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In this work, we present flexible broadband photodetectors (PDs) fabricated by a deposition of nanostructured
zinc oxide (ZnO) films on polyimide (PI) substrates by using cheap and scalable aqueous method Successive Ionic
Layer Adsorption and Reaction (SILAR). In order to increase the long-wavelength absorption of the nano-
structured ZnO layer, we created its intrinsic defects, including oxygen vacancies by post-treatment at 300 °C in
vacuum and thus the light-sensitive material ZnO/PI was obtained. Then we applied silver nanoparticles (Ag
NPs) from a silver sol onto a nanostructured ZnO film, which were visualized using SEM in the form of spheres up
to 100 nm in size that increased the photocurrent and figures of merit of thus obtained light-sensitive material
ZnO_Ag/PI due to localized surface plasmon resonance and double Schottky barriers at the Ag-ZnO interface. To
fabricate photodetectors based on a photoconductive effect, these ZnO/PI and ZnO_Ag/PI materials were
equipped with ohmic aluminum contacts. The spectral responsivity (R; up to 275 A/W to UV light) of solution-
processed flexible broadband photodetector based on ZnO_Ag/PI material at different wavelengths of light and
light power densities is better than R; of the ZnO/PI photodetector, and at least an order of magnitude higher
than R; of photodetectors based on nanostructured zinc oxide described in recent articles. The external quantum
efficiency (EQE) of both PDs in this study in UV-Vis-NIR spectra is very high in the range from 1+10% to 9+10% %
and is better or of the same order of magnitude as the EQE data of modern flexible broadband high-sensitivity
PDs based on nanostructured heterostructures containing ZnO. The specific detectivity in UV-Vis-NIR spectra
is large for ZnO/PI (from 3.5.10'° to 1.10!2 Jones) and especially for ZnO_Ag/PI (from 1.6¢10'! to 8.6.10'3
Jones), which indicates the ability of the PDs based on light-sensitive materials ZnO/PI and ZnO_Ag/PI to
recognize a very weak light signal.

1. Introduction

Currently, light detecting and harvesting are two noteworthy
photoelectric-conversion processes for exploiting the arriving solar en-
ergy (Luo et al., 2017; Patel et al., 2020; Tang et al., 2020; Zhang al.,
2021). Photodetectors (PDs) that capture light signals and convert them
into electrical signals are important functional units in various energy
systems. Among them, broadband photodetectors that can detect light
from ultraviolet (UV) to visible (Vis) and to near-infrared (NIR) range
have become a hot topic recently, because they are critical for color
imaging, optical communication, environmental monitoring, medical
instruments and day/night-time surveillance (Luo et al., 2017; Liu et al.,
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2018; Peng et al., 2018; Tang et al., 2020; Zhu et al., 2020; Yu et al.,
2021). Flexible PDs, which can be folded and wrapped around curved
substrates, are of particular interest for wearable and mobile applica-
tions. The ability of flexible photodetectors to detect light at an oblique
angle is another advantage for optoelectronic applications such as
photovoltaic devices, omnidirectional cameras, optical tracking sys-
tems, and optical field measurements (Lee et al., 2017; Luo et al., 2017;
Lien et al., 2018; Peng et al., 2018; Wang et al., 2020; Zhu et al., 2020;
Yu et al., 2021; Zhang al., 2021). As a direct bandgap semiconductor
material, zinc oxide (ZnO) has the characteristics of a wide bandgap
(~3.37 eV at room temperature), environmental-friendliness, high me-
chanical robustness and excellent thermal stability. Therefore, ZnO-
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based PDs have attracted wide attention and have become one of the
research hotspots in the field of wide-gap semiconductor UV photode-
tectors (Lee et al., 2017; Lien et al., 2018; Xu et al., 2019; Wang et al.,
2020). Since commercial photodetectors have some disadvantages in
terms of relatively narrow response spectra and high cost due to a
complex manufacturing process that severely limits their widespread
use, PDs with solution-processed nanostructured zinc oxide layers are of
particular interest (Luo et al., 2017; Lee et al., 2017; Xu and Lin, 2020).
Lee et al. (2017) demonstrated flexible UV photodetectors based on ZnO
nanostructures synthesized by hydrothermal growth on two-
dimensional graphene and molybdenum (IV) sulfide (MoSy) layers.
Lien et al. (2018) showed a wrappable UV photodetector (PD) con-
structed using an interlaced array of ZnO nanowires as the active ma-
terial and Ag nanowires as electrodes, both embedded in a thermoplastic
polyurethane substrate using printing approaches. Wang et al. (2020)
successfully fabricated a flexible ZnO UV photodetector by inkjet
printing on polyimide (PI) substrates, which was modified with Ag
nanoparticles (NPs) to further improve its performance. According to
the analysis by Wang et al. (2020), inkjet-printed silver nanoparticles
play a role in the passivation of surface defects in ZnO materials, which
reduces the dark current and the decay time of the photodetector. On the
other hand, Ag NPs can also work as surface plasmons, which increase
the photocurrent of the photodetector due to localized surface plasmon
resonance (LSPR) (Chen et al., 2015; Wang et al., 2020). To expand the
sensitivity range of a photodetector, Peng et al. (2018) developed a
heterostructure based on lead (II) sulfide (PbS) quantum dots and ZnO
nanoparticles deposited by spin coating on polyethylene terephthalate
substrates, and thus obtained high-performance and broadband flexible
UV-Vis-NIR photodetector. Liu et al. (2018) fabricated an ultrasensitive
ZnO-based photodetector operating in a broadband wavelength range
using gold (Au) plasmonic nanostructures. For this, the authors Liu et al.
(2018) deposited films of colloidal ZnO quantum dots by centrifugation
and created self-assembled island nanostructures of Au as nanoantennas,
which significantly improved the photoresponse of a ZnO-based
photodetector in the entire broad spectrum between UV and visible re-
gions due to enhanced light absorption caused by LSPR. According to
Tang et al. (2020), plasmonic metallic nanostructures such as silver
nanoparticles can absorb incident light in an extended spectral range. In
plasmonic Ag NPs, the surface plasmon resonance decays and generates
hot electrons. To extend the spectral range of photodetection, hot elec-
trons are used to amplify or to generate internal photoemission and
transfer absorbed light energy to neighboring semiconductors, func-
tioning as a “plasmon photosensitizer”, thereby providing photocon-
ductivity modulation for PD (Tang et al., 2020). In addition, plasmonic
hot electrons can participate in the photocurrent to increase the in-
tensity of the photoresponse, which leads to an increase in the sensitivity
of photodetectors (Tang et al., 2020).

