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ABSTRACT

Controlling the charge density in low-dimensional materials with an electrostatic potential is a powerful tool to explore and influence their
electronic and optical properties. Conventional solid gates impose strict geometrical constraints to the devices and often absorb electromag-
netic radiation in the infrared (IR) region. A powerful alternative is ionic liquid (IL) gating. This technique only needs a metallic electrode in
contact with the IL, and the highest achievable electric field is limited by the electrochemical interactions of the IL with the environment.
Despite the excellent gating properties, a large number of ILs are hardly exploitable for optical experiments in the mid-IR region because
they typically suffer from low optical transparency and degradation in ambient conditions. Here, we report the realization of two electrolytes
based on bromide ILs dissolved in polymethyl methacrylate (PMMA). We demonstrate that such electrolytes in the form of thin films can
induce state-of-the-art charge densities as high as 20 x 10'> cm~2 with an electrochemical window of [—1V, 1V] in vacuum. Thanks to the
low water absorption of PMMA, they work both in vacuum and in ambient atmosphere after a simple vacuum curing. Furthermore, our elec-
trolytes can be spin-coated into flat thin films with optical transparency in the range from 600 to 4000 cm™". Thanks to these properties, these
electrolytes are excellent candidates to fill the gap as versatile gating layers for electronic and mid-IR optoelectronic devices.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153394
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The possibility of controlling the charge density in an electron
gas with electrostatic potentials (field-effect) unlocked many technolo-
gies at the basis of modern life. Such field-effect found renewed impor-
tance in experiments involving low-dimensional systems, such as 2D
materials, van der Waals heterostructures, and nanowires. In those
materials, a modification of the electronic density can have great
impact on charge transport and infrared (IR) optical response."”
Moreover, field-effect dramatically influences the band structure of
2D crystals,” * since their few-atomic thickness prevents an efficient
screening of the electric field created by the gate electrode.
Conventionally, different solid-gate geometries are exploited, such as
highly doped substrates covered with a dielectric (back-gate”), a dielec-
tric deposited on the crystal hosting an electrode on top (top-gate”),
lateral metallic pads on the same insulating substrate (side-gate'’), or
even van der Waals heterostructures, where different layers act as gate
electrode, dielectric, and channel medium.'' When dealing with opti-
cal experiments involving 2D materials and bulk semiconductors,

such geometries are a limitation. Indeed, the high dielectric losses hin-
der the back-gating efficiency of the substrate, and a top-gate would
prevent adequate optical transparency, while side-gates do not grant
the necessary spatial uniformity in the achievable charge density.

In this framework, ionic liquids (ILs) could be a versatile tool to
overcome these restrictions. Indeed, ILs work independently from the
surrounding environment and need only to be electrically contacted,
thus being employable on fully insulating substrates and several gating
geometries.'” " In the presence of a voltage between the channel and
the gate electrode, the ions inside the IL arrange as charged layers at
their surfaces. The electrostatic potential created by these ionic layers
is screened by the attraction of charge carriers (electrons or holes)
inside the channel and the gate electrode, thus forming the so-called
electric double layers (EDLs).'® These EDLs are parallel plate capaci-
tors with inter-plate distance of a few nm, thus offering an enhanced
gating efficiency due to their high capacitance."” '’ The generated elec-
tric fields up to 10 GV/m™ allowed to explore unprecedented regimes,
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where deep modifications to the electronic properties were
induced.”' ** Moreover, while the dielectric breakdown restricts the
efficiency of solid-state gates,””° the main limitation of electrolyte gat-
ing is the electrochemical interaction of the IL with the surrounding
environment.”” For example, despite their high ionic transport effi-
ciency, lithium-based electrolytes are expensive, highly reactive with
most of other chemical substances” and scarcely compatible with
polymer matrices. Differently, bromide-based ILs are widely available
at accessible costs, polymer compatible, and, at the same time, ther-
mally and electrochemically stable.”””’ However, most commercially
available compounds are unstable under high voltage bias and exhibit
poor transparency in the IR region.”’

