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ARTICLE INFO ABSTRACT
Editor: Dr. Rinklebe Jorg With its unprecedented properties over conventional rigid platforms, flexible electronics have been a significant
Keywords: research topic in the last decade, offering a broad range of applications from bendable display, flexible solar-
Silicon carbide energy systems, to soft implantable-devices for health monitoring. Flexible electronics for harsh and hazardous
Flexible electronics environments have also been extensively investigated. In particular, devices with stretchability and bend-ability
Environment monitoring as well as tolerance to extreme and toxic operating conditions are imperative. This work presents silicon carbide
Hazardous environments grown on silicon and then transferred onto polyimide substrate as a new platform for flexible sensors for hostile
environments. Combining the excellent electrical properties of SiC and high temperature tolerance of polyimide,
we demonstrated for the first time a flexible SiC sensors that can work above 400 °C. This new sensing platform
opens exciting opportunities toward flexible sensing applications in hazardous environments.
1. Introduction bendable electronics, providing new exciting functionality over con-

ventional hard, rigid platforms (Jeong et al., 2018; Rogers et al., 2010;
Recent advancements in soft-lithography and printing technologies Nathan et al., 2012; Phan et al., 2019a; Falahi et al., 2019). A broad
have made tremendous progress in the development of stretchable and range of flexible applications have been translated from basic-research
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Fig. 1. Schematic sketch of the fabrication process. (1) SiC/Si platform; (2) free-standing SiC membranes; (3) suspended SiC micro-bridges; (4) picking using PDMS;
(5) transfer onto PI/glass; (6) metallization; (7) encapsulating with another PI layer; (8) peeling-off.
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Fig. 2. Photograph and SEM images of fabricated devices. (A) Photograph of a full SiC-on-Si wafer; (B) photogrpah of released transparent-SiC membrane; (C) SEM
image of a free standing SiC microbride released from the Si substrate; (D) finite element analysis of the stress concentration on the SiC microbridges under PDMS
stamping; (E) microscopy images of SiC bridges attached on the PDMS stamp (top: 875 um x 50 pm single-bridge; bottom: 875 pum x 100 um bridge-array); (F)

demonstration of the flexibility of the SiC-on-PI platform.

into commercial products, including bendable displays, smart-watches
for biometric-data tracking, and wearable ultraviolet dosimeters. Al-
though organic materials and conductive polymers offer the intrinsic
bendable property, most of the commercialized devices are built based
on conventional inorganic semiconductors which are transferred from
the rigid substrates onto a soft and flexible template (Sun and Rogers,
2007; Liu et al., 2015). The use of common inorganic semiconductors
such as silicon and Ill-nitride takes advantage of their advanced fabri-
cation technologies as well as the established physics (Yu et al., 2017;
Zhang et al., 2019).

Typical flexible applications operate at a small temperature range
varying from room temperature to approximately 150 °C (Jeon et al.,
2013; Dinh et al., 2019, 2017; Zhan et al., 2014). Recent studies

suggests an increasing demand for devices that can operate at a wider
range of temperatures varying from cryogenic up to several hundred
degree Celsius (Almuslem et al., 2019; Sun et al., 2018; Chen et al.,
2016; Li et al., 2015). This is quite obvious in space exploration in-
dustry, where the temperature can be reduced to below —250 °C for the
case of Jupiter or can reach to above 400 °C on Venus surface (Phan
et al., 2018; Hunter et al., 2006; So and Senesky, 2017). NASA has been
taking part in developing a host of deployable structures including
balloons, solar sails, space-borne telescopes and membrane-based syn-
thetic aperture radars to work at these temperatures (Brandon et al.,
2004, 2011; Basirico et al., 2017). To develop each of these applica-
tions, a thin, low mass, large area structure (i.e., polymer-based) is an
imperative component. Additionally, integration of sensors within these



H.-P. Phan, et al.

