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The graphene field-effect transistor based on the reduced graphene oxide — zinc oxide — porous silicon —
silicon substrate sandwich-like structure has been created for ionizing radiation detection. The hybrid
structure was obtained as a result of sequential technological processes of photoelectrochemical formation
of the nanostructured porous silicon, the electrochemical deposition of zinc oxide, application of a film-
forming suspension of reduced graphene oxide nanoparticles, and subsequent drying at room temperature.
Dependencies of the drain current on the drain-source voltage and gate voltage of the obtained field-effect
transistor were analyzed. An increase in the resistance of the reduced graphene oxide film near the charge
neutrality point caused by irradiation with the 226Ra isotope has been found. In addition, a displacement of
the charge neutrality point in the direction of a lower gate voltage was observed. It has been established
that ionizing radiation has a greater effect on the electronic component of the conductivity of the reduced
graphene oxide film than on the hole component. An increase in the sensitivity of the created ionizing ra-
diation detector due to the use of additional zinc oxide and porous silicon absorbing layers was established.
Mechanisms of the influence of alpha and beta particles and gamma quanta on the electrical characteris-
tics of the proposed sensor are discussed based on the analysis of the frequency dependences of the internal
resistance and electrical capacitance, as well as the capacitance-voltage characteristics of the sandwich-
like structure. The obtained results have a high potential to create a new type of small-sized dosimetric
devices based on the graphene field-effect transistors using simple and low-cost techniques and materials.
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1. INTRODUCTION

Modern equipment for detecting, identifying, and
measuring ionizing radiation is a key component of the
safe and responsible development of nuclear science,
space exploration, and related fields. The implementa-
tion of new technologies and materials is the basis for
improving radiation monitoring systems, which pro-
vides an increase in their sensitivity and a reduction in
size and power consumption. In particular, MOS field-
effect transistors (FETs) and PIN diodes with an opti-
mized structure are already used as ionizing radiation
sensors [1, 2]. In general, the detection of ionizing radi-
ation is based on various effects that cause changes in
the optical, luminescent, or electrical characteristics of
radiation-absorbing materials [3-6].

Today, the attention of researchers is focused on
nanostructures and composites based on them to create
portable radiation sensors [7-9]. However, the sensitivi-
ty of such sensors is directly related to the efficiency of
radiation absorption. Due to the small volume of nano-
materials, there is a need to register single high-energy
particles. Among the main strategies for increasing the
efficiency of small-sized ionizing radiation detectors is a
hybrid approach that combines an adsorber and a mate-
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rial, the parameter change of which is being recorded.
The use of graphene FETs as radiation sensors is a
promising solution for this approach [10, 11]. Here, sili-
con is a radiation absorber, and graphene is a sensitive
material. The dependence of the ambipolar conductivity
of graphene on the local electric field provides high sen-
sitivity of FETSs to radiation-induced charges in the sili-
con substrate.

The graphene field-effect sensors demonstrate max-
imum sensitivity near the charge neutrality point on the
conductivity profile (i.e., on the dependence of conductiv-
ity on the gate voltage). The high mobility of charge car-
riers and low electrical noise of the carbon monolayer are
additional advantages of the graphene-based sensors
[12, 13]. Given that the electrical characteristics of gra-
phene FETs depend significantly on the nature and
quality of the dielectric layer [14, 15], the use of different
supporting layers makes it possible to tune the device
parameters for specific practical applications. For exam-
ple, high-x dielectric layers or an additional layer that
passivates the surface of the carbon monolayer are used
to increase the efficiency of graphene FETs.

There are several different ways to obtain graphene.
The reduction of graphene oxide (GO) nanoparticles is a
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simpler and lower-cost method of producing 2D carbon
material compared to epitaxial growth or chemical va-
por deposition [16-18]. Although the structure of re-
duced graphene oxide (RGO) usually contains residual
functional groups and defects that decrease the mobility
of charge carriers, FETs based on RGO films can effec-
tively detect alpha, beta, and gamma radiation [19]. To
increase the sensitivity of RGO-based ionizing radiation
sensors, an innovative solution may be to use supporting
layers other than a traditional gate dielectric. In particu-
lar, nanostructured layers of porous silicon (PS) and ZnO
have a high potential for use in radiation detectors as
absorbing materials [7, 20]. Besides, PS and ZnO
nanostructures are characterized by low electrical con-
ductivity due to the increased band gap. Therefore, we
can expect an increase in the radiation sensitivity of
field-effect sensors with additional absorbing layers of
PS and ZnO, as was observed in photosensitive FET's
based on the RGO-PS-Si structure [21]. In this work, the
possibility of using the RGO-ZnO-PS-Si sandwich-like
structure for ionizing radiation sensing was studied.

