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ABSTRACT: In electric double-layer transistors (EDLTs), it
is well known that the EDL formed by ionic liquids (ILs) can
induce an ultrahigh carrier density at the semiconductor
surface, compared to solid dielectric. However, the mechanism
of device performance is still not fully understood, especially at
a molecular level. Here, we evaluate the gating performance of
amorphous indium gallium zinc oxide (a-IGZO) transistor
coupled with a series of imidazolium-based ILs, using an
approach combining of molecular dynamics simulation and
finite element modeling. Results reveal that the EDL with
different ion structures could produce inhomogeneous electric
fields at the solid—electrolyte interface, and the heterogeneity
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of electric field-induced charge distributions at semiconductor surface could reduce the electrical conductance of a-IGZO during
gating process. Meanwhile, a resistance network analysis was adopted to bridge the nanoscopic data with the macroscopic
transfer characteristics of IL-gated transistor, and showed that our theoretical results could well estimate the gating performance
of practical devices. Thereby, our findings could provide both new concepts and modeling techniques for IL-gated transistors.

KEYWORDS: electric double-layer transistor, liquid gating effect, ionic liquid, amorphous indium gallium zinc oxide,

surface charge homogeneity

B INTRODUCTION

Liquid electrolytes have been widely used as the dielectric
materials in electric double-layer transistors (EDLTs) to tune
the electrical properties of various materials over the past
years.'~® Owing to the ultrathin thickness, EDLs could achieve
extremely high capacitance and interfacial electric fields at
liquid—solid interface. Hence, these devices can accomplish a
large carrier density (up to 10?2 cm™)” under a much lower
gate voltage than conventional field-effect transistors (FETs).
Among a variety of liquid electrolytes, ionic liquids (ILs) have
attracted great attention due to their superior thermal and
chemical stability and wide electrochemical window. These
properties could contribute to broad working scope, fast
switching, and stable device performance.”~” For instance, by
employing ionic liquids as the gate dielectrics, the metal—
insulator transition can be well controlled in metal oxides, such
as NdNiO;, SrTiO;, KTaO;, and La, ,Sr,CuO,, since the
ultrahigh interfacial capacitance can yield a large carrier density
compared with conventional gate dielectric.””~"* Benefiting
from the ultralarge localized electric field formed by EDL,
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these metal oxides have also achieved transition to super-
conductivity. Furthermore, it was also reported that coupled
with ionic liquid, the carrier mobility of two-dimensional (2D)
materials can be significantly improved.'*'® The ultrathin ionic
liquid layer formed between the semiconductor and source—
drain electrode could also reduce the Schottky barrier via
strong band bending and finally result in a low-resistance
ohmic contact. In particular, IL-gated amorphous metal-oxide
films could exhibit excellent transistor properties with field-
effect carrier mobility over 20 cm?/V s as well as the threshold
voltage and subthreshold swing less than 0.5 V and 0.1 V/dec,
respectively.'“™'® Overall, IL can yield higher on-current and
lower switching voltage, which makes it a versatile tool to tune
the transistor properties in EDLTs.

Among various liquid gate dielectrics, it has been
experimentally shown that during the gating process, the
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Figure 1. Schematics of IL-gated transistors and corresponding MD simulation. (a) Schematic diagram of an IL-gated transistor. The blue dash
ellipse shows the target area for molecular modeling. (b) Snapshot of MD simulation. z = 0 corresponds to a-IGZO surface. The red and blue
spheres between Au and a-IGZO stand for cation and anion of ILs, respectively. (c) All-atom models of ions in ILs used in this work.
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Figure 2. EDL capacitance and EDL structure with different ILs. (a) EDL (a-IGZO side) and total capacitances vary with different ILs. (b, c)
Electrical potential distributions across the whole channel under gate voltages of 0.4 V (b) and 0 V (c). (d, ¢) Number densities of cations (d) and
anions (e) as a function of distance from a-IGZO with a gate voltage of 0.4 V. (f—g) Orientation distributions of alkyl tail (f) and imidazolium ring

(g) in the first cation layer at a-IGZO under a gate voltage of 0.4 V.

