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ABSTRACT: Ionic liquid gating of transition metal oxides has
enabled new states (magnetic, electronic, metal—insulator),
providing fundamental insights into the physics of strongly
correlated oxides. However, despite much research activity,
little is known about the correlation of the structure of the
liquids in contact with the transition metal oxide surface, its
evolution with the applied electric potential, and its correlation
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where the electrical double layer gates the device using
experiment and theory. We show that the transition between
the ON and OFF states of the amorphous indium gallium zinc oxide transistor is accompanied by a densification and preferential
spatial orientation of counterions at the oxide channel surface. This process occurs in three distinct steps, corresponding to ion
orientations, and consequently, regimes of different electrical conductivity. The reason for this can be found in the surface charge
densities on the oxide surface when different ion arrangements are present. Overall, the field-effect gating process is elucidated in
terms of the interfacial ionic liquid structure, and this provides unprecedented insight into the working of a liquid gated transistor
linking the nanoscopic structure to the functional properties. This knowledge will enable both new ionic liquid design as well as
advanced device concepts.

KEYWORDS: transistor, liquid gating, scanning probe microscopy, ionic liquid, electric double layer

B INTRODUCTION

Understanding the fundamental physics of functional oxides
brings forth the challenge of separating the chemical, electronic,
and lattice degrees of freedom, fully coupled in bulk materials.
Under an external stimulus, collective state switching and new
electronic phases can result in new ways to write, store, and
process information. In particular, transition metal oxides
possessing a partially filled d-electron band have been studied
for memory or neuromorphic devices, because of their ability to
exhibit fast and abrupt electronic and/or structural tran-
sitions."”” For metal—insulator transitions, the electronic state is
governed by the competition between electron localization and

materials capable of switching in ambient conditions with
minimal energy requirement, the development of field-effect
transistors (FETs) allowed the opportunity to create new states
of matter controlled by high electric field gating phenomena.””
Electric double layer (EDL) transistors using ionic liquids (ILs)
or ion gels as dielectric media have gained attention by inducing
and maintaining charge accumulation as high as 8.0 x 10"
cm™ at the solid—liquid interface, competing with that
achieved with high k solid state dielectrics.'’™'° The charge
accumulation occurs by applying an electric field across the IL,
together with the formation of an EDL, which changes the
properties of the underlying gating material. Other electro-

delocalization, which can be controlled by stress, thermal
energy, optical excitation, or electric field.>* For most materials
reported, their complex phase diagrams cannot be explained by
one single driving force but rather by the cooperation of
multiple interactions.”~ Along with the efforts for designing
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chemically-controlled diodes work on the principle of
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Figure 1. IL-gated a-IGZO FET. (a) Schematic illustration of the device with the AFM tip located close to the source electrode. (b) Two-
dimensional (2D) histogram of SO force—distance approach curves at zero gate and drain voltage. Inset shows the corresponding separation
histogram used in this study, with ion layer peaks fitted with Gaussian function.

electronic current gating through single molecules forming
nanojunctions.'’ >

Recently, IL-gated amorphous metal oxide films showed
excellent transistor performance, with field-effect carrier
mobilities in excess of 20 cm’/V/s, and threshold voltages
and subthreshold swing as small as 0.5 V and 0.1 V/decade,
respectively, which compare favorably to those of conventional
solid state oxide-gated FETs.”>** In these devices, the EDL can
be used as a physical tool for tuning the electronic states of
inorganic metal oxide semiconductors,”* therefore its structure
is an important issue because the screening of the excess surface
charge is governed by the arrangement and conformation of
ions. To date, however, the distinct electronic states of the
underlying material have not been correlated with the changes
in the EDL structure of the interfacial IL. The amorphous
indium gallium zinc oxide thin film transistor is an n-channel
device where accumulation of charge carriers occurs in the
oxide upon application of a positive gate voltage,” and it forms
an ideal platform to characterize and correlate the device
characteristics and the IL structure because its turn-on
characteristics have been well-characterized.”**’ Understanding
the interplay between the EDL structure and the transistor
behavior of the oxide channel is thus crucial for our
comprehension of the charge carrier enhancement at the
interface and how it affects the conductivity of the oxide film.

