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Nanostructured one-dimensional (1-D) ZnO arrays fabricated via pulsed electrodeposition and coated
with Ag nanoparticles are researched with the aim of their using in the ultraviolet (UV) photosensors. The
results of the crystal structure investigations showed that the pulsed electrodeposited zinc oxide arrays are
polycrystalline in nature and matching with hexagonal wurtzite modification of ZnO. To enhance its UV
photosensitivity, the silver nanoparticles (AgNPs) with different shape and an average size of 60 nm, as
well as 300-500 nm long Ag nanorods with ~30 nm diameter, are precipitated mainly on the (002), (101)
and (100) ZnO planes. Study of electrical properties and electronic parameters of the 1-D ZnO and Ag/ZnO
nanocomposites using a current-voltage and capacity-voltage characteristics identified the important role
of the high double Schottky barriers at the ZnO intergrain boundaries for the creation of great UV photo-
sensitivity. It is proved that through monitoring the amount of AgNPs on the ZnO surface the electrical
properties and electronic parameters of the Ag/ZnO nanocomposites, and consequently, the output parame-
ters of the UV photosensors can be controlled.
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1. INTRODUCTION

Zinc oxide (ZnO) is a promising material for ultravi-
olet (UV) and visible (green) light optoelectronics, pie-
zoelectronics, gas sensors, and dye-sensitized solar cells
[1-7]. In particular, one-dimensional (1-D) ZnO
nanostructured arrays are the most extensively used
nanomaterials in the emerging fields of micro- and
nanoelectronics owing to their excellent electrical, sens-
ing, and optical properties. The specific feature of the
various ZnO nanostructures with unique properties is
the possibility of their synthesis by solution techniques
such as electrodeposition, which not only appears as a
low temperature alternative, but is also well suited for
cheap large-scale production. According to [5], the
pulsed electrodeposition ensures the best-controlled
growth of ZnO nanostructured arrays with an antire-
flection effect and pronounced reversible hydrophobic-
hydrophilic behavior, which can be managed by the
ultraviolet irradiation. A combination of two promising
nanomaterials, ZnO and silver (Ag), in fabricating of
different Ag/ZnO heterostructure composites have been
proposed recently in [5, 8-12] for the development of
multifunctional nanosensors, including UV photosen-
sors. In accordance with [5, 8, 13, 14], the most hopeful
approach for the increasing the sensitivity of ZnO
nanostructures is the creation of Ag/ZnO nanocompo-
sites by the deposition of silver nanoparticles on the
zinc oxide surface. Nevertheless, the mechanism of the
ultraviolet photosensitivity of the Ag/ZnO nanocompo-
sites 1s not fully understood. It was shown in [5, 8, 13-
16], that illumination of Ag nanoparticles which are
located on the ZnO surface leads to the occurrence of
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collective oscillations of conduction electrons inside the
metal, i.e. plasmons. Under direct UV illumination the-
se plasmon oscillations become resonant. This gives
rise to a surface plasmon resonance (SPR). An interac-
tion of Ag nanoparticles with ultraviolet radiation pro-
vides an intensive absorption of UV by the Ag/ZnO
nanocomposites via the resonance of the free electron
oscillations [16-17]:

Ag+ hv— Ag*. (1)

The photoinduced electrons generated from AgNPs
due to SPR transfer from Ag to ZnO [16-17]:

Ag* +7Zn0 — Ag++ + ZnO(e). 2)

