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Organic semiconductor films prepared by solution methods usually produce a large number of charge traps,
which significantly increase the subthreshold swing (SS) of organic field-effect transistors (OFETs) with threshold
voltage (Vy,) far from O V, making it difficult for the OFETSs to operate at low voltages. In this work, we found that
after soft plasma (air pressure below 15 Pa) etching, the SS of the semiconductor poly[4-(4,4-dihexadecyl-4H-
cyclopental[l,2-b:5,4-b']-dithiophen-2-yl)- alt-[1,2,5]thiadiazolo-[3,4-clpyridine (PCDTPT)-based OFETs reduces by
approximately 60%, and Vi, approaches O V. Meanwhile, the hysteresis of the OFETs is eliminated, indicating that
soft plasma etching can improve operational stability. It was also found that the soft plasma could increase the
on-off ratio by two orders of magnitude of the damaged OFETs and reduce the V4, to around O V. In addition,
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we have also demonstrated the importance and universality of the soft plasma post-treatment process in other
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Introduction

Due to their flexibility and low cost, organic semiconductors are
widely used in solar cells, organic field-effect transistors
(OFETs), flexible electronics, memory devices, and sensors.'®
However, due to the presence of traps in organic semiconductor
films, the charge carriers preferentially fill the traps under gate
voltage (V4s) manipulation, resulting in threshold voltages (Vy,)
far away from 0 V and a high subthreshold swing (SS).”® A high
SS with V4, far away from 0 V makes low-voltage operation of
OFETs difficult and leads to overestimated or underestimated
mobility.>"* In addition, the traps, located in the semiconductor/
dielectric interface or semiconductor films, result in hysteresis,
resulting in OFETs with poor operational stability."* Various
approaches have been tried to reduce the SS and the Vy, of OFETs
with improved stability, including using high-performance organic
semiconductors'"® or doping."*"°® However, it is worth noting
that these conventional methods are often expensive and difficult
to use for large-scale production. Therefore, it is inspiring to seek a
low-cost and simple method to improve OFETs’ performance. We
have found that when the air pressure is below 20 Pa, soft plasma
etches only the surface of the semiconductor film without
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p-type materials and heterojunction systems and have built a preliminary invertor structure based on this.

damaging the sub-layer.”° Since charge distribution is nonuniform
in the thickness direction of the organic semiconductor film,*"** it
is possible to manipulate charge distribution and optimize OFETS’
performance via layer-by-layer etching of the organic semiconduc-
tor film by controlling the soft plasma treatment time.>*?*

In this work, it is found that using poly[4-(4,4-dihexadecyl-
4H-cyclopenta[1,2-b:5,4-b']-dithiophen-2-yl)-alt-[1,2,5]  thiadia-
zolo3,4-c|pyridine (PCDTPT) as the model polymer semiconductor,
soft plasma etching can reduce the SS of the OFETs, with Vi
approaching 0 V. Meanwhile, soft plasma etching can also improve
OFETs’ operational stability, without damaging mobility and the
on-off ratio. It was also found that the damaged OFETs with a poor
on-off ratio and high Vi, can be improved by using soft plasma
etching. As a result, the on-off ratio increases by two orders of
magnitude, and the Vj;, decreases from 40 V to 0 V. In addition,
in situ soft plasma etching can also be applied to other polymer
semiconductors such as poly[(4,4,9,9-tetrahexadecyl-4,9-dihydro-s-
indaceno[1,2-b:5,6-b']dithiophene-2,7-diyl}-alt-(benzo[c][1,2,5]thiadi-
azole-4,7-diyl) (IDT-BT), poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolo-
pyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPP-
DTT), and PCDTPT/Polystyrene (PS) blend films. Compared to
ultra-thin semiconductor film transistors, the use of soft plasma
allows in situ etching of semiconductor films, and reduces
material processing to tune OFETs’ performance.