In this Letter, we present the development of two IR-transparent
polymer electrolytes based on bromide ionic liquids (Br-ILs) dissolved
in polymethyl methacrylate (PMMA). To this scope, we study their
optical and charge transport properties when they are spin-coated
onto a substrate to form a thin film. In particular, we show that our
electrolytes have large windows with <0.007 um ™! absorption in the
range from 600 to 4000cm ™' in air and are able to induced charge
densities up to ~20 x 10> cm™2 in vacuum. Since their fabrication
does not impose any geometrical restriction, our electrolytes can be
employed as versatile transparent gates for low-dimensional materials
in optical and optoelectronic experiments in the IR region. In addition,
thanks to the flat surface, such electrolytic films might be an easily
accessible key element for a wide variety of experiments, such as light-
matter interaction studies on mixed 2D-bulk semiconductor structures
or double-gated systems at extreme charge concentrations.

We first focus on the IR optical response and transport properties
of two pure bromide-based ionic liquids (ES1 and ES2). ES1 is commer-
cial tetraoctylphosphonium bromide [P(C8),Br] of purity >95%, while
ES2 is  3,3-(hexane-1,6-diyl)bis(1-methyl-1H-imidazolium)bromide

pubs.aip.org/aip/apl

[Cs(MIM),/2Br 3C6 Br]. ES2 was synthesized using the standard ionic
liquid synthesis procedure™ adapted for dicationic ionic liquids.”” A
solution (2.1 equiv : 5ml) of 1-methylimidazole (98%) in acetonitrile
(>99%) was added dropwise under magnetic stirring to a solution (2 g,
1 equiv) of 1,6-dibromohexane (98%) in 10 ml of acetonitrile. The solu-
tion was stirred for 2min, and then the mixture was heated up and
stirred at 80 °C for 48 h. A white solid precipitation was observed after
half an hour. The solvent was removed under reduced pressure, and the
obtained solid was washed three times with 10ml of diethyl ether
(99%-+) and dried in vacuo at 65°C.

To determine the IR optical properties of ES1 and ES2, two solid
samples of the ILs were measured in a FTIR spectroscope with the
Attenuated Total Reflection (ATR) method.”” The measured absor-
bance spectrum of ES1 [blue solid line in Fig. 1(a)] shows an absor-
bance generally lower than 0.1pm™' in the range from 600 to
2500 cm ™, except for one sharp feature of ~0.12 um ™! at 1490 cm ™.
Higher absorbance peaks of about 0.5um™! are visible below
3000 cm™!. These peaks are attributed to the stretching vibrations of
the Cy3—Hx=123 groups present in tetraoctylphosphonium bro-
mide.”® Conversely, the absorbance spectrum of ES2 [red dashed line
in Fig. 1(a)] shows more structured peaks up to 0.16 um~! in the
region from 600 to 2500 cm™' and peaks around 3000cm ™" lower
with respect to ES1. These differences stem from the different cationic
moiety of ES2, thus from the vibration modes of the imidazolium ring
and from the stretching variation of the shorter aliphatic chain and of
the Cy, — H, respectively.” In both spectra, the peaks around
2350cm ™! are due to the absorption of CO, in the atmosphere and
are not related to the ILs.

We now focus on the ionic transport properties of ES1. To this
scope, we fabricated metallic electrodes on top of boron-doped Si sub-
strates covered with 300nm of thermally grown SiO, by electron
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beam lithography (EBL) and thermal evaporation of 7nm of chro-
mium and 50nm of gold [see the inset of Fig. 1(b)]. The transport
properties of pure ESI were investigated by Double Step
Chronocoulometry™® (DSC, see Fig. S2 in the supplementary material)
in ambient conditions (with no control of environmental humidity
and temperature). The accumulated charge in the EDL (Qgp;) was
determined both during its charging (ch) and discharging (dch) during
two consecutive cycles. The two sets were averaged, their semi-
dispersion used as error. Then, the values of Qgp; were divided by the
electrode area and by the electronic charge to extract the charge carrier
density accumulated in (removed from) the EDL, ie., ndl, (nd).
Figure 1(b) reports nét, and né as a function of the applied potential
(Vyp) for ES1 in air. The accumulated charge density grows with V,,,
until reaching a value of ~1.8 x 10"*cm ™2 for V,,,= 1.6 V. For larger
Vips the accumulated charge decreases. Such behavior is the result of
the electrochemical activity of the system. Indeed, the upper limit of
the electrochemical window” of ESI is ~1.25 V when measured in air
and ~1.8 V in vacuum (see Fig. S3 in the supplementary material).
When the applied voltage exceeds such value, reduction/
oxidation reactions start to take place at the interface between the lig-
uid and the electrodes,””*” effectively reducing the charge accumulated
in the EDL. Moreover, water from the atmosphere can dissolve in ESI.
When applying a voltage bias, the absorbed water reacts with the bro-
mide in the IL forming an acid environment."’ Consequently, part of
the Br~ anions involved in these reactions does not participate to the
charging of the EDL. The electrochemical activity of the liquid gener-
ates a difference between the charging and the discharging of the EDL
[red dots in Fig. 1(b)]. In particular, Qdt, ~ 1.7Q%" for all values of
Vpp < 1.6V (see Fig. 4 in the supplementary material). This asymme-
try can be partially linked to the mobility of the ions in the IL.*’
Indeed, the ions must overcome a barrier before starting to drift in the
liquid. The applied bias both gives energy for the ions to exit the
potential well and lowers the barrier to overcome.””*" When the
potential is removed, the restored barrier yields lower charge removed
in the same amount of time. The largest difference is observed for
Vipp= 1.7V, just above the electrochemical window limit. The anoma-
lous error is attributed to a large difference between the two measure-
ments for this bias value, indicating the onset of the electrochemical
interactions. After this threshold, the asymmetry lowers as the voltage
is increased because the reactions are less likely to occur in the dis-
charge phase. This behavior suggests that, when the applied voltage is
larger than the electrochemical barrier for the interaction, the change
in the ionic mobility has, in fact, minor effects with respect to the
chemical reactions.

