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ABSTRACT: Electrochemical effects manifest as nonlinear responses to an
applied electric field in electrochemical devices, and are linked intimately to
the molecular orientation of ions in the electric double layer (EDL). Herein,
we probe the origin of the electrochemical effect using a double-gate |+
graphene field effect transistor (GFET) of ionic liquid N,N-diethyl-N-(2-
methoxyethyl)-N-methylammonium bis(trifluoromethylsulfonyl)imide
(DEME-TFSI) top-gate, paired with a ferroelectric Pbgg,Lag05Zr0 52 Tig4sO5
(PLZT) back-gate of compatible gating efficiency. The orientation of the Viel [/ Ve .
interfacial molecular ions can be extracted by measuring the GFET Dirac I :

point shift, and their dynamic response to ultraviolet—visible light and a gate S AReED ‘

electric field was quantified. We have observed that the strong electro-
chemical effect is due to the TFSI anions self-organizing on a treated GFET
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surface. Moreover, a reversible order—disorder transition of TFSI anions self-
organized on the GFET surface can be triggered by illuminating the interface with ultraviolet—visible light, revealing that it is a
useful method to control the surface ion configuration and the overall performance of the device.
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B INTRODUCTION

Graphene and carbon nanostructures have been widely used as
electrodes for electrochemical devices, in which the graphene/
electrolyte interface is a critical component affecting the device
performance.' ™ In these devices, an electric double layer
(EDL) with Debye thicknesses typically on the order 1—2 nm
forms at the graphene/electrolyte interface.”” Since the applied
electric field through the electrolyte is primarily attenuated
across the EDL, the distribution and alignment of ions in EDL
have a profound effect on the performance of the electro-
chemical devices. This is particularly true with the large,
polarizable, and often asymmetric ions found within (ILs)
which create stark differences when compared to their aqueous
or organic counterparts.’” Some of these differences have
engendered new theories and experimental interpretations
which remain under scrutiny. Multiple reports in the literature
show that ILs create unprecedented ordering near surfaces that
may extend into the bulk.'’~"* The ensemble dynamics of ionic
liquids have been reported to be several orders of magnitude
slower than those for molecular liquids.">'® These effects near
electrodes are particularly relevant here, but similarly difficult to
characterize within conventional, dilute electrolyte models."”
Understanding the interfacial behavior of the molecular ions in
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ILs is therefore important to the fundamental science of
graphene-based nanohybrids and to the applications of
graphene. However, it is generally difficult to separate the
behavior of the interfacial electrolytes from that of their bulk
counterp::trts.‘"lg'19

Graphene field effect transistors (GFETs) display channel
conductance that is sensitive to interface electrical charges with
high bipolar electrical susceptibility. This provides a unique,
interfacial charge probe.”” In our recent work, a GFET was
inserted between a ferroelectric Pbgg,Lag¢5Zr) 5, Tig4505
(PLZT) back-gate and an ionic liquid N,N-diethyl-N-(2-
methoxyethyl)-N-methylammonium bis-
(trifluoromethylsulfonyl)imide (DEME-TFSI) top-gate for
probing the interface dipole—dipole interactions in response
to dc and pulsed gate voltages.”' This double-gate GFET
configuration has a unique advantage in high-efficiency gating
from both gates. PLZT has high specific capacitance of ~2.1 yF
cm™ due to the large permittivity &, ~ 1200°>** that is much
higher than that of normal dielectric gate materials (g, < 10; see
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details in the Supporting Information). DEME-TFSI has a
comparable specific capacitance (~1.7 uF cm™> at 1 Hz by ac
measurement, see Figure S1). These unique properties allow
observation of the GFET’s Dirac point from both the top- and
back-gates within a similar gate voltage range of +1.0 V, well
below the electrical breakdown voltage of the IL.>>*** In the
double-gate DEME-TFSI/GFET/PLZT devices, we have found
that, in a large range of the gate field, the combined effect of the
two gates is electrostatic, which means that the graphene Dirac
point shifts linearly with the total field as a superposition of
electric fields from the two gates. However, a highly nonlinear
behavior was observed when the ionic liquid (IL) top-gate
voltage fell in a certain range, which seems to correlate
intimately with residual charges due to molecular ions at the
interface. This so-called electrochemical effect also has been
observed on other carbon-based electrodes used for electro-
chemical devices with a detrimental effect on the performance
of the devices.”* ** Nevertheless, the microscopic mechanism
of the electrochemical effect is barely understood, which
motivated some recent investigations.l1’29_32 Parr et al
observed an electrode (gold)/electrolyte “thermodynamic”
interfacial structure (at 0.0 V) containing an approximately
complete layer of anions and speculated that this may be due to
the coordination chemistry of the TESI anion on gold.”* On
the other hand, Xu et al. proposed that some functional group
of the interfacial molecular ions may prefer to orient under an
external electric field’' In order to achieve a thorough
understanding of the electrochemical effect, we investigate the
dynamic behavior of the interface molecular ions on double-
gate DEME-TFSI/GFET/PLZT devices in response to ultra-
violet—visible light in the spectrum 200—1000 nm. Our data
shows that self-organized TFSI anions are formed on graphene
and are sensitive to the surface conditions of the graphene.
Consequently, a strong electrochemical effect occurs. Remark-
ably, a reversible order-to-disorder transition of the TFSI
anions was also found in response to ultraviolet—visible light
illumination.

