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The influence of molecular cations on the dynamic self-organization of anion at the interface between graphene
and ionic liquid (IL) is investigated by selecting same anion ILs (N,N-diethyl-N-(2-methoxyethyl)-N-methy-
lammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI) and 1-butyl-1-methylpyrrolidinium bis(tri-
fluoromethylsulfonyl)imide (BMP-TFSI)) as the top gate of double-gate graphene filed effect transistors (DG-
GFETs). The selected ILs have similar viscosity and conductivity but exhibit distinctly different effects on device

performance. From electric transport properties of the DG-GFETs and infrared spectroscopy, it is found that
stronger BMP-graphene interactions facilitate faster self-organization of the TFSI anions on graphene. The results
introduce an important role of the interfacial cation-graphene interactions that contribute to molecular self-
organization, and clearly show the significant impact interfacial effects offer for tuning macroscopic device

performance.

1. Introduction

The high thermal and chemical stability, wide electrochemical
windows of ionic liquids (ILs) make them a well-established class of
materials for organic synthesis, electrolytes in supercapacitors and so
on [1-5]. Their properties are closely related to their key functional
groups, viscosity, and conductivity. The IL/solid interface has unique
molecular architectures, and many prior works contribute to under-
standing IL properties at a molecular scale [6-9]. The most interesting
thing is that the long-range order in IL at the IL/solid interface. How-
ever, the ordering of the molecular ions in the ILs is certainly compli-
cated near the IL/solid interface due to complex molecular ions' inter-
action with each other and with the adjacent solid. In addition, the
specific properties of functional groups in ILs can play a critical role in
self-ordering of the molecular ions [9]. Thus, understanding molecular
interactions and interfacial nuances thereof have significant merit, but
requires carefully designed experiments to elucidate the key differences
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between bulk and interfacial material behaviors.

Double-gate graphene field effect transistors (DG-GFETs) with
PboAggLaologzroiszTi()AgOg (PLZT) back gate and N,N—diethyl-N—(Z-
methoxyethyl)-N-methylammonium bis(trifluoromethylsulfonyl)imide
(DEME-TFSI) top gate have been proved an effective way to investigate
both static and dynamic behaviors of the interfacial molecule ions in
response to external excitations according to our recent work, and we
have shown recently that the TSFI anions may self-organize on the
graphene surface [10]. This observation sheds light on the mechanism
of the electrochemical effect reported as a nonlinear response to the
applied electrical field from carbon nanostructure electrodes in elec-
trochemical devices [11-13]. It should be mentioned that molecular ion
ordering in the ILs also have been reported by other groups
[6,7,9,14-23], and these ordering processes require times of many
minutes to hours. Kim et al. reported the ion sizes and molecular
structure play an essential role in the interfacial molecular ion layer of
IL on graphene that in turn shifts the Vp;, of the graphene [14].

Received 20 November 2018; Received in revised form 1 February 2019; Accepted 8 February 2019

Available online 10 February 2019
0169-4332/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2019.02.070
https://doi.org/10.1016/j.apsusc.2019.02.070
mailto:chunrui.ma@mail.xjtu.edu.cn
mailto:jwu@ku.edu
https://doi.org/10.1016/j.apsusc.2019.02.070
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2019.02.070&domain=pdf

G. Hu, et al.

A

A
g °

TFSI
0.7+
(b) = Before DEME-TFSI

0.6l o After DEME-TFSI
< 0.5}
=
= 0.4}

0.3+

0.2

06-04-0200 02 04 06
Vas (V)

Fig. 1. (a) Molecule structure of DEME-TFSI and BMP-TFSI. (b)

However, the influence of molecular cations on this self-organization
remains unclear. In order uncover this mechanism, we introduce an-
other IL of 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)
imide (BMP-TFSI) with the similar viscosity, conductivity and same
TFSI anions as DEME-TFSI's [24,25]. However, the DEME and BMP
cations have different shapes (Fig. 1a) [26], and chemical interactions.
For example, compared to a saturated ring of BMP, the methoxy func-
tional group of the DEME makes it more hydrophilic [27-30].

