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Abstract—The effect of silver nanoparticles on the optoelectronic and photoelectric properties,of ahanocom-
posite material based on graphene oxide (GO) and TiO, was studied. It was shown by electronsmieposcopy
and Raman spectroscopy that during hydrothermal synthesis, A TiO,—GO nanogemposite jmaterial is
formed as a result of the hydrothermal synthesis, as shown by electron microscopy and Raman,spectroscopy.
The absorption spectrum of the nanocomposite is shifted to the long-wavelength tegion relative to the
absorption spectrum of TiO,. The current—voltage characteristics of photodétectors based on TiO,—GO
nanocomposite films without Ag nanoparticles and TiO,—GO nanocomposite £ilm8 with addition of Ag
nanoparticles increase relative to the current—voltage characteristics of pure titanium dioxide by factors of
2 and 7.5, respectively. The optoelectronic parameters of the relevant devices\also increase, which is associ-
ated with an increase in the mobility of charge carriers in nanocompositeifilms.
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INTRODUCTION

Transition metal oxides offer great opportuaities
for the optoelectronic applications for which high'sen-
sitivity to ultraviolet radiation is required. Ultsaviolet
photodetectors can be used for both civiliamand mili-
tary purposes, including biological and ¢hemieal anal-
yses, as well as environmental ‘moénitering/[1, 2].
Ultraviolet photodetectors are usuallyymadé of wide-
gap semiconductor materialsgSuch asyPiO, [3—5],
ZnO [6], and ZnS [7].

Titanium dioxidedLiO,fis amengfthe most studied
semiconductors due tothethigh promise of its applica-
tion in photocatalysi§jphotovoltaic cells, and gas sen-
sors [8—10]. Titaniumydioxide with a band gap of
3.2 eV is semsitivepto light with wavelengths below
380 nmThis allows ene'to use it in the manufacture of
UV-range, phiotodetectors. Many authors have shown
that the deping of TiO, with carbon nanostructures
gives rise to imereases in both the sensitivity and per-
formance of devices based on it. With this aim, carbon
materials of various nature, such as activated carbon,
carbon black, carbon fibers, and carbon nanotubes,
were studied [11, 12].

However, the most promising materials for practi-
cal applications are, in our opinion, graphene oxide
(GO) and its derivatives [11—16]. In [17], we demon-
strated that the addition of GO and reduced GO to
TiO, leads to a nearly ten-fold increase in its photocat-

alytig'activity, which is the result of an increase in the
adsorption characteristics, and an improvement in the
photoelectric parameters and light harvesting effi-
ciency of the synthesized nanocomposites.

Currently, graphene and titanium dioxide are nor-
mally used in photodetecting devices in the form of
layered structures or in combination with semicon-
ductor nanostructures (nanorods, nanospheres, and
nanosized tracks) [18—20]. Meanwhile, studies
devoted to photodetectors based on TiO, nanocom-
posites and graphene oxide distributed over the semi-
conductor volume are nearly absent. This paper pres-
ents the results of a study of the optoelectronic and
photoelectric parameters of such a photodetector. It is
shown that widely available and easy-to-handle
graphene oxide makes it possible to significantly
increase the performance of TiO,-based UV detectors.

The incorporation of plasmon silver nanoparticles
into nanocomposite layers allows one to improve the
photodetecting properties of the synthesized material.
It is believed that the inclusion of metal plasmon
nanostructures into graphene enhances the light—sub-
stance interaction [21, 22]. Such nanostructures were
used in surface-enhanced Raman spectroscopy
(SERS) and single-molecule spectroscopy, and to
improve photodetection, photovoltaics, and light-
emitting devices.
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It was shown in [23—29] that the presence of plas-
monic Ag or Au nanoparticles enhances both the pho-
tocatalytic and photovoltaic characteristics of TiO,—
graphene nanocomposites. Moreover, the optimiza-
tion of photoreactions in the presence of plasmons in
semiconductors is ascribed to an increase in the gener-
ation and separation of electron—hole pairs (EHPs),
as well as to broadening the range of the photoactivity
of the material in the direction of the visible light
region [26—29]. We also attempted to use the plasmon
effect of silver nanoparticles to increase the optoelec-
tronic parameters of detectors based on a TiO,—GO
nanocomposite.

