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Effect of Silver Nanoparticles on the Optoelectronic Properties of Graphene
Oxide Films

The effect of Ag nanoparticles (NPs) on the optical and optoelectronic properties of films based on graphene
oxide has been studied. In the presence of Ag NPs, the morphology, as well as the thickness of graphene oxide
films, were not changed. When Ag NPs were added, a change in the shape and position of the absorption bands
and Raman spectra of graphene oxide was observed. It is shown that with the addition of Ag NPs, the G band
of graphene oxide shifts to low frequencies, which may be the result of the absence of separate double bonds,
while the Ip/lc ratio was not changed, as did the number of Gr layers. In the absorption spectrum of the films,
along with the absorption band of graphene oxide, a shoulder was registered, which can be associated with the
absorption of Ag NPs. The optical density of Gr films with plasmonic NPs is higher than without them.
Measurements of the optoelectronic characteristics showed that, in the presence of Ag NPs, an increase in the
values of the photocurrent of graphene oxide is observed. The sensitivity of graphene oxide films was increased
by almost 20 times when plasmonic NPs were added to them, and the detection ability increased by 25 times.
The results obtained can be used in the development of new photosensitive devices for optoelectronic and
photocatalytic applications.
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Introduction

Graphene is one of the most widely used ultrathin two-dimensional materials that have had a huge impact
on supercapacitors, biosensors [1] and is used in the development of optoelectronics [2], photovoltaics [3], and
photocatalysis [4] devices. Graphene with surface oxygen-containing groups is called graphene oxide.
Graphene oxide and its modifications, in contrast to graphene, are a more convenient material for researchers,
since it is easy to obtain and use for practical purposes. Graphene oxide (GO) is rich in oxygen-containing
functional groups such as carboxyl, hydroxyl, epoxy and carbonyl on its surface and edges compared to
graphene, which improves solubility and provides many reactive sites for further functioning [5, 6].
Meanwhile, graphene oxide saves the characteristics of graphene. Thus, graphene oxide has great potential for
applications [7].

In recent years, long-range photodetectors have attracted wide interest due to their large civilian and
military applications, including biological and chemical analysis, environmental monitoring, remote control,
and missile launch detection [8, 9]. Ultraviolet photodetectors are usually made from wide-gap semiconductor
materials or from graphene nanostructures. Photodetectors based on graphene have a number of advantages,
such as better efficiency of charge-transport processes and low cost [10, 11, 12]. However, photovoltaic
devices based on graphene and graphene oxide has limitation lies in their low sensitivity.
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The introduction of plasmonic silver nanoparticles into graphene layers will make it possible to overcome
this limitation. It is known that the inclusion of metallic nanostructures in graphene enhances the light—
substance interaction [13]. Recently, plasmonic nanostructures have been used for surface enhanced Raman
spectroscopy (SERS), single molecule spectroscopy, improved photodetection, photovoltaics, and light
emitting devices. Near-field enhancement of the photoconversion efficiency in graphene was demonstrated by
placing Au nanostructures on the surface of a graphene sheet [13]. This approach has also been reported to
provide better spectral sensitivity, which enables multicolor photodetection [14].

The amplification of the photocurrent in graphene-Ag hybrid devices is the result of the amplification of
graphene electronic vibrations in the near field, as well as the scattering effect of Ag nanoparticles [15]. In
addition, scattering from Ag NPs can also play a vital role in increasing the photocurrent, which is similar to
the plasmon enhancement effect observed in a nanoantenna-based optical photodetector [16]. The results of
the review clearly demonstrate that Ag nanoparticles embedded in graphene with several layers can be an
active material to improve the interaction of light and matter. Thus, new hybrid 2D plasmonic nanostructures
may be very attractive for future graphene-based optoelectronic devices.

In this work, the effect of silver nanoparticles on the optoelectronic properties of graphene oxide films
prepared by the method of airbrush spraying was studied. This method makes it possible to obtain graphene
films of a larger area with less time spent, which can be used in practical applications.