EDL structure and dynamics of ILs at neutral and electrified
surfaces have been extensively studied experimentally”*~>* and
computationally.”® The electrostatic interactions and van der
Waals forces induce ion ordering at the solid—IL interface,
leading to the formation of alternating layers of cations and
anions on the surface. This lamellar arrangement in the EDL
extends in successive layers to several nanometers in the
solution, and it is governed by a steric effect from the finite size
of the ions and a Coulombic effect from their charge.** When
an electric potential is applied to the electrode, the interfacial
layer changes from cation-rich to anion-rich when the surface
potential switches from negative to positive, respectively.””*®
Basically, two processes have been described: (i) overscreening
of ions when the charge of the first layer is larger than that of
the electrode potential, and (ii) crowding of counterions at the
surface when the charge of the innermost layer is lower than
that of the surface potential.>>*° In addition to the

accumulation of counterions in the innermost layer, integrated
experimental and computational studies suggested that the
charge screening in the liquid phase occurs via preferential
orientation of ions that minimize the EDL thickness.* ~*
Surprisingly, the literature reporting ion layering at metal oxide
surfaces is scarce,** and furthermore, no experimental studies of
the IL structure at metal oxide surfaces have been published.
On electrified surfaces, the bias-dependent ion arrangement in
the EDL is a consequence of the applied voltage and
corresponding surface charge. On nonmetallic surfaces, the
situation is reversed, and the structure of the EDL can alter the
properties of the surface. In such situations, the structure of the
EDL and thus the functional material properties can be
changed through electric fields applied to additional electrodes,
as is done in FETs. However, the interplay between EDL
structure and the surface properties of nonmetallic surfaces has
not been studied. Therefore, the EDL structure and its impact
on the gating process in liquid FET's remain unknown, although
this understanding is crucial to understanding and improving
the mechanisms underpinning operation of those devices.

Here, we study the structure of a 1-hexyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl)imide (HMImTFSI) ionic
liquid used to gate an amorphous indium gallium zinc oxide
(a-IGZO) semiconducting channel by atomic force microscopy
(AFM) coupled with atomistic molecular dynamics (MD)
simulations. For this study, a nonspherical cation with 7—x
stacking was chosen, because nonspherical molecules are the
most widely used in ionic liquid gating work and are the best
characterized ionic liquids.”” As opposed to spherical
molecules, orientation changes can be readily observed through
changes in distance between the electrode surface and the
absorbed ion layers.** Using force spectroscopy techniques, the
out-of-plane ordering (perpendicular to the oxide surface) of
ionic layering was measured at various gate-source voltages, and
correlated with both applied electric field and the semi-
conducting oxide electrical properties. The measured ion
positions and their correlation to differently oriented ions in
the EDL are further revealed by MD modeling.

B RESULTS AND DISCUSSION

The position of ion layers was measured via an AFM technique
using static force—distance curves on the device itself inside an
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Figure 2. Gate voltage dependence of ionic layering at a-IGZO surface. (a) Applied gate voltage and measured drain current as a function of time
(0.1 V drain bias). (b) Separation histograms at different gate voltages.
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Figure 3. Separation distances of the different ion layers as a function of gate voltage. (a) Separation distances of the first three ion layers as a
function of gate voltage with a constant 0.1 V drain bias. The error bars reflect the full width at half maximum of each histogram peak. (b) Schematic
illustrations of HMIm* and TFSI~ geometries with lateral dimensions. (c) Separation distance of the first ion layer and (d) calculated resistance of

the oxide channel as a function of gate voltage, respectively.

