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Thermally Stable, Biocompatible, and Flexible Organic
Field-Effect Transistors and Their Application in
Temperature Sensing Arrays for Artificial Skin

Xiaohan Wu, Yan Ma, Guogian Zhang, Yingli Chu, Juan Du, Yin Zhang, Zhuo Li,
Yourong Duan, Zhongyong Fan,* and Jia Huang*

Application of degradable organic electronics based on biomaterials, such as
polylactic-co-glycolic acid and polylactide (PLA), is severely limited by their low
thermal stability. Here, a highly thermally stable organic transistor is demon-
strated by applying a three-arm stereocomplex PLA (tascPLA) as dielectric and
substrate materials. The resulting flexible transistors are stable up to 200 °C,
while devices based on traditional PLA are damaged at 100 °C. Furthermore,
charge- trapping effect induced by polar groups of the dielectric is also utilized
to significantly enhance the temperature sensitivity of the electronic devices.
Skin-like temperature sensor array is successfully demonstrated based on
such transistors, which also exhibited good biocompatibility in cytotoxicity
measurement. By presenting combined advantages of transparency, flexibility,
thermal stability, temperature sensitivity, degradability, and biocompatibility,
these organic transistors thus possess a broad applicability such as environ-
ment friendly electronics, implantable medical devices, and artificial skin.

1. Introduction

Degradable and environmentally friendly electronics based on
biomaterials and organic semiconductors are attracting inten-
sive research and commercial interest because they enable a
range of biocompatible devices for consumer electronics, such
as those used for biomonitoring and artificial skin.-3l Con-
trolled device degradation is also important to help eliminate
the growing problem of “electronic pollution” in the environ-
ment.'"*7 For these reasons, biodegradable polymers, such
as polylactic-co-glycolic acid (PLGA) and polylactide (PLA),
are being explored for fabrication of the aforesaid organic

electronics.!! PLA exhibits especially good
biocompatibility and degradability, which
has allowed it to be approved for use by
the United States Food and Drug Adminis-
tration (FDA).B-11 However, thermal insta-
bility is a major issue of biomaterial-based
electronics due to the typically low melting
temperature of these materials, which
makes such devices vulnerable to damage
when annealed or sterilized as required
during device fabrication or operation.**]
Moreover, organic electronics are being
broadly applied as sensors thanks to their
cost efficiency and portability.'>'7] In addi-
tion to the inherent sensitivity of organic
semiconductors, device configuration is
another approach to provide increased
sensing capability. For instance, micro-
structured  polydimethylsiloxane films
were integrated into organic field-effect
transistors (OFETS) as the dielectric layer to provide high-pres-
sure sensitivity.'1#1% Organic semiconductors often show tem-
perature-dependent intrinsic field-effect mobility at tempera-
tures ranging from 4 k to 300 k, but display very limited thermal
sensitivity beyond room temperature, which would be of more
practical use.l?%?! To overcome this limitation, the introduction
of polar groups within the dielectric layer can provide an inter-
facial interaction with charge carriers of the organic semicon-
ductor layer in a manner that can be influenced by changes in
the environment, such as temperature, which can be exploited
for thermal sensing. Therefore, incorporating a biodegradable
polymer, such as PLA, containing strong polar groups in the
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Figure 1. Molecular characterization and thermal properties of different PLA: a) chemical structures of tascPLA and linear PLLA, b) GPC curves of
tascPLA (left), linear PLLA (right) and commercial PLA (middle) and c) DSC curves of the three polymers for the first heating cycle.

polymer chain is considered as a new dielectric layer for OFETs
to enhance thermal sensitivity of biocompatible devices beyond
room temperature for thermal sensing applications.

