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an ideal platform for temperature
sensors under visible light illumination†
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This letter reports on cubic silicon carbide (3C–SiC) transferred on

a glass substrate as an ideal platform for thermoresistive sensors which

can be used for in situ temperature measurement during optical

analysis. The transfer of SiC onto an insulating substrate prevents

current leakage through the SiC/Si junction, which is significantly

influenced by visible light. Experimental data shows that the 3C–SiC

on glass based sensor possesses a large temperature coefficient of

resistance (TCR) of up to �7508 ppm K�1, which is about 10 times

larger than that of highly doped Si. Moreover, the 3C–SiC based

temperature sensor also outperforms low doped Si in terms of stability

against visible light. These results indicate that 3C–SiC on glass could

be a good thermoresistive sensor to measure the temperature of cells

during optical investigations.
Accurate and continuous measurements of temperature are
highly critical for monitoring the in situ conditions of chemical
reactions and bio-mechanisms in cell culture (e.g., focal adhe-
sion, morphogenesis, protein folding, and so on).1,2 The keys to
achieve this are bio-compatibility, high thermosensitivity, fast
response, etc. To date, silicon has been widely used to develop
temperature sensors for cell monitoring, owing to its mature
fabrication technology.3–5

However, in biochemical environments, silicon (Si) based
sensors suffer from various difficulties, such as driing poten-
tials, chemical instability, and fouling encapsulation.6–9 These
sensors also are not suitable for the optical analysis or in situ
condition monitoring of cell culture under the microscope due
to the opaqueness of Si at visible wavelengths. As a result, to
measure the mechanical properties of a cell using a Si
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piezoresistive cantilever, a light compensation circuit is usually
required.10 In addition, visible light would have a signicant
impact on the accurate measurement of cell temperature.
Therefore, to investigate the mechanical properties and
temperature of cells in an optical microscopy environment,
sensors which are insensitive to visible wavelengths are
desirable.

Compared to Si, silicon carbide (SiC) is a versatile material
for bio-applications due to its superior mechanical and elec-
trical properties, as well as chemical inertness.11–18 To date,
there have been a large number of studies investigating and
considering the development of SiC based biocompatible
devices. For instance, Kalnins et al. utilized SiC as a protective
layer for stents which can reduce early and late coronary
events.19 SiC was also used as a ceramic coating material for
titanium based total hip replacement implants.20 Godignon
et al. reported that bulk SiCmicro-needles can outperform Si for
gra monitoring.21 However, the potential of using SiC for
highly sensitive temperature sensors in an optical environment
has not been demonstrated.

In this work, we demonstrate a highly sensitive temperature
sensor using 3C–SiC transferred onto a glass substrate, as the
glass substrate possesses excellent stability in optical environ-
ments. Experimental data showed that SiC on a glass substrate
was insensitive to visible wavelengths (400–700 nm), thanks to
the large band gap of SiC. In addition, SiC on glass also showed
a large TCR of 7508 ppm K�1 which is 10 times larger than that
of highly doped Si. All these properties along with the bio-
compatibility of SiC make it an excellent candidate for bio-
thermal sensing under illuminative environments.

