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ABSTRACT We investigated systematic modulation of the Dirac point voltage of graphene
transistors by changing the type of ionic liquid used as a main gate dielectric component. lon
gels were formed from ionic liquids and a non-triblock-copolymer-based binder involving UV
irradiation. With a fixed cation (anion), the Dirac point voltage shifted to a higher voltage as
the size of anion (cation) increased. Mechanisms for modulation of the Dirac point voltage of
graphene transistors by designing ionic liquids were fully understood using molecular
dynamics simulations, which excellently matched our experimental results. It was found that

the ion sizes and molecular structures play an essential role in the modulation of the Dirac

point voltage of the graphene. Through control of the position of their Dirac point voltages on

5 1.0 -05 00 05 10 1.5
Vs (

the basis of our findings, complementary metal—oxide—semiconductor (CMOS)-like graphene-based inverters using two different ionic liquids worked

perfectly even at a very low source voltage (Vpp = 1 mV), which was not possible for previous works. These results can be broadly applied in the

development of low-power-consumption, flexible/stretchable, C(MOS-like graphene-based electronic devices in the future.
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raphene is a two-dimensional (2d)
Gcarbon material that has unique
physical properties and has at-
tracted tremendous attention from scien-
tists and engineers worldwide for over a
decade. Its high electron mobility and me-
chanical flexibility make it attractive for
electronic device applications such as radio-
frequency transistors,' > and field-effect
transistors (FETs)."”” To adapt graphene
for use in flexible and stretchable electronic
devices,® " the incorporation of soft di-
electrics, which determine the operating
voltage range, on/off ratio, and mobility, is
one of the key obstacles.'*~'¢
An ion gel is a composite of an ionic
liquid and a polymeric binder. lon gels were
originally developed by Frisbie and co-
workers, who mixed 1-ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide
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(EMIMITNTf,") with a triblock copoly-
mer, poly(styrene-b-methyl methacrylate-b-
styrene) (PS—PMMA—PS) or poly(styrene-
b-ethylene oxide-b-styrene) (PS—PEO—PS),
to form a physically cross-linked gel.'”'®
Many researchers have simply adopted
these materials as the gate dielectrics in
FETs because of their high capacitance
(~10 uF/cm?), low operation voltage (<2 V),
mechanical flexibility, transparency, and
facile processing.'®'® Moreover, the use of
these materials has recently been extended
to electrochemical energy storage applica-
tions, since as solid-state electrolytes they
possess low volatility, good chemical stabi-
lity, and wide electrochemical windows
(EWs).2%?' Recognizing the importance
of ion-gel systems as candidate gate di-
electric materials, recent work has reported
the use of ionic liquid components other
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Figure 1. (a) Optical micrograph of a CVD-grown graphene transistor. (b) 2d Raman map showing the ratio of the intensity of
the 2D band to that of the G band in the dotted rectangular area in (a). (c) Representative Raman spectrum of one spot on the
graphene device measured under 532 nm laser excitation. (d) Dependence of the drain current (I4) on the gate voltage (V) at

a drain voltage (Vys) of 10 mV.

than [EMIM]TNTf,~.2*** In different approaches,
other works introduced a new UV-cross-linkable bind-
er, a combination of poly(ethylene glycol) diacrylate
and a photoinitiator, for poly(3-hexylthiophene)
(P3HT)-based FET systems to replace the polymeric
binder; this advance enabled the photopatterning
of ion gels on graphene or other organic nano-
materials.®*~2°

However, to the best of our knowledge, there have
been no serious efforts to understand the mechanism
controlling the transport properties of graphene tran-
sistors that explicitly involve the molecular features of
the ions in the ionic liquid used as a gate dielectric. In
this work, we carried out a systematic and extensive
study of graphene FET systems by incorporating nine
differention gels containing a non-triblock-copolymer-
based binder. The primary purpose of this work was to
understand how the physics at the ionic liquid—
graphene interface influences the device performance
and to leverage the results in the development
of graphene-based complementary metal—oxide—
semiconductor (CMOS)-like electronic devices. In addi-
tion, we fabricated an inverter made of graphene
transistors with two different types of ion gel that
can be operated at a very low supply voltage (Vpp =
1 mV) using our approach. Molecular dynamics (MD)
simulations of the interfaces between the graphene
and ionic liquids were performed to further under-
stand our experimental observations. These findings
on mechanisms for modulating the Dirac point voltage
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of graphene by ionic liquids can be applied in the
design of ionic liquids for use in graphene transistors.
This work can be extended to the development of
low-power flexible/stretchable integrated circuits such
as ring oscillators and logic gates (e.g., NAND and NOR
gates).

