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ABSTRACT: Formation of an electric double layer (EDL) is a powerful
approach for exploring the electronic properties of two-dimensional (2D)
materials because of the ultrahigh capacitance and induced charge in the 2D
materials. In this work, epitaxial graphene Hall bar devices are gated with an EDL
using a 1 ym thick solid polymer electrolyte, poly(ethylene oxide) and LiClO,. In
addition to carrier density and mobility, ion dynamics associated with the
formation and dissipation of the EDL are measured as a function of temperature
over a gate bias range of +2 V. The room temperature EDL formation time (~1—
100 s) is longer than the dissipation time (~10 ms). The EDL dissipation is
modeled by a stretched exponential decay, and the temperature-dependent
dissipation times are described by the Vogel—Fulcher—Tammann equation,
reflecting the coupling between polymer and ion mobility. At low temperatures,
approaching the glass transition temperature of the electrolyte, the dissipation
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times of both cations and anions exceed several hours, and both p- and n-type EDLs can persist in the absence of a gate bias. The
measured temperature-dependent relaxation times qualitatively agree with COMSOL multiphysics simulations of time-

dependent ion transport in the presence of an applied field.

B INTRODUCTION

By replacing a traditional gate dielectric with an electrolyte, new
regimes of transport can be accessed in two-dimensional (2D)
crystals. This approach exploits the creation of an electric
double layer (EDL) that provides high capacitance density
(~10 uF/cm*) and field strengths exceeding 1 V/nm.'™
Compared to traditional doping strategies such as substitutional
doping and molecular charge transfer doping, the formation of
an EDL can provide an effective approach for controlling the
conductivity of a semiconductor. In graphene, the EDL can
induce charge carrier densities exceeding 10" cm™ for both
electrons and holes.” EDLs are created using ionic liquids" and
polymer electrolytes,* or a recently demonstrated monolayer,
solid-state electrolyte.” EDL-induced ambipolar transport
behavior has been demonstrated in 2D crystals, includin
MoS,,%” WSe,,** WS,,'> MoTe,,"" and black phosphorus.”
EDLs are now being broadly applied in the study of solid-state
devices and phenomena including optoelectronics,” super-
conductivity,"'* and spintronics."®

While the dynamics of EDL formation and dissipation have
been reported on ZnO for cationic double layers,"®'” EDL
dynamics on transistors based on 2D materials has not received
much attention. A comprehensive and quantitative under-
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standing of ion dynamics for both cations and anions is
important to quantify the time scales required to establish and
remove the EDL, which is critical for determining experimental
procedures (e.g, equilibration time and sweep rate) and the
operating speed of devices and circuits that may employ EDLs.
In a solid polymer electrolyte, ion transport and polymer
mobility are coupled and depend strongly on temperature.'®
This result has been demonstrated on ZnO FETs for both ionic
liquids and polymer electrolytes.'®'” In transistors, it is useful
to form the EDL using applied biases and then lock the EDL in
place by cooling below the glass transition temperature (T,) of
the electrolyte. This approach effectively arrests the mobility of
the polymer and therefore the ions, making the EDL and the
induced charge in the channel permanent. This ion-locking
procedure is useful for doping transistor access regions and to
create stable p—n junctions.”'" Compared to liquid electrolytes,
one advantage of solid polymer electrolytes, such as those based
on poly(ethylene oxide) (PEO), is their compatibility with
electron beam lithography' and metal evaporation.''
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Figure 1. EDL-gated epitaxial graphene Hall bar. (a) Schematic of a graphene Hall bar on a SiC substrate with the polymer electrolyte shown over a
small region of the device for clarity. (b) Optical image of the Hall bar; sufficient optical contrast does not exist between the graphene and the
underlying SiC, and therefore the borders of the graphene are outlined by a dashed line. The length and width, L and W, are 160 and 80 ym,
respectively. The scale bar is 100 ym. AFM scans of the graphene surface morphology on (c) an as-received sample (5 X 5 um?) and (d) after
photolithography (10 X 10 um?). R, is the root-mean-square value of the surface roughness calculated by averaging over 10, 1 X 1 ym” areas in each

scan (examples of the 1 X 1 um? areas are indicated by red boxes).

