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The luminescence intensity regulation of organic light-emitting transistor (OLED) device can be achieved effectively
by the combination of graphene vertical field effect transistor (GVFET) and OLED. In this paper, we fabricate and charac-
terize the graphene vertical field-effect transistor with gate dielectric of ion—gel film, confirming that its current switching
ratio reaches up to 102. Because of the property of high light transmittance in ion—gel film, the OLED device prepared with
graphene/PEDOT:PSS as composite anode exhibits good optical properties. We also prepare the graphene vertical organic
light-emitting field effect transistor (GVOLEFET) by the combination of GVFET and graphene OLED, analyzing its elec-
trical and optical properties, and confirming that the luminescence intensity can be significantly changed by regulating the

gate voltage.

Keywords: graphene vertical field effect transistor, organic light-emitting transistor, ion—gel film, gate voltage

regulation
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1. Introduction

Recently, organic light-emitting transistor (OLED), as a
kind of light-emitting diode, has great development potential
and broad application prospects because of its wide viewing
angle, high color saturation and contrast, short response time,
large light-emitting area, and low energy consumption.!!=!
Owing to the advantages of electrical conductivity, light trans-
mission, stability, and mechanical properties,*’! graphene
has been successfully used in OLED device preparation. [8-1°!
Vertical field effect transistor (VFET) is a kind of field ef-
fect transistor, whose channel direction is perpendicular to the
surface of substrate, forming heterojunction structure between
material layers.!'!! Vertical electric field channel length can
be shortened down to nanometer level that facilitates carri-
ers’ recombination.!'>"!4! Carrier accumulation in graphene
and semiconductor layers can be regulated by the gate elec-
trode due to the adjustability of graphene work function, so
that Fermi levels can be rearranged to change the interface re-
sistance between graphene and semiconductor, which signifi-
cantly influences the switching ratio of VFET. In addition, by
combining VFET structure with OLED device, a new method
of regulating the luminescence intensity can be achieved by
changing gate voltage.[!]

In this paper we use ion—gel to prepare an ITO/ion gel
film/graphene OLED composite structure. The ion—gel is
a mixture of organic polymer and electrolyzable salt elec-
trolyte material with good thermal stability and high dielec-
tric value!'®!7! and widely used in flexible devices.!!%!8] Un-
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der the action of an external electric field, anion and cation
in polymer will migrate and diffuse to form electric-double-
layer distribution with charge layer on the surface of insulat-
ing layer, which is similar to a capacitive effect.!!”! In previous
study,”°! we used an ion—gel film as a dielectric layer which
significantly improved the performance of graphene field ef-
fect transistor (GFET). In the present experiment we achieve
the effectively regulation of luminescence intensity of OLED
devices due to GVFET.

2. Experimental materials and methods
2.1. Materials

Single-layered graphene was synthesized on copper foil
with CVD process; 6-wt% PMMA was dissolved in anisole;
ion—gel solution was prepared by dissolving 10-wt% PVDF
and 2.5-wt% [EMIM]TF2N in N,N-Dimethylformamide
(DMF) at 60 °C by water bath for 7 h until a clear solution
was obtained; poly(3,4-ethylenedioxythiophene)-poly (styre-
nesulfonate) (PEDOT:PSS) aqueous solution was purchased
from J & K. Corp; organic luminescent material:1,1-Bis[(di-
4-tolylamino)phenyl] cyclohexane (TAPC), 1,3-bis-(carbazol-
9-yl)benzene (mCP), Bis(4,6-difluorophenylpyridine-N,C2’)
pyridinecarboxamide (FlIrpic) and 1,3,5-tri[(3-pyridyl)-phen-
3-yl]benzene (TmPyPB) were purchased from BanHe Tech.
Corp.
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2.2. Graphene vertical field effect transistor

Ton—gel film was used as gate dielectric in VFET. The pre-
pared ion—gel solution was spin-coated (3000 rpm, time 15 s)
on the surface of ITO glass, ion—gel was transparent after be-
ing dried at temperature 160 °C for 30 min to form a 2-pum-
thick film tested by step meter, graphene was characterized
after being trasferred to the surface of ion—gel film by Ra-
man spectrometer and light transmittance tester. The 5-wt%
dimethylformamide was added into PEDOT:PSS solution to
make PEDOT:PSS film smoother on the surface of graphene,
then the solution was spin-coated (1500 rpm, time 30 s) and
dried at temperature 120 °C for 30 min. A 100-nm-thick alu-
minum layer was deposited on PEDOT:PSS film, serving as
a top electrode and the device structure was prepared to be
ITO/ion—gel/graphene/PEDOT:PSS/Al (100 nm).