In addition, according to [16, 18], there are the
Schottky barriers formed at the Ag—ZnO interface,
thanks to which the separation of photogenerated elec-
tron—hole pairs is enhanced. These barriers efficiently
impede the recombination of the photogenerated elec-
tron-hole pairs. Other authors [11, 19], on the contrary,
observed the existence of the excellent ohmic contacts
between Ag and ZnO without any Schottky barriers. At
the same time, it is noted in [19] that the photosensitiv-
ity of Ag/ZnO samples with nanometer-sized materials
is attributed to a band bending caused by built-in elec-
tric fields, that is, by potential barriers, which are con-
sidered as a favorable factor for the rapid transfer of
photogenerated electrons. According to [20], the metal-
semiconductor Schottky barriers on the ZnO surface
determine the UV photosensitivity of single-crystal 1-D
Zn0O nanostructures. Apart from Ag/ZnO Schottky bar-
riers, authors [20] consider a role of the oxygen in the
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creation of the surface potential barriers. In accordance
with [20], in the dark the ZnO surface adsorbs oxygen
molecules from the environment by providing free elec-
trons [O2(g) + & — Oz(ad)], therefore a depletion layer
with low conductivity is formed near the surface. When
exposed to UV light with photon energies higher than
the band gap, electron—hole pairs are generated in ZnO
[Av — & + h*]. The holes migrate to the surface and dis-
charge the adsorbed oxygen ions [A* + Oz-(ad) — Oz2(g)],
causing desorption of the oxygen. Simultaneously, the
unpaired electrons provide increased ZnO conductivity,
which explains its UV photosensitivity. Similarly, au-
thors [7] also describe the UV detection mechanism for
single-crystal zinc oxide nanowires and silver-doped
zinc oxide single-crystal nanowires exclusively through
processes on the surface. Namely, due to adsorbed oxy-
gen species (Oz27, O27, O7), which are influenced by the
near-surface and surface defects, that can act as charge
carriers traps as well as adsorption sites. Similar to
described in [7, 20] for single-crystal ZnO nanostruc-
tures, the above mechanism of the UV photosensitivity
is commonly used [9, 15] for polycrystalline ZnO mate-
rial, excluding an influence of the ZnO grain bounda-
ries. However, the investigation of effect of the ZnO
grain sizes on the UV sensitivity of the nanostructured
7m0 arrays fabricated via pulsed electrodeposition and
coated with Ag nanoparticles have approved unambig-
uously [5, 8] the existence of symmetrical double
Schottky barriers ¢, which occur in the ZnO grain
boundary regions. The density of surface states Nss,
the concentration of uncompensated ionized donor im-
purity Ng and the width of the surface electron deple-
tion region @ on both sides of the grain boundaries were
calculated in [5, 8] using a current-voltage (I-U) and a
capacity-voltage (C-U) characteristics. A correlation
between above electronic parameters and UV sensitivi-
ty of the ZnO and Ag/ZnO nanostructures have been
confirmed [5, 8]. Note, that the existence of the Schott-
ky barriers in the ZnO grain boundary regions was not
taken into account by the authors, who investigated UV
sensors [9, 11, 20] or photocatalysts [12, 15-18] based
on the nanocrystalline ZnO material. So, in this paper
we present the results of studies that prove an im-
portant role of the symmetrical double Schottky barri-
ers in the ZnO grain boundary regions in increasing of
the photosensitivity of such objects. As examples, we
use the 1-D ZnO nanostructure arrays electrodeposited
in the pulsed mode and Ag/ZnO nanocomposites creat-
ed on their base with Ag nanoparticles precipitated
onto ZnO from silver sol. Here we show how it is possi-
ble to control the sensitivity of the ultraviolet photo-
sensor via the amount of the AgNPs on the 1-D ZnO
surface.

2. EXPERIMENTAL DETAILS

To fabricate nanostructured ZnO arrays the mode of
pulsed electrochemical deposition was used in detail
described in [21]. 1-D ZnO arrays with average length
about 1.1 um were obtained on the SnOgz:F/glass (or
FTO) substrates using the potentiostatic stage of the
Zn0O seed layer formation during 30 sec and through
the half-hourly pulsed electrodeposition, as shown in
Fig. 1. For the creation of Ag/ZnO nanocomposites the
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colloidal solution of Ag nanoparticles (AgNPs) was pre-
pared according to [22]. As it was previously described
in [5, 8], the electrodeposited ZnO arrays were coated
by AgNPs through their dipping into colloidal solution
during 30 sec at 75 °C and subsequent drying in the
air. After that, some of the Ag/ZnO nanocomposites
were annealed in vacuum at 150 °C during 30 min.
Similar to [5, 8] test samples Al/FTO/ZnO/Al and
Al/FTO/(Ag/Zn0O)/Al were fabricated by vacuum deposi-
tion of aluminum on limited areas (8.5 mm?2) of FTO,
Zn0O and Ag/ZnO through a shadow mask and by apply-
ing a conductive adhesive with silver filler to the Al
surface for a providing of galvanic contacts with copper
microwires (Fig. 1).

The morphology of the zinc oxide arrays and
Ag/ZnO nanocomposites was observed by scanning elec-
tron microscopy (SEM) in secondary electron mode. The
SEM instrument (JEOL JSM-840) was operated at an
accelerating voltage of 20 kV. Conductivity of the sam-
ples on the FTO substrates was sufficient for their
study without the use of additional conductive coatings.
Images of the Ag nanoparticles were obtained via
transmission electron microscopy (TEM) using TEM
instrument SELMI EM 125 at an accelerating voltage
of 75 kV. For the TEM investigations, droplets of aque-
ous silver sol were dried on amorphous carbon films
with the thickness of ~20 nm deposited on standard
copper grids for electron microscopy. Amorphous car-
bon films were obtained by vacuum condensation on
freshly cleaved single crystals NaCl at a residual gas
pressure of 106 Torr created by an oil-free pumping
system. After condensation, the crystals with the
amorphous carbon films were extracted from the vacu-
um chamber and dissolved in distilled water, and then
the films were caught on electron microscopy grids.

