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ABSTRACT

Background. Graphene field-effect transistors (FETs) have high potential for application
in sensor electronics as detectors of electromagnetic radiation in a wide spectral range due
to the high sensitivity of graphene ambipolar conductivity to local changes in the electric
field. The use of a reduced graphene oxide (RGO) film provides cost reduction of
photodetectors based on graphene FETs. On the other hand, an additional porous silicon
light-absorbing layer can increase their sensitivity due to an increase in surface area.

Materials and methods. Graphene field-effect photodetectors were created by drying a
film-forming RGO suspension deposited on the surface of the porous silicon on a silicon
substrate, which served as the gate of the FET. Electrical source and drain contacts were
formed on the surface of the obtained RGO film. To improve the insulating properties of
porous silicon, it was electrochemically oxidized, and an additional layer of Al203 was
deposited. The electrical and photoelectric properties of the created field-effect
photodetectors were investigated in DC and AC modes using a white LED and standard
optical equipment.

Results. An increase in the conductivity and capacitance of the RGO channel of the
FETs was detected under the influence of white light irradiation. Based on the analysis of
the drain current dependencies on the gate voltage, it has been established that the
efficiency and photosensitivity of the FETs based on the porous silicon and RGO film are
increased by the deposition of an additional Al2O3 layer on the surface of electrochemically
oxidized porous silicon. The maximum sensitivity of the created photodetectors is in the
spectral range of 800—900 nm. The response time to white light pulses is about 0.5 ms.
Passivation of the porous silicon surface with the oxide film and the Al2Os layer causes an
increase in the photosignal relaxation time.

Conclusions. The features of using FETs based on porous silicon structures and RGO
film as visible radiation detectors have been investigated. The electrical, spectral, and time
characteristics of the created field-effect photodetectors were determined.

Keywords: Graphene field-effect transistor, reduced graphene oxide, porous silicon,
photosensitivity.

INTRODUCTION

The unique combination of ultra-high charge carrier mobility in graphene, sensitivity of
its electrical conductivity to local changes in the electric field, high transparency, and
flexibility provides exceptional prospects for graphene and materials based on sp2-bonded
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carbon atoms in sensor electronics for creating photodetectors, touch displays, and other
next-generation optoelectronic devices [1-3]. Due to the absence of a band gap, graphene
absorbs photons of almost any energy, which opens up the possibility of creating
photodetectors with a wide spectral range, namely from UV to terahertz radiation. These
properties make graphene especially attractive for high-speed telecommunications
systems [4, 5], contactless scanning systems [6], and optical sensors in spectroscopic
methods of medical diagnostics [7, 8], where both response time and energy efficiency are
critical.

Despite the attractiveness of graphene for sensor applications, challenges can be
noted that hinder the development of graphene-based devices and their mass industrial
application. One obstacle remains scaling up the production of high-quality graphene and
ensuring its uniformity over large areas. A solution to this problem may be the use of
reduced graphene oxide (RGO), since its manufacturing technology is quite simple and
low-cost [9,10]. Field-effect transistors (FETs) based on the RGO film demonstrate high
sensitivity to electromagnetic and ionizing radiation [11].

On the other hand, pure graphene demonstrates relatively low quantum efficiency due
to its limited absorption capacity (~2.3 % per layer). Therefore, the basic approach to
graphene applications in photoelectronics is focused on engineering hybrid structures that
combine the charge-sensitive carbon monolayer and a photosensitive material for charge
carrier generation. In particular, combining graphene with strong light absorbers, such as
perovskites or nanostructured semiconductors and metals, provides a significant increase
in photosensitivity due to charge transfer effects or enhancement of local electric fields [12-
14]. According to this concept, porous silicon (PS) has high potential for use as a substrate
for graphene deposition due to its attractive antireflective properties [15]. The large ratio of
surface area to volume of the porous layer provides not only effective absorption of light
quanta, but also promotes the deposition of various nature nanoparticles, including RGO
[16]. In addition, the nanostructured PS can be used as a supporting layer for the RGO
channel of the FETSs, owing to its low electrical conductivity [17]. Further improvement of
the porous layer dielectric properties increases the efficiency of FETs based on the PS—
RGO structures. Therefore, the work aimed to study the relationship between the structural
features of the PS-based supporting layer and the electrical and photosensitive properties
of the FETs with the RGO film channel.

