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Organic field-effect transistors (OFETs) have attracted wide attention due to their low cost, light weight,
and mechanical flexibility. However, stability limits the practical application of OFETs. Although many
strategies have been developed to stabilize organic semiconductor (OSC) films to improve the stability
of OFETs, the impact of the electrode on the stability of OFETs has been ignored. Here, we demonstrate
in detail the influence of recrystallization of polycrystalline metal electrodes on the stability of OFETSs.
Furthermore, the mechanically and thermally stable nano-graphene (NG) electrodes are prepared by the
plasma-enhanced chemical vapor deposition (PECVD) method. The NG electrodes show good
compatibility with OSCs, and the average mobility of bottom-gate bottom-contact dinaphthol2,3-
b:2' 3'-flthienol3,2-blthiophene (DNTT) OFETs reaches 1.31 cm? V™! s~ Moreover, the stable NG
electrodes greatly improve the thermal stability of DNTT OFETs. This work proves that the stability of the
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electrodes plays a vital role in the stability of OFETs and provides a new idea for stabilizing OFETSs.

1. Introduction

Organic field-effect transistors (OFETs) have great potential
applications in low-cost, flexible, and large-area electronics.'®
Much progress has been made in terms of organic semiconduc-
tor (OSC) performance; however, serious stability problems
remain in OFETs, which limit the commercialization.”™® Several
strategies have been developed to improve the stability of OSC
films to stabilize OFETS, including the strain balance strategy,'*
reducing thermal expansion coefficient mismatch,'* and blend-
ing high stability materials.">'* However, the impact of electro-
des on device stability has been neglected.

Noble metals are widely used as source and drain electrodes
in OFETs, but the noble metal electrodes prepared by evapora-
tion and sputtering are polycrystalline formed by small metal
grains.”'® Due to the existence of vacancies, dislocations, and
grain boundaries, polycrystalline metal electrodes sponta-
neously undergo recovery and recrystallization processes to
release internal strain energy, resulting in electrode morpholo-
gical evolution.’”'® As an important part of OFETS, electrode
morphological evolution limits the stability of OFETs.'*?°

Here, we prepare nano-graphene (NG) electrodes with good
conductivity and thickness uniformity on the SiO,/Si substrate
directly by the plasma-enhanced chemical vapor deposition
(PECVD) method. The NG electrodes show excellent mechanical
and thermal stability after high-frequency ultrasound and
thermal annealing, while the metal electrodes fall off and
recrystallize seriously. Moreover, bottom-gate bottom-contact
(BGBC) dinaphtho[2,3-b:2",3'-f]thieno[3,2-b]thiophene (DNTT)
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OFETs based on NG electrodes exhibit average mobility of
1.31 em® V' s and maximal mobility of 1.68 cm* V' 57!
with on/off ratios of 107, showing superior OTFT performance
compared to that of Au electrodes in DNTT OFETs
(0.21 ecm®> V™' 57, 0.6 cm® V' 57" and on/off ratios of 10%). A
similar phenomenon has also been confirmed in other n-type
and p-type small OSCs, showing good universality. More impor-
tantly, the thermal stability of DNTT OFETs with NG electrodes
is greatly improved, and the device can still maintain high
electrical properties after annealing at 180 °C.

2. Experimental
NG electrode fabrication

Nano-graphene films were prepared on SiO,/Si in a PECVD
system. CH, and H, (purity > 99.99%) were used as the
precursor with a flow rate of 50 sccm/10 scem (150 mTorr).
A clean SiO,/Si was placed in the growth zone and heated to
500 °C. The growth distance between the plasma generator and
the sample growth area is 30 cm. At the same time, the plasma
generator (30 W) is turned on, resulting in efficient growth of
NG films for 30 min. The NG film was patterned by evaporation
of aluminium (Al), then etched by oxygen plasma (50 W) for 20
minutes. The patterned film was etched with hydrochloric acid
to obtain an NG electrode array.