Ag NPs
from
silver sol

"Ag/ZnO<;
Fhanocomposit
‘4

2
z
S

Q

AlIFTO/ZnO/Al AVFTO/AAg/ZnO)/Al

Fig. 1 — Schematic illustration of the ZnO array electrodeposi-
tion, Ag/ZnO nanocomposite creation, AI/FTO/ZnO/Al and
AUFTO/(Ag/ZnO)/Al test samples fabrications. The FTO poten-
tial — 1.3 V (relative to the silver/silver chloride reference elec-
trode) used both for the potentiostatic ZnO seed layer deposi-
tion and as impulse potential during ZnO pulsed electrodepo-
sition. Impulse duration is 0.2 sec. The FTO potential — 0.7V
used as the pause potential during ZnO pulsed electrodeposi-
tion, the pause duration is 0.3 sec

According to [23] the crystal structure of ZnO and
Ag/ZnO was analyzed by using of X-ray diffraction pat-
terns (XRD) recorded with “DRON-4" diffractometer in
CoKa radiation using Bragg—Brentano focusing. The
crystalline phases were revealed by comparing the rec-
orded diffraction patterns and the reference JCPDS
database. The crystal lattice constants a and c of the
hexagonal zinc oxide were calculated from the positions
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of the indexed lines in the X-ray diffraction patterns by
the Nelson—Reilly graphical extrapolation method and
refined using the least-squares method (LSM) by
“UnitCell” software on the basis of all recorded reflec-
tions in the X-ray diffraction patterns, in accordance
with [23]. The residual stresses in the ZnO arrays were
calculated from the lattice constants of the electrode-
posited and reference samples by using the elasticity
constants of the material in various directions. In ac-
cordance with [23] the sizes of the coherent-scattering
domains (D) of ZnO and microstrains Ad/d were esti-
mated using the Williamson—Hall approximation meth-
od. Similar to that described in [24] for the electrode-
posited layers, it was suggested that D is equal to the
average size of nanocrystalline ZnO grains.

Texture quality of the ZnO arrays was estimated by
the method of Harris [1, 25]. Pole density P;, which de-
termines an axis of the crystal plane that is oriented
normal to the surface was calculated according to the
equation [1]:

Pi:N-(Ii/IOi)/%Ii/IOi’ @)
1

where I;, Io; are integral intensity of the i-th diffraction
peak of the film samples and etalon, respectively; N is
the number of lines presented in the diffraction. Tex-
ture axis has the index, which corresponds to the larg-
est value of P;. The orientation factor f for the relevant
direction was calculated from the formula:

- fl/N.%(Pi _1)2. (4)

Light and dark current-voltage characteristics, ca-
pacitance-voltage characteristics and temporal re-
sponse curves under the influence of UV light were
measured by using AI/FTO/ZnO/Al and
Al/FTO/(Ag/ZnO)/Al test samples, as described in [5,8].
The light I-U characteristics of 1-D ZnO arrays and
Ag/Zn0O nanocomposites we measured under UV irradi-
ation (wavelength was 365 nm) by using ultraviolet
LED (LITEON (3 W)). Intensity (power density) of the
light on the surface of the Al/FTO/ZnO/Al and
AI/FTO/(Ag/ZnO)/Al test samples was 0.05 W/cm?2;
0.2 W/em?; 0.3 W/em? or 0.5 W/em2. In accordance with
[26] photosensitivity S of 1-D ZnO arrays and Ag/ZnO
nanocomposites was calculated as ratio of the photo-
current I, under UV to dark current I;, which were
measured at 1 V. To confirm stable work of test sam-
ples multiple “on— off” switching of UV irradiation was
used. Similar to [5, 8], the measurement of C-U charac-
teristics of 1-D ZnO arrays and Ag/ZnO nanocomposites
was performed using a “Measurer L, C, R digital E7-12”
at a frequency of 1 MHz and an amplitude of the meas-
urement voltage 0.03 V. The measured C-U character-
istics were analyzed as was proposed in [27] and used
in [5,8,28-29].

3. RESULTS AND DISCUSSIONS

Fig. 2(a), (b), (c) presents top view SEM images of
the 1-D ZnO nanostructured arrays fabricated via
pulsed electrodeposition. Overview SEM image in
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Fig. 2(a) shows, that ZnO array is uniform and com-
pletely covers the FTO surface.

As seen in Fig. 2(b), this array consists of zinc oxide
nanorods, which are located mainly perpendicular to
the surface of the substrate, while, at the same time,
they are partially disoriented in the same way as we
showed early in [5, 8]. SEM image in Fig. 2(c) demon-
strates “an erased blunt pencil”’-type faceting of the
zinc oxide nanorods with clearly visible (002), (101) and
(100) faces. XRD pattern of ZnO array in Fig. 3(a)
shows the prominent peaks corresponding to (002),
(101) and (100) planes with greater intensity. Other
peaks with low intensity were recognized as (102),
(110), (103) and (112) planes of ZnO.

