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Abstract: The ability to characterize bulk and interfacial transport properties of polymer
electrolytes is critical to realizing their potential applications in electrochemical energy storage
devices. In this study, we leverage custom microfabricated interdigitated electrode array (IDES)
as a platform to probe ion transport properties of polymer electrolytes films through
electrochemical impedance spectroscopy (EIS) measurements. Using poly(ethylene oxide)
(PEO) blended with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as a model dry
polymer electrolyte system, we investigate how geometric parameters of the IDEs influence the
quality and analysis of EIS measurements. By focusing on films on the nanometer film thickness
(ca. 50 nm), EIS measurements revealed diffusional processes near the electrode/polymer
interface that may be difficult to observe with conventional thick films. Moreover, irreversible
impedance spectra were observed at elevated temperatures when using IDEs with large electrode
metal fractions. These irreversible processes were eliminated through passivation of the IDE
with different oxides (SiO2, Al,O3, or TiOz). Ultimately, the ionic conductivity of PEO-LITFSI

electrolytes is confidently determined when appropriate IDE geometries and equivalent circuits



are used. Our work demonstrates the use IDEs and nanothin polymer electrolytes films as a
versatile platform for rapid and efficient interrogation of both bulk and interfacial
electrochemical properties.

1. Introduction

A platform that enables rapid and efficient fundamental electrochemical studies is vital to
understanding the transport of electroactive species in any materials system. Interdigitated
electrode arrays (IDEs) have been developed and utilized for highly sensitive electrochemical
measurements of small quantities of materials. The conventional uses for IDEs have focused
around sensor applications (chemical- and bio-sensor, etc.), ceramic solid electrolyte films,
polymers, and redox cycling of electroactive species in liquid media' ™. The sensitivity of the
IDE is controlled through multiple geometric design parameters: the number of interdigitating
electrode “teeth” (N), the length (1) and width (w) of the electrodes, the separation distance
between electrodes (d), and the height of the film under investigation (h). Other design
considerations include substrate support (e.g., Si/SiO2, polyimide, etc.), electrode material (e.g,
Au, Pt, carbon, etc.) and choice of coplanar or raised electrodes. Importantly, the design and
fabrication of IDEs have been tailored to fit these sensing and redox cycling applications in

mind.

The high sensitivity of IDEs enables good signal-to-noise ratio during electrochemical
measurements of thin layers in the nanoscale thickness regime (nanothin films).> From a
fundamental perspective, nanothin film measurements enable characterization of bulk transport
properties while also amplifying the presence of any interfacial effects that may enhance or
inhibit ion transport. Understanding interfacial behavior of polymer electrolytes has implications
on the performance of energy storage and conversion devices. For example, in fuel cells, proton
transporting polymers such as Nafion form nanoscale thin coatings (4 — 10 nm) on electrocatalyst
particles present in the porous electrodes.*® Hydration and proton transport at the
polymer/catalyst interface influences electrochemical conversion performance’. As another
example, conventional polymer binders (e.g., PVDF) in lithium-ion battery electrodes reportedly
form layers in the range of 6 nm to 24 nm depending on the mass loading of redox-active
particles and electron conductive carbon black.® Such nanoscale film thicknesses would certainly

apply to dry solid polymer electrolytes when serving as a binder and electrolyte for solid-state



battery electrodes. In turn, interfacial interactions controlling ion-transport in polymer electrolyte
layers near surfaces can dictate the accessible energy capacity.® In addition, nanoscale processes
become evident through nanostructured block copolymer electrolytes and polymer
nanocomposites.*1011-131415 Consequently, electrochemical characterization of polymer films at

the nanoscale will be vital going forward, and IDEs will readily facilitate such an approach.

