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sol–gel thin-films CMOS-
Compatible
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and Etienne Herth *a

Zinc oxide (ZnO) is a II–VI group semiconductor with a wide direct bandgap and is an important material for

various fields of industry and high-technological applications. The effects of thickness, annealing process in

N2 and air, optical properties, and morphology of ZnO thin-films are studied. A low-cost sol–gel spin-

coating technique is used in this study for the simple synthesis of eco-friendly ZnO multilayer films

deposited on (100)-oriented silicon substrates ranging from 150 to 600 nm by adjusting the spin coating

rate. The ZnO sol–gel thin-films using precursor solutions of molarity 0.75 M exhibit an average optical

transparency above 98%, with an optical band gap energy of 3.42 eV. The c-axis (002) orientation of the

ZnO thin-films annealed at 400 �C were mainly influenced by the thickness of the multilayer, which is of

interest for piezoelectric applications. These results demonstrate that a low-temperature method can be

used to produce an eco-friendly, cost-effective ZnO sol–gel that is compatible with a complementary

metal-oxide-semiconductor (CMOS) and integrated-circuits (IC).
1 Introduction

Academics and industry are actively interested in building
a prosperous world with accurate health monitoring.1–3 The
production of biocompatible and biodegradable thin-lms has
gained signicant scientic research interest in terms of novel
design strategies that have comparably good performance but
are also environmentally friendly disposable materials.4–9 Pres-
ently, transition metal oxides and their alloys are very attractive
due to their chemical and physical properties. Among all the
available metal oxide materials, zinc oxide (ZnO) is one of the
important n-type inorganic semiconductor materials, consid-
ered a “material of the future” that has attracted widespread
attention from the scientic community.10–16 This II–VI
compound semiconductor has a direct wide bandgap of 3.37 eV
at room temperature and a high excitation binding energy of 60
meV, giving it unique chemical and physical properties, and
great potential in important elds like optoelectronics,17

sensors,18 solar cells.19 Other outstanding properties (biode-
gradable, non-toxic, biocompatible) and abundance in nature,
mean that ZnO is considered a potential promising thin-lm
exhibiting good piezoelectric properties, and strong adhesion
to various substrates. Several methods have been reported for
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the manufacture of ZnO thin-lms, including physical and
chemical processes, designed to change its properties. There
are numerous reports of ZnO thin-lms deposited using pulsed
laser deposition20 and molecular beam epitaxy (MBE),21 plasma-
enhanced chemical vapor deposition (PECVD),22 magnetron
sputtering techniques,23 and so on. However, these approaches
require expensive vacuum equipment. ZnO thin lms can be
made less costly using spray pyrolysis,24 screen printing,25

chemical bath deposition,26 electrochemical deposition,27 and
sol–gel spin coating.28 The sol–gel method is a vacuum-free,
safe, environmentally friendly, economic, easy process, and is
more versatile.29–32

Some of the frequently used additives of ZnO sol–gel thin-
lms, referred to as a stabilizers, have different roles such as
reacting with the precursor, facilitating the formation of
complexes, and promoting the formation of thin-lms.
Different amines have different inuences on structural and
morphological properties of ZnO sol–gel thin-lms. Among
them are ethanolamine (2-aminoethanol, monoethanolamine,
ETA, or MEA), diethanolamine (DEA), ethylenediamine (EDA)
triethanolamine (TEA), and triethylamine (TeA). Vajargah et al.
have suggested an explanation for the correlating effects of the
choice of stabilizer and sol–gel chemistry on the preferred c-axis
orientation of ZnO thin-lms.33 There is also some research on
preparing ZnO thin-lms in a high-temperature range from
400 �C to 800 �C, in order to get good ZnO characteristics using
the sol–gel method. However, there have not been many studies
on ZnO thin-lms produced using a low-temperature process,
RSC Adv., 2021, 11, 22723–22733 | 22723
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Fig. 1 Transmittance spectra of the ZnO solution based on sol–gel
methods; the inset shows the determination of the bandgap energy Eg
using Tauc’s, and photographs of the ZnO aged solution.
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that are compatible with their complementary metal-oxide-
semiconductor (CMOS).34

In this work, the multilayer effects of ZnO sol–gel deposited
by spin coating onto silicon samples has been investigated. ZnO
synthesis was conducted at low temperatures in order to benet
from the advantages of the standard CMOS process. The work’s
primary goal is to optimize ZnO thin-lm crystallinity for
minimum resistance using an annealing treatment below
400 �C. This post-annealing treatment was carried out under
a N2 environment or air, to compare their effects on the c-axis
crystalline orientation of the ZnO sol–gel thin-lms. The
optical, structural, and morphological properties were studied
using ultraviolet-visible (UV-Vis), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), Fourier transform-infrared
(FTIR), and photoluminescence (PL) analysis.