Thus, the pulsed electrodeposited array was poly-
crystalline in nature, matching with hexagonal wurtz-
ite structure of ZnO (JCPDS 36-1451). As calculations
of structural parameters have shown (Table 1), this
ZnO array is preferentially oriented along the <001>
direction. The coherent scattering domains D calcula-
tion via the Williamson—Hall have revealed, that the
Zn0O nanocrystal size D is in the range 40-50 nm. So,
the D size never attained values corresponding to the
ZnO nanorod length in Fig. 2.

As seen in the TEM image in Fig. 2(d), AgNPs have
different shape and an average size of 60 nm. Some
nanoparticles are 300-500 nm long Ag nanorods with
~ 30 nm diameter. Such a variety of forms of AgNPs is
typical for silver nanoparticles precipitated from citrate
sols without surfactants [30]. Top-view

TEM 75KV x60000

L e A I P

Fig. 2 - Top view SEM images of ZnO nanostructured arrays
(a), (b), (c). TEM image of AgNPs (d). Top view SEM images of
ZnO nanostructured array coated by Ag NPs (e)

SEM image of ZnO nanostructured array coated by
AgNPs in Fig. 2(e) founds that they do not have a clear
faceting, probably due to the silver nanoparticles are
mainly adsorbed on the (002), (101) and (100) ZnO
planes. The latter is confirmed by a change in the in-
tensity of these zinc oxide peaks in the Ag/ZnO XRD
patterns in Fig. 3(b), (c) as compared with Fig. 3(a), by
a weakening of the ZnO preferential orientation along
the <001> direction and by the orientation factor f de-
crease (Table 1). The presence of silver nanoparticles
on the ZnO array surface is observed with the naked
eye as brown-grey coloring, but the XRD patterns of
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Ag/ZnO nanocomposites (see Fig. 3(b), (c)) do not con-
tain peaks of silver or its compounds traces, both before
and after vacuum annealing.

The significant ZnO crystal lattice strains and dif-
fraction peak shifts that could be indicative of the for-
mation of the solid solution ZnixAg«O were not ob-
served. Similar XRD patterns we have shown for such
objects earlier in [5, 8]. Note, that XRD patterns of the
AgNPs layers deposited onto glass substrates via 30
cycles of their immersion in the silver sol, have been
shown in [5, 8], represented (111) and (200) peaks
characteristic of the cubic Ag modification (JCPDS 04-
0783).

Fig. 4 displays I-U characteristics of the pulse elec-
trodeposited 1-D ZnO array (Fig. 4(a)) and Ag/ZnO
nanocomposite (Fig. 4(b)) in the dark and under UV
radiation, which confirms the moderate photosensitivi-
ty of ZnO (S = 4.2 arb. units). Insert in Fig. 4(a) demon-
strates photoresponse and recovery curves of the
AI/FTO/ZnO/Al test sample at 1.0 V bias under “on-off”
UV switching at different specific illumination powers
from 0.05 W/cm?2 up to 0.5 W/em?2.

Much greater sensitivity to the ultraviolet radiation
is presented for Ag/ZnO nanocomposite (10 Ag NPs
deposition cycles) in Fig. 4(b) (S = 147 arb. units). The
presented in Fig. 4 I-U characteristics are symmetric
with respect to the polarity of the applied voltage U. At
0V<|U| <0.5V the branches of the I-U characteris-
tics of the ZnO array with D = 40-50 nm (Fig. 4(a)) are
ohmic, while at | U| > 0.5V they are superlinear, that

JK. HAHO- EJIEKTPOH. @13. 10, 03027 (2018)

qualitatively typical for the polycrystalline zinc oxide
films and bulk varistors with ohmic metal contacts and
double Schottky barriers at the intergrain boundaries
[2]. The I-U characteristic of Ag/ZnO nanocomposite
with 1-D ZnO array characterized by the about the
same average size of nanocrystalline ZnO grains
(D = 30-60 nm) covered with AgNPs (10 cycles) has very
low current density in the dark (Fig. 4(b)). The probable
reason is the formation of the Schottky barriers at the
Ag/ZnO interfaces. Under UV illumination, the
AlU/FTO/(Ag/ZnO)/Al test sample with ZnO nanorods
covered by AgNPs via 10 cycles of their treatment in
the silver sol shows the largest increase in the current.
So, as Fig. 4 and Fig. 5 demonstrate, the sensitivity of
this Ag/ZnO nanocomposite to UV radiation is 35 times
higher than that of the 1-D ZnO, which, according to
[5, 8, 13-16], is the result of the surface plasmon reso-
nance.