RESULTS AND DISCUSSION

Figure 1 shows the results of our characterization
of back-gate graphene transistors formed on Si/SiO,
(100 nm). An optical micrograph of a graphene
transistor in the back-gate configuration is shown in
Figure 1a. A 2d Raman map indicating the ratio of the
intensity of the 2D band to that of G band collected in
the dotted rectangular area in Figure 1a is shown in
Figure 1b. Using this map, we confirmed that the
graphene was transferred successfully, though small
holes in the graphene were sporadically observed. Very
large values of the 2D/G intensity ratio indicated that
our chemical vapor deposition (CVD)-grown graphene
was a monolayer.?” Figure 1c shows the characteristic
Raman spectrum of a representative spot in the gra-
phene, which indicates that the CVD-grown graphene
was highly crystalline, as seen from the D/G intensity
ratio. The electrical properties of the CVD-grown, back-
gate-configuration graphene transistor were studied
prior to the addition of the ion gel to the device as a
gate dielectric. Figure 1d shows the gate voltage (V)
dependence of the drain current (/ys) at a drain poten-
tial (Vgs) of 10 mV. As is well-known, graphene
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transistors exhibit poor on/off ratios (<10). The field-
effect mobility (1) was obtained using
Algs L

7 W) /(CeAVy) (1)

1= AG/(CeAVy) = (

where W (=40 um) is the channel width, L (=10 um) is
the channel length, and C; (=33 nF/cm?) is the capa-
citance of the gate dielectric. As a result of oxygen
adsorption, the transfer curves for back-gated graph-
ene transistors under ambient conditions are p-type,
and no Dirac point voltage was observed in this
V4 range even though graphene is intrinsically
ambipolar.”

The deposition of the ion-gel dielectric is described
schematically in Figure 2a. To study the influence of the
ionic liquid on the transport properties of the graphene
transistor, nine different ionic liquids were selected
systematically; they are listed in Table 1 along with
their molecular structures, molecular weights, and EWs
(some of this information was obtained from ref 28).
The ionic liquids were selected primarily by varying the
anion with a fixed cation component of [EMIM]" (see
entries 1—5 in Table 1). The anions are listed in the
order of molecular weight, with the lowest at the top.
For experiments where the anion was fixed as NTf,,
the associated various cations are listed in entries 6—9
in Table 1. Figure 2b shows the transfer curves (/g5 vs
Vy4s) measured at Vys = 1 mV for graphene transistors
with ion-gel dielectrics with [EMIM] " as the cation and
five different anions (the “[EMIM]™ series”). In all cases,
the ion-gel-gated graphene transistors exhibited am-
bipolar characteristics.

Three important aspects of the device function were
revealed by these measurements. First, the on/off ratio
of graphene transistors with ion-gel gating was greater
than 10 between gate voltages of —2 and 2 V. In
particular, the on/off ratio of the [EMIM]"NTf, " device
was more than 100. This is the highest ratio achieved in
a graphene transistor to the best of our knowledge.
The reason for this is not yet totally understood and
needs to be investigated since securing a high on/off
ratio for graphene transistors is important in the
development of graphene-based high-performance
CMOS-like electronic devices. Second, the operational
voltage range that did not produce a gate leakage
current increased as the molecular weight of the ionic
liquid increased. At gate voltages (V) over the EW
of the ionic liquid, the drain current (/ys) decreased
through gate leakage, as shown in Figure 2b. This
seemed to be correlated with the EW of the ionic liquid
used in the measurement, in particular the anodic limit,
as listed in Table 1. Third, the Dirac point voltage of the
graphene transistor depended sensitively on the type
of ionic liquid.