20
15

10+

Resistance [kQ]

St % 50 100
Number of cycle [-]

Measured current [pA]
o

Bending cycles
—1 o6
-2 ° 7
-3 « 8
—4 a9
5 10

0 1 2

Applied voltage [V]

Fig. 3. Mechanical stability of the SiC-on-PI devices subjected to the bending
experiment. Inset: Demonstration of SiC-on-PI device being wrapped around a
curved surface with a radius of 5 mm (top); and SEM image of SiC/PI interface
after bending (bottom).

structures is of significant importance. Furthermore, considering the
fact that every milligram launched to space does matter for the asso-
ciated cost, having electronics devices on a light-weight, flexible plat-
form could ease the installation and significantly reduce the launching
expense (Meador, 2019). Aside from high temperatures, chemical/me-
chanical corrosion and high radiation are other hazardous factors that
can adversely affect the performance of flexible electronics. Well-
known examples for these extreme conditions are deep sea exploration
and underwater environmental monitoring systems, where salty water
could rapidly degrade device performance (Nassar et al., 2018; Shaikh
et al.,, 2019). As a consequence, there is a need for developing niche
electronics that can withstand these extreme environments.

Main-stream flexible inorganic devices have been developed based
on silicon (Si) nanothin films. Nevertheless, due to its relatively fast
hydrolysis rate, Si electronics gradually degrade when being subjected
to a long-term underwater operation (Yin et al., 2015; Hwang et al.,
2015). Furthermore, at high temperature the thermally activated in-
trinsic carriers make the performance of Si-based devices no longer
reliable (Li et al., 2018). Silicon carbide (SiC) has emerged as an ex-
cellent alternative owing to its robust physical properties (Phan et al.,
2019b; Mandrusiak et al., 2018; Yang et al., 2019b; Nguyen et al.,
2017). Silicon carbide-based transistors, pressure sensors, photo-
detectors operating in extreme environments have been successfully
demonstrated (Lanni et al., 2013; Nguyen et al., 2018; Yang et al.,
2019a). However, as these devices were built either in the bulk-form or
from a SiC epilayer on a solid substrate (Qamar et al., 2015), SiC-based
electronics with mechanical flexibility that can operate at high tem-
peratures have been rarely reported.

We present here ultra-thin silicon carbide (SiC) nanomembranes on
a soft, thin polyimide substrate as a robust platform for flexible elec-
tronics working in harsh environments, taking advantage of the elec-
trical stability and chemical inertness of the SiC material. The low
mechanical bending stiffness of SiC nanomembranes combined with the
intrinsic softness of micro-thick polyimide enable excellent flexibility.
As a proof of concept, we demonstrate an Al-doped SiC film on poly-
imide as a temperature sensors that can work above 400 °C, the highest
working temperature reported so far on flexible electronics based on
wide-band-gap materials.
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Fig. 4. SiC-on-PI for temperature sensors (a) -V curve under temperature
variation; (b) resistance change vs. temperatures. Inset: Relationship between In
(R/Rp) and 1000/K in Kelvin to fit the parameters in Eq. (3); (c) TCR vs.
temperatures.

2. Experimental procedures
2.1. Preparation of SiC films

We deposited the 3C-SiC films on both sides of a 6-in. (100)-silicon
wafer using a hot wall chemical vapor deposition chamber at 1250 °C.
Prior to the growth process the silicon wafer was cleaned using the RCA
standard. The deposition process started with a carbonization step to
form a growth-buffer layers. Silane and propane were then alternatively
supplied to stack SiC layers onto the buffer layer. Trimethyaluminum
(TMAI) was employed to form a normally doped p-type 3C-SiC with a
carrier concentration of approximately 10'® cm ™2, The thickness of SiC
film was measured as 130 nm using Nanometrics Nanospec™ AFT210.
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Fig. 5. Testing of SiC-on-PI under high humidity and corrosive condition. (A) The electrical conductivity of SiC in comparison to Si nanomembranes soaken in PBS at
75 °C. Inset: Estimated resistance change in 130 nm-thick Si membranes based on the hydrolysis rate; (B) surfaces of SiC and Si subjected to ammonium salt (TMAH).