EXPERIMENTAL

The nanocomposite based on TiO, and GO was
synthesized using the hydrothermal method by the
procedure described in [17, 30]. Graphene oxide
(SLGO, Cheaptubes) and TiO, (d > 21 nm, anatase
99.7%, Sigma Aldrich), deionized water (water treat-
ment system AquaMax), and ethanol (anhydrous)
were used in the synthesis. The concentration of GO
in the nanocomposite was 5 wt % with respect to TiO,,
since it was previously shown that the largest increase
in the charge-transport parameters and photocatalytic
activity of the synthesized nanocomposite is recorded
with this ratio of components [17].

The surface morphology and microstructure of tlie
obtained composite were studied on a Mira 3SMLU
scanning electron microscope (SEM) from Tescan
and a JEM-2100F transmission electron microscope
(TEM) with an accelerating voltage of 120 kV ftom
Jeol.

Nanoparticles (NPs) of Ag in gthanel were
obtained by ablation of a silver target with thejsecond
harmonic of a solid-state Nd : YAG laser (SOLAR
LQ215, Ay, = 532 nm, T = 7 nsgpandy = 20 Hz) in
accordance with the procedure 4described in [31].
According to the SEM dataj \they have a spherical
shape. The concentration of silvemNPs in the working
solution was C,, = 1 % J0mi%mol/L. The average
diameter of the NPs'Was determined by the dynamic
light scattering ndethod“en a Nanosizer 90S analyzer
(Malvern)fandywas'equal to 31 = 7 nm.

Filmgbased omTi0, or TiO,—GO nanocomposite
were prepafed from a paste prepared by continuously
mixing 150 ‘mggef a TiO, or TiO,—GO powder with
1 mL of ethanol for 24 h. Nanocomposite films with
plasmon NPs were obtained by adding the required
amounts of solutions of Ag NPs to the prepared paste
and additionally mixing them for 24 h. The concen-
trations of Ag NPs in such pastes were equal to 107,
10~'2, or 10~ mol/L.

The prepared paste was applied to the surface of the
substrates by the spin-coating method at a rotation
speed of 2000 rpm. According to SEM, the average
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film thickness was 4.2 um. After deposition, the film
was annealed in an Ar atmosphere for 2 h at a tempera-
ture of 450°C. The films for optical measurements
were formed on quartz substrates.

To assemble a photodetector, glass with a conduc-
tive layer of fluorinated tin oxide (FTO, about 7 £3/sq)
from Sigma Aldrich was used. On the surface of the
substrates, tracks of the intrerdigital type were carved
(Fig. 1) using a BLS0503MM laser scriber (Bodor).
The distance between the tracks was 1.5 mm, and the
length of the tracks was 10 mm. SEM measurements
showed that tracks with a width of 250—280\um are
formed during scribing and a film is,formed on top of
the channel when applying the paste:

A Confotec MR520 microscopeg(Solknstruments)
with laser excitation at a wavelength*of 632.8 nfm was
used to record the Raman specfra ofthemanocompos-
ite material.

The current—voltage charactefistics (CVC) of the
prepared samples wergmmeasured using an Elins P-20X
potentiostat/galvangstatd(Elins) under irradiation of
the samples with lightof a xenon lamp with a power of
35 mW/cm?.

To studythefesponse time of the samples, a setup
with the_circuit shown in Fig. 2 and a LQ215 pulsed
laser (SOEAR)With a generator of the third harmonic
WithAg,, = 385 nm and a pulse duration of 7 ns were
used.