Translating the utility of IDEs towards different materials systems and environments
requires careful consideration of IDE design parameters. Here we are motivated to demonstrate
how IDEs in concert with electrochemical impedance spectroscopy (EIS) can be a versatile
platform to probe the transport properties of ion-conducting polymer electrolytes. These
polymeric materials are of continued interest for energy storage and conversion devices such as
solid-state batteries, fuel cells, and supercapacitors. '® Here, we focus on the poly(ethylene
oxide) (PEO) blended with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (PEO-LITFSI)
as a model dry polymer electrolyte system, which has long been a focus of research and
development for lithium-ion batteries.!” Our approach involves testing how coplanar IDEs with
different geometric design parameters can influence the quality and analysis of EIS
measurements. This approach requires careful choice of equivalent circuit model for EIS data

fitting to confidently extract resistive and capacitive properties of the material.

Impedance spectroscopy is a common analytical tool to probe the transport properties of
polymer electrolytes. Critically, the resistive and capacitive properties of the system are
intimately linked to the quality of the EIS response and to subsequent fitting to an equivalent
circuit model. The vast majority of polymer conductivity studies to date have employed a
parallel plate cell configuration, with the electrolyte film sandwiched and pressurized between
two metal electrodes. These polymer electrolyte films are usually on the order of several microns
thick.'®1° This setup is relatively straightforward to assemble, and the resulting EIS spectra can
be fit to a commonly used equivalent circuit model. From this model one can extract the film
resistance and then calculate the conductivity using an easily understood cell constant (¢ =
d/(RA)), where R is the recorded resistance, A is the electrode surface area, and d is the distance

between the electrodes.

The choice of system geometry affects both the quality of the EIS response and cell

constant of the system.?° For nanothin films on IDEs, the apparent capacitance of the ionic



double layer at the electrodes is magnified due to the high surface area to volume ratio.
Determining an equivalent circuit of resistors and capacitors to fit EIS data must consider all
processes present in the electrochemical system. The choice of IDE geometric parameters such
as the electrode width and spacing will certainly affect such processes, and IDEs must be
designed to amplify the processes of interest. Once the impedance data has been fit to an
appropriate equivalent circuit, the film resistance can be obtained, which, after careful
consideration of a cell constant, can be used to determine the conductivity of the material. While
the cell constant of a coplanar IDE can be quite complex to derive mathematically, nanothin
films may allow for a simplified model to be used to describe the system.

In this study we explore the resistive behavior of thin polymer electrolytes as observed by
EIS measurement and the effect of IDE geometry on such behavior. For this purpose, we choose
PEO mixed with LiTFSI salt as a model dry polymer electrolyte system, as it has been
extensively studied in thick films. Relying on previously reported work regarding the cell
constant of an IDE as a function of system geometry, we experimentally validate the
assumptions made in that analysis for nanothin film polymer electrolytes. We then explore the
influence of the IDE design on the quality and accuracy of the EIS measurement. We examine
the effect that the high electrode surface area has on both the impedance measurements and the
stability of the system. We suggest guidelines for the IDE design and EIS data analysis which
can help to account for any phenomena that occur when the electrode area is high. These
considerations enable us to use this method to study both bulk and thin film polymer electrolyte

properties.

2. Experimental

2.1. Materials

Poly(ethylene oxide) (Mn= 20 kg/mol, © = 1.1) was acquired from Polymer Source Inc,
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (99.95 %) was purchased from Sigma
Aldrich. The polymer and salt were each dried overnight under vacuum at 60°C and 120°C,
respectively, and subsequently stored in an argon glovebox. Acetonitrile (99.8%, anhydrous) was
purchased from Sigma Aldrich. The positive photoresist (AZ MIR 703) and developer (AZ 300
MIF) were purchased from AZ Electronic Materials. Silicon wafers (4 diameter, 500 pm thick)

with 1 pum of thermal SiO, were purchased from Pure Wafer Inc.



