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Abstract

The deposition of undoped, aluminum and/or holmium doped and co-doped zinc oxide thin films on different substrates was achieved
using a very simple and versatile aqueous solution method. The effect of the precursor solution concentration on the morphological and
structural characteristics, as well as on the optical properties of the undoped ZnO thin films was also investigated. The AFM
investigations have revealed that the morphology of the films is smooth and homogeneous. The room-temperature photoluminescence
(PL) and the optical absorption (UV—vis) properties of the as-obtained undoped and doped ZnO thin films were investigated, as well.
A strong UV emission (380 nm) was recorded for the undoped, aluminum and holmium doped and co-doped ZnO thin films. The band
gap value obtained for the doped ZnO thin films is ranging between 3.01 eV and 3.56 eV, depending on the nature and the concentration
of the dopant.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO is widely used in solar cells due to its excellent
chemical and thermal stability, specific electrical and
optoelectronic properties, non-toxicity and low cost synth-
esis [1-6]. Numerous deposition methods, such as sol-gel
[1], chemical vapour deposition [2], spray pyrolysis [3], and
radio-frequency magnetron sputtering [4] were developed
to deposit ZnO thin films on various substrates. Among
them, the sol-gel method offers the greatest versatility to
prepare low cost, both small and large area functional
oxide thin films due to the compositional and microstruc-
tural controllability of the films [1].

By doping it is possible to control the electrical con-
ductivity, the conduction type, the band gap value and the
ferromagnetism of semiconducting nano-materials [5-7].
Thereby, the effect of doping can improve the properties of
ZnO and enable the design of new applications.

*Corresponding author. Tel.: 440 264 401467.
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Generally, the doping process is hindered by the appar-
ent size difference between the host cations and the
dopping ions, and the large mismatches in terms of charge
density and coordination environment between two kinds
of cations [8].

Lanthanide-doped ZnO materials may represent a new
class of luminescent materials for advanced displays and
lighting applications, such as full color flat panel displays,
field-emission displays (FEDs), infrared-to-visible-light
fluorescence imaging and optical communications [8].
There are several reports on ZnO thin films doped with
lanthanide ions [9-12]. The rare earths doped materials
exhibit very good luminescent properties because of the
sharp and intense emission due to their 4f intra-shell
transitions [12]. Since elements of the lanthanide series
are characterized by a partially filled 4f energy level,
surrounded by full 5s and 5p orbitals with shielding effect,
they allow the photoluminescence (PL) spectra of the rare-
earth ions to show emission frequencies relatively host
independent [12].

To enhance the electrical and optical properties of the
ZnO films, trivalent metal ions, such as Al, In, and Ga
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have been generally acknowledged as the most suitable
dopants [13]. Although the doping process is facile, the
simple addition of metal precursors into the ZnO precursor
solution does not necessarily result in the incorporation of
metal atoms in the ZnO structure [5]. In order to generate
magnetic properties in the ZnO thin films, transition metal
dopants, such as Co, Ni, Mn, Cu, Fe or Ag can be used.
Numerous studies on the synthesis and characterization of
doped ZnO thin films with different 3d transition metal
ions with potential applications in spintronic devices and
visible light photocatalysis were reported [5,6,14].

Lately, co-doping with two different transition ions has
also been investigated [15-17]. Different dopant ions can
exhibit different functions during the synthesis process,
mainly related to the oxidation state of the dopant [15,16].
The purpose of co-doping is to get the benefit of synergic
influence of the nature of each dopant ion in the property
improvement. Many researches on doped-ZnO have been
focused to lower the resistivity and to increase the
transparency of the films [14]. In order to improve the
optical properties of the ZnO thin films, both Al and Ho
ions were chosen as dopants in the present study. The main
goal of this work is, therefore, to investigate the influence
of the precursor solution concentration on the structural
and morphological properties of the ZnO films obtained by
a facile, environmentally friendly, aqueous chemical solu-
tion method. Studies regarding the synthesis and charac-
terization of Al and/or Ho doped and co-doped ZnO thin
films are also presented. A special attention was assigned
to the optical properties of the thin films, investigated by
UV-vis and PL spectroscopy.