In this work, to create a flexible broadband photodetector, we used
an inexpensive large-scale wet chemical production method Successive
Ionic Layer Adsorption and Reaction (SILAR) to deposit nanostructured
ZnO films on PI substrates. Then, in order to increase the long-
wavelength absorption of the nanostructured ZnO layer, we in accor-
dance with Wang et al. (2018) created its intrinsic defects, including an
oxygen vacancy (Vp), and made ZnO with a high Vg content by post-
treatment at 300 °C in a vacuum, thus obtaining a light-sensitive ZnO/
PI material. Next, we applied Ag NPs from a silver sol to a nano-
structured ZnO film, as described by Bonsak et al. (2010); Klochko et al.
(2018), and obtained a light-sensitive material ZnO_Ag/PI. According to
Klochko et al. (2018), the Ag nanoparticles created in this way on the
surface of electrodeposited nanostructured ZnO films had different
shapes and an average size of 60 nm. In addition to surface plasmon
resonance, they provided double Schottky barriers on Ag-ZnO interface
and ZnO grain boundaries, thereby enhancing the separation of photo-
generated electron-hole pairs. Since these barriers effectively prevented
the recombination of photogenerated electron-hole pairs, they increased
the UV photosensitivity of Ag/ZnO nanocomposites compared to the
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initial ZnO (Klochko et al., 2018). Here we investigated the crystal
structure, surface morphology, chemical composition and optical
properties of the light-sensitive materials ZnO/PI and ZnO_Ag/PI.
Equipping these materials with ohmic Al contacts, we obtained two
solution-processed flexible broadband photodetectors based on ZnO
films deposited through SILAR on PI substrates with and without Ag
NPs, and compared their figures of merit in UV-Vis-NIR spectra, such as
the photocurrent to dark current ratio (PDCR), spectral responsivity (R),
external quantum efficiency (EQE) and specific detectivity (D*).

2. Experimental procedures

Here, for the manufacture of flexible thin-film photodetectors based
on nanostructured ZnO layers with and without Ag NPs, we used poly-
imide (PI, Kapton-HN®) substrates with a thickness of 25 pm and an
area of 4 x 2 cm? All chemicals supplied by Sigma-Aldrich for our ex-
periments were of analytical grade and used without further purifica-
tion. Before applying thin ZnO films to both sides of polyimide
substrates by the SILAR method, the substrates were first cleaned in a
detergent solution and then rinsed under running distilled water.
Thereafter, the PI substrates were treated for 10 min in an ultrasonic
bath containing distilled water at 20 °C, boiled in distilled water for 15
min, and dried with hot air.

Then, the seed layers were applied to the cleaned PI substrates by dip
coating, as shown schematically in Fig. 1 (a). For this, a seed solution
containing a zinc complex (Zn(NH3)42") was prepared by dissolving
0.05M ZnO in a 1 M aqueous solution of NH4OH. Then, the PI substrate
was immersed in the seed solution for 20 s (1), in hot (95 °C) distilled
water for 20 s (2), in cold (20 °C) distilled water for 5 s (3) and dried in a
stream of hot air (4). This process was repeated 10 times to obtain ZnO
seed layers that evenly covered the PI surface.

Subsequently, thin ZnO films were grown on seeded substrates using
the SILAR method, as shown schematically in Fig. 1 (b). For better
clarity, the colors of the samples in Fig. 1 are bright, they do not
correspond to the real ones. An aqueous solution of a cationic precursor
for SILAR deposition of ZnO films contained 0.8 M NH4OH and 1 M
ZnSO4. One growth cycle consisted of the following three steps: (1)
immersion of the PI substrate in the cationic precursor for 10 s; (2) its
immediate immersion in the anionic precursor, namely in hot (90 °C)
distilled water for 10 s; (3) rinsing the substrate in a separate beaker for
H»0 at room temperature for 5 s to remove loosely bound particles. Over
200 SILAR growth cycles, ZnO films were obtained on PI substrates with
an average thickness t of 1.4 pm, which was determined gravimetrically,
taking for the calculation the bulk density of ZnO 5.61 g/cm®. We used
the similar SILAR mode in (Klochko et al., 2019; Klochko et al., 2021) for
the deposition of thin ZnO films on PI substrates.