2.2. Interdigitated electrode (IDE) fabrication

Si wafers with 1 um of thermal oxide are first cleaned with a 300W oxygen plasma. A
monolayer of hexamethyldisilazane (HMDS) is then deposited on the wafer in a vacuum oven at
110°C under N2 flow to promote photoresist adhesion. AZ MIR 703 positive photoresist is spin
coated at 3500 rpm for 45 seconds onto the wafer, and the IDE pattern is written with a
Heidelberg MLA150 Direct Write Lithographer. Patterned areas of the photoresist are removed
by placing the wafer in a dish AZ 300 MIF developer (tetramethylammonium hydroxide in
water) and agitating slightly for 1 minute. The wafer is then rinsed with deionized water for 5
minutes. 100 nm of the exposed thermal oxide is etched by a fluorine etchant (CF4, CHF3, and an
Ar carrier gas in a 1:10:1 ratio). An oxygen plasma clean is employed to remove any fluorine
polymer that may accumulate during the etch step. To create the electrodes, a 5 nm adhesion
layer of titanium followed by 95 nm of gold are deposited on the wafer using an Angstrom
EvoVac electron-beam evaporator. Liftoff of the excess metal and removal of the remaining
photoresist is achieved by soaking the wafer in an 80°C bath of n-methyl-2-pyyrolidone (NMP)
overnight followed by sonication in fresh NMP. Wafers are subsequently rinsed with acetone,
IPA, and deionized water. A single 4” wafer contains as many as 24 IDE devices. The work flow

for fabrication of the IDEs is available in the supplementary information in Figure S1.

We use atomic layer deposition (ALD) to passivate the IDEs with thin layers of
insulating oxide materials. SiO; is deposited using an Ultratech/Cambridge Fiji G2 Plasma-
Enhanced ALD tool, while Al,O3 and TiO; are both deposited in an Ultratech/Cambridge
Savannah ALD tool. The ALD precursors used for silica, alumina, and titania are (SiHa), (Al
(CH3CH2>)3), and (Ti N(CHz)2)), respectively. The aluminum and titanium oxides are produced
with water as a secondary precursor, while silicon oxide is prepared with O2 as the oxygen

source.

2.3. Preparation of nanothin polymer electrolyte films

Polymer electrolyte solutions are prepared inside of an argon glovebox. First, solutions of
10 mg/mL polymer in acetonitrile and LiTFSI in acetonitrile are prepared and allowed to stir
overnight. These solutions are then mixed in a 1:3.1 salt to polymer solution volume ratio to
obtain solutions with the desired molar ratio of lithium cation to ether oxygen moiety (r =

[Li*])/[EQ]) of 1/20. All of the measurements made for this work use electrolytes with a ratio of r



= 1/20 which will be termed PEO-LITFSI in the manuscript. The PEO-LITFSI salt solutions are

allowed to stir overnight at room temperature.

Nanothin film polymer electrolytes are made by spin casting these solutions onto the
IDEs. An identical film is cast onto bare, oxygen plasma cleaned silicon with native oxide from
the same solution and at the same spin speed in order to determine the thickness of the polymer
electrolyte using ellipsometry (J.A. Woollam alpha-SE ellipsometer). All electrolyte films used
in this study are between 40 and 110 nm thick. It is assumed that a film cast from the same
solution and at the same spin rate onto an IDE has identical thickness. This assumption was
confirmed by scratching the film on an IDE and measuring the height of the film by atomic force
microscopy (AFM). The film thickness determined by each of these methods differs by less than

2 nm.

2.4. AC electrochemical impedance spectroscopy (EIS)

Polymer electrolyte impedance is characterized using a Gamry Reference 600+
potentiostat. The IDEs coated with polymer films are placed on a metal heating stage and
connected to the potentiostat with tungsten probe tips. The temperature of the heating stage is
controlled by an Omega controller. All of the EIS measurements in this study were done at or
above 70°C. This was done to avoid any confounding effects that may arise because of the PEO
crystallizing. First, the open circuit potential is monitored for ten minutes to ensure that the film
has thermally equilibrated. Next, the complex impedance spectra for the polymer film is
measured by potentiostatic EIS. A 100 mV AC potential is applied at frequencies ranging from
3Hz to IMHz. Impedance data is then fit to an appropriate equivalent circuit using the Gamry
Echem Analyst software with the simplex algorithm. The choice of equivalent circuit is
discussed extensively later in the text. The film resistance obtained by this method was then used
to determine the ionic conductivity of the polymer electrolyte. All reported resistance and
conductivity values were taken as the average of three samples, with the error bars representing

the standard deviation.