To examine the variation of the Dirac point voltage
with the anion for the imidazolium-based ionic liquids
(IEMIM]" series), the Dirac point voltage of the

KIM ET AL.

(a) ;é
(b) 16] —o— [EMIM]'SCN™
14] —— [EMIM]'DCA
121 —— [EMIM]'BF+
< 10! —— [EMIM]'OTF"
ERS —+— [EMIM]'NTf"
[72] 8—
= 6
41 i
2_
ol
- 0 1
Vgs (V)
(©) 1.0 [EMIM'SCN: 169.25 ]
0.8] [EMIM'DCA: 177.21 |
1 [EMIMI'BF+ 197.97
< 067 [EmimMIOTF: 260.24 ]
< 0.4 EMIMINTE: 39131 o™ 1
s n- RS
5 0.2 LetT 100, ]
> 00! w S ]
s O 1o
-0.2- ,/ 1
04 oM 00 gmer %
150 200 250 300 350 400
g/mol
(d g 70] [EMIM]'SCN: 169.25 |-30 5'
9 0] [EMIM]'DCA: 177.21 [ 55 3
L 5ol [EMIM]'BFs4 " 197.97 o
Py ° [EMIM'OTF: 260.24 [20 §
S 407 [EMIM'NTE: 39131 |15 &
C 304 ¥-o o
[+ B P
- 0] TN -10 Q
o ] .. =]
®q0] 0 ETITSIA ° 8
o 2
lo £
o Y *D0h
150 200 250 300 350 400
g/mol

Figure 2. (a) lon-gel dielectric formation process. (b) Trans-
fer curves (measured at V45 = 1 mV) for graphene transistors
incorporating ion-gel dielectrics with EMIM as the cation
and SCN—, DCA-, BF,, OTF, or NTf,™ as the anion. (c)
Position of the Dirac point voltage (Vp;.5c) of the ion-gel-
gated graphene transistor as a function of the molecular
weight of the [EMIM] " -bearing ionic liquid. The inset shows
the on/off ratios of the devices. (d) Transconductances of
electrons (red) and holes (blue) and capacitances taken
from the literature (black) as functions of molecular weight
for the [EMIM] *-based ionic liquids.

ion-gel-gated graphene transistor was plotted as a
function of the molecular weight of the ionic liquid;
these data are shown in Figure 2c. The inset shows the
associated on/off ratios of the devices. Interestingly,
the Dirac point voltage shifted to higher voltages,
starting from a negative value, as higher-molecular-
weight ionic liquids were used. Also, the on/off ratio
increased dramatically, up to approximately 200. Find-
ing methods or mechanisms to obtain large on/off
ratios of more than one order in FETs using graphene
as a channel material must be an essential issue to
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TABLE 1. Molecular Structures, Molecular Weights, and Electrochemical Operating Windows of the lonic Liquids

Molecular Structure Name of Ionic Liquid Molec;;}:]ro:’;/elght Ele&:it;odzl::lg:;al
@
Ny 1-Ethyl-3-methylimidazolium
L ) =e—s thiocyanate 169.25 2.6 (-1.8~0.8)°
N (IEMIM]'SCN")
[
2
N ) 1-Ethyl-3-methylimidazolium
||\ ) o—h—o dicyanamide 177.21 3.0 (-1.6~1.4)°
K ([EMIM]'DCA")
e,
3)
RN 1-Ethyl-3-methylimidazolium
|L/> BF, tetrafluoroborate 197.97 4.3 (-2.1~2.2)°
X ([EMIM]'BE;)
\—cu,
@
RN II 1-Ethyl-3-methylimidazolium
O CF’_ﬁ_° trifluoromethanesulfonate 260.24 4.1 (-2.2~1.9)“
K (IEMIM]'OTF")
|
5)
e ™ 1-Ethyl-3-methylimidazolium
"|/> i bis(trifluoromethanesulfonyl)imide 39131 478 (-2.24~2.58)°
I\N/ Socr, ((EMIM]'NT£;)
.,
6)
SO,CFy
Fe | 1-Methyl-3-methylimidazolium
O T bis(trifluoromethanesulfonyl)imide 377.29 N/A
W sock ([DMIM]'NT£,")
\
CHy
7
( ) SO,CFy
N ,l 1-Propyl-3-methylimidazolium
O lo 5, bis(trifluoromethanesulfonyl)imide 405.34 N/A
\ ([PMIM]'NT£,)
CH,
®)
"3 $0,CFs 1-Butyl-1-Methylpyrrolidinium
\/\/| l bis(trifluoromethanesulfonyl)imide 422.41 6.0 (-3.0~3.0)°
D (IBMPyr]'NT£,)
SO,CF,y
®
H,C, \ SO,CFy
| ,L 1-Butyl-3-methylpyridinium
7 loz“ bis(trifluoromethanesulfonyl)imide 430.34 N/A