The detail of the growth process can be found in our previous studies,
where the crystallinity and orientation of the SiC films have been re-
ported (Wang et al., 2011; Nguyen et al., 2019).

2.2. Transferring SiC onto flexible substrate

Fig. 1 illustrates the fabrication process of the flexible SiC devices,
which is compatible with the standard photolithography technology.
Following the deposition process, SiC micro windows on the backside
was patterned using inductive plasma etching (ICP), exposing the Si
substrate. The exposed Si areas were then removed using KOH etching
at 80 °C, leaving free-standing SiC membranes with a dimension of
875 um X 875 um. Due to its chemical inertness, the SiC thin film on
the back functioned as the hard-mask for Si wet etching. Next, litho-
graphy was applied to the released SiC membranes, followed by ICP
etching to define free-standing SiC micro-bridge structures. These micro
bridges were then picked up using a PDMS (1:10 ratio) stamp. By uti-
lizing a stress concentration phenomenon, SiC bridges were detached
from the Si layer at the supporting anchors. Next, the stamped SiC
micro-structures were transferred onto a polyimide (PI) film that was
pre-spincoated on a glass substrate. Due to the higher adhesion force
between the uncured PI and SiC compared to SiC/PDMS, the SiC films
remained on the PI substrate upon removing the PDMS stamp. Subse-
quently, metal (Au/Cr — 100 nm/10 nm) was ebeam evaporated and
patterned to form electrodes for the SiC devices. The samples were then
annealed at 400 °C to cure the PI as well as to enhance the contact
between metal and semiconductor. Finally, the SiC-on-PI devices were
peeled off from the glass substrate, leaving a SiC-based flexible elec-
tronic platform.

2.3. Bending experiments

After being removed from the handling substrate, the sample was
mounted onto a linear actuator to induce mechanical load onto the
flexible device. A bending radius of R = 5 mm was applied to the
samples with 100 cycles. The induced strain was approximated as
e = [t/2]/R, where t is the thickness of the polyimide film. Electrical
measurement was performed before and after the bending cycles to
evaluate the stability of the device subjected to mechanical stimulation.

2.4. Electrical characterization at high temperatures
The current-voltage characteristics (I-V) of the SiC on PI tempera-

ture sensors were characterized using a semiconductor device para-
meter analyzer Agilent™ A1500, by sweeping applied voltages from

—3V to 3V. The samples was mounted onto a temperature-controlled
thermal chuck (Linkam Probe stage HSF600E). The I-V curve of the SiC
devices was then recorded at different chuck temperatures with an in-
crement of approximately 50 K. The surface temperature was monitored
using a K-type thermocouple.

3. Results and discussion

Fig. 2 shows photographs of the fabricated devices. The large scale
of the SiC-Si platform (Fig. 2(a)) along with the compatibility with
standard micromachining processes could enable wafer-scale level
fabrication of flexible SiC electronics. The transparency of released SiC
nanomembranes (Fig. 2(b)) allow for the alignment of subsequent
photography masks with the pre-defined free-standing structures. The
simulation results (Comsol Multiphysics™) shown in Fig. 2(d) indicates
that under pressurizing the PDMS stamp onto the free-standing SiC
micro-bridges, stress was concentrated at the supporting edges. The
finite element method (FEM) was consistent with the experimental re-
sults, where the SiC bridges was separated from the Si substrate at the
anchor parts, and firmly attached on the PDMS stamp, Fig. 2(E). Upon
removing from the handling glass layer, the SiC-on-PI sensors show
excellent flexibility, as demonstrated in Fig. 2(F).