B MATERIALS AND METHODS

Fabrication of Epitaxial PLZT Film. A KrF excimer pulsed laser
deposition system with a wavelength 248 nm has been used to grow
the epitaxial PLZT thin films with a thickness of S00 nm on (001) Nb-
doped SrTiO; (Nb:STO) single-crystalline substrates. The growth
condition was selected under an oxygen pressure of 150 mTorr at 680
°C. The laser energy density was about 2.0 J cm™ with laser repetition
rate of 5 Hz. After the growth, the PLZT thin films annealed at the
growth temperature for 15 min in pure oxygen (350 Torr) and then
naturally cooled down to room temperature.

Graphene Fabrication and Transfer. Single-layer graphene of
typically 1 X 1 cm? in dimension was grown at ~1000 °C in CH,/H,
(4:1) gas mixture in a chemical vapor deposition system on
commercial polycrystalline copper foils (Sigma-Aldrich) of 25 ym in
thickness.>>** Graphene was then transferred onto the PLZT films
using a similar procedure reported in our previous work.”"** Briefly,
poly methyl methacrylate (PMMA) was spin-coated on a graphene/
Cu sheet. The sample was then immersed into copper etchant
(CE100) to remove the copper foil. After the copper foil is fully
dissolved, the PMMA/graphene was rinsed with deionized (DI) water
multiple times before being transferred onto PLZT thin film. After the
transfer, the PMMA/graphene/PLZT assembly was baked in air at 150
°C for 1 h to eliminate moisture. Finally, the PMMA on the graphene
was removed with acetone, and then rinsed by isopropyl alcohol to
remove residues on the surface of the graphene. Vacuum cleaning was

applied to most samples for further removal of the residues.”>*>

Double-Gate GFET Fabrication. A two-step photolithography
process was applied for the GFET fabrication, and the details of the
process have been reported previously.”" In the first photolithography,
the source and drain electrodes were defined on graphene, which was
followed with electron beam evaporation of 2 nm titanium/88 nm
gold electrodes and liftoff. The second photolithography was applied
to define the GFET channel, and the rest of graphene was removed by
using oxygen plasma in a reactive ion etcher (RIE, Torr International).
The RIE time was 150 s under 6.7 mTorr oxygen partial pressure at 20
W RF power. The graphene channel was 20 (width) X 10 (length)
um’. Tonic liquid DEME-TFSI was cast on the GFET channel as the
top-gate, and the top-gate electric field was applied using a platinum
wire (S0 pm in diameter) immersed in the IL. DEME-TFSI was
chosen since it has a large electrochemical w1ndow of +3 V and
comparable gating efficiency to that of PLZT.** This compatibility is
critical in operating the double-gate GFETs to avoid the gate leakage.
In addition, DEME-TFSI is transparent to visible hght24 to allow
perturbation of the EDL using visible illumination.

Double-Gate GFET Characterization. The transport properties
of the double-gate GFET's were characterized using an Agilent B1S00A
semiconductor device analyzer in a high-vacuum probe station of <2 X
107® Torr at room temperature. A broad-band light source
(JUNGONG) was used for manipulation of the interface molecular
ions. The power intensity was calibrated using a Coherent FieldMaxII
power meter with OP-2 probe.

