZnO films
were governed by deposition parameters [14], posttreatment
[7,17,18] and doping material [6,15,12,19–22] such as Al, Ga, Sc, Y,
Mn, Cu, Ag, etc. In addition, it is known that the metals of group
I (Ag and Cu) are fast-diffusing impurities in the semiconductor
compound [14]. The diffusion of copper or silver into ZnO can cause
changes in the characteristics of its structure and, therefore, in the
other physical properties.

The Ag and Cu dopants in ZnO may behave like many other
monovalent dopant ions, which have the ability to occupy both the
lattice and interstitial sites (i.e. amphoteric dopants), expressed as
[19]:

2Ag
ZnO−→AgZn + Agi (1)

2Cu
ZnO−→CuZn + Cui (2)

The Ag and Cu centers in ZnO can occur in the following different
charge states: Ag0, Ag+, Ag2+ [15] and Cu0, Cu+, Cu2+ [23], respec-
tively. When Ag+ or Cu+ substitute Zn2+ they act as acceptor in ZnO,
while the interstitial Ag2+ or Cu2+ are donors. However, Ag0 and
Ag2+ or Cu0 and Cu2+ ions can easily lose or gain electron resulting

in the formation of Ag+ or Cu+ that implies more centers, which
are acceptors [15]. Beside these dopant centers, the other defects
such as Zni, VO, Oi and VZn can be created which occur even in
undoped ZnO [7]. The Ag-, Cu-doped ZnO films taken in various
concentrations were already studied by photosensitivity, lumines-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:bohdan_kulyk@yahoo.com
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Cu2+ because of their close radii. When Cu2+ions substitute Zn2+

ions, the lattice constant decrease [10]. Besides, due to a small
radius the copper ions can be interstitial dopants or would create
the metallic clusters [23].

Table 1
Characteristics of ZnO films, undoped and doped by Ag and Cu.

Film Roughness
(nm)

Average height
(nm)

Band gap energy
(eV)
ig. 1. Experimental setup for second harmonic generation (SHG) measurements: (
P) the Glan polarizer, (L) the lens, (RS) the rotation stage, (F) the filter/s, (IF) the int

ent properties, electrical stability and have been used for different
pplications. However, there are not many reports on the study of
onlinear optical (NLO) properties of these films. Moreover, the Cu-
oped ZnO films would be very interesting object for investigations
f the photoinduced nonlinear optics phenomena, first of all, pho-
oinduced second harmonic generation (SHG). Inducing a media
y polarized external field (polarized laser field) can create a local
hotoinduced electric field inside giving additional increase to SHG
ven in metallic nanoparticles [24].

Coherent NLO phenomena such as SHG and third harmonic gen-
ration (THG) depends explicitly on the crystal lattice structure of
he medium, which could yield to a very high polarization selec-
ivity. Moreover, nonresonant SHG is essentially independent of
avelength below the energy band gap of semiconductor materials,
ost often including wavelength region typically used in optical

ber communications. Hence, characterizing the NLO response is
rucial for evaluating potential applications [25].

In this paper, therefore, we investigated the effect of dopants
n microstructural evolution, optical and NLO properties such as
HG and THG of Ag- and Cu-doped ZnO thin films. This work is a
ontinuation of our previous work connected with NLO properties
n ZnO structures [11,26-28].

. Experimental details

The ZnO:Ag and ZnO:Cu thin films were deposited on glass and quartz substrates
y means of RF-magnetron sputtering system using ZnO-powder targets together
ith metallic Ag or Cu in argon atmosphere at the gas pressure of 10−3 Torr. In order

o minimize the thermal stresses, the substrate temperature was fixed at 300 ◦C. The
arget-to-substrate distance was 60 mm and RF-power –100 W.

The thickness of ZnO thin films was estimated by the deposition time and by
ektak surface stylus profiler (model Veeco) to be from 600 to 1200 nm. Scanning
lectron microscopy (SEM) images were recorded on a REMMA-102-02 scanning
lectron microscope, working at 20 kV dc acceleration voltages in vacuum. The
tomic amount of Ag and Cu dopants in ZnO films [taken from energy-dispersive
-ray (EDX) analysis] was 1.6%, 5.9% and 4.7%, 71%, respectively. The atomic force
icroscopy (AFM) scans were performed in contact mode using the CP Research

hermomicroscope (Veeco). Processing of images was done using the WSxM4.0 pro-
ram (Nanotec Electronica S. L.). The optical absorption spectra in visible and near
V region were measured using a Lambda 19 spectrometer from PerkinElmer.

