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A B S T R A C T

Zn1−xNixO thin films (nominal x= 0, 0.01, 0.02, 0.04, 0.1 and 0.2) were synthesized on silicon substrates
through a sol-gel/dip-coating technique. Samples were studied by X-ray diffraction, scanning electron micro-
scopy, photoluminescence spectroscopy, Rutherford backscattering spectrometry and depth-profiling X-ray
photoelectron spectroscopy. The results from X-ray diffraction show growth in the wurtzite crystal structure for
all samples, with cubic NiO being detected as a secondary phase for x=0.2. While for x= 0 (pure ZnO) no
texture is present, for 0≤ x≤ 0.1 strong preferential crystallization along the c-axis is observed. A tendency for
Ni diffusion towards the film/Si substrate interface was observed. The formation of substitutional ZnxNi1−xO
solid solution for 0.01≤ x≤ 0.04 is suggested by the results. Photoluminescence spectra exhibit strong near
band edge UV emission and suppression of deep defect-related emission in the visible upon Ni+2 incorporation
into the ZnO lattice. As in pure ZnO, the UV emission in ZnNiO at room temperature is dominated by the first two
phonon replica of the excitonic emission, however the LO phonon energy (ħωLO) is reduced by up to∼15meV in
the 0≤ x≤ 0.04 range. Due to this reduction of ħωLO, the exciton-phonon coupling increases, in consistency
with a corresponding expected increase of the Fröhlich coupling constant with decreasing ħωLO.

1. Introduction

Nanostructured ZnO films are being intensively studied due to their
important technological applications [1], including UV light sensors
[2], transparent electrodes for solar cells [3] and chemical sensors [4].
In addition to being a wide band gap semiconductor (∼3.37 eV), ZnO
exhibits an exciton binding energy of 60meV, i.e. much larger than
typical thermal energies at normal LED and laser operation tempera-
tures, thus enabling robust excitonic emission [5,6]. The doping of ZnO
with transition metals or the formation of stable solid solutions of ZnO
and transition metal oxides are very attractive ways of engineering
many physical properties of ZnO nanostructures [6–9]. In particular,
the incorporation of Ni+2 into the ZnO lattice has been subject of great

attention, due to the magnetic properties of Ni+2 [8–11], which con-
stitute the basis of emerging diluted magnetic semiconductors (DMS)
that combine ferromagnetism at room temperature and optical trans-
parency [12]. In addition, the introduction of Ni into ZnO can poten-
tially be used as a way of tuning the photoluminescence and the elec-
trical conductivity [13,14]. The incorporation of d- and f- transition
metals into ZnO has been reported to lead to the quenching of the defect
photoluminescence band in the visible [15], while both narrowing [14]
and widening [16] of the ZnO band gap have been reported to occur
due to Ni+2 incorporation.

However, the study of Zn1−xNixO is particularly challenging, prin-
cipally due to two factors: (i) the specific properties obtained have been
often determined by the employed impurity incorporation technique
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rather than by the properties of the impurity itself [17]; and ii) the low
Ni solubility limit and the tendency for phase segregation into NiO and
ZnO, which have been serious drawbacks to achieve stable solid solu-
tions for Ni contents above typically x∼ 0.05 [18,19].

In this work, we explore a facile sol-gel synthesis route to fabricate
Zn1−xNixO films with nominal x= 0, 0.01, 0.02, 0.04, 0.1, 0.2 on Si
substrate. Our study demonstrates that the incorporation of Ni+2 in the
ZnO lattice produces important changes in the resulting microstructure
and optical properties of the films for x < 0.2. Our analysis of the UV
photoluminescence bands reveals an increase of the electron-phonon
coupling with increasing Ni content, which results from a strengthened
Fröhlich interaction associated with a Ni-induced reduction of the ZnO
longitudinal optical phonon frequencies. In addition, we detect a ten-
dency for Ni atom diffusion towards and Ni-rich phases formation at the
film/Si substrate interface.