Experimental

To obtain films, single layer graphene oxide (SLGO, Cheaptubes) was dispersed in deionized water in an
ultrasonic bath for 30 minutes. The Gr concentration in solutions was equal to 2 mg/mL. To remove large
particles, the dispersions were centrifuged at 3000 rpm.

Ag nanoparticles (NPs) were synthesized by laser ablation using a Nd: YAG laser with Agen=532 nm,
Touse=10 NS, and Epuse~16 J/cm? [17]. The ablation time was equal to 10 minutes. The height of the ablated
liquid was equal to 0.8 cm. The average NPs diameter determined by dynamic light scattering (Nanosizer S90,
Malvern) was equal to 18+5 nm. NPs were added to the prepared dispersion of graphene oxide at a
concentration of 1022 mol/L.

The films were deposited with a graphic airbrush with a nozzle diameter of 0.9 mm. The distance from
the airbrush to the substrate surface was equal to 15.5 cm. The thickness of the films was 25 layers. The
resulting films were dried at 80 °C in a drying oven for at least 3 hours to completely remove the solvent. In
the study of optoelectronic properties, FTO coated glasses (fluorine-doped tin oxide, ~7 Q/sq, Sigma-Aldrich)
were used.

The structural and morphological properties of the prepared films were studied using a Mira 3 LMU
(Tescan) scanning electron microscope (SEM).

Absorption spectra were measured using a Cary 300 spectrometer (Agilent). The Raman spectra were recorded
using a Confotec MR520 microscope (Sol Instruments) with laser excitation at a wavelength of 632.8 nm.

Measurements of the current-voltage characteristics (CVC) of the prepared samples were carried out
using an Elins P-20X (Elins) potentiostat-galvanostat when the samples were irradiated with Xe lamp with 35
mW/cm?.

FTO glasses were used to assemble the photodetector. On the surface of the substrates, interdigitated
tracks were cut out using a BLS0503MM (Bodor) laser scribing machine. The distance between the tracks is
1.5 mm, the length of the tracks is 10 mm. The view of the photodetector can be found in [18].

Results and Discussion

The study of the structure on SEM (Tescan Mira-3) showed that when Gr is deposited, an islet film is
formed (Fig. 1).
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Figure 1. SEM images of Gr films obtained by airbrushing
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In this case, the image clearly shows multilayer particles located on the periphery of the sprayed film.
With an increase in the number of sprayed layers, the film occupies a larger area and is more uniform. The
SEM images (right) recorded with a reflected electron detector (BSE) show that as the number of layers
increases the number of multilayer particles also grow. The structure of Gr+Ag NPs films does not differ from
that for films with graphene oxide due to the fact that the concentration of plasmon NPs in them is too low.

To study the optical properties of the prepared films, the spectra shown in Figure 2 were obtained. A band
with a maximum at about 230 nm is observed in the absorption spectrum of the films. It is known that the
absorption band at 230 nm is formed by transitions between mr*—nature orbitals in aromatic C—C bonds [18,
19]. The addition of silver NPs did not practically change the optical density at the maximum. A shoulder that
is observed at 350 nm, can be associated with the absorption of Ag NPs. The maximum absorption spectrum
of plasmonic NPs exhibits at 400 nm. In the wavelength range from 350 to 600 nm, the optical density of Gr
films with plasmon NPs is higher than without them.
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Figure 2. Absorption spectra of Gr films deposited by airbrushing with the addition of Ag NPs

The plasmonic effect of Ag NPs also leads to an increase in the intensity of Raman scattering of Gr films
(Fig. 3). In the Raman spectra of Gr film, the G band exhibits at 1595-1605 cm™ and it is shifted to higher
frequencies compared to the position of this band (1581 cm™?) in graphite [20].
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Figure 3. Raman spectra of Gr films deposited by airbrushing with the addition of Ag NPs

