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The thermal responsivity of monolayer epitaxial graphene grown on the Si-face surface of semi-insulating
SiC substrate is investigated as a function of temperature below 300 K. The measurements showed that
adsorption/desorption of atmospheric adsorbates can randomly modify the electrical characteristics of
graphene which is indeed undesirable for consistent temperature sensing operations. Therefore, in order
to avoid the interaction between graphene layer and adsorbates, the grown graphene layer is encapsu-
lated with a thin SiO, film deposited by Pulsed Electron Deposition technique. Temperature dependent
resistance measurement of encapsulated graphene exhibited a clear thermistor type behavior with nega-
tive temperature coefficient resistance character. Both the sensitivity and transient thermal responsivity
of the SiO,/graphene/SiC sample were found to be enhanced greatly especially for the temperatures
lower than 225 K. The experimentally obtained results suggest that SiO, encapsulated epitaxial graphene
on SiC can be used readily as an energy efficient and stable temperature sensing element in cryogenic
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1. Introduction

Graphene has been considered to be a promising 2D material for
the realization of new generation microelectronic and optoelec-
tronic devices with planar architecture owing to its high charge
carrier mobility [1], large surface-to-volume ratio [2] and excellent
optical transparency [3]. Besides, superior thermal conductivity
(TC) of graphene, reaching a value of about 5300 W/m.K [4,5] at
room temperature, has motivated researchers to explore the poten-
tial use of this 2D material also in temperature sensor technology.
The 2D planar structure allows graphene to be directly implanted
to integrated circuits as a functional temperature sensing element.
However, the restrictions due to sophisticated lithography tech-
niques [6], subsequently low temperature sensitivity and slow
response speed of bare graphene [7-9] are the main constrains for
the development of graphene based thermal sensors.

The transfer process and substrate choice play an essential role
for graphene based temperature sensors. The defects and residues
created during the transfer process for chemical vapor deposited
(CVD) graphene and as well as relatively low TC of underlying
substrates [10] such as silicon dioxide (SiOy) (1.3W/m.K) [11]
and silicon nitride (SiN) (4 W/m.K) [12], greatly hinder the tran-
sient thermal responsivity of graphene layer. In contrast to CVD
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graphene, epitaxial graphene (EG) is ease of production on sili-
con carbide (SiC), which plays into our hands with a large TC of
around 300 W/m.K [13] when compared to these low TC materi-
als as a substrate: Silicon atoms evaporate from SiC surface at high
temperatures and carbon atoms that are left on the surface forms
the graphene layer. Therefore, single atom thick EG can be grown
readily on SiC’s polar surfaces (Si-face and C-face) without need of
any transfer and/or sophisticated deposition processes like CVD and
sputtering that are the most commonly used techniques to produce
metal, semiconductor or ceramic based conventional thermistor
devices.

Previous studies showed that extremely large surface-to-
volume ratio of graphene leads to undesirable electrical instabilities
when it is integrated as a functional component in electronic
or optoelectronic devices operating under atmospheric condi-
tions [14]. The adsorbates like O, and H,O in air serve as
surface trap states and sequential adsorption/desorption of these
molecules drastically alter the electronic transport characteris-
tics of graphene via charge transfer doping phenomenon. In the
case of bare graphene exposed to these atmospheric gases, heating
and/or cooling process is expected to promote further the adsorp-
tion/desorption of these above mentioned adsorbates which may
cause abrupt variations both in the electrical and thermal conduc-
tivities of graphene [15,16]. Thus, the conductivity of graphene is
strongly influenced by the atmospheric gases and humidity fluc-
tuations as it should depend only on temperature variations. This
causes different conductivity values for the same temperature,


https://doi.org/10.1016/j.sna.2018.07.028
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2018.07.028&domain=pdf
mailto:cemcelebi@iyte.edu.tr
https://doi.org/10.1016/j.sna.2018.07.028

S.B. Kalkan et al. / Sensors and Actuators A 280 (2018) 8-13 9

which must be avoided. Therefore, for stable and reliable tem-
perature sensing operations, the interaction of graphene with the
surrounding adsorbates should be necessarily prevented, for exam-
ple, by encapsulating or passivating the graphene layer with an
appropriate material. However, all the graphene based thermistor
type sensors investigated in earlier studies do not comprise any
encapsulation protection [6-9].