In order to increase the long-wavelength absorption of the thus ob-
tained ZnO/PI light-sensitive material, in accordance with Wang et al.
(2018) we created nanostructured zinc oxide films with a high Vg
content by post-growth vacuum annealing of ZnO/PI at 300 °C and a
residual gas pressure of 10 Pa for 2 h.

To obtain the light-sensitive material ZnO_Ag/PI, a silver sol was
used, the composition and photograph of which in the beaker are shown
in Fig. 1 (c). The silver sol was prepared as described by Bonsak et al.
(2010) through adding dropwise an aqueous reducing solution of tri-
sodium citrate (NagCgHs07-5.5 H0) to an aqueous solution of silver
nitrate (AgNOs3). In a typical experiment, a 0.08 mM silver nitrate
aqueous solution was heated to boiling, and then a 38 mM trisodium
citrate solution was added dropwise to the boiling solution using a
burette. The resulting silver sol contained 0.07 mM AgNO3 and 0.14 mM
NazCgHs07 and was kept boiling and with vigorous stirring throughout
the addition, which lasted 3 min and another 7 min after the addition
was complete. Thereafter, the silver sol was cooled to room temperature.
The experiments were carried out on the deposition of AgNPs on the
ZnO/PI surface (Fig. 1 (c)) by immersing the ZnO/PI material in a silver
sol for 30 s at 75 °C (1), followed by drying in air for 30 s (2). This
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Fig. 1. Schematic representation of the manufacturing process of light-sensitive materials ZnO/PI and ZnO_Ag/PI: (a) deposition of a ZnO seed layer on a PI
substrate; (b) - deposition of a nanostructured ZnO layer on the PI substrate coated with seed ZnO layer to obtain a ZnO/PI photosensitive material, and the ZnO/PI
photographs; (c) - deposition of silver nanoparticles on the ZnO/PI surface to obtain a photosensitive material ZnO_Ag/PI, and its photograph.

process of deposition of silver nanoparticles was repeated 10 times.
Thus, a light-sensitive material ZnO_Ag/PI was obtained, a photograph
of which is shown in Fig. 1 (c).

The surface morphology of the light-sensitive materials ZnO/PI and
ZnO_Ag/PI was observed using scanning electron microscopy (SEM) in a
mode of backscattered electrons (BSE). The SEM instrument “Tescan
Vega 3 LMH” operated at an accelerating voltage of 10 kV. Chemical
analysis was performed by X-ray fluorescence spectroscopy (XRF) using
a “Bruker XFlash 5010 energy dispersive X-ray spectrometer (EDS).
Energy dispersion spectra were recorded from areas of 50 x 50 pm. The
quantitative assessment of the spectrum was carried out in the self-
calibrating mode of the detector.

To analyze the crystal structure of the nanostructured zinc oxide
films deposited through SILAR and annealed in vacuum at 300 °C for 2 h
in the ZnO/PI and ZnO_Ag/PI samples, X-ray diffraction patterns were
recorded on a Shimadzu XRD-6100 X-ray diffractometer with Bragg -
Brentano focusing (0 — 20). The experimental interplanar spacing d was
calculated in accordance with Bragg’s law, which describes the

condition on 0 for the constructive interference to be maximum (Pal-
atnik,1983; Tsybulya and Cherepanova, 2008):

n.A, = 2dsing, 1)

where n, is a positive integer and A, is the wavelength of the incident
X-ray radiation (Cu K, radiation, A, = 0.154060 nm).

The average crystallite size D or, more precisely, the size of the
coherent scattering regions in the direction normal to the reflecting
planes of the ZnO film in the ZnO/PI and ZnO_Ag/PI samples was
determined by the method of broadening X-ray lines using the Scherer
formula:

D = (k-A,)/(B-cosh), @

where k is the Scherer constant (k = 0.9); § = (B - b) when B is the
observed full width at half maximum (FWHM) and b is the peak
broadening due to the instrument in radians (b = 0.002 rad), 6 denotes
the Bragg angle of the X-ray diffraction peak (002). In addition, to
determine the crystallite size D, we used the Williamson-Hall analysis
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(Palatnik, 1983), which is a simplified integral width method in which
the broadening caused by size and deformation is deconvolved by
considering the peak width as a function of 26. Microstrains ¢ in ZnO
nanocrystals were calculated as ¢ = Ad/d (where d is the crystal inter-
planar spacing according to JCPDS, and Ad is the difference between the
corresponding experimental and reference interplanar spacing). Exact
experimental values of interplanar spacing were obtained using the
Williamson-Hall approximation method described by Palatnik (1983).
The lattice constants a and ¢ were identified from the positions of the
indexed lines (002) and (004) in the X-ray diffraction pattern using the
Nelson-Reilly graphical extrapolation method (N-R) and refined using
the least squares method with UnitCell software (UC) based on all
recorded reflections in the in the X-ray diffraction patterns in accor-
dance with Klochko et al. (2021). The texture quality of the ZnO films in
the ZnO/PI and ZnO_Ag/PI materials was assessed using the Harris
method (Skompska and Zarebska, 2014). The polar density P;, which
determines the axis of the crystal plane oriented perpendicular to the
surface, was calculated using the formula (Skompska and Zarcbska,
2014):