Results and discussion

Devices with a bottom-gate-bottom-contact device structure
were prepared by pre-depositing gold electrodes on clean
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Si/Si0, wafers modified by OTS treatment, followed by treating
them in an atmosphere of pentafluorothiophenol at 90 °C for
40 min and spin-coating a layer of PCDTPT film (Fig. 1), which
were placed on a heating table for a period of annealing and then
tested for electrical properties at room temperature. The PCDTPT
films on the device surface were etched using air plasma for 5 s at
a time to test the change in electrical properties. The effects of air
plasma etching on organic semiconductor films and devices were
observed. The process of soft plasma etching of organic semicon-
ductor films is shown in Fig. 1. There are various ways of
generating plasma; our focus is on glow discharge plasma tech-
nology, and based on this we hope to achieve various properties of
the organic field effect transistor devices by subsequent processing
of the devices through glow discharge plasma etching. When we
apply a very high voltage to the two ends of a low-pressure gas and
break down the gas, some of the gas molecules are ionized to form
anions and cations. The potential difference between the two ends
of the gas generates an electric field, causing the anions and
cations to move towards the positively and negatively charged ends
of the gas. In the movement, they collide with other gas molecules,
ionizing them and eventually creating plasma between the elec-
trode plates. During this process, different gases emit different
colored glows, which is the so-called “glow discharge”. When we
put the OFETs between the electrode plates, the soft plasma collide
on the surface of the semiconductor layer of the OFETs and
eventually the etching process is achieved. The transfer curve of
the device before and after soft plasma etchings is presented in
Fig. 2a and b, respectively. As can be observed from the graph, the
transfer curve shifts gradually to the left as the etching time
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increases. The specific trend of Vy, is illustrated in Fig. 2c. The
Vin of the devices based on bottom-gate-bottom-contact structures
is approximately 50 V, and the curve displays considerable hyster-
esis, indicating the difficulty in low-voltage operation. However,
after 5 and 10 seconds of air plasma etching, V;;, reduces to around
0 V. The hysteresis of the transfer curves is also reduced, and the
curves nearly coincide, implying that Vi, has been effectively
reduced after soft plasma treatment and the treated devices can
be used in low-voltage operation. On the basis of Fig. 2a we have
calculated the SS of the device using the following equation:

AV

SS=——-+°=—.
d(logo Iss)

(1)

In the above equation I;s means the source-drain current. As
shown in Fig. 2c, the SS of the device decreases significantly
with increasing etching time, which means that air plasma
etching can increase the speed of switching from the off to on
state. The mobility of the OFETs is always the most important
characteristic of an electronic device and its value is largely
indicative of the performance of the device, so we have also
calculated the effect of plasma etching on the mobility of the
device and finally got the images of the mobility of the device as
a function of etching time based on the following equation:

i) g

In the above equation L is the channel length of the device,
W is the channel width of the device and C;j is the capacitance

S S
H C 7 N\ H C 7N
33016 CgHy7 N\ /N 3316 CgHy7 N\ /N
20\ ) A/ ¢
s s . 7 87 N ZTn
PCDTPT
C1OH21

e
N_o

IDT-BT

Fig. 1 Structure of OFETs with a bottom-gate-bottom-contact configuration and the process of soft plasma etching of the semiconductor layer. The
polymer semiconductor layer studied in this work is PCDTPT, DPP-DTT, or IDT-BT. Soft plasma incrementally etches the polymer layer from the top side,
without causing damage to the polymer materials underneath the etched surface, which warrants the charge transport near the semiconductor/

dielectric interface.
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Fig. 2 Performance of OFETs prepared by PCDTPT (a) Transfer curve of the device after plasma etching treatment. (b) Transfer curve ((—ldsl/z—vgs)) of
the device after plasma etching treatment. (c) Changes in Vi, and SS of the device after plasma treatment. (d) Changes in mobility and the on—off ratio of
the device after plasma treatment. (e) Plasma-etched transfer curve of a device after 7 days in the air. (f) SS of the device after plasma etching treatment

(the device was left in air for some time before treatment).

per unit area of the insulating layer in the device. Finally, as
shown in Fig. 2d, we have calculated the trend of the mobility of
the device and the on-off ratio with etching time. As can be
seen from the graph, these two parameters do not change
significantly over a range of etching times.

The untreated device experiences a significant drop in the
on-off ratio after 7 days in the air, leading to the loss of current-
regulating ability (Fig. 2e). This issue can be solved by applying

© 2023 The Author(s). Published by the Royal Society of Chemistry

soft plasma etching for 5-10 seconds, which results in the
reduction of V, to around 0 V, eliminating the hysteresis, and
substantially improving the on-off ratio by 2 orders of magni-
tude. Therefore, when organic field-effect transistors are over
doped, soft plasma etching can restore device performance.
Fig. 2f also indicates that the SS is much higher after exposure
of the devices for 7 days in the air, of which the SS can be
effectively reduced by soft plasma etching. We subsequently

Mater. Adv., 2023, 4, 2811-2820 | 2813
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compared the air stability difference between OFET devices
fabricated using PCDTPT, with and without 25 seconds of soft
plasma etching treatment (Fig. S1, ESIT). After comparing the
results, we found that prolonged soft plasma etching treatment
does not improve the air stability of the device. After being left
in air for a certain period of time, the transfer curves of the
device would shift towards the positive direction.

