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Graphene based vertical organic field-effect transistors (VOFETS)
are promising devices for realizing a high current density at a low
operation voltage. However, high-quality graphene typically requires a
high temperature and a complicated fabrication process, presenting a
major barrier to roll-to-roll manufacturing. Here, we report a low
temperature (<45 °C), vapor (HI)-assisted process to achieve ultrathin
and uniform reduced graphene oxide (rGO) films with a higher elec-
trical conductivity compared with conventional high-temperature
reduction methods. Notably, VOFETs with rGO source electrodes
exhibited the highest current on/off ratio exceeding 10* and a max-
imum current density of 14.4 mA cm 2 owing to the gate-tunable work
function characteristics of the prepared rGO. The current density of
the device could be further improved by increasing the conductivity of
the rGO electrode with additional thermal treatment. The synergy
of low-temperature and HI vapor endowed rGO-VOFET devices with
excellent current density, on/off ratio, and gate-tunable ability, making
them promising candidates for future flexible organic electronics.

Introduction

The ultrashort channel length of the vertical organic field-effect
transistors (VOFETSs) enables the fabrication of devices in a
smaller size with improved electrical performance compared
with their lateral counterparts.'™ So far, various VOFETSs based
on graphene electrodes have been reported due to their excel-
lent conductivity in a two-dimensional form.>™* In these
devices, the work function tunability of graphene is exploited
via an external gate electrical field to modulate the injection
barrier height at the graphene/organic semiconductor interface.”>”
However, almost all these devices utilized single-layer graphene
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obtained by the capital-intensive chemical vapor deposition (CVD)
method. Although the CVD method can produce high-quality
graphene, the rather complicated transfer process of graphene to
the substrate is incompatible with future large-scale roll-to-roll
applications.

Reduced graphene oxide (rGO) has a similar structure and
properties to graphene.’®™® Most importantly, it can be easily
mass-produced via reduction of low-cost solution-processable
graphene oxide (GO). To achieve high-performance devices, the
rGO film should possess not only high electrical conductivity,
but also ultrathin and uniform film morphology. Although high
temperature (>800 °C) thermal reduction could prepare rGO
films with high electrical conductivity, the involved high tem-
perature is not applicable to emerging flexible electronics.>*™>?
In this regard, chemical reduction is preferred because of
its low reduction temperature.>*>® In particular, chemical
reduction by the vapor phase is more promising because
dipping the substrate with the GO film in a hot reducing
solution would inevitably ruin and even peel off the rGO film
from the substrate,”®*® which would greatly degrade the device
performance. The rGO films prepared by vapor phase
reduction, such as with hydrazine vapor, normally suffer from
poor electrical conductivity, and further thermal reduction
treatment (>300 °C) is usually required to improve their
electrical properties.”>® Therefore, using low-temperature
vapor phase reduction to prepare rGO films with good electrical
conductivity is highly desirable.

Another critical requirement for using rGO electrodes in
VOFETs: is ultrathin thickness. The operation of this type of VOFET
is based on the gate-tunable work function mechanism,*! whereas
the work-function tuning induced by the gate electrical field only
occurs in an ultrathin rGO film.***® In addition, the ultrathin rGO
electrode benefits the partial screening effect of the gate electrical
field,**! which could further improve the device performance. In a
previous work, a simple spin-coating and reduction method was
proposed that can effectively prepare highly conductive and ultra-
thin rGO films.** By employing hydrazine monohydrate vapor
reduction along with 300 °C treatment for 6 h, we achieved a
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Fig. 1 (a) Top-view optical image and (b) three-dimensional schematic of the device.

conductivity of 10 S em ™" for the rGO film and a current density of
0.73 mA cm ™2 for VOFETs. However, it involved high temperature
long-term thermal annealing, making it difficult for flexible
devices.