In this work, we report the thermal response of monolayer EG
that was grown on a single crystal semi-insulating (SI) SiC sub-
strate by high temperature vacuum annealing process. In order to
avoid adsorbate induced possible variations in the charge carrier
dynamics of graphene, the adsorbates already stuck on bare epi-
taxial graphene (BEG) in air were removed by UV light exposure
under vacuum conditions. The UV exposure process is necessary
to ensure stable and repeatable temperature sensing operations
that relies only on the intrinsic thermal and electrical character-
istics of the graphene layer itself. Adsorbate free graphene layer
were encapsulated with a thin SiO, film deposited by state-of-
the-art Pulsed Electron Deposition (PED) technique. The resistance
vs temperature (R-T) measurements showed that SiO, encapsu-
lated epitaxial graphene (EEG) is a typical negative temperature
coefficient (NTC) material which exhibits rapid electrical resis-
tance increase with temperature decrease. We have also found
that the encapsulation of graphene yields reversible thermal sens-
ing operations unlike BEG samples. Transient thermal responsivity
measurements implied that SiO, encapsulated EG on SiC can be
used readily as a temperature sensing element especially for low
temperature applications.

2. Experimental

Monolayer epitaxial graphene is grown on the Si terminated face
of a (4mmx 10mm) SI 4H-SiC substrate annealed at an elevated
temperature of 1450°C for 20 min in a UHV chamber (~2 x 10~10
mbar). Prior to the graphene growth, SiC substrate degassed at
600°C over night and then the temperature is raised to 1100°C
for about 10 min to remove the native oxide layer. During the
growth experiment, the temperature of the sample was measured
remotely by using an optical pyrometer with 41 °C resolution. At
the growth temperature of 1450 °C, the Si atoms sublimate from SiC
surface into vacuum and left behind C atoms forms the graphene
layer by mimicking the hexagonal lattice structure of underlying
SiC crystal. To verify the growth of epitaxial graphene and as well
as to determine its thickness, we conducted single point Raman
spectroscopy measurements by a green laser with 532 nm excita-
tion wavelength. The details of graphene growth experiments and
Raman spectroscopy analysis can be found in our previous studies
[17,18].

The morphology of grown graphene layer was characterized by
tapping mode Atomic Force Microscopy (AFM) topography mea-
surements. The AFM image of BEG layer (Fig. 1(a)) exhibits typical
SiC background based large terraces and graphene related flaky
structures appearing with blurry wrinkles lying on these parallel
terraces. Small amount of local and darker regions correspond to
a few layer BEG flakes. Following the structural and morphologi-
cal analysis of epitaxial graphene, Cr/Au (3 nm/80 nm) interconnect
source/drain pads were deposited thermally on the two sides of
the grown layer for conducting two-terminal -V measurements
(see Fig. 1(b)). To promote desorption of adsorbates which were
already stuck on graphene in air, the sample was exposed to UV
light for a period of 3 h under high vacuum conditions (10~> mbar).
The UV irradiation wavelength is specifically selected to be 254 nm
since it is energetically sufficient enough to remove the O, and H,O
molecules adsorbed by the graphene layer.

After the adsorbate removal process, the sample surface was
encapsulated with a 100 nm thick SiO, layer by Neocera PEBS-
32 PED system. The R-T measurements were conducted using
5K-300K Janis cold head optical cryostat equipped with a Pfeif-
fer Hi-Cube pump station. Lakeshore 331 temperature controller
and a calibrated reference thermocouple were used for temper-
ature control and measurements, respectively. In order to ensure
good thermal contact and electrical insulation at the same time, low
temperature compatible ceramic epoxy was employed for bonding
the sample on a Copper (Cu) plate. The Cu plate with the sample
on top were mounted on the sample holder of cold head (Fig. 1(d)).
The electrical characterizations of the sample were done by using
Keithley 2400 Source Meter and Keithley 6220 Picoammeter. The R-
Tmeasurements of the sample were conducted under a bias voltage
of Vp=2V.

