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1. Introduction

A flexible, lightweight, and portable device integrating the functions of an ammonia gas sen-
sor and an ultraviolet (UV) photodetector operating at room temperature is developed using
available materials with no physiological toxicity and low manufacturing cost by employing the
low-temperature aqueous successive ionic layer adsorption and reaction (SILAR) method to
deposit a nanostructured copper iodide (Cul) thin film on a flexible polyethylene (PE) sub-
strate. Under the irradiation of UV radiation, it functions as a flexible photoconductive UV
photodetector with a photoconductivity gain of 1.17, a sensitivity of 2.8 mA/W, a specific de-
tectivity of 1 x 10° Jones and an external quantum efficiency of 0.8% with a response/recovery
time of several minutes. It is quite suitable for wearable personal UV monitoring devices and
as an electronic eye in door security system. The high selective sensitivity of the device to
ammonia (NHs) is due to the synergistic effect of the electron donor gas NHsz on the p-type
semiconductor Cul and its ability to complexing NH3. The detection limit of 0.15 ppm of the
Cul/PE chemiresistive ammonia sensor and its fast response/recovery make it suitable for
food spoilage detection, real-time monitoring of ammonia leaks, and in medical diagnosis by
detecting NHs in exhaled air.

Keywords: UV detectors, chemical detectors, flexible substrates, thin films, Cul, nanocrys-
talline layers.

Among the Sustainable Development Goals (SDG;)
presented in the 2030 Agenda for Sustainable De-
velopment, Goal 9 aims to build sustainable infras-
tructure, promote sustainable industrialization and
stimulate innovation. In order to diversify the indus-
try and increase the value addition to commodities
by creating new products without polluting the en-
vironment and, at the same time, expanding scien-
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tific research, a promising approach is to use easy-to-
manufacture technologies and widely available non-
toxic and biocompatible materials to produce inno-
vative, affordable and low-cost micro- and nanoelec-
tronic devices. As a part of sustainable technologies,
flexible photodetectors for detecting hazardous lev-
els of ultraviolet (UV) light, as well as toxic gas
sensors, are important instruments for environmen-
tal engineering to protect human health and to im-
prove people’s environmental quality of life. These de-
vices have many applications in everyday life, espe-
cially if they are based on simple and inexpensive
solution manufacturing technologies and the use of
environmentally friendly materials [1-4]. For exam-
ple, a promising direction is the development of flex-
ible wearable sensors capable of monitoring ultravi-
olet radiation and ammonia (NHs) air pollution [5—
9]. The development of a flexible and skin-like ultravi-
olet photodetector (PD) is particularly important for
monitoring UV radiation and protecting people from
eye and skin health risks. According to [1-3], flexi-
ble UV PDs have attracted extensive research inter-
est due to their potential applications in large-scale
optoelectronic devices for personal UV monitoring,
UV electronic eye, anti-UV gloves, and other wear-
able systems. Ammonia is a fatal, colorless, irritating,
toxic and flammable air pollutant primarily emitted
by chemical plants, farms, and vehicles. According to
the Occupational Safety and Health Administration
(OSHA) [5, 7], the permissible human exposure limit
is 25 ppm NHj for 8 hours, and inhaling ammonia gas
over an extended period can cause serious breathing
problems, permanent heart damage, and various ill-
nesses. This is especially dangerous for people with
pre-existing conditions such as asthma or other lung
diseases, as they may be at increased risk of more seri-
ous complications from ammonia exposure [7]. So, it
is critical to develop ammonia detection devices using
low-cost, practical and effective technology, As their
ability to monitor ammonia leaks in real time allows
for early intervention, reducing the risk of accidents,
injuries and adverse environmental impacts. On the
other hand, ammonia in exhaled gas is important as
a marker for medical diagnosis, and typical ammo-
nia concentrations of 0.425-1.8 ppm in exhaled gas
have been reported [7, 8]. In particular, it is known
[8, 9] that NH3 at a level below 1 ppm is a medi-
cal biomarker of kidney diseases and stomach infec-
tions caused by Helicobacter pylori; so, its detection
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is of great importance for medical diagnostics. Fur-
thermore, ammonia serves as an important marker
gas produced by the decomposition of protein-rich
foods [7] and can play a key role in detecting food
spoilage, since dried aquatic products including meat
products, fish, and shrimp will smell like ammonia
due to the continuous decomposition of food protein
by microorganisms [5, 7, 8]. Thus, flexible wearable
and portable gas sensors and ultraviolet photodetec-
tors, which have high mechanical strength and low
weight, and do not require heating, since they oper-
ate at room temperature, find application in various
fields including health monitoring, food safety and en-
vironmental protection. Nanostructured thin films of
wide-bandgap semiconductors are especially popular
among various functional materials of the above-men-
tioned UV photodetectors of photoconductive and
photovoltaic types [2—4, 10-13, 15-17] and chemire-
sistive NHj sensors [2—4,10-13, 15-17]. Examples in-
clude UV photoconductive photodetectors based on
nanocrystalline films of zinc oxide (ZnO) [3], tin-
doped zinc oxide [4], and copper iodide (Cul) [15]. In
these UV PDs, the semiconductor layer illuminated
with UV light absorbed the light energy, resulting in
the creation of electron-hole pairs and, thus, a large
number of photogenerated carriers that formed a pho-
tocurrent (Ipn), when an external bias voltage (U)
was applied between the two ohmic electrodes. In the
absence of UV radiation, the current decreases expo-
nentially and reaches a minimum value of dark cur-
rent (Igark). In chemiresistive NHj sensors, a change
in the resistance of the sensing elements depends on
the type of semiconductor materials used as sensing
elements [14,20,21]. According to [20,21], the gas de-
tection mechanism in the gas sensor is a two-stage
process. In the first step, oxygen from the air is ad-
sorbed by the nanostructured sensing surface of the
semiconductor. The adsorbed oxygen molecules are
then ionized by capturing electrons from the conduc-
tion band of n-ZnO [20] or by extracting electrons
from the valence band of a p-type semiconductor such
as nickel oxide (NiO) or Cul [21], according to the re-
action:

Oy +e” = 0. (1)

As a result, an electron depletion layer appears on
the n-ZnO surface, and the electrical resistance of the
zinc oxide surface, whose electrons are held by oxy-
gen ions in the conduction band, increases [20]. On
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the contrary, in the p-type semiconductor, the ad-
sorption of atmospheric oxygen leads to a decrease in
resistance, since a hole accumulation zone is formed
over its entire surface [21]. In the second stage, the
electron-donating NH3 gas molecules, being adsorbed
on the semiconductor surface, react with oxygen ions
O3, as a result, the electrons are released back into
the conduction band of n-ZnO [20] or into the valence
band of the p-type semiconductor [21]. Therefore, un-
der the influence of ammonia, the electrical resistance
on the zinc oxide surface decreases. The reaction of
NH; gas detection by the ZnO gas sensor [20] is as
follows:

ANH; + 305 — 2N, + 6Hy0 + 3¢~ (2)

When NHj interacts with a nanostructured p-type
semiconductor material, the hole concentration in its
surface layer decreases due to the injection of elec-
trons into the semiconductor as a result of the oxida-
tion of ammonia by negative species of oxygen O,
which leads to an increase in the resistance of the
p-type semiconductor, according to the following re-
action [21]:

2NH;3 + 30, — NO2 + NO + 3H30 + 3e™. (3)

When the atmosphere is changed back to air af-
ter the chemiresistive gas sensor has been exposed
to NHj, the resistance is observed to return to its
original value. The responses of semiconductor lay-
ers to gases in chemoresistive sensors are measured
by the currents arising between two ohmic electrodes
connected to wide-bandgap semiconductor films when
an external electrical voltage U is applied. Similar
gas detection mechanisms are typical of many elec-
tron donor gases and vapors, including ethanol, ace-
tone, water and other interfering compounds for NHg
gas analysis using chemiresistive gas sensors based on
wide bandgap semiconductor layers [14, 20, 21]. The
selectivity and high sensitivity of the determination
of ammonia by Cul [19] and other copper compounds
with the oxidation state Cu™, for example, CuBr [18],
lies in their ability to bind NHj3 at form temperature,
forming the complex [Cu(NH;z)2]*. According to [22—
24], the [Cu(NH;z)2]*T complex is thermodynamically
stable at room temperature. Thus, by injecting elec-
trons, it rapidly and strongly increases the resistance
of these p-type semiconductor materials in an atmo-
sphere containing ammonia.
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A distinctive feature of Cul, namely its cubic -
phase, is that copper iodide is a p-type semiconductor
with a direct band gap of about 3.0 eV and a high ex-
citon binding energy of 58-62 meV [15, 25-27]. This
allows Cul to be used in ultraviolet photodetectors
[15-17], which are capable of detecting UV light due
to its simultaneous band-to-band and excitonic ab-
sorption at room temperature. At the same time, cop-
per iodide, due to the above-mentioned specific com-
plexation reactions with NHj, as well as because it is a
wide-band p-type semiconductor, is a promising can-
didate for selective and highly sensitive chemiresis-
tive ammonia sensors operating at room temperature
[19]. Furthermore, Cul is insoluble in water, unlike
copper bromide in the ammonia sensor presented in
[18]. Moreover, nanostructured Cul layers with highly
hydrophobic surfaces can be prepared using the low-
temperature successive ionic layer adsorption and re-
action (SILAR) method from widely available materi-
als and have a low environmental impact [26,27]. The
biocompatibility of Cul has been demonstrated by its
use in antimicrobial dental adhesive systems [28] and
as a source of iodine and copper in a dietary food sup-
plement [29]. Tt is also important that Cul layers can
be obtained by the SILAR method on various flexible
substrates and with different morphologies [25,30] to
obtain flexible UV photodetectors, as well as bend-
able ammonia sensors. Since the effect of resistance
change is particularly strong in thin nanostructured
films with a large specific surface area, morphological
changes in nanostructured semiconductor materials
have proven to be a controlling factor in the behav-
ior of gas sensors [19, 21| and ultraviolet detectors
[2, 10, 11, 13, 15] based on wide-gap semiconductors,
including Cul.

Thus, in this work, the effect of the temperature
of solutions used in the deposition of copper iodide
layers on flexible plastic substrates made of polyethy-
lene (PE) by the SILAR method on the morphol-
ogy of Cul nanostructures was investigated. Since the
main limitation of flexible polyethylene substrates is
their low surface energy, which can lead to delami-
nation of the sensitive layer [31], we, in accordance
with [32], used plasma modification of the PE sur-
face before Cul deposition in order to increase the
wettability of PE to improve the adhesion of Cul to
PE. We also investigated the effect of oxidative air-
plasma treatment of the PE surface on the morphol-
ogy of Cul in Cul/PE samples. Then, by equipping
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the Cul/PE samples with thin-film ohmic electrodes,
we constructed a multifunctional flexible device for
ultraviolet photodetection and ammonia monitoring,
which combines functions of flexible photoconductive-
type UV photodetector and a chemiresistive ammonia
gas sensor, and investigated its output characteristics.