Fig. 3 shows the [-V characteristics of a SiC device. The non-linear
behavior of the current-voltage curve suggests a Schottky contact due
to the barrier height between Au and p-type 3C-SiC (Kojima et al.,
2000). The devices were then subjected to the bending test using the
aforementioned linear actuators. No delamination was observed after
bending the device, demonstrating the strong bonding between SiC and
the PI substrate. The consistency of the electrical conductance after 100
bending cycles further confirmed the excellent stability of the SiC-on-PI
subjected to mechanical deformation. The inset figure shows an SEM
image of the SiC/PI interface, indicating that the sample was free of
delamination and crack. It should be pointed out that the bending
stiffness (M) of a solid beam with Young's modulus E and a thickness t is
M = Et3/12. The use of nanothin SiC films on a soft and thin PI sub-
strate significantly reduces the bending stiffness, thereby enabling large
mechanical deformation. Our experimental results demonstrated that
transferring SiC membranes on to a soft substrate enables new flexible
functionality where the conventional bulk-SiC-based platform cannot
offer. The electrical conductance of the p-type SiC was then investigated
under the variation of temperature from 25°C up to 450 °C. Experi-
mental results showed that increasing temperature resulted in in-
creasing the current in the SiC sensors, Fig. 4(A). The -V curve also
returned to its initial value when cooling down to room temperature.
The change in the electrical conductivity of the SiC films is attributed to
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the increase of charge carriers due to thermal activation as well as the
decrease in the hole mobility due to the enhanced phonon-hole scat-
tering (Dinh et al., 2016). The temperature dependence of hole con-
centration (Ng;c) in p-type SiC sensors can be approximated as:

Nsic ~ T2 exp(Ea/ksT) (€9)

where E, is thermal activation energy of the Al dopants and kg is
Boltzmann constant. On the other hand, the decrease in the hole mo-
bility (usic) at elevated temperatures can be simply determined as:

Msic ~ T 2

where a is an experimental constant. As a consequence, the electrical
conductivity can be determined as follows:

dsic = quNsic ~ T*2~%exp(E,/kpT) 3

Based on this model, the activation energy of the p-type SiC films
was estimated to be 57 meV, Fig. 4(B), inset. The temperature coeffi-
cient of resistance of the SiC films (TCR = (AR/R)/AT) was found to be
4500 ppm/°C at room temperature and decreased to 1800 ppm/°C at
400 °C, Fig. 4(C). The large TCR in a wide range of temperatures sug-
gests that SiC-on-PI platform is an excellent candidate for thermal
sensing applications. The decrease in the TCR at elevated temperatures
could be attributed to the saturation of the ionized impurity along with
a more dominant role of the diminution of the hole mobility (Dinh
et al., 2016).

Besides high temperatures, the capability of flexible devices in
fluidics and corrosive environments is also of significant interest. We
characterized the electrical properties of the SiC-on-PI in fluidics by
soaking the sample in Phosphate-Buffered Saline (PBS) pH 7.4 at 75 °C
for an accelerated test. The resistance of the SiC films remained un-
changed after 7 days, Fig. 5(A). As a means to compare, we estimated
the change in the resistance of 130 nm-thick Si nanomembranes under
the same condition using the hydrolysis rate reported by Lee et al.
(2017). Accordingly, Si membranes with a carrier concentration of
10'® cm ~3 experience a dissolving rate of over 60 nm/day. This corre-
sponds to an increase in resistance of 1200% after 2 days in PBS at
75 °C, Fig. 5(A) Inset. Furthermore, the corrosive test was performed by
soaking SiC and Si samples into ammonium salt (TMAH) at 80 °C for
10 h. While the surface of Si was significantly attacked, no-observable
surface morphology change was detected in the SiC sample, Fig. 5(B).
These results emphasize the advantage of the SiC-on-PI platform for
applications used in underwater and highly corrosive environments.

4. Conclusion

This work reports on the development and characterization of
flexible crystalline silicon carbide sensors operating at elevated tem-
peratures up to 450 °C. The experimental results showed the high fea-
sibility of transferring silicon carbide nanothin films from the hosting Si
substrate onto a soft platform, enabling the integration of SiC-based
flexible electronics. The experimental data indicated a good bonding
adhesion between SiC and polyimide, with excellent mechanical flex-
ibility and stability. The new sensing platform exhibited a good thermal
sensitivity, with a broad working temperature range varying from 25 °C
to 450 °C. Combining with the chemical inertness of SiC, the developed
devices show great potential for sensing applications in harsh and ha-
zardous environments, with new capability of bendable and wrappable
around curved surfaces.
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