2. Experimental

Undoped, Al and/or Ho doped ZnO thin films on Si
wafers and quartz substrates have been deposited using the
sol-gel method. This method is based on aqueous solutions
in which the reagents are zinc acetate dihydrate,
Zn(CH;3COO), - 2H,0 (Merck 99.5%), aluminum acetyla-
cetonate, AI(CH;COCHCOCH;); (Alfa Aesar 99.995%),
holmium nitrate pentahydrate Ho(NOj);-5H,O (Sigma
Aldrich 99.99%) and propionic acid, CH;CH,COOH
(Alfa Aesar 99+ %). The precursor solution was prepared
by sonicating the metal salts in distilled water. Propionic
acid CH;CH,COOH, 99% (Alfa Aesar) was used as a
complexing agent in order to keep the metal ions in
solution without undergoing precipitation. Triethanola-
mine (TEA) was used as a stabilizer in order to improve
the wettability to the substrate. The influence of the
precursor solution concentration was investigated first.
A clear and homogenous precursor solution with a con-
centration as high as 2 M is stored at room temperature for
2-3 h before being used for the deposition. Prior to the
deposition, in order to achieve an adequate substrate
surface and to improve the wetting behavior and the film
adhesion, the single crystalline n-type Si(100) substrates
were immersed in HF to remove the native SiO, layer and

then rinsed in deionized water. The substrates were further
washed in isopropanol and acetone and then dried in an
Ar flow. The coating solution was deposited by spin
coating on 10 mm x 10 mm substrates at a spinning rate
of 3000 rpm for 60s in air. The precursor films were
thermally treated at 400 °C in air for 60 min, at a heating
rate of 5°C/min. The thickness of the ZnO thin films is
about 20 nm, as determined by X-ray reflectometry mea-
surements (not shown here).

The nature of the coating solution was investigated by
means of Fourier Transform Infrared Spectroscopy (FT-
IR) using a Platinum-ATR accessory, Diamond Spectro-
photometer. The structural characterization of the ZnO
thin films was carried out using a Bruker AXS DS
Discover Diffractometer with the Cu K, radiation
[18,19]. Morphological studies were performed on a Veeco
Dimension 3100 Atomic Force Microscope in the contact
imaging mode. The obtained images were processed using
the Gwyddion image processing software. Transmittance
in the visible spectra region was analyzed using an UV-vis
absorption spectrometer Perkin Elmer Lambda 35, and the
emission spectra (PL) of the thin films were recorded using
a Jasco FP -6500 Spectrofluorometer.

3. Results and discussion
3.1. Infrared spectroscopy studies

The FT-IR spectra of the undoped and doped zinc oxide
precursor solutions are presented in Fig. 1 (a). These
investigations were performed in order to check the
vibrational fingerprints which can be used in monitoring
the reaction. Vibration modes corresponding to propionic
acid have been identified in the coating solution, the most
significant being assigned at 1714cm™' to the C=0
asymmetric stretch. This is in good agreement with the
initial propionic acid excess. We have also investigated the
evolution of the precursor film during the thermal treat-
ment, in order to obtain the lowest temperature for the
ZnO thin films fabrication. As it can be observed from
Fig. 1(b), the temperature increase leads to the elimination
of the organic moieties from the precursor film favouring
the formation of the crystalline ZnO (418 cm™'). In the
300-400 °C temperature range, the FT-IR spectrum con-
tains two intense absorption bands at 418 and 662 cm ™.
The absorption band centered at 662cm~' may be
attributed to a local vibration of substitutional carbon in
the Si crystal lattice [20].

3.2. The influence of the precursor solution concentration

Since the structural and morphological properties of the
ZnO thin films are sensitive to the precursor solution
concentration [21], the X-ray diffraction patterns of the
ZnO films deposited on Si (100) substrates, after the
calcination of the precursor films obtained from coating
solutions with different concentrations are presented in



R A. Mereu et al. /| Ceramics International 39 (2013) 5535-5543 5537

a 00
0.1
El
o
3
3! H,0
S 0.2
5
& g
= E
034 —zno / 5
ZnO:Al 2% ’8“ E
—— ZnO:(Al.Ho) 2% S sl &
ZnO:Ho 2% -
0.4 T T T T T T v T T — T T T
4000 3500 3000 2500 2000 1500 1000 500
u(cm'1)
b /l/l
400°C
300 °C
E) 200°C
s
(']
Qo
£ |
© |
-1
o
=]
2
"
ryi

T T T T T T 7/ T T T T
500 1000 1500 2000 3000 3500

u(crn'1)

4000

Fig. 1. (a) IR spectra of the undoped and doped Zn(CH3;CH,COO),
precursor solution, and (b) the FT-IR spectra of the Zn(CH;CH,COO),
precursor film deposited on silicon substrates versus temperature.