The SHG as well as the THG measurements were carried out by means of the
otational Maker-fringe technique [29] in the transmission scheme (Fig. 1) for the
–p and p–p SHG polarization geometry of experiment. A crystalline y-cut quartz
late has been used as a reference material for SHG and fused silica plate for THG
easurements.

As a fundamental beam, we used the output beam of a Q-switched Nd-doped
ttrium–aluminum–garnet laser (model: Quantum Elite) generating at �= 1064 nm
ith 16 ps pulse duration and 10 Hz repetition rate. The incident polarization was

elected with a half-wave plate and polarizer in front of the focussing lens. The
ntensity at the input face of the sample is assumed to be a Gaussian distribu-
ion in space and time. The beam diameter was 0.4 mm at the film and the applied
ower density was in the range of 1–10 GW/cm2. The beam was focused onto the
ample with lens of 250 mm focal length. A motorized rotation stage with the
ounted sample allowed the variation of the incident angle with a resolution of
.0◦ . The interference filter (at 532 nm for SHG or at 355 nm for THG) was used
o cut the pump beam before the photomultiplier. Detector saturation was pre-
ented using linear neutral density filters, whose transmittance value was taken
nto account during data fitting. The polarization of the SHG or THG was checked

ith a polarizer placed behind the photomultiplier. The second and third har-
onic signals were detected by the photomultiplier tube (model Hamamatsu),
d BS2) the beam splitters, (Ph1 and Ph2) the photodiodes, (�/2) the half wave plate,
nce filter and (PMT) the photomultiplier tube.

which was connected to a boxcar and processed by a computer. A portion of
the input beam was selected and measured by a fast photodiode Ph2 to mon-
itor the input energy. Finally, we obtained the so-called Maker-fringes, which
were generated by rotating the sample through the range of ±70◦ to the nor-
mal.

3. Results and discussion

3.1. Microstructure and morphology analysis

SEM and AFM micrograph analyses (Fig. 2) indicate the granu-
lar character of the deposited films. The average grain size and the
surface roughness obtained from those micrographs are related to
the amount of Ag and Cu dopants (Table 1). Typical grain size dis-
tribution curves for the Ag- and Cu-doped ZnO films are shown in
Fig. 3. It is evident from Figs. 2 and 3 that a low amount of Ag or Cu
(1.6 and 4.7 at.%) promotes the ZnO grain growth (Table 1). A larger
amount of Ag (e.g. 5.9 at.%) induces appearance of larger grains and
their average height increases together with surface roughness. The
mean size of ZnO grains is strongly dependent on the amount of
dopant. However, ZnO grains become dispersive with doping but
it is evident from Fig. 3 that at the quite close amount of dopant
(e.g. 5.9 and 4.7 at.%) the larger sizes of ZnO grains are observed
in Cu-doped ZnO film. Such a difference in surface morphology of
Ag- and Cu-doped ZnO films can be explained by the difference in
mechanisms of dopant incorporation into ZnO structure.

As it is evident from previous reports, the Ag-doped ZnO films
have preferred orientation in the (0 0 2) direction [6,7,9,13,15,19,30].
Because Ag+ ions have larger radius (0.122 nm) than Zn2+

(0.074 nm), they either substitute ions of Zn2+ leading to the dis-
tortion of unit cell or segregate at the grain boundaries of ZnO and
hence induce considerable disorder and faster grow of ZnO grains
[19,30]. Ag+ would preferentially choose to sit in the vicinity of grain
boundaries due to its large ionic radius.

Similarly to this, the Cu-doped ZnO films show orientation in the
(0 0 2) direction [8,10,13,14,16,17] and most Cu atoms occur as inter-
stitial in the lattice of ZnO crystallites. The radius of Cu2+ (0.072 nm)
is a little bit less, meanwhile, the radius of Cu+ is larger than that of
Zn2+ (0.074 nm). The substitution of Zn2+ ions is advantageous for
ZnO 3.2 14.1 3.29
ZnO:Ag(1.6 at.%) 22.6 70.9 3.26
ZnO:Ag(5.9 at.%) 35.6 102 3.07
ZnO:Cu(4.7 at.%) 22.1 116 3.23
ZnO:Cu(71 at.%) – – 2.15
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Fig. 2. SEM (left) and AFM (right) images of the (a and b) 1.6 a
.2. Optical absorption measurements

We measured the optical absorption spectra in the visible and
ear UV for ZnO films with different Ag, Cu concentrations (Fig. 4a.
he optical band gap (Eg) of the Ag- and Cu-doped ZnO films can be
O:Ag, (c and d) 5.9 at.% ZnO:Ag and (e and f) 4.7 at.% ZnO:Cu.
obtained by plotting (˛h�)2 vs. h� (˛ is absorption coefficient and
h� is photon energy) and extrapolating the straight-line portion of
this plot to the photon energy axis. Fig. 4b shows the variation of the
optical band gap as a function of Ag and Cu content, respectively.
It is demonstrated that the band gap is narrowing with increasing
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of Ag dopant. In the ZnO film doped by Cu with high concentration
of 71 at.%, e.g., when most Zn atoms are substituted by Cu atoms the
crystalline structure of film suffers a loss of noncentrosymmetry or
even become amorphous.