2. EXPERIMENT

A low-alloyed silicon wafer with a thickness of
400 um was the substrate and gate of the RGO-based
FET. A thin film of gold thermally deposited on the back
surface of the wafer and annealed at a 600 °C tempera-
ture for 30 min was used as the gate contact. The PS
layer was formed on the opposite side of the wafer. Pho-
toelectrochemical etching of silicon in an ethanolic solu-
tion of hydrofluoric acid for 10 min at an anodic current
density of 30 mA/cm2 was used to obtain the porous
layer. After washing in distilled water, a layer of
nanostructured zinc oxide was deposited on the PS sur-
face from an aqueous solution of 0.05 M Zn(NOs)z2 6H20
and 0.1 M NaNOs at a potential of — 1.4 V and a temper-
ature of 65 °C for 2 min. This method demonstrated the
effective growth of ZnO nanostructures, the morphology
of which depends on the deposition parameters [22].

To form the RGO film on the ZnO layer surface, an
aqueous suspension of GO manufactured by Sigma-
Aldrich (USA) with a concentration of 2 mg/ml was
used. GO was reduced with hydrazine monohydrate
under the influence of ultrasound for 20 min. A 0.2 M
solution of sodium dodecylbenzene sulfonate in water
was mixed with the suspension to prevent aggregation
of the RGO nanoparticles. The resulting film-forming
mix was deposited onto the surface of the ZnO layer and
dried in air at room temperature. Two silver contacts at
a distance of 1 mm from each other, which served as the
source and drain of the FET, were thermally deposited
onto the surface of the formed RGO film. A schematic
representation of the obtained FET based on the RGO-
ZnO-PS-Si sandwich-like structure is shown in Fig. 1.

The electrical characteristics of the created FET
were studied in both DC and AC modes. In particular,
the dependencies of the drain current and resistance on
the gate voltage were measured using a Siglent SDM
3055 multimeter and a Hantek 1833C RLC-measuring
device, respectively. The effect of ionizing radiation on
the resistive and capacitive properties of the RGO-ZnO-
PS-Si structure was studied when current passed
through the structure perpendicular to the surface.
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Fig. 1 — Schematic representation of the FET based on the
RGO-ZnO-PS-Si structure

The isotope of radium 226Ra with 0.1 mCi activity was
used to irradiate the experimental sample with alpha and
beta particles and gamma quanta as described in [19].

3. RESULTS AND DISCUSSION

To clarify the features of charge transport in the ob-
tained FET, dependencies of the drain current Ip on the
drain Vp and gate Vi voltages were measured. The Ip-Vp
curve at the gate voltage Vi = 0 is shown in the inset of
Fig. 2. The non-linear nature of the measured Ip-Vp de-
pendence indicates complex charge transfer processes in
the FET conductive channel that may be related to the
inhomogeneity of the RGO film formed by individual
carbon nanoparticles. Besides, surfactant added to the
film-forming suspension can cause electrical barriers
between RGO nanosheets. Finally, the possibility of in-
jecting carriers from the ZnO supporting layer into the
RGO film should not be neglected.
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Fig. 2 — The dependencies of drain current Ip on gate voltage
Vi of the FET based on the RGO-ZnO-PS-Si structure at
drain-source voltages of Vp = 1.5V (1) and Vp =-1.5 V (2).
Inset: the dependence of the drain current Ip on the drain-
source Vp voltage

The dependence of the conductivity of the RGO-
based FET on the gate voltage Vi also has features due
to the conical shape of the electronic structure of the
sp?-bonded carbon atoms. In particular, a linear in-
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crease in drain current was observed when the gate
voltage changed from about 0.5 to —5 V for the bias
voltage Vb= 1.5V (see Fig. 2). Similarly, the conductiv-
ity of the RGO film increased when the gate voltage
increased from 0.5 to 5V for Vp=-1.5V.

The dependence of the RGO-channel resistance on
the gate voltage at a frequency of 1 kHz is consistent
with the Ip-Vi curves (Fig. 3). Measurement in the AC
mode makes it possible to obtain the value of the differ-
ential resistance R of the RGO film regardless of the sign
of the voltage Vp. A non-monotonic dependence of the
differential resistance on the gate voltage with a maxi-
mum at Vg = 0.6 V was observed. The maximum re-
sistance (i.e., the minimum conductivity) is associated
with the charge neutrality point, the position of which
depends on the quality of the supporting layer and the
local electric field caused by various factors, such as the
adsorption of polar molecules or radiation-induced
charges. In addition, it was found that the electronic
conductivity of the RGO film (i.e., the right part of the
resistance profile) is lower than the hole conductivity.
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Fig. 3 — Dependencies of electrical resistance of the FET based
on the RGO-ZnO-PS-Si structure at a frequency of 1 kHz on
the gate voltage before (1) and after (2) irradiation from the
226Ra isotope for 120 min. Inset: the FET resistance at a fre-
quency of 1 kHz as a function of irradiation time