In this work, EDL dynamics are measured on Hall bar
devices fabricated on epitaxial graphene and gated with a solid
polymer electrolyte, PEO and LiClO,. The temperature-
dependent EDL formation and dissipation are investigated
and compared for EDLs formed by both cations and anions.
The results show that the EDL forms more slowly (~1—100 s
at 298 K) than it dissipates (~10 ms at 298 K) for both types of
ions. Within a few degrees above T, the EDL dissipates on the
time scale of hours after removing a gate bias, demonstrating
the long time scales over which the EDL can persist near the
T,.

B EXPERIMENTAL METHODS

Materials and Device Fabrication. To prepare epitaxial
graphene, 1 X 1 cm® substrates of 6H-SiC (II-VI Advanced
Materials) were first cleaned via acetone, isopropyl alcohol, and
deionized water and immersed in Piranha solution at 80 °C for
30 min, followed by deionized water rinse and an N, dry. Next,
the samples were H-etched at 1500 °C in 700 Torr of H, (50
sccm)/Ar (450 sccm) for 30 min to remove polishing damage
and to prepare a surface with atomically flat terraces. After H,
etching, the system temperature was cooled to 850 °C and
pumped and purged six times with ultrahigh purity N, to
remove residual H, gas. The graphene was then prepared on
the SiC substrate via solid-state decomposition, which was
achieved by annealing at 1700 °C in a partial pressure of Ar
(200 Torr, S00 sccm) for 20 min, driving the sublimation of Si
atoms from the SiC substrate surface. The surface C atoms
reorganize in this process into the hexagonal crystalline
structure of graphene. On average, the graphene/SiC has 2
layers of graphene on the terrace and 4—7 layers on the step
edges. The average terrace width and step height are 3—5 ym
and 10—20 nm, respectively.”’

Hall bar devices were patterned on the epitaxial graphene by
photolithography. After precleaning by hot acetone, isopropyl
alcohol, and deionized water, the epitaxial graphene was baked
at 200 °C for 2 min to dehydrate the surface. A 400 nm thick
undercut layer of polymethylglutarimide-SF9 (PMGI-SF9,
MicroChem) was spin-coated, followed by a soft bake at 200
°C for S min. Then, a 1.2 um thick, positive-tone photoresist
MEGAPOSIT SPR700-1.2 (Rohm and Haas Electronic
Materials) layer was spin-coated, followed by a soft bake at
95 °C for 1 min. After exposure, the sample was hard baked at
115 °C for 1 min and then developed in AZ917 MIF
(Integrated Micro Materials), followed by a deionized water
bath. To form the Hall bar geometry, an O, plasma etch was
completed using a reactive ion etcher (RIE, PlasmaTherm 790
Series). An RF power of 150 W and dc voltage of 330 V were
sufficient to remove the exposed graphene within 20 s at a
pressure of 25 mTorr. Metal contacts, Ti (5 nm)/Au (50 nm),
were deposited by electron beam evaporation. Lift-off was
performed in hot acetone, followed by isopropyl alcohol,
deionized water, AZ917 MIF, and deionized water bath,
sequentially. The surface morphology of the graphene channel
was characterized by atomic force microscopy (AFM, Bruker
Dimension Icon).

The preparation and deposition of the polymer electrolyte
were completed in an argon-filled glovebox where the
concentrations of H,O and O, were controlled to <0.1 ppm.
PEO (molecular weight 95000 g/mol, Polymer Standards
Service) and LiClO, (99.9%, Sigma-Aldrich) were dissolved in
anhydrous acetonitrile (Sigma-Aldrich) with a molar ratio of
PEO ether oxygen to Li of 20:1 to make a 1 wt % solution. The
graphene sample was coated with the PEO:LiClO, solution by
drop-casting and annealed on a hot plate at 100 °C for 10 min
to drive off the remaining solvent; both of these processes were
completed in the Ar glovebox. After annealing, the PEO:LiClO,
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film thickness was measured as ~1 pm by scratching the
polymer with tweezers down to the SiC substrate and taking
multiple line scans using AFM. A 100 nm thick Pd top gate was
deposited directly on the PEO:LiClO, film by electron beam
evaporation through a shadow mask. A schematic of the device
and an optical microscope image are shown in Figure la and b.
It is important to note that the EDL dynamics presented in this
article are expected to quantitatively change for varying
electrolyte thicknesses, as hi§hlighted by Lee et al, for a
triblock copolymer electrolyte.”’ Specifically, the time constants
will decrease with decreasing electrolyte thickness.