Table 2
Specific SHG conversion efficiency in Ag- and Cu-doped ZnO films.

Film �/d (cm-1) (s–p) �/d (cm-1) (p–p)
ig. 3. Grain size distributions of undoped, 1.6 and 5.9 at.% Ag-doped and 4.7 at.%
u-doped ZnO samples.

opants content. The main reason is that the Zn2+ ions are substi-
uted by the Ag+ or Cu2+ ions. The substitution by the Cu2+ ions of
ess radius than that of the Zn2+ leads to the decrease of optical band
ap rather than by larger Ag+ ions at the similar amount of dopant
Table 1). These results are in good agreement with that obtained
y Jeong et al. [6] for Ag-doped ZnO films. In the highly doped by
opper (about 71 at.%) ZnO film the band gap energy is close to that
f Cu2O phase which is equal to 2.1 eV [31]. In addition, the decrease
f the transmission of ZnO by doping with Ag, Cu can be explained
y the influence of near-band levels, arising due to the introduction
f dopant. )

Obtained spectra show that the samples do not absorb at the
avelength of laser excitation (1064 nm), therefore, we do not deal
ith the resonant effects during high harmonic generation pro-

esses.

.3. SHG measurements

The SHG measurements were performed by rotational Maker
ringe technique for s- and p-polarized fundamental beam. Tak-
ng into account that the structure of ZnO belongs to a hexagonal,
on-centrosymmetric space group, this material should manifest a
onzero second-order NLO efficiency. The Fig. 5 presents the depen-
ences of the second harmonic intensity generated in the ZnO films,
ndoped and Ag-, Cu-doped, as the function of incident angle.

As it is usual for c-oriented ZnO films, one can observe M-shape
ngular dependence with a maximum signal for 40–55◦ and zero
ntensity at normal incidence of the fundamental beam due to the
ack of noncentrosymmetry in this direction. The polarization of the
econd harmonic signal was found to be always p-polarized regard-
ess of the incident polarization. The observed angular dependences
re related to the crystalline symmetry when there is preferred axis
rientation that is in (0 0 2) direction [32–34].

Fig. 6 presents the second harmonic signal from the ZnO films,
ndoped and doped by Ag and Cu with different concentration,
lotted vs. the square of incident intensity. These data demonstrate
he quadratic power law, expected for SHG. At the fundamental
ntensity of 4 GW/cm2 the conversion efficiencies to the second
armonic were calculated and their specific values (as the sam-
les have different thickness) are presented in Table 2. As it is

vident from Fig. 6 and Table 2, the undoped ZnO film exhibits
igher second-order NLO response than the doped film. The spe-
ific SHG conversion efficiency of Ag- and Cu-doped ZnO films is
ne–two orders of magnitude lower than those in the undoped
nO. Moreover, the conversion efficiency in second harmonic for
Fig. 4. (a) Room-temperature UV-visible absorption spectra of the ZnO films,
undoped and doped by Ag, Cu, (b) the dependence (˛h�)2 vs. photon energy (h�).
Solid lines correspond to extrapolation fit.

p–p geometry of experiment is one order higher than for s–p con-
figuration.

Besides, the ZnO films doped by Ag and Cu at the similar concen-
tration (5.9 and 4.7 at.%) demonstrate different efficiency of SHG.
The main reason consists in the differences of crystalline structure
of ZnO after incorporation of dopant. The copper ions incorporated
into ZnO matrix distort the lattice more than the ions of silver due to
their smaller radius, meanwhile, the ions of silver either substitute
zinc ions or aggregate within ZnO boundaries.

