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The effect of air exposure on device performance of
flexible C8-BTBT organic thin-film transistors with

hygroscopic insulators
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ABSTRACT  Organic thin film transistors (OTFTs) are
normally sensitive to ambient conditions and show perfor-
mance degradation in air. On the contrary, the performance of
flexible 2,7-dioctyl[1] benzothieno [3,2-b][1]benzothiophene
(C8-BTBT) OTFTs using cross-linked polymer layer, poly(4-
vinyl-phenol)-4,4'-(hexafluoroisopropylidene) diphthalic an-
hydride (PVP-HDA), as the dielectric layer can be improved in
air conditions with 40% relative humidity. Under soaking in
air with 40% relative humidity, the electrical behavior, surface
morphology, and contact angle of the flexible C8-BTBT
OTFTs using PVP-HAD as dielectric layer with three different
thicknesses were investigated. It is found that, when the de-
vices with 375 nm-thick PVP-HDA films are placed in 40%
relative humidity air conditions for 6 h, the corrected average
mobility (4) can increase from 3.2 to 5.1cm’V's ', Fur-
thermore, the average threshold voltage (V) changes from
-12.4 to -9.3 V while keeping a constant ratio of I,,/I ¢ = 10%,
These results indicate that the flexible C8-BTBT OTFTs with
PVP-HDA dielectric layer exhibit interesting application
prospects.

Keywords: flexible electronics, C8-BTBT, OTFTs, PVP-HDA,
hygroscopicity, air stability.

INTRODUCTION

Over the past years, significant developments in organic
thin film transistors (OTFTs) have been made, and the
mobility (¢) has been increased to over 43 em* Vs 1.
It is well known that OTFTs have the advantages of so-
lution process, flexibility, low cost, large area, and so on
[2-5]. Thus, OTFTs show great potential applications in
sensors, circuits, and synaptic electronics [6-11], also
thanks to the improvement of device performance via
new active materials, device engineering, interface en-

gineering of dielectric layer, etc. [12-16]. Air stability is
one of the most important issues for meeting the re-
quirements in practical applications [17-21]. In previous
studies, organic materials affected by air environment
have been widely studied [22,23]. It has been reported
that for gate dielectric materials with active functional
groups, such as hydroxyl groups, the interaction with the
adsorbed water in air would affect the device performance
[24,25], leading to performance degradation in air
[26,27].

As a typical gate dielectric layer material, cross-linked
polymer, poly(4-vinyl-phenol)-4,4'-(hexafluoroisopropy-
lidene) diphthalic anhydride (PVP-HDA), can be pre-
pared via solution processes and exhibits excellent in-
sulating properties [28]. Furthermore, 2,7-dioctyl[1]
benzothieno(3,2-b][1]-benzothiophene (C8-BTBT) is one
of the most promising high-mobility p-channel semi-
conductor material in OTFTs [29-31]. Herein, the effect
of air exposure with 40% relative humidity on the device
performance of flexible C8-BTBT OTFTs with cross-
linked polymer PVP-HDA as the dielectric layer was
studied in details. The flexible C8-BTBT OTFTs were
fabricated using a structure of bottom-gate/top-contact
on poly(ethylene terephthalate) (PET) covered with in-
dium tin oxide (ITO) as the gate electrode. The mobility
of the device was found to increase initially and then
decline upon increasing the exposure time. Since the C8-
BTBT has good air stability and the PVP-HDA cross-
linked polymer gate dielectric film has the ability to ab-
sorb water from air, it is deduced that the performance
changes are mainly caused by the PVP-HDA films. By
comparing devices consisting of PVP-HDA films with
different thicknesses, namely 650, 375, and 280 nm, it can
be seen that the humidity influence becomes weaker with
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decreasing thickness of PVP-HDA films.