2. Materials and Methods
2.1. Materials

Aqueous 25% ammonium hydroxide solution (5.0 M
NH,OH) was purchased from Fluka Chemicals Ltd,
UK. Copper(II) sulfate pentahydrate (CuSO4-5H50),
sodium thiosulfate pentahydrate (NayS2O3 5H,0)
and sodium iodide (Nal) were purchased from VWR
PDH Chemicals, USA. Polyethylene (CoHy),, film of
50 pm thickness (PE) was obtained from Jinjiang Hc
Industry Co., Ltd, China.

2.2. Development of a multifunctional
flexible device for ultraviolet photodetection
and ammonia monitoring

Pieces of flexible polyethylene films with dimensions
of 50 x 25 mm were successively cleaned in an ul-
trasonic bath with isopropanol and distilled water at
a temperature of 50 °C for 25 min each. They were
used as PE substrates, some of which were directly
coated with a copper iodide film using the SILAR
method, and other PE substrates were pre-treated
with oxidizing air-plasma at atmospheric pressure in
accordance with that described in [32]. For this pur-
pose, the discharge was excited at a frequency of
50 kHz using a home-made plasma source, the noz-
zle of which was located at a distance of 10 cm from
the PE surface. The plasma-forming gas flow rate was
30 1/min at an electric power of 685-695 W, the du-
ration of plasma treatment was 1 min. The efficiency
of this plasma treatment was tested experimentally
by improving the wettability of PE. The reverse side
of the PE substrate was then laminated with a self-
adhesive polypropylene film, which was removed after
the copper iodide layer was applied, so that, in the
subsequently obtained Cul/PE samples, the nanos-
tructured copper iodide film was located only on one
side of the substrate.

Deposition of nanostructured Cul films on the
PE substrates was performed using the automatic
SILAR technology using a universal motorized plat-
form with numerical control for commercial 3D print-
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ers. Automation of all SILAR steps was programmed
using g-code, ensuring reproducibility of the substrate
immersion rate and the time of each SILAR step
with an accuracy of <0.1%, similarly to that de-
scribed in [33]. The temperature of all solutions used
in the SILAR deposition was controlled at 20 °C
or 30 °C. During the deposition of the Cul layer,
one SILAR cycle consisted of four steps with rapid
(0.5 s) immersion of the substrate into and out of
the solutions. The first step involved immersion of
the substrate for 20 s in a cationic aqueous solu-
tion containing 0.1 M CuSO4 and 0.1 M NayS,0s3,
in which the S303 -ion reduced Cu?* to Cu* and
also acted as a ligand. The second stage was immer-
sion in distilled water for 50 s to remove weakly ad-
sorbed particles from the surface. The third stage was
immersion of the substrate with strongly adsorbed
Cu'-ions for 20 s in an aqueous anionic solution of
0.1 M Nal to obtain a Cul monolayer as a result
of the interaction of Cu®™ and I~. The fourth stage
was rinsing in distilled water for 50 s to remove ex-
cess ions and weakly bound particles from the sur-
face. After every 10 SILAR cycles, the contaminated
distilled water in the washing glasses was replaced
with fresh distilled water. After 60 SILAR cycles,
Cul/PE samples with a thickness of nanostructured
copper iodide films of ~1 um, estimated using scan-
ning electron microscopy, were obtained. Two thin-
film Au80Pd20 ohmic contacts were deposited by RF
magnetron sputtering of an Au80Pd20 target. These
thin-film Au80Pd20 contacts were partially covered
with self-adhesive aluminum tapes for connection to
an external electrical circuit.

2.3. Materials

For morphological characterization and chemical
analysis of Cul/PE samples, scanning electron
microscopy/energy dispersive X-ray spectrometry
(SEM-EDS) analysis was performed using a Zeiss UL-
TRA Plus SEM with secondary electron (SE) de-
tector equipped with an OXFORD X-Max 20 EDS
detector providing elemental mapping. SEM images
and EDS spectra were recorded from areas of about
50 x 50 pum at an accelerating voltage of 2 kV, 5 kV or
10 kV. EDS maps of the samples were superpositions
of the signal obtained from the electron backscat-
ter detector (colored white) and the intensities of
the characteristic lines of Cu, S, and I (colored in
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shades of the corresponding colors). The resolution
of the EDS maps was 500 x 500 pixels. Optical dif-
fuse reflectance spectrum Rg4(A) of the Cul/PE sam-
ple was recorded in the wavelength range A from 400
to 1100 nm using a LAMBDA 35 PerkinElmer spec-
trophotometer. The optical band gap E, for direct
allowed transitions in nanostructured Cul film was
determined from the R;(A) spectrum, according to
[25, 34, 35], using the Kubelka—Munk function F, cal-
culated using the following equation:

F = (1— Ry)*/2R,. (4)

According to [25, 34, 35|, the E, value was obtained
graphically from the dependence of (F - hv)? on hv
by extrapolating its linear part to hv.