2.3. Graphene vertical organic light-emitting field effect
transistor

The OLED structure prepared in this study was
graphene/PEDOT:PSS/TAPC (50 nm)/mCP (10% Flrpic)
(30 nm)/TmPyPB (50 nm)/LiF (0.5 nm)/Al (100 nm)
(Fig. 4(e)): Graphene/PEDOT: PSS was used as a compos-
ite anode, the TAPC was a hole transport layer, and mCP was
the host material of light-emitting layer. The Flrpic was doped
with phosphorescent dye. The TmPyPB was electron transport
layer. The electron injection layer and cathode material were
LiF and Al respectively. All functional layers except compos-
ite anode were deposited using vacuum deposition in vacuum
of less than 4 x 10~ Pa.

2.4. Detection

After preparation, the voltage—luminance—current density
characteristic curve of GOLED was detected at room temper-
ature by using an electroluminescence test system consisting
of Keithley Model 2400 current source and PR 655 spectrom-
eter. The electrical characteristics of GVFET were measured
by using Keithley 2612a dual channel source meter.

3. Results and discussion

Transmittance of dielectric layer material has an effect on
the luminescence intensity of graphene OLED, showing that
the transmittance of visible light (wavelength 390 nm—760 nm)
in grapheme/ion—gel/ITO/glass composite stracture reaches up
to 90% (Fig. 1(b)), glass and ITO are transparent, indicating
that the ion—gel film is highly transparent and has little effect
on light extraction efficiency of device. The Raman character-
ization diagram (Fig. 1(a)) shows that the Raman spectrum of
ion—gel film (black) has an obvious peak only at 2980 cm ™!,
and the characteristic peaks of red curve peak at 1580 cm™!
(G peak) and 2680 cm~! (2D peak), which are graphene char-

acteristic peaks caused by graphene atom lattice vibration, [>!]

which, combined with SEM images (Figs. 1(c) and 1(d)), in-
dicates that graphene is successfully transferred to the ion—gel
membrane surface.
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Fig. 1. (a) Comparision of Roman spectra before and after transferring
graphene on ion—gel; (b) transmittance versus wavelength of grapheme/ion—
gel/ITO/glass composite structure, with inset showing SEM image of ion—gel
film on glass substrate; (c) ion—gel film without graphene; (d) ion—gel film
with transferred graphene; molecular formula of (¢) [EMIM]TF2N, and (f)
PVDFE

In addition, we also measure the specific capacitance of
2-um-thick ion—gel film sandwiched between gold electrode
and ITO as a function of voltage frequency (¢ = —1/27fZ,
where Z denotes the impedance and f the frequency), and
the results are shown in Fig. 2(a). The measured capacitance
reaches up to 9 uF/cm? at low frequencies. Under the action of
external electric field, the charge distribution in the ion—gel is
asymmetric, and the electric charge layer on the surface of ex-
ternal insulating layer forms an electric-double-layer distribu-
tion, resulting in high capacitance value in per unit area with a
micron-thickness, whichis different from the capacitance val-
ues of other materials with low dielectric constants, [15-18:20-231
The capacitance value decreases as frequency increases due to
the interaction between charge in solid electrode and counter
ion in electrolyte.[>]

PEDOT:PSS is often used as OLED hole injection
material because of its high work function and high
transmittance. >*! In this experiment, the PEDOT:PSS is spin-
coated on the surface of graphene to form a heterojunction
structure.!8! In addition, the ion—gel gate structure is intro-
duced to form G-VFET, and the energy band of graphene
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can be opened by gate regulation, so that the Fermi levels of
graphene and barrier height between graphene and PEDOT:
PSS are changed, and thus affecting the interface resistance
and current output. In the transfer characteristic curve, the
source—drain voltage (Vyq) is constant (at 5 V), and the gate
voltage varies from 0 V to 10 V. According to the circuit super-
position principle,?>) equivalent value of gate voltage (Veg) is
the difference value between gate bias and source—drain volt-
age, i.e., (Vg—Vsq), the actual gate voltage variation ranges from
—5 V to 5 V. In the output characteristic curve, source—drain
voltage varies from 0 V to 2 V, gate voltage variation is in a
range from 1 V to 9 V (step 2 V). Switching ratio (Jon /Jofr) can
be obtained from transfer characteristic curve to be about 10?
(Fig. 3(a)). Output characteristic curve of G-VEFT shows that
source—drain current density (/) changes with V; variation and
increases exponentially, which is in accordance with the volt-
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ampere characteristics of heterojunction curve. In the equilib-
rium electric field state (Veg = 0) (Fig. 2(b)), Fermi level (EF)
of graphene is intrinsic Fermi level (Fig. 3(d)), hole and elec-
tron carriers disperse in the dielectric layer. Under negative
gate voltage (V; < Viq), hole accumulation in graphene forms
a p-type channel (Fig. 2(c)), the Fermi level of graphene is
below the intrinsic Fermi level (Fig. 3(e)) which is favorable
for hole injection; as the gate voltage increases, the carrier
concentration in graphene is changed and will be in a critical
conduction state when electron concentration is equal to hole
concentration; under positive gate voltage (Vy > Vyq), elec-
tron concentration in graphene increases (Fig. 2(d)), the Fermi
level of graphene is above intrinsic Fermi level (Fig. 3(f)) and

