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Abstract

In this work, ZnO films were deposited onto flexible polyimide substrates by ink-jet printing nanoinks containing polyol-
synthesized nanocrystals. ZnO films were annealed at 200-400 °C for 10 min and 60 min under the ambient atmosphere.
The morphological (shape, size, size distribution, surface roughness), structural (phase composition, crystal structure),
optical (band gap, transmission coefficients) properties and the chemical composition of the synthesized nanocrystals
and the obtained films were studied. X-ray diffraction analysis, transmission and scanning electron microscopies,
atomic force microscopy, Fourier-transform infrared (FTIR) and optical spectroscopies, and energy-dispersive X-ray
spectroscopy (EDS) were used to study the properties of obtained ZnO materials. The films, annealed at T, =400 °C for
t,=60 min, and nanocrystals, synthesized for t, =120 min, have the good fundamental characteristics for application in
the microelectronic devices, especially in solar cells and thermoelectric generators.
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1 Introduction

Up to now, there has been a rapid development of flexible
microelectronics devices for that the production process
should be low cost, versatile, and scalable as well as such
devices should possess transparency with an aim to broad
application niche. It can be achieved by the replacement
of complex and expensive production techniques (such as
lithography and vacuum deposition) to the cheaper and
faster printing processes. Among the printing techniques,
special attention has been paid to 2D, 3D, and spray depo-
sition techniques. 2D printing is a fast (for example, ordi-
nary office printer allows to deposit 1 m? coating only for
20 min) and zero waste which opens the way to obtain
coatings onto flexible substrates with predefined sizes
[1-3]. The flexible solar cells, thermoelectric generators,
sensors, among others, have already been developed by

applying the 2D printing technique [4-6]. For such devices,
that is important to obtain high-quality functional ele-
ments, for instance, buffer and window films for solar
cells; n-type leg for thermoelectric generators; sensitive
elements for sensors. For this purpose, ZnO is an impor-
tant semiconducting material possessing suitable phys-
icochemical properties [7-11]. It should be noted that to
carry out 2D printing, there is a need to create functional
nanoinks that might be obtained by the formation of print-
ing the suspension of nanomaterials. ZnO nanocrystals for
these inks have been synthesized in the polyol solvents
[12, 13]. This approach gives an opportunity to control the
shape, size, phase, and chemical composition and opti-
cal and structural properties of the nanomaterials that, in
turn, regulate functional parameters of the final devices. To
enhance the working parameters of the described devices,
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Fig. 1 X-ray diffraction patterns of ZnO nanocrystals at different
growth times (orange vertical lines correspond to the polyester
substrate, data are taken from [21]; blue vertical lines correspond to
Zn0, JCPDS card no. 01-079-2205) (a), and deposited and annealed

ink-jet printed nanocrystalline films can be subjected to
thermal and chemical treatments [14].

The fundamental properties of ZnO films have a great
impact on working characteristics of thermoelectric
generators and solar cells [15, 16]. The single phase of ZnO
films helps to reduce the recombination centers inside
materials that increase concentration of charge carriers
in solar cells. The nanostructuring and surface roughness
play important role as these parameters increase number
of interfaces and thus improve heterojunction contact
in solar cells and scatter phonons to reduce thermal
conductivities in thermoelectric generators. The alteration
of lattice parameters gives an opportunity to control
the cell volume and indicates composition fluctuations
that change electrical resistivity, an important property
of electronic devices. The control of band gap and
transmission parameter allows to control the amount of
energy passed through ZnO layer to the absorber layer
in solar cells and to engineer electronic structure in
thermoelectric material.