ionic liquid droplet close to the source gold electrode (Figure
1a). During the approach, discontinuities in the force—distance
curves can be clearly identified before the tip reaches the
sample surface, where no further discontinuities can be
observed. To investigate the quantitative significance of the
spacing, we used separation histograms of 50 consecutively
measured force—distance curves (Figure 1b). The observed
force oscillations are formed by the repulsive interaction forces
between the AFM tip and the ion layers while the cantilever is
approaching the oxide surface. For further analysis, only the
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separation values are considered and plotted on a log scale
clearly illustrating the separation peaks (inset in Figure 1b).
Each peak representing an ion layer was then fitted with a
Gaussian function to extract the corresponding layer position
from the maximum. The experimental data enables identi-
fication of at least four distinct ion layers at ca. 0.8, 1.6, 2.4, and
3.2 nm from the surface at zero gate voltage. These distances
cannot clearly be assigned to the dimensions of one anion—
cation unit, or to a single ion monolayer with dimensions of
143 X 0.55 X 0.28 nm® and 1.09 X 0.51 X 0.47 nm’ for
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Figure 4. Molecular dynamics simulation of HMImTFSI structure at a-IGZO surface. (a) Snapshot of simulation system, in which the HMIm"
cation is shown with a blue ring and green tail and the TFSI™ anion is represented by orange lines. (b) Schematics of imidazolium ring and alkyl tail
spatial and angular positions with respect to the a-IGZO surface. Cation ring, tail, and anion density profiles, based on the center of the ring and tail
respectively, at (c) 0V, (d) 0.4 V, and (e) 1.5 V. Angular distributions of the (f) imidazolium ring and (g) alkyl tail in the first cation layer.

HMIm* and TESI, respectively.* To identify the nature of the
measured ion position, comparison with MD for highly
oriented pyrolytic graphite surfaces and Mica showed that the
measured ion position matches with the cation or anion layer
depending on the geometric volume of the ion.”” However,
comparable studies on ILs at the metal oxide surface do not
currently exist, either in experiment or by simulation. It was
proposed that the EDL structure of ILs with long alkyl chains
(and thus more amphiphilic) consists of bilayers of cations, due
to the aggregation of the nonpolar groups with neutralizing
layers of anions adjacent to the imidazolium groups.”
Nevertheless, the presence of the oscillatory forces attests to
a repeating ordered structure in the IL, and its evolution will be
studied hereafter. In the present case, the force required to pass
through one layer is spread across a broad separation distance,
as opposed to previously reported studies, where sharp
transitions were measured.”” This may originate from molecular
arrangements taking place to accommodate the strain in the
confined space between the tip and the surface. Indeed, the ions
used in this study are highly asymmetric, and therefore prone to
minimize their conformational occupancy by optimizing their
spatial orientation. Particularly, the long neutral alkyl chain of
the HMIm" cation creates voids that can be replaced by
charged groups via rotation and translations of ions.”” The
energy barrier between the layers decreases further away from
the surface, indicating that the lamellar structure becomes more
disordered toward the bulk liquid.

The possibility to detect ion layers in the EDL of the ionic
liquid on the oxide surface can be used to explore the changes
in its structure induced by varying the gate voltage. Figure 2a
shows that the drain—source current for each gate voltage step
increases from ~5 nA to ~1 uA, which is consistent with the
values previously reported.”*’ When the gate voltage is
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increased, all ion layers progressively shift toward the oxide
surface, as displayed in Figure 2b.

The measured ion layer positions with respect to the surface
were fitted as Gaussian peaks (as demonstrated in Figure 1b),
and analyzed as a function of gate voltage. Interestingly, change
in ion layer position does not simply follow a continuous
reorganization, but rather undergoes abrupt transitions at ~0.4
and ~1 V (Figure 3a). For the innermost ion layer (Figure 3c),
the separation of 0.75 nm at 0 V decreases to 0.59 nm at 0.4 V.
Another abrupt displacement closer to the surface is observed
at 1V, with separation distance sharply decreasing to 0.37 nm.
Between these steps, only gradual displacements toward the
oxide surface are measured, attesting to minimal ordering
occurring at higher gate voltage.