MATERIALS AND METHODS

Slightly doped silicon wafers with a thickness of 400 ym were used as the substrate
and gate of the RGO-based FETSs. A thin gold film used as an electrical contact for the gate
was thermally deposited on the back surface of the wafers and annealed at a temperature
of 600°C for 30 min. On the opposite side of the wafers, the PS layer was formed by the
electrochemical method. An ethanolic solution of hydrofluoric acid with a component ratio
of HF:C2HsOH = 1:1 was used as the electrolyte. The current density and duration of anodic
etching were 30 mA/cm? and 5 min, respectively. The wafer working surface was
illuminated with a Feron HB1 J118 500 W incandescent lamp throughout the entire
electrochemical etching process to generate positive charge carriers necessary for the
silicon etching chemical reactions. After washing with distilled water, some of the samples
were subjected to electrochemical oxidation of the porous layer in a H202 solution at a
current density of 15 mA/cm? for 10 min to stabilize the surface and form a thin dielectric
film. To improve the dielectric properties of the PS used as an insulating layer between the
gate and the RGO channel of the FETs, a 150 nm thick Al2Os film was additionally
deposited on the surface of the anodically oxidized porous layer of several samples by RF
magnetron sputtering under the conditions described in [11].
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The conductive channel of the FETs was formed by air-drying the RGO film-forming
suspension deposited on the surface of the insulating layer, obtained by reducing graphene
oxide (in the form of an aqueous suspension from Sigma-Aldrich) with hydrazine
monohydrate as described in [16]. Silver contacts of source and drain were thermally
deposited onto the surface of the formed RGO film at a distance of 1 mm from each other,
as shown in Fig. 1.

VD o ? ! J__

Drain RGO Source

PS

Si

Gate
Fig. 1. Schematic representation of the FET based on the PS and RGO film.

The electrical and photoelectric characteristics of the created FETs were studied in
DC and AC modes. In particular, the dependencies of the drain current Ip on the bias
voltage Vp and the gate voltage Vs were measured using a Siglent SDM 3045 multimeter.
The capacitive and resistive characteristics of the RGO channel were investigated using
a Hantek 1833C RLC meter in the frequency range of 102-10% Hz. A white LED FYLP-
1TW-UWB-A with a power of 1 W and a luminous flux of 76 lumens was used to study
photoelectric phenomena. The LED emission spectrum has a broad band in the range of
470-600 nm and an intense band with a maximum at about 450 nm. The photoresponse
spectra were measured on standard optical equipment and corrected to account for the
spectral characteristics of the equipment.

RESULTS AND DISCUSSION

The dependencies of the drain current Ip on the potential difference between
the source and drain contacts Vp of the created FETs in the absence of gate voltage
(Ve = 0) are nonlinear, as shown in Fig. 2. The lowest conductivity was found in the RGO
film deposited on the surface of the PS (Si—-PS—RGO structure). The RGO film formed
on the surface of an anodically oxidized porous layer (Si—PSox—RGO structure)
demonstrates slightly higher conductivity. The highest conductivity of the RGO film is
observed in the structure with an additional Al2Os3 layer (Si—PSox—Al203—RGO). Irradiation
with white light from the LED FYLP-1W-UWB-A causes an increase in the drain current
Ip of the RGO-based FETs. The observed increase in the conductivity of the RGO film is
likely caused by the electric field of charge carriers photogenerated in the PS and silicon
substrate.

Although the different conductivity values are most likely caused by the different
number of carbon nanosheet layers in the RGO film, the nonlinear nature of the Ip—Vp
dependencies may have several reasons. Considering that graphene is characterized by
ohmic contact resistance with metals [18], it can be assumed that the found nonlinearity is
due to both the heterogeneity of the formed films and the influence of the PS layer on the
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Fig. 2. Dependencies of drain current /I on bias voltage Vj of the FETs based on the Si-PS-RGO (1,1’), Si—
PSox—RGO (2,2’), and Si—PS.—Al,03—RGO (3,3’) structures measured in the dark (1,2,3) and under
irradiation with white light (1’,2’,3’) at the gate voltage Vs = 0.

e’

RGO conductivity. First of all, the electrical properties of the RGO film depend not only on
the conductivity of the 2D carbon nanoparticles but also on the electrical barriers between
them, which are likely formed due to the presence of a surfactant in the film-forming
suspension [16]. In addition, since porous silicon is not a perfect insulator [15], charge
carriers injected from the PS should not be ignored. Finally, due to the structural
imperfection of the PS dielectric coating, the electrical conductivity of the RGO film can also
be affected by charge carriers localized on electrically active defects and the interface with
the RGO.

The capacitive and resistive properties of the created FETs were investigated in the
AC mode to obtain additional information about the charge transfer processes in the RGO
film. Fig. 3 shows the frequency dependencies of the internal resistance and capacitance
of the RGO film, measured between the source and drain contacts. A decrease in electrical
characteristics was detected with increasing frequency from 100 Hz to 100 kHz. A decrease
in resistance and an increase in capacitance of the RGO film were also found under
irradiation of the working surface of the field-effect photodetectors. The observed
dispersion of the electrical characteristics of the RGO channel of the FETs may further
support the assumption of inhomogeneities in the RGO film formed from carbon
nanosheets.