By applying soft plasma etching treatment to devices
composed of various other organic semiconductor materials,
we observed analogous phenomena.

Fig. 3a demonstrates that after spin-coating an IDT-BT
organic semiconductor film onto a treated gold electrode, a
bottom-gate-bottom-contact device with the same structure
was produced and layer-by-layer soft plasma etching was per-
formed to obtain the transfer curve trend of the device. Fig. 3b
shows that the device became highly sensitive to soft plasma
etching. The Vy, reduces to approximately 0 V during 5 and
10 seconds of air plasma etching, and the hysteresis decreases
dramatically. Similarly, we observed a comparable phenom-
enon as we calculated the change in the device’s SS, as shown
in Fig. 3b. The SS of the device gradually decreased during soft
etching. Fig. 3c illustrates that the trend of mobility and on-off
ratio of the device remains unchanged by soft plasma etching.

View Article Online

Materials Advances

The output curve of the IDT-BT transistor is depicted in Fig. 3d,
revealing a slight reduction in I after soft plasma etching
treatment for 5 seconds. We also compared the air stability
difference between OFET devices fabricated using IDT-BT, with
and without 30 seconds of soft plasma etching treatment
(Fig. S2, ESIT). From the graph we found that prolonged etching
of soft plasma does not have a significant impact on the air
stability of the device, as the transfer curve of the device
remains largely unchanged after being left in the air for a
period of time.

Fig. 4a-c demonstrate that the untreated DPP-DTT-based
device shows a high V;;,, huge hysteresis. By using soft plasma
etching, the Vy, approaches 0 V. At 25 seconds, the transfer
curve is degraded significantly, suggesting that the thin DPP-
DTT film may have been damaged by soft plasma etching.
Fig. 4c shows that plasma etching had little impact on SS.
Fig. 4d shows the on-off ratio remained relatively constant
during soft plasma etching. However, the mobility of the device
initially remained stable, indicating that within 10 seconds of
soft plasma etching treatment, other significant electrical prop-
erties of the device have not been significantly affected. Then
we compared the air stability difference between OFET devices
fabricated using DPP-DTT, with and without 20 seconds of soft
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Fig. 3 Performance of OFETs prepared by IDT-BT (a) transfer curve of the device after plasma etching treatment. (b) Changes in Vi, and SS of the device
after plasma treatment. (c) Changes in mobility and the on—off ratio of the device after plasma treatment. (d) Output curve of the device (prepared by

IDT-BT) before and after plasma etching treatment for 5 s.
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Fig. 4 Performance of OFETs prepared by DPP-DTT (a) transfer curve of the device after plasma etching treatment. (b) Transfer curve ((7/d51/2—VgS)) of
the device after plasma etching treatment. (c) Changes in Vi, and SS of the device after plasma treatment. (d) Changes in mobility and the on-off ratio of

the device after plasma treatment.

plasma etching treatment (Fig. S3, ESIt). After being left in air
for a certain period of time, the transfer curves of the device
would shift towards the positive direction, which shows that
the air stability cannot be improved by soft plasma etching
treatment.

The blend system was also treated by soft plasma etching.
Initially, PCDTPT and PS blend solutions were spin-coated on a
treated gold electrode (at a ratio of 1:9). Then, a bottom-gate-
bottom-contact device was fabricated. The device was treated by
layer-by-layer soft plasma etching. We measured the change in
the transfer curve of the device, illustrated in Fig. 5a and b. The
transfer curve of the PCDTPT and PS blend systems showed a
similar pattern when subjected to plasma etching, as depicted
in Fig. 5c. The V4, of the device was gradually shifted towards
0 V with the increase of etching time and eventually decreased
to around 7.2 V. The V4, variation from the transfer curve is
similar to that of the pure component PCDTPT. In Fig. 5c¢, the
SS of the device decreases more significantly with increasing
etching time, suggesting that the rate of transition from the
off state to the on state is largely improved. Fig. 5d shows
that the mobility and on-off ratio of the device remained
stable during the etching time of 0-10 s. The air stability
difference between OFET devices fabricated using blend