Fig. 2. From the XRD data results that all the samples are
polycrystalline and exhibit the ZnO hexagonal wurtzite
structure, in agreement with the JCPDF —file #361451.
In addition to the (002) peak, peaks corresponding to the
(100) and (101) planes are also observed. The mean
crystallite sizes in the films were calculated using the
Scherrer equation [18,19]. The lattice parameters were also
calculated. The structural parameters a and ¢, correspond-
ing to the ZnO thin films are presented in Table 1. As it
can be seen from Table 1, the experimental values for the
lattice parameters a and ¢, are similar to the standard
values and no significant trend was observed.

Fig. 3 presents the AFM micrographs of the ZnO thin
films deposited on Si (100) substrates. The films reveal a
homogeneous distribution of granular particles. The root—
mean—square roughness (RMS) of the ZnO thin films is in
the range of 2.0-3.5 nm. As expected, the ZnO grain size
seems to be dependent on the precursor solution concen-
tration. Increase in the precursor solution concentration
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Fig. 2. X-ray diffraction pattern of the ZnO thin films deposited on Si
(100) substrates.

increases the grain size and roughness, as seen in Table 2.
We observed that the particle size of the ZnO thin films, as
determined from the AFM images, is larger than that
derived from XRD. This difference is due to the fact that
the AFM investigations show the grain size, while the
XRD investigation gives the crystallite size of the obtained
particles [22]. An enhanced uniformity, a more compact
structure is noticed and the average surface grain size
slightly increases with the increase of the precursor solu-
tion concentration.

3.3. Doping versus co-doping

The A’ and Ho’ " ions have been used for doping in
order to improve the optical properties of the ZnO thin
films. By co-doping these two ions should promote a new
set of properties for ZnO thin films due to the cumulative
contribution of each ion. The influence of the dopant
nature (Al and/or Ho) and concentration on the ZnO thin
films morphology and optical properties (UV—vis and PL)
are studied.

The AFM images reveal that the nature of the dopant
does not significantly influence the morphology of the films
(Fig. 4). The doped ZnO thin films roughness is lower
(1.2 nm), as compared to the undoped ones (2.1 nm). As it
can be seen, all the ZnO thin films are dense without cracks
or pores.

Thereby, when introducing APP* or Ho’*" ions as
dopants, the grain size of the ZnO nanoparticles decreases,
so that the roughness of the films also decreases.
A correlation between the dopant ion concentration and
morphology can be established from the AFM images.
It can be seen that the surface roughness is reduced by
doping. The change in grain size may be attributed to the
different surface mobility of atoms with the dopant ion
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Table 1

Structural parameters of ZnO thin films vs. concentration of the coating solution.

Molarity (M) Lattice Parameter theoretical/experimental D, (nm)
a (A) ¢ (A)
Theor.™ Exp. Theor.™ Exp.
1 3.24880 3.24+0.01 5.20540 5.20+0.01 18+ 1.5
1.5 3.264+0.01 5.214+0.01 23+1.5
1.75 3.26 +0.01 5.214+0.01 21+1.5
2 3.2540.01 5.2140.01 11+1.5

*JCPDF - file#361451.

Fig. 3. AFM images of the ZnO thin films deposited on Si (100) substrates obtained from different concentration of precursor solutions (a) 1 M,

(b) 1.5M and (c) 1.75 M.

concentration in the starting solution during the nucleation
stage [23,24].