2 Experimental details

For the formation of the sol–gel ZnO thin-lms, the precursor
zinc acetate dihydrate (Zn(CH3COO)2$2H2O) was used, with
ethanolamine (NH2CH2CH2OH) and ethanol used as the stabi-
lizer and the solvent, respectively. The molar ratio of the zinc
acetate dihydrate mixed ethanolamine was kept at 1 : 1, and the
zinc acetate concentration was xed to 0.75 M. Aer that, the
solution was allowed to age for the next 24 hours before the
deposition process. Spin coating was used for the deposition of
ZnO thin lms onto Si (100) samples, with 1000, 2000, and
3000 rpm. Each sample was cut into several pieces (1 cm � 1
cm). Aer deposition, the samples were dried by pre-annealing
at 300 �C to evaporate the solvent. Aer the sample was cooled
to room temperature, the next coating was deposited. In order
to study the effect of the number of coating layers, 1, 3, 5, and 6
layers were deposited, and pre-annealing on a hot plate at
300 �C was performed in open air for 10 min. Then the desired
thickness of thin lms was nally annealed either under N2 or
open-air at 400 �C for 3 hours. We repeated measurements for
several different samples to ensure accuracy and reproduc-
ibility. The samples were characterized by SEM,model Magelan,
and XRD, model Bruker D8 advance. UV-vis spectra of ZnO sol–
gel were recorded on UV-1800 SHIMADZU. The experimental
characterization was performed with a Bruker Vertex 80v FTIR
spectrometer. Photoluminescence (PL) spectra of the ZnO sol–
gel thin-lms were measured using a Jobin Yvon HR 250 spec-
trophotometer. Reectance spectra were taken using a SEN-
TECH reectometer, RM 2000. Cross-sections of the SEM image
were used to determine the thickness of the ZnO sol–gel. The
electric characterization current–voltage (I–V) was performed
using a four-probe measurement at ambient temperature.

3 Results
3.1 Spin coating the ZnO sol–gel thin-lms on h100i-silicon
The rst objective of this work was to investigate the inuence
of the spin coating process parameters on the ZnO sol–gel thin-
lms deposition on oriented h100i silicon samples at room
temperature. Aer aging of the solution, the homogeneity of the
coating process was validated and then characterized using UV.
22724 | RSC Adv., 2021, 11, 22723–22733
Fig. 1 shows the optical transmittance with intensive absorption
in the UV eld, with a sharp absorption edge around 385 nm
corresponding to the energy gap of the ZnO thin-lms. In this
visible wavelength range of 200–1100 nm, the average trans-
mittance was determined to be close to 100 percent for sol–gel
thin-lms with MEA stabilizer.

The optical band gap energy (Eg) of the ZnO sol–gel was
obtained from the transmission spectra and determined from
Tauc’s equation for direct band gap semiconductors using:35

A ¼ ad ¼ �ln T (1)

ðAhnÞ2 ¼ B
�
hn� Eg

�
A

¼ ad (2)

where a is the absorption coefficient, ħn is the incident photon
energy, and A is a constant. The optical band gap was then
estimated by plotting aħn2 against the photon energy ħn. As
shown in Fig. 1, the optical band gap of the ZnO sol–gel thin-
lms is determined to be 3.42 eV.