In accordance with [36,37], to analyze the lumines-
cent characteristics of the Cul film, the photolumi-
nescence (PL) spectrum of the Cul/PE sample was
excited by 365 nm UV light at room temperature and
recorded with a BLACK-Comet CXR-SR-25 fiber op-
tic spectrometer.

2.4. Sensing Measurements

To test the possibility of using the nanostructured
copper iodide film in a multifunctional flexible device
for ultraviolet photodetection and ammonia control,
an experimental sensor prototype was created. For
this purpose, two parallel thin-film Au80Pd20 con-
tacts were applied at a distance of 1 cm from each
other onto the surface of a copper iodide film de-
posited by the SILAR method onto a plasma-treated
polyethylene tape at a solution temperature of 30 °C
using a shadow mask by the RF magnetron sputter-
ing method. Then the Au80Pd20 thin-film contacts
were partially covered with self-adhesive aluminum
tapes for their connection to an external electric cir-
cuit. The resulting flexible device, which we named
Cul/PE, was then tested as a metal-semiconductor-
metal (MSM) ultraviolet photodetector and as a
chemiresistive ammonia gas sensor.

2.4.1. Testing of Cul/PE UV
photodetector with MSM structure

For the UV illumination, a PHILIPS TL 6W/08
BLB G5 T5.226.3M ultraviolet lamp with an aver-
age wavelength of 367 nm and a Pgye intensity of
1.17 mW /ecm? was used. Current-voltage (I —U) and
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current-time (I-t) characteristics were measured us-
ing a GW Instek LCR-~6002 meter in the dark and un-
der UV light. The effective irradiation area of the UV
photodetector A = 0.1 cm? was limited by a screen
with a slit 1 mm wide. To evaluate the performance
of the experimental prototype of the flexible Cul/PE
UV PD, a bias voltage of U = 1 V was applied and
the currents in the dark (Iga;x) and under UV il-
lumination ([jight) were simultaneously recorded in
air at room temperature. The output characteristics
of the photodetector were calculated in accordance
with the formulas given in [3, 10, 11, 13, 15, 38| and
analyzed with regard for the information presented
in [39-41].

2.4.2. Test of Cul/PE

chemiresistive ammonia gas sensor

An experimental prototype of the Cul /PE sensor was
tested as a flexible chemiresistive sensor for deter-
mining the ammonia content in air at room temper-
ature using a test setup with a 1.7-liter glass test
chamber. To test the Cul/PE gas sensor, a 5.0 M
NH,OH liquid solution was introduced, similar to
that described in [27], through a microdosing syringe-
microdispenser into the chamber, where it quickly
evaporated. The chamber remained sealed through-
out the test. The resistance value of the Cul/PE sam-
ple inside the test chamber immediately before the
introduction of ammonia was determined as Rj. It
was measured between the Au80Pd20 thin-film con-
tacts by determining the current at a voltage U be-
tween the contacts of 1 V. The increase in resistance
from Ry to R, for the Cul/PE sensor under the in-
fluence of 0.15-3.0 ppm NHj3 in air was continuously
monitored by a GW Instek LCR-6002 meter and vi-
sualized on the monitor screen as dynamic response
curve (R —t). In addition, resistance measurements
were performed using a UNI-T UT171C RMS digi-
tal multimeter. According to [14], the response time
(tresponce) Was defined as the time required for the
sensor to reach 90% of the maximum resistance value
Rg4. The chamber was then purged with clean dry air
using an air compressor and the recovery curve was
recorded as the drop in sensor resistance over time
from Ry to Ry. According to [14], the recovery time
(trecovery) Wwas defined as the time required for the
maximum value to decrease to 10% of R,. To assess
the sensitivity of the Cul/PE chemiresistive sensor at

ISSN 2071-0194. Ukr. J. Phys. 2025. Vol. 70, No. 6



Nanostructured Copper Iodide Film

@
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room operating temperature, its response S to ammo-
nia was determined according to [6, 14, 20, 31| using
the formula:

5" = (Ry — Ro)/Ro = AR/ Ry. (5)

3. Results and Discussion

Figures 1, a, b show the SEM images of the copper
iodide nanoflake array deposited on the PE substrate
using the automatic SILAR method at solution tem-
peratures of 20 °C. This nanostructured Cul film is
similar to those presented in [42] and, according to
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S3.5at%
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Fig. 1. SEM images obtained at low (a) and high (b) magnification for a nanostructured copper iodide film with nanoflake mor-
phology deposited on a non-plasma treated polyethylene substrate using the automatic SILAR method at solution temperatures
of 20 °C. EDS spectrum of this Cul/PE sample (c¢). Overall EDS map of this Cul/PE sample (d). Elemental EDS mapping of
individual elements in this Cul/PE sample: Cu (e); I (f); S (g); C (h); O (%)

[43], belongs to an exotic two-dimensional copper io-
dide material with zinc blende structure y-Cul. The
EDS spectrum of this sample in Fig. 1, ¢ and the EDS
maps in Figs. 1, d, e, f, g, h, and i shows that the Cul
film with nanoflake morphology contains 52 at.% Cu,
44.5 at.% I, and 3.5 at.% S. Cul films obtained by the
SILAR method [25, 30] are characterized by the pres-
ence of sulfur impurity, caused by partial decompo-
sition of thiosulfate ion in the cationic solution. The
EDS maps in Figs. 1, d, e, gand h confirm the uniform
distribution of these elements in the copper iodide
film. The elements C and O in the EDS spectrum of
Cul/PE in Fig. 1, ¢ and in the EDS maps in Fig. 1, h
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c

100 um 100 pm

and 7 belong to the polyethylene substrate. In order
to create a more densely packed structure of the Cul
thin film, in which copper iodide crystals form a tri-
angular nanostructure, which, according to literature
data [44], allows electrons and holes to move freely
without overcoming large distances, the temperature
of the solutions used in the deposition via SILAR was
increased to 30 °C.