The optical absorption spectra of the Al and/or Ho
doped ZnO thin films recorded in the wavelength range
from 200 nm to 500 nm are presented in Fig. 5. As noted
that the aluminum doping generates an increase in the
absorbance of the ZnO thin films in the visible range
(400-500 nm) and inhibits the sharp absorption at ~ 385 nm,

characteristic for ZnO. The blue-shift of the absorption band
with the increase of AI>* content indicates an increase of the
band gap energy. Not the same considerations can be made
on the ZnO thin films doped with Ho for which a decrease of
the absorbance with almost 3.3% in the visible range (400
500 nm) has been observed. In the co-doped ZnO thin films
spectra, the influence of both dopants was observed. The
band gap energy values were obtained from the (chv)®=f{(/v)
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plot. An increase of the ZnO thin films band gap energy
value was registered by doping, both with AI**, and Ho’ "
(Table 3). A linear dependence of the E, versus the dopant
concentration was observed.

The luminescent properties of both undoped, and doped
ZnO thin films were investigated. The room temperature
PL spectra recorded using A.,=350 nm for the ZnO thin
films are present in Figs. 6(b), 7(b) and 8(b). Three
important emission bands centered at 380 nm, 414 nm
and 438 nm can be observed in both undoped and doped
ZnO thin films emission spectra. The UV emission cen-
tered at around ~380 nm (3. 24 eV) in the undoped sample
was observed before in various ZnO structures [25], and
was considered to originate from the band-edge exciton
emissions. In the case of the doped samples, a shift of the

Table 2
Principal AFM parameters as function of the coating solution
concentration.

AFM parameter Molarity(M)

1 1.5 1.75
D, (nm) 31+4 39+4 42 +4
RMS (nm) 23 2.6 2.8
Average height (nm) 9 11 13

UV emission peak can be observed. Thus, a 10 meV blue-
shift of the exciton emission can be remarked by increasing
the Al ions concentration from 0 to 10at % (Fig. 6b,
inset). In the case of Ho doped ZnO thin films, a small
blue-shift (10 meV) was identified only for higher Ho
concentrations (5 and 10 at %) (Fig. 7 b, inset), while for
the co-doped samples (Al, Ho), the blue-shift of ~20 meV
was observed only for 10 at % dopants (Al, Ho) (Fig. 8 b
inset). These blue-shifts, also reported in literature, can be
associated with the enhancement of the semiconductor
band gap due to the Burstein—-Moss effect in the case of
higher dopant concentrations [26,27]. Another reason for
the blue-shift is probably due to a lowering of the crystal-
line order degree which occurs when the films are grown at
lower temperatures. In this case the photon absorption
shifts towards the blue, as a consequence of a larger
extended localization in the valence and conduction bands
[27,28]. Moving further to the visible region of the PL
spectra, the bands around 414 nm (~2.98 ¢V) and 438 nm
(~2.84 eV) have become more pronounced by increasing
the AI** concentration from 0 to 10 at %, and weaker in
case of Ho doping. The effect of co-doping with Al and Ho
on these emissions is rather aleatory having an enhance-
ment effect for a concentration of 10 at % (Al, Ho). At a
careful look in the visible region of the Al doped ZnO
spectra, one can remark the presence of some other three

Fig. 4. AFM images of the (a) undoped ZnO, (b) 2 at % Al doped ZnO, (c) 2 at % Ho doped ZnO and (d) 2 at % Al and Ho co-doped ZnO thin films

deposited on Si (00) substrates.
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Fig. 5. (a) Absorption spectra of the ZnO thin films and (b) the plot of
(ahv)® =f(hv) with the extrapolation of E,

Table 3
Calculated E,, for the undoped and doped ZnO thin films.

Dopant Band gap energy, E, (eV)
concentration (at%)
ZnO:Al ZnO:Ho ZnO:(Al,Ho)
0 3.28 3.28 3.28
2 3.28 3.30 3.01
5 3.32 3.28 3.34
10 3.38 3.32 3.56

emission bands situated around 474 nm (2.6 eV), 517 nm
(2.4eV) and 571 nm (2.17eV) [29]. Their presence is
unnoticeable for the Ho doped ZnO samples and visible
only in the case of 10 at % (Al, Ho) doped ZnO thin films
at 475 nm and 522 nm, respectively. The origin of these
visible emissions has been often reported in literature, but
is still disputed. Thus, the violet emission at 2.98 eV has
been identified at the same positions as Cao et al. [30] and
Behera et al. [29] reported emissions, and has been
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Fig. 6. (a) Absorption spectra of ZnO:Al thin films and the plot of (ahv)?
=f{(hv) with extrapolation of E, (inset) and (b) Photoluminescence spectra
of the ZnO:Al thin films at different dopant concentration (4,,=350 nm).

