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In this study, the graphene field-effect transistor (FET) has been created by depositing a film-forming
suspension of reduced graphene oxide (RGO) on the silicon substrate with a SiOz layer and air-drying at room
temperature. The possibility of using the obtained FET for ionizing radiation detection was investigated. The
electrical characteristics of the radiation sensor based on the RGO film were studied in modes of direct cur-
rent and alternating current. The dependencies of the drain current and the resistance of the RGO film on the
gate voltage of the obtained FET were analyzed. Linear sections on the dependence of the drain current on
the gate voltage, the positions of which are determined by the sign of the drain-source voltage, were detected.
A decrease in the conductivity of the FET based on the RGO film near the point of charge neutrality due to ir-
radiation from the 226Ra isotope was established. An increase in resistance and a decrease in capacitance of
the investigated FET have been found in the frequency range of 25 Hz — 1 MHz caused by the joint action of
alpha and beta particles and gamma quanta. A linear dependence of the electrical characteristics of the pro-
posed sensor on the adsorbed dose determined by the irradiation duration was discovered. Possible mecha-
nisms of the ionizing radiation influence on the conductivity of the obtained structure based on the RGO film
are considered. The generation of electron-hole pairs in the silicon substrate and the formation of radiation
defects in the insulator layer are probably the main factors affecting the electrical characteristics of the RGO-
based FET under the action of ionizing radiation. The obtained results expand the perspective of using gra-
phene FETSs to create a new type of radiation detectors and dosimetric devices.
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1. INTRODUCTION

The detection of ionizing radiation and the quantifica-
tion of absorbed dose are essential for many applications
related to safety, medicine, scientific and cosmic research.
The development of numerous sensors for various types
of radiation is based on different physical principles,
which ensures the measurement of radiation dose in a
wide range [1]. However, many of the radiation detectors
have such disadvantages as large size, low compatibility
with traditional microelectronic technology, etc. Mean-
while, modern paradigms like IoT or embedded systems
require portable, low-cost and low-power sensing ele-
ments that can be used in dosimetric devices [2-4]. These
requirements are met by dosimeters using a semiconduc-
tor element base. In particular, PIN diodes and MOS
field-effect transistors (FETs) with an optimized struc-
ture are sensitive to ionizing radiation. The operation of
the diode-type radiation sensor at high reverse bias is
related to the generation of charges in the depletion re-
gion, which causes an increase in the leakage current.
The MOSFET-based sensors use the gate dielectric deg-
radation induced by ionizing radiation. Accumulation of
charge on the formed electrically active defects leads to
changes in the FET drain current. Increasing the PIN-
diode intrinsic region volume or gate oxide thickness of

* Correspondence e-mail: igor.olenych@lnu.edu.ua

2077-6772/2024/16(2)02019(4)

02019-1

PACS numbers: 73.63. —b, 78.70. — g

the MOSFET provides high sensitivity to ionizing radia-
tion. The CMOS active pixel sensors are also used as the
alpha, beta and gamma radiation detectors [5].

Another approach to creating compact and low-power
sensors for ionizing radiation is based on the use of
nanostructures and nanocomposites [6-8]. Radiation is
registered by changes in the electrical, mechanical or opti-
cal-luminescent properties of nanostructured materials.
However, the difficulty of such approaches is the small
volume of radiation-absorbing materials, which requires
the possibility of detecting single high-energy particles or
quanta. Considering this, graphene FETs have a high
potential for the radiation-sensing application [9-11].

The prospect of using graphene in sensor electronics
is due to the outstanding electronic properties of the 2D
carbon nanosheet as a gapless semiconductor. The cone-
shaped energy structure of graphene causes high mobili-
ty of charge carriers and the possibility of controlling the
position of the Fermi level by an external electrical field
[12-14]. As a result, the ability to inject both positive and
negative charge carriers into graphene is used in the
graphene FETs [15]. Low electrical noise and high sensi-
tivity of the ambipolar conductivity of graphene near its
charge neutrality point (Dirac point) to the local electric
field ensure effective registration of radiation-induced
charges. In this case, the silicon substrate serves as both
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the FET gate and the absorber of ionizing radiation [11].
One of the promising methods of obtaining graphene
is the oxidation and exfoliation of graphite to obtain gra-
phene oxide with its subsequent chemical reduction [16].
This approach does not require complex, long-term, and
energy-consuming technological processes and ensures a
low cost of reduced graphene oxide (RGO) nanosheets. In
addition, the RGO film also demonstrates the depend-
ence of resistance on the external electric field and can
be used as a conducting channel of the FET [17]. There-
fore, the possibility of using the RGO-based FET as a
sensor of ionizing radiation was studied in the work.