In this work, a systematic study on the transport properties of the
DG-GFETs with DEME-TFSI and BMP-TFSI as top gates was carried out.
Importantly, the TFSI interfacial layer effect is observed in devices with
both of the ILs. However, we also observed an unexpected and sig-
nificantly shorter time constant in the self-organization process in the
BMP-TFSI case. These results reveal that cations-graphene interactions
have important effects on the dynamic self-organization process of TFSI
anions, and the resulting electrochemical effect for FET devices.

2. Materials and methods
2.1. Fabrication of epitaxial PLZT film

PLZT thin films of 500 nm thickness on (001) Nb-doped SrTiOs;
(Nb:STO) single-crystalline substrates were fabricated by a KrF excimer
pulsed laser deposition system with a wavelength 248 nm. The de-
position was carried out at an oxygen pressure and temperature of
150 mTorr and 680 °C, respectively. The laser energy density was about
2.0J cm ™2 with laser repetition rate of 5Hz. After the deposition, the
PLZT thin films were annealed in situ at the growth temperature for
15min in pure oxygen (350 Torr) before allowing it to cool down to
room temperature. The reason for using the PLZT as back gate is both
PLZT and ILs are high-efficiency gate with comparable gating effi-
ciencies and a small gate voltage range of ~ + 1 V, which is adequate
to cover the nonlinear electric field range of PLZT without exceeding
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the electrochemical window of the two ILs used [10,31].

2.2. Ionic liquids

Ionic liquid samples are purchased from IoLiTec (USA) at 99%
purity. All ILs are dried under vacuum and stored in a glovebox of <
2 ppm H,0 and < 1 ppm O, until use. The viscosity of ILs are measured
at 19°C, both DEME-TFSI and BMP-TFSI exhibit viscosity of ~98 cP.
The ILs are visibly clear and show no significant absorptions in the
UV-Vis spectral region (Fig. S1). DEME-TFSI and BMP-TFSI exhibit si-
milar capacitance (Fig. S2).

2.3. Graphene fabrication and transfer

Single-layer graphene was grown on commercial polycrystalline
copper foils (Sigma-Aldrich, USA) of 25 um in thickness at ~1000 °C in
CH4/H, (4:1) gas mixture in a chemical vapor deposition system
[32,33]. In order to transfer the graphene onto the PLZT films, Poly-
methyl methacrylate (PMMA) was spin-coated on a graphene/Cu sheet
and then immersed into copper etchant (CE100) to remove the copper
foil. After the copper foil is fully dissolved, the samples were rinsed
with deionized (DI) water for multiple times before being transferred
onto PLZT thin film to make sure a clean graphene surface is obtained.
The PMMA/graphene/PLZT samples were then baked in air at 150 °C
for an hour to eliminate moisture. PMMA layer is removed by immer-
sing these samples in acetone followed by isopropyl alcohol rinses and
vacuum cleaning to get rid of any residual PMMA left on the graphene
surfaces [34,35].

2.4. DG-GFETs fabrication

A similar GFET fabrication process was used in our previous work
[31]. The source and drain electrodes were defined on graphene in the
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Fig. 2. (a) Vpjrac-Vre bias for DC (red) and pulse (black) back gate sweep, (b) Vpirqc-Vise bias for DC (red) and pulse (black) top gate sweep for DEME-TFSI DG-GFET

and BMP-TFSI DG-GFET.

first photolithography, then, the electrode of 2 nm titanium/88 nm gold
was deposited by electron beam evaporation and liftoff. The GFET
channel was defined by the second photolithography and the rest of
graphene was removed by using oxygen plasma in a reactive ion etcher
(RIE, Torr International) at 20 W RF power for 150 s with an oxygen
partial pressure of 6.7mTorr. The graphene channel was 20
(width) x 10 (length) pm?. Single-layer graphene of the device is evi-
denced by Raman spectra (Fig. S3). lonic liquid DEME-TFSI and BMP-
TFSI were casted on the GFET channel as the top-gate. The amount of
ILs is about 1.5 x 10~ > mL, and the topography of the deposited ILs is
microdroplet. The top-gate electric field was applied using a platinum
wire (50 um in diameter) immersed in the ILs. Both of these two ILs
have a comparable gating efficiency to that of PLZT [33], which is
supported by the similar specific capacitance (~1 to 2 uF/cm? in the
frequency range of 1000 to 1 Hz) shown in Fig. S2. This compatibility is
critical in operating the DG-GFETs to avoid the gate leakage. In addi-
tion, the DEME-TFSI and BMP-TFSI are transparent to visible light [30],
allowing perturbation of the electrochemical double layer (EDL) using
ultraviolet and visible illumination.