In this work, we demonstrate a thermally stable biomate-
rial-based OFET by applying a three-arm stereocomplex PLA
(tascPLA), that serves as the gate dielectric and substrate simul-
taneously. Various organic semiconductors, including both
p-type dinaphtho[2,-b:2",3"-f]-thieno[3,2-b]thiophene (DNTT),
5,5"-bis(4-n-hexylphenyl)-2,2’"-bithiophene (6PTTP6), and n-type
N,N-bis  (3-(perfluoroctyl)propyl)-1,4,5,8-naphthalenetetracar-
boxylic acid diimide (8_3-NTCDI),['”?223] were used to fabri-
cate the transistor channels. The resulting tascPLA-OFETs are
stable up to 200 °C, while devices based on traditional PLA are
generally damaged at 100 °C. The transistors also display good
flexibility and operation even while bent around a radius of less
than 800 pm. As we expected, the temperature sensitivity of the
tascPLA-OFETs was significantly enhanced by utilizing polar
group induced dielectric/semiconductor interfacial charge-
trapping effect, without which the semiconductor materials
alone display very limited temperature-dependent performance
beyond room temperature. Cytotoxicity of the devices was also
evaluated using cell co-cultures and 3-(4,5-dimethyl-thiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assays, demon-
strating good biocompatibility. Skin-like temperature sensing
was then realized by constructing an array of the tascPLA-
OFETs, and further validated against thermal infrared imaging.
By presenting combined advantages of transparency, flexibility,
high thermal stability, temperature sensitivity, degradability,
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and biocompatibility, our transistors thus possess broad appli-
cability for environmentally friendly electronics, implantable
medical devices, and artificial skin.

2. Results and Discussion
2.1. Molecular Design and Synthesis of Thermally Stable PLA

PLA has been used as an environmentally friendly engineering
and biomaterial because of its good mechanical properties and
degradability.?*?°] Commercial PLA is typically obtained from
natural plant sugars, which consists of mainly poly(L-lactic
acid) (PLLA) with trace poly(D-lactic acid) (PDLA). The material
exhibits a rather low-melting temperature (T;,,) at less than 150 °C
since the presence of trace PDLA disturbs crystallization of the
PLLA. However, crystalline stereocomplex PLA (scPLA), con-
sisting of similar amounts of PLLA and PDLA, is harder to break
due to the interaction between the two configurations, and thus
scPLA shows a higher T, as compared to pure PLLA or PDLA.12¢!
A Dblock copolymer chain with equal amounts of PLLA and
PDLA was therefore considered for a biomaterial-based device to
ensure that the PLA crystal structure consisted of mostly scPLA.
Additionally, the interesting properties of multiarmed polymers,
such as their improved processing and strong mechanical prop-
erties,”””) suggested such a molecular structure incorporating
three arms and PLLA-PDLA block chains would be most advan-
tageous for the proposed applications and was thus designed for
our thermally stable PLA material (Figure 1a). Synthesis of the
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Figure 2. Schematic presentations of OFET device fabrication and images of the transparent and flexible OFETs: a) construction of the OFETs,
b) release layer treatment of the Si template, C) OFETs peeling off from the Si template, d) image of the OFETs, €) crispation of the OFETs and

f) multifolded OFETs.

tascPLA was realized according to the route depicted in Figure s1
(Supporting Information).l?®l Three-arm PDLA was first obtained
by ring-opening polymerization of D-lactide using a three-arm
poly (propylene oxide) (PPO) as the initiator. Tin (II)-alkoxide
groups (tin (II) octoate, SnOct) were used to end functionalize
the three-arm PDLA, and the resulting prepolymer acted as
an efficient initiator in further polymerization of L-actide to
yield high-molecular-weight (Mw) tascPLA. The final product
was characterized by gel permeation chromatography (GPC)
(Figure 1D), proton nuclear magnetic resonance (‘H NMR), 1*C
NMR (Figure s2, Supporting Information), and spectropolarim-
etery. D-lactyl unit content of the tascPLA was 53.2%. A Mw of
160 000 g mol™ for the tascPLA was calculated using 'H NMR,
indicating successful synthesis of the copolymer. It should be
noted that the thermal properties of PLA as measured by differ-
ential scanning calorimetry (DSC) were not just dependent on
its Mw. Commercial PLA has a much higher Mw but a lower
T;, than the linear PLLA. Interestingly, the tascPLA’s elaborate
molecular structure exhibits the highest thermal properties, with
a T, of over 200 °C (Figure 1c, s2, Supporting Information).

