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In this study, reduced graphene oxide (rGO) — porous silicon (PS) hybrid structures are suggested
to create a field-effect transistor (FET). The electrical properties and switching characteristics of
the obtained rGO-PS-based FET were studied in both DC and AC modes. A significant influence
of the supporting PS layer on the transport of charge carriers in the graphene film was established.
A decrease in resistance and an increase in the capacity of the graphene FET channel due to
photogenerated charge carriers in the porous layer were found. Based on the impedance spectra, the
parameters of the equivalent circuit model of the rGO-PS-based FET for different gate voltages are

determined.
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I. INTRODUCTION

Since the discovery of the influence of an electric fi-
eld on the conductivity of graphene [1], a large number
of field-effect transistors (FETs) using graphene as a
channel material have been researched. Graphene FETs
are recognized as a potential alternative to metal-oxide-
semiconductor transistors and can be building blocks
for next-generation electronic devices in the post-silicon
epoch. Intensive research and development of graphene-
based electronics is due to the unique properties of
the carbon 2D material. The extremely high mobili-
ty of charge carriers and high electrical conductivi-
ty of graphene due to the gapless cone-shaped energy
structure is a significant advantage of the material
for creating high-speed devices [2-4]. Another potenti-
al advantage of graphene is the ability to withstand
significant current density, which, together with hi-
gh thermal conductivity and an Ohmic contact wi-
th metals, makes graphene FETs promising for use in
high-power circuits [5-7]. The outstanding mechanical
properties of graphene have the potential for applicati-
on in nanoelectromechanical systems [8, 9]. The 98%
transparency of graphene is ideal for creating optically
transparent electrodes for photodetectors, solar cells,
flexible displays, and other optoelectronic devices [10-
12].

Various sensor devices for physical, chemical, and bi-
ological applications have been developed on the basis of
graphene FETs [13, 14]. Recently considerable attention
has been focused on the use of graphene FETs in radio-
frequency electronics [15]. However, most of the potenti-
al applications of graphene are still in the development,
verification and industrial scale-up stages. In addition,
the potential for practical use of the unique properties of
graphene is far from fully revealed. A number of obstacles
have to be overcome before the mass production of
graphene-based devices becomes a reality. In particular, a
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weak point of graphene FETs is the switching characteri-
stic, namely the ratio of the current in the on-state to
the current in the off-state (Ilon/Ios). This imperfecti-
on caused by the zero band gap of graphene can be eli-
minated if a graphene nanoribbon is used as the FET
channel [16, 17]. Due to the lateral quantum confinement,
the band gap opens in the electronic structure of the
graphene nanoribbon as a quasi-1D system. In addition,
a small band gap was discovered in bilayer graphene [18,
19|, which enhances the prospect of developing graphene-
based FETs. On the other hand, localized states in
the supporting dielectric and at the graphene/dielectric
interface have an important influence on carrier mobi-
lity in the graphene channel. In particular, electrically
active defects in the surface layer of silicon oxide can be
charged and discharged through the graphene channel
and can be centers of carrier scattering. Optimizing the
interface between graphene nanosheets and the supporti-
ng dielectric can increase the efliciency of electronic devi-
ces [20, 21]. From this point of view, studies of vari-
ous types of supporting layers of graphene FETs can be
promising.

Due to the sponge-like structure, porous silicon (PS)
is recognized as an attractive substrate material for
the deposition of graphene nanosheets [22]. It is si-
mple to control the morphology and state of the
surface of the porous layer [23] and thereby influence
the electronic processes in the graphene film. In addi-
tion, using photoluminescence attenuation of the PS
nanostructures, the number of graphene layers in
the film can be estimated in situ. The PS-graphene
sandwich-like structures have a high potential for use in
photodetectors, gas sensors, and energy conversion devi-
ces [22, 24-26]. In this work, we used hybrid structures in
order to create the graphene-based FET and investigate
the features of charge transfer processes in alternating
and direct current modes.
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II. EXPERIMENT

Graphene-based FETs were created by depositing
reduced graphene oxide (rGO) nanosheets on the PS
surface. Layers of the nanostructured PS on silicon
wafers were formed using the electrochemical etching
technology. Silicon wafers of electronic conductivity type
with a thickness of 400 pm and crystallographic orientati-
on [100] were used. The PS layer homogeneity was achi-
eved by thermal deposition of Au film about 0.5 pm thick
on the back surface of the silicon wafer. After annealing
at 450°C for 20 min, the Au film also served as a gate
contact for further measurements. An ethanol solution
of hydrofluoric acid with CoH5OH : HF = 1 : 1 volume
ratio was used as an electrolyte. The anodic current
density was about 30 mA /cm? during the 5 min etching
process. Besides, the working surface of the silicon wafer
was irradiated by the 500 W filament lamp to generate
holes in the n-Si near-surface layer the necessary for
etching. The PS samples obtained as a result of etchi-
ng were washed with distilled water and dried at room
temperature.