Dependencies of the drain current Ip on the gate voltage Vs were measured to
evaluate the efficiency of the created FETs based on the RGO film. The obtained Ip—V;s
curves at Vp = £1.5 V are shown in Fig. 4. The drain current increases linearly with the
change in gate voltage from approximately 0 to —4 V for the bias voltage of Vp=1.5V.
Similarly, the conductivity of the RGO channel of the FETs increases almost linearly with
increasing Vg from 1.5to 4 V for Vp =—1.5 V. The minimum conductivity of the RGO-based
FETs at about 1 V gate voltage is caused by the features of the graphene band structure
in the form of Dirac cones and is associated with the charge neutrality point, which divides
the conductivity profile into hole and electron components [19].
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Fig 3. Frequency dependencies of the internal resistance (a) and capacitance (b) of the RGO channel of the FETs
based on the Si-PS—-RGO (1,1’), Si-PSx—RGO (2,2’), and Si-PS.—Al,0;—RGO (3,3’) structures
measured in the dark (1,2,3) and under irradiation with white light (1°,2’,3’) at the gate voltage of Vs = 0.

Analysis of the measured Ip—Vs dependencies shows that the FET based on the Si—
PSox—Al203—RGO structure, which demonstrates the largest range of change in drain
current when the gate voltage changes, has the highest efficiency. The revealed features
of the electrical characteristics of the FETs based on the PS and RGO film may be due to
the different quality of the insulating layers, since the performance of graphene field-effect
devices depends significantly on defects in the supporting dielectric layer [20].

As a result of irradiation of the FETs with white light, an increase in the drain current
Ip was observed at a bias voltage of Vp = +1.5 V. The highest photosensitivity to white light
is demonstrated by the structure with the additional Al2O3 layer, probably due to the higher
FET efficiency. The small thickness of the transparent to visible light Al2O3 layer does not
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Fig 4. Dependencies of drain current / on gate voltage V; of the FETs based on the Si—-PS-RGO (1,1’), Si—PSox—
RGO (2,2’), and Si—PS.—Al,05;—RGO (3,3’) structures measured in the dark (1,2,3) and under irradiation
with white light (1°,2’,3’) at the bias voltages Vp=1.5V (a) and Vp =-1.5V (b).

significantly affect the sensitivity of the proposed field-effect photodetector. In addition,
improved passivation of the PS surface with the Al2Os layer can reduce the rate of
photogenerated charge carrier recombination. An additional argument in favor of this
hypothesis is the increase in the relaxation time of the photoresponse to white light pulses,
as shown in the inset of Fig. 5. In general, the analysis of the photoresponse kinetics of the
created photodetectors revealed almost the same rate of increase in the photosignal and
different times of its decay when excited by light pulses with a duration of 1 ms.
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Fig 5. Photoresponse spectra of the FETs based on the Si—-PS—RGO (1), Si—-PS,—RGO (2), and Si—PSyx—Al,03—
RGO (3) structures. Inset: response kinetics of the photodetectors to white light pulses.

The spectral characteristic of the field-effect photodetectors depends on the light-
absorbing properties of the PS and silicon substrate. The photosensitivity spectra of the
RGO-based FETs are characterized by a broad band with a maximum in the 800—900 nm
range, similar to a silicon photodiode (see Fig. 5).

CONCLUSION

As a result of studying the electrical and photoelectric characteristics of the FETs
based on the PS and RGO film, the features of their use as photodetectors have been
established. It was revealed that irradiation of FETs with white light causes an increase in
the conductivity of the RGO channel in both DC and AC modes. In addition, the efficiency
and photosensitivity of the created FETs were increased due to the deposition of an
additional Al2Os layer on the surface of the anodically oxidized PS. Moreover, the improved
passivation of the PS surface with the Al2Os3 layer increases the relaxation time of the
photoresponse to white light pulses. The response time of the field-effect photodetectors is
about 0.5 ms. It has been established that the photosensitivity of FETs based on the RGO
film is maximum in the range of 800-900 nm.
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®OTOOETEKTOPU HA OCHOBI E®EKTY NMONSA Y CTPYKTYPAX
NOPYBATUWU KPEMHIA — BIQHOBNEHWUW OKCUO FrPA®EHY

l2zop Onenuy* ©©, AHOpIl Kosak»©

Kagpedpa padioerieKmpoHHUX i KOMITIOMEPHUX cucmem
JIbsiecbkuli HayioHanbHUl yHieepcumem imeHi lIeaHa ®paHka,
8yn. [ipazomaHosa 50, 79005 m. Jlbeie, YkpaiHa