P = (Ii/IOi)/[l/NZ(Ii/Ioi)]y 3)

where I, Iy; are the integrated intensity of the i-th diffraction peak of
the film and the reference, respectively; N is the number of lines shown
in the diffraction. The texture axis has an index that corresponds to the
highest P; value. The orientation factor f for the corresponding direction
was calculated using the formula (Klochko et al., 2021):

4

The optical properties of ZnO/PI and ZnO_Ag/PI were studied in the
wavelength (1) range of 400-800 nm using an “SF-2000” spectropho-
tometer with an “SFO-2000” reflection attachment. Optical reflection
measurements were carried out at an angle of incidence of light of 8°
relative to the normal to the surface. Light scattering by surfaces was
evaluated using the haze factor (Hy), which was calculated as the ratio of
the diffuse reflectance Ry to the total reflectance R, where R is the sum of
the specular reflectance Ry, and Rg. The optical band gap E; for direct
allowed transitions in the ZnO film was determined using the Kubelka-
Munk function (Escobedo-Morales et al., 2019):

(1-R,)

F(Rd) = 2Rd

)

According to Escobedo-Morales et al.(2019), the plot of (F(Rd)-hv)2
vs hv gives the value of the direct band gap E; of ZnO by extrapolating
the linear part (F(Rd)-hv)2 to hv.

To fabricate flexible photodetectors based on the photoconductive
effect, the light-sensitive materials ZnO/PI and ZnO_Ag/PI were equip-
ped with ohmic aluminum contacts, which were created by vacuum
deposition of Al films 300 nm thick at a residual gas pressure 10 Pa
through shadow mask as shown in Fig. 2 (a). To connect the aluminum
contacts with the wires of the external circuit, a conductive silver-based
glue “Kontaktol” was used. Fig. 2 (a) on the right shows a schematic of a
test flexible broadband photodetector of the photoconductor type based
on the ZnO_Ag/PI photosensitive material, equipped with a contact
chain consisting of seven aluminum strips. The distance between two
adjacent aluminum strips [ is 2.5 mm, the contact length L is 40 mm. In
the experiments, we used both adjacent contacts and any other pair of
contacts shown in Fig. 2, taking into account the effective exposure area
A between contacts not covered with aluminum. Fig. 2 (b) shows a
schematic of a UV-Vis-NIR test setup that contains a set of five Edix-

on™ light emitting diodes (LEDs): 365-370 nm LED (UV light);
460-475 nm LED (blue light); 515-535 nm LED (green light); 620-630
nm LED (red light); 930-950 nm LED (near infrared light). The radiation
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ZnO seed layer . Al contact
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to measuring
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supply
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Fig. 2. (a) - Schematic of a test flexible broadband photodetector of the pho-
toconductor type based on the ZnO_Ag/PI photosensitive material, equipped
with a contact chain consisting of seven aluminum strips. (b) - Schematic of a
UV-Vis-NIR test setup that contains a set of five Edixeon™ light emitting diodes
(LEDs): 365-370 nm LED (UV light); 460-475 nm LED (blue light); 515-535 nm
LED (green light); 620-630 nm LED (red light); 930-950 nm LED (near infrared
light). (c) - Photographs of the fabricated test flexible broadband PD based on
ZnO_Ag/PL

intensity was adjusted in a manner similar to that presented by Zhai
et al. (2021) through varying the distance h from LED to tested photo-
detector, as shown in Fig. 2 (b). In addition, the optical power of the LED
was changed by changing its input voltage. The radiation intensity was
calculated in accordance with Moreno (2020) using a mathematical
model of the illumination diagram at short distances, valid for most
LEDs, which simulated the dependence of illumination both on the
distance from the LED to the photodetector h, and on the coordinates 1
and L of the illuminated object. In this study, we used adjustable radi-
ation intensities, or incident illumination power densities (P;) from 0.4
to 35.4 mW/cm?. Fig. 2 (c) shows two photographs of the fabricated test
flexible broadband photodetector based on ZnO_Ag/PI.

To characterize and compare the performance of ZnO/PI and
ZnO_Ag/PI photodetectors, we studied their time-dependent photo-
response versus illumination wavelength A, bias voltage U, and radiation
power density P;, as described by Xu and Lin (2020); Veerla et al.
(2017); AlZoubi et al. (2018); Zhou et al. (2019); Patel et al. (2020). The
PD sensitivity was calculated according to Veerla et al. (2017); Duan
etal. (2019); Zhou et al. (2019) as the ratio of current under illumination
to dark current, i.e. photocurrent to dark current ratio:

PDCR = (Iph+100%)/Idark), (6)

where the photocurrent I, is the difference between the current
under illumination I; and the current in the dark Igq for given A, U and
P, (Iph =0 - Idurk)~