Thus, in this work, ZnO films were deposited onto
flexible polyimide substrates by 2D ink-jet printing
nanoinks containing polyol-mediated nanocrystals. We
have studied the growth processes in the nanocrystals
depending on the thermodynamic parameter (growth
time, t;) at stabilized kinetic parameters (type and
concentration of initial chemical reagents). Furthermore,
we have carried out the study of the nanograin growth in
the printed films depending on the annealing conditions
(T,=200 °C, 275 °C, 400 °C; t,=10 min, 60 min). We have
defined the effect of nanocrystal growth time, annealing
temperature and time of films on the size and shape of
nanocrystals, surface roughness, structure and phase
composition, chemical nature and bonds, and optical
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ZnO films under the different thermal treatments (orange vertical
lines—polyimide substrate, data are taken from [22], blue vertical
lines—ZnO, JCPDS card no. 01-079-2205) (b)

properties (band gap, Eg, and transmission coefficients,
T) of the obtained ZnO materials. To the best of our
knowledge, these properties are purely studied for flexible
ZnO films deposited by ink-jet printing of nanoinks and
further exploration is still required.

2 Experimental details

ZnO nanocrystals were synthesized by polyol method
in which a solution of 8.8 g of zinc acetate dihydrate
(99%), 40 ml of ethylene glycol (90%), and 1.76 g of
polyvinylpyrrolidone (K-25, 90%) were heated to 160 °C
with a ramp of 16 °C/min for 180 min. The aliquots
were taken at 30 min, 60 min, 120 min, and 180 min of
nanocrystal growth. The nanocrystals grown for 120 min
were used to obtain printable nanoinks by their dispersion
in ethylene glycol with 60 wt% loading. Before printing,
the nanoinks were filtered using the membrane filter
with a pore size of 450 um to remove the nanocrystal
agglomerations.

The nanoinks were printed onto ethanol-cleaned
polyimide (Kapton) substrates using an office printer
Epson TX219 with a piezoelectric sensitive membrane in
the printing head. The minimal size of the drop was 4 pl.
During the printing process, the highest quality printing
mode has been used with the resolution of 5760 x 1440
dpi. As the substrate, we have used the flexible polyimide
films with the sizes of 10 cmx 10 cm x 125 um. Twenty
deposition cycles were applied to grow the films onto a
substrate. After the deposition, ZnO films were annealed
at T,=200°C, 275 °C, 400 °C for t,= 10 min, 60 min.

The morphological properties of nanocrystals and
films were studied with an atomic force microscope
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(Bruker, ICON), a transmission electron microscope
(Selmi, PEM-125 K) and a scanning electron microscope
(Tescan, Vega). The chemical composition analysis was
carried out using energy-dispersive X-ray spectroscopy
(Oxford detector) and a FTIR spectrophotometer (Bruker,
Tensor 29). The structural and substructural properties
of ZnO nanocrystals and films were determined by the
X-ray diffraction method using a DRON-4 device with
Cu-K, radiation (A=0.15406 nm) at 40 kV, 20 mA. As a
supplement, the selected area diffraction analysis (SAED)
technique (TEM 125 K) was applied to identify the phase
composition of the samples. The optical properties of ZnO
nanocrystals and the obtained ZnO films were studied
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Fig.2 The influence of nanocrystal growth time (a), temperature
and annealing time of films (b, ¢) on the sizes of coherent scat-
tering domains (L) in the direction perpendicular to the crystallo-
graphic (100), (002), (101) planes. The calculation was performed
using the Scherer formula

using a Solar PB 2201 optical spectrophotometer. The
details of methodologies applied to study the structural
and optical properties of the samples have been described
in our works [17-20].

The optical properties were studied in the range
of wavelength A=(300-900) nm. To determine Eg, the
absorption coefficient a(A) was calculated from the
transmission spectra of ZnO film T(A). The ZnO optical
band gap £y was found from the absorption spectra using
the following correlation:

ahv = Athv — E)'/?, Q)

where a is the absorption coefficient; hv is the photon
energy; and A is the constant that depends on the effective
mass of the charge carriers in the material. Extrapolation of
the linear part of graph (ahv)? — hv on energy axis allowed
determining the semiconductor band gap ;.