To better understand the interaction between the liquid and the
electrodes, the experiment was repeated on a device with electrodes
partially covered by a PMMA with opening fabricated by EBL [see Fig.
1(c)]. After the transport measurements, ES1 and the PMMA mask
were removed with acetone and the electrodes observed under a scan-
ning electron microscope (SEM). The contrast between the two
regions shows that the morphology of the metallic film that was in
contact with ESI is dramatically different from the one of the masked
metal [see Fig. 1(d)], thus confirming that the IL chemically interacted
with the electrodes. In addition, a 10-um-wide transitional region is
visible, due to the IL diffusion below the PMMA mask [see Fig. 1(¢)].
In the region exposed to ESI, the overall roughness is increased, and
holes are present in the metallic film [see Fig. 1(f)]. Such observation

pubs.aip.org/aip/apl

suggests that the electrochemically formed bromide-based acids attack
the electrodes when applying a voltage. Indeed, the interaction of bro-
mide with water absorbed from the atmosphere can create hypobro-
mous acid (HOBr) and hydrobromic acid (HBr).”” Both acids attack
gold," thus degrading the electrodes and reducing the gating effective-
ness of the liquid. As a consequence, when voltages are applied to the
liquid in ambient atmosphere, electrochemical reactions happen also
within the electrochemical window. However, when water is removed
from the liquid, the electrochemical window widens, and such reac-
tions are avoided (see Fig. S3 in the supplementary material).

Since PMMA can absorb only a small amount of water (~2%
wiw),"” we exploit it to embed the bromide-based ILs and prevent the
creation of an acid environment destructive for the devices.
Furthermore, a spin-coated electrolyte thin film improves the device
optical properties, thanks to its lower thickness and higher flatness.
Therefore, we investigated both the optical and charge transport prop-
erties of the ILs when embedded in the PMMA matrix. To this scope,
we synthesized two polymer electrolytes (PES1 and PES2) starting
from ES1 and ES2. PES1 was produced by dissolving 4.30 mg of ES1
in 430 mg of AR 679.04 950K (ethyl lactate solution of PMMA 950 K
at 4%, AllResist), while PES2 was realized by dissolving 6.10 mg of ES2
in 612mg of AR 679.04 950 K. Both solutions were therefore, 25%
mg IL/mg PMMA. To demonstrate the suitability of PESs in optical
experiments, we measured the optical transmission of a structure com-
posed of a PES film spin-coated onto Si/SiO, substrates (4000 rpm for
1 min, soft baked at 100 °C for 2 min, thickness ~ 290 nm, see Fig. S1
in the supplementary material). In general, the PES/SiO, /Si transmis-
sion spectra show a reduction of the transmitted power of ~5%-10%
with respect to the bare substrate (see Fig. 2). This reduction is due to
the absorption in the film and to reflection effects caused by the air/
PES and PES/SiO, interfaces. The baseline is also influenced by thin
film effects,”® visible as a downward bending in the higher region of
the spectra. Transmission dips related to PESs are present in the region
1200-1800 cm ™. These lines are mainly attributed to the deformation

100 T -
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—— PES1 + SiO;
__ 80 —— PES2 + SiO; H
g
S 60
) 1000 1200 1400
w Wavenumber (cm™?)
S
& 40r
c
°
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1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™1)

FIG. 2. Transmission spectrum of a Si/SiO, chip (orange line) compared to the
transmission of the same substrate with PES1 (blue line) and PES2 (red line) on
top. Inset: zoom of the signals in the region around the SiO, phonons. The minima
were shifted to 0 and the signals normalized on their maxima for a better compari-
son of the shape.