EXPERIMENTAL SECTION

C8-BTBT was purchased from Jilin Optical and Electro-
nic Materials Co., Ltd. and used without purification.
PVP, HDA, and triethylamine (TEA) were purchased
from Sigma-Aldrich, and were also employed without
further purification. OTFTs were fabricated with the
conventional structure, consisting of bottom-gate/top-
contact. The flexible PET films covered with ITO were
selected as substrates. Furthermore, the substrates were
ultrasonically cleaned with DI water, acetone, and iso-
propanol for 5 min each. After cleaning, the films were
dried with nitrogen gas. PVP (1 g) and 100 mg of HDA
were dissolved in 5 mL of propylene glycol monomethyl
ether acetate (PGMEA), separately. In order to achieve a
better dissolution, the two solutions were stirred over-
night. Afterwards, 10 pL of TEA was added into the PVP
solution in PGMEA and mixed thoroughly. PVP and
HDA solutions were then mixed and stirred for 2 h to
obtain a full cross-link between the two materials. Finally,
the solution was filtered through a 0.45-um syringe filter.
Central spin coating (CSC) was used to fabricate the gate
dielectric layer. During the CSC deposition, spin-coating
speeds of 1000, 3000, and 6000 rpm were adopted to
fabricate films with different thicknesses. The PVP-HDA
films were placed on the hotplate at 100°C for 1 h to
promote the cross-linking reaction after spin coating.
During the off-center spin coating (OCSC) process, C8-
BTBT was dissolved in chlorobenzene (CB) with a con-
centration of 5 mg mL . Polystyrene (PS) was added into
the C8-BTBT solution as an additive (10 wt% of PS)
[1,32]. The C8-BTBT:PS semiconductor layer was fabri-
cated onto different PVP-HDA films via the same OCSC
process in the N,-golve box. Finally, 50-nm-thick Au
source and drain electrodes were deposited at a pressure
of ~8x10 * Pa on C8-BTBT films with a shadow mask,
resulting in a channel width and length of 1000 and
80 um, respectively.

The morphologies of the PVP-HDA thin films with
different air exposure times and different thicknesses
were examined by atomic force microscope (AFM, Agi-
lent Technologies 5500AFM/SPM System). The change of
dielectric layer capacitance was measured via an im-
pedance tester (IM3536, HIOKI, Japan). Scanning elec-
tron microscope (SEM, FEI Helios Nanolab 600i, USA)
was also used to identify the change of oxygen content
and display the cross-section morphology of the devices.
All OTFTs were measured with a Keithley 4200 SCS
semiconductor parameter analyzer under ambient con-
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ditions with a relative humidity of 40%. The field-effect
mobility was extracted from the saturated region of the
transfer characteristics according to Equation (1):

A |
e e W
where y the is the field-effect mobility, W/L represents the
ratio of channel width/length, C; is the capacitance per
unit area, Vg is the gate voltage, and Vy, represents the

threshold voltage.

RESULTS AND DISCUSSION

In order to explore the effects of different exposure times
in air with 40% relative humidity on the device perfor-
mance, the devices with 375 nm-thick gate dielectric
layers were fabricated. The structure of the device is
shown in Fig. la. The statistical data of Vy and u are
shown in Fig. 1b, c. The average u of these devices in-
creases from 8.1 to 11.5cm’ V 's ' in the first 6 h, and
then decreases to 10.4 and 8.7 cm’ V' s ' in 12 and 18 h,
respectively. Correspondingly, the average value of Vy
decreases from —12.3 to —7.2V. The V, drops sig-
nificantly in the first 12 h and then gradually saturates
within the following 6 h. The photograph of the C8-BTBT
flexible OTFT (f-OTFT) array is shown in Fig. 1d. The
transfer characteristic curves of the devices with Si/SiO,
as the substrate and gate electrode are shown in Fig. Sla,
and the structure diagram is shown in Fig. S1b. The red
curve represents the initial device, while the black curve
represents the device after being placed in 40% humidity
air conditions for 18 h. By comparing the two states, it
can be seen that there is no big difference in the perfor-
mance. Therefore, short-term and low-humidity exposure
have little effect on the C8-BTBT layer.

At present, there are still several issues concerning the
mobility calculation of f-OTFTs. A large number of stu-
dies have demonstrated that the OTFT mobility is over-
estimated when using the traditional transistor theory,
since the equations used to calculate the mobility are valid
only for ideal OTFTs. Very recently, Choi et al. [33] de-
scribed several types of error calculations in detail and
proposed a parameter, the measurement reliability factor
1, to quickly gauge the overall effectiveness of mobility.

In order to obtain a more reliable y value, the factor r
was also introduced in the present work, and it is given

by:

2
B ‘\“1d5|[mx_q‘1d(; (W,
r= |VG|nnx - 2L XIu s (2)
initial
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Figure 1 (a) Schematic diagram of the OTFTs with a bottom-gate/top-contact structure. (b) Statistical Vi, and (c)  of the devices with a 375-nm-
thick PVP-HDA film. (d) Photograph of the flexible C8-BTBT OTFTs array.

where |I3,|™ is the experimental maximum source-drain
current at the maximum gate voltage |V¢|™. According
to this method, the mobility of the devices was re-
calculated as: pyy, X *. The transfer characteristic curves
of our devices can be considered similar to the one of the
overestimated cases described in [33]. Table 1 shows the
factor r and corrected p of the devices with 375-nm-thick
gate dielectric layers.