Then, using the time-dependent photoresponse plots, we calculated
the performance metrics of the photodetectors, also called figures of
merit. According to Xu and Lin (2020); Veerla et al. (2017); AlZoubi
et al. (2018); Zhou et al. (2019); Patel et al. (2020), we obtained the
spectral responsivity R, as the output current divided by the total light
power incident on the photodetector. The spectral responsivity was
determined as the ratio of the photocurrent I, to the product of the
radiation intensity P, and the effective illumination area (A) of the PD:

R, =1,/(P;-A) (7)

To validate the performance of the photodetectors developed in this
work, we identified two other important parameters for the high
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performance photodetectors that were used by Xu and Lin (2020); Zhou
etal. (2019); Patel et al. (2020). These are the specific detectivity D* and
external quantum efficiency EQE. According to Zhou et al. (2019); Patel
et al. (2020), if we assume that I is the main contributor to noise, the
specific detectivity can quantify the sensitivity of the photodetector and
be defined as:

D* = R,AY2 /(2el3q)"? (8)

where e is the elementary charge.

According to Xu and Lin (2020); Veerla et al. (2017); Zhou et al.
(2019); Patel et al. (2020), the external quantum efficiency EQE, also
called the incident photon-to-current efficiency, determines the number
of electrons produced per incident photon. That is, EQE is the ratio of
photogenerated electrons collected outside the device to the number of
incident photons. It was determined by Xu and Lin (2020); Veerla et al.
(2017); Zhou et al. (2019); Patel et al. (2020) and is calculated in our
study as:

EQE = hy, ¢ R;-100%/(he€), (9)

where h;, is Planck’s constant and c; is the speed of light.

3. Results and discussion

Fig. 3 shows the surface morphology of light-sensitive materials
ZnO/PI and ZnO_Ag/PI, observed using scanning electron microscopy in
the backscattered electron mode. A feature of this shooting mode is the
ability to detect atoms with heavier nuclei (zinc of ZnO and silver of
AgNPs) against the background of light atoms (carbon of PI). Thus, the
“brighter” BSE intensity correlates with the greater average atomic
number in the sample (Zn and Ag), while the “dark” areas have lower
average atomic number (C, O, etc.). In the SEM images of ZnO shown in
Fig. 3, we can see flower-like structures of ZnO with rounded petals,
similar to those grown by Garza-Hernandez et al. (2017) through the
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SILAR method, in which cationic solution contained ZnSO4 as a zinc
precursor and ammonia as a complexing agent. The authors Garza-
Hernandez et al. (2017) explained the flower-like shape of ZnO struc-
tures by the formation of Zn(NHs)*" complexes. If a large amount of NH;
reacts with Zn?" in the positive polar surface, the surface energy of the
positive polar planes [001] decreases, which prevents the growth of
ZnO in the (002) plane. As a result, the ZnO growth process occurs in the
middle of the ZnO rod, and the faces of the hexagonal wurtzite crystal
form petals (Garza-Hernandez et al., 2017).

Comparison of SEM images of ZnO/PI and ZnO_Ag/PI materials
shows that during the deposition of silver nanoparticles, a slight etching
of nanostructured zinc oxide films is observed due to the acidic envi-
ronment of the silver sol solution. The appearance of silver nanoparticles
in the ZnO_Ag/PI sample in Fig. 3 (b) is visualized as light beads up to
100 nm in size. This is in good agreement with the transmission electron
microscopy data, obtained using the SELMI EM 125 TEM instrument in
our previous study (Klochko et al., 2018), about the predominantly
spherical shape of AgNP with an average size of 60 nm, obtained by the
same method from silver sol.

Chemical X-ray fluorescence microanalysis (Fig. 4, Table 1) showed
that light-sensitive material ZnO/PI contains Zn and O. The light-
sensitive material ZnO_Ag/PI additionally contains < 1 at.% Ag (more
precisely 0.02 at.% Ag). In addition to these main elements of the ZnO
films and Ag NPs, the XRF spectra contain Al from the vacuum chamber.
Carbon and aluminum were excluded from the calculation to obtain the
data in Table 1.

The insets in Fig. 4 show the X-ray diffraction patterns of ZnO/PI and
ZnO_Ag/PI materials. An analysis of the crystal structure of ZnO films in
these light-sensitive materials is presented in Table 1. It is seen in Fig. 4
(insets in (a) and (b)) that ZnO in both samples is single-phase, poly-
crystalline and has a hexagonal structure of ZnO wurtzite (according to

ZnO/PI

ZnO_Ag/PI

Fig. 3. SEM backscattered-electron imaging of the light-sensitive materials ZnO/PI (a) and ZnO_Ag/PI (b) at various magnifications.
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Fig. 4. XRF spectra and XRD patterns (insets) of the light-sensitive materials
ZnO/PI (a) and ZnO_Ag/PI (b).

JCPDS #36-1451). Due to the small amount of silver in the ZnO_Ag/PI
sample, no extraneous peaks were found in its XRD in Fig. 4 (inset in
(b)). Calculations of the grain size of ZnO by the Scherer method and in
the Williamson-Hall approximation using broadening of X-ray diffrac-
tion peaks gave approximately the same values of D in the range of
24-55 nm (Table 1).