B RESULTS AND DISCUSSION

The schematic of DEME-TESI/GFET/PLZT double-gate
GFET is shown in Figure la. Two EDLs are illustrated
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Figure 1. (a) Schematic of the DEME-TFSI/GFET/PLZT double-
gate GFET and cartoon of the electrical double layers formed at the
interface between DEME-TESI and the platinum top-gate electrode,
and between DEME-TFSI and graphene. (b) I,—V(; curves of the
GFET without (solid black) and with (open black and red) DEME-
TFESI, and (c) the same GFET after the DEME-TFSI had been
removed (solid black) and reintroduced (open black and red).

respectively at the interfaces of DEME-TFSI/Pt and DEME-
TFSI/GFET (inset of Figure 1a). Please note that the applied
total top-gate voltage Vrg = Viggrer + Vrgp: is split between
the two interfaces of DEME-TESI/Pt and DEME-TESI/
graphene. Considering that the DEME-TESI/Pt has a much
larger interface area than the DEME-TESI/graphene, the Vg p,
only takes a small proportion (<~15%) of the Vg (as detailed
in the Supporting Information). The source-drain current I,
was measured at the varied gate voltage V; on GFET (of either
top- or back-gate) using an Agilent BISO0A semiconductor
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device analyzer in a probe station with a base pressure of 5 X
107 Torr. Figure 1b shows the I~V curves of a GFET/
PLZT device with a pristine graphene channel surface before
and after the application of the DEME-TESI top-gate. A
characteristic feature is in the shift of the Dirac point (Vp;,.)
closer to zero voltage after the application of the top-gate, using
either back-gate (Vyg, open black) or top-gate (Vg open red)
voltage sweep. The gating efficiency of the IL top-gate is
slightly lower than that of the PLZT back-gate, which is due to
the fact that its effective specific capacitance (~1.4 yF cm™at 1
Hz) is smaller than that of the PLZT back-gate (~2.1 uF cm™
at 1 Hz) as detailed in the Supporting Information. It should be
mentioned that this shift has been observed on multiple
samples irrespective of the original polarity of the Vpy,. shift.”!
This shift may be explained by the molecular ions in the EDL
having the opposite polarity to compensate the residual
interfacial charge on the GFET/PLZT devices with a pristine
graphene surface.

Figure 1c depicts the three Ip—V(; curves measured on the
same device after the device went through multiple exposures
of DEME-TESI and isopropanol for rinsing off the DEME-
TESL Several major differences can be clearly observed. First,
the V. of the device before the reapplication of the top-gate
(solid black) shifted positively to ~0.58 V and is much larger
than when the graphene surface was pristine (—0.22 V, Figure
1b, solid black), which means that a substantial amount of
negative charges were accumulated on the graphene surface due
to the chemical exposures, causing a significant hole-doping in
the GFET channel. Second, in both Vi (open black) and Vig
(open red) traces of Figure lc, the Vpy,. further shifted to
larger positive voltages beyond the measurement range, instead
of shifting toward zero as in the pristine case. The further
positive shift of the Vp, after the top-gate reapplication
indicates that additional negative charges accumulated on the
interface of the DEME-TFSI/GFET after reapplication of the
ionic liquid top-gate.

The presence of the excess negative charge strongly affects
the gate tunability of the GFET transport properties. Figure
2ab is the In—Vyg curves taken on the same GFET device

18
15
Zz12
£
~ 0.9
-
0.6
0.3
0.8r (c) hole branch 0.6 9 -0.15
OOOOOOOOOOOOOO oo los 8 020 _
_04p "L Y s 7 g
S 00 <26 025%
$00f <« 025 25 -0.30§
= 254 0355
-0.4 06% 3 @
2 -0.40
-0.8 electronbranch  * > ].0.9 1 045
-12 -08 -04 0.0 04 08 12 -0 05 00 05 1.0
Vi bias (V) V¢ bias (V)

Figure 2. I,—Vy; curves at different Vi biases on the following: (a) a
GFET with a pristine DEME-TFSI/graphene interface, and (b) the
same device after rinsing off the ionic liquid with isopropanol and
reintroducing the IL top-gate again. (¢, d) Vp,,. and gating efficiencies
at different Vi biases measured from parts a and b, respectively.