Upon irradiation of the detector, the photoelectric
voltage signal of the sample was applied to a Bordo-
2hlrdigital oscilloscope with a maximum sensitivity of
10 mV/div. Thereby, a constant voltage of 9 V was
applied to the sample. The measurements were carried
out in the excitation mode with single pulses. To syn-
chronize the start of the oscilloscope sweep with the
start of the exciting light pulse and to ensure the spec-
ified delay time, the Arduino-based software and
hardware were used. The value of the RC constant of
the measuring circuit did not exceed 1 us, and the
experimentally selected delay time was 100 ps.

RESULTS AND DISCUSSION

The data shown in Fig. 3 were obtained in the study
of the microstructure of the nanocomposite material
and its starting components. As can be seen from
Fig. 3, the nanoparticles in a titanium dioxide sample
are aggregated. Interparticle pores can be distin-
guished in the image. Graphene oxide is present in the
form of layered flakes, in which the sheets are prone to
the formation of wrinkles and folds due to the presence
of oxygen-containing groups in its structure. Thin GO
sheets distributed over the surface of TiO, nanoparti-
cles and between them are clearly distinguishable in
the nanocomposite, as is seen in TEM images. It is
evident that TiO, particles after the hydrothermal syn-
thesis are not just located on the surface of GO, but are
enveloped by them. This will allow TiO, particles to
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Table 1. Optoelectronic parameters of films based on TiO,,
TiO,—GO and nanocomposites with addition of Ag NPs

sample | L RAW |0
Ti0, 110 | 31.0x107° | 6.3 x 107
TiO0,—-GO 198 1 56.0x107° | 6.2 x 107
TiO,—GO + Ag (1073) | 8.30  237.0 x 10~¢ |12.0 x 107
TiO,—GO + Ag (1072)| 0.78 | 223 x10°¢ | 6.4 x 107
TiO,—GO + Ag (10~ |  0.40 114 % 107° | 0.1 x 107

inject their photogenerated electrons into the GO
sheets under the influence of light, ensuring their effi-
cient transport to the FTO layer and further detection
[30].

Silver nanoparticles are practically indistinguish-
able in the images of nanocomposite films due to their
low concentration, therefore their presence was con-
firmed by energy dispersive X-ray analysis (EDX,
Fig. 3f).

We also measured the Raman spectra of the samples
under study (Fig. 4). Titanium dioxide with the anatase
structure has six Raman active peaks in the vibrational
spectrum [30, 32]. Among them, there are three
E, peaks at about 150, 180, and 630 cm~! two B, peaks
at 395 and 505 cm™!, and an A, peak at 481 cm~'. The
spectrum GO contains the following two characteris-
tic bands: the D band at about 1350 cm~!, which ghar-
acterizes the degree of imperfection of graphene§and
the G band at about 1590 cm~'. The [I,/Ifmtensity
ratio is 1.2. The Raman spectra of the namoeemposite
are a combination of the spectra of individual’‘¢ompo-
nents. The I/l intensity ratio in'the nanocomposite
material is 1.03. A decrease in this parameterindicates
the occurrence of graphene oxide réduction during the
synthesis process, during whichg€arbon sp> domains
can be formed and the number of oXygen-containing
groups can decrease [33).

Measurements of the optical properties of the stud-
ied films showedghat a Bathochromic shift of the edge
of the TiQ5 absorption band is observed in the pres-
ence offGO. dnsthe absorption spectrum of a nano-
compositeywith Ag NPs, a very weak maximum of
about 420 ‘mm isfidentified. Moreover, there are no
such changesin the spectra of the initial components.
In particular, the edge of the absorption band of tita-
nium dioxide is located at 380 nm, and a maximum at
about 230 nm is noticeable in the absorption spectrum
of GO [34, 35]. It is known that the absorption band at
230 nm is caused by the ™ transitions between elec-
tronic orbitals of C—C aromatic bonds. The long-
wavelength shift of the edge of the absorption band of
the nanocomposite is associated with a change in the
band gap of such a material in comparison with pure
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TiO, [30]. This can lead to a higher light absorbing
ability of the TiO,—GO nanocomposite.