On the basis of the measured dimensions of the innermost
ion layer, the transitions can be explained in terms of different
orientations of the HMIm™ cation at the surface, together with
expulsion of the remaining TFSI™ coions. Indeed, both 0.54
and 0.3 nm separation distances are close to two transverse
dimensions of the HMIm" ion (Figure 3b), whereas none of
the TFSI™ anion lengths seem to correspond; this suggests that
the cation orientations at the a-IGZO surface are strongly
dependent on the positive polarity electric field, and can be
controlled with the gate voltage. To highlight the correlation of
the interfacial liquid structure with the gating properties, the
resistance of the a-IGZO channel was calculated from the
applied source—drain voltage and measured source—drain
current at each gate voltage measured (Figure 3d). The
sigmoidal shape transition between states of different
conductivity is consistent with the three distinct stages of the
separation distances of the innermost IL layer. In a previous
publication on the same sample system, it was shown that the
carrier mobility does change with gate voltage.”" The curve for
mobility as a function of gate voltage showed different slopes in
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Figure S. Structure of the first adsorbed HMim* layer on the a-IGZO surface as function of voltage. HMim" cation tail and ring density profiles at
(a) 0V, (b) 0.4V, and (c) 1.5 V. Snapshots of the corresponding innermost ion layer structure at (d) 0 V, (e) 0.4V, and (f) 1.5 V.

different voltage regimes that are overlapping with the regimes
observed for the ion reorientation. This demonstrates a clear
connection between the structure of the EDL and the device
properties, thus linking nanoscale and macroscale phenomena
that have not been demonstrated previously. However, the
exact correlations between field-dependent IL capacitance and
the carrier mobility in a-IGZO requires more detailed
measurements, which will be the subject of future studies.

To understand the experimental findings and test the
aforementioned hypothesis, molecular dynamics (MD) simu-
lations were performed to investigate the HMImTEFSI structure
at the a-IGZO surface and its evolution under varying gate
voltage. For a reliable comparison between modeling and
experiments, we built up an MD simulation system based on an
IL channel enclosed between Au(111) and a-IGZO walls
(Figure 4a). The amorphous phase of the IGZO material was
obtained by quenched molecular dynamics (QMD) simulation
from the crystalline phase (see SI-1 in Supporting Information
and Methods section for more details on the generation of the
amorphous IGZO and MD simulations), and constant voltages
(0, 0.4, and 1.5 V) were applied on both walls contacting the
IL. Note that the potential applied between the gold and a-
IGZO surfaces acts across the IL slab and does not include the
potential drop across a-IGZO. When the gate voltage Vg is
small and a-IGZO is highly resistive, the potential drop across
the IL slab Vy; is nearly zero. When Vg is large and the oxide is
in a highly conductive state (Vg > 1.0 V in this work), Vy is
almost equal to V. In the case of intermediate Vg, there is a
certain potential drop across a-IGZO and V < Vg
Specifically, the potential across the IL slab used in simulations
of 0, 0.4, and 1.5 V corresponds to gate voltages of 0, 0.7, and
1.5 V, respectively (see Supporting Information for more
details).

Because of the high asymmetry of the HMim" molecule, we
analyzed the number density and spatial orientations of both
imidazolium ring and alkyl chain positions separately, as
depicted in Figure 4b. The ion density profiles in Figure 4c—e
show the alternating cation—anion layering of the interfacial IL,
which is consistent with the structure revealed experimentally
for ILs at oxides.””** With increasing applied voltage, HMim*
cations accumulate in and TFSI™ anions are squeezed out from