under applied gate voltages with graphene surface conditions
similar to Figure 1b,c, respectively. For the device with a
pristine graphene channel surface (Figure 2a), the Vp,. point
shifts linearly with Vg, and this trend is shown in Figure 2¢
(black squares). The slope of these I,—Vy curves at different
Vi biases for both electron and hole branches is nearly
invariable (Figure 2c blue circles). Furthermore, the two Ip,—
Vpg curves in Figure 2a taken at Vg = 0.0 V before (black) and
after (pink) application of the negative Vi biases almost
coincide, indicating a reversible process. Specifically, the Vi,
values of the two curves differ by only ~0.03 V, indicating
negligible accumulation of charged ions on the DEME-TESI/
GFET interface when the Vi; was removed. These
observations indicate that electrostatic effects dominate in the
double-gate GFETs with a pristine GFET channel surface.
However, the electrostatic effect can be significantly reduced by
rinsing the ionic liquid away, which necessarily exposes the
graphene channel to organic solvent, ie, isopropanol. As
shown in Figure 2d (black squares), after rinsing the ionic
liquid away with isopropanol, the Vp,. (extracted from Figure
2b) shift with Vi is highly nonlinear for Vg < —0.8 V, and the
shift of Vi, from Vg = —1.0 to +1.0 V was estimated at more
than 2.0 V, which is much greater than that expected from the
electrostatic effect. Moreover, there is a large difference in In—
Ve curves measured at Vg = 0.0 V before (black) and after
(pink) the bias of Vg = —1.0 V was applied (Figure 2b).
For the recording of possible chemical contamination on the
graphene channel, Raman measurements (Figure 3a) are
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Figure 3. (a) Raman spectra of the GFET without and with DEME-
TFSL, and after the DEME-TFSI was washed away by isopropanol. (b)
XPS spectra of the GFET before DEME-TFSI was introduced (black),
and after the DEME-TFSI was washed away by isopropanol (red). The
infrared spectrum acquired from freshly deposited DEME-TFSI film
(¢), and that acquired from a film (d) that has been allowed to mature
for 170 min.

performed on the pristine graphene, graphene covered with
DEME-TFSI, and graphene after washing DEME-TFSI by
isopropanol. As shown in Figure 3a, the 2D band at 2695 cm™
and the G band at ~1583 cm™" with a ratio of the 2D band to
the G band (I,p/I;) of over 1.5 are characteristic of monolayer
graphene,‘?’3 while the negligible D band (~1350 cm™)
indicates that the graphene is largely defect-free throughout
these treatments.® When DEME-TESI was cast on graphene, a
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series of small peaks of ~1140, ~1247, ~1460, ~2955, and
2990 cm™' appear in the Raman spectra (red).”” After the
DEME-TFSI was washed away by isopropanol, these small
peaks disappear (green), demonstrating the existence of a trace
of residual amount of DEME-TESI absorbed on graphene
surface is negligible. X-ray photoelectron spectroscopy (XPS)
was further performed on the pristine graphene sample on a
Si0,(90 nm)/Si substrate before introduction of the DEME-
TFSI and the same graphene sample after removal of the
DEME-TEFS], as shown in Figure 3b. As it is expected, both
XPS spectra exhibit a dominant C 1s peak at ~284.5 eV,
verifying the formation of sp’-hybridized carbon with most
carbon atoms remaining embedded within the honeycomb
lattice,*® while the detected O and Si with a constant atomic
ratio of ~2 follow the stoichiometry of bulk SiO, substrate. For
the pristine graphene sample before introduction of the DEME-
TESI, no trace of any N or F impurities was detected on the
pristine sample (Figure 3b, black). In stark contrast, a trace of
N (1.7% atomic ratio) and F (1.2% atomic ratio) elements was
detected on the same sample with removal of DEME-TFS],
confirming the existence of a trace of DEME-TFSI absorbed on
the graphene surface (Figure 3b, red). These results reveal that
a self-organized TFSI lattice probably forms at the DEME-
TFSI/GFET interface, as reported in other electrolyte/
electrode interfaces.’”*" This is confirmed by the infrared
reflection absorption spectra (IRRAS) of a DEME-TFSI film on
a graphene-modified silver substrate. Figure 3¢ shows the IR
profile as the IL film is being deposited, and Figure 3d is the
same IL film 170 min after the film deposition is stopped,
allowing maturation to take place. Comparison of the two
IRRAS results reveals changes that are characteristic of long-
range ordering as reported previously."” The peaks located at
1069, 1149, 1244, and 1366 cm™! in Figure 3c correspond to
SNS, SO,-symmetric, CF;, and SO,-asymmetric stretches from
the TFSI anion, respectively, indicating that the TFSI anion
layer forms at the IL/graphene interface. The 170 min time
frame for the reorientation process is somewhat longer than
what might be predicted from earlier work on bare Ag surfaces.
We attribute this to the graphene-modified substrate used here,
which exposes a different set of intermolecular interactions
between substrate and the IL film.