Nanostructured ZnO films in these samples have low microstrains (e
from 1.1-10 to 5.3-10°3 arb. units) and a dislocation density 1 /D?in the
range of 3.3-10'* — 1.7.10'° lines-m 2. The crystal lattice constants a
presented in Table 1 are approximately the same as those of the refer-
ence ZnO (according to JCPDS #36-1451, a = 3.246 A and ¢ = 5.206 A),
as well as according to a comprehensive review of ZnO materials and
devices (Ozgiir et al., 2005). According to Ozgiir et al. (2005), the lattice
constants of ZnO are mainly in the range from 3.2475 to 3.2501 A for the
parameter a and from 5.2042 to 5.2075 A for the parameter c. However,
the c-parameters of the ZnO films in the ZnO/PI and ZnO_Ag/PI samples

Table 1
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are lower than the reference parameters given by Ozgiir et al. (2005).
This is one of the reasons for the presence of tensile microstrains and
dislocations in zinc oxide films presented in Table 1. As seen in Fig. 4
(insets in (a) and (b)) and in Table 1, ZnO films do not have a pro-
nounced texture in the (002) plane, the orientation coefficients f are in
the range of 0.2-0.3 arb. units.

Fig. 5 (a) shows the optical reflectance spectra of the ZnO/PI and
ZnO_Ag/PI samples. These samples are characterized by a high optical
diffuse reflectance, which is demonstrated by their haze factors Hyin the
range 98-99 % in Fig. 5 (b). As it seen in Fig. 5 (c), the band gap of both
ZnO films is about 3.2 eV, which is slightly lower than the characteristic
Eg value of zinc oxide 3.37 eV (Jiang et al., 2017; Fortunato et al., 2018).
According to Srikant and Clarke (1998), this may be due to the presence
of a large number of shallow donor defects such as Vo, and, as a
consequence, to the existence of a valence band-donor transition at 3.15
eVv.

Fig. 6 shows the time-dependent photoresponses of the ZnO/PI and
ZnO_Ag/PI samples depending on the illumination wavelength A, ob-
tained at a bias voltage U = 2 V. Although different radiation intensities
P, were used, it is clearly visible in Fig. 6 (a), (b) the highest sensitivity
of both samples to UV light (A = 365-370 nm) and blue light (A =
460-475 nm). The maximum photocurrent Iy, of the sample with silver
nanoparticles ZnO_Ag/PI is 3 times higher than that of the sample ZnO/
PL. According to Liu et al. (2014); Zeng et al. (2016); Klochko et al.
(2018); Kwon et al. (2018); Li et al. (2019); Tang et al. (2020), this
enhanced photoresponse to UV and blue light can be explained by LSPR
in Ag NPs, whose plasmon oscillations lead to stronger scattering and
absorption of light in nanostructured semiconducting zinc oxide of the
ZnO_Ag/PI material. In addition to LSPR, the Ag NPs create double
Schottky barriers on Ag-ZnO interface and at the ZnO grain boundaries,
which improve the separation of photogenerated electron-hole pairs and

60 - g 100 b
50 | F «— 30
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40 - o5k =60
S 30l S LE4
LS il
= 20 E ~0=ZnO/PL = 3 E/ 20
- ~=ZnO_Ag/PI 05} = 0 -
10 | | 152025 30
0 [ 1 1 1 1 0 1 Ihv (E\f:)
400 500 600 700 800 400 500 600 700 800
A (nm) 2 (nm)

Fig. 5. Optical properties of the ZnO/PI and ZnO_Ag/PI materials: (a) —total
reflectance spectra; (b) — Haze factor spectra; (c) — plots for determining the
band gap of ZnO using the Kubelka-Munk function.

Chemical composition and crystal structure of ZnO films in the light-sensitive materials ZnO/PI and ZnO_Ag/PL

Sample Chemical Crystal structure according to XRD
composition
according to EDS,
at. %
Zn (0] Ag D, nm €+10°, arb.units 1/D?, lines-m 2 Texture Lattice constants, A*
Py £ according to N-  according to
(h=0 arb. R uc
k=0l it o P N o
by by by by by by P s a, A ¢ A a, A ¢ A
Scherer Williamson- Scherer Williamson- Scherer Williamson- N
Hall Hall Hall
ZnO/PI 31 69 - 28 24-37 4.7 1.1-2.5 7.7-:10'*  7.3.10" - 1.7 0.3 3.248 5197 3247 5.198
1.7-10%°
ZnOAg/ 42 58 <1 24 24-55 5.3 3-4.3 1.7-10"®  3.3.10™ - 1.6 0.2 3251 5177 3249 5.195
PI 0.02) 1.7-10"®

" According to JCPDS #36-1451, a = 3.249 &, ¢ = 5.206 A. The errors of calculation of the lattice constants equal + 0.005 A
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Fig. 6. Light-induced current outputs in real time of solution-processed flexible broadband photodetectors based on ZnO/PI and ZnO_Ag/PI materials at a bias
voltage of 2 V and various illumination power densities P, and wavelengths A: (a) - P, = 14 mW/cm?, A = 365-370 nm; (b) - P; = 7.6 mW/cm?, A = 460-475 nm; (c) -
P, = 7.6 mW/cm?, A = 515-535 nm; (d) - P, = 35.4 mW/cm?, A = 620-630 nm; (e) - P, = 18.2 mW/cm?, A = 930-950 nm.

thus effectively prevent their recombination (Klochko et al., 2018).