the innermost layer, indicating an increase in cation density
with increasing voltage. Such packing of interfacial cations
occurs together with important changes in the molecular
orientations (Figure 4f,g), suggesting that (i) at 0 V, the cations
tend to be either vertical or parallel to the surface, contrasting
with most cations being flat on the Au(111) surface (Figure
$3), and (ii) with increasing gate voltage, the imidazolium rings
adopt a configuration parallel to the surface, thus decreasing the
separation distance. Interestingly, the total number of adsorbed
cations in the simulation box varies little (30.3, 31.5, and 31.5 at
0, 0.4, and 1.5 V, respectively), indicating that (i) the charge
compensation in the double layer is dominated by anion
removal, and (ii) the ion orientation rather than the ion
number is of importance for changes in charge density on the
oxide surface.

A significant fraction of HMIm™ cations already lay flat at the
surface when no voltage is applied (Figures 4f,g and S4), and
thus, they do not contribute to the changes in the force—
separation curves. In Figure 5, the adsorbed layer was isolated
by removing the horizontal cations (tail and ring parallel to the
surface, see details in SI-3, Figure SS) for a more detailed
examination of its bias dependence. This enables a better
comparison with the experimental results because the force
signal likely derives from the nonhorizontally aligned cations
(the approaching AFM tip is more sensitive to the imidazolium
rings than the flexible alkyl tail). As a result, the average ring
center position is located at 0.63 + 0.06 nm at 0 V (Figure Sa),
and decreases to 0.58 + 0.05 nm at 0.4 V (Figure Sb). When
further increasing the gate voltage to 1.5 V (Figure Sc), most
cations are flat on the surface, with the average center position
at ~0.31 + 0.02 nm. These simulation results strongly support
the mechanism suggested by the AFM experiments in which
the measured separation distances match specific cation
orientations that compensate for the increasing field strength.
Indeed, the corresponding interfacial ionic structure at 0 V
(Figure 5d) shows that the cations are arranged in a random
fashion and the surface—ion spacing does not match a specific
ion dimension, but rather the average of the three. Upon
increasing the gate voltage, the displacement of cations closer
to the surface takes place in two steps: (i) more alkyl chains
rotate horizontally due to the attraction of the rings to the

DOI: 10.1021/acsami.7b11044
ACS Appl. Mater. Interfaces 2017, 9, 40949—40958


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11044/suppl_file/am7b11044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11044/suppl_file/am7b11044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11044/suppl_file/am7b11044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11044/suppl_file/am7b11044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11044/suppl_file/am7b11044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b11044/suppl_file/am7b11044_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b11044

ACS Applied Materials & Interfaces

Research Article

X (nm)

>2.0 <-0.02 -0.01 >0.00

Figure 6. Influence of interfacial counterions on charge distribution at a-IGZO surface with voltage variation. Left column (a, d, g): 2D number
density of cations in the first layer (unit: #/nm*); middle column (b, e, h): 2D charge density of cations in the first layer (unit: C/m?); right column
(¢, f, i): charge distribution on the a-IGZO surface (unit: C/m?) across the entire EDL. Top row (a—c): 0 V; middle row (d—f): 0.4 V; bottom row

(g—i): 1.5 V.

charged a-IGZO (Figure Se), and (ii) the imidazolium rings tilt
parallel to the surface, minimizing the measured separation
distance (Figure Sf). Thus, the change in the ionic arrangement
via cation flattening at high gate voltage results in a decrease of
the EDL thickness. Similar observations have been reported for
highly oriented pyrolytic graphite surfaces, where dense and
flat-oriented counter-ion layers form upon bias.*”