It is known that self-organization of molecules involves only
low-energy van der Waals interactions between molecules and
the interface; hence moderate-energy activation, such as
ultraviolet—visible light illumination (emission spectrum
shown in Figure S2), may perturb the molecular organization.
For exclusion of other artificial effects that might affect the
dynamic behavior of the ionic liquid, I—Vjg curves were first
taken in completely dark conditions during a comparable time
frame of 1—2 h, and the results are illustrated in Figure 4a. The
black data set shows the Iy—Vyg curve of the device that has
been exposed to DEME-TESI and then cleaned with
isopropanol (presumably leaving a “pinned” layer of TFSI
adsorbed on the graphene). After reapplication of the DEME-
TESI top-gate, seven additional In—Vpg curves were acquired
every 10 min for 1 h. Figure 4a shows that these curves are
similar to those shown in Figure 2b, displaying only a slight
positive shift in the potential of the Dirac points with time. To
exclude influence of water or other airborne species, the probe
station chamber was pumped down and maintained at ~1 Torr
for about 12 h before backfilling to 720 Torr with clean N,. It
can be clearly seen from Figure 4b that the Iy—Vpg curves
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Figure 4. I,—Vp; curves taken (a) in the dark after application of the
DEME-TFSI top-gate for different times, (b) at different light
exposure times at an intensity of 30 mW cm™, (c) at different light
exposure times at an intensity of 60 mW cm™ (inset: V. and gating
efficiency as a function of the light exposure time), and (d) through a
cycle of the light on and off (light intensity: 60 mW cm™2).

measured in air (black) and in N, (red) overlap well, indicating
no significant influence of water from air.

Then, the device was illuminated with different light-density
ultraviolet—visible light. As shown in Figure 4b,c, it can be
clearly seen that the Iy—Vpg curve shifts to more negative
potentials with increasing illumination time, and the rate of the
shift is linearly related to the light intensity (Figure S3). A light
intensity of 30 mW cm™ caused equilibrium after ~20 min
illumination (saturated Vi, is ~1.0 V, Figure 4b), while higher
light intensity of 60 mW cm™ caused a larger shift (saturated
Vbirac is ~0.0 V) after ~60 min (Figure 4c). These phenomena
indicate that the light perturbation seems efficient to disrupt
this weakly attached interfacial charged ion layer in the time
frame of tens of minutes at a moderate light intensity, and the
negative potential shift of Vp,,. implies that the TFSI anions
attached to the GFET channel surface can be released via
applying ultraviolet—visible light. Importantly, the observation
of Vpje ~ 0.0 eV further confirms the hypothesis of an
adsorbed TFSI anion layer at the IL/graphene interface. It is
noted that from Figure 4d the Iy—Vj¢ curve measured after the
light was switched off for 7 h (blue) almost coincides with the
initial condition (black), indicating a reversible, spontaneous
self-organization of the anion layer at the IL/graphene interface
which is similar to other reports.”” According to a relationship
between the time required for interfacial ion reorientation and
viscosity, DEME-TESI would likely need several hours to
complete an interfacial reorientation of ions.*” This seems
consistent with the time frame observed in this work from the
completed In—Vpg curve’s positive potential shift after the light
is turned off, back to the original shape before light illumination
(Figure 4d). The results obtained in this work shed light on the
microscopic mechanism of the electrochemical effect observed
on the DEME-TFSI/graphene interface (Figure Sab), which
may be applied to a large number of electrolyte/electrode
interfaces. First, the chemical nature of the interface plays a
critical role in the formation of self-organized cation or anion
molecular layers in the EDL, which results in a pronounced
“electrochemical effect”, and a highly nonlinear response to the

