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ABSTRACT

ZnO nanosheets were fabricated on a silver-metalized polyimide (PI/Ag) substrate using
electrochemical deposition. FE-SEM, XRD, UV-Vis absorption, and I-V measure-
ments were employed to examine the structural, optical and electrical properties of silver-
metalized PI film and ZnO deposited PI/Ag film. For a comparison, PI/Ag film was also in-
vestigated without ZnO layer. FE-SEM analysis indicated that a silver film layer, consisted
of spherical Ag nanoparticles, and the ZnO nanosheets were synthesized on PI substrate by
electroless and electrochemical deposition, respectively. Moreover, the growth mechanism
of the Ag film and ZnO nanosheets was also discussed. The characterization of X-ray dif-
fraction verified that the ZnO nanosheets had a hexagonal phase and grew along the [002]
direction. The optical absorbance spectra of bare PI, PI/Ag, and PI/Ag/ZnO showed a
broad absorption peak around 300 nm. The electrical properties of the PI/Ag and PI/Ag/
ZnO samples were studied by current-voltage (I-V) measurements in the dark environment
at room temperature (300 K). The I-V measurements suggested that the samples presented
ohmic characteristics. The results revealed that the deposition of ZnO on PI/Ag substrate

improved the electrical conductivity compare with bare PI/Ag.
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INTRODUCTION

As flexible optoelectronic materials develop incre-
asingly common, there is a significant demand
for flexible conducting electrodes, which are crucial
parts for optoelectronic devices [1-3]. Polymer-based
materials are the most widely used candidates for fle-
xible substrate due to their benefits of high flexibility,
low-cost and easy processability [4]. Among them,
polyimide (PI) are the most promising flexible subs-
trate materials thanks to their high heat resistance,
superior mechanical properties and high radiation
resistivity [5-7]. Though, the adhesion of passive me-
tals, such as silver, nickel, copper, to polymers is very
weak [8]. To enhance the surface adhesion of polyimi-
de, many techniques are usually carried out such as
chemical deposition methods, sputtering deposition
methods, electrochemical deposition, and electroless
deposition [4]. Among them, electrochemical and
electroless depositions allow the growth of metal na-
nostructures on polymeric films, without changing
the properties of the films [9]. Moreover, these met-
hods are variable owing to uncomplicated materials,
light reaction conditions, and applicability to non-
conductive surfaces.

Silver has the highest conductivity (107 S/m) among
noble metals and also has outstanding reflectivity at
longer wavelengths [1]. The Pl/silver film could pre-
sent many advantages in flexibility and elasticity [9, 10].
Akamatsu et al. [11] reported that polyimide films have
been prepared in silver nitrate solution by the electro-
less method. The metalized polyimide was obtained
through both excellent conductivity and reflectivity [11].
However, the chemical stability of the flexible polyimi-
de substrate is reduced considerably, as a result of the
catalysed decay of polyimide chains (carbon bonds) by
silver, hence, limit their practical applications. To pas-
sivate PI surface, carbon nanotube and metal nanopar-
ticles (NPs), such as Pt, Ni and Cu were used up to now
[12-15]. In addition, there are several reports on the use
of ZnO on PI substrate [1, 16-20]. In recent years, the
formation of ZnO seed and/or buffer layers on polymer
substrates has been commonly used to fabricate ZnO
nanorod or nanosheet layers on substrates [20]. Altho-
ugh the seed/buffer layers are useful for producing ZnO
nanostructures, there are some challenges concerning
device functionality. The most important issue is the
production cost. Compared to other production
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methods, the electrochemical deposition method is a
simple, fast, low-cost process. Moreover, it provides the
ability to tailor size, shape, and morphology of the na-
nostructures deposited under a set of well controlled
synthesis parameters. To the best of our knowledge, there
are no reports so far about the electrochemical depositi-
on of ZnO nanosheet on a silver-metalized polyimide (PI/
Ag) substrate.

In this study, as the first step, the surface of polyimi-
de was chemically adjusted applying potassium hydroxide
(KOH) to produce potassium polyamate. Then silver na-
nostructures were formed on polyimide substrate via the
electroless deposition. In final step, ZnO nanosheet layer
has been prepared on silver metalized PI substrate by elect-
rochemical deposition without using any seed/buffer layer.
The structural, optical, and electrical analyses were perfor-
med with a field emission scanning electron microscopy
(FE-SEM), X-ray diffraction (XRD), ultraviolet—visible (UV-
Vis) absorption and [-V measurements.