2. Materials and methods

The Zn1−xNixO samples were synthesized by a sol-gel/dip-coating
technique. The sol precursors were prepared from zinc acetate dehy-
drate (Aldrich, Zn(C2H3O2)2·2H2O) and nickel chloride hexahydrate
(Cicarelli, NiCl2·6H2O) with no further purification. An ethanolic so-
lution of Zn+2 precursor was prepared and mixed with the adequate
quantity of Ni+2 precursor to obtain solutions with a concentration of
0.3 M and Zn+2:Ni+2 in a proportion of 100:0 (x= 0) to 80:20
(x=0.2) in atomic ratio. A volume of 1ml of diethanolamine (DEA)
(Aldrich, C4H11NO2) was added to obtain a sol with a ∼1:1M ratio of
(Zn+2+Ni+2)/DEA under constant stirring. After that, the solution
was heated to 65 °C for 2 h. Finally, it was cooled down to RT. The sol
was then aged for 24 h.

The sol was deposited on (1 1 1) oriented crystalline Si substrates
(Ted Pella, Inc.) by 4 dip-coating/drying cycles at 5 cm/min and dried
in an oven at 300 °C for 10min. After deposition, the samples were
annealed in a horizontal tube furnace at 600 °C for 1 h under a flow of
125 sccm of Ar (99.999% purity) and 30 sccm of O2 (99.999% purity).

The samples compositions were studied by Rutherford back-
scattering spectrometry (RBS) with 2MeV He+ at a scattering angle of
165°, combined with Monte-Carlo simulations with SIMNRA© software
to fit the obtained spectra. Composition depth-profiling was performed
combining ion bombardment with X-ray photoelectron spectroscopy
(DP-XPS). 1 keV Ar+ ions (10 μA/cm2) incident at 45° were used for the
sputtering; photoelectrons were excited with monochromatic Al-
K_alpha radiation (1486.71 eV) and energy-analyzed with a hemi-
spehrical electron energy analyzer Phoibos 150 (SPECS). The crystalline
structure and texture of the films were determined by X-ray diffraction
(XRD) using a Bruker D8 Advanced diffractometer and a Cu Kα radia-
tion source. The morphology of the samples was studied by scanning
electron microscopy (SEM) using a ZEISS-GEMINI® SUPRA40 model
microscope. Finally, photoluminescence (PL) spectra were determined
at room temperature and atmospheric air using the 15 mW λ = 325 nm
line of a Kimmon He-Cd laser as the excitation source and a Avantes
compact CCD spectrometer for detection.

3. Results

3.1. Ni incorporation and distribution within the ZnNiO films

The RBS spectra show signals due to Zn, Ni, O and Si. A typical
spectrum for Zn1−xNixO with nominal x= 0.1 is shown in Fig. 1. From
the fit of the spectra using SIMNRA© software, it is possible to de-
termine the relative concentrations of Zn and Ni. For nominal x= 0.01
and 0.02 the Ni peak intensity is much lower and comparable to the
statistical noise in our measurement conditions. For nominal x= 0.04,
a single Zn1−xNixO layer was enough to satisfactorily fit the RBS
spectra within the statistical uncertainty. For the samples with x=0.1
and 0.2, in turn, no successful fit was possible with a single layer model.

As shown in Fig. 2(a) and (c) in the spectrum region for Zn and Ni, the
experimental Ni peaks are shifted towards lower channel numbers (i.e.
lower scattered He+ energies) with respect to the calculated peak po-
sitions for a single layer with uniform Ni concentration. This shows that
the Ni is depleted from the surface region and accumulated close to the
film/substrate interface, where the backscattering He+ arrive with
energies lower than those backscattered from the film surface, Hence,
for x= 0.1 and 0.2, a multilayer model was needed to fit the spectra, as
shown in Fig. 2(b) and (d).

In Table 1, the x values determined from the SIMNRA© simulation
fits for each layer are shown. For nominal x= 0.1 and x= 0.2, the
surface layers are indeed Ni-poor while the film/substrate interface
layers are Ni-rich. For the x=0.1 sample an additional intermediate
layer had to be assumed in the fit, which was not necessary for x= 0.2.
Note that in spite of the important change in x with film depth, the
thickness-weighted averaged x values turn out to be close to the nom-
inal ones, stressing the fact that Ni atoms have redistributed at some
stage during the film fabrication towards the substrate. The total film
thicknesses as determined from the SIMNRA© simulations range be-
tween 46 and 58 nm, which are in close agreement with cross section
SEM determined thicknesses.