AHOTALIA

BcTyn. 3aBasikvm BUCOKIN YyTnMBOCTI BinonspHoi NpoBigHOCTI rpadheHy A0 nokanbHol
3MiHW €MEKTPUYHOro Nons, rpacpeHoBI NONbOBI TPAH3UCTOPY MaKOTb BUCOKUI NOTEHLian ans
3aCTOCYBaHHA Yy CEHCOpPHIN eneKkTPOoHili, 30KkpemMa $K OEeTeKTOopuM eneKkTpoMarHiTHOro
BUMPOMIHIOBAHHSA Yy LUMPOKOMY CReKTpanbHOMY diana3oHi. BukopuctaHHa nniBku
BigHOBNeHoro okcuay rpacpeny (BOIM) gae amory 3HM3nTn BapTicTb DOTOAEKTOPIB HA OCHOBI
rpapeHoBMX MNOSMbLOBUX TPAH3UCTOPIB, TOAI AK [OA4aTKOBWW CBITNOMOrMAMHAKYUA Lwap
NMopyBaTOro KPEMHil0 MOxe 3abe3neuvMTu MigBULLEHHSA 1XHBbOI YYTNMBOCTI 3aBOAKU
36imMbLUEHHIO NIOLLi NOBEPXHI.

MaTtepiann T1a mMetogm. PoTouyTnuBei rpadpeHoOBi NOMNbOBI TPAH3UCTOPWU OTPUMAaHO
BMCYLLYBaHHAM NNiBKOyTBOpPIOBanbHOI cycneHsii BOI™, HaHeceHOi Ha NOBEepPXH0 NOpyBaToOro
KPEeMHit0 Ha KpeMHIeBi nigknagui, Wwo cnyrysana 3aTBOPOM MOMbOBOro TpaHauctopa. Ha
nosepxHi yTBopeHoi nnisku BOIN cdhopmoBaHO eneKkTpUYHi KOHTaKT! BUTOKY Ta CTOKy. [ns
MOKPAaLLEHHS i30MALIMHUX BNACTUBOCTEN NMOPYBATOro KPEMHIil0 Moro 6yno eneKkTpoximiyHo
OKMCHEHO Ta ocamkeHo popaTtkoBun wap Al2Os. EnektpmyHi Ta oTOENEKTpUYHI
BNacTMBOCTI CTBOPEHMX MOMbOBUX TPaAH3UCTOPIB AOCMIAKEHO Yy pexmmax NOCTIMHOro Ta
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Igor Olenych & Andrii Kozak

3MiHHOTO CTPyMy 3 BUKOPWCTaHHSAM CBIiT/IOBUNPOMiHIOBaNbHOro gioga 6inoro ceitna i
CTaHAapTHOro ONTUYHOTO OBnagHaHHS.

Pe3ynbTaTtn. BuasneHo 36inbLueHHst npoBigHocTi Ta emHocTi BOIM-kaHany nonbosux
TPaH3MCTOPIB 3a BMMMBY ONPOMiHEHHS Binum cBiTnom. Ha OCHOBI aHani3dy 3anexHocTen
CTPyMy CTOKY Bif Hanpyri 3aTBOpa BCTAHOBMEHO, WO eMEeKTUBHICTb i poTouyTNMBICTb
MOMbOBMX TPaH3UCTOPIB Ha OCHOBI NopyeaToro kpemHito Ta nniskm BOI 36inblyeTbes
3aBAAKU ocagkeHHo aoaatkosoro wapy Al2Os Ha NOBEPXHIO eNeKTPOXiMIYHO OKUCHEHOro
nopyBaToro KpemHito. MakcMym YyTnmMBOCTI CTBOPEHMX (POTOAETEKTOPIB 3HaX0ANTbLCH Y
cnekTpansHomy Aiana3oHi 800-900 HM. Yac Bigryky Ha imnynbcm 6inoro ceitrna cTaHOBUTb
6nusbko 0,5 mc. MNacrBauis NoBepxHi NOPyBaTOro KPEMHi0 OKCMAHOK MMiBKOIO Ta LapoMm
Al203 3ymoBntoe 36inblUeHHs Yacy penakcalii poTocurHany.

BucHoBku. [locnigxeHo ocobrnmBoCTi BUKOPUCTaHHSA NOMNbOBUX TPAH3UCTOPIB Ha OCHOBI
nopysaToro kpeMHito Ta nniskv BOI™ sik geTekTopis BUAVMOro BUNPOMiHIOBaHHA. BuaHayeHo
€neKTPWYHI, CNekTparnbHi Ta YaCoBi XapaKTePUCTUKN CTBOPEHUX hOTOOETEKTOPIB.

Knrouyoei cnoea: paceHoBMIN NONbOBUIA TPaH3UCTOP, BIAHOBMEHMI OKcua rpadeHry,
nopyBaTu KPEMHIN, (OTOYYTNUBICTb.
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