3 Results and discussion

Figure 1 shows X-ray diffraction patterns of ZnO
nanocrystals (a) as well as of the deposited and annealed
ZnO films (b). The analysis of the diffraction patterns
was performed by comparing the values of angles and
intensities on the obtained patterns with the values
taken from JCPDS database, card no. 01-079-2205 and
other sources [21, 22]. It was found that the synthesized
nanocrystals and the obtained films contain a phase of
zinc oxide with a hexagonal crystal lattice. Secondary
phases were not detected.

It should be noted that the intensity of the lines on
diffraction patterns from the nanocrystals increased and
their half-widths decreased at a growth temperature of
30-120 min.

At tg=180 min, the intensity of peaks decreased and
the half-width increased, indicating that the nanocrystals
first grow and improve their crystalline quality
(ty=30-120 min) and subsequently decrease their size
with deterioration of the crystalline quality (t;="180 min).

The diffraction patterns of ZnO films (Fig. 1b) show the
peaks of (100), (002), (101), (102), (110) planes at the angles
of ~31.90°, ~34.47°,~36.31°, ~47.44°, ~ 56.67°, which
corresponds to the hexagonal type of ZnO unit lattice.

To determine the influence of growth conditions of
nanocrystals and films on its properties, we have deter-
mined the following quantitative structural characteristics
of ZnO phase: sizes of the coherent scattering domains (L),
lattice parameters, and the unit lattice volume (q, ¢, ¢/q,
V,nit)- The results are shown in Fig. 2 and in Table 1. As can
be seen from Fig. 2a, an increase in the nanocrystal growth
time up to 120 min leads to the increase in L values from
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Table 1 The results of the

calculations of the unit lattice Growth time (min) 1st iteration 5th iteration Vit (nm3)

parameters (g, ¢, c/a, V,,;;) of a c c/a a c c/a

ZnO materials
30 0.32464 0.52156 1.6066  0.32454 0.52186 1.6080 0.0476
60 0.32476 0.52095 1.6041 0.32472 0.52105 1.6046 0.0476
120 0.32582 0.52157 1.6008 0.32588 0.52139 1.6000 0.0478
180 0.32509 0.52199 1.6057 0.32502 0.52221 1.6067 0.0480
Annealing temperature (°C)  Annealing time, 10 min
Deposited films 0.32411 0.52500 1.61980 0.32375 0.52686 1.6273 0.0478
200 0.32411 0.52500 1.61980 0.32445 0.52007 1.6029 0.0474
275 0.32399 0.51898 1.60183 0.32402 0.51886 1.6014 0.0472
400 0.32372 0.51759 1.59889 0.32381 0.51716 1.5971 0.0469
Annealing temperature (°C)  Annealing time, 60 min
Deposited films 0.32411 0.52500 1.61980 0.32375 0.52686 1.6273 0.0478
200 0.32437 0.52069 1.60526 0.32432 0.52094 1.6063 0.0475
275 0.32453 0.52064 1.60427 0.32450 0.52078 1.6049 0.0475
400 0.32416 0.52048 1.60564 0.32410 0.52077 1.6068 0.0474

Reference

a=0.32535nm; c=0.52151 nm; ¢/a=1.6029; V,
N2 01-080-0074

=0.0478 nm>, JCPDS

unit

12 to 16 nm in the direction perpendicular to the crystal-
lographic (002) plane. However, with a further increase in
ty up to 180 min, L decreases to 13 nm. Similar trends are
observed for the L in the directions perpendicular to (100)
and (101) planes. An increase in the annealing tempera-
ture of ZnO films to 200-400 °C leads to an increase in the
L sizes from 12 to 35 nm. The data analysis shows that the
nanocrystals primarily grow in the [001] crystallographic
direction.