However, Fig. 5 shows also, that as the number of
cycles of the AgNPs application exceeds 10, that is, as
the amount of Ag NPs on the surface of 1-D ZnO in-
creases, the photosensitivity decreases to
S = 3.8 arb. units and even less. Furthermore, Fig. 5(b)
demonstrates that the dark current on the semilog I-U
characteristics increases, if the number of AgNPs cycles
surpasses 10. To clarify the cause of the observed phe-
nomenon we investigated electrical properties and elec-
tronic parameters of the 1-D ZnO and Ag/ZnO nano-
composites using their capacitance-voltage characteris-
tics. The results of the measurements and calculations

of C-U characteristics for 1-D ZnO arrays and
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Fig. 3 — XRD patterns of nanostructured ZnO arrays electrodeposited in the pulsed mode (a) and Ag/ZnO nanocomposites fabri-
cated by the deposition of AgNPs onto the ZnO surface for 30 cycles of processing in silver sol (b) and 10 cycles of processing in

silver sol with subsequent vacuum annealing at 150 °C (c)

Table 1 — Structural parameters of the pulse electrodeposited ZnO and Ag/ZnO composites
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(AeNPs 10 1.5 | (002)
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cycles) vacu- 11 | (102)
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Fig. 4 — I-U characteristics of the test samples AVFTO/Zn0O/Al (a) and A/FTO/(Ag/ZnO)/Al (b) in the dark and under UV radia-
tion (UV wavelength is 365 nm; the specific UV illumination power is 0.5 W/cm?2). Insert in (a) displays photoresponse and recov-
ery curves of the A/FTO/ZnO/Al test sample at 1.0 V bias under “on-off” UV switching (wavelength is 365 nm; the specific illumi-
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Fig. 5 — Photosensivity of 1-D ZnO array and some Ag/ZnO nanocomposites (a) at 1.0 V bias under UV (UV wavelength is 365 nm;
specific UV illumination power is 0.5 W/cm?2) and semilog dark I-U characteristics of the AVFTO/Zn0O/Al and AI/FTO/(Ag/ZnO)/Al
test samples (b) depending on the number of the treatment cycles in the silver sol

Table 2 — Electronic and electrical parameters of 1-D ZnO array and Ag/ZnO nanocomposites
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Number of Ag Surface state Barrier 7€
coherent scat- . uncompensated . . region
Sample . . NPs deposi- L . density Nss, height ¢, .
tering domains . ionized donor im- . width @,
tion cycles . 4 cm eV
D, nm purity Ng, cm nm
Zn0O 40-50 0 1.0x1016 1.0x1011 0.11 102
Ag/ZnO 30-60 10 6.7x1017 1.6x1012 0.42 24
Ag/ZnO 30-60 20 2.8x1014 2.0x1010 0.15 709
17.0x107 b 9
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Fig. 6 — Bias-voltage dependences for the specific capacitances of the nanostructured ZnO arrays electrodeposited in the pulsed
mode and Ag/ZnO nanocomposites based on them for the different number of AgNPs cycles before and after vacuum annealing (a).
Graphs to define electronic parameters of ZnO and Ag/ZnO with the use of their C-U characteristics (b)
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Ag/ZnO nanocomposites based thereon performed using
the Al/FTO/ZnO/Al and Al/FTO/(Ag/ZnO)/Al test sam-
ples, correspondingly, are presented in Fig. 6 and in
Table 2. It can be seen, that in the ZnO array having
coherent scattering domains in the range 40-50 nm, the
widths ® of the depletion regions caused by the inter-
grain Schottky barriers exceed size D; therefore, the
barriers are not high ¢=~ 0.11 eV).

The value of concentration of uncompensated ion-
ized donor impurity Ng= 1016 cm=3 is typical [6] for
nominally undoped n-ZnO due to shallow donor defects,
namely, the oxygen vacancies and interstitial zinc.
Both 1-D ZnO array and Ag/ZnO nanocomposites have
high surface densities Nss (from 2.0x10cm -2 to
1.6x10'2 cm2), which confirms significant disorienta-
tion of the coherent-scattering domains.