Fig. 2 shows SEM images of the ZnO sol–gel thin-lms
deposited on the Si substrate aer pre-annealing at 300 �C
with spin speeds of either 1000 rpm, 2000 rpm, or 3000 rpm for
30 s, where the thin-lm thickness changes inversely with
rotation rate. We see in Fig. 2, the dispersed ber-like structures
(also called skeletal branch or wrinkles) in the micro-sized
scales on the sample surfaces. We observe in Fig. 2a–c, the
dependence of the skeletal branch density on the spin coating
rate during the pre-annealing treatment at 300 �C. This
phenomenon could be avoided by increasing the spin speed
and leading to an excellent degree of homogeneity. As the lm
thickness decreases, the ber-like pattern disappears and the
sample surface becomes smooth, while with annealing at
400 �C, we observed that the thin-lmmorphology is retained at
all rpm speeds. As expected, at 3000 rpm the morphology of the
surface is clear and the ber patterns less dened than the other
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of ZnO sol–gel deposited on Si after thermal annealing: (a) 1000 rpm, (b) 2000 rpm, and (c) 3000 rpm top view; and (d)
samples pre-annealed at 300 �C and post-annealed at 400 �C.
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samples because of the spreading caused by the high spin
rotation. Further increase in roughness with an increase in
annealing temperature may be due to further grain growth as
the concentration of the precursor increases.36–38 Nevertheless,
the formation of these wrinkles in the ZnO sol–gel thin-lms
caused by stress relaxation is a phenomenon that is frequently
encountered in micro- and nanotechnology. It is well known
that total stress in the thin-lms is commonly based on intrinsic
stress and extrinsic stress:39 rstly, the intrinsic stress, is caused
by impurities, defects, and lattice distortions in the crystal;
secondly, the extrinsic stress, is caused by lattice mismatch and
coefficient of thermal expansion mismatch between the lm
and the substrate. During the drying process, an inhomoge-
neous wrinkle pattern was distributed over the complete surface
of the ZnO sol–gel thin lm.33 At low temperatures (below 170
�C), the evaporation of the liquid on the sol–gel matrix is not
complete. This causes at the lm–air interface, an increase in
the surface tension which induces residual stress. On the
Table 1 Amines and their specifications

Name (abbreviation) Chemical formula

Triethylamine (TeA) (CH2CH2)3–N
Ethylenediamine (EDA) H2N–(CH2CH2) NH2
Monoethanolamine
(MEA)

(CH2CH2OH)–NH2

Diethanolamine (DEA) (CH2CH2OH)2–NH
Triethanolamine (TEA) (CH2CH2OH)3–N

© 2021 The Author(s). Published by the Royal Society of Chemistry
bottom layer, the solvent is reached from the interior of the
structure to the surface by the capillary force gradient of the
liquid phase which induces an increase in the volumetric strain.
However, when the drying temperature increases above the
boiling point, it causes the abrupt evaporation of the solvent.
The differences in the expansion coefficient causes a mismatch
between the lm and the substrate and decrease in the capillary
force of the liquid phase, resulting in compressive stress which
leads to the wrinkle on the surface.40 Herein, the strain in the
ZnO sol–gel thin-lms is likely to be thermal – rather than
intrinsic – in origin, because the linear thermal expansion
coefficients (CTE or a), for the ZnO thin-lm (aZnO ¼ 6.05 �
10�6 �C�1) and the silicon substrate (aSi ¼ 3.3 � 10�6 �C�1),41 is
signicantly different. Kwon et al.40 reported a theoretical basis
for the wrinkle formation of ZnO sol–gel thin-lms. A schematic
depiction of this lm wrinkling phenomenon is presented in
Fig. 2d, with an SEM cross-section of the ZnO sol–gel thin-lms
achieved aer post-annealing at 400 �C. This stress tends to be
Viscosity
(mPa s)

Boiling point
(�C)

0.363 90
1.8 118
19.4 170

351 271
592 335

RSC Adv., 2021, 11, 22723–22733 | 22725
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Fig. 3 The identified modes of vibration of ZnO thin-films in IR and
Raman spectra.

Fig. 4 (a) FTIR spectra, and (b) Raman spectra of the sol–gel ZnO thin-
film on the silicon substrate. The identified modes of vibration indi-
cates the formation of the sol–gel ZnO structure.
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considerably more extensive in post-annealing lms than in
pre-annealed samples due to the high volatility of the solvent
and boiling point of MEA (see Table 1). Despite its relatively
high boiling point, this wrinkle formation was also achieved
with an EDA stabilizer, as described in Table 1.

As shown in Fig. 3, the B1 modes are considered silent
modes and they are inactive in Raman and infrared while A1

and E1 are both active in Raman and infrared. E2 mode is only
active with Raman. And in this unit cell, there are 12 photonic
modes distributed as: 6 transverse optical (TO), 3 longitudinal
optical (LO), 2 transverse acoustic (TO), and 1 longitudinal
acoustic (LO). Thus, the four base atoms’ motion is entirely
described by these phonons in the wurtzite symmetry. For the A
and B modes, the displacements are directed along the c-axis.42

For the wurtzite ZnO (space group P63mc) group theory predicts
the existence of the following optic modes:43

G ¼ A1 + E1 + 2 � 102 + 2B1 (3)