The 2 mg/ml aqueous suspension of graphene oxide
(GO) produced by Biotool (Germany) was used to obtain
graphene nanosheets. The GO suspension was dispersed
by ultrasonic treatment for 10-20 min and reduced with
hydrazine monohydrate. The 0.2 M aqueous solution of
sodium dodecylbenzene sulfonate was used to prevent
the aggregation of the obtained rGO nanoparticles. The
rGO dispersion was deposited on the PS surface. After
drying at room temperature, the rGO nanosheets formed
a film for the channel FET. As a result, the rGO-PS
hybrid structures were obtained. The source and drain of
the FET were formed by thermal deposition on the rGO
film of Ag contacts. The distance between these contacts
was 1 mm. Metallic films provide reliable contact with
the PS and rGO nanostructures [24, 27]. A schematic
representation of the obtained FET based on the rGO—
PS hybrid structure is shown in Figure 1. The linear
dimensions of the experimental samples were 3x3 mm.
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Fig. 1. Schematic representation of the FET based on the
rGO-PS hybrid structure

The electrical characteristics of the obtained
structures were studied in both DC and AC modes. The
current-voltage characteristics (CVCs) were measured
when the current passed between the source and drain
contacts. The gate voltage of different magnitudes
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and signs was applied additionally as shown in Fig. 1.
Impedance spectroscopy of the experimental structures
was performed using the source and drain contacts by
RLC measuring device in the 25 Hz—1 MHz frequency
range. Photoelectric phenomena were studied by irradi-
ating the rGO-PS hybrid structures from the side of the
graphene layer with the 1 W white LED (FYLP-1W-
UWB-A) that provided a light flux of 76 lumens. All
measurements were carried out at room temperature.

III. RESULTS AND DISCUSSION

The CVCs of the rGO film deposited on the PS surface
are shown in Fig. 2. The measured dependencies of
drain current Ipg on drain-source voltage Upg are non-
linear, which indicates complex charge transfer processes
in hybrid structures. Considering that graphene is
characterized by the Ohmic contact resistance with
metals [5], it can be assumed that the nonlinear CVCs
of the FETs based on the rGO-PS structures are caused
by the influence of the supporting PS layer. In parti-
cular, the electrical conductivity of the rGO film can
be caused by charge carriers injected not only from
contacts but also from the PS nanostructures. Despi-
te the high resistance of the porous layer compared to
the bulk material, the PS cannot be considered an ideal
dielectric. Therefore, the gate voltage application does
not only change the Fermi level position in the coni-
cal electronic structure of graphene and, as a result, the
conductivity of the rGO film, but also causes the transfer
of free charge carriers through the porous layer and
the silicon substrate. Taking into account the electronic
conductivity of the supporting PS layer, the resulting
transfer characteristic of the FET also depends on the
gate voltage sign, which determines the n- or p-type of
the rGO film conductivity. The above processes cause the
moving of the CVCs along the Upg axis and different
values of the forward and reverse currents under the
influence of the gate-source voltage Ugs of both negative
and positive signs (see Fig. 2).

An important characteristic of graphene FETs is
the drain current Ipg dependence on the gate voltage
Ugs. As can be seen in Fig. 3, the measured Ips—
Uqgs dependencies have linear sections, whose positi-
on depends on the sign and magnitude of the Upg. It
is possible to change the channel conductivity of the
graphene FET based on the rGO-PS hybrid structures
by more than two orders of magnitude by changing
the gate voltage. The obtained Ipgs—Ugs dependencies
did not reveal a pronounced Dirac point, i.e., the mi-
nimum in the graphene film conductivity in the case
when the Fermi level passes through the point of contact
of the cone-shaped conduction and valence bands. This
feature of PS-supporting devices can be due to the charge
transfer through the porous layer and the formation of
electrical barriers at the PS/rGO film interface, which
prevent the injection of free charge carriers of the sign
corresponding to the gate voltage into the graphene.