electrons accumulate in graphene, froming an n-type channel

blocking hole injection.

Fig. 2. (a) Frequency dependence of specific capacitance of ion—gel spin-coated on ITO glass; schematic diagrams of charge layer distribution: (b) anions
are dispersed in dielectric layer; (c) anions are dispersed under negative gate voltage, with holes accumulating in graphene; (d) anions are dispersed under

positive gate voltage, with electrons accumulating in grapheme.

5 10 3.0

-— V=9V
——Ve=T7TV
- Ve=5YV
V=3V
+VG:1V

(c)
Al ’
- 1on-ﬁe /

SiO,

(b)
At 2.5}
b T 2.0t
Q
g 31 E E 1.5}
: i
2r 1.0f
S S
1k 0.5¢
OF
0 0

(e)

Vig<O

0.5

1.0 1.5
Drain voltage/V

Fig. 3. (a) Transfer and (b) output characteristic curves of GVFET; (c) structure and schematic diagram of GVFET with ion—gel film gate; (d)—(f) Fermi

level diagrams of GVFET under different gate voltages.
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Fig. 4. (a) Characteristic curves of luminance—current density versus drain voltage of GOLED; (b) characteristic curves of current efficiency and power
efficiency of GOLED; (c) transfer characteristic curves of current and luminescence intensity of graphene OLED; (d) output characteristic curves of current
and luminescence intensity versus drain voltage of graphene OLED; (e) structure and schematic diagram of GVOLEFET; (f) device energy level diagram of
graphene OLED; (g) comparison among illuminating images in the same area of graphene OLED.

Graphene needs to be hydrophilized by UV treatment for
30 min after being transferred to make PEDOT:PSS solution
dispersed on the grapheme surface smoothly. In addition,
UV treatment can improve graphene work function?® and
PEDOT:PSS film can reduce surface roughness of graphene,
which are beneficial to the improvement of the lumines-
cent properties of OLED device.3?7?8 In order to con-
firm the luminescence properties of OLED device with
graphene/PEDOT:PSS as the composite anode, we prepare an
OLED structure as shown in Fig. 4(e) (device energy level di-
agram is shown in Fig. 4(f)). In the characteristic curves, the
illuminating voltage (Vo) and maximum brightness (Liax) of
OLED device are 4 V and 1259 c¢d/m?, maximum current ef-
ficiency (luminous intensity per unit current) and power ef-
ficiency (luminous flux per unit power) are 75.3 cd/A and
17 Im/W, respectively. These results indicate that the OLED

device with graphene/PEDOT:PSS as composite anode ex-
hibits the good luminescence properties.

According to the GVFET structure, we add OLED struc-
ture between graphene and aluminum layer, and design the
structure of GVOLEFET.!'>?°1 When the source—drain volt-
age is 10V, the OLED luminous intensity decreases as the gate
voltage increases (from O V to 25 V). The inset in Fig. 4(g)
shows the comparison among the illuminating images in the
same area at 0-V, 10-V, 20-V gate voltages respectively. The
maximum luminous intensity of device is 296 cd/m? under the
negative equivalent gate voltage (Veg < 0), holes accumulating
in graphene facilitates its injection into organic layer. As gate
voltage increases, the carrier density in graphene layer changes
from hole accumulation to electron accumulation. Under the
action of the positive equivalent gate voltage (Vg > 0), elec-
tron accumulation in graphene blocked hole injection can re-
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sult in luminous intensity of device decreasing to 43 cd/m?.
Figure 4(d) shows that the comparison among the changes in
light intensity and current output curves at different gate volt-
ages (from top to bottom: Vo =0V, 5V, 10V, 15V, 20 V).
As the gate voltage increases gradually, the turn-on voltage in-
creases, and the luminous intensity at the same source—drain
voltage decreases, which is mainly due to the holes accumulat-
ing in the graphene at an equivalent negative gate voltage, and
the hole conductivity turns better, which is beneficial to imple-
menting the more hole injection at low source—drain voltage,
thus recombining with electrons to emit light, which has a pos-
itive correlation with the change of current output curve.! In
general, the results show that the output current of graphene is
significantly affected by gate voltage, which further affects the
current density and luminescence intensity of OLED device.
In addition, we also test the repeatability of device. We