3. Results and discussion

The I-V characteristics of BEG sample obtained before and
after in-vacuum UV light treatment were plotted in Fig. 2(a) The
measurements show that room temperature resistance (Rzggg) of
as-grown BEG sample is decreased from ~2.3 k2 to ~1.2 kS2 after
3 hofUVlight exposure. The reduction in the resistance of graphene
can be explained as in the following manner. Epitaxial graphene
grown on the Si-terminated face of SiC is known to be intrinsically
n-type doped due to charge transfer between graphene layer and
SiC substrate underneath [19]. The atmospheric molecules such
as 0, and H,O0 are adsorbed readily by the graphene layer when
it is exposed to air. These adsorbates behave like electron trap-
ping surface states and thus reduce the electron density of n-type
epitaxial graphene as schematically illustrated in Fig. 2(b). As the
UV light promotes desorption of these adsorbates from the sam-
ple surface into vacuum, the trapped electrons are released back to
the graphene layer via charge transfer doping mechanism. There-
fore, the R3gox of adsorbate free BEG becomes lower than that of
as-grown BEG measured prior to the UV light exposure process.
The R-T characteristics of BEG sample measured before and after
UV exposure were compared in Fig. 2(c) and (d). The resistance of
as-grown BEG with adsorbates increases almost like exponentially
as a function of decreasing temperature (Fig. 2(c)) and resembles
to that of a typical thermistor element with NTC character. The
overall resistance variation for as-grown BEG was determined to
be about 21% for the temperature range between 25K and 300K.
After the adsorbate removal process with UV light, the R-T char-
acteristics of BEG becomes similar to that of a conventional metal
at high temperatures whereas exhibits an upturn at around 150K
(Fig. 2(d)). This peculiar temperature dependent resistance behav-
ior of epitaxial graphene on SiC has been previously attributed to
the weak-localization and electron-electron interaction phenom-
ena [20]. It is clearly seen that adsorbate free graphene cannot be
used as a thermistor due to the continuous interaction of ambi-
ent gases with the graphene layer. The resistance characteristics of
bare graphene sensor strongly depends on the partial pressure of
the surrounding adsorbates. These random interactions are unde-
sirable for ultimate electrical stability. Our experiments showed
that the resistance of graphene can change simultaneously with
the adsorption/desorption of electron trapper adsorbates. Thus, the
resistance of our fabricated sensor at 200 K becomes the same as
the one measured at 130 K due to the parabolic behavior of the R-T
curve after UV light illumination (Fig. 2(d)). Therefore, it is of cru-
cial importance to encapsulate graphene in order to stabilize and
rectify its temperature sensing capability.

Following the R-T measurements of BEG conducted before and
after UV light illumination, the sample was encapsulated with a
100 nm thick SiO, layer by using PED technique. For comparison,
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Fig.1. (a) Tapping mode AFM topography image of BEG layer on 4H-SiC substrate. (b) The schematic of epitaxial graphene/SiC thermistor device comprising Cr/Au interconnect
source/drain pads and PED grown SiO, encapsulation layer. The photograph of epitaxial graphene/SiC sample mounted (c) on the PCB chip board and (d) on the sample stage

of 5K-300K Janis cryostat.
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Fig. 2. (a) Room temperature I-V characteristics of monolayer BEG on 4H-SiC substrate before and after UV light exposure. (b) The schematic illustrations of UV driven
desorption of atmospheric adsorbates from graphene layer into vacuum and corresponding charge transfer process. R-T characteristics of monolayer BEG on 4H-SiC substrate

(c) before and (d) after UV light illumination.