Single crystalline p-type 3C–SiC was epitaxially grown on
p-type Si(100) substrate by using hot wall Low Pressure Chem-
ical Vapor Deposition (LPCVD) reactor at 1000 �C.22 The alter-
nating supply epitaxy (ASE) approach was used to achieve single
crystalline SiC lm deposition with silane (SiH4) and propylene
(C3H6) as precursors. Trimethylaluminium was used as a p-type
dopant for in situ doping.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Processing steps to transfer the 3C–SiC film from the Si
substrate to the glass substrate: (a) released SiC resistor, (b) detached
SiC resistor using the Focused Ion Beam technique, (c) transferred 3C–
SiC strip on the glass substrate, and (d) sketch of the final device.
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The full range (2q–u) of the X-ray diffraction (XRD)
measurement indicated that 3C–SiC is epitaxially grown on the
Si(100) substrate and the Transmission Electron Microscope
(TEM) image depicts the good crystalline quality of the grown
3C–SiC lm (ESI†). Using the Hall measurement, the carrier
concentration of the 3C–SiC and Si substrate was found to be
approximately 5 � 1018 cm�3 and 5 � 1014 cm�3, respectively.
As we reported previously, under dark conditions, the leakage
current through the 3C–SiC and Si junction was only about
0.05% of the applied current due to the large valence band
discontinuity between 3C–SiC (Ev ¼ 6.9 eV) and Si (Ev ¼ 5.2
eV).23,24 However, the resistance of 3C–SiC/Si signicantly
decreased with increasing light intensity (approximately 27% at
an intensity of 2.0 mW cm�2 and a wavelength of 488 nm), as
shown in Fig. 1. This variation is attributed to either the
absorption of light in the SiC layer or a change in the leakage
current through the SiC/Si junction. To elucidate this
phenomenon, we transferred the SiC onto an insulating
substrate.

I-shaped 3C–SiC resistors (inset of Fig. 1) were formed on Si
using photolithography and inductively coupled plasma etching
(ESI†). Xenon diuoride (XeF2) etching was employed to release
the SiC from the Si substrate,25 Fig. 2(a). As shown in Fig. 2(b),
the resistors were then detached from Si by the FIB technique.
Aer that, using a microprobe, the SiC was transferred to a glass
substrate, Fig. 2(c). A tungsten layer was then deposited to x
the transferred SiC strip onto the Al/glass substrate.

Si samples were also prepared for comparison. Low doped Si
samples were fabricated by sputtering Al on a commercial Si
wafer, followed by a dicing process to form a strip of dimen-
sions 2 mm � 2 mm � 0.625 mm. The details of the fabrication
steps for highly doped Si have been reported elsewhere.26 The
specications of all three devices are given in Table 1. The
experimental setup used to characterize the thermoresistive
effect in the fabricated devices under light illumination can be
found in the ESI.†
Fig. 1 The variation in resistance of p-3C–SiC on the Si substrate
under light illumination (inset shows a sketch of the 3C–SiC resistor on
the Si substrate).

This journal is © The Royal Society of Chemistry 2016
The electrical conductivity of p-type 3C–SiC can be dened
as27,28

sc ¼ qðmhÞðNhÞ � q

�
qlmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3kBTm*
p

��
T 3=2 exp

�
� Ea

kBT

��
(1)

where, q, kB, lm, m*, and Ea are the unit charge, Boltzmann
constant, mean free path, effective mass, and hole activation
energy, respectively. The conductivity of a semiconductor can
increase or decrease when the temperature increases, depend-
ing on which mechanism plays the dominant role (e.g. increase
in carrier concentration, decrease in mobility).

As shown in Fig. 3(a), the resistance of 3C–SiC decreased up
to 30% when the temperature increased from room tempera-
ture to 343 K and it continued to decrease until the carriers
became fully ionized.28 A similar trend was also observed for low
doped Si (which decreased up to 67% at 343 K, ESI†). However,
for highly doped Si, the acceptors were almost fully ionized at
room temperature. In addition, the ionized impurity scattering,
the thermal vibration of the lattice, and collisions with free
carriers would have signicantly increased with the tempera-
ture and hence the mobility would have considerably
decreased.27,29 As a result, conductivity would have decreased
with temperature for highly doped Si (ESI†).

Next, we investigated the inuence of light illumination on
the electrical conductance of all of the fabricated samples.
When light is applied to a material, the carrier concentration of
that material will change depending on its optical absorption
coefficient (a).27,30,31
Table 1 Sample specifications

Type
Doping concentration
(cm�3)

Resistance
(kU)

Low doped p-type Si 5 � 1014 1180
Highly doped p-type Si 5 � 1019 0.776
p-Type 3C–SiC 5 � 1018 32.41

RSC Adv., 2016, 6, 87124–87127 | 87125
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Fig. 3 The variation in resistance of 3C–SiC, due to (a) temperature
(under dark conditions), and (b) illumination.