Appl. Phys. Lett. 122, 243505 (2023); doi: 10.1063/5.0153394
© Author(s) 2023

122, 243505-3

0%'€2:0} €20 19qwsdeq Lg


pubs.aip.org/aip/apl

Applied Physics Letters

vibrations of the (O)CHj; and ester groups in the PMMA film" and
are very similar for both PES1 and PES2. Instead, the two spectra differ
in the region close to 3000 cm ™!, where the resonances are originated
by the strain vibration of CH,_; , 3 groups.” Thus, the reduced trans-
mission in the PESs film can be attributed to the different distribution
of the CH,—,3 groups in the films due to the presence of the ESs.
Nevertheless, the general features of the transmission spectrum of the
bare substrate are preserved, such as the characteristic SiO, phonons
at 1084 and 1256 cm™ "' see the inset of Fig. 2.

Generally, the charge transport properties of the electrolytes are
modified when they are embedded in a polymer matrix,”* ** especially
when they are in the form of a thin film."* Indeed, the ionic transport
is mediated by large molecules that migrate through the polymeric
matrix. For example, amorphous polymers offer larger inter-molecular
cavities for ions migration with respect to ordered polymers.”” The
dimension of inter-molecular cavities is also influenced by ion size™
and by the employed solvent.” To test the suitability of our polymer
electrolytes as gating materials, we performed DSC experiments on
both PESI and PES2. In the form of a thin film, PESI showed a poor
ionic transport due to the dimension and 3D structure of its cation,
and, thus, we focused on PES2. Figure 3(a) shows the charge density
accumulated in the EDL formed by a PES2 film as a function of
the applied voltage V,, both in ambient and vacuum conditions.
In ambient conditions, the accumulated charge density reaches up to
2 x 10" cm™2 for positive voltages and 4 x 10> cm™2 for negative
voltages [blue dots in Fig. 3(a)]. A nominally identical sample was
investigated in vacuum at a pressure of ~10~> mbar [red dots in
Fig. 3(a)]. The accumulated charge density is much higher in vacuum
than in ambient pressure: nj%s, /n%%, ~ 19.7 for V,,=0.5V and ~8.6
for V,, = —0.5 V. The higher accumulated charge density in vacuum

(a) ' ; : ;
301 . ¢ Air
Vi
25! ¢ acuum |
h .
e 20t .. *
nnU A
S 157 .
:l [}
ﬁé 107t o
o ® o *
57 . .
ol o ®o0 o ° o .

FIG. 3. (a) Charge density accumulated in the EDLs in PES2 when in ambient con-
ditions (blue) and vacuum (orange) vs V. (b) Optical image of the metallic electro-
des employed for the measurement in ambient conditions. The scalebar is 5 um.
(c) SEM image of the metallic electrodes employed for measurement in vacuum.
The scalebar is 10 um.
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is attributed to the increased ion mobility as a consequence of two con-
curring factors. First, when PESs are in vacuum, contaminant gaseous
molecules such as water are expelled from the material. Second, the
reduced pressure on the surface allows for the structure to relax, thus
creating wider paths for ions to migrate. The asymmetry measured for
positive and negative values of the applied potential in vacuum can be
attributed to the different nature of the anion and the cation, both in
terms of chemistry, for example, the distinct tendency to share or not
electrons (thus lowering or not the potential barrier for their diffu-
sion™), and in terms of dimensions; in fact, the molecular mass and
the volume influence the ion stability once a potential is applied (i.e.,
the selected anions are lighter and smaller than cations) and its ability
to move across the polymer matrix.”" Similarly to pure ES1 [see Fig.
1(b)], the induced charge density grows following a monotonic trend
until |Vj,| ~ 0.9 V. After that threshold, the ions in the electrolyte
start interacting with the polymer matrix and the electrodes, thus
modifying the EDL charging efficiency.