3. Results and Discussion

3.1. Dependence of measured impedance on IDE geometry

3.1.1. Linear relationships between the film resistance, electrode spacing and film height



To interrogate the electrochemical behavior of thin film polymer electrolytes,
interdigitated electrodes (IDEs) were prepared according to the fabrication process shown in
Figure S1. The IDE schematic is illustrated in a top-down and cross-sectional view in Figure 1.
The different IDEs are characterized by four parameters: the number of interdigitating electrode
“teeth” (N total, N/2 of each polarity), the overlapping length of the electrodes (1), the width of
the electrodes (w), and the separation distance between electrodes (d). In order to quantitatively
compare the effect of both electrode spacing and width simultaneously, another parameter, the
metal fraction of the electrode () is introduced, defined as r = w/(w + d). For each of the
devices used, N was 160, and | was 1 mm. In this study, the width and separation distance of the
electrodes vary from 1-30 pm and 1-10 pum, respectively.

We spin coat 50 nm PEO-LITFSI films on IDE’s with different spacing (d) and constant
electrode width (w = 2 um) to investigate the effect of the electrode distance. We perform a
potentiostatic electrochemical impedance spectroscopy (EIS) measurement to determine the
response of the system to an applied AC voltage. Figure 2 shows the Nyquist plots of these
measurements taken at 70°C. The radii of the characteristic semicircle increase with increasing
electrode spacing, indicating that the film resistance increases as the electrodes are moved farther
apart. To further explore the relationship between the electrode spacing and the measured
resistance, fitting to an equivalent circuit is required to extract the polymer electrolyte resistance

from the impedance spectra.

Choosing an equivalent circuit to fit impedance data requires careful consideration of the
processes present in the electrochemical system. Model 1, shown in Figure 3a, describes the
basic elements of a polymer electrolyte-IDE system. The circuit includes a resistor (Rf) and
constant phase element (CPEy) in parallel to describe the response of the film itself at low and
high frequencies, respectively. It also includes a constant phase element (CPEin) in series with
the film components to describe the behavior of the system near the ion-blocking electrodes.
Constant phase elements were chosen to describe some of the “imperfect” capacitor-like
behaviors of these systems, including complex phenomena such as the formation of the electric
double layer. Model 1 contains an additional resistor (Rp) in series with these elements to account
for intrinsic resistive losses caused by the experimental setup, as well as a capacitor (Csup) is to

account for the parasitic capacitance of the silicon oxide substrate. The equations describing the



impedance of each of these elements, as well as the overall circuit, are given in the Supporting
Information. This model is similar to that which has been used in previous studies of polymer
electrolytes in bulk, and has been used by others to describe thin films on IDEs. 42?122

To illustrate the expected response of a polymer electrolyte system, we find analytical
solutions to the equation for Model 1. Simulated impedance curves obtained from this method
are shown in Figure 4. Three regimes are delineated in the Bode plot shown in Figure 4a.
Regime I, in the high frequency range, is dominated by capacitive-like elements, such as the
polymer film CPE (CPEy). This is evident from the steady change in total impedance with
frequency, and a correspondingly low phase in Figure 4b (close to -90°, the phase response of a
capacitor). Here the impedance of the film CPE is less than that of the film resistance, and the
resistor is effectively bypassed. Regime Il depicts the resistive plateau, where the magnitude of
the total impedance is roughly constant with frequency. Here, the film resistance (Ry) is the
predominant factor in the impedance response, as the film capacitor is effectively shut off and
the interfacial capacitance is still relatively small. The parallel combination of the film resistance
and capacitance gives rise to the characteristic semicircle seen in the Nyquist plot (Figure 4c).
Lastly, regime I11 is the capacitive regime at low frequencies, where again the impedance is
frequency dependent. The magnitude of the impedance increases due to interfacial capacitance
(Cint), which models processes such as the formation of the double layer at the electrode-polymer
film interface. This capacitance manifests itself in the Nyquist plot as a vertical line at the end of
the partial semicircle. The cutoff frequencies for these regimes are f = 1/(22R{CPEint) = 80 Hz
and f = 1/(22R{CPEy) ~ 8kHz (curve A), the frequencies above which the impedances of
capacitors CPEin and CPE; fall below that of Ry, respectively.