the resistance of EEG sample was also measured as a function of
temperature between 25K and 300K. Fig. 3(a) displays the R-T
plot of EEG sample, which provides a direct view for the asymp-
totic increase of resistance upon cooling. The observed trend in
R-T measurement is a clear indicator of a typical thermistor behav-
ior with NTC resistance character. The overall change in resistance

was determined to be about 7.5 x 103 % which is greater than the
total resistance variation of as-grown BEG sample (21%) measured
before the UV light exposure. It should be noted that, in contrary to
as-grown BEG sample, we observed no deviation in the R-T char-
acteristics of EEG before and after UV light illumination, as well as
in cool-down and warm-up cycles. After SiO, encapsulation, the
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Fig. 3. (a) R-T characteristics of EEG on 4H-SiC substrate. Inset displays the change
in normalized resistance (R/R3oox ) of EEG sample measured in a temperature range
between 75K and 300 K. (b) Thermal sensitivity curve of EEG sample determined in
a temperature range between 75K and 300 K.

R3gok of the sample rises to such a value as high as 1.6 M£2. This
high resistance and NTC behavior suggest that EG layer is converted
from a conductor into an insulator or even a semiconductor. In the
case of plasma involved thin film deposition processes, such as PED,
low energy plasma exposure on graphene results in an increment
around one order of magnitude in the R3ggg value [19]. However,
the R3gok of our EEG was found to be about 7 x 102 times greater
than that of BEG measured before the SiO, deposition process. Such
a large increment in the resistance can also be associated with the
charge trap states formed at the SiO,/graphene interface.

As one of the most important characteristics of a thermistor
device, the normalized resistance (R/R3ggk) is used to determine the
nominal resistance value at a specified temperature. The R/R3ggk of
EEG sample was plotted at the inset of Fig. 3(a) as a function of
temperature ranging between 75K and 300 K. For 75 K, the R/R3ggx
of the sample reaches to a value of around 6.5 and tends to grow
abruptly for lower temperatures consistent with the correspond-
ing R-T measurement shown in Fig. 3(a). The thermal sensitivity
(o) of the fabricated EEG sample is extracted from the relation o =
—B/T2, where  is the empirical calibration constant which scales
the response of resistance to temperature change for a NTC ther-
mistor. The B-factor in the sensitivity relation is determined by
using the following expression,

o =28 (7~ 30) |
Rsoox P T ~ 300

Below 225K, where the sensitivity is larger and NTC character-
istics becomes more pronounced, the (3-factor of the sample was
determined to be about 235. As seen in Fig. 3(b), the thermal sensi-
tivity of EEG sample decreases (increases) above (below) 225K as
a function of decreasing temperature. These two distinct sensitiv-

ity behaviors are correlated with two different R-T characteristics
observed above and below 225 K. As seen at the inset of Fig. 3(a),
the variation in the resistance above 225 Kis slightly different from
the one measured below 225K. This observed phenomenon can
be explained in terms of the interplay between electron trapping
mechanism at SiO,/graphene interface and charge transfer pro-
cess from SiC to graphene occurring at high temperatures. The
defects created during the deposition of SiO, dielectric layer on
graphene give rise to charge trap states at SiO,/graphene inter-
face. The electron density in graphene is considerably lowered due
to the trapping of electrons by these interface states. Since the
electron density is reduced, the Fermi level of BEG shifts towards
a lower energy state close to the Dirac point leading to a large
increment in the R3poi value of the sample after the encapsulat-
ing process. It is known that a Schottky junction (with a barrier
height of ~1eV) is formed at the EG/SiC interface [21]. The reduc-
tion of Fermi level also lowers the Schottky barrier height and
hence the thermally excited electrons in the depletion layer of SiC
are readily transferred to graphene via thermionic emission and/or
tunneling phenomenon at high temperatures. This process partially
increases the electron density and thus contributes to the electri-
cal conductivity of graphene layer. However, as the temperature
is decreased down from 300K, the number of thermal electrons is
reduced in the depletion layer of SiC. Therefore, the amount of elec-
trons transferred from SiC to graphene is decreased accordingly.
The competition between the injection (from SiC) and trapping
(by SiO;) of electrons in through graphene layer dominates the
R-T characteristics and leads to a substantial decay in the ther-
mal sensitivity of EEG sample as the temperature decreased from
300K to 225K (Fig. 3(b)). The experimentally obtained sensitiv-
ity data imply that the contribution of thermal electrons from SiC
to graphene is greatly suppressed around 225 K. The increment of
resistance and thus the enhancement of thermal sensitivity at lower
temperatures below 225K can be related to the electron-electron
interaction which is strongly sensitive to disorders in graphene
layer [20]. For high (300K) and low (75K) temperature values,
the average variations in the thermal sensitivity of the fabricated
SiO, /EG/SiC thermistor devices were found to be 5.6% and 2.1%,
respectively.

