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This work investigates the thermoresistive properties of graphite films made on different types of sub-
strates. The study of the graphite films created by different methods: freehand drawing on paper using dif-
ferent types of graphite (including ordinary pencils), as well as vacuum deposition on InSe and SiOz sub-
strates. The temperature dependence of the resistance of the graphite films in the range of 273+380 K was
measured, and the mechanisms of current flow were discussed. The experimental results demonstrate a
decrease in resistance with increasing temperature for all structures of graphite films, with variations de-
pending on the uniformity of the film surface and the types of graphite used. There are calculated the
height of the barrier at the grain boundary, which plays an important role in determining the resistance of
the films. It is concluded that both drawn and vacuum-deposited graphite films exhibit thermoresistive
properties, and the resistance depends on the height of potential barriers in the polycrystalline structure.
The experimental data are approximated within the framework of known theoretical models. The tempera-
ture coefficient of resistance is calculated. The obtained results are important for the development and cal-
ibration of thermistors in various electronic applications, offering an understanding of the resistance be-

haviour of graphite films under different temperature conditions.
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1. INTRODUCTION

Thermistors are non-linear semiconductor resistors
that differ in significant temperature dependence of their
electrical resistance. This special nature of their response
to temperature changes makes thermistors an important
component of semiconductor devices that are widely used
to solve various tasks of modern electronics.

Now, thermistors are made of various semiconduc-
tor materials. For this, doped germanium and silicon,
silicon carbide, as well as III-V semiconductors and
other materials are used. Such a diverse selection of
materials allows optimizing the properties of thermis-
tors, ensuring their effectiveness in a wide range of
practical applications.

In recent years, flexible electronics based on various
types of sensors: thermoresistive [1], piezoresistive [2],
touch sensor [3], etc. have attracted considerable atten-
tion. To create prototypes of such flexible sensors, a
simple and cheap technology of drawing on paper with
conductive material is successfully used [4]. Among the
various tools for creating conductive and piezoresistive
traces on paper, a pencil containing graphite and clay
turned out to be affordable and effective [2, 5]. The lead
of a pencil (except for binders) consists of a large num-
ber of layers, which are formed by nano- and micropar-
ticles of graphite. The process of making conductive
layers using a pencil consists in the mechanical exfolia-
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tion of graphite flakes on the rough porous surface of
cellulose paper. The main advantages of this technolo-
gy are low cost, variety of materials and ease of manu-
facture.

The paper [1] investigated the temperature depend-
ence of graphite on paper (GOP), conducted an analysis
of electrical conductivity mechanisms, and showed the
possibility of using graphite traces on paper as sensors
of temperature and air flow speed. Currently, proto-
types of flexible temperature sensors based on graphite
on paper [1], graphene in a polydimethylsiloxane ma-
trix [6], polymer-graphite composite materials [7, 8]
and many others have been fabricated.

The purpose of this work is investigation of ther-
moresistive properties of GOP obtained from different
types of graphite and compare them with graphite
structures obtained on other surfaces (in particular,
InSe, Si0Og), as well as to analyze the temperature de-
pendence of the resistance of the studied structures
within the framework of known mechanisms of conduc-
tivity of graphite materials. We demonstrate that pen-
cil traces can function as thermosensors, the conductiv-
ity of which depends on the ambient temperature.

2. EXPERIMENTAL

To created graphite on paper, we used a commercial
pencil with a lead hardness of 6B grade, compressed
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thermally expanded graphite (TEG) and synthetic graph-
ite (SG). According to [9], the content of graphite in the 6B
pencil is 84 wt %, the rest is wax (5 wt%) and clay
(10 wt %). The samples were drawn by hand on white
office paper with a density of 80 g/cm?2. The size of the
drawn GOP sample was 10 x 4 mm2. Thin layers of graph-
ite were also deposited on the surface of InSe and SiO2 by
vacuum deposition. Graphite powders with a dispersion of
less than 100 um were used for the research.