Electrical Characterization. Measurements were made on
a Cascade Microtech Summit probe station filled with N, in a
dark environment using an Agilent B1500 semiconductor
parameter analyzer. The output and transfer characteristics of
the EDL transistors were measured by setting contacts 1 and 2
as the source and drain, respectively; the source was common
during the measurement. Top gate voltage, V¢, was limited to
a range of —2 to 2 V to avoid electrochemical reactions.

Hall Effect Measurement. Hall carrier density and
mobility were obtained by a time-resolved Hall effect
measurement configured on the probe station using a 1 X 1
cm® NdFeB permanent magnet (Amazing Magnets, Q152D)
with a magnetic field (B) of 0.24 + 0.01 T as measured by a
Gaussmeter (LakeShore, 475 DSP). Top gate current (Ig) was
monitored during the measurement to detect charging and
discharging. Both Hall voltage (Vg = V,;54) and longitudinal
voltage (Vy, = V;, ¢,) were measured under a constant magnetic
field with the graphene Hall bar device positioned on top of the
permanent magnet. The Hall voltage was defined as the voltage
difference between contacts S and 6 (V5 — V) for a current
flowing from contact 2 to 1, and longitudinal voltage was
defined as the voltage difference between contacts 6 and 4 (Vj
— V,) for the same current direction. Contact 1 was grounded;
the current was applied to contact 2 (I,) and varied from —5 to
S pA to confirm the proportionality of Hall voltage to current
and the expected dependence on current polarity. For the 2D
geometry, the Hall coefficient per 2D layer thickness (Ry) is
proportional to the graphene sheet carrier density (n,) and can
be written as Ry = Vyy/(I,B) = 1/(gn,) in cm*/C, where B is the
magnetic field and q is the elemental charge. The Hall mobility,
uu = LL/(gnWVy), and its dependence on n, can also be
extracted, where L and W are the length and width of the
graphene channel, respectively. A positive sign for Vi; and Ry
indicates hole transport, and a negative sign indicates electron
transport. To eliminate the effect of geometric asymmetry in
the graphene Hall bar device, the Hall effect measurement was
repeated at zero magnetic field (B = 0 T), and the Hall voltage
at B = 0 T was subtracted from the measurement at B = 0.24 T.

Time-Resolved Measurement of EDL Formation and
Dissipation. EDL formation and dissipation were measured by
monitoring the drain current (Ip = I,) as a function of time
after the EDL-gate bias was applied or removed, respectively.
During the entire measurement, the source was grounded, and
a drain voltage (V, = V,) of 0.5 V was applied. All terminal
voltages were set to 0 V for 10 min to establish equilibrium at
room temperature before the start of the measurements. To
drive cations (anions) to the surface of the graphene channel
and induce n-type (p-type) doping, the voltage on a top gate to
the PEO:LiClO, (V) was set to 2 V (=2 V) for 10 min while
monitoring the transition of I, The EDL formation time
corresponded to the time required for I, to increase from 10%
to 90% of the signal. After 10 min of equilibration, Vg was set

to zero to dissipate the EDL. The dissipation time
corresponded to the time required for I, to decay from 90%
to 10% of the signal. The same process was repeated three
times for both Vg = 2 and —2 V. In addition to the EDL
induced by the top gate, it is noted that the ions can also
migrate to form a p—i—n junction between source and drain,
due to an electric field along the channel induced by the drain
voltage. However, in our analysis, because Vg > Vpg, the field
perpendicular to the channel is assumed to dominate, and the
drain-induced ion distribution along the channel is neglected.