The A mode model is composed of the oscillation of the rigid
atom Zn vs. O atom. It causes a polarizing effect because the Zn–O
bond is polar. The B1 high mode refers to the light motion of the
oxygen atoms, and the B1 low mode refers to the heavier zinc
sublatticemotions. Accordingly, mode A is polar andmode B is not
polar. The atomic displacements that are perpendicular to the c-
axis are carried out in Emode. Mode E1 is provided by the two rigid
sublattice oscillations, which implies that E1 exhibits oscillations of
polarization. The E2 mode is related to one sublattice’s oscillation
while the other one is still resting. The Elow2 mode mainly concerns
the oscillation of the sublattice Zn and the Ehigh2 mode mainly
concerns the O sublattice oscillation.44 So, it is important to
mention that the latter modes are not polar.

Indeed, FTIR spectroscopy is a very useful tool for studying
the chemical composition of ZnO sol–gel thin-lms. The posi-
tion of the band and the absorption peak not only depend on
the chemical composition and structure of the lm, but also on
the morphology of the lm.45 Fig. 4a shows the FTIR spectra
22726 | RSC Adv., 2021, 11, 22723–22733
recorded at room temperature between 400 and 4000 cm�1 of
ZnO sol–gel thin-lms deposited on silicon samples aer
annealing at 400 �C. We observe a clear and sharp peak at
422 cm�1, which corresponds to the stretching mode of the Zn–
O band. The incorporation of zinc acetate in the reaction
resulted in a new peak between 1570 cm�1 to 1470.21 cm�1,
which was attributed to the carbonyl group of the acetate group
(C]O).46 These results corroborate the Raman data. The exis-
tence of a band assigned to C–H, C–O, and C–C on the FTIR
spectrum seems to indicate the residual carbon content for the
sample annealed at 400 �C. This information proves that the
organic substances from the precursor solution did not evapo-
rate fully. It is well know that the sol–gel process involves the
preparation of organic compounds which are considered
a source of carbon. The carbon acts as an unintentional dopant
during the growth process. The carbon may be substituted on
the zinc side or oxygen side to form a carbon–oxygen complex
defect.47 Indeed, the impact of residual carbon on an optical
background cannot be ruled out.48
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4b shows the Raman spectra of the ZnO sol–gel thin-
lms on the silicon substrate at room temperature with
different speeds of spin-coating: 1000, 2000, or 3000 rpm. This
spectrum was made just aer the pre-annealing, that is to say
the material is not completely crystallized, so it is normal to see
less intense peaks and other peaks related to the substrate or
the precursor. We obtained two modes, A1(LO) and E1(LO),
which occur approximately at the frequencies of 540 cm�1 and
600 cm�1, respectively. This result related to the macroscopic
electrical eld produced by the relative displacement inside the
primitive cell, of oppositely charged atoms and therefore
concerns only LO phonons, and for ZnO, there are only two LO
modes, the A1(LO) and the E1(LO). We observed almost the
same shape as the spectra of the pre-annealed samples but the
peaks were more intense due to the crystallization of ZnO. And
also we notice that when we increase the speed of spin the
intensity of the Raman peaks are more intense and we can
explain that by the increase of the thickness of the layers. The
Elow
2 , Ehigh

2 , and A1(LO) eigenmodes of our samples are located at
121 cm�1, 435 cm�1, and 534 cm�1, respectively. Peaks at
227 cm�1, 672 cm�1, 823 cm�1 are respectively attributed to the
2 TA, 2Elow2 , Ehigh

2 � Elow
2 , and the LA + TO, and A1(TO) +

Ehigh
2 modes appeared as E2 in a multiphonon mode. Thus, the

most prominent second-order frequencies occur as contribu-
tions of A1, E1, and E2.49 The peaks at 617 cm�1 show funda-
mental Raman modes.
Fig. 5 (a) Reflectivity, and (b) photoluminescence of ZnO sol–gel
annealing at 400 �C in N2.
3.2 Effect of multilayers of ZnO sol–gel on h100i-silicon
To better understand the impact of the number of thin layers
deposited on Si samples we demonstrated that the surface
quality of ZnO thin-lms increased as the spinning speed
increased during the rst deposition layer. This optimized spin
speed was xed at 3000 rpm for 30 s. The number of coating
layers varies from 1 to 6. Each deposited thin layer of ZnO sol–
gel was preheated on a hot plate at 300 �C for 15 min to evap-
orate the organic elements and then cooled to room tempera-
ture, next the coating was deposited. The targeted nal
thickness of lms was annealing at 400 �C in N2 for three hours.