In this study, we report a low-temperature (<45 °C) HI vapor
reduction of ultrathin GO films and used them as electrodes for
VOFETs. Despite such mild reduction conditions, the resulting
rGO film exhibits a sheet resistance of 0.56 MQ sq ', which is
better than those (1.1 MQ sq~ ') reduced by 300 °C annealing for
6 h. X-ray photoelectron spectroscopy (XPS) also demonstrates a
higher reduction level by the HI vapor than thermal treatment.
By sandwiching organic semiconductor N,N’-dioctyl-3,4,9,10-
perylenedicarboximide (PTCDI-Cg) between the rGO and an Al
electrode on an n**Si/Si0, substrate, the fabricated device (rGO-
VOFET) generated the highest current on/off ratio of over 10*

and a maximum current density of 14.4 mA cm 2,

Results and discussion

A schematic of the device fabrication process is illustrated in
Fig. S1 (ESIt). An ultrathin GO film was first formed on an
n''Si/Si0, substrate by spin-coating a purified GO dispersion.
The substrate was placed in a sealed container with HI solution,
and the GO film was reduced by exposure to HI vapor. Notably,
the reduction temperature was less than 45 °C. After wet-

Binghao Wang is a Professor of
Electronic Science and Techno-
logy at Southeast University.
Prior to this, he was a Project
Researcher at The University of
Tokyo, and a Joint-PhD student
and Postdoctoral Researcher at
Northwestern  University. He
obtained his B.E., M.S., and PhD
degrees from Soochow University.
His research interests encompass
flexible/wearable thin-film trans-
istors and sensors, with a
portfolio that includes over
80  co-authored papers and
contributions to 2 book chapters.

Binghao Wang

This journal is © The Royal Society of Chemistry 2024

patterning of the rGO film, a 350 nm-thick PTCDI-Cg layer
and 50 nm-thick Al electrode were sequentially deposited
through shadow masks using a vacuum thermal evaporator,
and the final device rGO-VOFETs were fabricated. The top-view
optical image and three-dimensional schematic of the device
are shown in Fig. 1a and b, respectively. The active area of the
device determined by the overlapping area of the top drain and
bottom rGO electrode was 200 x 100 um?>.

Ultrathin and uniform films with high coverage are required
for the gate-tunable work function electrode.*' The morphology
of the GO and rGO films were first evaluated by optical micro-
scopy. As shown in Fig. 2a, the spin-coated GO film on the
n''Si/Si0, substrate shows a semi-transparent feature and high
coverage. After HI vapor reduction, the rGO film (Fig. 2b) on the
n''Si/SiO, substrate exhibits better contrast due to the
improved reflection of incident light.*® This large-scale high
coverage of the rGO film is further demonstrated in Fig. S2
(ESIT). The surface morphology of the GO and rGO films is
evaluated by atomic force microscopy (AFM). Fig. 2c shows the
spin-coated GO film before reduction, where ultrathin GO
flakes uniformly cover the surface. The thickness of the GO
film is about 1 nm (Fig. S3, ESI}), indicating its monolayer
structure.”® Importantly, this ultrathin and high-coverage film
is maintained after reduction by exposure to HI vapor (Fig. 2d).
In contrast, the surface of the rGO film reduced by dipping in
HI solution is uneven and contaminated (Fig. S4, ESI{). The
results reveal that vapor phase reduction is necessary to keep a
clean and smooth surface of the rGO film.

The electrical conductivities of the rGO films are evaluated
by measuring their sheet resistance (R;) via a four-probe
method, as it plays a critical role in device performance. For
the low-temperature HI vapor reduction method, the impact of
the reduction temperature and reduction time on the R are
systematically investigated. First, the GO films are reduced by
exposure to HI vapor at 30, 45, and 60 °C for 12 h, respectively.
As shown in Fig. 3a, the Ry of the rGO film dramatically
decreases from 0.94 to 0.56 MQ sq " as the reduction tempera-
ture increases from 30 to 45 °C. Further increasing the
reduction temperature to 60 °C does not reduce the Rs too
much, suggesting that HI vapor treatment at 45 °C is enough to
reduce the GO film. Next, the Rs of the rGO film is further
evaluated by exposure of the GO film to HI vapor at 45 °C for
6, 12, 18, and 24 h, respectively (Fig. 3b). The Rs decreases
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Fig. 2 Optical images of the (a) GO and (b) rGO films. AFM images of the (c) GO and (d) rGO films.
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Fig. 3 (a) Rs of the rGO films reduced by HI vapor at 30, 45 and 60 °C for 12 h, respectively. (b) Rs of the rGO films reduced by HI vapor at 45 °C for 6,
12, 18, and 24 h, respectively. (c) Rs of the rGO-300 °C, rGO-HI, and rGO-HI-300 °C films, respectively.

slowly as the time increases, especially for that treated for more
than 12 h. Thus, HI vapor treatment at 45 °C for 12 h was
chosen as the optimal condition (rGO-HI). Moreover, we com-
pare the Ry of the rGO films prepared by other methods
(Fig. 3c). The rGO films were prepared by direct thermal
annealing at 300 °C for 6 h (rGO-300 °C), and post annealing
of rGO-HI at 300 °C for 1 h (rGO-HI-300 °C), respectively.
Compared with the rGO-300 °C film, the electrical conductivity
of the rGO-HI is significantly improved, indicating that this
low-temperature HI vapor reduction method is more effective to
reduce the rGO film. Moreover, by post annealing at 300 °C for
1 h, the electrical conductivity of the rGO-HI-300 °C film could
be further improved.