2.2. OFETs Fabrication and Flexibility Measurements

The PLA-based transistor geometry and fabrication approach
are illustrated in Figure 2. Gold gate electrodes were first
evaporated onto silicon (Si) templates that were pretreated
with a  (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(FOTS) self-assembled monolayer (SAM) as a release layer
(Figure 2b).2°) 5 pm dielectric membranes that also served as
the device substrate were then fabricated onto the gate elec-
trodes by either spin-coating or dip-coating of the PLA solu-
tion. Both tascPLA and linear PLLA were used as the dielectric
membranes. Organic semiconductors and gold drain/source
electrodes were deposited onto the PLA layers by thermal evap-
oration. For some organic semiconductors (e.g., 8_3-NTCDI),
elevated substrate temperature during the thermal evapora-
tion process generates improved transistor performance.??
However, the thermal instability of the linear PLLA limited the
choice of substrate temperatures, thus all the organic semicon-
ductors were evaporated with the substrate temperatures at less
than 80 °C. The OFETs were easily peeled off from the Si tem-
plates due to the presence of the release layer (Figure 2c), which
allowed the Si wafers to be reused as templates. The OFETs
show great flexibility (Figure 2d) as they can be naturally curled
(Figure 2e) and reversibly multi-folded (Figure 2f). The great
mechanical flexibility enables a wide range of interesting appli-
cations such as wearable electronics.3%31)

To demonstrate the applicability of the PLA dielectric in
organic electronics, several organic semiconductors, including
both n-type (8_3-NTCDI) and p-type (6PTTP6, DNTT), were
used in the OFETs.['72223 The performance of the obtained
OFETs was evaluated using a Keithley 4200 Semiconductor
Parameter Analyzer. All the OFETSs exhibited good transistor
characteristics, as shown in Figure 3a-c, displaying obvious
linear and saturation regimes. The flexibility of the OFETs was
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2.0x10” 8.0x107 of the OFET for flat and bent configurations
0.0 at a radius ranging from 30 to 0.8 mm was
obtained by measuring the transfer charac-
-2.0x107 -6.0x10” teristic curves to determine that only a 4.7%
4.0x107 - . decrease in mobility was observed (Figure 3e).
~3 i | 4.0x10” < It should be noted that a radius of 800 ym
Y 8:0x1071 ’ Q@  is not the bending limitation of our OFETSs,
£ 8.0x107 - rather the comparable electrical performance
2 ox10” of the device whether kept flat or bent around
-1.0x10° - an 800 pm radius indicates that the flexibility
1.2x10°+ of the OFETs is good enough for most appli-
L0.0 cation requirements.”!
-1.4x10° - - -
0 20 40 60 80
Vs (V) 2.3. Thermal Stability and Sensitivity

0.0 0.0 Thermal stability of the OFETs was evaluated
by measuring their electronic performance
5.0x107 4 - .5.0x107 at temperatures varying from room tempera-
ture to near the T, of tascPLA (200 °C). The
- 1.0x10° 1.0x10° <  DNTT-tascPLA-OFETs maintained good tran-
< ~» sistor characteristics from room temperature
8 — - — 10200 °C (Figure 4a,d). In contrast, the output
' ’ curves of the DNTT-linear PLLA-OFETs were
disordered at less than 100 °C (Figure 4e,f),
-20x10%1 sl Bendd [-20x10° and then completely damagecg ft beyorfl)d
R R 100 °C. This sharp contrast between the two
'2'5"10_60 20 20 0 -60 20 20 0 -2.5x10 kind‘s of OFETS' indicaFes that the ther'mgl
V_ (V) V. (V) stabll.ity of .the blomaterlal-ba.sed electronic is
5 DS DS drastically improved by applying the tascPLA.
' N By introducing biomaterials into organic elec-
6PTTPG tronics, devices displaying degradability and
10018 ——8—n—n—n—n, e L D) biocompatibility can be realized. However,
o~ g S\ -Cdin p ty ’
S 804 - thermal stability of such electronics is limited
P 8_3-NTCDI Dby the biomaterial additives.l!! PLA inherently
% o o0 s P exhibits better thermal stability compared to
= CFuMOn N )={  N-(CHMCoFrr other biodegradable polymers such as PLGA
= ol N W and polycaprolactone (PCL), and was used
z here in the organic electronic devices.'"°]
20 Commercially available PLA presents a rela-
e tively low melting point (<150 °C), and thus
P . ' was not applied in the OFETs. Linear PLLA
© 10 1 exhibits higher melting temperature than