The typical transfer characteristic curves for the devices
with four different exposure times are shown in Fig. 2.
The Vy, starts to decrease from —9.5 V and finally satu-
rates at about =5V (shown in Fig. 2a-d). The I4 also
increases with the exposure time prolonging. However, as
the exposure time increases, the I, /I ¢ ratio has a sig-
nificant reduction, as shown in Fig. 2c, d. The device
exposed for 18 h shows a decreased I,,/I 4 ratio of 10°.
This means that the gate dielectric and the interface be-
tween PVP-HDA and C8-BTBT are most subjected to
degradation. Furthermore, the hysteresis phenomenon
gradually disappears with increasing exposure time, but
not in an ordinary way. It is clear that the reduction of the
hysteresis window is mainly caused by the obvious re-
duction of |V, even if the intersection of the reverse
sweep extension line and the X-axis would increase with
longer exposure time. The voltage at the intersection in-
creases from —4 to —7.8 V. Therefore, the performance of
OTFT devices could degrade with exposure to a wet en-
vironment, different from the results of many previous

December 2020 | Vol.63 No.12

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Table 1 The reliable factor r and corrected y of the devices with
375-nm-thick gate dielectric layers
Time (h) 0 6 12 18
r 0.40 0.44 0.45 0.52
Hinia (cm> Vs 8.1 11.5 104 8.7
Heomecred (€cm* Vs 3.2 5.1 4.7 4.5

reports. The C8-BTBT is a p-type material and has high
water-oxygen resistance and air stability [34].

As discussed above, it is speculated that the changes of
the performance are related to the PVP-HDA films. It is
believed that the PVP-HDA layer could absorb water in
air, thus having obvious effects on the performance of the
device. In order to further explore the effect of air ex-
posure on PVP-HDA films, the flexible C8-BTBT OTFTs
were fabricated with three different thicknesses of di-
electric layer.

The characterization of the film thickness was achieved
by using a step profiler. Upon increasing the rotation
speed, the PVP-HDA films become thinner. The 650, 375,
and 280 nm thicknesses correspond to films fabricated
via 1000, 3000, and 6000 rpm, respectively. In order to
calculate the y more accurately, the variation of C; with
thickness and exposure time is shown in Table 2. The
specific capacitance extracted from 20 Hz was used to
calculate p. The C; would increase with increasing ex-
posure time regardless of the thickness. This also shows
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Figure 2 Typical characteristic curves of the device with a 375-nm-thick PVP-HDA film. The device was placed in 40% humidity air conditions for

(a) 0h, (b) 6h, (c) 12 h, and (d) 18 h.

the tendency for the thicker PVP-HDA film to undergo
greater changes with increasing exposure time. The
changes become more obvious in the first 12 h. The line
graphs are shown in Fig. S2.

Table 2 not only compares the changes of C; which are
related to the thickness of PVP-HDA films, but also il-
lustrates that wet environment can increase the C;, which
is supposed to cause a decrease in y. In order to further
explore the influence of humidity, the devices fabricated
with three different thicknesses of PVP-HDA films were
placed in air ambient with 40% relative humidity for 6 h,
and then compared with the initial devices. The transfer
characteristic curves are shown in Fig. 3.

Fig. 3a-c show the devices with three different thick-
nesses of PVP-HDA films, while a clear difference in Vy,
and p can be observed in Fig. 3d-f. Regardless of the
thickness, the g and Vy, of the devices change significantly
after being explored in 40% humidity air conditions for
6 h. Furthermore, the saturation currents of the devices
rise noticeably for 650 and 375-nm-thick PVP-HDA
films. The statistical data of Vy;, for the three different
devices are shown in Fig. 3d-f. The average Vy, for the
650-nm-thick PVP-HDA film changes from —17.5 to
—11.8 V. In the same situation, the average V, of the
devices with 375 and 280-nm-thick PVP-HDA films
change from —12.4 to —9.3V and —5.8 to —4.6 V, re-
spectively. Fig. 3g-i show the statistical data of u for the
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Table 2 Change of capacitance of the PVP-HDA films with different
thicknesses and exposure times

C, (10°Fem™)