((BMPY]'NTf;)

“From Zhang et al.*®

optimize and/or maximize the performance of gra-
phene-based electronic devices. Probably, our obser-
vation of a large on/off ratio (>100) incorporating
[EMIM]*NTf, ™ provides a better chance to move one
step closer in this regard. However, we were not able to
find the mechanism for the large on/off ratio at this
point. Absolutely, this issue needs to be clarified in the
future for the development of graphene-based elec-
tronic devices. In Figure 2d, the transconductances
(Gm = Alou/ AVin = Alg/AVy) of electrons and holes
are plotted as functions of the molecular weight of
the ionic liquid alongside the capacitance. The capaci-
tances of the ionic liquids (taken from the litera-
ture) decreased with increasing molecular weight.?®

KIM ET AL.

Specifically, the values were 60, 25, and 3 uF/cm? at 10 Hz
for [EMIM]*DCA~, [EMIM]*BF,~, and [EMIM]*NTf,™,
respectively. For consistency, we took these values
from the same reference because they varied signifi-
cantly depending on the capacitance measurement
configuration/method or the sample preparation
method.'8%22429=31 Gimijlar to the trend in the depen-
dence of the capacitance on the molecular weight, the
transconductances of electrons and holes generally
decreased with increasing molecular weight of the
jonic liquid in the [EMIM]™ series. As a consequence,
the electron transconductance of the ion-gel-gated
transistor appears to be proportional to the capaci-
tance. However, the hole transconductance is relatively
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less dependent on the capacitance, as shown in
Figure 2d. The field-effect mobility of an ion-gel-gated
graphene transistor can be calculated in the linear
regime of the transfer characteristic using eq 1. From
the g5 versus Vg curve in Figure 2b, the hole (electron)
mobilities were found to be 54 (52.5), 120 (81),
and 1017 (458) cm? V' s for devices gated with
[EMIM]*DCA ™, [EMIMIBE,~, and [EMIMI*NTf,, re-
spectively. This behavior is consistent with a previous
report in which the field-effect mobility of rubrene
single-crystal transistors was found to be inversely
proportional to the capacitance of the ionic liquid gate
dielectric.”®

Next, the anion in the ionic liquid was fixed as NTf, ™,
and the total molecular weight was systematically
modulated by the use of various cations (i.e., the “NTf, ™
series”). First, the molecular weight of the cation was
adjusted by changing the length of the alkyl chain
linked to the imidazolium core (i.e., [DMIM]", [EMIM]*,
and [PMIM]"; see Table 1). In addition to varying the
length of the aliphatic alkyl chain attached to the
cationic imidazolium core, we also investigated the
effect of introducing aromatic hydrocarbon rings by
replacing the imidazolium by pyrrolidinium and
pyridinium with a longer alkyl chain (i.e., butyl) along
with a methyl group (see Table 1). The transfer curves
measured at Vg, = 1 mV for graphene transistors
incorporating ion-gel dielectrics using ionic liquids
from the NTf,™ series (cf. entries 6—9 in Table 1) are
shown in Figure 3a. The Dirac point voltages and on/off
ratios of the devices with NTf, -based ion-gel dielec-
trics are plotted as functions of the molecular weight of
the ionic liquid in Figure 3b.