Bending Radius (mm)

Figure 3. Electrical performance and flexibility of the tascPLA-OFETs with different organic
semiconductors: Ips—Vps characteristics of the OFET with a) 6PTTP6, b) 8_3-NTCDI, c) DNTT,
d) DNTT while the tascPLA-OFET is bent around a radius of 800 ym, e) mobility variation of
the DNTT-tascPLA-OFET at different bending radii, normalized to the initial mobility measured
at the flat state (bending radius of « indicates the OFET is flat) and f) molecular structures of

the three organic semiconductors.

further demonstrated by measuring their electrical properties
while wrapped around cylindrical rods with a series of radii.??
Ips—Vps curves of the DNTT-tascPLA-OFET were measured
for both flat devices (Figure 3c) and those bent around an 800
pm radius (Figure 3d). Both configurations exhibited good
transistor characteristics, and the Ipg changed from —-2.25 to
—2.05 pA (Vps = =60 V, Vg = —80 V). The mobility variation

Adv. Funct. Mater. 2015, 25,2138-2146
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the commercially PLA, but fabrication and
application temperatures of linear PLLA-
OFETs are still limited. For example, using
an annealing temperature of over 100 °C
during the thermal evaporation step could
ruin the linear PLLA films by causing them
to become brittle. Here, we demonstrate
that the tascPLA has a melting point beyond
200 °C thanks to its multiarmed and scPLA
crystal structure. OFETs based on the tascPLA can thus possess
relatively comprehensive advantages.

The thermal sensitivity of the organic semiconductors alone
is limited beyond room temperature. However, by taking advan-
tage of the polar group induced charge-trapping effect, OFETs
based on all the above-listed organic semiconductors can be
provided with significantly enhanced thermal sensitivity. For
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5.0x10” 2.0x10° tascPLA-OFETs fabricated with other semi-
Vge=10~ 20 V a on] Vgld0--20V b conductors including p-type 6PTTP6 and
0.01 n-type 8_3-NTCDI (Figure s3, Supporting
-2.0x10° 1 Information). This thermal sensitivity
-5.0x107 - " behavior of the DNTT-tascPLA-OFET was fur-
-4.0x10" 4 . . .
— . ther demonstrated by showing an intensive
< -1.0x10° 1 < -6.0x10° variation of Ipg against temperature ranging
Q _‘3 40x10° ] from —25 °C to 150 °C, as compared to the
- -1.5x10°- results obtained from DNTT-OFET made
-1.0x10* 1 with a control silicon dioxide (SiO,) dielectric
-2.0x10° 1 AT (Figure 5b). The Ipg of tascPLA-OFET shows
. 25 °C 100 °C a continuous rise, while that of SiO,~OFET
-2.5x107 . . . . 1.4x10% T T T remains relatively stable, indicating that the
%0 60 40 -20 o0 w0 020 temperature-sensitive behavior is generated
Vos (V) DS V) by the semiconductor/dielectric interfacial
interaction. Stability of the thermally sensi-
2.0x10° tive behavior was demonstrated through a
Ve=10~-35V C 6 V4s=10~-20V repeated wave variation of temperature from
0.0 o 25 °C to 100 °C, showing a corresponding
-2.0x10° - wave variation in the Ipg of the DNTT-
4.0x10° ] tascPLA-OFET (Figure 5c). The tascPLA-
2.0x10° 4 . OFETs were also held at 100 °C for several
= < “6.0x107™ hours, and its Ipg exhibited slight changes
e Y -8.0x10%4 (Figure 5d). These results indicate that the
= 40x10°4 = 1.0x10° thermal sensitivity is both reliable and repro-
ducible, making our tascPLA-OFETs appli-
-1.2x10° 1 cable for temperature sensors.[3l
B0 150 C -1.4x10°- cogs}ilgertzzpp;ng eif;:ct hefls been g.enerfdly
1.6x10° L9 i problem for organic elec-
80 60 40 20 0 80 60 40 20 0 tronics, but here subtly applied in this work
Vv to enhance thermal sensitivity of the OFETs.
os (V) Vos (V) The mechanism of the polar-group-induced
5.0x10” thermal sensitivity can be described on the
00| Ves=10~-20V e 00 basis of the multiple trap and release (MTR)
a model.?3+37] Specifically, polar groups in
5.0x107 the PLA layer (i.e., carbonyl functionalities)
-1.0x10° induce multiple traps with different energy
— -1.0x10° — levels at the semiconductor and dielectric
< < " interface. The deep traps with high energy
_8 510 _8 20607 levels can capture charge carriers and thus
2.0x10°+ decrease the carrier density in the conduc-
-3.0x10°+ tion channel. The shallow traps with rela-
2.5x10°- Linear PLLA R.gov Linear PLLA | tively low energy levels can reduce the rate
25 °C 4.0x10° 100 'C of charge carrier transportation by tempo-
-3.0x10° i I e ~R B0 0 40 20 o rarily trapping the carriers. During energy
uptake from heat at elevated temperature
Vos V) Vos V) conditions, the carriers can be released from