The non-homogeneous Ni distributions within the ZnNiO films as
deduced from the RBS analysis were confirmed by DP-XPS on two se-
lected samples (nominal x= 0.02 and 0.2). The XPS spectra for the
Zn2p3/2, O1s, Ni2p3/2, Si2s and Zn3s photoelectron peaks are shown in
Fig. 3 for x= 0.02 and in Fig. 4 for x= 0.2, at various Ar+ sputtering
stages. The Ni2p3/2 peak intensities for x= 0.02 [Fig. 3d] are much
lower than for the x=0.2 sample [Fig. 3d], reflecting the factor of 10
ratio in nominal Ni concentration between both samples. In both Figs. 3
and 4, the spectra highlighted in green, blue, and black correspond to,
respectively, the initial, intermediate, and final stages of the depth
profiling. The spectra in Fig. 3(a) and 4(a) show that, initially, only the
peak from the film (Zn3s) is seen, while later both peaks have com-
parable intensities and, as the sputtering process resumes, the spectra
become dominated by the peak from the substrate (Si2s).

Figs. 3(b, c) and 4(b, c) show that the Zn2p3/2 and O1s peaks in-
itially remain nearly constant and then decrease monotonically. In
contrast, Figs. 3(d) and 4(d) show that the evolution of the Ni2p3/2
peaks is very different. Particularly in Fig. 4(d), one can notice that: (i)
the peak at an intermediate sputtering time is more intense than at the
beginning, (ii) at the end of the sputtering, when the O and Zn peaks
have decreased to very low intensities, the Ni2p3/2 peak has still con-
siderable intensity, and iii) the Ni2p3/2 peak shape changes as the
sputtering proceeds deeper into the film.

All peaks in Figs. 3 and 4, except those for the Ni2p3/2, were fitted
with a combination of a single Voigt function and a linear background.
The Ni2p3/2 spectra demanded a special analysis; reasonable fits of the
corresponding peaks were achieved using three components, as shown
in Fig. 5, labeled as Ni1, Ni2 and Ni3. The Ni1 component, which

Fig. 1. Typical RBS spectrum obtained from the Zn1−xNixO sample with
x=0.1. The simulation fit using a multilayer model is also shown.
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dominates in the first sputtering stages, resembles the spectrum of NiO.
The Ni3 component was determined by fitting a Ni2p3/2 spectrum
measured on a clean metallic Ni sample. These two components are,
therefore, assigned to oxidized and metallic Ni, respectively. The in-
terpretation of the intermediate Ni2 component requires some further
analysis.

The overall situation that emerges from the DP-XPS experiment is
summarized in Fig. 6(a) and (b), where the integrated peak intensities
are plotted against the sputtering time [20]. The peaked behavior of the
Ni intensities for the two samples is in agreement with the formation of
a positive Ni gradient towards the film/substrate interface, as pre-
viously deduced from the RBS measurements for x= 0.1 and 0.2. Re-
markably, for x= 0.2, the Ni2p3/2 integrated intensity becomes even
larger than those for Zn and O for long sputtering times [Fig. 6b], in-
dicating that some Ni has diffused into the substrate.

The evolution of the Ni1, Ni2, Ni3 components intensities, shown in
Fig. 6(c) and (d), allows grasping further details on this process. The
Ni1 component dominates the spectra at shallow depths, and is re-
sponsible for the Ni depletion profile observed in that region in Fig. 6(a)
and (b). This component, assigned to oxidized Ni, could be associated to

both substitutional Ni within the ZnO lattice or a NiO phase. It is in-
teresting to compare the behavior of Ni1 with the O1s “excess” as de-
fined by the difference between the O1s and Zn2p3/2 integrated in-
tensities shown in Fig. 6(b) for x= 0.2. This is done in Fig. 7(a). It is
clear that there is a close correlation between the evolutions of the O1s
“excess” and the Ni1 component, giving further evidence that the latter
originates from Ni atoms bonded to O.

The Ni2 component, in turn, is initially very weak; however it in-
creases and becomes the dominant contribution close to the film/sub-
strate interface [see Fig. 6c and d]. It may be noted that this increase
occurs together with that of the Si2s peak [Fig. 6a and b]. This is more
clearly shown in Fig. 7(b), where the evolutions of the Ni2 and Si2s
integrated intensities for the Zn1−xNixO sample with x=0.2 are
plotted together. The close agreement between both data sets strongly
suggests that the Ni2 component is due to Ni atoms bound to Si atoms of
the substrate.

Finally, the component Ni3, ascribed to metallic Ni, remains always
as a minor contribution. We note, however, that being a component
much narrower than the other two it is more subject to errors caused by
the noise in the spectra.