The Dirac point voltage of the graphene transistors
apparently increased monotonously with the molecu-
lar weight of the ionic liquid. The on/off ratios were
approximately 10, except for the [EMIM] "NTf,~ device,
whose operation was similar to those of the [EMIM]™
series devices. The operation of the graphene transis-
tor was stable without gate leakage during scans
between gate voltages of —2 and 2 V. The low opera-
tional voltage originated from the EW of the ionic
liquid (see Table 1). Figure 3c demonstrates that the
transconductances of the graphene transistors with
NTf, -series ion-gel dielectrics were not dramatically
altered compared to those of the [EMIM]*-series de-
vices shown in Figure 2c. This might be because
variation in the capacitance among the ionic liquids
of the NTf, ™ series is small compared with that of the
[EMIM]™ series materials. A detailed discussion of the
modaulation of the Dirac point voltage as a function of
molecular weight is provided below in the presenta-
tion of the MD simulations. From the Iy versus Vg
curve in Figure 3a, the electron (hole) mobilities were
found to be 458 (1017) and 290 (510) cm? V="' s™"in
devices gated with [EMIM]*NTf,~ and [BMPy]"NTf,,
respectively.

KIM ET AL.

(a) 124, —— [DMIM'NT.
TR —o— [EMIMI'NTE.
o, —— [PMIM]'NTE:
<8 “,  —o— [BMPyNTE
6+ 5, —o— [BMPY'NTf,
B4 '
2
0

Vgs (V)

(b) 1.2 [DMIM]'NTf; : 377.29
1.0 [EMIM'NT: 391.31
< [PMIM]'NTf2: 405.34
2/0.8- [BMPyr]'NTf2 : 422.41
8 [BMPY]'NTf:: 430.34'_,.--""
5 06' _/'—— 3100‘ O

:>(14- P P VAN

'380 400 420
g/mol

0.2 MO,
370 380 390 400 410 420 430
g/mol

(c)

[DMIM]'NTf2: 377.29
[EMIM]'NTf2": 391.31
[PMIM]'NTf2 : 405.34
[BMPyr]'NTf; : 422.41
[BMPy]'NTf2: 430.34

N O 0

WWBBANOD O N
(sm) eouejonpuoosuel |

cvomouvond
L]
RN A

370 380 390 400 410 420 430
g/mol

Capacitance (uF/cm?)

Figure 3. (a) Transfer curves measured at V45 = 1 mV for the
graphene transistors with NTf, -series ion-gel dielectrics
(i.e., [DMIMI", [EMIM]", [PMIM] ", [BMPyr]*, or [BMPyl" as
the cation). (b) Position of the Dirac point voltage of the
transistor as a function of the molecular weight of the ionic
liquid in the NTf,  series. The inset shows the on/off ratios
of the devices. (c) Transconductances of electrons (red) and
holes (blue) and capacitances taken from the literature
(black) as functions of the ionic liquid molecular weight
for the NTf, -series ionic liquids.

Finally, to make use of our findings on the systematic
change in the Dirac point voltage of graphene transis-
tors with ionic-liquid gate dielectrics, two different
types of ionic liquids whose cations have different
molecular features were selected to demonstrate in-
verters that can be operated at a low supply voltage
(Vpp). The left side of Figure 4a shows a microscope
image of how the inverter was integrated with gra-
phene transistors incorporating [DMIM]TNTf, ™ (left) or
[BMPy]*NTf, ™ (right). The graphene transistors for the
inverter were of the same materials and at the same
scale. The right side of Figure 4a shows a schematic
diagram of the graphene transistor covered with ion
gel. The side-gate configuration was used in our case.
The width of the side gate and its separation from the
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Figure 4. (a) Optical and schematic images of a graphene-based inverter made with ion gels. (b) Inverter circuit diagram. (c)
Transfer curves of graphene transistors incorporating [DMIM]*NTf,” and [BMPy]"NTf,  as the gate dielectric. (d—f)
Characteristic curves of inverters and their gains obtained at Vpp = 1 mV, 0.1V, and 1.0 V, respectively. (g) Position of the

maximum peak of the inverter and its gain as functions of Vpp.