As can be seen from Table 1, the calculated values of
a, ¢, c/a, and V,,; are close to the reference data, which
indicates the approximation of the chemical composition
of the synthesized nanocrystals and the obtained films
to stoichiometric values. It was found that the lattice
parameters of ZnO nanocrystals varied in the range of
0700 =(0.32375-0.32445) nm, ¢z,0=(0.51716-0.52686)
nm, and ¢/dz,o=(1.5971-1.6273). With an increase in
nanocrystal growth time, the value of lattice parameter
¢ of zinc oxide increased, while a parameter had the
maximum value (closest to the values of the stoichiometric
material) at growth time, ty=1 20 min. The lattice volume
monotonically decreased from V,,,=0.0476 nm?
(ty=30 min) to V,,;;=0.0474 nm? (t,=180 min)
approaching reference values.

The nanoscale nature and single-phase composi-
tion of the synthesized ZnO nanocrystals are confirmed
by TEM and SAED analysis (Fig. 3a—d). With increasing
crystal growth time, nanocrystal size first increases from
12.0£3.0 nm (tg=30 min) to 17.3+3.0 nm (tg=120 min)
and then decreases to 12.5+3.0 nm (tg= 180 min).

We attribute such growth behavior to that the nanocrys-
tals enter Ostwald ripening regime at t;>120 min. The
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shape of the nanocrystals was primarily quasispherical.
SAED patterns showed that irrespective of the growth
time, the synthesized nanocrystals are single-phase sup-
porting XRD data. The nanocrystal sizes determined by
TEM studies correlate well with the calculated L values by
Scherer formula. The results of SEM and chemical composi-
tion studies of ZnO nanocrystals and films are presented
in Fig. 4 and Table 2. It was found that both the deposited
and annealed films were nanostructured and remained
homogeneous after 50 bends in the 10 10 um scanned
area. The average film thickness was 1.5+ 0.5 pm. These
properties suggest that the obtained ZnO films are suit-
able for the application in microelectronic devices, espe-
cially in solar cells and thermoelectric generators. It should
be noted that the synthesized ZnO nanocrystals and the
deposited and annealed ZnO films contained an excess
of oxygen.

The morphological characteristics of ZnO nanocrys-
tals and films were also investigated using atomic force
microscopy. As can be seen from parallel and angle view in
Fig. 5, the deposited ZnO films contain nanocrystals in an
organic matrix whose volume decreases as the annealing
temperature and time of the samples increase. The param-
eters characterizing the roughness of the sample surfaces
are given in Table 2. It should be noted that the values of
the arithmetic mean (root mean square) deviation of the
surface profile from the median line R (R,) are in nanom-
eter scale, which indicates that the surface of ZnO films is
underdeveloped. R, values increase from 12.1 to 54.1 nm
(R, from 8.9 to 37.9 nm) as the temperature and anneal-
ing time increase. This can be explained by the increasing
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a 30 min
d=12.0+3.0 nm

b 60 min
d=15.6+3.0 nm

120 min

180 min
d=12.5+3.0 nm

Fig.3 TEM images and SAED patterns of ZnO nanocrystals synthesized at different times (a-d)
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Fig.4 SEM images of depos-
ited (@) and annealed (b, ) a
ZnO films and their element
mapping (d)

As-deposited

b

200 °C - 10 xB 400 °C - 60 xB

Table 2 Averaged chemical

composition, surface Samples Cvat%  Coat%  yzo o Surfaceroughness Ey eV T, % (900 nm)
roughness, and optical Rns (NM) R, (nm)
characteristics of ZnO
nanocrystals and deposited Nanocrystals 45.6 544 0.84 12.1 8.9 3.2+0.1 60-80
and annealed ZnO films Deposited films ~ 46.4 53.6 087 146 104
Annealed films, T,, °C; t,, min

200,10 40.5 59.5 0.68 26.2 16.4

200, 60 413 58.7 0.70 225 15.8

275,10 41.5 58.5 0.71 30.1 224

275,60 434 56.6 0.77 34.6 243

400,10 45.8 54.2 0.85 48.4 34.2

400, 60 45.6 544 0.84 54.1 379

size of the nanocrystals and the evaporation of the organic
matrix material from the film volume.