The morphology of the obtained Cul/PE sam-
ple, shown in the SEM images in Figs. 2, a, b, ex-
hibits well-defined triangular-shaped copper iodide
nanocrystals. The EDS spectrum in Fig. 2, ¢ confirms
that this Cul film is also copper-rich and contains sul-
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Cu49 at%
146 at %
S5at%

100 pm
Fig. 2. SEM images obtained at low (a) and high (b) magnification for a nanostructured copper iodide film deposited on a
non-plasma treated polyethylene substrate using the automatic SILAR method at solution temperatures of 30 °C. EDS spectrum
of this Cul/PE sample (c). Overall EDS map of this Cul/PE sample (d). Elemental EDS mapping of individual elements in this
Cul/PE sample: Cu (e); I (); S (g); C (h); O (2)

fur. At the same time, as can be seen in these SEM
images, as well as in the overall EDS map in Fig. 2, d,
the Cul film covers the surface of the polyethylene
substrate unevenly and incompletely due to the low
wettability of PE [31], which causes poor adhesion to
the PE of the Cul layer applied in aqueous solutions
using the SILAR method.

Fig. 3 shows photos of water droplets on the PE
surface before (a) and after (b) plasma modification,
which increased the hydrophilicity of the polyethylene
substrate. The effect of oxidative air-plasma treat-
ment of the PE surface on the morphology of Cul
in a Cul/PE sample obtained on such a polyethy-
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lene substrate by the SILAR method using solutions
heated to 30 °C is shown in Fig. 4. In the SEM image
in Fig. 4, a, we see a Cul/PE sample with a nanos-
tructured thin film of copper iodide, the grains of
which have a triangular shape with a random orienta-
tion in the plane. This morphology is a typical crys-
tal characteristic of the (111)-textured cubic struc-
ture of zinc blende 4-Cul, since {111} is the low-
est energy surface [36,44-47], which promotes charge
transport [30,44]. It is also important that the copper
iodide film on the plasma-treated polyethylene film
completely covers the surface of the substrate. The
EDS spectrum in Fig. 4, b shows that the Cul in this
Cul/PE sample is enriched in iodine and contains sul-
fur additive. This composition promotes the forma-
tion of intrinsic copper vacancy defects Vi, which
form acceptor levels near the valence band, result-
ing in high p-type conductivity at room temperature
[27, 40]. Furthermore, doping with impurity accep-
tors by replacing iodine with chalcogen impuritiy S
to form S; defects can be a way to further enhance
the p-type conductivity of Cul [40, 48, 49]. The over-
all and elemental EDS maps in Figs. 4, ¢, d, e and
(/) confirm the homogeneous chemical composition of
this Cul/PE sample.

A photo of the Cul/PE sample in Fig. 5, a shows
a slightly yellowish color of the copper iodide film
deposited on the plasma-treated polyethylene sub-
strate using the automatic SILAR method at solu-
tions temperature of 30 °C. According to [40], this
color corresponds to the high sub-gap absorption of
copper iodide, which is associated with intrinsic de-
fects such as Vi, iodine vacancies V7 and clusters
of defects of V; and interstitial copper Cu;. Also,
the yellowish color of copper iodide can be associ-
ated with S; defects arising due to the presence of
sulfur impurity and/or the defects at grain bound-
aries [40, 48, 49]. The broad luminescence peak cen-
tered at ~470 nm (i.e., 2.6 eV) observed for this Cul
thin film in Fig. 5, b is a superposition of several PL
peaks. Among them, according to [36,40,41], the PL
peak observed at 420 nm can be attributed to the
emission caused by the recombination of electrons
in the conduction band with neutral copper vacan-
cies Voy. According to [36,41], the broad PL peak at
675 nm (i.e., 1.8 €V) in Fig. 5, (b) is due to iodine va-
cancies V7 and their complexes with interstitial cop-
per defects (V; + Cu;). The contribution of defects
associated with sulfur impurity, for example Sy, in the
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Fig. 3. Photos of PE substrates before (a) and after prelimi-
nary treatment with an oxidizing air-plasma for 1 min at a gas
flow rate of 30 1/min and an electric power of 685-695 W (b),
demonstrating an improvement in the wettability of the PE.
At the top in (a) is a homemade plasma source, the nozzle of
which was located at a distance of 10 cm from the PE surface
during preliminary plasma treatment

photoluminescence spectrum of copper iodide film in
Fig. 5, b should also not be excluded. The diffuse re-
flectance spectrum in Fig. 5, ¢ with high R; through-
out the visible and near infrared range corresponds to
the rough surface of the nanostructured Cul film de-
posited on the plasma-treated polyethylene substrate
using the automatic SILAR method at solutions tem-
perature of 30 °C. The plot of (Fhv)? versus hv in
Fig. 5, d, obtained using the Kubelka—Munk func-
tion, determined the band gap for direct optical tran-
sitions E; in the Cul film to be 2.8 eV. This value
of E, is lower than the typical E, ~ 3.0 eV for Cul,
as well as for Cul:S films containing 3-5 at.% S in
[48]. The reduced band gap of copper iodide in the
Cul/PE sample can be explained by the sub-gap ab-
sorption due to defects inside the Cul nanocrystals
and at their grain boundaries, which is demonstrated
in Fig. 5, d) as a broad Urbach tail for this nanocrys-
talline material at energies below 2.8 eV. The same
E, value was obtained for Cul films deposited by the
SILAR method in [44].