Fig. 7 demonstrates schematically the creation of
the intergrain Schottky barriers in the fabricated via
pulsed electrodeposition ZnO nanorod and ZnO nano-
rods coated with Ag nanoparticles. Silver nanoparticles
on the 1-D ZnO surface (10 Ag NPs deposition cycles)
provide an increase in the height of the surface Schott-
ky barriers (Fig. 7). The intergrain Schottky barriers
have grown simultaneously (¢ = 0.42 eV), since we ob-
serve the significant growth of the specific capacitance
C. According to [8], such phenomena in polycrystalline
semiconductors is due to the increasing of both the un-
compensated ionized donor impurity concentration and
the surface state density (Na=6.7x107 cm=3 and
Nss~1.6X10!2 cm -2, correspondingly, in Table 2). So
far as only for some ZnO grains in the Ag/ZnO nano-
composite the depletion region width (@~ 24 nm) does
not reach half of the D, so, in the darkness there are
very small regions, which contain high concentration of
the uncompensated ionized donor impurity Ng inside
the ZnO grains. That is, ZnO nanograins (or coherent-
scattering domains D) are limited from all directions by
the Schottky barriers. It is obvious that in this Ag/ZnO
nanocomposite the depleted regions are formed not
only near the ZnO surface due to the oxygen adsorption
and because of the surface plasmon resonance via the
AgNPs, but also along the boundaries of the ZnO co-
herent-scattering domains. As similar to the described
in [20], obtained Ag/ZnO nanocomposites contain back-
to-

7Zn0O

Ag/7Zn0 10 cycles
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Schottky junctions on their surface and simultaneously
they have intergrain Schottky barriers. The latter with
barriers at the Ag/ZnO interfaces obstruct the
transport of the charge carriers and contribute to the
small dark current. Under UV irradiation, nonequilib-
rium charge carriers arisen in ZnO, and the photogen-
erated holes are directed by an electric field to the de-
pletion regions in the intergrain Schottky barriers to
reduce @, as well as these photogenerated holes are
used for the neutralization of the negative oxygen ion
on the surface, ensuring the photodesorption of O2 back
to the environment.

Moreover, in accordance with [20], while the
Ag/ZnO nanocomposite is under UV illumination, the
increased charge carriers trapped at the Ag/ZnO inter-
faces lead to the reduction of the surface Schottky bar-
rier height. As a result of the reducing of the above
potential barriers and the increasing of the carriers
(electrons) concentration under UV illumination, the
electrical conductivity of the Ag/ZnO nanocomposite
enhances greatly. In accordance with [4], when ZnO
formation is carried out in an oxygen-containing medi-
um, the acceptor levels on the grain boundaries, which
create ¢, are mainly native defects of interstitial oxy-
gen Oi. To confirm the effect of the oxygen adsorbed on
the ZnO surface and Oi defects in the intergrain
boundaries on electrical properties and electronic pa-
rameters of Ag/ZnO nanocomposites, we researched
AlI/FTO/(Ag/ZnO)/Al test sample (10 AgNPs cycles) an-
nealed in vacuum at 150 °C for 30 min to remove ad-
sorbed Oz and to decrease O; concentration on the ZnO
grain boundaries. As can be seen in Fig. 6, the vacuum
annealed Ag/ZnO nanocomposite has low capacitance.
Moreover, its C does not depend on voltage bias, there-
fore, it is completely in the flat band state, and namely,
it is homogeneous insulator without any Schottky bar-
riers.

If the number of AgNPs cycles exceeds 10, for exam-
ple, as for the sample Ag/ZnO (20 AgNPs cycles) in
Fig. 6, Fig. 7 and in Table 2, the silver nanoparticles
cover adsorption centers on the zinc oxide surface signif-
icantly, not allowing for the oxygen to be adsorbed on it.
As seen in I-U characteristics in Fig. 5 (b), the electrical
conductivity along such Ag/ZnO nanocomposite

o

Ag/7n0 20 cycles

A AAAA‘M_AMA_/QQ

(- AgNPs

Fig. 7 — Illustration of the fabricated via pulsed electrodeposition ZnO nanorod and ZnO nanorods coated with Ag nanoparticles,
depending on the number of the treatment cycles in the silver sol, in dark at exposure to ambient air. The dark blue hexagonal
prisms correspond to the ZnO areas with large concentrations of charge carriers (electrons). The intergrain Schottky barriers @,
nanorod length ¢ and coherent scattering domain size D are displayed
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increases. The depletion region created by the Ag/ZnO
Schottky barrier extends over the entire volume of the
ZnO (depletion region width @= 709 nm). The ZnO
grains are maximally depleted of charge carriers, they
have low concentration of uncompensated ionized donor
impurity (Ng = 2.8x10%4 cm - 3) Surface state density on
the grain boundaries is decreased (IVss = 2.0X1010 cm - 2).
Nevertheless, this material is not fully in the flat band
state. As can be seen in Fig. 6, its capacitance is com-
paratively small, but depends on the voltage bias.