The Raman spectrum of Gr films also contains a D band at about 1360 cm, which characterizes the
degree of defectiveness, and a 2D band in the region of about 2700-2900 cm™* is clearly distinguishable, which
indicates the possible presence of disordered regions in the structure of the synthesized Gr films. As can be
seen from the data (Table 1), with the addition of Ag NPs, the G-band of graphene oxide shifts to the low-
frequency region, which may be the result of the absence of individual double bonds that resonate at higher
frequencies [21]. At the same time, the Ip/ls ratio did not change, as the number of Gr layers, which can be
obtained from the o/l value [21]. However, the value of this parameter indicates that the number of layers
in Gr in the films under study varies from 4 to 8.
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Table 1
Position and intensity of Raman bands of Gr films with Ag NPs
Sample D, cm™! l, a.u. G,cm? l, a.u. Io/lg 2D, cm? I, a.u. lo/ls
Gr 1350 18940 1600 19923 0.95 2733 8910 0.45
Gr +Ag 1355 22203 1598 23346 0.95 2740 10588 0.45

The optoelectronic properties of graphene oxide films were studied by measuring the current-voltage
characteristics (CVC) of the films under study, as well as by determining the photocurrent Iy, sensitivity R,
and detectivity D* of the obtained films according to the procedure of [18].

The current-voltage characteristics of the prepared samples were measured both at a positive voltage bias
(up to +30 V) and at negative values — up to -30 V. The I(U) dependence curves have a non-linear shape. In
this case, even in the absence of illumination of the samples, currents are recorded. The values of the generated
photocurrent Iy, of the detector, shown in Table 2, were estimated from the difference between the dark and
light values of I.

The maximum photocurrent value recorded for graphene oxide without plasmonic NPs is equal to 10 nA
(at +25 V), while at a reverse polarity voltage it is only 0.048 nA. The I values for films based on Gr+Ag
NPs are almost 20 times higher. It can be seen that both dark and light currents increased almost proportionally

(Fig. 4).
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Figure 4. 1 — V characteristics of Gr films without (1, 2) and with Ag NPs (3, 4): 1.3 — light; 2.4 — dark curves
Table 2
Optoelectronic parameters of Gr-based films
Sample Ipn, nA at+ 25V Ipn, pA at 25V R, AIW D*, Jones
Gr 10 0.048 2.86:107 0.12-107
Gr+Ag 196 0.120 56-107 3.01-107

When evaluating the responsivity R of the prepared films, the formula R = I,w/P was used, where P is the
power of the incident light. From Table 2, it can be seen that the responsivity of graphene oxide films increased
significantly (almost 20 times) with the addition of plasmon NPs to them.

Further, the specific detectivity D* of the prepared samples was estimated, which determines the ability
of the device to detect weak light signals and can be determined from expression (1) [22, 23]:

RA1/2
dark

where R is the responsivity of the films, A is the illuminated area of the sample, e is the modulus of the
electron charge, Idark is the value of the dark current at +25 V.

Calculations showed that the specific detectivity of Gr films is equal to 1.2:10° Jones, while in the
presence of silver NPs D* increased 25 times and is equal to 3.01-107 Jones. It can be explained by the fact
that, for pure Gr films, the value of the calculated sensitivity of the films is almost the same time smaller.
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Comparing the results obtained with other authors, it can be noted that values of the R and D* parameters
for pure Gr films are very small and differ by an order of magnitude from the values of [23, 24], where graphene
oxide was used to prepare photodetectors. However, it can be noted that, in this work, graphene oxide films
were deposited by dip-coating and were subjected to further high-temperature annealing, which, as is known
from our studies [25], leads to partial reduction of graphene oxide and removal of oxygen-containing groups.
As a result, the charge-transport characteristics of graphene oxide films also increase. However, the
optoelectronic characteristics of graphene oxide films can be increased due to the plasmon effect of Ag NPs.
Moreover, their value is comparable to the values obtained by other groups for both Gr and pure graphene
[23]. The enhancement of the photocurrent can be explained both by the enhancement of the electric field near
Ag NPs [26], [27] and by the scattering of light by silver NPs. This field can increase the absorption of the Gr
films in the visible region of the spectrum [27].