3.2. Film structure and morphology

The obtained XRD patterns for the Zn1−xNixO samples are shown in
Fig. 8(a). For x= 0 (i.e., pure ZnO), multiple reflections, corresponding
to (1 0 0), (0 0 2), (1 0 1) and (1 0 3) lattice planes of the hexagonal ZnO
wurtzite structure, are observed. Interestingly, the pattern changes
quite abruptly as Ni is incorporated to the lattice. For x as low as 0.01,
strong preferential orientation along the c-axis is evidenced, which is
also observed for x= 0.02, 0.04 and 0.1. For x= 0.2, this preferential
orientation disappears, and multiple reflections corresponding to the
ZnO wurtzite phase are again observed. In addition, the cubic NiO is
also revealed as a second phase, as evidenced by its (1 1 1), (2 0 0) and
(2 2 0) Bragg reflections.

The degree of preferred orientation of the films was determined by
calculating the texture coefficient (TChkl) for the (0 0 2) reflection of the

Fig. 2. Details of the SIMNRA© simulation fits using a single layer model (a and c) and a multilayer model (b and d) of the experimental RBS data in the region of the
Zn and Ni peaks for Zn1−xNixO films with x= 0.1 (a and b) and x=0.2 (c and d).

Table 1
Nominal x values in Zn1−xNixO films and corresponding values as-deduced
from SIMNRA© fits of RBS spectra. For x= 0.1 and x= 0.2, more than one
layer had to be assumed in the model to satisfactorily fit the experimental data.
The corresponding layer thicknesses (tRBS), and the weighted average 〈xRBS〉 are
also shown.

Nominal x x (surface layer
1)

x (intermediate layer
2)

x (film/substrate
interface layer 3)

〈xRBS〉

xRBS tRBS
(nm)

xRBS tRBS (nm) xRBS tRBS
(nm)

0.01 ∼0.01 58 – – – – –
0.02 ∼0.02 52 – – – – –
0.04 0.05 46 – – – – –
0.1 0.00 30 0.07 23 0.67 5 0.09
0.2 0.13 36 – – 0.52 18 0.26
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wurtzite structure, using the relation [21]:

=
∑

TC
I I

N I I
/

(1/ ) /
,

hkl hkl
(002)

(002) 0,(002)

( ) 0,( ) (1)

where I(hkl) is the measured intensity, I0,(hkl) is the reference intensity
according to JCPDS 036-1451 card, and N is the total number of

observed reflections. The results are shown in Fig. 8(b). It should be
noted that high TC values mean high degree of preferential (0 0 2) or-
ientation. As observed in Fig. 8(b), while pure ZnO hardly exhibits any
texture (i.e. TC≈ 0), for x= 0.01 TC increases abruptly and remains
high (although it decreases slightly) up to x= 0.04. In the sol-gel
technique, several parameters affect the growth and orientation of

Fig. 3. XPS spectra measured after various sputtering stages in the region of (a) Si2s and Zn3s, (b) Zn2p3/2, (c) O1s, and (d) Ni2p3/2, for Zn1−xNixO samples with
nominal x= 0.02. Spectra are conveniently shifted vertically to avoid overlap for clarity. Arrows indicate evolution with increasing sputtering time.

Fig. 4. XPS spectra measured after various sputtering stages in the region of (a) Si2s and Zn3s, (b) Zn2p3/2, (c) O1s, and (d) Ni2p3/2, for Zn1−xNixO samples with
nominal x= 0. 2. Spectra are conveniently shifted vertically to avoid overlap for clarity. Arrows indicate evolution with increasing sputtering time.
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synthesized films, including type of chelating agent, valence of metallic
ions and drying temperature [22,23].

The c parameter was refined from the XRD data with the pattern
matching mode (Le Bail refinement) using the FullProf software [24],
see Fig. 8(c). Since the data for x= 0.2 is noisy and there are two
phases, the refinement could not be carried out for this sample. As can
been seen, the c parameter for the pure ZnO sample (c=5.2117 Å) is
strongly reduced for x= 0.01 (c=5.1984 Å). Further increase in x
leads to an increase in c. Hence, the XRD analysis shows that Ni in-
corporation leads too strong changes for even x=0.01. For samples
with x between 0.01 and 0.1, the detection of one phase only (i.e.
wurtzite ZnO) in Fig. 8(a) indicates that Ni is being mainly incorporated
substitutionally into the ZnO lattice. For x= 0.2, the presence of the
cubic phase of NiO shows that a considerable amount of Ni is not
substitutional in the ZnO lattice but is incorporated within NiO regions
in the film.