assigned to the electron transition from the conduction
band (CB) to an interstitial oxygen (0O,), located at
~0.4 eV above the valence band (VB). The emission at
~2.84¢eV was associated by Ahn et al. [31] with the
transition from an interstitial zinc (Zn;), located at
~0.22 eV below the CB, to a zinc vacancy (V7z,) (0.30 eV
above the VB). The enhancement of these emissions,
especially in Al doped ZnO samples, is however difficult
to explain. It could be related to the presence of dopants in
the inside positions of the ZnO matrix, generating more
defects like O,, V,, and Zn;. Holmium could be incorpo-
rated more difficult into the ZnO matrix due to its larger
ionic radius (0.904 A), as compared to Zn ionic radius
0.704 A, and thus, the defects are reduced. The emissions
situated at 2.6 ¢V, 2.4¢eV and 2.17 ¢V, observed approxi-
mately at the same positions by Behera et al. [29] in the Al
doped ZnO, have been attributed to the transition between
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a shallow donor (Zn;) and of deep acceptor (Vz,), to the
transition between VyZn; and the VB and to the transition
between the exciton level and the antisite oxygen (Oz,),
respectively. Distinctly, Ahn et al. [31] and Cao et al. [30]
have assigned the emission centered at ~2.46 eV, observed
in undoped ZnO nanostructures, to the transition of the
electron from the CB to an oxygen vacancy (V). Further-
more, the emission situated at 2.17 eV is located close to
the emission observed by Ye et al. [32] at 2.2 ¢V, assigned
to the transition between the CB and the Vg, further
transformed into V3" when the surface is involved. No
specific emissions of Ho®" have been identified for the Ho
doped ZnO and the co-doped samples, using UV excita-
tion. This observation is in agreement with other literature
reports [33].

Generally, in the emission spectra of ZnO, an emission
around 530 nm is observed (green-yellow). The absence of
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Fig. 8. (a) Absorption spectra of ZnO:(Al,Ho) thin films and the plot of
(ohv)? =f(hv) with extrapolation of E,(inset) and (b) photoluminescence
spectra of the ZnO:(AlL,Ho) thin films with different dopant concentration
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this emission in the ZnO thin films spectra indicates the
potential of this synthetic strategy to produce low con-
centration of oxygen defects and high quality undoped and
doped ZnO thin films [2,34,35].

4. Conclusions

A simple, low-temperature and low-cost aqueous che-
mical solution method was employed for the preparation
of undoped Al and/or Ho doped ZnO thin films. The
nature of the coating solutions and the effect of tempera-
ture on the precursor film were investigated by FT-IR
spectroscopy. The influence of the precursor solution
concentration on the structural and morphological proper-
ties was studied in order to achieve high quality ZnO thin
films. The X-ray diffraction patterns confirmed the synth-
esis efficiency, showing that the films are polycrystalline
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with the wurtzite structure. The AFM investigations reveal
a smooth and homogeneous morphology of the ZnO thin
films. The ZnO films deposited from concentrated pre-
cursor solution show an increase of the particle size. The
effect of the dopant nature and concentration on the
optical properties (UV-vis and PL) of the ZnO thin films
was also studied.

It has been demonstrated that the band gap energy value
can be tuned according to the dopant nature and concen-
tration. The E, values obtained for the doped ZnO thin
films were in the range of 3.01-3.56 eV. The PL emission
spectra of the as-obtained ZnO thin films indicate the
potential of synthetic strategy to produce low oxygen
defects concentration and high quality undoped and doped
ZnO thin films. The room temperature photoluminescence
exhibited by the ZnO thin films is an indication of the high
optical properties. These characteristics demonstrate that
the studied ZnO thin films are suitable candidates for solar
cells applications.
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