Conclusions

Films based on graphene oxide and plasmonic NPs have been synthesized. It is shown that in the presence
of Ag NPs, the morphology, as well as the thickness of graphene oxide films, does not change. When Ag NPs
were added, a change in the shape and position of the absorption bands and Raman spectra of graphene oxide
was observed. In particular, with the addition of Ag NPs, the G band of graphene oxide is shifted to low
frequencies, which may be the result of the absence of individual double bonds. At the same time, the Ip/lc
ratio did not change, as did the number of Gr layers. In the absorption spectrum of the films, along with the
absorption band of graphene oxide, a shoulder was registered, which can be associated with the absorption of
Ag NPs. The optical density of Gr films with plasmonic NPs is higher than without them.

Measurements of the optoelectronic characteristics showed that, in the presence of Ag NPs, an increase
in the values of the photocurrent of graphene oxide is observed. The sensitivity of graphene oxide films
increased by almost 20 times when plasmonic NPs were added to them. The detectivity of Gr films is equal to
1.2:10° Jones, whereas in the presence of LPR silver NPs D* increased by 25 times and is equal to 3.01-107
Jones. The enhancement of the photocurrent can be explained both by the enhancement of the electric field
near the Ag NPs and by the scattering of light by silver NPs.

The results obtained can be used in the development of new photosensitive devices for optoelectronic and
photocatalytic applications.
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3. Anuxaitmapona, E. CenuBepctoBa, H. UGpaes

Kymic HaHoOe1mekTepiHiH rpadeH OKCUAi NIeHKAJIAPbIHbIH
ONTOJIEKTPOH/ABIK KacHeTTepiHe dcepi

Ag wnanoOemmekrtepiniH (HB) rpaden okcuni Heri3iHeri IUIGHKalapblHBIH ~ ONTHKAIBIK JKOHE
OMNTORJIEKTPOHABIK KacueTTepine acepi 3eprrenai. I'paden okeuni kypambinaa Ag HB 6ap mieHkamapbIHBIH
MOP(OJIOTHACH MEH KalmbIHABIFBI e3repmeiini. Ag Hb kockanna rpaden oxcuninig Paman-cnexTprepiHig
MIIIiHI MEH XKYTBUTY JKOJIAKTapBIHBIH e3repici Oaiikanansl. Ag Hb-HiH KocbuFaH ke3ze rpadeH okcuninia G-
JKOJIaFbl TOMEH IKHMIUTIKTEpPre AaybICaTBIHBI KOPCETUIreH, Oyl jkKeke KOoC OalaHBICTBHIH OO0JIMayBIHBIH
HOTIKeciHae Oomybl MyMmKiH, an Gr kabarrapbiHbIH caHbIMEeH Koca Ip/lc KaTelHaCBI Ja e3repMercH.
[InenkamapaplH JKYTBUIy CHEKTpiHAe rpadeH OKCHAIHIH IKYThUly crekTpiepimMeH katap, Ag HB-Hig
KYTBUTybIHa OaiiTaHbICTBl OOJMyBl MYMKiH HiH Tipkendi. Gr IJICHKaNapbIHBIH ONTHKAJBIK THIFBI3ABIFbI
ma3Mouablk HB xocnaranra kaparanja sxoraps! 6051761 ONTO3IEKTPOH/IBIK CUITATTaMalapAbl OISy Ke3iHae
Ag HbB xocbutran rpadeH okcuaiHiH GOTOTOK MOHAEPIHIH KOFapbulaybl OaiKaltaThIHBIH KepceTTi. I paden
OKCHJIi TUICHKAJIAPBIHBIH Ce3IMTaNABIFEl oapra miasMouaslKk HB kockutran kesne 20 ece, al JeTEKTOPIIBIK
Kabineti 25 ece ocTi. AJBIHFAaH HOTIKEJIEPIl OTITOAIEKTPOH B XKoHE (POTOKATATMTUKAIBIK KOChIMIIIAap YIIiH
JKaHa JKapbIKKace3iMTall jkaHa KYpbUIFbLIAP/IbI XKacay/1a naiiananyra 6omapl.