gating performance, including ON/OFF ratio, threshold
voltage, source—drain current, and transistor mobility, strongly
correlates with the capacitance.lg_23 As for ILs, many
experimental and modeling studies have reported that different
ILs could render different capacitances at solid—IL interfaces,
and the EDL capacitance depends highly on the ion size.”*~**
Thus, it could be reasonable to procure better transistor
properties (such as higher ON-current) if adopting the IL
supplying a larger EDL capacitance.”” Beyond the high
capacity of IL-based EDLs, researches have pointed out that
the IL ions localized at semiconductor surface could hinder the
carrier hopping, resulting in reduced carrier mobility.’”*!
Therefore, the induced carriers and their inhomogeneous
distribution, originating from disordered electric fields derived
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by ions in EDLs,>**® should be indispensably explored in
electrolyte-gating studies. However, the ion size effect on
capacitance was mainly analyzed for charge-storage devices (in
particular the modeling work focused on ideal solid

2427
surfaces),

and the impact of carrier distribution on gating
performance was only investigated by experiments, which
mainly focused on the ion behaviors in EDL.***° Thus,
revealing the effects of different ILs on EDL capacitance at
non-atomic-flat semiconductor surface during gating process
and carrier distribution at semiconductor surface from
molecular level as well as bridging these nanoscale features
with macroscale gating performance is of great importance for
the design and optimization of IL-gated FETs.
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Figure 3. Homogeneity analyses of charge distribution. Electric field distributions (a), 2D surface charge density (o,p,) distribution at the a-IGZO
surface (b), probability distribution of 2D surface charge densities (c), and percolation visualizations (d) at a-IGZO surface vary with different ILs
under the gate voltage of 0.4 V. For electric field distributions (a), the red zones denote negative values means that the negative electrical fields
pointing toward opposite z-direction, which could gather electrons on the a-IGZO surface of the liquid—solid interface and turn electron-aggregate
areas into conducting regions, and the blue zones correspond to insulating regions in the contrary. In probability distribution of 2D surface charge
densities (c), the red zones are negative charged regions (conducting regions), whereas the blue zones are positive charged regions (insulating
regions). Averaged surface charge density (G,) and corresponding variance (D(G,p)) for conducting regions were calculated and are shown in (c).
The different colored regions in (d) represent different charge clusters in “ON” state, and the biggest charge cluster is shown in black; all of the

“OFF” state regions are shown in white.

In this work, we systematically investigated EDLs formed by
ILs at an amorphous indium gallium zinc oxide (a-IGZO)
semiconductor surface, using hierarchical simulations. To
explore the impact of ion size and type on gating performance,
ILs are selected with different cations and anions, i.e., 1-n-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([C,mim][TEN], n = 2, 4, 6, 10) with different alkyl chain
lengths and 1-hexyl-3-methylimidazolium tetrafluoroborate
([Cemim][BF,]). The hierarchical simulations presented
here include molecular dynamics (MD) simulations for
interfaces of ILs and a-IGZO at atomistic level and finite
element modeling (FEM) for the resistance network analysis at
macroscopic level. Specifically, the structure with EDL
capacitance of each IL near a-IGZO is illustrated to reveal
the ion size/type effects by MD simulation. Then, utilizing 2D
surface charge density and distribution obtained from MD
simulation as inputs for the finite element analysis, we
quantitatively assess the influence of the heterogeneity of
surface charge distribution on the conductance and carrier

mobility of a-IGZO.

B RESULTS AND DISCUSSION

To mimic an IL-gated transistor (Figure 1a), a typical channel-
like simulation cell is used, which consists of ionic liquids
sandwiched by gold (as the gate metal) and a-IGZO (Figure
1b). The amorphous phase of the IGZO material is obtained
through quenched molecular dynamics (QMD) simulation
from the crystalline phase, in line with e1q>eriments.36’37 Five
types of ILs, [C,mim][TE,N] (n = 2, 4, 6, 10) and
[Cemim][BF,], are selected to examine the effects of
capacitance and charge distribution on performance of IL-
gated transistor (Figure Ic).

We begin our work by scrutinizing how alkyl chain length
and anion type affect the EDL capacitance at both the a-IGZO
side and the gate side (hereafter termed as a-IGZO side
capacitance and gate side capacitance, respectively). The EDL