To understand the IL-gate-induced conductance of a
semiconductor, based on experimental observations of IL-
gated SrTiO; (STO), Parkin and co-workers proposed that
imperfectly distributed cations create inhomogeneous charge
carries to form disconnected metallic regions on the STO
surface under low gate voltage. With increasing gate voltage,
such metallic regions would become connected, resulting in the
metallic behavior of the device.”> With the help of MD
simulation, we investigated surface-adsorbed cations and the
generated surface charge of the a-IGZO surface by analyzing
the 2D density and charge distribution within the first counter-

ion layer parallel to the oxide surface at different gate voltages.
Counterions (cations here) were found to distribute in an
indistinct pattern at the a-IGZO surface, when the potential
across the IL slab is 0 V, as shown in Figure 6a. The charges
from the counterions distribute in a less-defined pattern at the
a-IGZO surface, as shown in Figure 6b. Note that these charges
are only the charges of the first ion layer and not the entire
double layer. This is because ionic liquids are quite different
from a conventional electrolyte (e.g., NaCl aqueous solution),
which has small and “roundish” ions with uniform charge
distribution (i.e., the ion has all of the charge on one atom),
and IL ions usually have large sizes with asymmetric shapes, and
their molecular charge density is highly irregular and
delocalized among their atoms. Conceptually, the EDL consists
of the layer of surface charges and counterions.”> Hence, we
further investigated the charges accumulating at the a-IGZO
surface from simulation analysis, as shown in Figure 6¢c. This
includes all charges in the EDL across multiple ion layers. It was
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found that the charge distribution increases with increasing gate
voltage and is not homogeneous, i.e., the electrons concentrate
in some regions of the a-IGZO surface to form disconnected
metallic regions instead of being distributed across the whole
surface uniformly. Although the charge distribution at the a-
IGZO surface is strongly correlated with the local charge
distribution of counterions in the first layer, this inhomogeneity
has a different pattern from Figure 6b. This is because of the
fact that the charge on the a-IGZO surface not only correlates
with charges from cations but is also influenced by other ions
beyond the first cation layer, because the IL-based EDL has a
complex structure with more than one ion layer. As the
potential across the IL slab increases to 0.4 V (which
corresponds to Vgg = 0.7 V), the cation number density
changes slightly (Figure 6d) and the charge density in the
cation layer changes somewhat (Figure 6e). However, the
charge distribution at the a-IGZO surface changes significant,
i.e, more metallic regions with larger size (Figure 6f). A similar
scenario but with more distinct contrast was found when the
potential across the IL slab reached 1.5 V (Figure 6g—i).
Interestingly, the metallic regions become connected to form
percolation paths, resulting in the metallic behavior of the
device. This inhomogeneity from either IL side (cations and
their charge distributions) or a-IGZO side (surface charge
distribution), as revealed by MD simulation, is the first time the
behavior observed by Parkin and co-workers® could be
explained. Because Parkin et al. worked with single-crystalline
materials, additional mechanisms could be used to explain their
observation of inhomogeneous charge distribution that are
independent of the results shown here. However, simulations
on graphite have confirmed the presence of charge fluctuations
even in highly ordered systems.”* Moreover, the number
density changes only slightly with voltage varying from 0 to 1.5
V (Figure 6a,d,g). This seems to stand in contrast to Figure
4c—e, which shows an increase in cation density with increasing
voltage. Figure 4 displays the one-dimensional ion density
normal to the surface and separates the different parts of the
cation, whereas Figure 6a,d,g shows the 2D ion density parallel
to the surface, which was analyzed based on the center of the
molecule where the atomic information could not be fully
reflected. In contrast, the 2D charge densities (Figure 6b,e;h)
were calculated from each atom, thus the charge distributions
are more detailed and have distinct differences with voltage
variation. The full picture of the change in ion density with
increasing voltage is a combination of the information available
in both Figures 4 and 6.