Thus, the most promising was selected to be
the nanostructured copper iodide film applied to a
plasma-treated polyethylene substrate using the au-
tomatic SILAR method at solution temperatures of
30 °C. The next task was to analyze the suitability
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Fig. 4. SEM image of nanostructured copper iodide film with triangle morphology of copper iodide deposited on a plasma
treated polyethylene substrate using the automatic SILAR method at the temperature of solutions 30 °C (a). EDS spectrum of
this Cul/PE sample (b). Overall EDS map of this Cul/PE sample (¢). Elemental EDS mapping of individual elements in this
Cul/PE sample: Cu (d); I (e); S ()
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reflectance spectrum R(A) of this sample (c). Graph for determining the band gap of the nanostructured Cul film in this sample

using the Kubelka—Munk function (d)

of the multifunctional flexible Cul/PE device with
two parallel Au80Pd20 thin-film contacts developed
in this work, a photo of which is shown in Fig. 6, a, for
use as an ultraviolet photodetector. Figure 6, b shows
the ultraviolet lamp with an average wavelength of
367 nm and a Pigy intensity of 1.17 mW /cm?. Using
this lamp, the current-voltage characteristic of the
Cul/PE UV photodetector in Fig. 6, ¢ and its current-
time characteristics in Fig. 6, d, demonstrating the
dependence of the photocurrent on time at a bias
voltage of 1 V, were obtained.

The current-voltage characteristics of the Cul/PE
UV photodetector with MSM structure in Fig. 6, ¢
in the dark and under UV illumination were found to
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be symmetrical and linear in both current and volt-
age, indicating the formation of ohmic contacts at the
Au80Pd20-Cul interfaces in the range of applied bias
voltage. Similar linear I-U characteristics have been
demonstrated in the literature for Cul-based [38] and
SnOs-based [50] metal-semiconductor-metal photode-
tectors.

As can be seen in Fig. 6, d, after switching on the
UV illumination at a bias of U = 1 V, the photogener-
ated current increased compared to the dark current
from Ida,rk = 1.63 MA to Ilight =19 . Thus, the
sensitivity of the Cul/PE UV photodetector, defined
in accordance with [15, 38] as the photoconductivity
gain (Gpn), i.e. the ratio of the light current to the
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Fig. 6. Photo of the multifunctional flexible Cul/PE device with two parallel Au80Pd20 thin-film contacts (a).
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the PHILIPS TL 6W /08 BLB G5 T5.226.3M ultraviolet lamp with an average wavelength of 367 nm and a Pjjg1 intensity of
1.17 mW/cm? (b). I-U characteristics of the Cul/PE ultraviolet photodetector in the dark and under UV illumination with
A =367 nm and Pjgpy = 1.17 mW /ecm? (c). Current-time characteristics of the Cul/PE UV photodetector at a bias voltage of
1V when turning on/off UV light with A = 367 nm and Pjight = 1.17 mW /cm? (d)

dark current expressed as:

Gph = Ilight/Idark (6)

at an illumination intensity of Pight = 1.17 mW/ cm?
was Gpn = 1.17.

The sensitivity to ultraviolet radiation as a re-
sponsivity (Ryvy) of the Cul/PE UV photodetector,
which, according to [3, 10, 11, 13, 15, 38], refers to
the ratio of the photocurrent generated by the device
(Ipn = Tight — T4ark) to the incident light power, was
defined using the following equation:

Ruv = Iph/Piigit A. (7)

in which A is the effective irradiation area of this
MSM photodetector (A = 0.1 cm?).
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The calculation showed Ryy = 2.3 mA/W for the
experimental sample of the Cul/PE UV photodetec-
tor developed in this work at the illumination inten-
sity of 1.17 mW /cm? and the bias voltage of 1 V. This
Ryv value is similar to the sensitivity values obtained
for flexible UV photoconductive MSM photodetectors
[10], including UV PD based on an array of layered
zinc-aluminum double hydroxide nanosheets [2] on
a magnetron-sputtered ZnO film [3] and on a wet-
chemically deposited Cul film [15]. According to [15],
the responsivity can be improved by reducing 4.k,
for example by replacing ohmic contacts with Schot-
tky barriers.

Considering that the specific detectivity (D*) is an
important parameter of the photodetector, character-
izing its signal-to-noise ratio, which is the ability of
the photodetector to detect the smallest optical sig-
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Fig. 7. Schematic representation of the measuring unit of the Cul/PE chemiresistive ammonia sensor (a). Response/recovery
curves of the Cul/PE chemiresistive ammonia sensor with nanostructured copper iodide film deposited on the plasma-treated
polyethylene substrate using the automatic SILAR method at solution temperatures of 30 °C, and two parallel AuggPd20 thin-
film contacts, upon addition to air of 1.5 ppm NHjz and 0.75 ppm NH3 (b) and 3 ppm NH3 (c¢) followed by purging with dry air
(bias voltage of 1 V). S* responses of this ammonia sensor to different NH3 concentrations at room temperature (d)

nal (3,10, 15, 38], it was obtained using the following
equation:

D* = R(A/2eIam) "% (8)

where e is the electron charge.