The growth of graphite films on the surface of InSe
and SiOz crystals was carried out by the mechanism of
van der Waals epitaxy. The use of this growth mecha-
nism makes it possible to form heterostructures on
substrates of different nature and with different types
of crystal lattices of the deposited layer and substrate.
Evaporation of graphite was carried out using electron
beam irradiation of a graphite target. The target is a
graphite electrode under a positive voltage of
1000+2800 kV (the current, depending on the condi-
tions, varied between 50 mA and 170 mA). The evapo-
ration process was carried out in a vacuum of 10 -4 Pa.
As a result of the thermal radiation of the anode, the
temperature of the substrates during deposition in-
creased to 210+250 °C in the first 10 minutes of the
process. In the future, if the process is longer, the tem-
perature reached 320 °C. By adjusting the sputtering
modes of graphite layers, it is possible to obtain mate-
rials of different thicknesses and with different average
crystallite size L.

Contacts on the surface of the films were applied
using a conductive silver paste. The resistivity of the
contacts was monitored by measuring the I-V charac-
teristics along the films. The study of the temperature
dependence of the resistance was carried out in the
range of 273+380 K. The electrical parameters were
determined on the Solartron 1255 measuring complex.
Visual control of the surface of the obtained graphite
materials was carried out on an optical microscope with
a 600-fold magnification.

3. RESULTS AND DISCUSSION

Examination of the surface of the graphite films
with the help of an optical microscope showed the de-
pendence of the surface uniformity of the structures on
the technology of their preparation. The highest quality
surface was obtained for the films deposited on the In-
Se substrate, and for the GOP that drawn with syn-
thetic graphite.

The lead of a pencil consists of a large number of
graphite particles bound together by auxiliary sub-
stances. Pencil traces on paper can be considered as
thin polycrystalline graphite films, the average grain
size of which can be 20+490 nm [1, 10]. According to
the Raman spectra obtained in the paper [11] for
graphite nanostructures obtained by vacuum deposi-
tion on InSe substrate, the average grain size of carbon
crystallites can be estimated [11]:

L=2.4x10-10x 24 x (Ip/lc) - 1)

where 1 is the wavelength of the radiation source
(A=532nm), Ip and Ig are the D and G band intensi-
ties. The calculated average grain size L is 20 nm.
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Fig. 1 — Temperature dependence of resistance (points are
experimental data, curves are approximation by formula (2)):
1 — pencil drawing on paper, 2 — TEG drawing on papers, 3 —
SG drawing on papers, 4 — vacuum deposition on InSe sub-
strate, 5 — vacuum deposition on SiO: substrate
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THERMORESISTIVE PROPERTIES OF GRAPHITE FILMS

Quality control of the contacts to graphite struc-
tures was performed on the basis of I-V characteristics.
The linear dependence of the I-V characteristics and
symmetry relative to point O confirms the ohmic nature
of the contacts (see inserts to Fig. 1a, b).

Fig. 1a shows the temperature dependence of the
resistance of graphite films obtained by drawing on
paper with different graphite: thermally expanded
graphite, synthetic graphite, pencil of 6B. Fig. 1b shows
similar graphs for films obtained by vacuum deposition
of graphite on SiO2 and InSe substrates. All structures
are characterized by a decrease in resistance with in-
creasing temperature. The change in resistance inves-
tigated temperature range is 28+38 % for GOP, and
10+21 % for solid substrates.

The resistance of polycrystalline graphite films con-
sists of the resistance of individual crystallites and the
resistance of their boundaries. The resistance of the
grain boundaries significantly exceeds the resistance of
the grains and the temperature dependences of the
resistance can be approximated by an exponential de-
pendence [1] (see Fig. 1a, b):

R ~ exp(Ew/kT), )

where Ep is the height of the barriers formed at the
grain boundaries, k is the Boltzmann constant.

The barrier height was determined from the slope of
the dependence of In(R/Ro) on 1/kT (see Fig. 1c¢). Ro is
the resistance at the minimum measurement tempera-
ture 7'= 280 K. The found values of Ep are given in the
Table 1. It was found, that greater the uniformity of
the film surface, that smaller the Es.

Table 1 — The barrier height

Ep, meV
Vacuum deposition on InSe substrate 10
Vacuum deposition on SiO2 substrate 24
SG drawing on papers 35
TEG drawing on papers 36
Pencil drawing on paper 47

An important parameter of temperature sensors is
the temperature coefficient of resistance «

a=1/R(dR/dT) = — Es/kT?. 3)

Fig. 2 shows the results of theoretical calculations
of o using formula (3) with Ep from Table 1.