Fig. 4 (a) Temperature coefficient of resistance of 3C–SiC under
different light conditions and (b) the change of TCR at 326 K for low
and highly doped Si, and 3C–SiC under dark conditions as a function of
illumination intensity at 488 nm and 635 nm wavelengths.
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a ¼ (hn + Eg)
g (2)

where, Eg and hn are the optical bandgap and photon energy,
respectively, and g is a constant which depends on the crystal
structure of the material, i.e., crystalline or amorphous. The
absorption coefficient mainly depends on the photon energy.
The photon will absorb into the material when hn > Eg. There-
fore, the resistivity of the material is expected to change with
illumination of the appropriate wavelength. As observed, the
resistance of low doped Si decreased with the increase in light
intensity (hn ¼ 1.96 eV (635 nm) to 2.54 eV (488 nm), and Eg ¼
1.7–1.9 eV) (ESI*).32 However, for highly doped Si, the resistivity
remained almost constant as the number of electron/hole pairs
generated due to photon energy absorption is considered to be
much smaller than that of ionized impurities. Fig. 3(b) indicates
87126 | RSC Adv., 2016, 6, 87124–87127
that applied illumination had no effect on the resistance of p-
type 3C–SiC because the incident photon energy (hn ¼ 1.96 eV
(635 nm) to 2.54 eV (488 nm)) was lower than the optical
bandgap of 3C–SiC (Eg ¼ 2.94–3.5 eV).12,23,33

As discussed in previous sections, under dark conditions,
the resistivity of 3C–SiC decreases with temperature, hence
a negative temperature coefficient (NTC) was observed
(Fig. 4(a)). The transferred 3C–SiC resistor showed an NTC of
�7508 to �6651 ppm K�1 for the temperature range of 297 to
343 K. Moreover, the TCR of 3C–SiC was not affected by varia-
tion in the wavelength and intensity of the incident light,
Fig. 4(b). However, the TCR of low doped Si varied from 14.4 to
59.5% when the intensity increased from 0.5 to 2.0 mW cm�2.

The TCR of low doped Si also varied 52% and 59.5%, at 2.0
mW cm�2 intensity and a temperature of 326 K, from dark
conditions at 488 nm and 635 nm wavelength, respectively,
implying that light of a 635 nm wavelength has more inuence
than a 488 nm wavelength source at the same intensity as
shown in Fig. 4(b). This variation was observed because, at
a higher photon energy, which is inversely proportional to the
wavelength, the photon will be mainly absorbed near the
surface which leads to the generation of dangling bonds and
these bonds create trap states.34,35 As a result, non-radiative
recombination of electrons and holes will be facilitated by the
increase in photon energy. Therefore, at higher wavelengths,
more free carriers will be generated in Si and hence the TCR for
illumination at a 635 nm wavelength will be lower than that for
a 488 nm wavelength. For highly doped Si, the effect of illumi-
nation on the TCR was reduced dramatically (0.5% and 1.9%
change at 488 nm and 635 nm, respectively), indicating that the
impurities were almost fully ionized at room temperature.

This article presents the characterization of the thermor-
esistive effect of 3C–SiC transferred onto a glass substrate,
aiming at applications under visible light illumination.
Benchmarking of the proposed 3C–SiC against conventional
low doped and highly doped Si operating under the same
conditions was also carried out. Experimental results and
theoretical analysis showed that low doped Si had a high TCR of
�17 379 ppm K�1, but under light illumination the result varied
signicantly. Highly doped Si overcame this limitation;
however, it had a considerably low TCR of 786 ppm K�1. On the
other hand, p-type 3C–SiC grown on Si, which was subsequently
transferred to a glass substrate, showed a relatively high TCR of
�7508 ppm K�1 and the result was also independent of
different light conditions. Therefore, taking advantage of the
biocompatibility in SiC, 3C–SiC transferred onto a glass
substrate can be an excellent platform for visible-light blind and
highly sensitive temperature sensors working in light illumi-
nated environments.
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