can see that the short-term (within 10 min) repeatability is
better (Fig. 5(b)), the maximum error of light intensity value
under the same source—drain voltage is within 3%. But the
long-term repeatability shows a significant decrease in perfor-
mance after 3 days (Fig. 5(c)). We also perform a long-term
detection of specific capacitance of the ion—gel dielectric layer
(Fig. 5(a)), find that it has not changed significantly, verifying
the stability of ion—gel film and also explaining that the de-
cline in device performance is mainly due to the preparation
and packaging. In addition, the OLED device is a multilay-
ered structure, although it is beneficial to reducing the energy
level barriers crossed by the transition of electrons and holes,
the process is complicated and repeatability will also be af-
fected. Therefore the device structure design should be further

improved in the future researches.
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Fig. 5. (a) Long-term detection of specific capacitance of ion—gel dielectric layer; (b) repeated detection of luminous intensity curve under gate voltage
regulation in short-term; (c) repeated detection of luminous intensity curve under gate voltage regulation in long-term.

4. Conclusions

In this research, we fabricated and characterized the
graphene/PEDOT:PSS vertical field effect transistor with ion—
gel film gate dielectric, which shows current switching ratio
up to 102. Heterojunction structure formed with graphene and
PEDOT:PSS is affected by the gate voltage to regulate its inter-
face resistance and current output. The graphene OLED pre-
pared by using the graphene/PEDOT:PSS serving as a com-
posite anode exhibits good luminescence performance. The
GVOLVEFT is prepared by combining GVFET and graphene
OLED, and the luminescence intensity is significantly changed
by regulating the gate voltage. In recent years, graphene have
been widely used as transparent electrodes in OLED research
and development. Combined with the high light transmittance
of gate dielectric materials, GVFET will be used as an im-
portant device platform for developing various photoelectric

SENSors.

References

[1] Tang C W, Vanslyke S A and Chen C H 1989 J. Appl. Phys. 65 3610
[2] Chiang C J, Winscom C, Bull S and Monkman A 2009 Org. Electron.
10 1268

[3] Choi M C, Kim Y and Ha C S 2008 Prog. Polym. Sci. 33 581

[4] Zhang Y, Tang T, Girit C, Hao Z, Martin M C, Zettl A, Crommie M F,
Shen Y R and Wang F 2009 Nature 459 820

[5]1 Park J S and Choi H J 2015 Phys. Rev. B 92 045042

[6] Geim A K 2009 Science 324 1530

[7]1 Geim A K and Novoselov K S 2007 Nat. Mater. 6 183

[8] Li N, Oida S, Tulevski G S, Han S J, Hannon J B, Sadana D K and
Chen T C 2013 Nat. Commun. 4 2294