For semiconductor thermistors «a=-E4/2kT?2, where
E; is the band gap width. The temperature coefficient
of resistance for semiconductors takes large negative
values, in particular a(Si))=—T70x 10-3 K-1
(T'=293 K) [12]. The resistance of metals increases
with a temperature, which is due to carrier scattering
on phonons. This increase has a linear character and «
has a positive value of the order of 10-3 K-1, and for
alloys it is much lower of the order of 10-5 K- 1.

Graphite is a semimetal, and its semiconducting
properties are determined by the overlap of the valence
band and the conduction band at the extrema of the
Brillouin zone. The temperature dependence of the re-
sistance has a semiconducting character and, as noted
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above, is determined by the barriers at the grain
boundaries. The obtained values of « for the studied
graphite materials at 300 K are in the range from
—1.10-3K-1to—6-10-3 K- (see Fig. 2).

Usually, the Steinhart-Hart equation is used for
calibrating of the thermistors:

1/T=a+ bIn(R) + c-[In(R)]? 4)
Calculations of coefficients a, b, ¢ for our materials
show that ¢ is very small and the third term in equa-
tion (4) can be neglected. Then only the first two terms
remain, which leads to the following formula:

R =exp[(1 - a"D/(bT)] ®)

The temperature dependences of R(7) calculated ac-
cording to (2) (see Fig. 2) and (5) completely coincide.
Therefore, it makes no difference which of the formulas
to use for calibrating thermistors made of our materi-
als. The mean squared errors of fitting graphical de-
pendences R(T) by formulas (1), (5) are less than 4 %.

a, x10° K

1 i
275 300 325 350 375

T, K

Fig. 2 — Temperature dependence of temperature coefficient of
resistance: 1 — pencil drawing on paper, 2 — TEG drawing on
papers, 3 — SG drawing on papers, 4 — vacuum deposition on
InSe substrate, 5 — vacuum deposition on SiOz substrate

4. CONCLUSION

Graphite films were obtained by various methods:
drawing on paper and vacuum deposition on InSe and
S102 substrates. Their thermoresistive properties were
studied in the temperature range of 273+380 K. It was
shown that the resistance of the films decreases expo-
nentially with increasing temperature. The resistance
of the GOP is determined by the height of the potential
barriers resulting from the polycrystalline structure of
the films.

The temperature coefficient of resistance « was de-
termined. For graphite films obtained by drawing on
paper a=—(4.5+6) x 10-3K-1, and for films obtained
by vacuum deposition on a solid surface (InSe, SiOg2)
a=—(1+3) x 10-3 K-1 at room temperature.

The temperature dependences of resistance of
graphite films were approximated based on the model
of activation conductivity and using the Steinhart-Hart
equation. Any of them can be used for calibration of the
thermistors.

03031-3



V.M. KaMINSKII, Z.D. KoVALYUK, V.B. BOLEDZYUK ET AL.

JJ. NANO- ELECTRON. PHYS. 17, 03031 (2025)

REFERENCES
T. Dinh, H.-P. Phan, D.-V. Dao, P. Woodfield, A. Qamara, 7. E. Sauerbrunn, Y. Chen, dJ.Didion, M. Yu, E. Smela,
N.-T. Nguyena, J. Mater. Chem. C 3, 8776 (2015). H.A. Bruck, phys. status solidi a 212, 2239 (2015).
T.-L. Ren, H. Tian, D. Xie, Y.Yang, Sensors 12, 6685 8. Y. Huanga, X. Zenga, W. Wanga, X. Guoa, C. Haoa, Sen-
(2012). sor. Actuat. B Chem. 278, 1 (2018)
S. Kanaparthi, S. Badhulika, Sensor. Actuat. B Chem. 242, 9. M.C. Sousa, J.W. Buchanan, Computer Graphics Forum
857 (2017). 19, 27 (2000).
S. Padmanabha, P.N. Gopal, L.A. Waheed, M. Ramesh, 10. L.G. Cancado, K. Takai, T.Enoki, M. Endo, Y.A.Kim,
B. Pramanick, G. Thakur, S. De, J. Phys. Conf. Ser. 2571, H. Mizusaki, M.A. Pimenta, Appl. Phys. Lett. 88, 163106
012029 (2023). (2006).
V.N. Ataide, I.V.S. Arantes, L.F.Mendes, D.S.Rocha, 11. V.M. Vodopyanov, I.G. Tkachuk, V.I. Ivanov,
T.A. Baldo, W.K.T. Coltro, T.R.L.C. Paixao, <. Electro- Z.R. Kudrynskyi, Z.D. Kovalyuk, J. Nano- Electron. Phys.
chem. Soc. 69, 047524 (2022). 11, 03038 (2019).

