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ZnO0 is one of the well-known metal oxide semiconductors, which has been found, in the last four decades,
to be very useful as transparent conductors and UV detectors in optoelectronic devices. This binary
compound that showed quantum confinement effects in accessible size ranges was elaborated using
several techniques. In the present work, the sprayed pyrolysis technique was carried out to prepare
undoped ZnO crystals with different controlled thicknesses.

Particularly, and parallel to recently performed measurements, a recently proposed range of optimal
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layer thickness d is validated, through original conjoint morphological-structural-physical investiga-
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1. Introduction

Transparent conducting oxides (TCO) have been recently inves-
tigated [1-6] for their interesting optical, mechanical and electrical
performance. The lastly recorded [7-11] high optical transparence
in the visible domain, and low electrical resistivity [12-17], led to
numerous applications of these materials in the new generation of
opto-electric devices [7-20].

Due to the ever decreasing scale of electronic devices using these
transparent conducting oxides (TCO), there has been a growing
interest in producing self-assembled micro-and nano-structured
materials. Zinc oxide (ZnO) represents, in this context, an important
basic material for the construction of nano-scale structures. Due to
its low cost as well as its favorable opto-electronic and electro-
luminescent properties, it has been satisfactorily implemented in
acoustic devices [21], fluid sensors [22], transparent electrodes
[23], and solar cells [24-28].
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Commonly, these oxides could be synthesized using several
methods [29,15,30-41] like reactive evaporation, electron beam
evaporation (EBE), pulsed laser deposition (PLD), chemical vapor
deposition (CVD), sol-gel coating, and chemical spray pyrolysis.

In this study, ZnO thin films have been prepared by spray pyrol-
ysis technique using, as main precursor, a solution of zinc acetate
dissolved in de-ionized water. Several characterization techniques
such as XRD, optical spectra and hardness investigations have
been applied to differently thick obtained samples [42-45]. The
thickness-dependent performance of the different as-grown lay-
ers has been additionally investigated in terms of mechanical,
opto-thermal and micro-hardness behaviours. The existence of an
optimal thickness was discussed in comparison with some recently
published results [46].

2. Experiment
2.1. Chemical kinetics of ZnO layers growth

ZnO thin layers have been prepared by the technique of chem-
ical reactive technique in liquid phase spray. The obtained layers’
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structural and morphological properties, as well as synthesizing
details, have been recently published [42-45].

ZnO thin films having different thicknesses were obtained on
20 x 10 x 3mm?> Pyrex glass substrates by spraying an aqueous
solution (mixture of water and propanol 2) containing zinc acetate
(Zn(CH3CO5),) and a small amount of acetic acid, in order to avoid
the precipitation of zinc hydroxide Zn(OH),. The solution and
gas flow rates were kept constant at 2 cm3 min~! and 4.0 min~!
respectively corresponding to a mini-spray pyrolysis. The substrate
temperature Tg, of the order of 460°C (optimal value under the
given experimental conditions, as already confirmed by Amlouk
etal.[42,43]), was used to prepare these films according to in-room
precedent successful attempts of deposition by the spray pyrolysis
process [47,48].

The chemical process leading to an adherent ZnO film consists
of three steps:

Step A: the droplets of zinc acetate (Zn(CH3CO,); (ZA)) are disso-
ciated under the effect of the heat:

temperature

—> 4ZH(CH3C02 )2

aceticacid (gas beyond substrate)

(Zn(CH3C0z)3)4
(droplets)

(Step A)

Step B: the basic zinc acetate (Zn4O(CH3C0OO)g (BZA)) is produced
by sublimation of the gaseous zinc acetate (ZA), and is instanta-
neously adsorbed at the substrate surface:

o
47n (CH;COy), +Hy0 ——2 5 7n,0(CH;CO,)s + 2 CHsCOOH

(Adsorbed ) (Gas. beyoud substrate)
(at substrate surface)

(Gas. beyond substrate)

(Step B)

Step C: the basic zinc acetate (ZngO(CH3COO)g (BZA)) yields the
zinc oxide ZnO over the substrate surface:

_t
Zn,0(CH3CO,)¢ + 3 H,0 — > 4Zn0O + 6 CH;COOH

(Adsorbed ) (Solid, deposit) (Gas)

(Step C)

The advantage of proceeding in a wet medium is illustrated, as
noted earlier by Mar et al. [49], Paraguay et al. [50] and Khan and
O’Brien [51], by the reduction of the amount of the residual carbon
in the growing layer during the steps (B) and (C).

According to the monitored parameters, six samples have been
elaborated: Z1, Z2, Z3, Z4, Z5 and Z6, with thicknesses d=0.16, 0.4,
0.58, 0.64, 0.84 and 1.03 m respectively.