Measurement of Temperature-Dependent EDL Dis-
sipation. Following a similar procedure as described above for
measuring the room-temperature dissipation time, the dis-
sipation times of the Li" and ClO,” EDLs were monitored over
a temperature (T) range of 298—248 K, stepped in —10 K
increments. For this measurement, instead of cycling between
positive and negative V¢, one set of measurements was made
at Vg = 2 V over the entire temperature range for establishing
the Li* EDL, and another set at Vg = —2 V over the same
range for establishing the ClO,~ EDL. First, the EDL was
formed at room temperature by applying a constant Vi for 10
min with common source and drain. According to our
measurements of EDL formation time (~1—100 s at 298 K),
10 min is sufficiently long to form the EDL. With V¢ applied,
the sample was cooled to 288 K. After 10 min of thermal
equilibration at this temperature, the top gate was set to 0 V,
and the I, transition was monitored for 20 min with the source
at 0 V and Vp = 0.5 V. Next, the sample was returned to room
temperature and equilibrated for 10 min to ensure a
homogeneous distribution of ions for the next measurement.
According to our measurement of EDL dissipation time (~10
ms at 298 K), 10 min is sufficient to removing any thermal
hysteresis and reset the ions to equilibrium. The process was
then repeated for the same Vpg at a temperature 10 K lower
than the previous measurement. Last, the entire procedure was
repeated for a Vig with opposite polarity to determine the
temperature-dependent dissipation times of both Li" and
ClO,” EDLs.

B RESULTS AND DISCUSSION

Because the EDL forms within <1 nm of the surface, it is
important to start with a graphene surface that is free of
photoresist; therefore, the surface morphology was charac-
terized with AFM after photolithography and before electrolyte
deposition. AFM scans of the as-received graphene and the
postprocessed graphene are shown in Figure 1c and d. The
average surface roughness (R;) of the graphene after photo-
lithography was 0.38 + 0.03 nm, which is comparable with the
as-received sample (0.15 + 0.03 nm), suggesting that the
surface is substantially free of photoresist residue and
acceptable for polymer electrolyte deposition.

Schematics of EDL formation and the resulting n- and p-type
doping of graphene are illustrated in Figure 2a—c. Assuming
that the graphene is intrinsic, i.e., the Dirac point is located at
Vig = 0V, both Li* and ClO,” are mobile and randomly
distributed throughout the polymer electrolyte in the absence
of a gate bias, as depicted in Figure 2a. When Vi is positive,
Li" cations are pushed to the surface of the graphene, forming
an EDL with Debye length of ~1 nm and inducing n-type
conductivity in the graphene, Figure 2b. Similarly, when Vi is
negative, CIO,™ anions are pushed to the surface, inducing p-
type conductivity, Figure 2c. Room temperature output
characteristics are shown in Figure 2d at Vg varying from
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Figure 2. Common-source electrical characteristics of EDL-gated
graphene Hall bar. (a) At Vg = 0V, ions are randomly distributed,
and the graphene is intrinsic. (b) For Vg > 0V, the Li* EDL induces
n-type doping. (c) For Vi < 0V, ClO,” EDL induces p-type doping.
(d) Output and (e) transfer characteristics of the EDL-gated graphene
transistor. In (e), the different background colors correspond to
intrinsic, n-type, and p-type graphene as illustrated in (a)—(c). Solid
and dashed lines denote forward sweep, from —2 to 2 V, and reverse
sweep, from 2 to —2 V, of the top gate voltage, respectively. In (d) and
(e), the gray lines are data for the EDL-gated SiC transistor (i.e., no
graphene channel) with an identical device geometry under the same
measurement conditions.

—2 to 2 V. The approximately linear relationship between I,
and Vp at low Vp (<0.2 V) indicates an Ohmic-like contact
between the metal and the graphene and suggests that the ion
doping effectively thins the Schottky barriers.”' Room temper-
ature transfer characteristics, shown in Figure 2e, indicate
ambipolar carrier transport of the EDL-gated graphene with a
hysteresis of ~0.5 V at a sweep rate of 0.25 V/s. The low ionic
conductivity of PEO:LiClO, (3 X 1077 S/cm at 23 °C**) is a
primary factor in the hysteretic response. Our previous work
showed that the hysteresis can be reduced further by decreasing
the sweep rate by 2 orders of magnitude to 1 mV/s."" The
negative Dirac point voltage at around —0.5 V for both forward
and reverse sweeps suggests that the graphene background
doping is n-type. This is consistent with the presence of a
carbon-rich buffer layer at the interface between graphene and
SiC.”° The measured Iy ranges from 0.1 to 1 nA, which is
approximately 3 orders of magnitude less than I at all V.
The bare SiC substrate surrounding the graphene channel can
also be doped by the EDL. To quantify the contribution from
the bare SiC substrate, control measurements were made on a
device with the same geometry but for which the graphene
channel was etched. The maximum drain current in the output
and transfer characteristics of the bare SiC EDL transistor were
~100 pA at 248 K, which is 4 orders of magnitude smaller than
the drain currents in the graphene EDL transistor (~1 uA)
under the same measurement condition (see the Supporting
Information). Therefore, the contribution from the SiC
substrate to the drain current is negligible.