The results of the C-U measurements given in Ta-
ble 2 confirm that the barriers at the boundaries of
domains D in this sample are moderate (¢ = 0.15 eV).
Due to the low height of Schottky barriers, including
near the surface of ZnO nanorods, Ag/ZnO nanocompo-
site with an excessive content of silver nanoparticles
has weak UV photosensitivity (S = 3.8 arb. units in
Fig. 5(a)). Its comparatively high conductivity, as can
also be seen from its I-U characteristic in Fig. 5(b), may
be because of the possible interconnection of the AgNPs
deposited on ZnO, since the dimensions of the silver
nanoparticles are commensurable with the regions of
coherent scattering domains of zinc oxide.

4. CONCLUSIONS

The results of the investigations of the crystal
structure presented in this work showed that the

JK. HAHO- EJIEKTPOH. @I13. 10, 03027 (2018)

pulsed electrodeposited zinc oxide arrays, designed to
create ultraviolet photosensor of a new generation, are
nanocrystalline in nature and matching with hexago-
nal wurtzite modification of ZnO. Each individual ZnO
nanorod is not a perfect single crystal, but it contains a
certain number of coherent scattering domains, or
nanograins, separated by their boundaries. To enhance
its UV photosensitivity, the silver nanoparticles with
different shape and an average size of 60 nm, as well as
300-500 nm long Ag nanorods with ~30 nm diameter,
are precipitated mainly on the (002), (101) and (100)
ZnO planes. The investigations of the electrical proper-
ties and electronic parameters of the 1-D ZnO and
Ag/Zn0O nanocomposites using the current-voltage and
the capacity-voltage characteristics allowed us to de-
termine the conditions for obtaining enhanced UV pho-
tosensitivity. The important role of the high double
Schottky barriers created at the ZnO intergrain bound-
aries is identified for the Ag/ZnO nanocomposite having
high sensitivity to the ultraviolet radiation. It is shown
here, how by the controlling the amount of AgNPs on
the ZnO surface it is possible to control the electrical
properties and electronic parameters of the Ag/ZnO
nanocomposites, and consequently, the output parame-
ters of the UV photosensors of a new generation.
Conflicts of interests are not available.

H3rororsieHHbIE HMITYJILCHBIM 3JIEKTPOOCAKIEHHUEM U IIOKPHIThIE HAHOYacTUIAMU Ag
HAHOCTPYKTypupoBanubie MaccuBbl ZnO njia yiasrpadunosieToBbix (DOTOCEHCOPOR

H.II. Knouro!, E.C. Knenukosal: C.1. Ilerpymrenxo?, B.P. Komau!, I'.C. Xpunynos!, B.E. Kopcys!,
B.H. JTwo608?, M.B. Kupuuenxol, C.B. ykapos2, A.JI. Xpumysosal

1 Hauyuonanvkbili mexnuueckuil ynusepcumem «XapvKosckull noiumexrnuiweckuli uncmumym», 2, yn. Kupnuuesa,
61002 Xapvros, Yrpauna
2 Xapvroscrkull HauuoHanbHbiil yHusepcumem um. B.H. Kapasuna, 4, nn. Ceoboowvt, 61022 Xapwvkos, Yrpaura

UccnenoBausl HaHOCTPYKTYpupoBaHHble omHoMmepHble (1-D) maccusrer ZnO, M3roToOBJIEHHBIE UMILYJIbC-
HBIM 3JIEKTPOOCAKIEHNEM U IIOKPBITHIE HAHOYACTUIIAMHU Ag, C I[€JIbI0 UCIIOJIH30BAHUS UX B YJIBTPAdHUOIIETO-
BeIX (V@) dorocencopax. Pesynbrarsl nccirejoBaHusi KpUCTAIIINYECKOM CTPYKTYPBI OKA3AJIH, YTO MACCUBBL
OKCHJIA IIMHKA, 3JIEKTPOOCAK/IEHHbIE B UMILYJILCHOM PEKHME, IIOJIUKPUCTAJUINYECKHE U COOTBETCTBYIOT ZnO
rexkcaroHaJgbHON Mopuduranuu Biopuut. s ysenndenuss YO ¢hoTOYyBCTBUTEIIBHOCTH OBLIN OCAKIEHBI
Kak cepebpsubie HanouacTullsl (AgHY) pasmwunoit dopMer u pasmMepoMm B cpemHeM 60 HM, Tak W HAHO-
crepsxau Ag mmmao# 300-500 HM 1 guameTrpoM ~30 HM IpeMMyIIeCTBeHHO Ha mwiockocTsx Zn0O (002), (101) u
(100). Nayuenne aJIeKTPUIECKUX CBOMCTB U 9JIEKTPOHHEIX mapaMeTpoB 1-D ZnO u mamokommosuros Ag/ZnO
C WCIOJIb30BAHUEM BOJIBT-AMIIEPHBIX U BOJIBT-(PAPaJHBIX XaPAKTEPUCTUK [IO3BOJIUJIO OIPEIEJIUTh BAIKHYIO
POJIb BHICOKMX IBOMHBIX 0apbepoB llloTTem Ha MemxsepeHHBIX rpaHmmax ZnO mjs cosmaHus BBICOKON YD
dorouyBeTBUTEIbHOCTH. J[0Ka3aHO, YTO IIOCPEACTBOM peryiampoBanusa koamdectBa AgHY ma mosepxmocTH
ZnO MOKHO KOHTPOJIMPOBATH JJIEKTPUYECKHE CBOMCTBA U OJIEKTPOHHBIE MApaMeTPhl HAHOKOMIIO3UTOB
Ag/ZnO u, cooTBETCTBEHHO, BBIXOAHEIE TapaMeTpsl YD doTtoceHCcOpos.