capacitance could be computed by Cyp; = , where o is the

o
¢EDL
charge density at a-IGZO/gate surface, ¢ppp; is the potential
drop across the EDL relative to its value at potential of zero
charge (PZC) of the electrode, i.e., Prpr = (Petectrode — Pout) —
(Petectroge — Pou)lpzc- As shown in Figure 2a, we find that for
ILs with the same anion, the a-IGZO side capacitance
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decreases with the cation alkyl chain increasing from ethyl to
decyl (i.e, cation changes from [C,mim]" to [C,;mim]"),
which matches the previous work on other electrodes.”***”
For the ILs with the same cation, the larger anion [Tf,N]~
leads to a lower a-IGZO side capacitance, in accordance with
reported studies that ILs with bigger ion size could result in
lower EDL capacitances (in those studies, they all used three-
electrode system to measure the differential capaci-
tance”"?¥?%3%) | However, the total capacitance (two sides
capacitance in series) of [Cgmim][T£,N] is higher than that of
[Csmim][BF,]. From Figure 2b,c, it can be seen that the
potential distribution across the cell of [Csmim][BF,] differs a
lot from that of other ILs due to the very different anion. When
a gate voltage of 0.4 V was applied (Figure 2b), using IL
[Cemim][BF,] ¢gpy, at a-IGZO side is much smaller than the
gate side (0.12 vs 0.28 V), indicating a smaller gate side
capacitance than a-IGZO side capacitance. Moreover, IL
[C¢mim][BF,] shows a positive value of PZC, whereas all
[T£,N] -based ILs have negative values (Figure 2c), which also
contributes to the larger a-IGZO side capacitance than its
counterpart of IL [Cymim][T£,N]. These results designate that
the alkyl chain length of cation and the type of anion both have
direct impact on the a-IGZO side capacitance, and anion type
affects the gate side capacitance significantly (Figure S4).

The nature of these findings could be rationalized by the
detailed structure of interfacial ILs, which could be
characterized by the density and orientation distributions of
electrolyte ions near a-IGZO and gold surfaces. Specifically,
when applying a gate voltage of 0.4 V, we observe that for ILs
[C,mim][TE,N] (n = 2, 4, 6, 10), alternating layers of cations
and anions are formed near the negatively electrified a-IGZO
surface, and the first cation layer is closer to a-IGZO than
anion layers (Figure 2d,e). As the alkyl chain length increases,
the peak locations of ion distributions vary little, however, the
ion peak height decreases obviously. The packing of interfacial
cations also lines up with their orientations (Figure 2fig;
IL,_,). For [Tf,N] -based ILs, the alkyl chain of cation tends
to be parallel to the a-IGZO surface as the chain length
increases while the influence of chain length on the orientation
of imidazolium ring is minor. Thus, the lying flat of alkyl chain
would reduce the space to accommodate more cation rings
near a-IGZO surface (note that the charge is mostly
concentrated on the ring), potentially leading to less net
charge at a-IGZO surface and embodying smaller EDL
capacitance. When the anion is changed to [BF,]”, the first
anion-adsorbed layer of [ C¢mim][BF,] is found to be closer to
the a-IGZO surface due to its smaller anion size than [Tf,N]~
(Figure 2e; ILg). Due to [BF,]” closer to a-IGZO surface
leaving more space, the imidazolium ring of cation
would orient more parallel to a-IGZO surface (Figure 2fg;
IL;), facilitating to reduce the EDL thickness as well as
increase EDL capacitance. Nonetheless, the total capacitance
of the cell using IL [Csmim][BF,] as a dielectric is small. This
could be attributed to quite low gate side capacitance of
[Csmim][BF,] (Figure S4), as [Tf,N]~ reorients its structure
and makes the charge on ions closer to the gate than [BF,]”
even though [BF,]™ has smaller size.

Generally, larger EDL capacitance could enhance charge
density at the semiconductor surface as well as gating
performance. However, previous experimental studies on IL-
gated transistors postulated that the electrical conductance of
the conduction path(s) on semiconductor surface could be
reduced due to the inhomogeneous electric fields resulting in

localization of some of the carriers.’”’' Indeed, the in-plane

distribution and orientation of the electrolyte ions could
induce disordered electric fields at the semiconductor surface
in EDLTs. Figure 3a exhibits MD-obtained 2D electric field
distributions at a-IGZO surface contacting with different ILs,
and highly heterogeneous electric fields are observed at a-
IGZO surface, which generate inhomogeneous charge density
distributions at a-IGZO surface (Figures 3b,c and S3-SS).
Since the a-IGZO acts as a n-channel semiconductor, here we
mainly focus on the negative charges as carriers in the
following analyses.>