Reectance spectra of the ZnO sol–gel thin-lms, which were
recorded in the wavelength range of 200–900 nm, are shown in
Fig. 5a. We observed that for multilayer deposition of ZnO sol–
gel, reection is reduced – for one layer, the reection was less
than 16% but for six layers it was 9%, which indicates the effects
of ZnO anti-reection coating layers. The effect of thickness was
clearly visible in the reection spectra. This effect is explained
by the pronounced interference fringes that will be generated at
a lower thickness, represented by the variance of the values of
the latter, depending on the wavelength.50,51 We conclude that
the reectance was found to be higher for one layer as compared
to multilayer thin-lms.

Photoluminescence (PL) was measured at room tempera-
ture. As shown in Fig. 5b, aer annealing of the samples, two
emission peaks are found in the PL spectrum. The emission
peak associated with UV excitons is shied to higher energy. A
weak and large peak centered in the 500–600 nm region is also
observed in the PL spectrum. This emission peak is related to
© 2021 The Author(s). Published by the Royal Society of Chemistry
the amount of non-stoichiometric inherent defects that could
be due to the zinc vacancy in ZnO thin-lms.29 It is clear that
there is a signicant increase of PL peak intensity in the UV
emission for three layers, compared with the other samples
which indicates that exciton recombination was high for this
sample. However, the excitonic peak position is blueshied for
the sample with three layers, then decreases for samples with
ve and six layers, which could be associated with the
compressive strain generated by wrinkles. Indeed, this peak
moved toward lower energy for samples with ve and six layers
which could be associated with tensile strain generation.52

These ndings tend to be due to the increased crystallinity of
the thicker layer, and can be attributed to reducing the size of
the ZnO grain or the existence of compressed stress.
3.3 Structural characterization of ZnO thin-lms

ZnO has been recognized as a thin-lm piezoelectric material.
Among the piezoelectric lms reported, some investigations
have achieved manufacturing and applications, especially for
RSC Adv., 2021, 11, 22723–22733 | 22727
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ZnO and AlN.53 The latter has the advantage that it can be
deposited on Si, the most important semiconductor and
compatible with industrial manufacturing. It is well-known that
the c-axis orientation is one of the necessary conditions for thin-
lms to be piezoelectric.41 In addition, the degree of orientation
of the c-axis for ZnO thin-lms has been reported to be strongly
dependent on the initial concentration in solution. This is
supported by Malek et al.,38 who have shown that the peaks for
the ZnO sol–gel thin-lms prepared using the 0.2 M solution are
weaker compared to other lms with the concentration range
from 0.4 M to 1 M. These results indicate that the ZnO sol–gel
thin-lm growth from the 0.2 M solution was not strong due to
insufficient amounts of the zinc species in solution, which has
slowed the growth of ZnO thin-lms compared to thin-lms
grown at higher concentrations.

The XRD patterns presented in Fig. 6 indicate all the poly-
crystalline ZnO thin-lms from the 0.75 M solution, with
a structure that belongs to the hexagonal wurtzite structures of
ZnO.54 Fig. 6 shows the X-ray diffraction (XRD) spectra of the
Fig. 6 XRD spectra of the ZnO-sol–gel annealing at 400 �C with
different thickness (a) under N2, and (b) under an air atmosphere.

22728 | RSC Adv., 2021, 11, 22723–22733
ZnO sol–gel thin-lms on silicon samples, with various thick-
ness aer annealing at 400 �C under a N2 or air atmosphere.
ZnO crystallizes at atmospheric pressure and temperature in
the wurtzite structure, which is a hexagonal network charac-
terized by two interpenetrating sub-networks of Zn2+ and O2�

ions, such that each Zn ion is surrounded by a tetrahedron of
oxygen ions and vice versa. This arrangement results in polar
symmetry along the hexagonal longitudinal axis (c axis). Beyond
two layers deposited by spin coating, we have grown crystallites
along the different directions (100), (101), (103) and (002). The
diffraction peak along the (002) plane corresponds to typical
hexagonal wurtzite. The measured thicknesses by cross-
sectional SEM images conrm the XRD results. The
increasing intensity of all diffraction peaks is inuenced by the
thickness of the ZnO sol–gel thin-lms.