Device fabrication

All of the OSCs were purchased from Sigma-Aldrich (sublimed
grade: > 99%). The wafers and NG electrode array were loaded
into a vacuum oven (< 0.01 bar) with 10 uL octadecyltriethoxy-
silane (OTS) (Sigma-Aldrich), and the vacuum oven stayed at
120 °C for 60 min, and was then cooled to room temperature.
The OTS-treated 300 nm thick thermal SiO, was obtained.
The Au electrodes (20 nm thick) were thermally evaporated
on the 300 nm SiO,/Si substrate as the source and drain
electrodes for Au electrode OFETs. The OSC films of 30 nm
were thermally deposited under a vacuum of 10~ * Pa at a rate of
approximately 0.2 A s™* for both Au electrode and NG electrode
substrates. The top contact OFETs were prepared by transfer-
ring Au electrodes (40 nm thick).

Characterizations

All the measurements of OFETs were tested on an Agilent B1500
semiconductor parameter analyzer with a micromanipulator
6150 probe station at room temperature in air. The optical
images were measured by VK-X1050 3D laser confocal micro-
scopy. The surface topographies were measured by a Bruker
Dimension ICON-PT in the air in tapping mode. X-ray photo-
electron spectroscopy (XPS) was performed by a PHI 5000
Versaprobe. The Raman spectroscopy of the NG films was
characterized by a Renishaw plc Wotton-under-Edge UK
(laser wavelength: 532 nm). Ultraviolet photoelectron spectro-
meter (UPS) measurements were completed by a KRATOS Axis
Ultra DLD spectrometer with He I (2 = 21.22 eV) as the
excitation source.
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3. Results and discussion
3.1 Growth of NG electrodes by PECVD

The radio frequency PECVD (13.56 MHZ) was used in this
experiment. Fig. 1a illustrates the typical procedure of PECVD
growth of NG on bare SiO,/Si by using CH, and H, as pre-
cursors. In a tubular furnace, the uniform NG films (Fig. 1b)
were grown on SiO,/Si in 30 W plasma at 500 °C for 30 min.
Furthermore, the obtained NG film is patterned by Al metal,
and then exposed NG is etched by oxygen plasma, and Al is
removed by hydrochloric acid to obtain the patterned NG
electrode array (Fig. S1, ESIt). This method can only prepare
the bottom NG electrode, and the top NG electrode can be
prepared by transfer method. Fig. 1c shows a uniform and
regular array of NG electrodes. To investigate the morphology
of NG electrodes after etching and hydrochloric acid cleaning,
we observed the complete structure and edge of the NG
electrodes using atomic force microscopy (AFM). The NG
electrodes show obvious boundaries and have an excellent
uniform thickness of approximately 10 nm (Fig. 1d and e).

To confirm that the NG electrodes prepared by multiple
processes are not polluted, the elemental composition of the
NG electrode was examined by X-ray photoelectron spectro-
scopy (XPS). The distinct C 1s peak and hardly any impurity
peaks indicate that a clean NG electrode has been obtained
(Fig. 1f). The XPS C 1s spectrum of the NG film was fitted with
sp” carbon (284.1 eV) and C-H (285.0 eV) peaks (Fig. S2, ESIf).
The dominant peak is the sp® feature, confirming the graphitic
structure of the grown material. According to Raman spectroscopy,
the typical 1581 cm " (G-band) which originates from the sp*
hybridized hexagonal carbon atoms indicates that the NG elec-
trode has a relatively high quality (Fig. 1g). Moreover, the measure-
ment of conductivity of the NG electrode proves that the ultra-thin
NG electrode has good conductivity of 1.5 x 10* S em™" (Fig. S3,
ESIt and Fig. 1h). Because the conductivity of OSC is relatively
low?™** (107°-107% S em ™), the NG electrodes have sufficient
conductivity to be used as the source and drain electrodes.

3.2 The mechanical and thermal stability of the NG electrode

Generally, the electrode and the dielectric layer are adhered
together by a weak interaction force, so the electrode would
easily detach from the substrate,®>* which has an adverse
impact on the device stability. Graphene, a material with
carbon atoms arranged by sp>-hybridized, is appropriate for
preparing stable electrodes due to its high thermal stability and
conductivity.>>?® Fig. 2a and Fig. 2d show the morphology of
the large-area NG electrode array and Au electrodes array after
ultrasonic cleaning with distilled water at the same frequency
and duration. Most of the Au electrodes have completely fallen
off, while the NG electrodes can still maintain their complete
morphology, indicating that the NG grown by PECVD has a
strong interaction with the SiO, dielectric layer, which is
beneficial to prepare stable OFETs.