To precisely reveal the reduction extent of the rGO films by
these different methods, XPS analysis is performed. As shown
in Fig. S5 (ESIt), the C1s XPS spectrum of the GO film can be
divided into three peaks at around 288.1, 286.5, and 284.2 eV,
arising from the C=0, C-0, and C-C bonds, respectively.>*>®
The C=O and C-O bonds account for oxygen-containing

68 | J Mater. Chem. C, 2024, 12, 66-72

groups in the GO film. After reduction treatment, the intensi-
ties of the corresponding C—O and C-O peaks dramatically
decrease, while the C-C peak becomes the dominant peak.
Notably, compared with the C1s XPS spectrum of rGO-300 °C,
the intensities of the C-O and C—O0 peaks of the rGO-HI film
are much weaker, indicating a higher reduction level of the HI
vapor-prepared rGO film. In addition, the reduction level of the
rGO-HI film could be further improved by post annealing at
300 °C for 1 h. The corresponding C=0, C-O, and C-C peak
intensities of these rGO films are summarized in Fig. 4. The
XPS analysis consists of conductivity tests. Raman spectra are
further investigated to study these rGO films (Fig. S6, ESIT).
Two prominent peaks at 1353 and 1587 cm ' in the Raman
spectra correspond to typical D and G peaks, respectively. Com-
pared with rGO-300 °C, the increased Ip/Is ratios of rGO-HI and
rGO-HI-300 °C indicate the increase of the sp® domain with
decreased size,”>*° contributing to higher electrical conductivity.
The electrical conductivity of rGO relies on the recovery of its
conjugated structure by eliminating these oxygen-containing

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The intensity ratios of C=0O, C-0, and C-C peaks, obtained from
the Cls XPS spectra of GO, rGO-300 °C, rGO-HI, and rGO-HI-300 °C,
respectively.

groups (epoxy, hydroxyl, and carbonyl groups). For rGO-300 °C,
the reduction level of the rGO film mainly depends on the
reduction temperature. However, the temperature of 300 °C is
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not high enough to considerably eliminate these oxygen func-
tional groups.’”’*® For the rGO-HI film, the reduction is through
the substitution of oxygen functional groups by iodine
atoms.”**® Owing to the strong HI acid and weak C-I bond,
the oxygen functional groups in the GO film can be effectively
removed at a much lower temperature.*®

Furthermore, VOFETSs were fabricated based on the rGO-300
°C, rGO-HI, and rGO-HI-300 °C films. The electrical properties
of the devices are estimated at room temperature under dark
conditions. The rGO source electrodes are grounded, whereas
the top Al drain electrodes and bottom gate electrodes are
biased with respect to the ground. In the output characteristics
(Fig. 5a-c), a larger drain current (Ips) is observed with a more
positive gate voltage (Vgs), indicating that they are typical n-type
transistors. Notably, the highest I,s values of the devices
gradually rise with the increasing electrical conductivity of
the rGO electrodes. The transfer characteristics of the devices
(Fig. 5d-f) are measured at the drain voltage (Vpg) of +30 V.
As shown in Fig. 5d, the device based on the rGO-300 °C film
shows a relatively low current on/off ratio (~100) with large
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(a)—(c) Output characteristics and (d)—(f) transfer characteristics of rGO-300 °C, rGO-HI, and rGO-HI-300 °C, respectively.
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hysteresis, which could be attributed to the presence of the
traps at the rGO/PTCDI-Cg interface. As discussed before,
300 °C thermal treatment is not enough to reduce the GO film;
therefore, there should be many oxygen functional groups
remaining in the rGO-300 °C film, resulting in poor device
performance. By contrast, the electrical properties of the device
based on the rGO-HI film are significantly improved (Fig. 5e),
exhibiting the highest current on/off ratio exceeding 10* and a
maximum current density of 14.4 mA cm™ > with small hyster-
esis. The performance is comparable to those of VOFETs based
on CVD-grown graphene electrodes.>'> Fig. 5f illustrates the
transfer characteristics of the device based on the rGO-HI-300
°C film. Due to the improved electrical conductivity of the rGO
electrode, the highest current density of the device is further
improved to 21.9 mA cm 2.