Figure 4. Thermal stability of the DNTT-tascPLA-OFET as compared with DNTT-linear PLLA-
OFET: Ips—Vps characteristics of the DNTT-tascPLA-OFET at a) room temperature, b) 100 °C,
c) 150 °C, and d) 200 °C and that of DNTT-linear PLLA-OFET at e) room temperature and

f) 100 °C.

example, transfer characteristics of the tascPLA-OFET com-
posed of the DNTT semiconductor at temperatures ranging
from 25 °C to 150 °C are shown in Figure 5a. The Ipg of the
device improves from 2.13 to 37.8 pA as the temperature
increases from room temperature to 150 °C (Vps = —60 V,
Vgs = —80 V). Similar behaviors were also found for the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the deep traps. The rate of charge carrier
transportation can also be increased since
the average capture time by shallow traps is
shortened. The charge carrier density and
transportation rate at the interface domi-
nate the threshold voltage (Vy,) and mobility
of the OFET, respectively.’?*3¢37] Therefore, our tascPLA-
OFETs exhibit reduced absolute Vy, (e.g., from 37.5 to 0.36 V
for DNTT-tascPLA-OFET) and increased mobility (e.g., from
0.15 to 0.58 cm?V~!s7! for DNTT-tascPLA-OFET) at elevated
temperatures for all the studied organic semiconductors
(Figure 5e,f, s3c,d, Supporting Information). Other factors

Adv. Funct. Mater. 2015, 25, 2138-2146
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Figure 5. Temperature sensitivity of the tascPLA-OFETs: a) transfer characteristics at different
temperatures of DNTT-tascPLA-OFET (Vps = —60 V), the thin lines are corresponding gate
leakages, b) Ips variations of the OFETs with tascPLA or SiO, dielectric layers at different tem-
peratures, normalized to the initial Ips measured at =25 °C (Vps =—60 V, Vgs = =60 V), c) Ips
variation of the DNTT-tascPLA-OFET along with repeated temperature changes between 25 °C
and 100 °C, normalized to the initial s measured at 25 °C, d) Ipg variation of the tascPLA-
OFETs holding at 100 °C as a function of time (Vps = —80 V), e) mobility, and f) threshold
voltage variation of the DNTT-tascPLA-OFETs. Error bars in d, e, and f represent standard errors
from 20 tascPLA-OFETs.
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this temperature range. Variation of PLA
layer capacitance is also evaluated and pre-
sented limited change (Figure s4, Supporting
Information). The above findings indicate
that the polar-group-induced MTR effect is
the main mechanism of the high thermal
sensitivity of our OFETs as we proposed. The
strategy of utilizing the polar-group-induced
semiconductor/dielectric interfacial charge-
trapping effect, requiring only a very simple
fabrication process, can be extensively
applied to various organic semiconductors
and electronics to significantly enhance their
thermally sensitivity.