The Zn–O bond length L is given by:55

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
a2

3
þ
�
1

2
� u

�2
c2
�s

(4)

where u is the potential parameter of the hexagonal wurtzite
structure and is determined by:55

u ¼
�
a2

3c2

�
þ 0:25 (5)

where a and c are the lattice parameters of the hexagonal phase
determined according to the peak position of phases, and given
by:56

a ¼ lffiffiffi
3

p
sin q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ hk þ k2

p
(6)

c ¼ l

2sin q
l (7)

where (hkl) are the Miller indices, and the related a/c ratio is
given in Table 2. The lengths L and the calculated a/c ratio are
close to 2.60 and 0.62, respectively, whatever the number of
layers of thin-lms annealing at 400 �C. Therefore, the anneal-
ing treatment in air and N2 and the thickness have no signi-
cant effect on Zn–O bond lengths.

The mean crystallite size (D) was evaluated according to
broadening of the highest intensity peak corresponding to the
(002) diffraction plane using the Debye–Scherrer formula shown
in eqn 8:57

D ¼ kl

b cos q
(8)

where k is a constant taken to be 0.9, l is the wavelength of X-
rays used (l ¼ 0.154 nm), b is the full width at half maximum
(FWHM) of the (002) peak of the XRD pattern, and q is the angle
of the diffraction peak.

As observed in Table 2, we obtained larger D (ranging from
27.3 nm to 35.9 nm) and smaller FWHM values for ZnO sol–gel
thin-lms annealing in air than thin-lms annealing in N2

conditions. These results indicate the better crystallization of
the ZnO sol–gel thin-lms annealing in air.

The preferential crystal orientation can be analyzed from the
texture coefficient (TC) given by:58
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Structural parameters of ZnO sol–gel thin-films after annealing at 400 �C

Layer
Thickness
(nm) r (U cm) 2q FWHM D (nm) a (Å) c (Å) a/c L (Å) s (GPa)

N2 1 layer 95 0.065 34.43 0.64 13.2 3.24 5.21 0.62 2.60 �2.09
3 layers 120 0.21 34.43 0.42 16.9 3.24 5.21 0.62 2.60 �1.37
5 layers 420 0.3 34.43 0.5 16.9 3.24 5.21 0.62 2.60 �1.54
6 layers 600 0.33 34.46 0.34 29.5 3.24 5.20 0.62 2.60 �0.94

Air 1 layer 95 0.051 34.44 0.31 27.3 3.24 5.21 0.62 2.60 �1.02
3 layers 120 0.149 34.44 0.23 48.4 3.24 5.21 0.62 2.60 �0.58
5 layers 420 0.267 34.45 0.23 35.9 3.24 5.20 0.62 2.60 �0.75
6 layers 600 0.31 34.44 0.23 35.8 3.24 5.21 0.62 2.60 �0.75

Fig. 7 Variation of TC(hkl) values of the ZnO sol–gel thin-films with
a different number of layers: (a) annealing in N2, and (b) annealing in air.
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TC ¼ IðhklÞ=I0ðhklÞ

1

n

"X
n

IðhklÞ=I0ðhklÞ

# (9)

where n is the number of diffraction peaks, I(hkl) is the measured
XRD intensity of the plane (hkl), and I0(hkl) is the standard
intensity taken from the JCPDS reference. When TC(hkl)z 1 for
all the (hkl) planes considered, then the lms have randomly
oriented crystals similar to the JCPDS data card 361451 refer-
ence, while values higher than 1 indicate the abundance of
grains in a given (hkl) direction. Values 0 < TC(hkl) < 1 indicate
the lack of grains in that direction. As the TC(hkl) increases, the
preferential growth of the crystals in the direction perpendic-
ular to the hkl plane is more remarkable.

In Fig. 7, it was observed that the highest TC(hkl) was in the
(002) plane for all the lms. Nevertheless, all TC values vary as
a function of the number of layers, whatever the annealing
conditions under N2 or in air.

The strain (3) and stress (s) in the thin-lms, along the c-axis,
which are calculated using the equations as shown below:

3 ¼
�
cthinfilm � cbulk

cbulk

�
(10)

s ¼ �233� 109
�
cthinfilm � cbulk

cbulk

�
¼ �233� 3ðGPaÞ (11)

where cbulk is the strain-free lattice constant, and cthinlm is the
lattice constant of the thin-lms.