2. EXPERIMENT

The weakly doped silicon wafer with a thickness of
400 um and a specific resistance of 10 Ohm *cm was used
as a substrate for the radiation detector based on the RGO
film. The dielectric layer on the silicon substrate surface
was obtained by evaporating silicon powder using a VUP-
5M vacuum system with a residual air pressure of ~ 10 -
3mm Hg and subsequent depositing non-stoichiometric
SiOx (x < 2) formed as a result of the reaction of vaporous
silicon with residual oxygen. The SiOx layer thickness
measured using the MII-4 microinterferometer was about
100 nm. Additional heat treatment in air at the 1050°C
temperature for 2 hours ensured the formation of the sili-
con dioxide dielectric layer for RGO-based FET.

Graphene oxide aqueous suspension produced by Sig-
ma-Aldrich (USA) with a concentration of 2 mg/ml was
used to obtain RGO nanosheets. Graphene oxide nanopar-
ticles were reduced by the joint action of hydrazine mono-
hydrate and ultrasonic treatment for 20 min. The ob-
tained suspension was mixed with the 0.2 M aqueous so-
lution of sodium dodecylbenzene sulfonate for hindering
aggregation of the RGO nanosheets and deposited on the
SiOz layer surface. The RGO film obtained after drying
suspension in the air at room temperature was used as
the FET conducting channel. The source and drain silver
contacts at a distance of 1 mm from each other were
formed on the RGO film surface by thermal deposition
technique. The silicon substrate was the gate of the creat-
ed FET. The inset of Fig. 1 shows a schematic representa-
tion of the RGO-based FET for ionizing radiation sensing.

The electrical characteristics of the obtained FET
were studied in both DC and AC modes at room tem-
perature. The influence of ionizing radiation on the re-
sistance and capacitance of the RGO-based FET was
studied in the 25 Hz — 1 MHz frequency range using an
RLC measuring device. The radium isotope 226Ra with a
radiation intensity of 0.1 mKi was used as a radiation
source for experimental studies. As a result of the decay
of the 226Ra, the most probable emission is y-radiation
with energy of 0.19 MeV. The average energy of - and
pP-particles is 4.78 and 0.17 MeV, respectively. Since the
RGO-based FET was placed directly near the radioac-
tive source, the sensor response depended on the joint
effect of alpha, beta and gamma radiation. The exposure
duration determined the dosage of absorbed radiation.

3. RESULTS AND DISCUSSION

One of the main parameters of the FETs is the
switching characteristic, which is determined by the
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dependence of the drain current Ip on the gate voltage
Vi and reflects the ratio of the current in the on state to
the current in the off state. In general, the switching
characteristic is a weak point of graphene FETs due to
the zero band gap of the graphene monolayer. On the
other hand, exactly the region near the Dirac point on
the ambipolar conductivity profile of graphene is the
most important for sensor applications [18]. In this case,
the electrical properties of graphene are the highest sen-
sitive to the local electric field. The dependence of the
drain current on the gate voltage of the RGO-based FET
for the bias voltage Vp ==+ 1.5 V is shown in Fig. 1.

200
‘.%-. @ 226 Ra
1504 1 %,
-, ..
-
... Sourf:e —
100 % [
< .. < V.
j: 1 -.. = (]
= 50 4 ".. Gate
2 \\
0 araiin ey
-50 . ‘ - : T
-3 -2 -1 0 1 2 3 4

Fig. 1 — The dependencies of the RGO-based FET drain current
on the gate voltage for Vp=1.5V (1) and Vp=- 1.5V (2). Inset:
schematic representation of the RGO-based FET

The measured Ip-Vi dependencies have linear sec-
tions, the position of which depends on the sign of the
drain-source voltage Vp. A larger change in the drain
current Ip associated with the change in gate voltage
Ve was observed at Vp=1.5V than at Vp=-1.5V.
The obtained dependencies of the drain current Ip on
the gate voltage Vi are correlated with the resistance R
profile of the RGO-based FET in the AC mode at a fre-
quency of 1 kHz (see Fig. 2).
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Fig. 2 — Dependence of the RGO film resistance at a frequency
of 1 kHz on the gate voltage before (1) and after (2) irradiation
from 226Ra isotope for 90 min

It is worth noting that there was no pronounced Di-
rac point (i.e., the minimum of the RGO film conductivi-
ty in the case where the Fermi level passes through the
point of contact of the cone-shaped conduction and va-
lence bands of graphene). The RGO film resistance gen-
tle maximum associated with the point of charge neu-
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trality was observed near the gate voltage Ve=1.2V.
The revealed features of the RGO-based FET electrical
properties can be due to the inhomogeneity of the RGO
film formed from graphene nanosheets. Besides, electri-
cally active defects in the SiOz layer on the silicon sub-
strate can have different effects on the transfer of charge
carriers of various signs in graphene.