2.5. Characterization

The transport properties of the DG-GFETs were characterized using
an Agilent B1500A semiconductor device analyzer in a high-vacuum
probe station of < 2 x 10~ ®Torr at room temperature. By pumping
samples in high vacuum for ~12h, the complication by water and air
may be minimized [34,35]. A broad-band light source (JUNGONG,
China) was used for manipulation of the interface molecular ions. The
power intensity was calibrated using a Coherent FieldMaxII power
meter with OP-2 probe. The infrared reflection absorption spectra
(IRRAS) were acquired using a Themo-Nicolet iS50 Fourier transform
spectrometer with an external optical bench and liquid-N,-cooled MCT-
A detector. Two sets of samples, one with bare Ag surface and the other
with CVD graphene transferred to the Ag surface, were used as sub-
strates to extract the differences in the molecular ion self-organization
process on Ag and graphene surfaces. The IL films were made on these
two substrates using dynamic wetting technique (described in previous
work) [7], which is carried out in an in-house made airtight Poly-
tetrafluoroethylene (PTFE) cell which maintains a controlled gas-phase
(dry N,) environment for the duration of experiments to ensure
moisture free atmosphere, and simultaneous in-situ probing of the film
with infrared radiation in a the reflection geometry.

3. Results and discussion

The schematic of the DG-GFET is shown in Fig. S4. Most measure-
ments, unless otherwise indicated, were performed in a probe station

578

with a base pressure of 5 X 10~ ® Torr. The source-drain currents I, are
measured at the varied gate voltage V; on the DG-GFETs by varying the
back-gate voltage (V) sweep and top-gate voltage (Vrg) sweep from
—1.0Vto +1.0V at a fixed source-drain voltage Vsp of 10 mV. The Ip-
V¢ curves before and after introduce DEME-TFSI and BMP-TFSI were
shown in Fig. 1b and c, respectively. It is clearly seen that both Dirac
point Vp;, (the potential of minimum conductivity) shifts to right after
introduce IL. The right shift indicates that the TFSI anion is absorbed at
the graphene/IL interface after introduce ILs and the amount for DEME-
TFSI and BMP-TFSI DG-GFET were estimated to be 1.07 x 10'% cm ™2
and 9.08 x 10'2ecm™2, respectively (Supporting Information). Ac-
cording to our previous study, the much more TFSI anion adsorption
probably results in stronger electrochemical effect. In order to prove it,
the Ip-Vg curves under DC and pulse gate sweeps were performed for
both DG-GFETs, which can separate the electrochemical effect and
electrostatic effect at the interface [31,34]. The results are shown for
these two types of devices respectively in Figs. S5 and S6 with Ip-Vps
curves at different fixed V¢ biases, and in Figs. S7 and S8 with Ip-Vrg
curves at different fixed Vg biases. As shown in Figs. S5 and S6, the Ij,-
Vg curves measured with DC (red) and pulsed (black) Vps sweeps at a
given Vrg bias follow a similar trend. The Vp;q with the Vs bias are
extracted and summarized in Fig. 2a. It can be found the Vp;,. in both
DEME-TFSI (left) and BMP-TFSI (right) case exhibit a similar linear
shift, except a large offset of ~1.0 V on the Vp;. position in the latter
case. Considering that the GFET behavior is only affected by the
monolayer polar molecules immediately below or above the graphene,
this result suggests that the TFSI monolayer pinned on the IL/graphene
interface act as an additional static gate field and the applied V¢ bias
would be simply added on top of the TFSI interfacial gate voltage. It is
surprised that there is a minor offset of ~0.28 V between the DC (red)
and pulse (black) Vpjrqc vs. Vg curves in the BMP-TFSI case, which is in
contrast to the coincided DC and pulse curves in the DEME-TFSI
counterparts. The situation becomes much complex when the Vi is
used as the sweeping gate with different Vg biases. It is noted that the
Ip-V1g curves measured with DC and pulsed Vs sweeps at the positive
Ve bias show different trends and only Vp;q under positive Vpg were
measureable for BMP-TFSI DG-GFET (Figs. S7 and S8). As shown in
Fig. 2b, the mismatch of DC and pulse Vp;.q for two ILs at positive Vg
bias means the electrochemical effect exists in both systems [31]. The
relative higher Vp;q. under both V5s and Vpg bias in BMP-TFSI DG-
GFET suggests that the electrochemical effect in BMP-TFSI DG-GFET is
stronger than that in DEME-TFSIT DG-GFET.