Specifically, for ILs [C,mim][Tf,N] (n = 2, 6, 10), the
regions with negative electric fields, which would drive charges
to accumulate on the a-IGZO surface contacting with ILs,
named conducting regions, shrink and scatter as the alkyl chain
length increases, and IL [Csmim][BF,] seems to produce the
most heterogeneous electric field distribution (Figure 3a).
Originating from local electric fields induced by disordered
cations/anions in EDLs at a-IGZO, the 2D charge densities at
a-IGZO surface (0,p), shown in Figure 3b, are heteroge-
neously elicited and localized as well, following the same trends
as electric fields. It exhibits that with the cation size getting
smaller, more black zones (with high electron density) appear
at a-IGZO surface and gradually join together. The effect of
gate voltage magnitude on o,y is also analyzed in Part 5 of
Supporting Information. We further illustrate and quantita-
tively evaluate surface charge localizations by their histograms
and calculating the variance D(G,,) of 2D surface charge
densities for conducting regions with respect to the averaged
values (G,p) (Figure 3c, the upper left corner of each
subgraph). It can be observed that for ILs [C,mim][Tf,N]
(n =2, 6, 10), the 2D charge densities on a-IGZO surface are
spread farther from their average value with increasing the alkyl
chain length, and IL [Cgmim][BF,] exhibits the widest range
of charge distribution. This is because the first layer of [BF,]~
is closer to electrified a-IGZO surface than [Tf,N]~ (Figure
2e), which would weaken the negative electric fields or even
generate positive electric fields, resulting in more inhomoge-
neous charge distributions at a-IGZO surface.

To delve deeper into how the heterogeneity of charge
distribution impacts the transfer characteristics (e.g, transition
between the “ON” and “OFF” states) of a-IGZO gated by the
studied ILs, we first use the percolation model*’ to find
whether there are conduction paths for possible electron
transfer at the a-IGZO surface. On the basis of the local charge
density distribution (Figure 3b), each grid (size: 0.1 nm X 0.1
nm) on a-IGZO surface was labeled by “ON” state or OFF
state with a threshold charge density of —2.00 4#C/cm? which
corresponds to the average charge density of conducting
regions (Figure 3c). Herein, the grids with “ON” state (where
G,p < —2.00 uC/cm?*) were grouped into different clusters
based on the connectivity of the local charges. Specifically, the
local charge that connects with each other (in other word,
whether one charge could find a neighboring free site) would
form a charge cluster. More details of this method are
described in Part 6 of Supporting Information. From Figure
3d, one could see that for IL [C,mim][Tf,N], most of the
charges are connected to form a large charge cluster (in which
conduction paths exist) that dominates the a-IGZO surface.
With increasing the alkyl chain length, the area of the biggest
charge cluster dwindles, whereas smaller charge clusters are
formed, but disconnected and scattered at the a-IGZO surface.
For IL [C,ymim][Tf,N], the largest charge cluster cannot
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Figure 4. Quantitative analyses of gating effects. (a) Electrical conductance (G) of each grid on uniform meshes of a-IGZO surface in FEM analysis
(the values have been magnified 10° times, unit: S) of a-IGZO. (b) Equivalent conductance (G, gz0) and homogeneity degree (17) with different
ILs under a gate voltage of 0.4 V. (c) The equivalent currents (I, in eq 4) obtained from simulations (red triangle) compared with published
experimental data (black line),” the dielectric is IL [Cygmim][T£,N]. All of the results were carried out at Vpg = 0.1 V.

afford a conduction path established for electron transfer any
more. Therefore, among all studied ILs, [C¢mim][BF,] would
exhibit the lowest possibility to form a conduction path on a-
IGZO surface under the same gate voltage.

From the above analyses on IL-gated transistors at atomistic
level, it is worth stating that one-dimensional analysis, such as
number density distribution, potential distribution, and
orientation distribution, can give the information of
capacitance and averaged surface charge density, but it is not
enough to clearly distinguish the difference of gating effect
from different ILs, since the gating performance of IL-gated
transistor is essentially dominated by not only how many
charges could be induced but also how these charges would be
distributed at a-IGZO surface (i.e., the 2D electric field
distributions and surface charge densities).

In this work, the modeling for IL-gated transistor starts from
the atomistic representation of the a-IGZO and ILs in MD
simulations. Thus far, we could obtain the a-IGZO capacitance,
EDL structure, the charge density across EDLs, and
inhomogeneous charge distribution at semiconductor surface
as well as the percolation-modeled conduction path(s) formed
potentially for possible electron transfer. Analogous to heat
transfer analysis via the resistance network analyses with the
finite element method (FEM),*”*" the detailed information at
atomistic level was adopted to evaluate the macroscopic
transfer characteristics of a real IL-gated transistor. Concretely,
the MD-obtained local charge density at a-IGZO surface was
taken as the input for the FEM analysis to quantitatively
quantify the electrical conductance of the a-IGZO gated by IL-
based EDLs, and the gate voltage (V;) dependence of source—
drain current (Ig) in a real a-IGZO transistor could be derived
to be compared with experimental results.