© 2023 The Author(s). Published by the Royal Society of Chemistry

solution (PCDTPT:PS = 1:9), with and without 30 seconds of
soft plasma etching treatment was also compared (Fig. S4,
ESIT). The graph also shows that the air stability of the device
cannot be improved by soft plasma etching treatment.
According to Fig. 2-5, the impact of soft plasma etching on
the mobility of the device decreases at shorter etching times. While
the V4, of the device varies significantly between 0 and 10 seconds
of etching time, the variation is less apparent between 10 and
15 seconds. However, for materials such as DPP-DTT, the mobility
of the device decreases substantially as the organic semiconductor
film is etched deeper after 15 seconds of etching time. In addition,
the on-off ratio, a measure of the device’s ability to regulate current
and a reflection of the transistor’s functionality, is crucial. Fig. 2-5
show that the on-off ratios of the devices remain relatively stable
during plasma etching of the organic semiconductor films, ranging
between 10° and 10° orders of magnitude. Combining the previous
images of the Vy, of the various materials and systems, we can
deduce that the V4, of these devices decreases significantly within
15 seconds of the plasma etching time, while other vital electrical
properties such as mobility and on-off ratios are less impacted by
plasma etching during this period. Consequently, we can conclude
that an etching time of 10-15 seconds is more suitable for these
materials and organic semiconductor films in this system.

Mater. Adv., 2023, 4, 2811-2820 | 2815
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Fig. 5 Performance of OFETs prepared by material mixed with PCDTPT and PS. (a) Transfer curve of the device after plasma etching treatment. (b)
Transfer curve ((7ld5“2—Vgs)) of the device after plasma etching treatment. (c) Changes in Vi, and SS of the device after plasma treatment. (d) Changes in

mobility and the on—off ratio of the device after plasma treatment.

Fig. 6 displays the atomic force microscopy height maps of
the unetched and etched (10 s) organic semiconductor films,
both of which show low roughness. These films are still
homogeneous after being etched.

The in situ soft plasma etching absorbance spectra of DPP-
DTT and IDT-BT organic semiconductor films (Fig. 7) show no
new characteristic peaks, indicating that no other new compo-
nents were produced in the films during the etching process.

Fig. 8a displays the change in the linear zone transfer curve of
an DPP-DTT-based OFET with a bottom-gate-bottom-contact
structure after soft plasma etching with a source-drain voltage
(V4s) of —10 V. The figure shows that the Vi, of the device reduces
to around 0 V after 14 seconds of soft plasma etching, indicating
that the device is better suited for the required low-voltage opera-
tion after plasma treatment. We also applied plasma etching to an
inverter circuit structure, as shown in Fig. 8b. Using the same type
of OFETs, we combined a plasma-etching treated transistor with a
non-plasma-etching treated transistor. When the Vpp is —1V, the
output voltage-input voltage curve shown in Fig. 8b is obtained.
We can see that the output voltage of this structure initially inverts
the input signal by rising to nearly 1 V for a short time.

In order to investigate the impact of soft plasma etching
treatment on the trap density in organic semiconductor films,

2816 | Mater. Adv, 2023, 4, 2811-2820

we used the following equation to calculate the trends of trap
density for spin-coated films of PCDTPT, IDT-BT, DPP-DTT,
and a blend of PCDTPT and PS (1:9) before and after soft
plasma etching treatment:

G
=,

e-SS-log e_l} 3)

N, =
! { kg T

In the above equation N, is the trap density in organic
semiconductor films, kg is the Boltzmann constant, T means
the room temperature and C; is the capacitance per unit area of
the insulating layer in the device. As shown in Fig. 9, we have
calculated the variation trend of trap density for four types of
organic semiconductor films after being treated with soft
plasma etching. From the figure, it can be observed that the
trap density of the organic semiconductor films prepared from
the four systems generally decreases with the increase of
etching time within 0-10 s. This indicates that soft plasma
etching can indeed reduce the trap density in the thin film.

Fig. 10a illustrates that, when the gate voltage is applied in
the longitudinal direction, the charge carriers in the semicon-
ductor film are accumulated in the semiconductor layer near
the dielectric layer under the action of the electric field.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) AFM height images of unetched and etched DPP-DTT films. (b) AFM height images of unetched and etched PCDTPT films. (c) AFM height
images of unetched and etched IDT-BT films. (d) AFM height images of unetched and etched films prepared by material mixed with PCDTPT and PS
("Rims " means RMS roughness).
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Fig. 8 Applications of soft plasma etching of polymer thin films for low-voltage devices and digital circuits. (a) Transfer curve of the device (prepared by
DPP-DTT) during plasma etching treatment, showing that the working voltage could be effectively reduced by soft plasma etching. (b) The curve of the
output voltage of an inverter as a function of the input voltage (The device used in the inverter is two bottom-gate-bottom-contact transistors prepared