However, with an increase in the illumination wavelength above
500 nm, the effect of localized surface plasmon resonance due to silver
nanoparticles in the ZnO_Ag/PI sample naturally weakens (Zeng et al.,
2016; Kwon et al., 2018; Li et al., 2019; Wang et al., 2020). This can be
seen in Fig. 6 (c) for green light (A in the range of 515-535 nm) not only
as a decrease in the maximum value of I, but also as a reduction in the
ratio of maximum photocurrents in the light-sensitive materials based
on a nanostructured ZnO layer coated with Ag NPs and bare ZnO, i.e. in
ZnO_Ag/PI and ZnO/PI materials, respectively. As it seen in Fig. 6 (d),
under red light illumination (A in the range of 620-630 nm), photo-
responses of the ZnO/PI and ZnO_Ag/PI materials are near equal. In the
NIR range (A = 930-950 nm) photoresponses of ZnO/PI is three times
more than ZnO_Ag/PI has (Fig. 6 (e)). According to Wang et al. (2020),
the better photosensitivity of the ZnO/PI sample compared to ZnO_Ag/
Plin Fig. 6 (e) can be explained by the “shading effect” of Ag NPs, which
causes a loss of incident light energy.

Moreover, oxygen vacancies that enhance photoresponsive perfor-
mance of ZnO (Wang et al., 2018; Ling et al., 2019) are partly passivated
by Ag NPs (Wang et al., 2020), due to which the photosensitivity of the
ZnO_Ag/PI material to near infrared radiation is reduced.

The effect of external voltage on the device performance was
investigated at wavelengths of 365-370 nm and at the light power
density of 14 mW/cm?. Fig. 7 shows that at U = 2 V the photoresponsive
performance of both PDs is optimal. Therefore, the quality parameters of
the photodetectors manufactured by us were determined at U = 2 V.

As can be seen in Fig. 8 from the plots of the ratio of the current under
illumination to the dark current PDCR versus A (a) and PDCR versus P;,
(b), the deposition of silver nanoparticles on the surface of nano-
structured zinc oxide layer provides an increased photosensitivity of the
ZnO_Ag/PI photodetector compared to the ZnO/PI photodetector in the
entire investigated UV-Vis-NIR wavelength range, especially at the light
power density of more than 7 mW/cm? At low P, values, the “shading
effect” of Ag NPs is manifested. The ratio of the current under
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Fig. 7. Light-induced current outputs in real time of solution-processed flexible broadband photodetectors based on ZnO/PI (a) and ZnO_Ag/PI (b) at an illumination
power density of 14 mW/cm? and wavelengths in the range 365-370 nm and at various bias voltages U.
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Fig. 8. Photocurrent to dark current ratio (PDCR) at a bias voltage 2 V of solution-processed flexible broadband photodetectors based on ZnO/PI and ZnO_Ag/PI
materials, depending on the light wavelength (a), the UV light power density (b), the blue light power density (c); the green light power density (d); the red light

power density (e); the NIR light power density (f).

illumination to the dark current of both PDs naturally increases with
increasing P;.

Fig. 9 shows spectral responsivity R; of solution-processed flexible
broadband photodetector based on ZnO_Ag/PI material at different light
wavelength and light power densities, which is better than the R, of the
ZnO/PI photodetector. As seen in Fig. 9, under ultraviolet light

illumination, the R, values are especially high: R, =275 A/W at P, = 5.1
mW/cmZ; R, =205A/W at P, =14 mW/cm?. These values of R, are at
least an order of magnitude higher than in recent works of Lien et al.
(2018); Xu and Lin (2019); Zhou et al. (2019); Patel et al. (2020);
Samanta et al. (2020); Zhang et al. (2021) for ZnO-based UV PDs ob-
tained by different growth and doping methods. Moreover, the R, data
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Fig. 9. Spectral responsivity of solution-processed flexible broadband photodetector based on ZnO_Ag/PI material at different light wavelength and light power

densities compared to some responsivity data for PD based on ZnO/PI.

for visible and near infrared light presented in this paper for ZnO_Ag/PI
PD are also large (Fig. 9) compared to the R; of other flexible broadband
photodetectors presented by Peng et al. (2018); Zhou et al. (2019) and
Samanta et al. (2020). As can be seen in Fig. 9, for blue light R, =48 A/
W at P, = 2.7 mW/cm?, for green light R, = 15 A/W at P, = 2.7 mW/
cm?, for red lightR) =5A/Wat P, =12.7 mW/cm?, and for NIR light R,
=9 A/W at P, = 6.6 mW/cm?

Fig. 10 (a) shows the external quantum efficiencies of solution-
processed flexible broadband PDs based on ZnO_Ag/PI and ZnO/PI
materials at different light wavelengths obtained at a light power den-
sity P, =7 mW/cm?. In Fi g. 10 (a), it can be seen that the maximum EQE
was obtained for PD based on ZnO_Ag/PI at wavelengths of 365-370
nm. According to calculations using equation (9), all EQEs of both PDs in
this study in UV-Vis-NIR spectra are very high in the range from 1.10%
to 9+10% %. This is much higher than the EQE of broadband high-
sensitivity PDs based on heterostructures of colloidal ZnO quantum
dots/self-assembled Au nanoantennas (Liu et al., 2018) and EQE of
UV-visible photodetector based on a I-type heterostructure of ZnO
quantum dots/monolayer MoS; (Zhou et al., 2019). The EQE data of the
solution-processed flexible broadband ZnO_Ag/PI photodetector pre-
sented in this study is of the same order of magnitude as the EQE data
reported by Lee et al. (2017) for dimensional-hybrid structures of 2D
materials with ZnO nanostructures, as well as Patel et al. (2020) for a PD

based on a ZnOWS,/Si heterojunction.