Despite the IL being embedded in PMMA, an acid environment
is created when applying a DC bias to PES2 in ambient conditions, as
measured for bare ES1 [see Figs. 1(c)-1(f)]. This acid environment
modifies the morphology of the device electrodes, as clearly observable
in Fig. 3(b). Conversely, when PES2 is measured in vacuum, the elec-
trodes are preserved from electrochemical damaging [Fig. 3(c)]. This
indicates the small amount of water trapped by the PMMA film in
ambient conditions is sufficient to create HOBr and/or HBr. Instead,
in vacuum, the film expels most of the absorbed water, thus preventing
the formation of the acid environment.

After removing the water by keeping the device in vacuum, we
tested the stability of the PES structure by performing consecutive
DSC cycles with a fixed V,,=300mV in ambient conditions. As
shown in Fig. 4(a), the accumulated charge density nY, is highly sta-
ble for the first six cycles. Here, n};, is the accumulated charge density
at cycle N normalized by the carrier concentration accumulated during
the first cycle. After these cycles, nk),; increases of a factor ~1.3. This
increase can be tentatively explained by considering that, when the
polymer is brought back at air conditions, the reduction of polymer
film volume caused by the air pressure leads to a decrease in the paths
for the ions migration. Consequently, during the first few cycles, the
ions are pushed through the polymer matrix and open back accessible
paths for the charge migration. As a result, the charge accumulated in
the EDL increases after a few cycles, as similarly occurs for lithium
intercalation in bilayer graphene.””*" It is worth notice that, differently
from previous experiments, the applied potential does not damage the
electrodes, as shown in Fig. 4(b). Interestingly, the macroscopic mor-
phology of the PES2 film changes after the application of voltages in
ambient conditions after the vacuum treatment. Indeed, bias-induced
cracks appear over the surface of the polymer, mainly starting from
points where the film was already damaged, such as near the bonding
wires or metallic residues [see Figs. 4(b) and S5 in the supplementary
material). Indeed, the water molecules can efficiently penetrate into
the PMMA film from these points. Within these cracks, Br-based acids
can be electrochemically created and gradually diffuse through the
polymer matrix. In full agreement with the DSC measurements, Fig.
4(b) shows that even when the cracks are formed, the electrodes are
not degraded, suggesting that negligible chemical interactions took
place. Therefore, removing the water content from the polymer matrix
before any voltage is applied enhances the robustness of polymer-
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FIG. 4. (a) Charge density accumulated in consecutive cycles performed on PES2
in ambient conditions at V,,=300mV after the measurements in vacuum. (b)
Optical images of the metallic pads used in the chronocoulometry measurements
before PES2 is spinned (top), after the measurement in vacuum (middle) and after
the measurement in air (bottom). The scalebar is 150 um. The bonding wires used
for electrical measurements are visible on the gold pads in the middle and bottom
images.

embedded ionic liquids. Indeed, a simple treatment in vacuum prepara-
tion ensures a large stability of the accumulated charge density and pre-
vents the formation of an acid environment in the proximity of the
metallic electrodes even when employed for several cycles in air. In sum-
mary, we proposed and demonstrated the optical and transport proper-
ties of a class of polymer-embedded ionic liquids based on bromide.
The EDLs that form when the films are polarized can accumulate state-
of-the-art charge densities up to ~20 x 10 cm™2 in vacuum."”
Furthermore, these electrolytes are transparent in the mid-infrared
region of the spectrum and can be easily spin-coated in the form of a
thin film, thus providing remarkable advantages in optoelectronic devi-
ces. Although bromide-based ILs react with water to form acids chemi-
cally attacking the electrodes, we demonstrated that it is possible to
remove the absorbed water by a vacuum treatment before any voltage is
applied, thus preventing the degradation of the metals. Furthermore, the

pubs.aip.org/aip/apl

polymer matrix of PMMA embedded ILs protects the electrodes for sev-
eral cycles in ambient conditions after the vacuum curing. Therefore,
devices exploiting our electrolytes can be fabricated with standard tech-
niques in ambient conditions without the need of the inert atmosphere
of a glovebox, as usually necessary for lithium-based ILs." """

See the supplementary material for additional details on the
methods employed, supporting data on thickness and electrochemical
windows of the electrolytes, and additional optical and SEM images of
the devices exploited in this study.
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