from the PCDTPT material).
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Fig. 9 Changes in the trap density of films fabricated using four different
materials after soft plasma etching.
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In practice, semiconductor films prepared by spin-coating from
solutions are full of defects, resulting in trapped charges while
free carriers are moving towards the thin layer under the
applied voltage. After soft plasma treatment, on the one hand,
the thickness of the film is reduced, and the charge carriers in the
film are more likely to reach the bottom of the organic semi-
conductor film under the influence of V. On the other hand,
due to the decrease in trap density in the film after etching
treatment, fewer charge carriers are trapped, and therefore, a
lower Vg is required to switch the device from the off state to the
on state, resulting in a decrease in the Vg of the device.
Considering the existence of oxygen in the air, we can also
assume that when using air soft plasma to etch organic semi-
conductor films, these plasma will have a certain p-type doping
effect on the films. Ultimately, this improves the charge injection
process at the interface between the film and the metal electrode,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Scheme of charge distribution within the polymer semiconductor films during soft plasma etching. (a) The p-type polymers could be inevitably
doped by ambient oxygen, inducing positive charges in the bulk materials and leading to the positive Vi, of OFETs. After the organic semiconductor film
of the device has been initially etched to a certain thickness, the carriers in the film are more likely to collect near the thin layer of the film under V. (b)
After the organic semiconductor film of the device has been etched too deeply, the film becomes discontinuous, making it difficult to transport carriers.

thereby reducing the Vy, of the device.”” In addition, because of
the large number of grain boundaries in the semiconductor
films, charge carriers are trapped and de-trapped according to
the gate voltage sweep, thus manifesting themselves in the
transfer curve as the generation of hysteresis. The soft plasma
etching reduces the trap densities, resulting in fewer trapped
charges, reducing the hysteresis rapidly, and causing the curves
to coincide. However, when the semiconductor film is etched too
thin to be discontinuous, it is difficult for carriers to conduct and
the device fails to function, as shown in Fig. 10b.

Conclusions

In conclusion, soft plasma etching can effectively reduce SS
with a Vi, around 0 V without degrading mobility and the on-
off ratio, and can be used in low voltage applications. In
addition, the operational stability is improved after in situ soft
plasma treatment due to the elimination of hysteresis. We have
also found that soft plasma treatment has potential to improve
the performance of damaged OFETSs: the on-off ratio increases
by two orders of magnitude and Vy, reduces to around 0 V.
Compared to the synthesis of high-performance organic semi-
conductors and dopants, in situ soft plasma has the advantage
of being inexpensive, easily accessible, and simple to operate,
showing broad application prospects for reducing material
processing.

Experimental section

Materials

PCDTPT was purchased from 1-Material Inc. DPP-DTT was
purchased from Ossila. IDT-BT was purchased from Organtec
Ltd. PS was purchased from Sigma-Aldrich.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Device preparation

The n-type doped Si/SiO, wafers were used and the substrates were
cleaned twice in a sonicator with deionized water, acetone, and
isopropanol (each time for 5 minutes) and blown dry with nitrogen
gas as they went along. The substrates were then immersed in a
toluene solution of OTS (OTS content of approximately 5%o) for
120 minutes at 85 °C, followed by blowing them dry again
with nitrogen. Source and drain electrodes of gold material are
deposited on the substrate using a mask plate at a chamber
pressure of <10-4 Pa and an evaporation rate of approximately
0.6 A s7*. The substrates containing the source and drain were then
kept under an atmosphere of pentafluorothiophenol at a tempera-
ture of 90 °C for 40 minutes, after which they were removed and
excess pentafluorothiophenol was gently washed off the surface of
the substrates with ethanol. A chloroform solution of 8 mg ml ™" of
PCDTPT (or IDT-BT, DPP-DTT) was prepared, and a mixture of 8§ mg
ml " of PCDTPT and 8 mg ml " of PS was chosen in a 1:9 ratio.
The substrates were then spin-coated at 2000 rpm with various pure
or mixed solutions. The substrates were finally annealed for one
hour at a certain temperature (150 °C for PCDTPT, 100 °C for IDT-
BT, and 200 °C for DPP-DTT) in a nitrogen atmosphere to finally
prepare an airport effect transistor with a bottom-gate-bottom-
contact structure on an n-type doped Si/SiO, wafer.

OFETSs’ characterization

The transfer curves of the OFETs were measured at room
temperature and in the air using an Agilent Keysight B2900A
Quick IV measurement system. The Vys of the measured
saturation curves are set to —60 V and this gives the Vy;, of
the device and the change in mobility.

Air plasma treatment

A soft plasma etching process is used in the measurement of
the transfer curve. For this process, the air pressure in the

Mater. Adv., 2023, 4, 2811-2820 | 2819
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chamber is controlled to below 15 Pa, the air source is air and
the power of the device is set to be 300 W. The same device is
etched for 5 s at a time and the change in the transfer curve is
subsequently measured.
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