MATERIAL AND METHODS

All chemicals employed in this research were purchased
from Sigma-Aldrich® and Polyimide substrate was obta-
ined from DuPont (Kapton HN, 75 pum thick). The deta-
ils of the procedure used for the PI surface adjustment
shown in Figure 1. First, A PI substrate was cleaned with
acetone and isopropanol, and washed with distilled water.
Then, the PI substrate was immersed into a 5 M KOH so-
lution at 50 °C for 5 min. As a result of this process, potas-
sium polyamate was formed on the PI surface via cleavage
of their imide rings [11, 21, 22]. Then, surface metalliza-
tion of PI film was carried out by dipping of PI film in 5
mM silver nitrate (AgNOs) and 0.17 M glucose solution
for 15 min at room temperature (Electroless deposition).
An ijon-exchange process occurred between K ions in PI
film and silver ions during the electroless deposition.

PI/Ag sample was annealed at 300 °C for 30 min in
vacuum furnace. After thermal treatment, ZnO nanoshe-
ets were obtained by electrochemical deposition technique.
The deposition solution contained of an aqueous solution of
0.05M Zn(NOa)2.6H20 and 0.05 M CeHi2Na. The pH and
temperature were selected as 5.1 and 80 °C, respectively.
The anode and cathode electrode were a PI/Ag film and pla-
tinum wire, respectively. ZnO nanosheets were deposited
on PI/Ag at a constant current density of 0.5 mA/cm? for
30 minutes. After the deposition, PI/Ag/ZnO was washed
with distilled water. Figure 2 shows the digital images of
the samples obtained after electroless and electrochemical
deposition. Surface morphologies of PI/Ag and PI/Ag/ZnO
samples were examined with FE-SEM (QuantaFEG). X-ray
diffraction (XRD) patterns were obtained from a
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Figure 1. Schematic representation of the surface modification of the
polyimide film and electrochemical deposition of ZnO on PI/Ag film.
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Panalytical Empyrean XRD system using a CuK  radiati-
on (A =0.15418 nm). The absorption spectra of samples
were obtained using a Perkin Elmer Lambda 950 (UV/
Vis/NIR) spectrophotometer within the range of 200-
800 nm. The forward and reverse bias I-V measurements
were performed using Keysight B2901A source meter
(SMU) in dark at room temperature (300 K).
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Figure 2. Digital images of the surface morphologies of the PI films
before and after metallization of Ag and ZnO deposited, respectively.

RESULTS AND DISCUSSION
SEM Analysis

As illustrated in Figure 1, before forming homogeneous
ZnO nanostructures, PI film was embedded in AgNOs
solution to form the Ag film on top of the PI surface to
increase the chemical and electrical stability. Then, ZnO
layer was formed on the PI/Ag substrate. Ag layer acts as
a nucleation site for the ZnO layer growth. The Ag par-
ticles forming after the metallization of PI film and ZnO
deposited PI/Ag sample were characterized using the



secondary electron mode in FE-SEM to provide topog-
raphical and elemental information. Figure 3 (a) shows a
top surface FE-SEM image of PI/Ag. As seen in Figure 3
(a), the layer of Ag particles developed on PI film after the
electroless deposition. Moreover, the Ag layer is homoge-
neous with respect to morphology and nanoparticle dia-
meter. The average diameter of spherical Ag nanoparticle
is about 200 nm. It has also found that smaller spherical
silver nanoparticles coalesce and form silver nanorods
that grow upwards from the surface (Figure 3 (a)). The
growth process of Ag structures could be described by
diffusion-limited aggregation (DLA) model [23]. Initially,
Ag" ions take electrons to create silver particles on the PI
which was treated with KOH. As the reaction continue,
the further silver particles are produced at the same time.
At the end of process, Ag film (nanorod and spherical
particles), formed by agglomerated Ag nanoparticles, is
obtained on the PI surface.

Figure 3 (b) demonstrates the FE-SEM image of ZnO
structures grown on PI/Ag at 80 °C and indicates that ob-
tained structures consist of sheet-like structure. As seen in
Figure 3 (b), the ZnO nanosheets are linked to each other
and produce networks on the Ag nanoparticles. The ave-
rage thickness of the ZnO nanosheets are in the range of
500-1000 nm with the typical diameter of 1-5 pm. Mostly
the ZnO nanosheets are combined to form flower-shaped
patterns. Recent studies reveal that the influence of deposi-
tion parameters such as current density, solution tempera-
ture and pH values, on the growth of ZnO nanostructures
are significant [24]. The SEM analysis results are consistent
with the works conducted by Aydemir et al. [24] and Yang et
al. [25]. To explain growth of ZnO nanosheet via electroche-
mical deposition, the possible chemical reactions that take
place are as shown below [25]:

NO, +H,0+2e — NO, +20H" 1)
Zn" +20H" — Zn(OH), 2
Zn(OH), - Zn+H,O (3)

In the case of the growth of ZnO nanosheet layer on
PI/Ag, at the initial stage of deposition, smaller ZnO nano-
particles were formed on PI/Ag film. It is important to note
that the formation of ZnO nanoparticles is critical because
it requires nucleation spots for nanosheet creation. Then, a
lot of ZnO nuclei produced and combined. As the process
continues, the individual groups ultimately expand into na-
nosheets. Accumulations of smaller particle groups would
subsequently establish larger clusters, which has promoted
the formation of the sheet-like structure [25].

The composition of the prepared samples was studied
further by conducting EDAX analysis. Figure 4 shows the

Figure 3. (a) FE-SEM image of silver nanostructures on PI substrate
after electroless deposition (b) FE-SEM image of ZnO nanosheet on PI/
Ag substrate after electrochemical deposition.

EDAX profiles of the PI/Ag and PI/Ag/ZnO samples. Du-
ring the electroless deposition PI substrates in the AgNO:s
solution, ion-exchange is estimated to occur between K*
and Ag' ions. EDAX spectra in Figure 4 a,b indicate that Ag
and O are detected but also a negligible detection of K. The
slightly low K atomic percentage is attributed to above-men-
tioned immersion process. It is also estimated that oxygen is
formed because of the formation of a carboxylate function
with K+ counter ions. Figure 4 c,d shows the EDAX spectra
of PI/Ag sample after deposited ZnO. It is revealed that K*
is no more detected while ZnO is detected. At the surfa-
ce of the PI/Ag, ion-exchange could be occurred between
K+ and Zn* ions during the electrochemical deposition on
the surface of PI/Ag substrate. Furthermore, increase of the
oxygen atomic percentage is probably due to the imide cycle
hydrolysis.

XRD Analysis

X-Ray diffraction was presented to examine and identify
the purity of phase and the structure of the samples. Fi-
gure 5 represents the XRD patterns of silver metalized
PI film and ZnO deposited PI/Ag sample. The XRD pat-
terns of silver metalized PI film indicated that the obta-
ined structure of Ag nanoparticle is face-centered cubic
(FCC). As shown in Figure 5 (a), XRD analysis of PI/Ag
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Figure 4. (a)-(b) EDAX analysis of silver nanostructures on PI substrate after electroless deposition, (c)-(d) EDAX analysis of ZnO nanosheet on PI/

Ag substrate after electrochemical deposition.

sample reveals that three diffraction peaks at 26 values
of 389 440, and 62° are attributed to the (111), (200), and
(220) planes of the FCC structure of silver, which is con-
sistent with the JCPDS file no. 4-0781 [22, 25]. Despite the
Ag diffraction peaks, the peak observed at 20° belongs to
the PI substrate [18]. XRD analysis clearly shows that Ag
nanoparticles have a preferred orientation along the [111]
direction.

Figure 5 (b) indicates the XRD pattern of the ZnO
nanosheets obtained on PI/Ag. The peaks at 26 values of
329, 34°, 36°% and 47° correspond to (100), (002), (101), and
(102) planes of the wurtzite structure of ZnO (JCPDS No.
36-1451) [25]. As seen in Figure 5 (b), the XRD pattern of
the PI/Ag/ZnO demonstrates axis orientation along (002). It
is clearly understood that the growth pattern is along the
c-axis. XRD analysis of PI/Ag/ZnO indicates that the grown
ZnO nanosheets represent a hexagonal wurtzite crystalline
structure [16,24,25]. As seen in Figure 5 (b), apart from the
(002) plane, additional small peaks in the XRD pattern of
the PI/Ag/ZnO sample confirms the existence of the polycr-
ystalline ZnO.

The average crystallite size of the PI/Ag and PI/Ag/
ZnO samples along (111) and (002) planes was estimated
using Scherrer formula (Eq. 4), using full width at half

60

maximum (FWHM) [26],

_ 092
Bcos
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where D, )\, p and 0 are the crystallite size, the wave-
length of incident X-ray (1.5418 A), FWHM of the (111)
and (002) peaks and the diffraction angle, respectively.
From the Scherrer equation, the average crystallite size
of Ag nanoparticles for the PI/Ag and PI/Ag/ZnO samp-
les are about 30.5 and 26.8 nm, respectively. The average
crystallite size of ZnO nanosheet along (002) planes cal-
culated from Scherrer equation is about 41.5 nm.