The current—voltage characteristics of the mea-
sured samples, as well as some of their optoelectronic
parameters, are shown in Fig. 5a and Table 1. The cur-
rent—voltage characteristics were measured both at a
positive voltage bias (up to +30 V) and at negative val-
ues of up to —5 V. The I/(U) dependence curves are
nonlinear in behavior. Moreover, large current values
are recorded even in the absence of illumination of the
samples.

With photoirradiation of the TiO, samples,\a max-
imum current value of 2 pA was recorded-¥Ehe values
of generated photocurrent /,, ofithefdetector, Which
are calculated from the difference betweenjthe / yalues
under dark and illuminated comditions,are shown in
Table 1. As can be seen from Fig.Sajthe 7, values for
films based on the TiO,—GO compg@sition are almost
three-fold higher; howeverythe 1, value of such a
photodetector increa$es only by a factor of 1.8 due to
the presence of a large darkicurrent when compared to
pure TiO,. For phetodeteetors with plasmon NPs, the
photocurientavalues, increased only with an Ag con-
centration 6,10~ 3%mol/L. It can be seen that the dark
and lightycurtents increased almost proportionally.
Hereinafterhthis’concentration of silver NPs will be
understood when mentioning the parameters of the
Ti03-GO,+ Ag photodetector.

The enhancement of photocurrent 7, of the detec-
tor based on a three-component film was 4.2-fold of
that for TiO,—GO films and 7.5-fold of that for pure
titanium dioxide. With further addition of Ag NPs to
the nanocomposite film, a decrease in the 7, value is
recorded, which is associated with small values of both
the dark and light currents. In particular, the /4, val-

ues for silver concentrations from 10~'3 to 10~!! mol/L
were 12.14, 0.38, and 0.78 YA, respectively. As can be
seen, there is a nonlinear dependence of the /4, value
on the concentration of Ag NPs. However, it is known
that the drift current density is directly proportional to
the conductivity of the semiconductor. Therefore, we
can conclude that this parameter increases at low con-
centrations of Ag NPs. At the same time, the conduc-
tivity also depends on the drift velocity or mobility of
charge carriers.

It is still difficult to conclude on the basis of
obtained data, which one of the mechanisms contrib-
utes more to an increase in the photocurrent of the
detector based on a nanocomposite with the addition
of plasmon NPs; therefore, the kinetics of generation
and transport of charge carriers in the prepared photo-
detectors were further studied (Fig. 5b). As can be seen
from the kinetic data, the time of photovoltage growth
in all films is much shorter than the decay time. The
complete kinetics of voltage decay in the studied films
can be described using the biexponential equation.
Characteristic times, such as grow time /7, and

No.9 2020



THE EFFECT OF SILVER NANOPARTICLES 1453

ke ; : SN e
SEM HV: 20.0kV | WD:9.99 mm MIRA3 TESCAN| ] MIRA3 TESCAI

View field: 14.9 um

i

r—y L.‘ L | |_| d A "

0 2 4 6 8 10

Fig. 3. (a—c) SEM and (d) TEM images of the (a) TiO,, (b) GO nanocomposites, and (c, d) TiO,—GO nanocomposites, and
(e) the EDX analysis of TiO,—GO with Ag NPs.
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ductivity relaxation in a TiO,-based detector are lon-
ger than that for nanocomposite samples. A decrease
in the growth time of voltage kinetics by 46% was
recorded for photodetectors with GO compared to
pure TiO,, and the charge carrier lifetimes also
decreased. It can be concluded that the generation and
separation of charge carriers in the TiO,—GO samples
occurs in less time. In the presence of Ag NPs, a fur-
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4, 6) current—voltage characteristics and (b) the kinetics of generation and decay of charge
TiO,, (3, 4) TiO,~GO, and (5, 6) TiO,—GO + Ag with Cp, = 1078 mol/L.

ther decrease in both the 7, values and the #, and 7,
lifetimes occurs.