Time (h)
650 nm 375 nm 280 nm
0 0.72 1.01 1.25
0.81 1.10 1.31
12 0.89 1.17 1.33
18 0.91 1.22 1.32
24 0. 94 1.24 1.33

three different devices. The devices with 375-nm-thick
PVP-HDA have the highest average y, and the y value
changes from 8.1 to 11.5 em’ V' (Fig. 3h). As shown
in Fig. 3g, i, the average u of the devices with 650 and
280-nm-thick PVP-HDA films change from 0.5 to
08cm’V 's' and 2.8 to 39cm’V 's |, respectively.
Furthermore, the original data for the three different
PVP-HDA films were compared with the subtractive
values, which were obtained via exposing the devices at
40% humidity air conditions for 6 h (shown in Fig. S3).
Figs 2, 3 illustrate that the large improvement in satura-
tion current results in a significant increase in y, espe-
cially in the first 6 h.

In order to obtain more reliable changes of y, the factor
r was also introduced, as shown in Table S1. The corre-
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Figure 3 Typical characteristic curves of three different OTFTs and statistical data. The transfer characteristics of the OTFTs with (a) 650, (b) 375,
and (c) 280-nm-thick PVP-HDA films as the gate dielectrics, respectively. The red curves represent the initial devices, while the black curves represent
the devices after being placed in 40% humidity air conditions for 6 h. (d-f) Statistical data of V}; and (g-i) statistical data of u for 650, 375, and

280-nm-thick PVP-HDA films, respectively.

sponding average y value is shown in Table S2. Oster-
backa et al. [35,36] demonstrated that PVP is a hygro-
scopic material and it can absorb water to cause ionic
species motion. The ionic motion in the dielectric layer
can increase the charge density at the interface between
C8-BTBT and PVP-HDA layers, which can increase the
saturation current. Another study has considered that
PVP as a hydroxyl-rich material could absorb water and
cause surface polarization, which also induces a higher
saturation current [24]. In addition, hydroxyl groups in
the dielectrics have been found to intensively trap elec-
trons and completely eliminate electron transport in a
variety of structurally disordered organic semiconductors
[37], which may be beneficial to increasing the saturation
current.

It is widely known that C, is linked to both thickness
and dielectric constant (¢). The increase of C, is basically
caused by the change of ¢ under the assumption that
other parameters are unchanged. Thus, the PVP-HDA
film absorbs the water, which causes the change of the
dielectric constant, and C; consequently increases. Pre-
vious study reported that [38]:

+gn
Vo= 2 1y, G)
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Here, q represents the elementary charge, n, represents
the charge density, d is the film thickness, C is the di-
electric layer unit area capacitance, and Vj, is the flat band
voltage, which accounts for any work-function difference
between the semiconductor and the gate metal. On one
hand, it has been proved that the devices using high-k
dielectric materials tend to show a lower |Vy,| [39]. For
PVP-HDA films, whether the rise of C; is caused by
thickness or humidity exposure, it would cause a decline
in | Vyy|. The larger capacitance the films have, the smaller
Vi the devices perform. On the other hand, the AFM
surface morphology images of the gate dielectric films
with different thicknesses are shown in Fig. 4.

The root mean square (RMS) for all films increases
after 12 h exposure in 40% humidity air. A rougher sur-
face of the PVP-HDA layers would trap more free char-
ges. The AFM height images of the C8-BTBT:PS films
fabricated on 375-nm-thick PVP-HDA films are also
shown in Fig. S4. There is a slight change in the RMS after
12 h exposure in 40% humidity air. This result demon-
strates that the C8-BTBT:PS film is relatively stable in
these conditions. Pernstich et al. [40] demonstrated that,
with increasing negative gate voltage, more trap states
were filled. In addition, the following equation can be
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Figure 4 AFM height images of the PVP-HDA films with different thicknesses of (a) 650 nm, (b) 375 nm, and (c) 280 nm. The corresponding images
after 12 h exposure for the PVP-HDA films with the thicknesses of (d) 650 nm, (e) 375 nm, and (f) 280 nm.

used to calculate Ny,

Nip = Ci| Vi | Ve, (4)

where V,, = Vi — Vi, Vi, means the threshold voltage,
and V,, represents the turn-on voltage, which is the gate
voltage where the drain current starts to increase ex-
ponentially. It is possible to obtain N, from Fig. 2a with
Vin="9.5Vand V,, =—8.5V, as well as from Fig. 2b with
Vi =56V and V,, = —4.8 V. Therefore, the N, values
for Fig. 2a, b are 6.32x10"° cm * and 5.50x10" cm 7, re-
spectively.