2.2. Characterization techniques

The X-ray diffraction analysis of the prepared layers was
performed by a copper-source diffractometer (Analytical X Pert
PROMPD), with the wavelength (A =1.54056 A). The optical trans-
mission and reflection measures have been achieved using a
common spectrophotometer (Shimadzu UV 3100S) equipped with
an integrating sphere (LISR 3200). The spectrophotometer con-
sists of double-beam monochromator with enough energy to make
several types of accurate measures in a wide wave-length range
(220-1800 nm). The morphological investigation along with hard-
ness measurements have been performed in the MA2I Laboratory
(ENIT, Tunis, Tunisia). The tests consisted of hitting the targeted face
of each sample by a particularly flat diamond-pyramidal-indenter
under a prefixed load. The obtained imprint dimensions were sub-
jected to geometrical standardized analysis yielding a scaled value:
the micro-hardness Vickers (Hv).
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Fig. 1. XRD diagrams (ZnO layers d=0.16, 0.4, 0.58, 0.64, 0.84 and 1.03 pm).

3. Results and discussion
3.1. X-ray diffraction investigations

XRD patterns of the deposited ZnO layers are shown in Fig. 1.

Diagram analysis (Fig. 1) shows that the thinner layers (Z1, Z2
and Z3) develop an exclusive preferred orientation of the crystal-
lites with respect to the (002) reflection. Differently, the thicker
ones, namely Z4, Z5 and Z6, are identified, beyond the (00 2) peak,
by two extra XRD peaks: (101) and (100). This disposition cor-
responds to the hexagonal wiirtzite system (JCPDS card, file no.:
361451 <a=3.24982, c=5.20661A>), which is generally associated,
as stated by Lucio-Lopez et al. [52], Ratheesh Kumar et al. [53]
and Paraguay et al. [54], with the appearance of irregularly spaced
pores. This structure results in low transparency along with an
increasing level of surface roughness.

Parallel to the XRD analyses, the FWHM data provided by XRD
apparatus, were used to calculate and estimate the crystallite thick-
ness D using Debye-Scherrer [55] formula:

KA
" Bcosb

(1)

where A =1.5418 A for Cu radiation, @ is the diffraction angle, K=0.9,
and B is the FWHM with B = /% — B2, where B, is measured
from the film and S corresponds to the reference powder [55,56].
This formula allowed estimating average sizes of crystallites up to
200 nm.

It can be seen from the results summarized in Table 1, that for all
these films, the crystallites are thinner than 200 nm, which shows
the good crystalline quality of the films.

3.2. Optical properties

3.2.1. Optical transmission and reflection spectra
Figs. 2 and 3 show the optical transmission T(1) and reflection
R(A) spectra, respectively, in the range (200-1800 nm).

Table 1
Crystallites thickness.

Sample Z1 z2 73 74 Z5 Z6

Crystallites thickness D (nm) 45.55 43.77 4331 51.02 37.13 37.97
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Fig. 2. Transmission spectra T(A).

Analysis of the obtained spectra and spectral lines data revealed
that the six investigated samples are highly transparent in the vis-
ible near infrared domain (T~ 85%).

3.2.2. Films’ thickness monitoring

The reflection R(A) spectra presented an accurate guide for
estimating the thickness of each sample. In fact, the oscillating
behaviour of the A-dependent reflection in the visible domain
(Fig. 3, label (A)), traduces the fact that the reflectance reaches dis-

crete p-indexed maximal values RE{?I;X for some particular p-indexed
values AP, of the wavelength [57-60].
These p-occurrences are traduced by the system:

2
(M) —ns

2
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Table 2

Samples thickness.
Sample 71 72 73 74 75 Z6
Thickness d (pum) 0.16 0.40 0.58 0.64 0.84 1.03

where n; is the substrate optical index (ns ~ 1.55) and n is the layer
A-dependent optical index deduced from the optical transmission-
reflection spectra.

The knowledge of two successive couples of maximal values
[58-60] allows calculating the film’s thickness d:

208 (D) — AR n(AR )

The calculated values of the thickness d are gathered in Table 2.

3.3. Mechanical micro-hardness Vickers (Hv) investigations

The micro-hardness Vickers (Hv) set of measurements has
been performed using a common diamond-pyramidal-indenter
under a prefixed load. The obtained imprint dimensions have been
exploited for yielding the micro-hardness Vickers (Hv) of each sam-
ple as a synthetic value. The obtained values are gathered in Fig. 4.

The differences noticed in Fig. 4 can be explained, for the lay-
ers (Z1, Z2, Z3 and Z4), by the hardness contribution of the Pyrex
substrate. The remaining layers, namely Z5 and Z6, develop a mean
hardness varying in a narrow interval. If the contribution of the sub-
strate can be omitted, it seems that there is a maximum hardness
zone situated in the interval of thickness [0.70-0.80 wm].This fea-
ture is in perfect concordance with precedent observations (Section
3.1).