Next, transit time #, that corresponds to the time
point at which the center of gravity of the drifting
package of charge carriers leaves the sample and the
mobility of charge carriers were determined by the
technique proposed in [36]. For this, a double loga-
rithmic plot of the time dependence of the photogene-
ration voltage was constructed. The inflection point of
the curve was taken as time #, required for the center of
gravity of the drift packet of charge carriers to leave the
sample. This time was 5.9 us for the TiO, samples, and
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5.1 and 2.5 ps for the TiO,—GO and TiO,—GO + Ag
samples, respectively. Mobility u, of charge carriers
was estimated using the folowing expression:

_d
t.E’
where d is the film thickness, and F is the voltage
applied to the sample (9 V).
The , value for a titanium dioxide film was 7.9 x

1072 m/(V s), whereas this value for a film based on
TiO,—GO increased to 9.1 X 102 m/(V s) or by a fac-
tor of 1.15. With the addition of Ag NPs, it increased
further by a factor of 2.35 or to 18.6 x 1072 m/(V s).
Thus, it can be concluded that the mobility of charge
carriers in photodetectors with graphene oxide
increases. A further increase in the p, value was also
observed upon the addition of Ag NPs to semiconduc-
tor films.

When evaluating the optoelectronic parameters of
the prepared samples, we assessed sensitivity R, detec-
tivity D*, and the time of photoresponse of the detec-
tors. Sensitivity R of the photodetectors was calculated
using the formula R = [,,/P, where P is the power of
the incident radiation. As is seen from Table 1, the
sensitivity of composite films is 1.8 times higher than
that of pure TiO, films. The best photodetector sensi-
tivity is observed for films with Ag NPs added in the
same concentration as in the case of measuring the
photocurrent values. The sensitivity of such a film'$
about 0.24 mA/W, which is 4.2 times higher than that
of films without the addition of NPs.

Next, detectivity D* of the prepared samplesiwas
estimated, which determines the ability of the device
to detect weak light signals which and can,be féund
[37, 38] from the following expression:

RA?

V2el % :

where R is the sensitivity of the £film$)\A4 is the illumi-
nated area of the sample, ¢is the,absolute value of the
electron charge, and /gy is;the dark current. The val-
ues obtained for both pure TiO, and TiO,—GO are
about 6 x 107 Jones. With ayminimum content of Ag
NPs in thefilm, the detecting ability of the photode-
tector ingreased by almest a factor of 2. This fact indi-
cates that, andincrease in this parameter is associated
with a substantialincrease in the generated photocur-
rent despite thedignificant /,,, value, as is observed in
a system without plasmons.

Comparing the obtained R and D* values of the
photocurrent to the data published by other authors
[39, 40], it can be noted that the performance of
TiO,—GO films is not inferior to that of samples based
on pure graphene and the generated 1, values are even
superior.

The time of detector photoresponse (or turn-on
time) was determined from the kinetic data as a time

Wy

D* =
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Table 2. Time characteristics of films based on TiO,, TiO,—
GO and nanocomposites with addition of Ag NPs

Sample Lorows S 1, s h,s
TiO, 40.5 x 1073 0.95 1.9
TiO,—GO 277 x 1073 0.45 1.84
TiO,—GO + Ag (1075)| 0.7 x 1073/0.25 x 1073[2.4 x 1073
TiO,—GO + Ag (1072)| 3.2x 1076/ 0.14 x 1073| 1.5 x 1073
TiO,—GO + Ag (107'1) [49.0 x 1076]0.85 x 1073{3.7 x 1073

period during which the photovoltageidt curfentivalue
varies from 10 to 90% of its maximum value (Fig.\5b),
according to the methodology described“in”[37, 40].
For the TiO, sample, this parameter is‘€gqual to 58 Us.
For films with GO and GOgtAg, the photoresponse
time decreases to 39 and 95 s, respéctively. Thus, the
turn-on time of a semiconductor detector based on
TiO, can be shortenéd by’a fagtor of about 1.5 or 6.1
with the additiony of\GO or GO and plasmon NPs,
respectively. It should bemoted that the photoresponse
time obtainedyin this study is shorter than that for a
TiO, detector with®Ni electrodes (11.43 s) [41], as well
as thangthat for detectors based on TiO,—graphene
(1.1 )'[37] and graphene—reduced GO layered struc-
tures (114 ps) 142].