According to calculations, the Cul/PE ultraviolet
photodetector developed in this work has a relatively
large D* = 1x10? Jones (1 Jones = 1 cm - Hz'/2 - W).

ISSN 2071-0194. Ukr. J. Phys. 2025. Vol. 70, No. 6

In addition, an important parameter of the pho-
todetector is the external quantum efficiency (FQFE)
which measures the efficiency of converting photons
into electrons. FQFE is quantitatively defined as the
ratio of photogenerated carriers collected by the pho-
todetector electrodes to the number of photons inci-
dent on its surface using the equation [3,15, 38]:

EQE = R(hc/e)). (9)
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where h is Planck’s constant, c is the speed of light,
and A is the wavelength of the incident light. The
obtained low EQFE of 0.8% is explained by the nanos-
tructured nature and abundance of defects inside and
at the grain boundaries of the Cul film in the Cul/PE
UV photodetector. For the same reason, due to the
slowdown of charge carrier transfer, the response and
recovery time of the Cul/PE UV photodetector is
quite long and amounts to several minutes. Never-
theless, in terms of the sum of output parameters,
the multifunctional flexible device made in this work
from inexpensive, readily available and biocompatible
materials is quite suitable for detecting ultraviolet ra-
diation for personal UV monitoring and in wearable
applications such as UV electronic eye as a door safety
system, anti-UV gloves, etc.

The test results of the multifunctional flexible
Cul/PE device as a chemiresistive sensor of gaseous
ammonia using the measuring unit shown in Fig. 7, a
are presented in Figs. 7, b, ¢, d. Experiments have
revealed the high selective sensitivity of Cul/PE to
ammonia in the form of a rapid and strong increase
in resistance from Ry to R, in an ammonia-containing
atmosphere. This sensitivity to ammonia is a syn-
ergistic effect of the influence of the electron donor
gas NH3 on the p-type semiconductor, which is the
nanostructured copper iodide film deposited by the
SILAR method [21, 25, 30], and the ability of Cul to
bind NHj3 at room temperature with the formation
of the complex [Cu(NHs)s|", according to [18, 21—
24]. Similar ammonia sensing results were reported in
[19] for copper iodide nanomaterials combined with
copper iodide-isopropanolamine complexes. The de-
tection limit (LoD) of the Cul/PE ammonia sensor
has been found to be as low as 0.15 ppm, making it
suitable for food spoilage detection, real-time moni-
toring of small ammonia leaks to reduce environmen-
tal impacts, and medical diagnostics by detecting am-
monia in exhaled gas [5, 7-9]. Fig. 7, b and ¢ show
the fast response/recovery behavior of the Cul/PE
sensor to low ammonia concentrations. According to
[31, 51, 52], the response time (tyesponce), defined as
the time required for the sensor to reach 90% of the
maximum resistance value Ry, is in the range of 250~
500 s. After the test chamber is purged with clean dry
air using an air compressor and the recovery curve
is recorded as a drop in sensor resistance over time
from R, to Ry, the recovery time (frecovery) defined
according to [31, 51, 52| as the time required for the
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maximum value to decrease to 10% of Ry, is up to
700 s.

Figure 7, d shows the responses S* = AR/Ry of
the Cul/PE ammonia sensor operating at room tem-
perature to different NH3 concentrations. According
to the data [31,51,52], in the region of extremely low
concentrations of inorganic gases or organic volatiles,
for most sensor materials, a directly proportional de-
pendence of S* on concentration is not observed. Si-
milarly, Fig. 7, d shows the dependence of S* on
ammonia concentration, approximated by an expo-
nential function. The S* values obtained in this work
are higher than those of most modern flexible room-
temperature chemiresistive ammonia sensors based
on various inorganic and organic nanostructures and
their nanocomposites [5-8,; 52, 53|. Our results are
similar to the S* data presented in [54] for an ultra-
sensitive flexible room-temperature ammonia gas sen-
sor based on Au-functionalized polypyrrole-wrapped
MoS [2] nanosheets enriched with edge sulfur vacan-
cies. At the same time, the multifunctional flexible
Cul/PE device combines excellent ammonia detec-
tion properties including high sensitivity, selectivity,
reversibility and fast response/recovery at room tem-
perature, while, unlike the sensor in [54], it has no
physiological toxicity, is made of readily available ma-
terials and has a low manufacturing cost.

Further experiments showed that UV radiation and
NHj3 do not interfere with each other, which allows
the output signals generated by them to be separated
in the multifunctional flexible Cul/PE device.