Fig. 9 shows SEM images for samples with x= 0, 0.02, 0.04, 0.1 and
0.2. The films are composed by grains with broad size dispersion in the
nanoscale range. The mean grain sizes as determined from the SEM
images are shown in Fig. 9(f); it shows that the mean grain size in-
creases drastically by slightly less than a factor of two when going from
x=0 to x=0.01, and then decreases gradually with increasing x. Also
noticed in Fig. 9(a–d) is a more compact grain packing in the Ni-con-
taining materials as compared to pure ZnO.

It is interesting to note that the x-dependence of the mean grain size
[Fig. 9f] is qualitatively similar to that exhibited by the texture coef-
ficient in Fig. 8(b). This fact emphasizes the consistency between the
different experimental data (XRD and SEM) in revealing the strong
impact of relatively small amount of Ni (x= 0.01) on the resulting
structural characteristics of the films; an impact that is gradually re-
duced as x increases further.

Fig. 5. XPS spectra showing the Ni2p3/2 peak for Zn1−xNixO with (a) x=0.02 (after 250min sputtering) and (b) x= 0.2 (after 300min sputtering). The fit curves
and their main components, Ni1, Ni2 and Ni3, are also shown.

Fig. 6. Photoelectron peak intensities and the relative contributions from the three Ni2p3/2 (Ni1, Ni2, Ni3) components as functions of the Ar+ sputtering time for
Zn1−xNixO with x= 0.02 (a and c) and x= 0.2 (b and d). The Ni2p3/2 intensities for the x=0.02 sample in (a) are multiplied by 10.
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3.3. Photoluminescence

Fig. 10(a) shows the normalized PL spectra for the Zn1−xNixO
samples. The normalization of the spectra was carried out by dividing
the emission intensity values in each spectrum by the corresponding
maximum intensity (which in all cases was equal to the maximum of the
UV band). The UV emission due to excitonic or near band edge tran-
sitions in ZnO dominates all spectra. The decreasing signal-to-noise
ratio shows that the overall PL intensities decrease with increasing x.
However, this intensity reduction is more important for the emission in
the visible, as clearly observed in Fig. 10(a) (note the almost complete
suppression of the band in the visible for x= 0.04 and 0.1) and in
Fig. 10(b), which shows a steep increase of the PL intensity ratio, IUV/
IVIS, from x=0 up to x=0.1. In contrast, for the sample with x= 0.2,
a relative increase of the emission in the visible with respect to the UV

emission is observed.
Fig. 11 shows the UV part of the PL spectra from all the Zn1−xNixO

samples. It is clear that the peak blueshifts significantly when going
from x=0 to x= 0.01. However, for larger x values, the low wave-
length side of the peak remains nearly unchanged, while the high wa-
velength side is reduced with increasing x. As previously reported for
sol-gel [23] and vapor transport [25,26] synthetized ZnO, the UV
emission at room temperature can be decomposed into two compo-
nents, which are attributed to the excitonic emission (FX) first- and
second-order longitudinal optical phonon replica (FX-1LO and FX-2LO).
In this work, we have applied a similar fit analysis for the UV emissions
from all the ZnNiO samples to determine the position and intensities of
both components. Typical double-Voigt function fits to the energy PL
spectra are shown in Fig. 12(a) and (b).

Fig. 12(c) shows the FX-1LO and FX-2LO components peak positions
as functions of the nominal x. For the case of pure ZnO films (x= 0),
the energy difference is 76meV, in consistency with previous studies in
ZnO [23,25,26]. For x=0.01, both components are blueshifted by few
meV. For larger x the blueshift continues but eventually the FX-1LO
component peak position saturates while the FX-2LO blueshifts a few
meV more. As a result, the energy difference between both positions
decreases to about 60meV for x=0.04 and remains nearly unchanged
for larger x. Fig. 12(d) shows the ratio of the integrated intensities of
the two components, AFX-2LO/AFX-1LO, as a function of x. As can be seen,
this ratio increases with x, reaches a maximum for x=0.1 and then
decreases for x= 0.2.