Moreover, one can see that with increasing of Ag dopant from
1.6 to 5.9 at.% a small increment of the second-order NLO response
is observed. Such a behaviour can be explained by modified poly-
crystalline structure of ZnO film caused by increased concentration
ZnO undoped 1.9 × 10−3 1.5 × 10−2

ZnO:Ag (1.6 at.%) 1.4 × 10−4 1.9 × 10−3

ZnO:Ag (5.9 at.%) 1.7 × 10−4 3.1 × 10−3

ZnO:Cu (4.7 at.%) 6.5 × 10−5 1.8 × 10−3

ZnO:Cu (71 at.%) 6.0 × 10−7 1.8 × 10−5
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F
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f

I
in comparison with undoped ZnO film. And in the case of Cu dop-
ig. 5. Second harmonic intensity from (a) ZnO, (b) ZnO:Ag (1.6 at.%) and (c) ZnO:Cu
4.7 at.%) films as a function of incident angle. The fundamental beam is s-, p-
olarized and generated is p-polarized. Solid curves correspond to fitting.

For an isotropic, absorbing nonlinear material, deposited on the
ubstrate, neglecting reflections, we have the following expression
or transmitted second harmonic intensity [29]:

s→p 128�5 [t1s
af

]
4
[t2p
fs

]
2
[t2psa ]

2

2 (2) 2
2ω (�) =
c�2 n2

2ω cos2 �2ω
Iω(L�eff )

exp[−2(ı1 + ı2)]
sin2˚+ sinh2	

˚2 +	2
, (3)
Fig. 6. Dependence of the SHG intensity per square of films thickness vs. square of
intensity of s-polarized incident beam for undoped and Ag-, Cu-doped ZnO films.
Solid curves correspond to linear fitting.

where Iω – intensity of the pump wave, � – wavelength of pump
wave, �(2)

eff – the effective second-order nonlinear susceptibility,
nω , n2ω – the refractive indices for the pump and harmonic waves,
L – the film thickness, t1s

af
, t2p
fs

, t2psa – the Fresnel transmission coef-
ficients (air–film–substrate–air system) for fundamental and SHG
beam. The phase angle˚ and 	 can be expressed [29]:

˚ = 2�L
�

(nω cos �ω − n2ω cos �2ω), (4)

	 = ı1 − ı2 = 2�L
�

(
nω
ω
cos �ω

− n2ω
2ω

cos �2ω

)
, (5)

where �ω , �2ω – the fundamental and generated beams refractive
angles determined by the law of diffraction, 
ω , 
2ω – the extinction
coefficients of the nonlinear material at frequencies ω and 2ω.

�(2)
eff in Eq. (3) represents the effective second-order suscep-

tibility. Since ZnO has hexagonal close packed structure, with
the 6 mm symmetry, individual crystallite should have only four
independent nonzero components of the second-order suscepti-
bility tensor [32]: �(2)

xzx =�(2)
yzy, �(2)

xxz =�(2)
yyz, �(2)

zxx =�(2)
zyy

and �(2)
zzz, where the coordinates correspond to the crystal axes

of individual crystallite. When the frequencies involved are far
from resonances, Kleinman’s symmetry condition can be applied
to further reduce the number of independent components to
two: �(2)

xzx =�(2)
yzy =�(2)

xxz =�(2)
yyz =�(2)

zxx =�(2)
zyy and �(2)

zzz.
Because the tensorial property of the ZnO film is equivalent to that
of an isotropic uniaxial medium, the experimental observation of
the SHG signal is always p-polarized no matter the fundamental
beam is s- or p-polarized [32].

Therefore, when the fundamental beam is s-polarized,

�(2)
eff = �(2)

zxx sin �2ω. (6)

When the fundamental beam is p-polarized,

�(2)
eff =�

(2)
zxx(cos �2ω sin 2�ω + sin �2ω cos2 �ω)+�(2)

zzz sin �2ω sin2 �ω. (7)

To estimate the absolute values of the second-order nonlinear sus-
ceptibility tensor components of the Ag-, Cu-doped ZnO films we
used the expression for SHG Eq. (1) together with Eqs. (6) and (7).
The results are presented in Table 3. As one might expect the ZnO
films, doped by Ag or Cu, are characterized by lower value of�(2)

zxx
ing this decrease of �(2) is more noticeable due to the difference in
sizes of Ag and Cu ions incorporated into ZnO lattice. Although the
highest value of �(2)

zzz are obtained for the ZnO film doped by Cu
with 4.7 at.%.
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Table 3
Second-order NLO susceptibility tensor components for undoped and Ag-, Cu-doped
ZnO films.

Film �(2)
zxx (pm/V) �(2)

zzz (pm/V)

ZnO pure 4.6 7.0
ZnO:Ag(1.6 at.%) 1.0 14
ZnO:Ag(5.9 at.%) 1.5 13
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Table 4
Effective values of third-order NLO susceptibility for undoped
and Ag-, Cu-doped ZnO films.