[9] Cho H, ShinJ W, Cho N, Moon J, Han J H, Kwon Y D, Cho S and Lee

J 12015 IEEE J. Sel. Top. Quantum Electron. 22 48

Han T H, Lee Y, Choi M R, Woo S H, Bae S H, Hong B H, Ahn J H

and Lee T W 2012 Nat. Photon. 6 105

Zhu Z C, Murtaza I, Meng H and Huang W 2017 Rsc Adv. 7 17387

Shih C J, Pfattner R, Chiu Y C, Liu N, Lei T, Kong D, Kim Y, Chou H

H, Bae W G and Bao Z 2015 Nano Lett. 15 7587

Britnell L, Gorbachev R V, Jalil R, Belle B D, Schedin F, Mishchenko

A, Georgiou T, Katsnelson M I, Eaves L and Morozov S V 2012 Sci-

ence 335 947

Thanasis G, Rashid J, Belle B D, Liam B, Gorbachev R V, Morozov S

V, Yong-Jin K, Ali G, Haigh S J and Oleg M 2013 Nat. Nanotechnol. 8

100

Yu H, Dong Z, Guo J, Kim D and So F 2016 Acs Appl. Mater Interfaces

8 10430

Kim B J, Jang H, Lee S K, Hong B H, Ahn J H and Cho J H 2010 Nano

Lett. 10 3464

ChoJH, LeelJ, XiaY, Kim B S, He Y, Renn M J, Lodge T P and Frisbie

C D 2008 Nat. Mater. 7 900

Lee S, Kim B J, Jang H, Yoon S C and Ahn J 2011 Nano Lett. 11 4642

Bard A J and Faulkner L R 1983 J. Chem. Educ. 60 1

Song H, Liu J, Chen C and Ba L 2019 Acta Phys. Sin. 68 230 (in Chi-

nese)

Beams R and Novotny L 2015 J. Phys.: Condens. Matter 27 83002

[10]

(11]
[12]

[13]

[14]

[15]
[16]
[17]
(18]
[19]
[20]

[21]

057401-5


https://doi.org/10.1063/1.343409
https://doi.org/10.1016/j.orgel.2009.07.003
https://doi.org/10.1016/j.orgel.2009.07.003
https://doi.org/10.1016/j.progpolymsci.2007.11.004
https://doi.org/10.1038/nature08105
https://doi.org/10.1103/PhysRevB.92.045402
https://doi.org/10.1126/science.1158877
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/ncomms3294
https://doi.org/10.1109/JSTQE.2015.2475184
https://doi.org/10.1038/nphoton.2011.318
https://doi.org/10.1039/C6RA27674A
https://doi.org/10.1021/acs.nanolett.5b03378
https://doi.org/10.1126/science.1218461
https://doi.org/10.1126/science.1218461
https://doi.org/10.1038/nnano.2012.224
https://doi.org/10.1038/nnano.2012.224
https://doi.org/10.1021/acsami.6b00182
https://doi.org/10.1021/acsami.6b00182
https://doi.org/10.1021/nl101559n
https://doi.org/10.1021/nl101559n
https://doi.org/10.1038/nmat2291
https://doi.org/10.1021/nl202134z
https://doi.org/10.1021/ed060pA25.1
https://doi.org/10.7498/aps.68.20190058
https://doi.org/10.7498/aps.68.20190058
https://doi.org/10.1088/0953-8984/27/8/083002

Chin. Phys. B Vol. 29, No. 5 (2020) 057401

[22]

[23]

[24]

[25]

Lee K H, Kang M S, Zhang S, Cu Y, Lodge T P and Frisbie C D 2012
Adv. Mater. 24 4457

Tao J, Zhao C Z, Zhao C, Taechakumput P, Werner M, Taylor S and
Chalker P R 2012 Materials 5 1005

Li J, Zhao C, Zhang H, Zhang J, P, Yang C, Xia Y and Fan D 2016
Chin. Phys. B 25 028402

Gunawardane K and Kularatna N 2018 Iet Power Electron. 11 229

[26]
[27]

[28]
[29]

[30]

057401-6

Lin Y J and Zeng J J 2013 Appl. Phys. Lett. 102 32104

Tsai Y S, Juang F S, Yang T H, Yokoyama M C,JiL W and Su Y K
2008 J. Phys. & Chem. Solids 69 764

Wu X, Li F, Wei W and Guo T 2014 Vacuum 101 53

Liu L H, Shang W J, Han C, Zhang Q, Yao Y, Ma X, Wang M, Yu H,
Duan Y and Sun J 2018 Acs Appl. Mater. Interfaces 8 7289

Colvin V L, Schlamp M C and Alivisatos A P 1994 Nature 370 354


https://doi.org/10.1002/adma.201200950
https://doi.org/10.1002/adma.201200950
https://doi.org/10.3390/ma5061005
https://doi.org/10.1088/1674-1056/25/2/028402
https://doi.org/10.1088/1674-1056/25/2/028402
https://doi.org/10.1049/iet-pel.2017.0093
https://doi.org/10.1063/1.4788814
https://doi.org/10.1016/j.jpcs.2007.07.103
https://doi.org/10.1016/j.vacuum.2013.07.034
https://doi.org/10.1021/acsami.7b19039
https://doi.org/10.1038/370354a0

	1. Introduction
	2. Experimental materials and methods
	2.1. Materials
	2.2. Graphene vertical field effect transistor
	2.3. Graphene vertical organic light-emitting field effect transistor
	2.4. Detection

	3. Results and discussion
	4. Conclusions
	References