4. Discussion

The RBS and DP-XPS work done here clearly shows that Ni atoms
tend to diffuse towards the Si substrate during the fabrication of the
films. While the Ni diffusivity in solid ZnO is very low [27], Ni diffusion
can be orders of magnitude larger in the intermediate stages between
the sol and the final solid film. Hence, some of this diffusion may have
occurred through the liquid state that partially characterizes the gel. In
our fabrication technique, a layer-by-layer dip coating deposition of the
sol on the Si substrate was carried out. Each dip-coating deposition of
the sol was followed by a drying step at 300 °C. In addition, as usual in
sol-gel synthesis, the aerogel, polymeric-like film obtained after the
final drying was annealed for 1 h at 600 °C until it was fully converted
into a compact, solid ZnNiO film. During this transformation, in which
remaining solvent molecules are eliminated through a porous, albeit
densifying network, there could be additional enhanced Ni diffusion
away from the film to the Si substrate. Recently [28], it has been shown
that Ni diffusivity through interstitial Ni sites in crystalline Si is large
even at room temperature. Interstitial Ni in Si may destabilize the Si-Si
bonds and favor the formation of Ni silicides at low temperatures as
well [29]. Hence, the Si substrate probably acts as an efficient sink for
Ni atoms, providing the driving force that triggers the observed Ni
diffusion towards the Si substrate.

The XRD data, in turn, show that small additions of the Ni precursor
strongly affect the growth processes during the synthesis and the final
crystal orientation; this effect is more marked for low Ni concentration
and gradually diminishes as x increases [Fig. 8b, c and f]. Part of this
effect may be due to intrinsic bonding differences between the Ni+2 and
Zn+2. For instance, the lower Ni+2 ionic radius (0.069 nm) than that of
Zn+2 (0.074 nm) [30] (i.e, a difference of 6.7%) may easily account for
a reduction of the c lattice parameter by 0.27% as observed for x= 0.01
as compared to pure ZnO [Fig. 8c] due to Ni+2 substitution within the
ZnO lattice. Indeed, despite the Ni induced changes in lattice parameter
and preferred orientation, the overall crystalline symmetry does not
change and remains hexagonal wurtzite for x= 0.01, 0.02, 0.04 and 0.1
[Fig. 8a]. The XPS spectra, in turn, show that most of the Ni atoms are
in the Ni+2 (oxidized) state [Fig. 6c]. The formation of stable solid
solutions of Zn1−xNixO for x below ∼0.04 is in agreement with trends
already reported in the literature [14].

Fig. 7. (a) O1s “excess”, as defined by the intensity difference between the O1s
and Zn2p3/2 photoelectron peaks (see insert) taken from Fig. 6(b); and (b) the
Ni2 component and Si2s peak intensities taken from Fig. 6(d) and (b), respec-
tively, as functions of the sputtering time.

Fig. 8. (a) XRD patterns of Zn1−xNixO thin films; (b) texture coefficient analysis
for the wurtzite (0 0 2) lattice plane; (c) c parameter obtained from Pattern
Matching refinement (FullProf Software).
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However, the increment of the c parameter for x > 0.01 suggests
that as the Ni content increases, some Ni atoms may not be in-
corporated substitutionally. For x=0.2, the XRD data show the pre-
sence of a NiO cubic phase [Fig. 8a], as can be expected since this
corresponds to a Ni concentration well above the solubility limit of Ni
in ZnO. The RBS and DP-XPS data, in turn, reveal that the NiO regions
may not be evenly distributed across the film but located close to the
substrate. Both, the DP-XPS and RBS data give evidence for the for-
mation of a Ni-rich layer close to the substrate and a Ni poorer region
close to the film’s surface (see Table 1 and Figs. 6 and 7). Therefore, and
since the wurtzite structure is expected to be destabilized for large x, it
is reasonable to assume that the NiO phases preferentially formed in the
Ni rich region, while the observed wurtzite phase predominates in the
Ni poor region with the Ni substitutionally incorporated in ZnxNi1−xO.

Texturing during ZnO sol-gel synthesis is known to be favored when
nucleation initiates at the gel-substrate interface (heterogeneous nu-
cleation), and inhibited when the nucleation of crystallites occurs away
from the sol-substrate interface (homogenous nucleation) [31]. The
latter seems to be the case for pure ZnO, which shows no texture. The
drastic change in nucleation mode for x= 0.01, whose signature is a
strong texture [Fig. 8b] and large crystallites [Fig. 9f] suggests that the
Ni precursors activate the formation of heterogeneous nucleation cen-
ters at the gel-substrate interface, promoting the growth of c-axis or-
iented wurtzite Zn1−xNixO crystallites. However, as the Ni concentra-
tion is increased, the wurtzite structure is destabilized by the competing
formation of highly Ni-rich regions at the film/substrate interface (as
revealed by RBS, Table 1, and by DP-XPS), which, as observed in

Fig. 8(b) and 9, results in decreasing texturing degree and mean grain
size with increasing x. Eventually, this process ends up leading to the
formation of cubic NiO crystallites, as deduced from the XRD data for
x= 0.2 [Fig. 8a].