Kinm ces3dep: TpadeH okcupi, KyMic HaHOOOIIIEKTEpi, MIa3MOH, KacuerTepi, >kyTbury, KU cmekrpinepi,
OIITOAIEKTPOH/IBIK KacHeTTep, poTomeTeKTopiap.
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3. Anuxaiinaposa, E. CenuBepcroBa, H. 16paes

Bansinue HaHOYACTHI cepedpa HA ONTOYIEKTPOHHbIE CBOIICTBA
IUICHOK OKCH/a rpadeHa

Wzyueno Bmustane Hanowactun (HY) AQ Ha onTHyeckue M ONTOIEKTPOHHBIE CBOMCTBA IUICHOK HAa OCHOBE
okcunma rpadena. B mpucyrctBun HY AgQ mopdonorusi, kak ¥ TONIIHMHA IJICHOK OKcHAa rpadeHa, He
u3Mensiercs. [Ipu notasnennn HY Ag nabmonaercs u3MeHeHHe (GOPMBI U ITOJIOKEHHUS [IOJIOC MOTJIOLICHUS U
Paman-cniektpoB okcuma rpadena. Ilokazano, uro ¢ mobasnenmem HY Ag G-mojnoca okcuaa rpadena
CZIBUTaeTCs B 00JIaCTh HU3KUX YACTOT, YTO MOKET OBITh PE3YIbTaTOM OTCYTCTBHSI OT/ICIbHBIX JBOHHBIX CBSI3EH,
npu 3ToM cooTHotenue Io/lc He n3MeHMIOCh, KaK U KOJIn4ecTBO cinoeB Gr. B crekTpe MoriomeH s MIeHOK,
Hapsly ¢ MOJOCOW MOTJOIEHUs OKcHaa rpadeHa, 3aperncTpupoBaHO IUIEYO, KOTOpPOE€ MOXKET OBITH
accoruupoBano ¢ noriomenneM HY Ag. OnTudeckas IimoTHOCTH ieHOK Gr ¢ mna3monabiMua HY Beimie, uem
6e3 HuX. V3MepeHHs ONTORIEKTPOHHEIX XapaKTepHCTHK MOoKa3aid, 4To B npucytctBun HU Ag Habmronaercs
pocT 3HadeHUH (HoTOTOKa oKcrzaa rpadeHa. UyBCTBUTENEHOCTh INICHOK OKCHAA Tpad)eHa YBEIHIMIACH TOYTH
B 20 pa3 mpu no0aBneHny B HUX ma3MoHHBIX HY, a nerextupyromas cnocodHocts — B 25 pas. [lomydeHHble
pe3ysbTaThl MOTYT OBITh HCIIOIB30BAHBI NMPU Pa3pabOTKE HOBBIX CBETOUYBCTBUTEIBHBIX YCTPOMCTB IS
OMNITORJIEKTPOHHBIX U (POTOKATATUTHIECKUX MPUIOKEHHUH.

Kniouesvie cnosa: oxcup rpadena, HaHOYACTHIBI cepedpa, IUTa3MOH, CBOMCTBA, MOTJIOIIEHHE, creKTpel KP,
OTITO3JIEKTPOHHBIC CBOICTBA, (HOTOICTEKTOPHI.
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