The circuit elements in Model 1 accurately reflect the physical processes apparent in the
measurement of PEO-LITFSI on these IDEs, as indicated by the qualitative similarities between
the experimental data in Figure 2a and the simulated impedance shown in Figure 4. Indeed, the
fitting curve in Figure 5a shows that Model 1 accurately captures the impedance response of the
system in the relevant frequency regime, and the film resistance can be extracted with
confidence. The film resistances obtained by fitting the experimental data to this equivalent
circuit are plotted in Figure 5b. There is a clear linear relationship between the interelectrode

spacing and the measured resistance of the film. The cell constant for this system—which relates



film conductivity and measured resistance—predicts a linear relationship between electrode

distance and film resistance when several appropriate assumptions are included.

A large body of work has been dedicated to the understanding of electric fields generated
by IDEs, and how they penetrate through an overlying film.2® Although coplanar interdigitated
electrodes generate elliptic field lines which are complex to describe mathematically, the
extreme dimensions in the thin film system allows for some convenient simplifying assumptions
to be made. In this way, the otherwise nontrivial cell constant of the IDE system may be
approximated by an equivalent parallel plate configuration.?*> Based on the derivation for an
IDE with a thin film coating by Gevorgian and others, Nigon et al approximate the coplanar
IDEs as a N-1 parallel plate electrodes with surface area I-h and an effective electrode spacing
d+4d. 2% The additional term Ad describes the effective increase in the distance between the
two electrodes due to the elliptic nature of the field lines and is a function of the film height (4d
~ 1.342h). When the film height is sufficiently small relative the electrode spacing, this
additional contribution becomes negligibly small. Although much of this previous work has been
based on designing IDEs for capacitive sensing, the formulations can be equally well applied to
probing the resistive properties of thin films.? Nigon et al. showed that this model worked well
for thin ferroelectric films.?® In the limit of very thin films and large electrode spacing (h << d),
equation 1 is used to derive the conductivity of these films based from the measured resistance.
A more complete derivation of this equation, beginning with a discussion of conformal mapping
of the elliptic field lines to an equivalent parallel plate cell, is presented in the Supporting

Information.

1 d
T RI(IN-Dh (1)

It is important to note that the method of conformal mapping assumes that the electrode

o

teeth are sufficiently long relative to the electrode width such that fringing effects near the edges
are negligible and describing the electric field distribution can be simplified to a two-
dimensional problem. In all our electrode designs, the length of the electrodes is several hundred
times the electrode width, and therefore this assumption is reasonable. Furthermore, the large
number of teeth allows us to neglect the fringing effects near the edge of the array, as they will

be negligible for most of the interdigitated electrode teeth .2 All formulations of the IDE cell



constant based on conformal mapping result in the same dependence on the number and length
of teeth, and we therefore do not vary those parameters in this study. However, changing these
parameters may be necessary for other material systems to ensure that the measured film

resistance values are within the measurable range of the instrumentation.