Conclusions

In this work, VOFETs based on a low temperature-prepared rGO
electrode were fabricated, achieving a large current density and
a high on/off ratio. An ultrathin GO film with high coverage is
first prepared by spin-coating a highly purified GO dispersion.
Then, low-temperature HI vapor is utilized to reduce the spin-
coated GO film to maintain the highly covered film structure
and enable its application to future flexible devices. By using
these mild reaction conditions, the prepared rGO film pos-
sesses very low sheet resistance of 0.56 MQ sq ' and gate-
tunable work function characteristics. The assembled rGO-
VOFET devices exhibit satisfactory performance with the high-
est current on/off ratio of over 10* and a maximum current
density of 14.4 mA cm ™ >. Moreover, the current density of the
device is closely related to the conductivity of the rGO electrode
and could be further improved. Importantly, we anticipate that
this low-temperature HI vapor-prepared rGO electrode will help
in advancing low-cost, high-performance, roll-to-roll future
flexible organic electronics.

Experimental section
Purification of the GO dispersion

The commercial GO dispersion (4 mg mL ™", GaoxiTech Corp,
China) was firstly purified by a series of centrifugation
treatments. The details of the centrifugation process are as
follows: the GO dispersion was first diluted to 1 mg mL™", the
solution was centrifuged at 3800 rpm for 15 min to remove the
precipitate. Then, the supernatant liquid was centrifuged at
2300 rpm for 30 min to further remove the precipitate. This
process was repeated 4 times. After that, the supernatant liquid
was centrifugated at 4000 rpm for 1 h to collect the precipitate.
After drying, the precipitate was diluted to 1 mg mL ™' for
further use.

Device fabrication process

The fabrication process of the rGO-VOFETs is as follows: the
purified GO dispersion (300 pL) was dripped onto n*'Si/SiO,
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substrates (300 nm-thick), followed by spin-coating at 500 rpm/
120 s, 1000 rpm/30 s and 2000 rpm/30 s sequentially to prepare
the ultrathin GO film. Then, the spin-coated GO film was
placed in a 250 mL sealed container with 3 mL HI solution
(55-57%, Adamas, China), and the container was kept at
different temperatures for different times. After the reduction
treatment, the rGO film was patterned by a wet patterning
method.?” Briefly, 100 nm-thick Au was deposited through a
shadow mask on the rGO film as a protective layer. Then, the
substrate was placed in a beaker filled with bleaching solution
(Kaneyo Corp, Japan) under UV light (365 nm, 3 W cm?)
irradiation directed on the substrate. After 2 min irradiation,
the substrate was carefully rinsed with deionized water and
dried by condensed air flow. Then the Au was removed by
dipping in KI/I, solution for around 1 min. The substrate was
rinsed with deionized water to remove the residual KI/I,
solution and then dried by condensed air flow. KI/I, solution
was prepared by dissolving 1.6 g KI powder (99%, Adamas,
China) and 0.4 g I, (99%, Adamas, China) in 50 mL deionized
water. Subsequently, 350 nm-thick n-type organic semiconduc-
tor PTCDI-Cg (Luminescence Technology Corp., China) was
deposited as an organic layer at a rate of 3 A s™* through a
shadow mask using a vacuum thermal evaporator. The vacuum
chamber pressure was under 3 x 10~° torr. Finally, a 50 nm-
thick Al electrode was thermally deposited at a rate of 2 A s°
under a vacuum pressure of 6 x 10~ ° torr to fabricate the rGO-
VOFET devices. The active area of the device determined by the
overlapping area of the bottom rGO and top Al drain electrode
is 200 x 100 um?.

Measurements and characterizations

The electrical properties of the devices were measured using a
semiconductor parameter analyzer (Keithley 4200-SCS, US) at
room temperature under dark conditions. The R of the rGO
film was evaluated by using four-probe equipment (JG
ST2258C, Suzhou Jingge Electronic Corp., China). The surface
morphology of the GO and rGO films was investigated by using
a Bruker Dimensional Icon atomic force microscopy system in
tapping mode. XPS was performed on a JEOL JPS-9010MC
spectrometer and O(1s) spectra were fitted using three
Gaussian—Lorentzian convolution functions after subtracting
a linear baseline.
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