As shown in Figure 4a, the modeled a-IGZO (Figure 1b) has
an area of 6.1 nm X 5.9 nm in xy-plane, with a uniform grid of
0.1 nm X 0.1 nm. Each grid has a specified electrical
conductance derived from surface charge density

Ggria = OypH, (1)

where p, is the carrier mobility of a-IGZO. After applying the
boundary conditions and source—drain voltage (Vpg), Ips can
be calculated through the resistance network analysis by line
integration of current density (eq S9). The detailed description
of FEM analysis can be found in Part 8 of Supporting
Information. Once Ipg through a-IGZO was acquired, the
equivalent conductance of the overall a-IGZO (G, ;gz0) could
be computed by
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Ing
G,.16z0 =
Vbs ()

which is shown in Figure 4b. For ILs [C,mim][Tf,N] (n = 2,
4, 6, 10), it can be observed that the increase of alkyl chain
length results in decreasing G, gz0, consistent with the a-
IGZO side capacitance values obtained by MD simulation. For
IL [C¢mim][BF,], although it can afford a larger EDL
capacitance than [Cgmim][T£,N] at a-IGZO side, it provides
the lowest G, g0, due to the most inhomogeneous charge
distribution.

AsG, 1qzo=H O'%, where % is the width—length ratio of a-

IGZO surface and has been given in simulation and i is the
carrier mobility of the whole a-IGZO surface, which then can
be calculated as

7= Ga-IGZO/W

c L (3)

If the overall a-IGZO is in metallic state, # would equal to ..
By comparing the difference between Ji and y,, a coeflicient

n= % was defined as homogeneity degree to quantitatively

estimate the homogeneity of charge distribution, reflecting the
effective carrier mobility of the overall a-IGZO surface. The
closer the homogeneity degree is to 1, the more homogeneous
and larger the conducting regions on a-IGZO surface would
become, and the more metallic the a-IGZO surface could be. 5
for different ILs shows the same tendency as the equivalent
conductance (Figure 4b), which implies that the inhomoge-
neous charge distribution has a significant impact on the carrier
mobility of the semiconductor when using electrolytes as
dielectrics. It is worthwhile to note that even though IL
[Csmim][BF,] can induce a higher EDL capacitance at a-
IGZO side, the current through the conduction path is the
lowest when it was used as dielectric, owing to its EDL
inducing the smallest homogeneity degree of 2D surface charge
densities. G,icz0 and 1 were also calculated under a gate
voltage of 1.5 V (Figure S7), showing the same trend as 0.4 V.

With the obtained electrical conductance of a-IGZO gated
by each IL, once can assess the transfer characteristics (the
dependence of Ing on Vi) of a real IL-gated transistor. For
instance, the a-IGZO channel width (W’) and length (L') were
set as 50 and 20 pm, respectively, in experiments,23 and the
equivalent current should be

ww
Is=G,. Vios—/—
DS a-IGZO YDS L/ L (4)
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Then, for IL [Cemim][Tf,N], when at Vg = 0.1 V, the
equivalent currents were computed as 0.0534, 0.718, and 6.68
HA at gate voltages of 0, 0.4, and 1.5 V, respectively, which
agree well with the experimental results*’ both in trend and in
magnitude (Figure 4c). Therefore, the gating characteristic at
macroscopic level is successfully evaluated through the MD-
obtained information at nanoscale. Certainly, this method
could be tested by many of other types of ILs in further
studies.

B CONCLUSIONS

In summary, we investigated the EDL structure and charge
distribution at different a-IGZO/ILs interfaces through MD
simulations. It has demonstrated that ILs with different
cations/anions formed diverse EDL structures at the a-IGZO
surface and thus derived various EDL capacitances, which
would induce different charge densities and distributions at a-
IGZO surface. Besides surface charge density, the homogeneity
of surface charge distribution is of paramount importance to
the gating effect. By calculating the equivalent conductance of
the whole a-IGZO surface, the gating effect was estimated
directly, and the homogeneity degree of charge distribution
was quantitatively delineated via the resistance network
analysis. It strongly suggests that both charge density and
homogeneity of charge distribution should be taken into
account when estimating the gating effect of electrolyte-gated
transistors. Also, the MD-obtained results could be taken as
inputs to evaluate the macroscopic transfer characteristics of a
real IL-gated transistor and show good agreement with
experimental results.”’ That indicates that the hierarchical
simulation approach, which combines MD simulation with
resistance network analysis, could be used to investigate more
types of ILs and then screen out better performed ILs for
experiments and practical applications in future. However,
although the capacitance and homogeneity of charge
distribution were successfully described, the relationship
between them is still not fully understood and requires more
work to determine their interactions. The ion size effect on the
transfer characteristic of metal-oxide semiconductor revealed
by simulation in this work also calls more experimental
verifications.