The large number of dislocation defects and grain bound-
aries in the polycrystalline metal electrodes make it easy to
recrystallize,””*® while graphene has excellent thermal stability

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 NG electrodes grown by PECVD. (a) Schematic diagram of the PECVD system. (b) Optical image of bare SiO,/Si, and NG film grown on SiO,/Si,
respectively. (c) Optical image of the NG electrode array. (d) AFM image of the edge of the NG electrode. (e) Thickness statistics of 15 NG electrodes.
(f) XPS spectra of the NG electrode. (g) Raman spectra of the NG electrode. (h) /-V characteristic of the NG electrode.
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Fig. 2 The stability of the electrode. (a) Optical images of the NG electrode array after ultrasonic cleaning at 53 kHz for 5 min. (b) and (c) AFM images of

the NG electrode before and after annealing at 200 °C for 60 min. (d) Optical images of the Au electrode array after ultrasonic cleaning at 53 kHz for

5 min (e) and (f) AFM images of the Au electrode before and after annealing at 200 °C for 60 min. (g) and (h) AFM images of the Au electrode surface.
(i) The XRD spectrum of the Au electrode before and after annealing.
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because of its two-dimensional structure formed by sp’-
hybridized carbon atoms.?® We further investigate the thermal
stability of the electrode. After annealing at 200 °C for 60 min,
the morphology of the NG electrodes has hardly changed
(Fig. 2b and c). In the case of the Au electrodes, the gold grains
of the electrodes become larger and the edge of the electrode
shrinks obviously (Fig. 2e and f). The recrystallization of
the polycrystalline gold film is easy to occur even at low
temperature,®® and it will greatly affect its electrical properties,
indicating that devices with polycrystalline Au electrodes are
not suitable for device stability. In addition, we investigate the
morphological changes of the Au electrode surface. After
annealing at 200 °C for 60 min, the aggregation state of the
Au electrode changes significantly (Fig. 2g and h). Moreover,
the X-ray diffraction (XRD) spectrum confirms that the Au
electrode is unstable, as the XRD peak (111) of the Au electrode
is significantly enhanced after annealing (Fig. 2i).
Furthermore, the electrodes were annealed at a higher
temperature. After being treated at 400 °C for 2 hours, the Au
electrode shrinks seriously, while the NG electrode still shows
excellent thermal stability (Fig. S4 and S5, ESIt). The excellent
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mechanical and thermal stability of the NG electrodes on the
surface of the dielectric layer will be beneficial to the stability
of OFETs.

3.3 High-performance OFETs based on the NG electrode

To investigate the influence of electrodes on the device, we
fabricated BGBC DNTT OFETs with NG and Au electrodes
(Fig. S6, ESIt). Fig. 3a is a schematic diagram of a BGBC
structure DNTT OFET. Through the transfer curves, the NG
electrode DNTT OFET shows higher on-state current and smal-
ler threshold voltage (Fig. 3b and e). The threshold voltage of
NG electrode DNTT OFET is approximately 6.8 V, and the
mobility is as high as 1.68 cm”> V™' s™". Moreover, NG electro-
des DNTT OFETs present much higher on-state current, indi-
cating that OFETs based on NG electrodes have better electrical
properties than OFETSs based on Au electrodes (Fig. 3c and f).
Although the work function of the Au electrode®' (—5.1 eV) is
closer to the HOMO level of DNTT than that of the NG electrode
(—4.8 eV), and the injection barrier is smaller (Fig. S7 and S8,
ESIY), the devices prepared with NG electrodes show better
electrical properties. To investigate the factors affecting the
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Fig. 3 Electrical performance of the NG and Au electrode DNTT OFETSs. (a) Schematic diagram of the BGBC structure OFET, and chemical structure of
DNTT. (b) and (e) Transfer characteristics of the NG and Au electrode DNTT OFETs measured in the saturated regime of operation (Vp = —60 V),
respectively. (c) and (f) Output characteristics of the NG and Au electrode DNTT OFETSs, respectively. (d) R, extraction using the TLM method from the NG
electrode DNTT OFETSs. (g)-(h) Statistics of mobility, on/off ratio (lon/lof), and threshold voltage (V4,) of 50 NG and Au electrode DNTT OFETSs.
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electrical properties, we tested the electrical properties of OSCs
films in the channel by transferring electrodes (Fig. S9, ESIt). The
electrical properties of OSCs thin films in the channel are the
same, indicating that the defects in the metal-semiconductor
contact mainly affect the charge transport (Fig. S10, ESIY). In
addition, the AFM images show that the OSC arrangement near
the NG electrode edge is orderly, while the OSC arrangement
near the Au electrode edge is disordered, indicating that the NG
electrode is beneficial to the arrangement and charge transfer of
OSCs at the interface of OSC and electrode (Fig. S11, ESIt).
Moreover, the devices with the transferring electrodes show equal
subthreshold slopes (SS), which further proves that the NG
electrode is beneficial to reducing defects at the interface of
OSC and electrode to improve device performance (Fig. S12, ESIt).