Time-resolved Hall effect measurements were made at room
temperature to quantify the sheet carrier density and mobility

of the EDL-gated epitaxial graphene. By applying a ramped I,
and a pulsed Vg, the transitions of Iyg, Vy, Vi, and Ry were
monitored as functions of time (t) with data collected every 3 s
and repeated three times, as shown in Figure 3a. Note that
when Vg = 0V, the ions are free to respond to the applied V7,
that is creating I,, and this will result in alternating p—i—n and
n—i—p doping profiles throughout the channel as a function of
time. This inhomogeneous ion response gives rise to the
features in Vi when Vg =0 V.

First we consider the changing spikes in Iyg in Figure 3a. A
positive charging spike in Iyg is observed when Vg = 1 Vis
applied at ¢ = 10, 30, and 50 min, and a negative discharging
spike is observed when Vi is removed at ¢t = 20, 40, and 60
min. Similarly, a negative charging spike and positive
discharging spike were found for the case of the negative
Vrg- The current spikes indicate that there are some shorter
time processes related to EDL formation and dissipation at the
metal top gate and at the graphene surface that cannot be
captured by the instrument. In other words, some fraction of
the EDL has formed and dissipated on a time scale faster than
the resolution of the instrument. The magnitude of the current
for the charging spikes at both positive and negative Vg is
larger than the corresponding discharging spikes, consistent
with EDL formation occurring more slowly than dissipation
(see Supporting Information). This conclusion is consistent
with the dynamics of EDL formation and dissipation that are
analyzed and discussed in greater detail below.

Next, we consider the Hall voltage response in Figure 3a. In
thermodynamic equilibrium, the measured Ry; and therefore n;
and pyy should be independent of the current polarity and
magnitude. Voltages Vyy and V| were measured and averaged at
L =5 uA (at t = 15, 35, and 55 min) where the current is
highest and Hall voltage is largest. At the maximum gate biases,
ng equals 5 X 10" cm™ for holes and —1 X 10" cm™ for
electrons, as shown in Figure 3c. A previous report using the
same electrolyte to gate graphene pushed the sheet carrier
density to 10'* cm™ using a larger gate voltage range of +5 V.
As shown in Figure 3d, the maximum pyy is approximately 480
cm?/ (V s) near the Dirac point at room temperature, and pyy
decreases with increasing n; due to carrier scattering.”® The
location of the Dirac points are different in the transfer
characteristics compared to the time-resolved Hall effect
measurement. Specifically, the locations are 0 V in the forward
sweep and —0.7 V in the backward sweep in Figure 2e,
compared to 0.25 V in Figure 3b—d. This difference is due to
the different gate voltage sweep rates and directions of the two
measurements. Compared to electron and hole mobility in
graphene, ion mobility in a solid polymer electrolyte is small (1
X 107 ecm?/(V s)).”” Therefore, carrier density modulation
using an electrolyte depends strongly on the sweep rate and
direction of the gate potential. In the transfer characteristics,
the Dirac point is obtained by sweeping Vg at 025 V/s. In
contrast, for the time-resolved Hall effect measurements, a
constant Viyg is applied for 10 min, so the sweep rate is
effectively zero. Therefore, the Dirac point positions are
different in these two measurements.

Time-resolved measurements of EDL formation and
dissipation were made at room temperature to quantify the
ion dynamics associated with ion drift and diffusion in response
to an applied electric field. As shown in Figure 4a, with constant
Vp = 0.5V, a bipolar pulsing waveform was applied to the top
gate to alternately set Li" and ClO,~ EDLs on graphene; data
were collected every 3 s. In agreement with the asymmetric
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transfer characteristics, Figure 2e, the electron current at Vi =
2 V is higher than the hole current at Vig = =2 V.