B METHODS

Molecular Dynamics Simulation. The a-IGZO used in MD
simulation was obtained from crystalline IGZO by quenched
molecular dynamics (QMD), and details can be found in Part 1 of
Supporting Information. As shown in Figure 1b, a channel-like MD
system consists of a slab of ILs enclosed between Au(111) and a-
IGZO electrodes with an area of 6.1 nm X 5.9 nm parallel to the
electrode surface. By analyzing the radius of ion gyration (Table S1),
such a surface area is confirmed to be large enough for modeling the
EDL structure formed between IL and solid interfaces. It also can be
seen that in literature similar surface size has already been used to
analyze properties of EDL.*™* The a-IGZO surface is separated
from gold surface by 8.0 nm, which is wide enough to prevent
overlapping of the EDLs formed at both electrodes and produce a
bulklike IL region in the middle of system, as revealed by density
distributions plotted along the whole z-direction in Figure S3. The
gate voltage applied between the gold and a-IGZO was maintained
using the constant potential method during the MD simulations.*®
Through the constant potential method, the potential on the
electrode surfaces was same everywhere and located at a plane across
the center of surface atoms. It has been proved that this method can
take into account the electronic polarizability of the electrode
surfaces.***” A nonpolarizable all-atom model was used for all five
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different ionic liquids ([C,mim][Tf,N] (n = 2, 4, 6, 10) and
[C¢mim][BE,]),*® and the force fields for electrodes were taken from
ref 49 for a-IGZO and ref 50 for gold. These nonpolarizable force
fields for ILs, which can significantly decrease the computational
consuming, have been widely tested by other researchers and have
also been used to analyze the EDL properties.*”*"*> Note that the
potential applied between the gold and a-IGZO surfaces does not
include the potential drop across a-IGZO. Therefore, a gate voltage,
0.4 V, was chosen to apply in MD simulation to simulate an
intermediate state of a gate voltage between 0.4 and 1.0 V in
experiments; detailed information of chosen gate voltage can be found
in Part 2 of Supporting Information.

MD simulations were performed via a customized GROMACS
code,*® with a time step of 1 fs. LINCS algorithm is used to constrain
chemical bonds, including H-atom.>* To accelerate the ion moving
and save computational resources, the temperature of IL was
maintained at 393 K using the Nosé—Hoover thermostat, which is
below the decomposition temperature of ILs studied in this
work.>*™” The number of IL molecules inside the channel was
tuned to make the ILs in central part of the channel showed a bulklike
state. The particle mesh Ewald method was used to compute the
electrostatic interactions.”™ An fast Fourier transform (FFT) grid
spacing of 0.1 nm and cubic interpolation for charge distribution were
used to compute the electrostatic interactions in the reciprocal space.
The cutoft for both Coulombic and van der Waals interactions is 1.1
nm. Each simulation was run for 10 ns to reach equilibrium, and then
a 50 ns production run was performed for analysis.

Resistant Network Analysis. To calculate the current, the a-
IGZO surface was considered as a periodical material with a unit cell,
which consists of 3599 grids (61 X 59), each grid has a different
electrical conductance, which is derived from surface charge density.
The size of grid (0.1 nm X 0.1 nm) is equal to the FFT grid spacing
used in MD simulation, which means that this resolution could inherit
the MD results without loss of precision. Moreover, the effect of the
grid size on the accuracy of results was verified by applying a smaller
gird size, which generated very similar results compared with the large
one (Figure S10). A bias potential with 0.1 V was applied along y-axis
(potential along x-axis was also tested, which shows the similar
results; see Part 9 of Supporting Information), equipotential boundary
condition was used at x = 0 and 6.1 nm. The current can be derived
by the line integration of current density along the vector, which is
perpendicular to the direction of the electric field. All these
calculations were carried out by FEM. The detailed information can
be found in Supporting Information.
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