Although the drain current dependence on the gate
voltage is usually a weak point of graphene FETs as
switching devices, it can be effectively used for sensor
applications. In particular, the highest sensitivity of
graphene FETSs to a local change in the external elec-
tric field is in the region of the charge neutrality point
(Dirac point) [23]. An increase in the resistance of the
FET based on the RGO-ZnO-PS-Si structure and a dis-
placement of the charge neutrality point in the direc-
tion of a lower gate voltage were observed as a result of
the joint action of alpha and beta particles and gamma
radiation for 120 min. In addition, the effect of ionizing
radiation on the electronic component of the RGO film
conductivity was more significant than on the hole
component.

The proposed field-effect sensor demonstrates an
almost linear increase in resistance with irradiation
time, which determines the dose of absorbed radiation
(see inset of Fig. 3). It is worth noting that the radia-
tion-induced relative change in the resistance of the
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FET based on the RGO-ZnO-PS-Si structure was larger
than that for the RGO-SiO2-Si structure [19]. This fact
is probably related to the additional absorbing layers of
the PS and ZnO. In particular, ionizing radiation can
cause the formation of defects as charge capture cen-
ters in these absorbers. As a consequence, the electric
field of the charges accumulated in the PS and ZnO
nanostructures enhances the response of the RGO film
resistance to the action of a-, #-, and y-radiation.

To obtain additional information about the mecha-
nisms of the influence of ionizing radiation on charge
transfer processes in the FET based on the RGO-ZnO-
PS-Si structure, the frequency dependencies of the re-
sistance and capacitance between the source and gate
contacts were investigated in the range of 102-105 Hz. A
decrease in internal resistance and capacitance of the
sandwich-like structure was observed with increasing
frequency (Fig. 4).

As a result of radiation exposure for 120 min, an in-
crease in resistance and a decrease in gate capacitance
of the experimental FET were observed in the entire
frequency range. The change in the resistive and capac-
itive characteristics of the RGO-ZnO-PS-Si structure is
likely due to the formation of radiation defects. Since
no noticeable recovery of the conductivity of the RGO
film was detected after the cessation of the ionizing
action, radiation defects are probably the main factor
in the electrical response of the field-effect detector of
ionizing radiation. Moreover, the greater thickness of
the PS and ZnO layers compared to the nanometer-
sized SiOz layer in graphene FETs can reduce the in-
fluence of radiation-generated electron-hole pairs in the
silicon substrate on the conductivity of the RGO film.
However, the possibility of the formation of GO-like
structural defects in the RGO film due to the alpha
particle irradiation should not be neglected [24]. The
revealed features of the radiation effect on the conduc-
tivity of the FET based on the RGO-ZnO-PS-Si struc-
ture can be used to create dosimetric devices.
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Fig. 4 — Frequency dependencies of the resistance (1, 2) and
capacitance (3, 4) of the RGO-ZnO-PS-Si sandwich-like struc-
ture before (1, 3) and after (2, 4) irradiation from the 226Ra
isotope for 120 min

An additional argument in favor of the hypothesis
regarding the formation of radiation defects in the
high-resistance layers of the nanostructured PS and
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ZnO can be the results of capacitance—voltage profiling.
Normalized capacitance—voltage characteristics of the
RGO-ZnO-PS-Si structure before and after irradiation
for 120 min are shown in Fig. 5. The ratio of minimum
to maximum capacitance C/Cmax is usually used to
evaluate the concentration of charged impurities in a
semiconductor and the quality of the dielectric layer of
MOS structures. Since the dopant concentration re-
mains unchanged, the C/Cnax ratio depends on the sur-
face charge associated with electrically active defects in
the PS and ZnO layers.
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Fig. 4 — Normalized capacitance—voltage characteristics of the
RGO-ZnO-PS-Si sandwich-like structure before (1) and after
(2) irradiation from the 226Ra isotope for 120 min
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Iosb0BUiT TPAH3UCTOP HA OCHOBI IUTIBKY BiTHOBIEHOTO OKCHUAY rpadeHy 3 IMOrJINnHAIOIUMU
mapamvu ZnO Ta mopyBaTOro KpeMHiIO AJ1A BUABJIEHHS 10Hi3yI0Y0ro BUIIPOMiHIOBAHHA

I.B. Osteauul, 10.10. T'opbenro?, M.P. Ilasauk!, B.C. Cokonosceruiil, O.C. JIzennsemnok!