Furthermore, we extracted contact resistance (R.) by the
transfer-length-method*?** (TLM) of the DNTT OFET with the
NG electrode and it is 10 kQ cm at Vg = —60 V, while for
the devices with the Au electrode, the R. is 67 kQ cm (Fig. 3d
and Fig. S13, ESIT). The extraction R. of Au electrode OFETSs
does not conform to a good linear relationship, which proves
that the disorderly arrangement of molecules at the edge of the
Au electrode makes it difficult to extract R, accurately. More-
over, the electrical properties of 50 NG electrode DNTT devices
show higher mobility (average mobility of 1.31 cm* V™" s~ " and
a maximal mobility of 1.68 cm® V™' s™'), higher on/off ratio
(10”), and lower threshold voltage (Fig. 3g-i), while 50 Au
electrode DNTT devices show low electrical performance with
average mobility of 0.21 em® V™' s, maximal mobility of
0.6 cm”> V™' 57! and on/off ratios of 10*, indicating that the
NG electrode is more conducive to improving the performance
of OFETs. The transfer curves of p-type 2,9-didecyldinaphtho
[2,3-b:2/,3'-f]thieno[3,2-b]thiophene (C;o-DNTT) and n-type
semiconductor N,N’-bis(n-octyl)-dicyanoperylene-3,4 : 9,10-bis-
(dicarboximide) PDI-8CN, with NG and Au electrode OFETSs
are shown in Fig. S14 (ESIt). Devices based on NG electrodes
show higher on-state current and less hysteresis, suggesting
that NG electrodes can effectively enhance the performance of a
broad range of OSCs.

3.4 The stable NG electrode enhances the stability
of the OFET

Thermal annealing is an effective way to reduce the defects of
0SCs and improve the performance of devices.***> However,
due to the difference of thermal mismatch stress between
OSCs and the substrate, cracks often appear in OSCs films
after thermal annealing, which greatly affects the stability of
the devices (Fig. S15, ESIf). In addition, the morphological
evolution of polycrystalline Au electrodes may lead to electrode
shrinkage and irreparable damage to the OSC film after anneal-
ing (Fig. S4, ESIY).

To investigate the effect of the electrode on the stability of
OFETs, we extracted the mobility of devices annealed at different
temperatures for 30 min (Fig. 4). The mobility of the device with
the NG electrode still maintains a high performance at 180 °C,
proving that the NG electrode can realize the high temperature
stability of OFETs. Fig. S16 (ESIt) shows the stabilizing effect of
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Fig. 4 Variation of mobility of the NG and Au electrode DNTT OFETSs after
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the NG electrode on OSC thin films after annealing. The NG
electrode can effectively inhibit the cracking of the OSC films in
the channel due to the excellent thermal stability, while the
unstable polycrystalline Au electrode cannot effectively prevent
cracking of the OSC films. Furthermore, we performed air stability
measurement on NG and Au electrode OFETs. The results showed
excellent air stability over 4 months with almost no degradation of
NG electrode devices, indicating that stable NG electrodes can
increase the storage stability of OFETs (Fig. S17, ESIY).

Conclusions

In conclusion, we demonstrated that the recrystallization of
polycrystalline metal electrodes plays a vital role in OFET
stability. NG electrodes grown by PECVD have excellent
mechanical and thermal stability, and their morphology
remains unchanged after high temperature annealing. Utilizing
the stable NG electrodes, the maximum mobility of BGBC
DNTT OFETs rises to 1.68 cm® V' s~' with on/off ratios of
10”. The NG electrode can effectively enhance the stability of
OFETs, which provides a brand-new idea for realizing stable
organic optoelectronic devices.
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