We spin coat films of different thickness on IDEs with constant d = 8 pm and w =2 pm
to validate the dependence of the measured resistance on film thickness. PEO-LIiTFSI of varying
height are cast from the same solution of polymer and salt, diluted as necessary to produce
thinner films. By this method the ratio of [EO]/[Li*] is kept identical for all films, and therefore
the conductivity is not expected to differ. Films with heights ranging from 110 nm down to 50
nm are prepared. The resistance values obtained by fitting the data to Model 1 is shown in Figure
S2. As predicted by equation 1, the relationship between Rf and h is linear for all heights tested
here, and the conductivity is the same for all films thicker than 40 nm. Moreover, the calculated
conductivity at 70°C (9-10) is similar to what has been measured in thick film studies, giving us
confidence that the thin film and IDE configuration can be used to accurately determine bulk
material properties.?” The remainder of this study 50 nm films are used to minimize the amount
of material used while still ensuring that no deviations in conductivity due to the film thickness

occur.

This validation of equation 1 for resistive thin film polymer electrolytes allows one to
convert the measured resistance to conductivity by a simple, linear relationship. This powerful
approach to measuring polymer electrolyte conductivity does, however, require careful
consideration of the geometric parameters of the system. IDEs must be designed such that the
necessary assumptions can be made to use equation 1, chiefly that the film height be vanishingly
small compared to the interelectrode distance. Moreover, it must be demonstrated that there is no

dependence of the measured film resistance on the width of the electrodes (w).
3.1.2. Effect of electrode surface area on the impedance response of the system

We measured the impedance behavior of IDEs with constant spacing (d = 2 pum) and
different electrode width (w = 1-5 um) to determine the effect of the electrode width (w), and
therefore electrode surface area, on the electrochemical response of the system. The Nyquist and

Bode plots from these experiments are presented in Figure 6. As we expect from equation 1, the



Nyquist semicircle radius does not change significantly with increasing w. However, as the width
of the electrode is increased, the transition from the semicircle to the low-frequency capacitive
tail becomes less sharp. This can also be visualized by the increase in the maximum phase
reached in the Bode plot (Figure 6b) and the broadening of the resistive plateau in the total
impedance (Figure 6c¢).

The polymer-electrode interfacial area increases proportionally as the electrode width
increases. The interfacial capacitance—equal to the product of the electrode surface area (A) with
the specific capacitance of the electrode (Co)—should therefore also increase with w. In the
simulated impedance spectra shown in Figure 4, Cix is varied to illustrate its effect on the overall
shape of the impedance curves. As noted by Huggins, a large difference in the high and low
frequency capacitance values will lead to a more complete semicircle in the Nyquist plot.? A
corresponding increase in the breadth of the resistive plateau is seen in the Bode plot as the
cutoff frequency between regimes Il and 111 is shifted towards lower frequency. This is
demonstrated in the simulated impedance and may explain the change in the measured

impedance data in Figure 6.

A more dramatic qualitative change to the impedance curves is made even evident when
the electrode width is increased further. The experimental data shown in Figure 7 demonstrates
the predicted increasing resistive plateau width; however, a secondary band becomes prevalent at
higher widths. When measurements are taken on IDEs with w > 5 pum (shown in Figure 7), it
becomes apparent that the plateau region is accompanied by a secondary process not predicted
by Model 1. This process is manifest in the apparent shoulder seen in the Bode phase plot in the
1-10 kHz frequency range (Figure 7b). Fitting this portion of the impedance spectra is crucial to

determining the film resistance, and therefore understanding this secondary process is critical.
3.1.3 Modelling diffusional processes in thin films on IDEs

Model 1 is clearly missing the required circuit elements to capture the full impedance
spectra produced by high-width IDEs. The lower frequency range, in particular, is poorly
captured by this equivalent circuit. The large electrode area, relative to the thickness of the film,
creates a significant interfacial region not present in bulk measurements. The low frequency
behavior (f < 1 kHz), therefore, might be attributable to diffusional or absorptive processes that

are observed in measurements of thin films or confined layers.?>% To describe such behavior, the



Warburg element—a specific type of constant phase element—is used in equivalent circuit
models to describe diffusional process and was selected as a starting point for our analysis.