As for the PL data, there are three main effects: (1) The overall PL
intensity decreases; (2) the emission in the visible decreases more
strongly and is eventually suppressed, as evidenced by the spectra in
Fig. 10(a) and the IUV/IVIS ratio increases with x in Fig. 10(b); (3) the PL
band in the UV blueshifts when going from x=0 to x=0.01 and shows
significant shape changes with increasing x (Figs. 11 and 12). The in-
corporation of Ni+2 into the ZnO lattice can explain effect (1), con-
sidering the formation of non-radiative recombination centers (NRC),
which are usually induced by transition metals in ZnO [32]. Effect (2) is
probably related to a competition between the crystallite size increase
induced by the Ni [Fig. 9f] which is expected to reduce the effective
deep defect density associated with the grain boundaries, and the in-
creasing number of NRC induced by Ni incorporation, which also
competes with the deep defect transitions that give rise to the emission
in the visible. The decrease of IUV/IVIS ratio for the sample with x= 0.2
is clearly related to the formation of NiO phase inclusions at the ex-
pense of the wurtzite ZnO-related phase, which results in a reduction of
the ZnO-related excitonic emission and an increase in wurtzite ZnNiO/
cubic NiO interface-related defect emissions.

Regarding the changes in the UV emission [effect (3), Figs. 11 and
12], it is fairly established that at room temperature, for ZnO, the UV PL
is in general dominated by the first two phonon replicas of the exciton
emission (FX-1LO and FX-2LO) [23,25,26]. The FX-nLO replicas are

Fig. 9. (a–e) SEM micrographs of Zn1−xNixO thin films, (f) mean grain size measured from SEM micrographs.
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centered at energies given by the following expression:

= − + 〈 〉−E E nħw E ,FX nLO FX LO k (2)

where EFX is the photon energy of the FX emission, n= 1, 2… are in-
teger numbers that indicate the replica orders, ħωLO is the energy of the
longitudinal optical phonon in ZnO and 〈Ek〉 is the exciton mean kinetic
energy [26]. Hence, the blueshifts observed in Fig. 13(c) for both FX-
1LO and FX-2LO components (up to ∼15meV and ∼30meV, respec-
tively) are not due to a Ni-induced bandgap widening [16] (which
would affect both components equally), but due to a reduction of ħωLO

with respect its value in ZnO by up to ∼15meV. Indeed, if one looks at
the difference between the photon energies for the first and second
phonon replica emissions (ΔE= EFX-2LO− EFX-1LO), from Eq. (2) it is
expected to be:

=E ħwΔ LO (3)

As shown in Fig. 12(c) and mentioned above, for x= 0, the energy
difference between the UV emission components found from the fit is
76meV, which as in previous reports [23,26] is in reasonable agree-
ment with the expected value of ħωLO for ZnO. For the samples with low
Ni concentrations [i.e for 0 < x≤ 0.04, see Fig. 12c], this value ra-
pidly diminishes down to ΔE= ħωLO≈ 60meV. A reduction of ħωLO in
ZnNiO is consistent with an alloying effect expected and observed in
cationic and anionic II-VI ternary compounds [33,34] and the fact that
the LO phonon energy in NiO (≈19meV, as deduced from optical
studies [35]) is much lower than in ZnO. The x-dependence of ΔE in
Fig. 12(c), however, is somewhat stronger than can be expected from a
simple weighted average of the LO phonon energies of ZnO and NiO.
Unfortunately, no direct measurements of the LO phonon frequency in
ZnNiO films are yet available. Nevertheless, it is clear that in addition to
a simple alloying effect, strains due to the lattice compression and local
atomic relaxations around the substitutional Ni2+ ions could play an
additional role, leading to bowing effects [33]. In this regard, it is in-
teresting to consider the strong increase of the AFX-1LO/AFX-2LO ratio as
seen in Fig. 12(d), which implies an increasing exciton-phonon cou-
pling with increasing x. It is well-known that the exciton-phonon cou-
pling in ZnO is dominated by the Fröhlich interaction [36] due to the
effects of electric field that results from the polar lattice vibrations on
the exciton’s electron and hole. A measure of the electron-phonon
Fröhlich interaction strength is the Fröhlich coupling constant [37]:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