The transient thermal responsivity of EEG sample was deter-
mined relative to that of a reference thermocouple mounted on the
sample stage of our cryostat system (Fig. 4). When the temperature
was set to a certain value like Ty by the temperature controller, the
heater of cryostat is periodically switched on and off in order to
bring the temperature to its set value. During this operation, the
measured temperature oscillates with small amplitudes like AT
in a period defined only by the on and off states of the heater. The
thermal responsivity of EEG sample was characterized with respect
to these small temperature oscillations that occur around different
cryostat temperatures set to 300K, 225K, 150K and 75K. Fig. 4
shows the resistance variations in EEG sample (AR/Rg) due to the
temperature alterations (AT/Tp) read by the reference thermocou-
ple. The peak positions of resistance and temperature variations
were compared with each other in order to determine the rela-
tive thermal response time (At =ty - tggg), Where trc and tggg are
the peak position of the reference thermocouple and EEG sample,
respectively. For a clear comparison, the peak position of reference
thermocouple tr. were indicated by dashed lines in Fig. 4. Except
for the set temperature Ty =225K, where the thermal sensitivity
of EEG sample is around minimum (Fig. 3(b)), the peak to peak
value of the resistance variation (AR/Rg)pp is higher than that of
the corresponding temperature change (AT/Tp)pp. For high tem-
peratures close to 300K, the EEG sample has a low response speed
with a measurement delay of about At=23s relative to the tr. of
reference thermocouple. However, we found that the At value of
EEG sample decreases and thus the response speed increases as the
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Fig.4. Transient thermal responsivity of EEG sample measured for different cryostat set temperatures as (a) 300K, (b) 225K, (c) 150K and (d) 75 K. The dashed (red) curves are
the small amplitude temperature oscillations read by the reference thermocouple. Red dotted lines indicate the peak points of the reference thermocouple (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).

temperature is reduced well below 300 K. At around Ty = 150K, the
response time of EEG sample with At = —2s greatly matches to
that of the reference thermocouple. Further measurements show
that the response speed of EEG sample is higher than the response
speed of reference thermocouple especially for the temperatures
below 150K.

4. Conclusion

The thermal response of monolayer epitaxial graphene grown
on SiC was investigated at low temperatures ranging between 25K
and 300K. The measurements showed that the R-T characteris-
tics of bare graphene is very sensitive to adsorption/desorption of
atmospheric adsorbates which greatly modify the charge carrier
dynamics of graphene. In order to prevent the undesirable inter-
action of adsorbates with epitaxial graphene, the samples were
encapsulated with a thin SiO, dielectric film deposited by PED
technique. We found that the encapsulation process increased the
resistance of graphene by a factor of about 7 x 102 due to the com-
bination of plasma involved deposition process and charge trap
states formed at the interface between SiO, encapsulation layer and
epitaxial graphene. The R-T measurements of encapsulated epitax-
ial graphene exhibited a clear thermistor behavior with negative
temperature coefficient resistance character. The measurements,
conducted relative to a calibrated reference thermocouple, showed
that the thermal sensitivity and responsivity of encapsulated epi-
taxial graphene are greatly enhanced for the temperatures lower
than 225 K. The reduced power output, achieved after SiO, encap-
sulation process, can prevent the self-heating of the sample and
therefore enables one to utilize epitaxial graphene in low temper-
ature sensing applications.
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