Displacement currents are again observed at the Vg waveform

short times for EDL formation compared to dissipation;

further, the displacement current for the zero to negative Vig

transition is greater than the zero to positive V¢ transition by

transitions. Again higher displacement currents are observed at approximately a factor of 2. The measurements for both of
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these currents is at the top gate electrode; therefore, the current
results from EDL formation over short time scales at the top
metal/electrolyte interface. The dynamics of this process will
depend on anion and cation mobilities and the time-dependent
electrostatic potential in the vicinity of the interface. Molecular
modeling of these dynamics is needed to sort out the physics of
this observation. We also note that the drain current, Figure 4a,
is about 2 times higher for the +Vig bias condition which
induces electron conduction than for the —V;g condition
which induces hole conduction. This current ratio of electron/
hole current is approximately proportional to py, g/ Higp iy, =
1.6 at Vg of +2 V, where the subscript n and p denote the
electron and hole, respectively.

For a more detailed look at the rise and decay of I
corresponding to the formation and dissipation of the EDL,
data were collected with a time resolution of 2 ms and are
plotted in Figure 4b and c. The formation time of the Li" EDL
is on the order of 100 s, whereas it is shorter for the ClO,~
EDL, approximately 1 s. This is likely a consequence of the
differing mobility between Li* and ClO,” in the polymer; the
anion mobility is approximately three times larger than cation
mobility.”*** Compared to the EDL formation, the dissipation
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time of both Li* and ClO,~ EDLs is 3—4 orders of magnitude
faster, approximately 10 ms. This result is expected when
considering the contributions to the Nernst—Planck equation
that describes species transport due to both a concentration

gradient (Vc) and an electric field (V)

% _ V~[DVC + %quﬁ]
ot kyT (1)
where kg is the Boltzmann constant, ¢ is the electrostatic
potential, and ¢, D, and z are the volumetric concentration,
diffusion coefficient, and valence (positive or negative charge
state) of the ions, respectively. During the EDL formation, both
contributions are significant, with diffusion due to a
concentration gradient opposing drift. In contrast, the driving
force during EDL dissipation is only the concentration gradient
because the applied electric field is turned off (note that any
contribution from the induced image charge in the graphene is
neglected in the Nernst—Planck equation), leading to a process
that completes more quickly than EDL formation.

As discussed in the Introduction, ion mobility through a
polymer electrolyte is strongly coupled to polymer mobility;
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therefore, the time constants associated with the formation and
dissipation of the EDL will depend on polymer mobility.'® The
segmental relaxation time of a polymer follows a super-
Arrhenius temperature dependence, where the mobility is
arrested at temperatures below T, of the polymer. Therefore,
temperature-dependent ion dissipation measurements were
performed at 248 K < T < 298 K, where the T, of the polymer
electrolyte is ~250 K.*° The temperature and bias profile are
illustrated in Figure Sa and b for Li* EDL (Vig = 2 V) and
ClO,~ EDL (Vyg = —2 V), respectively. The normalized
current, I,/I;, versus t is shown in Figure Sc and d, where I is
the value of the current at t = 0 s when Vg was changed from 2
(or —2) to 0 V. Therefore, the time scale over which the
current decays will indicate how long the EDL persists at a
given temperature. Consistent with the coupling between
polymer and ion mobility, the EDL persists for longer times
with decreasing temperature. It is noteworthy to highlight that
the top gate is set to zero during the measurement of the EDL
dissipation, and this is expected to accelerate the dissipation. If
the terminal were floating instead, the induced image charge
would delay the EDL relaxation dynamics.

The Ip/I, versus t data in Figure Sc and d can be fit to a
stretched exponential equation, Kohlrausch—Williams—Watts
(KWW), which is used to describe relaxation in polymers®’

% —E+(1- E)eXP[—(é)ﬁ] )

where E is the fraction of the decay that occurs outside the time
window of the measurement, 7 is the EDL dissipation time
constant, and f is a stretching parameter which describes the
distribution of dissipation times. In this case, I, may not decay
to zero when the EDL is fully dissipated, and therefore E will
retain a nonzero value. When f# = 1, the data can be described
as a single exponential, where the EDL dissipates with a single
time constant, 7; when f < 1, there exists a range of time
constants during which the EDL dissipates. The dissipation
times extracted from the KWW expression are provided in the
Arrhenius plot as shown in Figure Se. The extracted 7 for both
Li* and ClO,™ ranges from ~10 ms at room temperature to 10*
s at T, of ~250 K, demonstrating the strong temperature
dependence of the EDL dissipation and the long time scales
over which the p- and n-type ion doping can persist, even in the
absence of a gate bias. The temperature dependence of the
dissipation times can be described by the Vogel—Fulcher—
Tammann (VFT) equation as