The present work undoubtedly evidences the intricate
interplay between the interfacial ionic structure and consequent
field-effect transistor behavior. Under the influence of the
applied gate voltage, the highly packed cation layer at the
surface generates large local charge densities, leading to
significant enhancement in the oxide conductivity. This can
be explained by MD simulation demonstrating the reorienta-
tion of cations and the resulting local charges on the IGZO
surface. The reorientation of charges matches the experimental
observation obtained with atomic force microscopy force—
distance curves. In the future, a more detailed picture of the ion
layers throughout the entire oxide channel needs to be
established, and this will be the focus of future studies utilizing
the x-y scanner in AFM to access different channel locations.
Further modeling efforts will study the effect of different charge
densities inside the EDL on the electronic structure of the oxide
material for all gate voltages, especially the intermediate voltage

ranges. In general, measuring the ion layering and the
correlation with macroscopic device performance opens up
the pathway for improving the device performance by advanced
ionic liquid design. This can include cation and anion
dimension as well as charge distribution across the ions. The
presence of interfacial layers or oxides with different
termination could also be used to actively influence the ion
orientation in the EDL. Through this, new physics and
enhanced device properties can be explored and realized.

B CONCLUSIONS

In summary, we have successfully demonstrated that the
interface of the HMImTFSI ionic liquid undergoes strong and
orderly rearrangement during the gating process of a
semiconducting a-IGZO channel. The force spectroscopy
experiments together with molecular dynamics simulations
clearly evidence that the preferential arrangement of the
innermost cations correlate to the different electronic states of
the oxide material. This strongly suggests that the conductivity
of the film is governed by the shrinking of the EDL thickness
via cation reorientation and anion expulsion. These results are
important because they show great promise toward better
control of the switching properties via the proper design of the
solid/ionic liquid interface.

B METHODS

Device Preparation. The a-IGZO FET devices were fabricated by
standard photolithographic patterning processes. First, a chromium
(Cr) back gate metal (150 nm) was sputter deposited on a 100 nm
SiO, coated silicon wafer and lithographically patterned and wet
chemically etched with a standard Cr wet etch solution (9%
(NH,),Ce(NO;)s + 6% (HCIO,) + H,0). The SiO, back gate
dielectric (100 nm) layer was deposited via plasma enhanced chemical
vapor deposition. Subsequently, the a-IGZO active layer (50 nm) was
deposited by radio frequency magnetron sputtering (rf magnetron
sputtering) using a S cm diameter target (In,0;/Ga,05/ZnO 1/4
1:1:1 mol %) at room temperature. The initial vacuum level was
maintained at a pressure less than 3 X 107 Torr, and the rf power and
working pressure were maintained at 80 W and 5 mTorr, respectively,
during the sputtering process with a 10% oxygen partial pressure in a
balance of Argon. The a-IGZO active area was photolithographically
patterned using a lift-off process. The Ti/Au (10/70 nm) source and
drain (S/D) electrodes and auxiliary electrode to apply bias to the IL
were deposited by e-beam evaporation and patterned by a lift-off
method. The fabricated devices were annealed at 250 °C for 1 h for a-
IGZO channel activation. Finally, the ionic liquid HMImTFSI was
dispensed to cover the a-IGZO active area and auxiliary gate electrode
to form a side IL-gate dielectric layer for FET measurement. Both the
back (SiO, gate dielectric)- and top (IL-gate dielectric)-gated FET
device performances were measured prior to in situ force spectroscopy
measurements.

In Situ Force Spectroscopy Measurements. Force—distance
curves were measured on a Cypher AFM from Asylum Research
(Oxford Instruments, UK.) in a droplet of HMImTFSI covering the
side gate electrode and the a-IGZO channel. A gold-coated silicon tip
with a spring constant of ca. 0.6 N/m was used for all experiments with
a nominal tip radius of 30 nm. Approaching distance was 30 nm with a
scan rate of 0.25 Hz (15 nm/s). To compare all curves and account for
drift, the curves were aligned along the y axis to be at zero force far
away from the sample. In addition, the curves were shifted along the x
axis so that the retract branch of all force—separation curves overlaid.
The tip was placed as close to the source electrode as possible, where
the electric field can be considered maximal. Gate and drain voltages
were controlled by an SP-300 potentiostat (Biologic, France). The
drain voltage was fixed at a constant value of 0.1 V while the gate
voltage was modulated. The source electrode was used as the counter
electrode for both applied voltages, and grounded. The measurements
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were performed in an open atmosphere without additional humidity
control.