DOI: 10.1021/acsami.7b10912
ACS Appl. Mater. Interfaces 2017, 9, 35437—35443


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b10912/suppl_file/am7b10912_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b10912/suppl_file/am7b10912_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b10912

ACS Applied Materials & Interfaces

Research Article

4. [DEME]*
(a) Light off %% [TESIF (b) Light on
e IL b 3+ IL 2,
. S PYCI OIS LS S

¢
R K3 -3
Kol T ol el e Bt B 2o Beb o pgb o agb S g A

Graphene

Figure 5. Schematic description of (a) interface-facilitated self-
organization of the TFSI anions, and (b) light activation of the self-
organized interfacial TFSI anion layer.

applied electric fields (Figure Sa). Second, visible light can
weaken and even remove the adsorption of cation or anion
molecule layers on the interface (Figure Sb).

Figure 6a shows a group of Ip—Vpg curves measured after
exposure of white light of 60 mW c¢m™ for 1 h, at different Vi
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Figure 6. (a) I—Vpg curves at different Vi biases immediately after
the 1 h of light illumination of 60 mW em™2 (b) Vp.c—Vig curves of
a GFET, with pristine interface (black) and modified interface but
after 60 mW cm > white light illumination (red). In— Vg curves after
light treatment going through opposite V¢ bias sequences starting
from (c) —1.0 V and (d) + 1.0 V.

biases, with light turned off during data acquisition. A series of
Vi biases were applied from —1.0 to +1.0 V, after the I,—Vjq
curve was taken at Vg = 0.0 V (black). The application of Vg
bias of —1.0 V makes the Vpy,. shift to positive potentials, and
results in a significant hysteresis in the Vp,, locations (by ~0.8
V) between the two I—Vjg curves measured at Vg = 0.0 V
before (black) and after (pink) the application of the negative
Vg biases. This indicates that a negative Vg can accelerate
recovery of the self-organized TFSI layer on the IL/graphene
interface. Interestingly, and different from the case of no light
exposure (Figure 2d), the total Vpy,. shifts are about 1 V under
the V5g bias change from —1.0 to +1.0 V, which was
comparable to that of a device with a freshly applied DEME-
TFSI top-gate (Figure 2c). In particular, a similar linear Vpy,,.—
Vg curve (red) with a slope of ~0.49, comparable to that of
the GFET with pristine surface (black) can be seen in Figure
6b. All of these observations indicate that a newly formed self-
organized TFSI layer after light illumination differs from the
one before light illumination of stronger “pinning” effect, which
prevents the electrostatic response to the applied V¢ biases.
The formation of a new layer after light illumination may be

attributed to the fact that pinned molecular ions in this layer
were set free again or that the molecular activity of the ions was
changed as a result of the electrochemical effect at the interface
was reduced under light illumination. The newly formed self-
organized TESI layer can explain the large disagreement
between the I,—Vj curves at Vi = 0.0 V before and after Vg
= —1.0 V was applied (Figure 6c). Remarkably, applying the
Vg in an opposite sequence starting from Vig = +1.0 V may
prevent formation of the self-organized TFSI on the interface as
illustrated in the overlapping Iy—Vpg curves at Vg = 0.0 V
before and after Vg = +1.0 V was applied (Figure 6d).

Bl CONCLUSIONS

In conclusion, double-gate GFETs with a PLZT back-gate of
compatible gating efficiency to the IL top-gate were used to
investigate molecular ions’ behavior at the IL/graphene
interface. It is found that the TFSI anion molecules are
sensitive to the surface conditions of the graphene, and self-
organize on graphene to cause GFET hole-doping. Moreover, a
dynamic and reversible order-to-disorder transition of the TFSI
anion layer was illustrated, when it was illuminated by
ultraviolet—visible light. This work hence sheds lights on the
microscopic origin of the electrochemical effect on the
graphene surface and is important to a variety of electro-
chemical applications involving electrolyte/carbon interfaces.
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