Compressive strain range from �0.58 GPa to �2.09 GPa was
observed at 400 �C, as presented in Table 2. As we increased the
number of layers, the compressive strain becomes weaker. The
compressive strain obtained in the ZnO sol–gel thin-lms is
likely to be intrinsic stress, rather than thermal stress, in origin.
It indicates that the thin-lms having lower compressive stress
leading to a weaker FWHM of 0.18 for �0.58 GPa, as compared
to the thin-lms having higher compressive stress with FWHM
of 0.64 for �2.09 GPa.

4 Discussion

In the sol–gel spin coating process, the ZnO thin lm charac-
teristics were affected by the solvent, chemical solutions,
annealing conditions, and lm thickness.58–60 Only MEA was
used because the polarity, reactivity, boiling point, and viscosity
© 2021 The Author(s). Published by the Royal Society of Chemistry
parameters affected the sol–gel behavior and thin-lm proper-
ties. The choice of amine is based on its good miscibility with
alcohol solvent and the high boiling point, which allows it to
have a solution with a low evaporation rate (low volatility) at
room temperature during soil preparation (see Table 1). The
MEA and TeA have strong polarity and basicity compared to
DEA, TEA, and EDA. These properties induce the formation of
RSC Adv., 2021, 11, 22723–22733 | 22729
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Fig. 8 XRD patterns of different ZnO sol–gel thin-film thicknesses
annealed in air at 400 �C, using isopropyl alcohol as the solvent.
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the tetrahedral-shaped complexes and contribute to the highly
c-axis orientated thin lms in DRX pattern. On the other hand,
stabilized TEA and TeA are not fully transparent compared to
other sol–gels. Thus, we usedMEA, which is the most stable and
consistently maintains transparency and homogeneity during
the process compared to the other amine compounds. The
roughness of lm depends on the substrate roughness, but it
also varies based on lm thickness. The rst important thing to
be considered in the spin coating is uniform solution prepara-
tion. Aryanto et al.15 reported that the ZnO grain size decreases,
while the thin lm thickness increases as a result of increasing
precursor concentration from 0.3 to 1 M. This work showed that
the morphology and structure of ZnO sol–gel thin-lms
prepared using sol–gel methods, with a concentration of
0.75 M, were inuenced by spin-coating and multistack layers.
Herein, we point out that the surface morphology analyzed by
the SEM micrograph of ZnO thin-lms is important. We can
obtain the same ber-like structure as observed by Khan et al.,61

where the ZnO sol–gel synthesized with the molar ratio of
monoethanolamine to zinc acetate was held at 1.0 and the zinc
acetate concentration at 0.80 mol L�1.

The SEM results were used to verify the optimum spin coating
parameters necessary to achieve the specied thickness of the
lm coating and surface roughness for quality ZnO sol–gel thin-
lm. We observe that the surface quality increased with an
increase in speed from 1000 to 3000 rpm. Shivaraj et al. reported
that the risk of the highest spinning speed (above 3000 rpm)
could increase the surface roughness, while the reasonable
spinning speed will achieve the smoothest surface.60 Thus, the
thin lm processed in the present work, is a good quality surface,
and uniformity was obtained at 3000 rpm. Shelke et al. reported
that post-annealing decreases the thickness of ZnO thin lms.54

This change in thickness is attributed to an increase in thin lm
density at higher temperatures. Aer dicing the samples, the
average thicknesses of the thin-lms measured range from 100
and 600 nm. As expected, the higher spinning speed decreases
the thin-lm thickness. We observed that the root-mean-square
(RMS) roughness seems to increase as the thin-lm thickness
increases in the range from 14 nm to 400 nm. Nevertheless, it was
difficult to give the average value of RMS due to the presence of an
inhomogeneous wrinkle pattern distributed over the complete
surface of the ZnO sol–gel thin lms.

The choice of solvents used also affects the crystal orienta-
tion of the deposited ZnO sol–gel thin-lms. Fig. 8 shows the
effect of the isopropyl alcohol on the crystal orientation of the
deposited thin-lms on Si samples. It is well known that the
FWHM values of ZnO thin-lms decrease with increasing
temperature up to 800 �C.55 Herein, we point out that the
combination of isopropyl alcohol and annealing treatment in
air seems to be the best strategy to obtain preferentially (002) c-
oriented ZnO sol–gel thin-lms with lower FWHM.

Compared to thin-lm annealing in air using ethanol as
a solvent, the values a, c, L, D, and FWHM, in ZnO sol–gel thin-
lms are not affected by the use of isopropyl alcohol.