∗

∞
α e

ħ
m

ħω ε ε2
1 1 ,

LO

2

0 (4)

where e is the electron charge, ħ is Planck’s constant over 2π, m* is the
electron effective mass, and ε∞, ε0 are the electronic and static di-
electric constants, respectively. For substitutional Ni2+ in the Zn2+

sublattice of ZnO, which according to the RBS and XRD data is the case
for 0≤ x≤ 0.04, one can expect little change of ε∞ , ε0 and m* with x,
given that the dielectric constants of NiO and ZnO do not differ much
[38,39] and the fact that the effective mass is dictated by the band
structure close to the center of the Brillouin zone, which should be
essentially determined by the ZnO bonding for low x. As for the third
variable in Eq. (3), namely the LO phonon energy ħωLO, our own data
for ΔE in Fig. 12(c) indicate (considering Eq. (2) its important reduction
with increasing x in the 0≤ x≤ 0.04 interval. According to Eq. (3),
such a reduction of ħωLO should imply an increase of the Fröhlich
coupling constant α as (ħωLO)-1/2. Indeed, if we take the experimental
values of the AFX-2LO/AFX-1LO ratio from Fig. 12(d) as an experimental
measure of the electron-phonon interaction, and plot it against the
experimental (ΔE)−1/2 values from Fig. 12(c), we obtain a close cor-
relation (see Fig. 13) for samples within the 0≤ x≤ 0.04 region.
Hence, it is possible to conclude that the interpretation above in terms
of the electron-phonon Fröhlich interaction for substitutional
Zn1−xNixO is sound. The data for the samples with x=0.1 and 0.2, in
contrast, do not agree well with the above correlation and the reason
for this could be related to the strong Ni segregation and phase se-
paration detected in these samples, the activation of other electron-
phonon mechanisms, interface effects or any combinations of these
factors which are not taken into account in the simple analysis above.

5. Conclusions

Zn1−xNixO thin films (nominal x within the 0≤ x≤ 0.2 interval)
were synthesized on silicon substrates by a sol-gel/ dip-coating tech-
nique. The samples were analyzed by XRD, RBS, DP-XPS, PL and SEM.
The following conclusions can be drawn:

(1) While pure ZnO film (x=0) does not show preferential orientation,
the incorporation of the Ni results in strong preferential orientation
along the c-axis of wurtzite for 0.01≤ x≤ 0.04 and large crystal-
lites. For x= 0.1 and 0.2 the preferential orientation and the

Fig. 10. (a) PL spectra from Zn1−xNixO samples (b) UV to visible PL intensity
ratio (IUV/IVIS) as a function of the nominal Ni content.

Fig. 11. PL spectra from the Zn1−xNixO samples in the UV region.
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crystallite sizes diminish again. The NiO phase is detected for
x= 0.2.

(2) There is clear evidence for Ni diffusion towards the Si substrate
during some stage or stages of the ZnNiO film fabrication process. A
possible driving force for this effect, which seems to be more pro-
nounced for higher x, is the very high diffusivity of Ni in Si.

(3) For low x values, Ni2+ partially substitutes Zn2+ in wurtzite
Zn1−xNixO lattice, as evidenced by a reduction of the lattice para-
meter by XRD, the observation of oxidized Ni by XPS and the ab-
sence of the NiO phase in the XRD patterns.

(4) The PL spectra evidence a preferential suppression of the defect-
related emission in the visible with increasing nominal Ni content
for 0.01≤ x≤ 0.1. For x=0.2 the defect band becomes relatively
large again.

(5) As in pure ZnO, the UV emission in ZnNiO is dominated by the first
two phonon replica of the excitonic emission. The first and second
replica blueshift by up to ∼30 and ∼15meV, respectively, in
consistency with a reduction of the LO phonon energy ħωLO by up to
∼15meV, for Zn1−xNixO within the 0≤ x≤ 0.04 range. This re-
duction of ħωLO is shown to be correlated with the experimental
increase of the exciton-phonon coupling, in consistency with the
expected increase of the Fröhlich coupling constant for decreasing
ħωLO.
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