As seen in Fig. 10 (b), the specific detectivity in the UV-Vis-NIR
spectra is very high for ZnO/PI (from 3.5:10'° to 1.10'2 Jones) and
especially for ZnO_Ag/PI (from 1.6+10'! to 8.6.10' Jones). These
values indicate the ability of PDs based on the light-sensitive materials
ZnO/PI and ZnO_Ag/PI to recognize a very weak light signal (Wang
et al., 2020; Yu et al., 2021). Fig. 10 (b) shows that the maximum D*
value was obtained for PD based on ZnO_Ag/PI at wavelengths 365-370
nm. Nevertheless, all of the D* data obtained in this study in UV-Vis-NIR
spectra have been shown in Fig. 10 (b) are better than those of the
photodetectors based on nanostructured zinc oxide described in recent
articles by Liu et al. (2018) and Zhou et al. (2019), as well as D* data for
high-performance flexible and broadband photodetectors based on the
heterostructure of PbS quantum dots/ZnO nanoparticles (Peng et al.,
2018). In addition, the specific detectivity of the ZnO_Ag/PI based PD
developed in this work is higher than the D* shown by Wang et al.
(2020) for flexible UV-PD with ZnO modified by Ag nanoparticles, than
the D* presented by Patel et al. (2020) for a broadband and highly
sensitive photodetector based on ZnO-WS,/Si heterojunction, as well as
the D* of the solution-processed flexible MAPbI3 photodetector with
ZnO Schottky contact (Yu et al., 2021).
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Fig. 10. External quantum efficiency EQE (a) and specific detectivity D* (b) of solution-processed flexible broadband PDs based on ZnO_Ag/PI and ZnO/PI materials
obtained at a light power density P, = 7 mW/cm? and at different light wavelengths.
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4. Conclusions.

In summary, the ZnO/PI light-sensitive material for a flexible
broadband photodetector was fabricated using the aqueous SILAR
method by deposition the ZnO layer ~ 1.4 pm thick with rounded petal
flower nanostructures on the polyimide substrate 25 um thick, followed
by processing at 300 °C in vacuum to enrich ZnO with intrinsic defects
such as oxygen vacancies. The average grain size of ZnO is in the range
of 24-55 nm, tensile microstrains are from 1.1°10°3 to 5.310°% arb. units,
and the dislocation densities are in the range of 3.3-10'* — 1.7.10%°
lines-m™~2. The optical band gap of ZnO is about 3.2 eV, which is slightly
lower than the characteristic E, value of zinc oxide 3.37 eV and may be
associated with the presence of a large number of shallow donor defects
such as Vg, and, as a consequence, with the presence of the valence
band-donor transitions at 3.15 eV. To increase the photosensitivity,
silver nanoparticles were used, which visualized using SEM in the form
of spheres up to 100 nm in size. The Ag NPs were deposited from a silver
sol on the ZnO surface, and thus the photosensitive material ZnO_Ag/PI
was obtained. For the manufacture of photodetectors based on the effect
of photoconductivity, both materials ZnO/PI and ZnO_Ag/PI were
equipped with ohmic aluminum contacts by vacuum deposition of Al
film strips. The study shows an increased photoresponse of the ZnO_Ag/
PI photodetector in comparison with the ZnO/PI photodetector in the
wavelength range 365-535 nm due to localized surface plasmon reso-
nance and double Schottky barriers at the Ag-ZnO interface at the ZnO
grain boundaries. The better photoresponse of the ZnO/PI sample in
comparison with ZnO_Ag/PI to near infrared radiation is explained by
the “shading effect” of Ag NPs and the passivation of Vg in ZnO with Ag
NPs. The spectral responsivity (R, up to 275 A/W at A = 365-535 nm) of
solution-processed flexible broadband photodetector based on ZnO_Ag/
PI material at different wavelengths of light and light power densities is
better than R, of the ZnO/PI photodetector, and at least an order of
magnitude higher than R, of photodetectors based on nanostructured
zinc oxide described in recent articles. The external quantum efficiency
of both PDs in this study in UV-Vis-NIR spectra is very high in the range
from 1+107 to 9+10* % and is better or of the same order of magnitude as
the EQE data of modern flexible broadband high-sensitivity PDs based
on nanostructured heterostructures containing ZnO. The specific
detectivity in UV-Vis-NIR spectra is very high for ZnO/PI (from 3.5+10*°
to 1.10'2 Jones) and especially for ZnO_Ag/PI (from 1.6+10'! to
8.6+10'% Jones), which indicates the ability of the PDs with light-
sensitive materials ZnO/PI and ZnO_Ag/PI to recognize a very weak
light signal.
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