In order to find out whether water molecules are ab-
sorbed by PVP-HDA, elemental analysis in cross-
sectional images is shown in Fig. 5. Since a better cross-
section could be obtained with a rigid substrate, the de-
vices were fabricated on glass substrates with 375-nm
-thick dielectric layer. Then the devices were exposed in

C8-BTBT:PS
A

C8-BTBT:PS

PVP-HDA

PVP-HDA
O a

ITO

Glass Glass

40% humidity air for 12 h and compared with the original
films. The cross-sectional images of the two devices can
be clearly seen (Fig. 5a, b) and the change of the oxygen
element is noticeable. The percentage of the oxygen ele-
ment changes from 19.8% to 26.1%, which strongly
proves that the PVP-HDA dielectric layer absorbs some
substances containing oxygen, as shown in Fig. 5c. Fur-
thermore, the devices were tested after 40% humidity
exposure for 6 h and stored in the glove box (where the
water content is less than 0.1 ppm) for 24 h. It is clear that
the performance of the devices would drop, as shown in
Fig. S5. The green curves indicate that, after 24 h drying,
Vi and Iy are close to the initial values. The statistics of
Vi and saturated I, are also shown in Fig. S5. In addi-
tion, C; as an important parameter was also tested with
the same method, and the statistic values are shown in
Fig. S6. It is obvious that the performance of the devices

C

g — Initial
2 c After 12 h
2

c

kel

54 |o

Q

S

s )

[0 Si

=

kS|

g |

v

Figure 5 Section diagram of the devices fabricated with 375-nm-thick PVP-HDA film (a) initial and (b) after exposure in 40% humidity air
conditions for 12 h. (c) Element content of the two different devices in (a) and (b).
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would recover after drying, including Vy;, saturated Iy,
and C;. The phenomenon illustrates that the changes of
the devices can be eliminated after a period of drying and
further proves the presence of absorbed water in the PVP-
HDA films.

The PVP-HDA films with three different thicknesses
were exposed in air environment with humidity of 40%
for 12h and the evolution of the contact angles was
compared, as shown in Fig. S7. The contact angle has an
observable change, regardless of the thickness of the films.
The change of contact angle of the PVP-HDA films with
different thicknesses is slightly different. However, the
film with a thickness of 650 nm has the most obvious
change from 70.1° to 68.1° (Fig. S7a, b). The other films
have slightly different contact angle, which is shown in
Fig. S7c—f. The decrease of contact angle means the hy-
drophilicity of the films has been improved [41].

This also proves that the PVP-HDA films could be
affected by wet environment and could absorb water from
air. In Pernstich’s study, it was demonstrated that a self-
assembled monolayer (SAM) with a permanent electric
dipole field inserted between the gate insulator and the
pentacene would increase the band bending and enhance
hole density in the channel [40]. Jung et al. [24] also
demonstrated that, when the dielectric is porous, water
molecules could be absorbed in the dielectric layer
causing a greater amount of polarization in the dielectric.
This effect can vastly overwhelm the bias stress and cause
an increase in the drain current. It is believed that the
parameters of the devices (including Vy, I, and y) are
changed due to both the adsorbed water and PVP-HDA
films. On one hand, for the PVP-HDA films with same
thickness, the rise of C; with increasing exposure time
would lead to a high carrier density and the decrease of
the absolute value of Vi, [42]. On the other hand, even
weak dopants can improve the device performance [43].
It is considered that the protons diffuse into the hygro-
scopic dielectric layer, resulting in doping of the semi-
conducting channel and increase of I, [44-46]

CONCLUSIONS

In conclusion, flexible C8-BTBT OTFT devices were
fabricated with three different thicknesses of PVP-HDA
films. It was proven that short-term air exposure for 6 h
could improve the performance of the devices, including
y (the corrected average value changes from 3.2 to
51cm’V 's ') and Vy, (the average value changes from
—12.4 to —9.3 V). However, with the exposure time in-
creasing beyond 6 h, the insulation property and surface
morphology of the PVP-HDA films were found to suffer

December 2020 | Vol.63 No. 12
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some degradation and had a negative effect on I /I and
y. Furthermore, the thicker PVP-HDA film has a more
significant impact on the device performance, which is
possibly due to the stronger water absorption. As de-
monstrated above, different from previous studies where
the wet environment was shown to degrade the perfor-
mance of OTFTs, in the present study our devices showed
an enhanced electrical performances under a short-term
air exposure. Therefore, it is envisaged that these results
will provide a guiding role for the fabrication of high-
performance OTFT devices in air environment.
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