6. C.Yan, d. Wang, P.S. Lee, ACS Nano 9, 2130 (2015). 12. D.C. Giancoli, General Physics, Vol. 2 (Prentice-Hall:

1984).

Tepmope3ucTuBHi BiIacTuBOCTI rpadiToBux miIiBok

B.M. Kamiucerwmii!, 3.11. Kopamok!, B.B. Bosensox!, B.M. Bogorr’'ssaos!,
B.I. Isamos!, M.B. 3amnososcbrmii?

1 Yepriseuypke 8i00isienus ITnemumymy npobnem mamepianosnascmea imeni I.M. @parnuesuwa HAH Yipainu,
58001 Yeprisui, Yrpaina
2 Yepuiseupruli HayloHanvrull yrigepcumem imeni FO. @edvrosuua, 58012 Ueprisui, Yipaina

B namiit poboTi qocstiizkeHO TEpMOPE3UCTUBHI BJIACTUBOCTI IPaITOBUX IIIIIBOK, BUTOTOBJIEHUX HA PISHUX
THIIAX IIIKIAT0K. ¥ JOCIIPKEHH] PO3ryIsaaoThest rpadiToBl IIIBKY, CTBOPEHI PISHUMK METOJaMH: MaJIio-
BaHHA BiJ pyKH Ha Iamepl 3 BUKOPUCTAHHSM DPI3HUX BUIIB rpadity (BK/I0UYaYH rpudesal Bl 3BUYANHUX
OJIIBIIIB), 4 TAKOK BaKyyMHe ocasxkeHHs Ha miakaagku InSe 1 SiOz. IIporeneno Bumipy TeMmepaTypHoi 3a-
JIEAKHICTD OIIOPY OTPUMAaHMX IpadiToBUX ILTIBOK B Aiamasoni 273+380 K, o6rosopero MmexaHiaMu IMpoTiKAHHSA
crpymy. ExcrepumeHTa bHI pe3ysibTaTH JEMOHCTPYIOTH 3MEHIIEHHS OIOPY 3 INJABUIIEHHSM TEeMIIepaTypu
JUIS BCIX IUTIBOK, 3 BaplallisiMu, IO 3aJIeKaTh BlJ OJTHOPIIHOCTI ITOBEPXHI IUIIBOK 1 THINB BUKOPHUCTAHOTO
rpadity. ¥ mociIiasKeHH] po3paxoBaHO BUCOTY 0ap'epa Ha MesKl 3epeH, AKa BIOIirpae BasKJIUBY POJIb Y BU3HA-
YeHHI 0II0pYy ILTIBOK. 3p00JIeHO BUCHOBOK, 10 AK HAMAJIbOBAHI, TAK 1 OCAIPKeH] y BaKyyMi IpadiToBi ILTIBKK
IPOABJIAITH TEPMOPE3UCTUBHI BIACTUBOCTI, IIPUUOMY OITIP 3AJIEKUTh Bl BUCOTH IOTEHINAJILHUX 0ap'epis y
HOJIIKPUCTAIIYHIN CTPYKTYpi. [[poBe1eHo anmpokcuMaliiio eKClepruMeHTAIBHUX JTaHUX B PAMKAX BiJIOMEX Te-
opeTnyHUX Mojiesieil. PospaxoBaHo Temmeparypuuil koedirieHT oropy. OTpuMani pe3yIbTaTi € BasKJIMBUMUA
JUUIST PO3POOKYU Ta KaJOpyBAHHS TEPMOPE3VCTOPIB Y PISHUX eJIEKTPOHHUX JOJATKAX, [IPOIIOHYIOYN PO3yMiH-
H IIOBEJIHKH OII0pY rpadiToOBUX ILIIBOK 34 PISHUX TEeMIIepATyPHUX YMOB.

Kmouori ciiosa: ['padir ma mamnepi, Tepmopesucrop, TemmepaTypHuit KoediIliEHT OII0PY.
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