4. Conclusions

In this work, the flexible, lightweight and portable de-
vice that combines the functions of an ammonia gas
sensor and a UV photodetector operating at room
temperature is presented in the context of developing
a manufacturing technology with lower environmen-
tal impact, optimizing resource efficiency and creat-
ing materials for sustainable development. To do this,
we used the low-temperature SILAR method to de-
posit a thin nanostructured film of the widely avail-
able, biocompatible and low-cost material copper io-
dide. A study of the effect of the temperature of so-
lutions used in the application of copper iodide layers
onto flexible polyethylene substrates using the SILAR
method on the morphology and chemical composition
of Cul, as well as the improvement of the hydrophilic-
ity of the PE surface due to its oxidative air-plasma
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treatment, made it possible to optimize the mode for
obtaining a Cul/PE sample.Then, by equipping the
Cul/PE sample with thin-film ohmic electrodes, we
designed a multifunctional flexible device that com-
bines the functions of a flexible photoconductive UV
photodetector and a chemiresistive ammonia gas sen-
sor. Under the influence of ultraviolet radiation with
an average wavelength of 367 nm and an intensity
Biigne of 1.17 mW/ch, its photoconductivity gain
Gph = 1.17, sensitivity Ruyy = 2.3 mA/W, specific
detectivity D* = 1 x 10° Jones, external quantum ef-
ficiency EQE = 0.8%. The response/recovery time
of the Cul/PE UV photodetector is up to several
minutes. The performance of the Cul/PE UV PD is
attributed to the nanostructured nature and abun-
dant defects inside and at the grain boundaries of
the Cul film, which slows down the carrier trans-
port. However, the multifunctional flexible device cre-
ated in this work is quite suitable for detecting ul-
traviolet radiation in wearable devices for personal
UV monitoring, as well as in electronic eyes in door
security systems. The experimentally confirmed high
selective sensitivity S* of the multifunctional flexible
Cul/PE device to ammonia is due to the synergis-
tic effect of the action of the electron donor gas NHg
on the p-type semiconductor, which is the nanostruc-
tured copper iodide film, and the ability of Cul to
bind NH3 at room temperature to form the com-
plex [Cu(NHj)o]*. The detection limit of 0.15 ppm
of the flexible room-temperature Cul/PE ammonia
sensor and its fast response/recovery make it suit-
able for food spoilage detection, real-time monitor-
ing of small ammonia leaks to reduce environmental
impact, and medical diagnosis by detecting NHs in
exhaled breath.
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HAHOCTPYKTYPOBAHA TIJIIBKA MOAUIY

MIAI B BATATO®YHKIIOHAJIBHOMY I'HYYKOMY
[IPUCTPOI JJIs1 YJIBTPA®IOJIETOBOI'O
OOTOAETEKTYBAHHA TA MOHITOPUHI'Y AMIAKY

3 BUKODHMCTAaHHSIM JOCTYIIHUX MaTepiaJiiB, siki He MalTb ]i-
310710riIHOT TOKCHYHOCTI Ta MalOTh HU3bKY BapTiCTh BUPOOHU-
LTBa, Ta HIJISIXOM 3aCTOCYBAHHS METOJy HU3bKOTEMIIEPATYPHOT
BOJIHOI TIOC/IOBHOI 10HHOI agcopbuil Ta peakuii (SILAR) ms
HaHECEHHsI TOHKOI IUIIBKM HAHOCTPYKTYPOBAHOIO WOAMIY Mimi
(Cul) na ruyuxy nosiermienoBy (ITE) minkmaaueky crBOpe-
HO THYYKH, JIETKAIl Ta IOPTATUBHUN IIPUCTPIiil, 11O IOEIHYE
dyHKIIT JaTYnKa ra3onoibHoro aMiaky Ta yJjbrpadioseToBo-
ro (Y®) dborogerekTopa, AKHii IPAIoe 33 KIMHATHOI TeMIIepa-
Typu. Ilin BoyimBom Y@ BunpoMiHioBaHHS BiH DYHKI[IOHYE K
rayukuit doronposinuuit YO dorogerekTop 3 KoedirieHTOM
doronposinnocti 1,17; gyrmusicrio 2,3 MA /BT; nuromoro ne-
TeKTyBaJbHOIO 31aTHICTIO 1109 1KOHCIB; 30BHIIIHBOI KBaH-
ToBoio edexrusHicTio 0,8% Ta Yacom BiAryKy/BigHOBIECHHS y
KiJIbKa XBUJIMH. BiH IIJIKOM IiIXOAUTH JJIsl IOPTATUBHUX I1€P-
coHasIbHUX HpUCTPOiB Y®P MOHITOPHHIY Ta K “€JI€KTPOHHE
ok0’ B cucreMmi 6e3neku jBepeil. Brucoka cesieKTuBHA UyTJIH-
BicTh npucrporo o amiaky (NHs) 3ymoBieHa cuHepreTHaHUM
edexToM razy-monopa esekrpouis NH3 ma mamiBoposigauk p-
Tuny Cul Ta 37aTHICTIO OCTAHHBOIO IO KOMILIEKCOYTBOPEHHS
3 NH3. Mexxa Busiimenus 0,15 ppm xeMipe3uCTHBHOIO CEHCO-
pa amiaky Cul/IIE Ta fforo mBuzixa peaxiiis Ta MIBHJKE Bil-
HOBJIEHHSI POOJIATDH HOr0 MPUAATHUM JJIsSl BUSIBJICHHS [ICY BAHHS
XapUYOBUX IPOJAYKTiB, MOHITOPHHIY BHTOKIB aMiaKy B pexKuMi
PEeaJIbHOrO Yacy Ta MEJIUYHOI JIarHOCTUKY IIJISIXOM BHUSIBJICHHS
NH3 y BunuxyBanoMy moBiTpi.

Katwwoei caosa: YD merekropu, XiMiuHI JJeTEKTOPH, THY-
49Kl migkiaguaky, ToHKI wiiku, Cul, HaHOKpUCTAIivH] mIapu.
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