In order to gain insights on the dynamic behavior of ions at the
interface between ILs and graphene for DEME-TFSI and BMP-TFSI, in-
frared reflection absorption spectra (IRRAS) were taken on two sets of
samples. One set has the Ag surface and the other, CVD graphene
transferred on Ag substrates. Fig. 3a shows IR data for the ILs deposited
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Fig. 3. (a) The top graph shows spectra for freshly prepared DEME-TFSI and BMP-TFSI films on bare silver substrate. Bottom graph compares the same two films after
they are completely matured. (b) The same measurement as (a), but the IL films on graphene coated silver substrate.

on the bare Ag substrate (no graphene). The top graph shows spectra for
DEME-TFSI and BMP-TFSI films on the bare silver substrate as they are
freshly prepared. The bottom graph compares the same two films after
they matured (allowed to self-organize) for several tens of minutes. The
peaks located at 1069 cm™?, 1149 cm ™!, 1244 cm ™! and 1366 cm ™!
after ILs deposition correspond to SNS, SO,-symmetric, CF3, and SO»-
asymmetric stretches from the TFSI anion, respectively [7]. The two ILs
show similar spectral changes (indicated by vertical dashed lines) as
they mature and take the same amount of time to reach maturation
(within error + 10 min), which is in agreement with the linear re-
lationship between maturation time and viscosity reported previously
[7]. Both DEME-TFSI and BMP-TFSI exhibit viscosity of ~98cP at
19 °C. Next, these two ILs are deposited on the graphene substrate and
characterized using the same experimental conditions. Results are
shown in Fig. 3b. Comparing the two ILs in the lower frequency region
below 1400 cm ™!, which is characteristic of the TFSI anion, it can be
seen that the two ILs show very similar spectral features at their ma-
turation times. However, the maturation times are not the same on
graphene. Specifically, 120 min is required for BMP-TFSI, which is
considerably shorter than the 170 min required for DEME-TFSIL. Con-
sidering the principle variable between the two ILs is the cations (DEME
vs BMP) and the discrepancy in the maturation time in spite of same
viscosity is observed only on the graphene samples, the difference in the
strength of the interaction between the IL and graphene surface could
be a reasonable origin.