graphene channel edge were 200 and 220 um, respec-
tively. [DMIM]*NTf, - and [BMPy]"NTf, -based ionic
liquid mixtures were nozzle-printed carefully onto the
preintegrated graphene-based inverter backbone
formed on the Si/SiO, substrate and then hardened
by UV cross-linking. Figure 4b shows the idealized
inverter circuit diagram for our real device. In the
side-gate configuration, each transistor was operated
with a different Dirac point position, as shown in
Figure 4c. The difference in the Dirac point voltages
(AVpirac) was ~0.5 V.In the input voltage range of 0.2 to
0.7 V, indicated by the blue shaded area in Figure 4c,
the [DMIM]"NTf,~ side acted as an n-type transistor
and the [BMPy]"NTf,™ side as a p-type transistor.
Surprisingly, our inverter was fully operational even
ata very low supply voltage (Vpp = 1 mV) with a gain of
~1.4 x 1073, as shown in Figure 4d. We note that the

KIM ET AL.

low gain (= —V,u/Vin) was due to the very low value of
Vpop compared with V;,. This low operational voltage
(Vpp) for the inverter is associated with the unique
operational principles of our inverter compared
with other types of inverters. For example, in pre-
vious studies'®?? the graphene-based inverter was
demonstrated using only one type of ionic liquid
(IEMIM]TNTf, ") by integrating two identical graphene
transistors. In this type of inverter, one of the Dirac
point voltages of the graphene transistors is signifi-
cantly shifted when the applied drain voltage is suffi-
ciently high (comparable to the gate voltage).'®??
Generally, in ambipolar transistors, a point of minimum
current is reached when the electron/hole current
injected from the source/drain is balanced; this is
equivalent to holding the Dirac point voltage at zero
gate voltage and applying an equal and opposite
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Figure 5. (a—c) Snapshots of the first ion layers in [EMIM]*SCN~, [EMIM]*BF, ", and [EMIM]*NTf, at 350 K. Bluish and
yellowish molecular structures in the snapshots are cations and anions, respectively. (d, €) Number distribution functions n,(z)
(in units of nm ") as functions of the distance from the graphene surface, z, for (d) N atoms in EMIM™* cations and (e) carbon,
boron, and oxygen atoms in SCN~, BF,~, and NTf,  anions, respectively, obtained for [EMIM]"SCN~, [EMIM]*BF, ", and
[EMIM]"NTf, ™ at 350 K. (f) Charge density distribution functions p(z) (in units of e/nm?), decomposed into pg(2) for the cations
(dotted lines) and anions (solid lines) in the inset, and (g) electric potential ®(z) (in units of V) as functions of z obtained for

[EMIM]*SCN~, [EMIM]*BF,~, and [EMIM]"NTf, ™ at 350 K.

voltage ('/,V4s) to the source and drain. The Dirac point
voltage, when either the source or drain is grounded,
will shift by '/-AV4 with a change in bias voltage of
AV4.2? Previous researchers wisely utilized this phe-
nomenon to integrate CMOS-like devices, inverter and
logic gates. In these devices, one transistor acts as
n-type and the other as p-type by defining the input
voltage to the inverter comprising two identical ambi-
polar transistors. Despite this innovative approach, the
supply voltage (Vpp) was relatively high (approximately
1 V or more) because the Dirac point voltage cannot
shift with low supply voltage. By contrast, because our
work utilized initially existing Dirac point differences
originating from two different ionic liquids, it was
possible to operate our inverter with significantly
reduced Vpp (as low as 1 mV). One step forward, our
inverter was also tested at higher supply voltages (i.e.,
Vpp = 0.1 and 1.0 V), as shown in Figure 4ef. As Vpp
increased, further changes in the Dirac point voltage

KIM ET AL.

differences occurred, and thus, the position of the
maximum peak of the inverter shifted by ~1 V and
the gain increased up to about 1.2 (see Figure 4q). This
increased gain is comparable to those obtained in the
references.”