As can be seen in Fig. 2, the RGO film demonstrates
an increase in the resistance under the influence of the
joint action of alpha and beta particles and gamma quan-
ta from the 226Ra source. The greatest impact of ionizing
radiation on the RGO-based FET resistance profile was
observed near the Dirac point. Besides, the response of
the electronic component of the RGO conductivity to radi-
ation was greater than that of the hole component.

To obtain additional information about the mecha-
nisms of ionizing radiation influence on charge transfer
processes in the RGO-based FETSs, the frequency de-
pendences of resistance and capacitance in the range of
25 Hz — 1 MHz were studied. Impedance spectra were
measured using the source and drain contacts. A de-
crease in internal resistance and capacitance of the
experimental sample was observed with increasing
frequency (see Fig. 3 and Fig. 4, respectively).
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Fig. 3 — Frequency dependence of the RGO-based FET re-
sistance before (1) and after (2) irradiation from 226Ra isotope
for 90 min. Inset: the RGO-based FET resistance at a frequen-
cy of 1 kHz as a function of irradiation time

Irradiation of the FET from the RGO film side with
the 226Ra isotope for 90 min causes increasing its re-
sistance and decreasing the capacitance. Radiation-
induced changes in the electrical characteristics of the
RGO-based FET were higher in the low-frequency range.
In the case of increasing the dose of a-, B- and y-radiation,
which corresponds to a longer duration of exposure, the
obtained sensor of ionizing radiation demonstrates a line-
ar increase in resistance and a linear decrease in capaci-
tance, as shown in insets of Fig. 3 and Fig. 4.

The observed dependencies may be due to several
factors. In particular, the electron-hole pairs generated
by radiation in the silicon substrate are separated by the
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electric field of the gate in such a way that holes accu-
mulate near the SiOz layer [10]. As a result, the field of
localized holes causes a change in the conductivity of the
RGO film. The formation of radiation defects in the insu-
lator layer is probably the main factor affecting the elec-
trical characteristics of the RGO-based FET after the
cessation of the action of ionizing radiation. The formed
defects cause the trap of charges in the SiOz layer. The
total ionizing dose effect in MOSFET structures is usual-
ly explained by trapped charges [19]. In addition, the
formation of structural changes in the RGO film under
the action of alpha particles, as was found in graphene
oxide nanosheets [20], should not be neglected. In turn,
structural defects can be centers of scattering of charge
carriers in the RGO film.

4.5
1.30 .
40414 JL' 1 kHz
1.25 *
-
3592 ¢ ‘\ 1‘ S «
3.0 \ EN & 1.20 b
vw \ © hes <
2.54 N A 1.15 b
" B %
= \‘
(_)'2'0“ \v 4\110
0 10 20 30 40 50 60 70 80 90
1.5 \ A\ ts
.
\'\'\
0.5 \Qt’:.\
h__‘
0.0 T T T T T
10 100 1000 10000 100000 1000000

f, Hz

Fig. 4 — Frequency dependence of the RGO-based FET capaci-
tance before (1) and after (2) irradiation from 226Ra isotope for
90 min. Inset: the RGO-based FET capacitance at a frequency
of 1 kHz as a function of irradiation time

4. CONCLUSIONS

A new technical solution for creating ionizing radia-
tion detectors based on graphene FETSs is proposed in the
work. The RGO film deposited on the surface of the SiO2
layer on the silicon substrate was used as the conducting
channel of the FET. Based on the analysis of the depend-
encies of the drain current on the gate voltage and re-
sistance profiles, it was found that the position of the
Dirac point in the obtained RGO-based FET was near the
1.2V gate voltage. Irradiation by alpha and beta parti-
cles and gamma quanta from the 226Ra isotope causes a
change in the dependence of the RGO film resistance on
the gate voltage. The obtained sensors demonstrate the
highest sensitivity to ionizing radiation in the region near
the charge neutrality point. A linear increase in the in-
ternal resistance and a linear decrease in the capacitance
of the RGO-based FET with increasing the irradiation
duration have been established in the AC mode. The ion-
izing radiation influence on the electrical characteristics
of the sensor was higher in the low-frequency range.
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JleTekTyBaHHA 10HI3yH0Y0r0 BUNIPOMiHIOBAHHSA 34 JOIIOMOIOIO II0JILOBOTO TPAHIHCTOPA
Ha OCHOBI BiTHOBJIEHOTO OKCHAY rpadeHy

I.B. Onennul, 10.10. I'op6enro?, JI.C. Mounacrupceruiil, O.I. Axcimenrnesa?, O.C. JIsennsesrok!