2.4. Biocompatibility

Biocompatibility is a basic requirement for
materials and devices with potential bio-
medical applications.['!] PLA has good bio-
compatibility and has been approved by the
FDA as a result.”!% However, the biocom-
patibility of biomaterial-based OFETs, which
also contain organic semiconductors and
metal electrodes, remains unknown. Cell
co-cultures and MTT assays were employed
to study the cytotoxicity of the tascPLA-
OFETs.[1138] The OFETs with 8_3-NTCDI
semiconductor layers were immersed into
a solution of L929 cells for co-culture meas-
urements. After 4 days of incubation, the
cells were growing well, with a large popu-
lation of cells observed on the surface of
the devices (Figure 6a), indicating low cyto-
toxicity of the tascPLA-OFETs. The MTT
assay is widely used to quantify cytotoxicity
in vitro. It is based on the reaction between
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) and mitochon-
drial succinate dehydrogenases in living
cells to form a purple formazandye, which
is insoluble in water but soluble in dimethyl
sulfoxide. The colorimetric assay enables
determination of the percentage of cells
that remain viable after exposure condi-
tions. Cytotoxicity of DNTT-tascPLA-OFETs
was studied and the cells incubated with
extracts from the DNTT-tascPLA-OFETs
exhibited over 85% relative growth rations
(RGR) (Figure 6b). More concentrated

were also considered as possible reasons for the thermally  extracts or longer extraction time lead to a slightly lower
sensitive behavior, such as intrinsic mobility changes of the =~ RGR as expected. The good biocompatibility of the tascPLA-
organic semiconductors and capacitance changes of the PLA  OFETs could be attributed to: i) tascPLA composing most of
film. OFETs of DNTT deposited on Si/SiO, gate/dielectric = the OFETs already possesses good biocompatibility; ii) the
were measured by the semiconductor parameter analyzer at  organic semiconductors compose less than 0.1% total mass
temperatures ranging from —25 °C to 150 °C. The drain-source  of the devices; iii) organic semiconductors are generally very
current and mobility of the OFET change slightly (Figure 5b),  insoluble in water, which is the medium for cell culture and

implying the intrinsic mobility of DNTT changes slightly in  living tissue.

Adv. Funct. Mater. 2015, 25,2138-2146 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Biocompatibility and 2D temperature sensing of the OFET array for potential application for artificial skin: a) optical image of the 8_3-NTCDI-
tascPLA-OFETs co-cultured with L929 cells, b) RGRs of cells incubated in the solutions containing extracted matters from the DNTT-tascPLA-OFETs,
c) schematic presentation using the OFET array to detect a 2D temperature gradient field, d) the Ips matrix output of the OFET array as a 2D tempera-
ture sensor, normalized to the initial [ps matrix measured at room temperature, €) thermal infrared image of the OFET array on the gradient temperature
field and f) the corresponding matrix temperature distribution extracted from the thermal infrared image.

2.5. Skin-Like Temperature Sensor Array

Due to their combined advantages, the tascPLA-OFETs are
expected to be potentially applicable as an artificial skin with
functional 2D temperature sensing.21333%] Demonstration of
such an application was realized by arranging the tascPLA—
OFETs into a 2D array to detect a temperature gradient that was
formed on a square of quartz glass heated by a thin copper rod
(Figure 6¢). The temperature distribution sensed by the arti-
ficial skin is exhibited in a matrix form of normalized Ipg of
each OFET in the array (Figure 6d), displaying higher values at
the locations closest to the heater rod and lower values at the
regions spaced further away. The output results were further
verified by employing thermal infrared imaging to detect the
temperature field (Figure 6e). A 2D distribution of tempera-
ture in the same matrix form was extracted from the thermal
infrared image at the same locations on the square (Figure 6f).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The temperature distribution exhibited the same patterns as
the aforesaid normalized Ipg distribution, which indicates our
sensor array presents reliable 2D temperature detection.

3. Conclusion

In conclusion, biomaterial-based OFETs exhibit high thermal
stability thanks to synthesizing and applying the tascPLA.
Meanwhile, a simple strategy of fabricating OFET temperature
sensors was proposed by utilizing the polar-group-induced MTR
effect. The polar groups of the gate dielectric material enabled
all the OFETS of the studied organic semiconductors to exhibit
high-temperature sensitivity. Therefore, our OFETs made with
tascPLA substrate/dielectric layers present many advantages
including transparency, flexibility, thermal stability, high-tem-
perature sensitivity, degradability, and biocompatibility, and
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thus possess broad applicability for environmentally friendly
electronics, implantable medical devices, etc. Furthermore, a
2D temperature field was successfully detected using an array
of the fabricated tascPLA-OFETs. The reliable skin-like thermal
sensitivity and the good biocompatibility thus make our OFETs
potentially applicable for artificial skin.