YTk ]

T = gyexp| ————
OXP(T_TVF

©)

where 7, is the EDL relaxation time in the high-temperature
limit, y is a strength coeflicient where larger y indicates a
stronger glassy material, and Ty is the Vogel—Fulcher
temperature or ideal glass temperature. Equation 3 is an
empirical expression used to describe polymer mobility as a
function of temperature. For the relaxation times shown in
Figure Se, 7, 7, and Ty are 1077 s, 5.8, and 205 K, respectively.
The relaxation time in the high-temperature limit is several
orders of magnitude larger than typically reported for solid
polymer electrolytes.”***** However, the reported measure-
ments were taken under AC bias conditions and therefore do
not include polarization-induced Coulomb interaction between
the ions in the polymer and the induced charge at the electrode

surfaces. The Coulomb interaction would tend to increase the
relaxation time of the EDL, accounting for the larger relaxation
time measured in this study. Moreover, the speed of EDL
formation and dissipation will decrease with decreasing
electrolyte thickness.”' In this study, the dynamics for only
one electrolyte thickness (~1 um) are reported. Both the
magnitude and the temperature dependence of the relaxation
data presented in Figure Se show that the dissipation of the
EDL is coupled to the dynamics of the polymer.

The room temperature relaxation time of ~10 ms for both
cations and anions is similar to the room temperature charging
time of ~7 ms reported for cations in the ionic liquid, DEME-
TESL, on a ZnO FET."” The authors used impedance
spectroscopy to measure the frequency-dependent capacitance
loss and extracted temperature-dependent polarization relaxa-
tion charging times. When comparing the time constants over
the same temperature range for the two systems (i.e., room
temperature to 250 K), the activation energy for the
(PEO),:LiClO, electrolyte on graphene is ~1700 meV
whereas the DEME-TESI electrolyte on ZnO is ~300 meV.
The nearly six times larger activation energy for the PEO-based
electrolyte can be largely attributed to the difference in the T,
values between the two systems: 250 K for (PEO),,:LiClO,
and 182 K for DEME-TFSIL. However, interaction strengths
between the channel and the electrolyte would also be different
for different combinations of polymers, ions, and channels.

In addition to the time constants extracted from the current
measurements in Figure Sc and d, RC time constants were
estimated using resistance values measured by impedance
spectroscopy. Temperature-dependent impedance measure-
ments were made in the frequency range of 40 Hz—110
MHz on the same polymer electrolyte used to gate the
graphene devices; the experimental details and impedance data
are provided in the Supporting Information. The sample
geometry is a parallel plate capacitor where the electrolyte is
hot pressed between two stainless steel electrodes to a diameter
of 2.54 cm and a thickness of 100 ym. When the phase angle
(6) equals zero, the contribution to the impedance is purely
resistive. The impedance values at 6 = 0° equal 1.6 X 10° 2.6 X
10% and 7.3 X 10° Q at 313, 294, and 279 K, respectively.
Accounting for the device geometry, the resistivity values for
the polymer electrolyte range from 10° to 10° Q cm in this
temperature window. Assuming Cgp; = S uF/cm? for an EDL-
gated device with a top gate area of 0.1 cm® and an electrolyte
thickness of 1 pm, the resistivity values are used to calculate RC
time constants. As shown in Figure Se, the time constants range
from 0.3 ms at 313 K to 165 ms at 297 K and agree to within an
order of magnitude with the dissipation times extracted from
the I, versus ¢ data. It should be noted that the resistivity used
to estimate the RC time constants was measured under a small
ac voltage of 0.5 V, whereas a higher dc bias of 2 V was used to
establish the EDL on the graphene Hall bars. While it is
reasonable to expect that the resistivity will not depend on the
voltage in the low-voltage limit (<0.5 V), it will likely depend
on the voltage at 2 V. Specifically, the resistivity will likely
increase with increasing bias, which would increase the
dissipation time and bring the RC time constant estimate
closer to the experimental result.