However, annealing in an air environment allows oxygen to
diffuse from air into the structure of the ZnO thin-lms. Firstly,
the uncoordinated zinc sites on the surface react with oxygen
22730 | RSC Adv., 2021, 11, 22723–22733
atoms in air, then oxygen ions diffuse into the crystal structure to
oxygen-decient regions. Also, the carbon residual contained on
the ZnO surface will react with oxygen during annealing to be
converted to COx and escape from the surface, resulting in
a decrease in the amount of residue carbon. But, during nitrogen
annealing, the low conversion effect occurs at the surface leading
to an increase in oxygen vacancies whichmay induce stress in the
lattice structure. The higher surface roughness of the sample
annealed in air compared to the sample annealed in nitrogenwas
attributed to the increasing grain size. As the surface roughness
increases, it seems to adsorb oxygen on the surface of the crys-
tallites. The annealing at high temperatures in air tends to
improve the surface and crystallinity of the thin lms.

In order to provide electric properties, thin-lms resistance
was evaluated using a four-point probe technique that is
commonly used in the semiconductor industry.62 This approach
removes measurement errors due to the contact resistance
between the probe and the sample, which typically occur in the
two-point probe measurement technique. The resistivity and
conductivity of ZnO sol–gel thin-lms were determined by:63

r ¼ 4:532

�
V

I

�
t; (12)

where r is the resistivity which is a function of the measured
lm thickness t, current owing through the sample I, voltage
detected across the sample V, and the integration constant p/
ln(2), which is obtained when probes are uniformly spaced and
the space S is larger than lm thickness (S [ t).

These complementary measurement results are presented in
Fig. 9, in order to obtain the electrical resistivity (r), as
summarized in Table 2. We obtained a resistivity of ZnO sol–gel
thin-lms annealing at 400 �C, ranging from 0.05 U.cm to 0.33
U.cm. The variations in electrical properties, such as conduc-
tivity of ZnO thin-lms annealing in N2, occurred by oxygen
vacancy, shallow interstitial zinc, and other donor-type point
defects. The resistivity was found to decrease with insufficient
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 I–V characteristics of ZnO thin-films annealed in air at 400 �C.
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thickness. As a result, the increase in thickness due to more
coating cycles reduces the conductivity of ZnO sol–gel thin-
lms. These results are in good agreement with the results of
XRD. We have observed that the crystallinity of thin-lms
improves with the number of coating layers, resulting in
a decrease in the conductivity.54

In cases where we can integrate devices based on standard
CMOS technologies, the only compatibility issue might be the
requirement for additional steps in the process. These issues
can include mechanical stress, chemical contamination, selec-
tivity, or the need for high temperatures during processing. In
some manufacturing technologies, this has led to alternative
hybrid technology (also called heterogeneous integration),
where the materials or components are on separate chips, and
then combined in a single packaging.64,65 However, the thin lm
high-temperature growth prevents direct growth on CMOS
chips, and the transfer process adds extra cost to the nal
product. The post-annealing treatment of ZnO sol–gel thin-
lms can vary between 250 �C to 900 �C based on the
substrates used. Herein, our strategy was to keep the thermal
budget at 400 �C in order to ensure the compatibility of CMOS
and thereby provide the advantages of ZnO thin-lm properties
(direct band-gap, piezoelectricity, and so on) in exible,9

monolithic and heterogeneous technology. ZnO is similar to
GaN,66,67 which is commonly used in high-performance opto-
electronic devices, making the latter a promising candidate
material for advanced device applications which could revolu-
tionize the eld of hybrid photonic/electronic devices.17,65 Good
PL results and enhancement in the crystallinity were well sup-
ported by XRD and electrical measurement results. Our results
are the basis for future studies of green sensors intended for
harsh environments and produced at low cost.
5 Conclusions

Structural, morphological, optical, and electrical characteristics
of ZnO thin-lms developed by the sol–gel spin coating method
© 2021 The Author(s). Published by the Royal Society of Chemistry
on (100) Si samples have been investigated in the present work.
XRD diffraction showed that the crystalline nature of the ZnO
thin-lms increased with the thickness of the layers. The peaks
were indexed to (100), (101), and (002) planes. The amplitude of
all diffraction peaks increased and increased in the full width
half-maximum (FWHM) value with increasing thickness layer.
The c-axis orientation improved, and the grain size increased, as
indicated by the increased intensity of the (002) plane peak at
2q ¼ 34�, corresponding to hexagonal ZnO crystals. Further-
more, we consider that the deposited ZnO sol–gel thin-lm
piezoelectrical properties also give good results for piezo-
devices. Studies on this matter will be done in the future.
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