4. Experimental Section

OFETs Fabrication and Characterization: Heavily n-type doped Si wafers
with 300 nm of thermally grown SiO, layers were used as templates.
Wafers were cleaned prior to use then surface modified with FOTS
chloroform solution (1, v/v%) by spin coating at 3000 rpm for 20 s. Gold
gate electrodes with thicknesses of 100 nm were thermally evaporated
onto the Si templates through a shadow mask. PLA dielectric layers were
then fabricated by two methods: i) 100 g L™' PLA chloroform solution
was spin coated at 3000 rpm for 60 s; ii) 50 g L™' PLA chloroform
solution was dip coated at a speed of 15 pm s~'. More dilute solution
and faster speed can result in a thinner film. Both samples were then
annealed at 60 °C overnight in air. Thickness of the PLA dielectric layers
was obtained by the following equation:

The mass of PLA film

Thickness = The area of PLA filmXx density

While the mass was measured by a precision balance, the areas were
obtained by measuring that of the Si templates, and the density of
PLA is around 1.0 g cm .0 Organic semiconductor thin films at
thicknesses of 100 nm were deposited by vacuum evaporation (0.2 As™,
P =5 x 107 Pa). Gold top contact source and drain electrodes with
thicknesses of 100 nm were evaporated through a shadow mask with
a spacing of L =1 mm and W = 30 pm. Finally, OFETs were peeled off
from the templates after the transistor fabrication was completed. OFETs
with SiO, dielectric were fabricated by direct evaporation of organic
semiconductors and gold electrodes onto the Si/SiO, wafers. Transistor
measurements were carried out with a semiconductor parameter
analyzer (Keithley 4200-SCS). Different measurement temperatures
ranging from —25 °C to 200 °C were realized using a Lakeshore Co.
Model 336. Flexible performance of the transistors was measured while
the OFETs were tightly bent around cylinders with radii r =30, 8, 4.5, 2.5,
1.2, and 0.8 mm, respectively.

Biocompatibility Measurements: Co-culture of L1929 cells with the
8_3-NTCDI-tascPLA-OFETs was performed firstly by sterilization
of the OFETs with ozone and ultraviolet light for 2 h. L929 cells at a
concentration of 1 x 10* cells mL™" were incubated with OFETs for
4 days while supplementing fresh medium every 6 h. Cell morphology
was then observed using an inverted phase contrast microscope (IX71,
OLYMPUS, Japan). Extracts of DNTT-tascPLA-OFETs and were obtained
aseptically at 37 °C for 24 h or 48 h in 2.0 mL of RPMI1640. The extracts
were then filtered, diluted to different concentrations in the range of 1 to
1/8 times of initial extracts, and finally mixed with 10% (v/v) calf serum
for cell treatment. L929 cells at a concentration of 1 x 10* cells mL™"
were incubated with the aforesaid extracted solutions for 7 days while
supplementing fresh medium every 24 h. For the negative control group,
100 pL of L929 cells were incubated using only fresh medium. Finally,
5 mg mL™" MTT solution was added and cultured for 3.5 h. The formed
precipitates were then filtered and dissolved in dimethylsulfoxide. The
optical density (O.D.) value of each sample was measured using a
microplate reader (Perlong, China) at 570 nm. RGR was calculated by
using the following equation:

RGR(%) = The average OD. of the testgroup

O,
~ The average O.D. of the negative controlgroup *100%

Skin-Like Temperature Sensing: A heating rod with a radius of 2 mm
was vertically placed on a 4 cm X 4 cm quartz glass square, and the
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end face of the rod was closely contacted to the square (Figure 4c). A
2D temperature gradient field was thus formed on the square when
balance was achieved between heat conducted from the hot rod and
thermal diffusion and radiation on the quartz glass. A thermal infrared
imager (FLIR SC300, with a close-up-lens 2x) was employed to detect
the temperature distribution on the square. A 5 x 4 OFETs array was
then placed on the square and the electric performance of each OFET
was measured using a Keithley 4200-SCS. Normalized Ips of the OFETs
was obtained by dividing the Ips of each OFET on the heated square by
that at room temperature (Vps =—60V, Vgs =—60 V).
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Supporting Information is available from the Wiley Online Library or
from the author.
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