1 @akxynvmem eslekmpoHIKU Ma KOMR I0MmepHux mexnono2iil, JIveiecoKuil HauloHanbHul yHisepcumem imenl Isana
Dpanra, 79005 Jlveis, Yrpaina
2 Ximiunuii gparynomem, Jlveiscokuii hayionanvHuli yrnisepcumem imerni leana @parnra, 79005 Jlveis, Yipaina

¥V poGori cTBOpeHo rpad)eHOBHIA MOIBOBHIT TPAHIUCTOP IIUITXOM HAHECEHHS IUTIBKOYTBOPIOBAJIBHOI CYCITeH3Il
BimHOBIEHOTO OKcuay rpadery (RGO) ma kpemuieBy miaxaamky 3 mapoM SiOsg 1 HOTAIBIIOr0 BUCYIIyBAHHS HA
TIOBITPI 3a KIMHATHOI TemIrepaTypu. JIoc/mKeHO MOSKITUBICTD BUKOPHUCTAHHS OTPHUMAHOIO II0JIHOBOI0 TPAH3UCTO-
pa ISt JeTeKTYBAHHS 10HI3yI040ro BUIIPOMIHIOBAHHS. BHBYEHO eJIeKTPHYH] XapaKTEPHUCTHUKY CEHCOpa pasiarii Ha
ocHoBl wiBkr RGO y pesxuMax IOCTIMHOIO Ta 3MIHHOTO cTpyMy. [IpoaHa i30BaHO 3aJI€KHOCTI CTPYMY CTOKY Ta
oropy mwiiBkr RGO Bix Hampyru Ha 3aTBOPI OTPUMAHOIO IIOJILOBOIO TpaH3WcTopa. Ha 3aiiesHOCTI CTpyMy CTOKY
Bl HAIIPYTW HA 3aTBOPI BUSIBJIEHO JHHIMHI JUISHKHN, IOJIOMKEHHS SIKIX BU3HAYAIOTHCSI 3HAKOM HAIIPYTH 3MIIIEH-
HsA. BeraHoBIeHO 3MEHIeHHST ITPOBLIHOCTI IOJIFOBOTO TpaHaucTopa Ha ocHoBl RGO 1063y Touky HeHTpabHOC-
Ti 3apAIy BHAC/IIOK OIPOMIHEHHS i3oTormoM 226Ra. 3apeecTpoBaHO 30L/IBIIEHHS OIIOPY TA 3MEHIIIEHH €MHOCTI J10-
CJTPKYBAHOIO IIOJIGOBOTO TPAH3UCTOPA Y YacToTHOMY miarmazoni 25 'y — 1 M1, 3ymoBIIeHe CIIUIBHOO JHE0 ajib-
¢a- Ta Gera-yacTrHOK 1 ramMma-KBaHTIB. BusiBiieHo JHIMHY 3aJI€/KHICTD €JIEKTPUYHIX XaPAKTEPUCTHE 3aIIPOIIo-
HOBAHOTO CEHCOPAa BiJI TOTJIMHYTOIL JIO3W, STKA BU3HAYAETHCSA TPHBAJIICTIO OIMPOMIHEHHs. POSTJISHYTO MOKIIMEBI Me-
XaHI3MHU BILIUBY 10HI3YIOUOr0 BHIIPOMIHIOBAHHS HA IIPOBITHICTH OTPHUMAHOI CTPYKTYpH Ha ocHOBI mwriBku PI'O.
T'enHepalris eeKTPOHHO-IIPKOBYX IIAp Y KPEMHIEBIN MIKJIAIII TA YTBOPEHH PafialifiHnX Aed)eKTIiB B 130 IALIHA-
Homy 1rapi SiOz €, IMOBIPHO, OCHOBHUME (DAKTOPAMH, 110 BILIUBAIOTH HA €JIEKTPUYHI XaPAKTEPUCTUKHN II0JTHOBOIO
Tpausucropa Ha ocHoBI wiiBku RGO mi miero ioHi3youoro BunpoMinoBauHsa. OTprMaHi pe3ysisTaTé POSIIUPIO-
0T IIePCIEKTUBY BUKOPUCTAHHSA Ipad)eHOBUX IIOJIHLOBHUX TPAH3UCTOPIB [JIs CTBOPEHHS HOBOIO THUILY JETEKTOPIB
pafiarii Ta JO3UMEeTPIYHUX [IPUCTPOIB.

Kmiouosi cnosa: Bignosienuit okcun rpadeny, ITonbosuit Tparsucrop, Touka Hipara, lomisytoue Bumpo-
miuoBanHs, CeHcop BUIIPOMIHIOBAHHS.
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