1 @axynvmem esleKkmpPOHIKU Ma KOMN IOMePHUX mexHo102il, JIb818cbKUll HAUIoHabHUL YHI8epcumem tmeri Isana
Dpanra, 79005 Jlveis, Yipaina
2 Ximiunuti gparynovmem, Jlveiscokuil HaylonanbHul yrisepcumem imeni leana @parnka, 79005 Jlveis, Yipaina

Jl1s BUSIBIIEHHS 10HI3yI0UOTO BUIMIPOMIHIOBAHHS CTBOPEHO Irpad)@HOBUH MOJIBOBUI TPAH3UCTOP HA OCHOBI
CEHJIBIY-CTPYKTYPH BIITHOBJIEHHH OKCHJ rpadeHy — OKCHI IIUHKY — HOPYBATHN KPEMHIN — KpeMHieBa IIiIK-
nanka. [iOpuaHy cTpyKTypy 0yJI0 OTPHMMAHO B PE3yJIbTATI ITOCTIIOBHAX TEXHOJIOTIYHUX IIPOIIECIB (POTOCIeK-
TPOXIMIYHOTO POPMYBAHHS HAHOCTPYKTYPOBAHOIO IIOPYBATOTO KPEMHIN, €JIeKTPOXIMIYHOIO OCAKEHHS OK-
CUIy IIMHKY, HaHECeHHs IJIIBKOYTBOPIOBAJIBHOI CyCcleH3ll HAHOYACTHHOK BITHOBJIEHOT'O OKCHAY TpadeHy Ta
OJAJIBIIION0 BUCYIIYBAHHS 34 KIMHATHOI TeMiieparypu. [Ipoanasi3oBaHo 3aJIesKHOCTI CTPYMY CTOKY BiJ Ha-
HPYTH CTIK-BUTIK T HAIPYTH 3aTBOPA OTPHUMAHOIO II0JILOBOIO TPAH3UCTOPA. BUsiBIEHO 301IbIIEHHS OIIOPY
IJIIBKY BITHOBJIEHOTO OKCHY IpadeHy II00JIM3y TOYKYM HeATPAIBHOCTI 3apsiy, CIPHYHHEHe OIPOMIHEHHIM
igoromom 226Ra. Kpim Toro, crocrepirasocsi 3MIIIEHHSI TOUKH HEATPAJIBHOCTI 3apsiy B CTOPOHY HHIKYOI HAa-
Ipyru Ha 3aTBopi. BeramosiieHo, 110 10HI3y0Ue BUIIPOMIHIOBAHHS 3I1MCHIOE OLIIBIMNIN BILIUB HA €JIEKTPOHHY
CKJIAJI0OBY IIPOBIAHOCTI ITIBKM BIIHOBJIEHOIO OKCHAY rpadeHy, Hisk Ha JIPKOBY. BCTaHOBJIEHO ITiIBUIIECHHS
YYTJIMBOCTI CTBOPEHOTO JETeKTOPA 10HI3yI09YOro BUIIPOMIHIOBAHHS 3aBISKUA BHKOPUCTAHHIO JOJATKOBUX IIOT-
JIMHAIOYUX IIapiB OKCUIY IIUHKY Ta HopyBaToro kpemHio. Ha ocHOBI aHamidy 4acTOTHHX 3ajIeKHOCTEH BHY-
TPIMIHBOTO OIOPY Ta eJEeKTPUYHOI €MHOCTI, a TAKOX BOJILT-(PapaJHUX XaPAKTEPUCTUK CAHIABIY-CTPYKTYPH
00rOBOPIOIOTHCSI MEXAHI3MU BIUIUBY Q- TA J-UaCTUHOK 1 }-KBAHTIB HA €JIEKTPUYHI XapaKTEPUCTUKU 3aIIPOIIO-
HOBaHOrO ceHcopa pamiarii. OTpumani pe3ysbTaTé MAloTh BUCOKUM IOTEHIIA JJIsi CTBOPEHHS] HOBOTO THILY
MaJIorabapuTHUX JTO3UMETPUYHHUX IIPUJIAJIB HA OCHOBI rpad)eHOBUX IIOJILOBUX TPAH3UCTOPIB 3 BUKOPHCTAH-
HSIM IPOCTHX TA HEJOPOTMX METOIB 1 MaTepiaJis.

Kmiouosi cioBa: BimHoBnenwnit okcup rpadeny, IlonpoBuit Tpansucrop, [lopysarmit kpemuiit, Oxcum muH-
Ky, CeHCOp 10HI3yIOUOr0 BUIIPOMIHIOBAHHS.
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