Room Temperature lonic Liquid. HMImTFSI was prepared
through the intermediate HMImBr. Initially, 27.5 mL (0.196 mol) of
1-bromohexane was added into 15.6 mL (0.196 mol) of 1-
methylimidazole with 50 mL of acetonitrile solvent drop by drop
under argon flowing at room temperature. The reaction was then
heated to 60 °C for 15 h and the organic solvent was removed under
reduced pressure, affording crude HMImBr. The bromide salt was
dissolved in 100 mL of water and then extracted with three 25 mL
aliquots of ethyl acetate. The remaining water was subsequently
removed by heating under a vacuum, and ion exchange was performed
using HMImBr and LiTFSI in water to yield HMImTEFSI. Finally, the
obtained HMImTESI was separated and freeze-dried for 3 days before
use.

Molecular Dynamics Simulations. Before modeling ILs at the
metal oxide surfaces, a-IGZO was obtained from crystalline IGZO by
quenched molecular dynamics (QMD). The calculated a-IGZO
density is 5.8 g/cm, and the average coordination numbers of the
calculated model structure agree well with modeling and experimental
work (Table $1).>°¢ The MD system in a channel-like simulation
consists of a slab of ILs enclosed between the Au(111) and a-IGZO
electrodes with an area of 5.4 X 4.7 nm?® parallel to the electrode
surface. The gate voltage was applied on the gold and a-IGZO solid
electrode surfaces, using the constant potential method.>” An equal
potential was maintained on the electrode surfaces and located at a
plane across the center of the surface atoms. This method was able to
take into account the electronic polarizability of the electrode surfaces,
which has been verified by other work.’®** The distance between the
gold and a-IGZO surfaces was set to 8.0 nm, which is large enough to
prevent overlapping of the EDLs formed at both surfaces. The
coordinate system was chosen such that the innermost layer of the a-
IGZO wall corresponds to z = 0. All-atom force fields were used for
HMImTFSL® the force fields for a-IGZO were taken from ref 61 and
those for gold from ref 62. Note that the potential applied between the
gold and a-IGZO surfaces is the one across the IL slab and does not
include the potential drop across a-IGZO. Therefore, the voltages used
in the simulations are not comparable to the gate voltage in the
experiment. From the plot shown in Figure 3d, we can identify the
insulator to metal transition between approximately 0.4 to 1 V with
high resistance below and low resistance above this voltage range.
When the oxide is in an insulating state below 0.4 V, the voltage drop
across the liquid is 0, which is modeled with 0 V. When the oxide is in
a metallic state above 1V, the complete gate voltage is applied to the
ionic liquid. Therefore, 1.5 V was used to simulate the ion orientation
in the highest conductivity state. To simulate an intermediate state that
happens over a gate voltage range of 0.4 to 1.0 V, we chose an MD
simulation voltage of 0.4 V applied to the IL slab to be within the
transition range. This corresponds to a gate voltage of around 0.7 V
(see Supporting Information). Simulations were performed using the
customized MD code Gromacs,” with a time step of 2 fs. The
electrolyte temperature was maintained at 298 K using the Nosé—
Hoover thermostat. The number of IL molecules inside the channel
was adjusted so that the ILs in the central portion of the channel
showed a bulk-like state. The electrostatic interactions were computed
using the PME method and by solving an auxiliary Laplace equation.®”
An FFT grid spacing of 0.1 nm and cubic interpolation for charge
distribution were used to compute the electrostatic interactions in the
reciprocal space; a cutoff length of 1.1 nm was used in the calculation
of electrostatic interactions in the real space. The nonelectrostatic
interactions were computed by direct summation with a cutoff length
of 1.1 nm. Each simulation was run for 30 ns to reach equilibrium, and
then a 150 ns production run was performed for analysis.

B ASSOCIATED CONTENT
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