As)\determined from the dark characteristics with
respect to the I,y/1_y ratio [40], the rectification fac-
tossfof the photodetector were 0.92, 3.03, and 0.85 for
films based on pure TiO,, TiO,—GO, and TiO,—GO +
Ag, respectively. It can be seen that the studied detec-
tors exhibit weak rectifying properties.

As indicated in [17, 38], the improvement of the
photoelectric parameters of TiO,—GO films is a result
of an improvement in the charge-transport character-
istics of the synthesized films, as well as a result of
accelerating the process of charge separation in the
film. In this case, graphene sheets serve as transport
channels for transferring charge carriers to the counter
electrode. In fact, it was found from the photodetector
resistance estimated according to Ohm’s law using the
voltages determined on the basis of the kinetic data
that the resistance is 154.5 Q for the TiO,-based detec-
tor and 32 Q for the TiO,—GO films. With the addi-
tion of Ag NPs, the resistance of the samples
decreased to 20 Q.

Thus, it can be seen that the addition of GO to TiO,
allows one to several times reduce the resistance values
of the semiconductor film, which agrees with the data
published in [17, 37] about achieving this by transfer-
ring electrons through the sheets of GO. In the pres-
ence of Ag NPs, an additional decrease in the nano-
composite resistance to electron transport is observed.
An increase in the photoconductivity of titanium
dioxide films in the presence of GO is also confirmed
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by an increase in the mobility of charge carriers in
nanocomposites with and without Ag NPs.

CONCLUSIONS

The performed studies have shown that the current
and optoelectronic parameters of the photodetector
can be improved using a nanocomposite material
based on TiO, and GO. These parameters can be
enhanced by adding Ag NPs.

A study of the current—voltage characteristics of
the photodetector has shown that the photocurrent of
the device increases by a factor of 1.8 in the presence
of graphene oxide. For photodetectors with plasmon
NPs, the photocurrent values increase only with an Ag
concentration of 10> mol/L. In this case, an increase
in the photocurrent for the three-component film is
4.2 times higher than that for the TiO,—GO films and
7.5 times higher than that for pure titanium dioxide.
Sensitivity R and the specific detecting ability of pho-
todetectors with plasmon NPs also increase.

It is shown that an increase in the photocurrent of
the detector is mainly associated with an increase in
the mobility of charge carriers, as follows from the
photoconductivity kinetics. As can be noted from
comparison of the mobilities of charge carriers in TiO,
(about 10~ ¢cm?/(V s) [43]) and graphene (2.5 X
10° cm?/(V s) [44]), the charge transport properties of
the nanocomposite are improved owing to the high
charge mobility in the graphene component.

In addition, the resistance to electron transport
decreases when both GO and Ag NPs are added to the
synthesized films, which indeed indicates an,increéase
in the charge-transport parameters of the synthesized
films. This is consistent with our previous results for a
nanocomposite based on TiO, and reduced graphene
oxide [30].

The enhancement of the phetecuttent in hybrid
devices based on graphene and gsilver nanoparticles
can be explained by bothsn inCrease in the electric
field near Ag NPs [45546] and ligh¥scattering by silver
nanoparticles. This fieldycan¥inerease the absorption
of the nanocompositein theyisible region of the spec-
trum [46] and alse.leadSite an increase in the mobility
of chargeg€artiers inside the graphene component of
the nan@composite [47].
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