To understand how the behavior of the Dirac point
voltage depends on the ionic species in the ionic
liquids, we considered the structures of ionic liquids
interfacing with a graphene sheet using MD simula-
tions (Figure 5a—c). Detailed information on the simu-
lations is described in the Supporting Information. The
number distribution n(z) of the center of mass of atom
species a, defined by

na(2) = / " d7na(@) @)
0

where ny(zp) is the total number of atoms a in the
simulation box, was calculated. The results for the
average number densities n,(2) (in units of nm™") are
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displayed in Figure 5d,e. We first considered the results
for nitrogen in [EMIM]", shown in Figure 5d. In the
presence of thiocyanate (SCN™) or tetrafluoroborate
(BF; "), the cations formed a strong solvent layer with a
thickness of Az < 0.6 nm from the graphene surface,
followed by significant fluctuations with increasing z.
This indicates that, on average, ions near the graphene
form a layered structure parallel to the surface. This is
ascribed to m-stacking interactions between the imi-
dazolium ring and the graphene, as shown in the
snapshots in Figure 5a—c, where bluish and yellowish
molecular structures in the snapshot are cations and
anions, respectively. In [EMIM]"NTf,~, the number
density of the cations decreased because of the large
anion size, and the first layer also became weaker and
wider (Az < 0.8 nm). This means that the affinity of
the imidazolium-based cation for the graphene grew
stronger with smaller anions, such as SCN™. As for
the anions, number distributions of carbon, boron,
and oxygen are given in Figure 5e for [EMIM]TSCN™,
[EMIM]"BF,~, and [EMIM]*NTf,”, respectively. Be-
cause of the molecular structure of the linear and
small SCN™ anion, the [EMIM]™ cations tended to be
well-aligned with the graphene surface. With bulkier
anions, the alignment of the cations with the graphene
surface tended to become worse. The first solvent
layer of organized anions was much broader with
[EMIM]*NTf, .

We also examined the electric potential of the ionic
liquid—graphene interface. The average charge den-
sity distribution pg(2) is

(7A—1 o yod/d//// 3
ppl2) = Ao ) X'dy'pg(x,y,z) ()

where p};(x’,y’,z) is the local charge density arising from
the atomic charge distribution of ionic species 3 (5 = +
for cations and — for anions) and Ag = Xgyo. The results
for pg(2) in three ionic liquids are shown in Figure 5f.
Both the cation (dotted lines) and anion (solid lines)
charge densities (Figure 5f inset) at Az < 1 nm showed
rapid oscillations in a multiple-layered fashion.

The electric potential ®g(z) of ionic species 3 at
various distances z from the graphene surface was
calculated by integrating the Poisson equation:

Dylz) = —47[/ dzz — 2)ps(2) 4)
Jo

The total potential ®(z) was then obtained as
P2) =D (+D_(2)+ Ds2) (5)

where ®¢(2) is the electric potential introduced by the
graphene and ignored for the neutral graphene sur-
face. The total electric potentials for three different
ionic liquids are shown in Figure 5g. It should be noted
that potentials of zero charge (PZCs) with respect
to the bulk region in the center (A®) are positive
for [EMIMITSCN™ and [EMIM]"BF,~ and negative for
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[EMIM]*NTf, . The interfacial cations paired with SCN~
ions contribute to the positive charge density adjacent
to the graphene surface most effectively; this is as-
cribed to the z-stacking interactions between the
imidazolium ring of the cation and the graphene sur-
face in the presence of small anions (see Figure 5a—e).
The parallel orientation of cations was significantly
disturbed by bulky NTf,™, whereas NTf,™ anions more
effectively gave rise to a negative charge density closer
to the graphene surface than SCN™ and BF,~ because
of their extended partial atomic charge distributions.
As a result, the PZC decreased with increasing anion
size from SCN™ to BF,~ and became negative for
[EMIM]I"NTf, . The rightward shift of the Dirac point
voltage to a positive value was caused by the negative
charge that accumulated close to the graphene when
the anion size increased to that of NTf, . This revealed
that [EMIM]"NTf,~ has a p-doping effect on the
graphene, compared with the n-doping induced by
[EMIM]SCN™~ or [EMIM]*BF,~. To gain more insight
into the behavior of the Dirac point voltage, we
also performed MD simulations to determine the
conditions under which A® = 0 by changing the
charge distribution in the graphene. From the simula-
tions, atomic charges per graphene carbon of
—0.0015e, —0.0008e, and +0.0002e gave AP(z) = 0
for [EMIM]TSCN™, [EMIM]BF,~, and [EMIM]*NTf,™,
respectively.