Knouessie ciosa: Ag/ZnO, VMmynbcHoe aekTpoocaskmenne, BoabT-gapanHas XapaKTepUuCTHKA, YJIb-
TpaduosteToBhIit poTocercop, CTpyKTypa, DIEKTPOHHBIN IapaMeTp.
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Burorosieni iMnyJ1sCHUM €JIEKTPOOCAIKEHHAM 1 BKPUTI HAHOYACTUHKAMU Ag HAHOCTPYKTYPO-
paui macueu ZnO nuis yiasrpadioserosux poToceHCOPiB

H.II. Knouxo?!, K.C. Knemxosal: C.I. ITerpymenko?, B.P. Konau!, I'.C. Xpumynos!, B.€. Kopcy=?l,
B.M. JIwo60s!, M.B. Kipiueuxro!, C.B. Ilykapos?, A.JI. Xpumyuosal

1 Hauionanvruti mexuivHull yrnigepcumem «XapKiecobKull nonimexnivhuil incmumymn, 8ya. Kupnuuosa, 2, 61002
Xapkie, Yrpaina
2 Xapkiecvkuli HauloHanvHull yrigepcumem im. B.H. Kapasina, 4, nn. Ceob6oou, 61022 Xapris, Yrpaina

10.
11.

12.

13.

14.

Jlocmimxeni HaHocTpyKTypoBaHi oguoBuMIpHI (1-D) MmacuBu ZnO, BUTOTOBJIEH] IMITyJIBCHUM €JIEKTPOO-
CaJPKeHHAM 1 BKPUTI HaHOYACTHHKAMu Ag, 3 MeTon iX BHKOpucTaHHs B yibrpadiomerosux (YD) doroceHn-
copax. PeayibraTy MOCITIiKeHHA KPUCTAIYHOI CTPYKTYPH MTOKA3aJIH, 1[0 MACUBHU OKCHUIY IIMHKY, €JIEKTPOO-
CaJiPKeHH] B IMILyJIbCHOMY PEeKHMI, MOJIKPUCTAIUHI 1 BimmoBimaoTs ZnO rexkcaronasbHol Moaudikariii Bio-
pirut. Jls 36iaemenas YO dorouyramsocti 6yu ocamskeHi sk cpibui Hanoyactuaku (AgHY) pisaoi dopmu
1 poamipom B cepenuboMy 60 HM, Tak 1 HaHOCTpmskHI Ag moxkxnHOoo0 300-500 HM i miamerpom ~30 HM 1epe-
BaskHO Ha 1wrommHax Zn0O (002), (101) ta (100). BuByeHHS eIeKTPUYHHUX BJIACTUBOCTEH 1 €JIEKTPOHHUX I1a-
pamerpiB (1-D) ZnO i manoxommnosurie Ag/ZnO, 3 BUKOPHUCTAHHSIM BOJIBT-aMIIEPHUX 1 BOJILT-QapaJHuX Xa-
PAKTEPUCTHUK, JIOSBOJIUJIO BUSHAYNTH BAIKJIUBY POJIb BUCOKHUX ToABiHuX G6ap’epiB IlloTTky Ha Mimk3epeHHMX
mesxax ZnO mist crBopenHs Brcokol Y@ dorouyriuBocti. Jlokasawmo, 1o MUISXOM pPeryJIlOBAHHS KiTBKOCTL
AgHY na moBepxHi ZnO MoxHA KOHTPOJIIOBATH €JIEKTPUYHI BJIACTUBOCTI 1 €JIEKTPOHHI ITapaMeTpy HAHOKO-
mmosutiB Ag/ZnO i, BignosigHo, Buxigui mapamerpu YO doroceHCcopiB.

Knouosi cnosa: Ag/Zn0O, ImmynbcHe esiekTpoocakenus, BoabT-hapagua xapakrepuctura, ¥ IbTpadio-

seroBuii dporocercop, Crpyrrypa, Enekrpornunit mapamerp.
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