3.4. Opto-thermal study

3.4.1. Determination of the effective absorptivity & using the BPES
The effective absorptivity &, as defined in precedent studies
[61,62], is the mean normalized absorbance weighted by I(A)am1 5.
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Fig. 3. Reflection spectra R(1).
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Fig. 4. The micro-hardness Vickers (Hv) measurements.

the solar standard irradiance:

fol I(Mamr.s x ()i

p ~ (4)
fol I(A)am1.5dA

a=

where I(X)am 5 is the reference solar spectral irradiance, fitted
using the Boubaker Polynomials Expansion Scheme (BPES) [63-77]:
I(h) = [(1/2N0)Zgilén -Ban(X x Bn)], where B, are the Boubaker
polynomials [65-69] B4, minimal positive roots, 6, are given coef-
ficients, Ny is a given integer, a(X) is the normalized absorbance
spectrum and X is the normalized wavelength:

A € [Amin, Amax] s hel0,1] 5)
)"min =300.0nm; Amax = 1800.0 nm

The normalized absorbance spectrum «(A) is deduced from the
BPES by establishing a set of N experimental measured values
of the transmittance-reflectance vector (T;(A;); Ri(A;))li=1..v versus

Crystallites
size {D)

Amlouk-Boubaker
opto—thermal expansivity
(W)

Effective
absorptivity

(a)

Micro-Hardness
Vickers

Table 3

Values of the Amlouk-Boubaker opto-thermal expansivity /ag.
Sample Z1 Z2 Z3 Z4 Z5 Z6
Yap (10712 m3s71) 2522 2280 1232 10.12 1543 18.22

the normalized wavelength X; ’H - Then the system (6) is set:

No
R() = lZ]NOan x Ban(% x ﬂn)]
n=1

No
T(A) = lzzlvozé;’ x Ban(A x ﬂn)]
n=1

where , are the 4n-Boubaker polynomials B4, minimal positive
roots [68,71], Ny is a given integer and &, and &, are coefficients
determined through the Boubaker Polynomials Expansion Scheme
(BPES).

The normalized absorbance spectrum (%) is deuced from the
relation:

~ 4 ~\ 4
wiy= 4 (i 12BN g 12RO )
dv2 T(A) T(X)
where d is the layer thickness. _
The obtained value of normalized absorbance spectrum «(A) is

a final guide to the determination of the effective absorptivity &
through (Eq. (4)).

(6)

3.4.2. Determination of Amlouk-Boubaker opto-thermal
expansivity V¥ ap

The Amlouk-Boubaker opto-thermal expansivity Yap is a
thermo-physical parameter defined in precedent studies [61-68],
as a 3D expansion velocity of the transmitted heat inside the mate-
rial. It is expressed in m3 s~!, and calculated by:

D

- _ 8
YaB a (8)
where D is the thermal diffusivity and & is the effective absorptivity
(Section 3.4.1).

The values of the calculated values of the Amlouk-Boubaker
opto-thermal expansivity ¥ ag, for the different samples, are gath-
ered in Table 3.

(A.U.)

Thickness 4 (pm)

Fig. 5. Global optimality abacus gathering four optimizing-decisive parameters: crystallite size, opto-thermal expansivity, effective absorptivity and hardness.



A. Amlouk et al. / Journal of Alloys and Compounds 509 (2011) 3661-3666 3665

4. Discussion and perspectives

A very instructive study has been recently presented by Lee
etal.[78] on the thickness-related optimization inside IZO/ZnO/PET
multi-layerd structures. The authors have prospected the ZnO-
induced exclusive electrical performance (carriers’ concentration,
mobility, . ..) and conjectured the existence of an eventual optimal
thickness. Earlier, Shan Lee et al. [79] attempted to verify optimal-
ity for a thickness around 500 nm. These intriguing observations
allowed suggesting the existence of a similar optimality in the case
of ZnO monolayered structure. In fact, it has been sustainably pro-
posed that two main conditions have to be ensured in order to
obtain good performance of ZnO sprayed thin films for TCO appli-
cations:

- A good transparency (which is closely related to the orientation
of crystallites along the axis perpendicular to c axis plane of the
substrate as well as a higher value on their size).

- A low value of 15, the Amlouk-Boubaker opto-thermal expansiv-
ity, a parameter that indicates and brings together a low thermal
diffusivity (hence low heat loss) of zinc oxide layer with a high
absorption coefficient which attests better its use for TCO appli-
cations.

For this purpose, a conjoint evaluation of several performance
indicators (opto-thermal constants, crystallites size, etc.) has been
achieved on the basis of a 3D abacus (Fig. 5). A thorough analysis
of the conjoint variation versus thickness confirms the conjectured
[46] and never demonstrated layered ZnO thin films thickness.

Moreover, the mechanical study revealed that, in order to reach
the intrinsic hardness value of the layer (required for TCO appli-
cations in shock circumstances or aggressive mediums, .. .), while
avoiding substrate effects, one must either use a load as low as pos-
sible, or ensure a thickness exceeding the micrometer. Still, these
values can be refined by using the nano-hardness measurements
to obtain the accurate hardness values of such thin films.

5. Conclusion

In summary, we have discussed the effects of the controlled
thickness of ZnO thin films prepared using a simplified and already
optimized spray pyrolysis setup. Besides commonly considered
parameters of the obtained layers, like bandgap, roughness, and
transparency, new and original characterization protocols have
been carried out. It has been stated that an optimal ZnO thin
film thickness is required for TCO purposes via simultaneous
morphological-structural-physical investigations. Nano-hardness
investigations along with prospecting the theoretical dependence
of the thickness versus the amount of the precursor material are
programmed.
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