Despite the nonpolarizable behavior of the models,
these MD results were in good agreement with the
experimental results shown in Figure 2. More signifi-
cant p-doping effects were obtained by enhancing the
steric effect of the cation. The same trend was ob-
served in our experiments; the Dirac point voltage
shifted to higher values as we increased the length
of the alkyl chain of the imidazolium-based cation
(IDMIM]F, [EMIM] ™, and [PMIM]*NTf, ") or replaced the
cation by a pyrrolidinium-based one ([BMPyr]TNTf,")
that has branched alkyl chains and no s electrons (see
Figure 3). These results demonstrate that by utilization of
the initial charge-inducing mechanism by ionic liquids on
graphene, ionic liquids can be designed or selected.

Finally, graphene, an all-surface material, is extre-
mely sensitive to its surrounding environment, includ-
ing the supporting substrate, gases, and chemicals.3?
Briefly, adsorbed gases on graphene under ambient
conditions render the graphene p-type. Meanwhile,
the graphene film can be n-type on the SiO, surface
because of the electron-doping effect from the loca-
lized charges in the SiO, according to theoretical
calculations.? Considering these, the overall electrical
behavior of the FETs observed in our work can also be a
result of doping compensation from both the ion gels
and the SiO, substrates simultaneously. To develop
graphene-based soft electronics, it is very important
to consider these doping effects and understand the
final Dirac point voltage of ion-gel-assisted graphene
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transistors, particularly on other types of substrates
such as plastics, stretchable polymers, etc. This remains
as our future investigation.

CONCLUSIONS

We systematically investigated the effect of different
ionic liquids as ion-gel dielectrics on the transfer
characteristics of graphene transistors. lon gels were
produced using UV irradiation (for 30 s) of a mixture of
a binder, an initiator, and an ionic liquid. By selection of
different anions for a fixed cation selection ((EMIM]™)
or different cations for a fixed anion selection (NTf, ™),
systematic modulation of the Dirac point voltage of the
graphene transistor was achieved. With higher-molec-
ular-weight ionic liquids, the Dirac point voltage of the
transistor shifted to higher voltages. The operational
voltage of the ion-gel-gated graphene transistor seems
to be directly related to the EW of the ionic liquid.
Our MD simulations focusing on the interfaces be-
tween the graphene and ionic liquids account for the

EXPERIMENTAL SECTION

Device Fabrication. Graphene was synthesized on a 75 um
thick copper foil by CVD at 985 °C using flowing methane
(30 sccm) and hydrogen (100 sccm) for 20 min under vacuum
(~950 mTorr). The graphene sheet was isolated from the
catalyst and transferred onto a Si/SiO, (100 nm) substrate by
the commonly used “wet” graphene transfer method using
PMMA (Aldrich(C4)) as a supporting polymer Iayer.27 Next, the
PMMA was removed by soaking the substrate in acetone/
isopropanol. The graphene transistors were fabricated by con-
ventional photolithography methods. Cr (10 nm)/Au (50 nm)
were commonly used for source and drain electrodes. The
channel length and width were 10 and 40 um, respectively.

To form ion-gel dielectrics by UV cross-linking, poly-
(ethylene glycol) diacrylate and 2-hydroxy-2-methylpropiophe-
none were added to the ionic liquid in a weight ratio of 8:4:88.
After the mixture was stirred, it was drop-cast onto the graphene
transistor using a nozzle printer (Desktop robot SHOTmIniSL/
SHOTMASTER 300/500, Musashi) and then immediately treated
with UV light (Lichtzen Co,, Ltd.) for 30 s to prevent it from flowing
significantly before the cross-linking was completed.

Measurement. Raman spectra and maps of the graphene
devices were acquired using a Nanobase (XperRam 200) instru-
ment with a 532 nm laser line. All of the electrical data were
measured using a Keithley 4200 semiconductor characteriza-
tion system at room temperature.
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