As discussed above, both Li* and ClO,” have similar EDL
dissipation times; however, the distribution of times, described
by f, is significantly different for cations versus anions, as
shown in Figure 5f. As mentioned above, when f approaches 1,
the distribution of dissipation times is narrow. Physically, this
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can be interpreted as all the ions moving away from the
interface with a similar time constant. The results shows S04
> P, meaning that the CIO,™ ions dissipate from the surface
with a narrower range of time constants compared to Li". It is
possible that this difference is related to the intrinsic n-type
doping of the graphene channel, Figure 2e. Even when Vi is
set to zero at t = 0 s, a small electric field due to the n-type
doping could disrupt the Li* ions from moving away from the
surface at the same time.

The EDL dissipation was modeled using COMSOL
multiphysics. Ion diffusion in the presence of an applied
electric field was modeled by coupling the Nernst—Planck and
Poisson’s equations as discussed in the Supporting Information.
Diffusion coefficients for Li* and ClO,~ were calculated based
on ionic conductivity values from impedance measurements.
Temperature-dependent dissipation times extracted from the
COMSOL modeling are included in Figure Se. Notice that the
relaxation times from the modeling are approximately 1 order
of magnitude smaller than the experimental values. This is
reasonable because all the ions dissipate from the graphene
surface at exactly the same time in the COMSOL model, giving
rise to a perfect, single-exponential decay (i.e.,, f# = 1) as shown
in Figure Sf. In contrast, because the relaxation times in the
experiments are distributed over a wide range (ie., f < 1), the
average relaxation time would be larger than predicted by
theory. Moreover, the diffusion coefficients extracted from the
impedance data and used in COMSOL are based on resistivity
values measured in the low-voltage limit (ie, 0.5 V). As
mentioned above, the resistivity is expected to increase with
increasing voltage, which may contribute to the offset between
the measured dissipation time and the time predicted by theory.

It is noted that for the ClO,” EDL formation and dissipation,
the measured current transition with time is not monotonic.
For example, during the ClO,” EDL formation at room
temperature, I, decreases first and then starts to increase at t ~
4 ms (see Figure 4c). During the CIO,” EDL dissipation, I,/I,,
after reaching the minimum, starts increasing at around 0.1, 1,
and 20 s for T of 298, 288, and 278 K, respectively (see Figure
5d). These nonmonotonic transition with time can be
understood by considering the intrinsic n-type doping of the
graphene. As we observed in the transfer characteristics (see
Figure 2e), the Dirac point is not at Vg = 0 V but closer to
—0.5 V; ie, Iy is not at a minimum value at Vg = 0 V.
Therefore, when Vyg changes from 0 to —2 V for the ClO,~
EDL formation, or vice versa for the ClIO,” EDL dissipation,
the current always decreases to the minimum and then starts to
increase. This measurement can be further improved by
changing the value of Vg to Vg — Vi thus, the graphene
would be intrinsic at Viyg — Vpj,.. Also during the CIO,~ EDL
dissipation, Figure Sd, a plateau is found in the decreasing
normalized current before reaching the minimum, and this
reflects the plateau-shaped feature near the Dirac point in the
reverse sweep of the transfer characteristic, Figure 2e. This
teature only occurs in the reverse sweep when Vg sweeps from
—2 to 2V, and it could be related to the charge transfer and
trapping which have also been reported in other graphene
transistors.>’

In this work, the sample preparation and measurement
condition were “dry;” ie., the electrolyte was prepared and
deposited inside a glovebox, and the devices were tested in a N,
environment. However, the results will be significantly affected
by exposure to water. Because the electrolytes are hygroscopic,
and the water can act like a plasticizer that increases polymer

and therefore ion mobility,”" the EDL formation and
dissipation times will decrease with the water exposure. The
trade-off for faster EDL dynamics will be weakened EDL-gate
control—an observation previously reported for a PEO
electrolyte-gated device.””

B CONCLUSIONS

Temperature-dependent dynamics of the EDL are measured on
epitaxial graphene Hall bars gated by a solid polymer
electrolyte. The temperature dependence of the EDL
dissipation times agrees with modeling and verifies that the
ion dynamics associated with the relaxation of the EDL are
coupled to polymer mobility. The temperature dependence
enables the EDL dissipation (or retention) time to be tuned by
6 orders of magnitude, from 1072 to 10* s, in the temperature
range of T, < T < 298 K for both p- and n-type doping. The
retention times will be even longer at T < Ty, enabling the EDL
to be “locked” into place even in the absence of a gate bias.
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