Film �(3)
eff (10−20 m2/V2)

ZnO undoped 5.7
ZnO:Ag(1.6 at.%) 2.1
ZnO:Ag(5.9 at.%) 1.2
nO:Cu(4.7 at.%) 1.4 17
nO:Cu(71 at.%) 0.2 2.0
nO bulk [31] 3.5 −12

.4. THG measurements

The third-order optical nonlinearities of Ag-, Cu-doped ZnO
lms were investigated by THG technique in order to study the
ffect of doping on the cubic nonlinear response.

The THG angle dependences collected in Fig. 7 originate from the
nO films together with substrates, since the THG process can occur
n any material regardless of its symmetry. However, the effect of
lass substrate in THG process is comparatively diminutive and neg-
igible as compared with ZnO film. Fig. 7 illustrates the series of
he THG angle dependences of the doped ZnO films with different
oncentrations of dopant. The highest THG intensity is obtained
n the undoped ZnO film, which is slightly higher than in Ag-, Cu-
oped ZnO films. It is interesting to note that Cu-doped ZnO film
emonstrates higher THG efficiency than Ag-doped at the similar
oncentration of dopant. The differences in embedding of Ag and
u ions into ZnO can explain this fact. Ag ions incorporated into ZnO
ue to their larger radius mostly substitute Zn ions in their places,
nd in the charge state Ag+, the ZnO lattice has a lack of electrons,
.g., its resistance increase [19]. Meanwhile, ions of Cu incorpo-
ated into ZnO even at low concentrations can occupy both lattice
nd interstitial sites, thus, increasing concentration of electrons in
nO. As it is known, the peculiarities of the crystalline structure
o not play so considerable role in THG process as presence of the
harge carriers. Therefore, the THG efficiency of Cu-doped ZnO film
s higher than that of Ag-doped one. Moreover, ZnO film doped by
u with 71 at.% manifests a quite high third-order NLO response.
his confirms that THG process is not such dependent on crystalline

tructure of medium as SHG process.

According to the work of Wang et al. [35] the intensity of the
HGs in a nonlinear film upon a substrate in air ambient is given by

ig. 7. The THG experimental results for the ZnO film and Ag-, Cu-doped ZnO films.
he fundamental beam is s-polarized and laser intensity is about 15 GW/cm2. Solid
urves correspond to fitting.

T

ZnO:Cu(4.7 at.%) 3.5
ZnO:Cu(71 at.%) 1.9
ZnO bulk [36] 0.17

the following expression:

I3ω = 64�4

c2

∣∣∣∣
�(3)
s

�εs

∣∣∣∣ (Iω)3|ei( 
3ω
s + ω

f
)
[T1(ei� s − 1)

+
ei�T2(1 − e−i� f )] + Cair|2, (8)

where


ei� =
|�(3)
f
/�εf |

|�(3)
s /�εs|

, (9)

�(3)
f, �(3)

s – the third-order effective nonlinear susceptibility of the
film and substrate,�εf,�εs – the dispersion of the dielectric con-
stants, Cair – the contribution of air, �	 s, �	 f – the phase angles
in substrate and film, respectively. The detailed description of cal-
culation of the cubic nonlinear susceptibilities could be found in
[11].

Using the Eq. (8), we calculated the effective values of the cubic
nonlinear susceptibilities for the undoped and doped ZnO films
(Table 4). The maximal value was obtained for the undoped ZnO
film: �(3)

eff = 5.65 × 10−20 m2/V2. This value is one order of magni-
tude higher than that of ZnO bulk crystal and is in good correlation
with those already reported for ZnO films [28,36,37]. It also should
be noted that even for input intensities in the range of 15 GW/cm2

no structural change or damage of the objects occurred.

4. Conclusions

Ag- and Cu-doped ZnO films with various Ag, Cu contents were
prepared by RF-magnetron sputtering on glass and quartz sub-
strates. The structural, morphological and optical properties of the
deposited films were found to be dependent on the dopant content.
The optical gap narrowing was observed for all doped ZnO films due
to the substitution of zinc ions by Ag or Cu ions. Besides, the second-
order NLO response of Ag- and Cu-doped ZnO films was obtained to
be lower than that of the undoped ZnO film. Likewise, THG response
of undoped ZnO films is higher than that of doped ones. Therefore,
we can conclude that SHG as well as THG processes in ZnO films
are strongly dependent on the dopant type and its amount. At the
same time, one can conclude that the doped ZnO films should be
considered as the attractive materials for the photoinduced NLO
effects. The corresponding phenomena such as photoinduced SHG
are expected to be investigated carefully for its potential application
in the nearest future.
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