In addition, the performance of graphene FETs si-
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gnificantly depends on trapped charge effects in the
supporting layer [21]. It should be noted that the
PS nanostructures have trapping levels of various
natures with quasi-continuous energy distribution [28].
Therefore, the local electric field of trapped charges in
the porous layer significantly affects the drain current.
An additional confirmation of this hypothesis is an
increase in the conductivity of the channel of the FETs
based on the rGO-PS structures under the influence of
white light irradiation (see Fig. 4). Photogenerated in
the PS layer electron-hole pairs can probably change the
concentration of charge carriers in the rGO film not only
due to injection but also due to their local field. As a
result, the rGO-PS-based FETs show a decrease in the
resistance and an increase in the electric capacity of the
channel under the influence of light in the AC mode.
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Fig. 2. The CVCs of the FET based on the rGO-PS structure
for different gate-source voltage Ugs
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Fig. 3. The dependencies of drain current Ips on gate-source
voltage Ugs of the FET based on the rGO-PS structure for
different drain-source voltage Upsg

Besides, the frequency dependencies of the impedance
were measured to study the features of the charge
transport processes in the FETs based on the rGO-
PS structures. As can be seen in Fig. 4, the hybrid
structures show a decrease in internal resistance and

electrical capacitance with increasing frequency. Figure 5
presents Nyquist plots of the rGO—PS-based field-effect
devices in the complex plane Zre — Zi,.
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Fig. 4. Frequency dependence of the electrical resistance

(curves 1,2) and the capacitance (curves 3,4) of the rGO-

PS-based FET obtained in the dark (curves 1, 3) and under
irradiation by the 1 W white LED (curves 2, 4)
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Fig. 5. Nyquist plots and equivalent circuit diagram of
the rGO-PS-based FET channel for different gate-source
voltage Ugs

An equivalent circuit model was constructed to
interpret the impedance. It is advisable to use an
approach that has proven itself well in the case of fractal
and composite materials for constructing an impedance
model hybrid structure [24, 29, 30]. Within our model,
the resistive-capacitive properties of the FET channel in
the frequency range of 200 Hz—1 MHz are best described
using the composition of a parallel-connected constant
phase element (CPE) and a resistor with the resistance
R. The expression for the impedance of the R-CPE
model will be as follows:

B R
1+ (jw)"RQ’
where @ is the CPE and n characterizes the heterogenei-

ty of the electrical properties of the hybrid structure.
In the case n = 1, CPE is associated with an ideal

Z(w)
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capacitor and when n = 0, CPE transforms into a pure
resistor. A reliable interpretation of the low-frequency
range of impedance, which usually corresponds to the
process of charge carrier transfer through the boundary
of nanoparticles, needs more experimental data and addi-
tional research at even lower frequencies. The values of
resistance and CPE parameters obtained as a result of
the impedance spectra approximation in the 200 Hz—
1 MHz frequency range are shown in Table 1.

Parameters of approximation
Gate voltage Ugs, V
R, kQ|Qx1078 n
0 80.689| 3.34 0.543
1.5 59.525| 9.09 0.654
3 48.228| 5.57 0.679
-1.5 36.700| 23.64 0.631
-3 25.446| 16.47 0.649

Table 1. The approximation parameters of the impedance
spectra of the FET based on the rGO-PS structure

The effect of the gate voltage caused the drop in the
internal resistance and improved capacitive properties of
the channel of the FET based on the rGO-PS structure
due to a change in the concentration of free charge carri-
ers in the rGO film. Moreover, larger changes in electrical
characteristics of the FET are observed for negative gate

voltage, which may be related to the influence of the
supporting PS layer.

IV. CONCLUSIONS

In this study, we focused on novel technical solutions
relevant to the design of graphene FETs. The rGO-PS
hybrid structures for FETs were created by electrochemi-
cal etching of silicon wafers and deposition on the porous
layer of graphene nanosheets from water dispersion.
Based on the analysis of CVCs of the obtained structures,
a significant influence of the supporting PS layer on the
conductivity of the graphene FET channel was establi-
shed. Linear sections with the I,,/I,¢ ratio exceedi-
ng 100 were detected on the dependencies of the drain
current on the gate voltage.