Increasing the annealing temperature and time allowed
to improve the stoichiometry of the films (y,,,,o) from 0.68
to 0.84.This can be explained by an increase in the crystal-
lite sizes and the corresponding decrease in the adsorp-
tion area of oxygen atoms on nanograins surface as well as
by removal of the precursors containing oxygen from the
film volume. The element mapping (Fig. 4d) made it pos-
sible to establish that zinc and oxygen atoms are distrib-
uted uniformly over the film surface. The study of optical
characteristics allowed us to determine that the band gap
of the materials was Eg= 3.2+0.1 eV, and the transmission
coefficients of the films were T=60-80% at 900 nm (Fig. 6).
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To detect residual impurities in the nanocrystals and
films, FTIR spectra were measured (Fig. 7). The polyimide
substrate has been found to contain the following bond-
ing groups: C-N, C-C, CCH-CH,, C-N+N-H, C-0, CH,, N-H
[23].

The traces of ethylene glycol and water molecules (used
in the synthesis process) were found in the synthesized
ZnO nanocrystals, as evidenced by the absorption peaks
associated with molecular bonds: O-H, C-H, CH,, C-O-H,
C-0, C-C[24]. As can be seen from the figure, the annealed
films lead to a significant decrease in the content of
organic compounds. It should be noted that such samples
still show residues of organic compounds (see chemical
bond range up to 2000 cm™"). Such residues are, in our
opinion, near the substrate and in the gap between the
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Fig.5 AFM images of depos- a
ited (a) and annealed (b-g) =
ZnO films. The height and sur-
face area were set to 200 nm
and 2x2 pum, respectively

As-deposited

b 200 °C — 10 min C 200 °C — 60 min

a 100 b 0,0025
— Nanocrysftals Nanocrystals
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Fig. 6 Transmission coefficients (T) and band gap (£y) determination images of ZnO nanocrystals, as-deposited and annealed films
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Fig.7 FTIR spectra of polyimide substrate, ZnO nanocrystals,
deposited and annealed ZnO films

crystallites, forming an organic matrix that enhances the
adhesion of the film to the substrate surface by forming
bonds with polyimide molecular groups. This causes the
film to remain intact after temperature annealing and
multiple bending of the substrate.

4 Conclusions

In this work, ZnO films were obtained by ink-jet printing of
polyol-mediated nanocrystals onto the flexible substrates.
The effect of thermal treatments on morphological,
structural, and optical properties and the chemical
composition of ZnO materials was studied.

The synthesized ZnO nanocrystals were single phase
having size of d=(12.0-17.3) + 3 nm depending on
the growth time t;=(30-180) min. It is shown that the
nanocrystals enter the Ostwald ripening regime at
ty=120 min. ZnO films were single phase consisting of
nanocrystals distributed in an organic matrix whose
content decreased with increasing annealing temperature
and time, which was confirmed by the results of AFM
microscopy and FTIR spectroscopy.

The lattice parameters of ZnO samples were in the range
of a5,,=(0.32375-0.32445) nm, ¢;,,=(0.51716-0.52686)
nm, and ¢/a;,o=(1.5971-1.6273) and were close to the
values of the stoichiometric materials. Structural and
substructural characteristics of nanocrystals and films
improved with increasing growth and annealing time.
ZnO materials were characterized by an excess of oxygen
(Vzn/0 =0.68-0.84) in their composition and uniform distri-
bution of chemical elements over the surface. ZnO films
were homogeneous with a good adhesion to the substrate
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surface having thickness of 1.5+0.5 um. The films had
high optical characteristics (transmission coefficients of
T=60-80% at 900 nm and band gap of Eg=3.2io.1 evV).

The obtained ZnO films possess promising fundamental
characteristics for application in flexible microelectronic
devices, especially in the solar cells and thermoelectric
generators.
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