Optical Measurements

The optical absorption spectra of Ag and ZnO embed-
ded DI film are demonstrated in Figure 6. The absorp-
tion spectra of bare PI film are also added for reference.
As seen in Figure 6, the absorption edge of PI film is at
230-260 nm range. After Ag and ZnO deposition, the ab-
sorption edge is shifted to the longer wavelengths. The
absorption spectra of Ag and ZnO embedded PI film are
shown in the range of 200—400 nm, and the absorption
was reduced above 400 nm. In the spectrum of the PI/Ag/
ZnO, the absorption peak appeared about 300 nm, is the
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Figure 5. (a) XRD patterns of PI/Ag, (b) XRD patterns of PI/Ag/ZnO.

50 60

characteristic peak correspond to the exciton absorption
of ZnO. It should be noted that for the sample of PI/Ag,
there is not observed any absorption peak at about 400
nm, corresponding to the surface plasmon resonance
(SPR) in silver nanostructures, because of the formation
of discontinuous but interconnected Ag nanorods layer
23, 27].

I-V Measurements

The electrical properties of the all samples were investi-
gated by measuring the current-voltage (I-V) characteris-
tic at room temperature (300 K) and in the dark environ-
ment. These measurements were made using Keysight
B2901A Source Meter (SMU) in the bias range of -5V to
+ 5V. Figure 7 shows I-V plots of silver metalized PI film
and ZnO deposited PI/Ag sample.

As seen in Figure 7, these structures exhibit non-
rectifying property and show an ohmic characteristic. Low
sheet resistance and linear I-V behaviour are vital for the
efficiency and reliability of flexible semiconductor devices,
and their synthesis and characterization are considerable
efforts in circuit fabrication [19]. Therefore, the bulk resis-
tance (R) of the samples could be determined from Figure
7 (V/1) [28]. The electrical resistance of PI/Ag and PI/Ag/
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Figure 7. Dark current versus voltage characteristic of the samples at
room temperature (a) PI/Ag, (b) PI/Ag/ZnO.

ZnO samples are calculated as 252 kQ and 1.67 kQ. Also,
a four-point probe is used to determine the sheet resistan-
ce of samples. The Rs of PI/Ag and PI/Ag/ZnO samples are
calculated as 884.45 kQ/sq and 294.30 kQ/sq. The high
of sheet resistance of the PI/Ag sample is probably due to
the presence of unbonded potassium ions on the PI surfa-
ce after electroless deposition, which was also observed in
SEM-EDAX analyses. The absence of these potassium ions
in EDAX analysis after ZnO deposition revealed that ZnO
passivated the PI/Ag surface and helped to reduce both
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bulk resistance and sheet resistance.

CONCLUSION

In conclusion, surface modification and silver metalliza-
tion of polyimide (PI) film were successfully performed by
immersion method and ZnO were deposited onto surface
of PI for passivation purpose by electrochemical depositi-
on. The structural and electrical properties of silver me-
talized PI film and ZnO deposited PI/Ag film have been
investigated by FE-SEM, XRD and I-V measurement. FE-
SEM analysis revealed that after the electroless depositi-
on, an Ag film layer consisted of spherical Ag nanopartic-
le was formed on the surface of the PI film. The average
diameter of spherical Ag nanoparticles is about 200 nm.
FE-SEM analysis indicated that ZnO nanosheets were
successfully fabricated by electrochemical deposition on
PI/Ag film. The average thickness of the ZnO nanoshe-
ets are in the range of 500-1000 nm. The XRD analysis
shows that for PI/Ag sample, the obtained structure of
Ag nanoparticle was face-centered cubic (FCC) and Ag
nanoparticles were oriented in the (111) direction. XRD
analysis of ZnO deposited PI/Ag film indicates that ZnO
nanosheets had hexagonal wurtzite crystalline structure
and were oriented in the [002] direction. The optical ab-
sorption spectra were measured in the range from 200
nm to 800 nm, and the absorption peaks for bare PI, PI/
Ag and PI/Ag/ZnO appeared around 250—-300 nm. The
current-voltage (I-V) analysis was carried out to exami-
ne the electrical properties of the PI/Ag and PI/Ag/ZnO
samples in the dark environment at room temperature
(300 K). The I-V measurements suggested that the samp-
les exhibited ohmic characteristics. Also, the results of
I-V measurements were clearly indicated that deposited
ZnO passivated the PI/Ag surface and improved electri-
cal conductivity. Consequently, the ZnO deposited PI/Ag
could be a good candidate for the possible applications in
optoelectronic and sensor devices.
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