We have found a decrease in electrical capacitance and
internal resistance of the rGO-PS structures with an
increase in the frequency from 25 Hz to 1 MHz. In addi-
tion, the research structures demonstrate an increase in
conductivity and capacity under the action of white light
irradiation. The internal resistance and CPE parameters
of hybrid structures were determined using the approxi-
mation of the impedance spectra. It was shown that the
impact of gate voltage on the electrical characteristics
of the rGO-PS structures manifests a decrease in the
internal resistance of the graphene FET channel. The
obtained results can be used to design field-effect devi-
ces based on graphene.
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IIOJIbOBUY TPAH3UCTOP HA OCHOBI I'lBPUJHOI CTPYKTYPU
I'PA®EH-IIOPYBATUN KPEMHIN

I. B. Ousenny, 4. B. Boiiko
Jveiscvkuti HayionaavHul yrisepcumem imeni Ieana Pparxa,
eya. Jpazomanosa, 50, JIveis, 79005, Vrpaina

Y po6oTi 3aIpOIIOHOBAHO CaH/IBIY-CTPYKTYPHU HA OCHOBI BizHOBIeHOTO OKCuy r'padeny (rGO) Ta nopy-
Baroro kpemuio (PS) mis creopenns rpadenoBoro monboBoro rpansucropa. L'ibpuani crpykrypu rGO-
PS Burororneni meromoMm (HhoOTOETEKTPOXIMIYHOTO TPABJIEHHS KPEMHIEBUX TJIACTHH Ta OCAIKEHHSIM Ha,
noBepxHIO PS HanoMucTiB rpadeny, omep:KannX BiIHOBJIEHHSM BOIHOI CyCreH3ii okcuay rpadeHny MOHOrI-
aparom rigpasuny. EnekTpudsi BIacTHBOCTI Ta XapaKTEPUCTUKHU MEPEMUKAHHS MOJHOBOIO TPAH3UCTOPA
na ocHoBi crpykrypu rGO-PS gocnimxkeno B pexxumax crajoro ta 3minaoro crpymy. Anasniz BAX onep-
JKAHWX CTPYKTYD 3acBiguye 3HauHuii Brume mapy PS, akuit po3ainse miisky rGO 3 eqexkTpomom 3aTBOpa,
Ha TIepEeHeCeHHs HOCIIB 3apsiay B rpadeHOBUX HAHOYACTHHKAX. Ha 3a/1e2KHOCTSX CTPyMYy CTOKY BiJ Hampy-
I'M HAa 3aTBOPi BUSIBJIEHO JIHIWHI JiAHKU, PO3TAIIYBAHHA AKUX 3aJIE2KUTDH BiJl PI3HUIN MOTEHIIATIB MiXK
BUTOKOM 1 CTOKOM JOC/Ii/I?KYyBaHOTO TpaH3ucrtopa. KoMyrariiini BIacTHBOCTI IOTLOBOTO TPAH3UCTOPA Ha,
ocuoBi crpykrypu rGO-PS xapakTepusyrThcs 3MiHOKW TPOBiAHOCTI rpadeHOBOI MJIIBKHU OIIBIN HIXK HA,
JBa, TIOPSIKYA BHACJIIOK 3MiHM HAMPYTU Ha 3aTBOPI.

3a 101moMororo iMImeJaHCHOT CIIEKTPOCKOITT 3apPEeECTPOBAHO 3MEHIIIEHHS eJIEKTPUIHOT EMHOCTI Ta BHY TPi-
mHBOro onopy crpykryp rGO-PS 3i 36inbmennsam gacroru Big 25 [ mo 1 MI' i 36ibinenns mposigHocTi
Ta EMHOCTI i/ BILIMBOM ONPOMiHEHHS OiJTUM CBITJIOM, SIKE 3yMOBJI€HE (DOTOr'€HEPOBAHUMY HOCISIMU 3APSIIY
B mopyBaTomy 1mmrapi. Ha ocHOBI cekTpiB iMmesancy BU3HAUYEHO MapaMeTPU MOJEN eKBIBaJEHTHOI CXeMU
MOJIbOBOTO Tpau3ucTopa Ha ocHoBi ctpykrypu rGO-PS nns pizaux manpyr ma 3atsopi. [IpomemoncTpo-
BAHO, IO 301/IbIIEHHA PI3HUIN MOTEHINATIB Mi?K BUTOKOM i 3aTBOPOM 3MEHIIY€ BHYTPIIIHIi Omip miiBKu
rGO. Orpumani pe3yabTary MOXKYTh OyTH BUKOPUCTAHI [JIsi PO3POOKY MPUCTPOIB HA OCHOBI TiOPUIHUX
crpykryp rGO—PS, pobora sxkux rpyHTyeThCs HA €(EeKTi moJs.

Kirro4oBi cjoBa: 10JIbOBUM TPAH3UCTOP, I'padel, mopyBaTuil KpeMHiii, ribpuiHa CTpyKTypa, BOJIbT-
AMITEPHA, XaPAKTEPUCTUKA, IMITETAHC.
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