In order to probe the strength of the interaction, an ultraviolet-
visible light (emission spectrum shown in Fig. S9) was introduced to
nondestructively activate and de-organize the formed TFSI molecular
anion monolayer while monitoring I-V¢ characteristic during and after
the illumination. The probe station was maintained at ~1 Torr for
about 12 h before backfilling to about 720 Torr with dry N, to exclude
influence of water or other airborne species. This simulated environ-
ment without water, and at atmospheric pressure, is similar to the
conditions used for infrared spectroscopy. The Ip-Vps curves taken at
selected time points before and after the illumination are shown in Fig.
S10a and b for DEME-TFSI and BMP-TFSI DG-GFETSs, respectively. The
changes of Vpjq are picked up and shown in Fig. 4a. 60 mW/cm? was
applied in both cases. Quantitative differences exist between the two
cases. For example, with 60 min of light illumination, the Vp;,. of the
DEME-TFSI DG-GFETs can be shifted to almost zero volts (~0.08 V)
while Vp;q reaches only ~0.32V in the case of the BMP-TFSI DG-
GFETs. Considering the two ILs are on the GFETs of similar surfaces, the
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slower shift of the Vp;, may be attributed to a stronger TFSI organi-
zation activities in the latter. This argument seems consistent with the
faster recovering rates for ordered interfacial TFSI layer after the light
was turned off (Fig. 4b). Fig. 4b shows the comparison of Vp;,. changes
between DEME-TFSI and BMP-TFSI DG-GFETs at selected times after
the light (60 mW/cm? for 40 min) was turned off, the details of Ip-Vgg
characteristics are shown in Fig. S10c and d. This data shows that, after
the light was off for 5min, the shift of Vp;q. of BMP-TFSI DG-GFET
(~0.22V) is larger than that of DEME-TFSI DG-GFET (~0.12 V). This
further indicates that the TFSI ions in BMP-TFSI that are disordered by
illumination can quickly return to the interface, likely due to a stronger
interaction between the BMP and graphene. In order to confirm it, we
consider to apply a positive top gate voltage (+1 V) to both DG-GFET
after light illumination for long time, since the applied voltage will
make the randomly ions to arrange orderly. That is, the BMP and DEME
cations will move to graphene, as shown in Fig. 5a (Vrg = +1 V). Then,
we remove the positive top gate voltage, the cations will depart from
graphene (Fig. 5a, Vg = 0V, after Vi = +1 V). The departure rate is
determined by the interaction strength between cations and graphene.
The stronger interaction strength, the departure rate will be lower,
which result in different Vpq. Fig. 5b and ¢ compares the Ip-Vpg
characteristics measured after the light illumination for 40 mins on
both DEME-TFSI and BMP-TFSI DG-GFETs, respectively. In both fig-
ures, the black curve was measured at Vg = 0V, red curve was mea-
sured after Vyg was set to +1.0V (the EDL on graphene will make
positive ions toward graphene as the schematic picture Fig. 5a
(Vyg = +1V) and then back to 0 V. On the DEME-TFSI DG-GFETs, the
black and red curves coincide well in Fig. 5b. This, however, does not
happen in BMP-TFSI DG-GFETs case. As shown in Fig. 5c¢, the Vpqc
shifts from 0.48V (Vyg =0V) to 0.71V (V¢ to +1V, then to 0V).
These results indicate that the interaction between DEME cations and
graphene is so weak that they can escape from graphene easier and
recover to its original position. Unlike DEME cations, the interaction
between BMP cations and graphene is strong, which induce extra BMP
cations left near the graphene even the applied top-gate voltage is re-
moved. The positive shift in BMP-TFSI case is due to the extra BMP
cations attracts more TFSI anions and the bigger mass TFSI prefer to-
ward graphene, according to Kim et al. report that when the mass of
cation is smaller than that of anion, the Vp;, shifts to positive side,
while in the opposite case the Vp; shifts to negative side [14].
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Fig. 4. (a) The Vpiq with time going
(down) for DEME-TFSI (black) and BMP-
TFSI (red) DG-GFETs taken at selected times
after the light with 60 mW/cm? was turned
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TFSI (red) DG-GFETs taken at selected times
after the light illumination for 40 mins and
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bulk conductivity, the DEME-TFSI and BMP-TFSI gated DG-GFETs
provide a unique platform to extract specific cation effects on the dy-
namic self-organization process. Based on the different dynamic process
of self-organization as well as de-organization behavior under light
activation of the interfacial molecular TFSI layer in these two DG-
GFETs, we propose that the differences primarily result from the cation
interaction with graphene and a stronger cation-graphene interaction
leads to formation of a stronger self-organized TFSI layer and a weaker
de-organization of anion through photo-response and electric-response
data of DG-GFETs. The dynamic information provided in this study are
helpful to understand general IL behavior in application environments
and clearly convey the importance of substrate-ion or cation-anion in-
teractions when predicting performance, especially for systems of ap-
parently similar physicochemical properties. These results reveal rich
dynamics of IL ion interactions with graphene and reinforce the im-
portance of material dynamics in device performance.
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