The Warburg element arises from the solution to the equations describing diffusion in
electrochemical systems using semi-infinite boundary conditions.®® This assumes that the
electroactive species diffusing in the polymer electrolyte toward the electrode are not affected by
the finite dimensions of the film, but rather experience a constant concentration of charged
species in the bulk. In thin films this assumption is valid only at certain frequencies. At low
enough frequencies the AC cycle is long enough for the ions to traverse distances on the order of
the length scale of the system.® To account for the limiting dimensions of the system we replace

the standard Warburg element with a finite, or bounded, Warburg element.

Model 2, which includes a finite Warburg element in parallel with the interfacial CPE,
accurately modelled the EIS data produced by high width electrode IDEs. As can be seen in
Figure 8 the impedance spectra for high width devices (w = 7 um) was fit well only by Model 2,
even in the high frequency regime. As a secondary, diffusion-like process becomes more obvious
in the frequency range of the resistive plateau, the deviation in the calculated film resistance by
the two equivalent circuits models increases as well. Moreover, while Model 1 does accurately
obtain the film resistance for low width (w < 3 um) IDEs, Model 2 is necessary to fully capture
the low frequency (f < 100 Hz) behavior of the system (Figure S3). Although, it is not strictly
necessary to use Model 2 to obtain conductivity values for some IDE designs, Model 2 gives a
more accurate description of the total impedance spectrum and is therefore used to obtain the

resistance values reported in this work.

The finite Warburg element has been previously used in systems involving confined
geometries and blocking boundaries such as thin films and porous materiales.3%-32 At high
frequencies where the AC cycle is too short for the finite dimension of the film to be relevant,
the finite Warburg is identical to the standard Warburg element. At lower frequencies, where the

finite expression is necessary, the response of the finite Warburg element includes an additional
term B = % (where ¢ is the thickness of the film and D is the diffusion coefficient), which

considers the length scale of diffusion and the diffusion coefficient of the electroactive species.
As can be seen by curve C in Figure 4, the addition of a bounded Warburg can introduce a

similar bend located somewhere between regimes Il and Ill. Previous studies which have



invoked this finite Warburg element have also included additional elements such as a resistor and
capacitor in series with the Warburg element to model the adsorption kinetics of ionic species at
the electrode interface.?%3 The more detailed version of Model 2 which includes these elements
is presented in the Supporting Information, and may be a considered a starting point for other
studies of thin film electrolytes. We found, however, that the inclusion of a bounded Warburg
element alone was sufficient to model these systems.

In the coplanar electrode design, the confined diffusional process could be associated
with two possible length scales. First, in the case of vertical diffusion of the ions away from the
electrodes, the film thickness (~50 nm) is the limiting dimension. Second, the distance between
the electrodes (2 um) is the limiting dimension in the case of ions diffusing horizontally between
electrodes. The frequency at which this finite diffusion begins to occur can be predicated by the
well-known relationship fq = D/L2.3° Here D is the diffusion coefficient of Li* or TFSI" ions in
PEO at 70°C (1-107 cm?-s™or 3-107 cm?-s™%, respectively), and L is the film thickness in the
direction of ion transport.®* For 2 um and 50 nm lengths the predicated values for fqare 2-8 Hz
and 4-12 kHz, respectively. As can be seen in Figure 7a, the diffusional shoulder appears in the

kHz regime, implying that the diffusional process we observe occurs in the vertical direction.

Although equation 1 predicts no relationship between the film resistance and the
electrode width, we do observe a change in the overall impedance spectra produced by high-w
devices. Large electrode area devices are accompanied by a secondary response in the resistive
plateau region, which we attribute to diffusion of ionic species through the vertical direction of
the film. It is clear from this that the diffusional processes—which can be described by the
bounded Warburg element—are present in all our measurements. In some configurations, it is
more evident in the frequency regimes of interest to resistance measurements. When the
appropriate equivalent circuit is used to the model the EIS data from these high width devices,
the diffusion parameters and the film resistance can still be extracted with confidence. However,
in the most extreme cases, these measured resistance values appear to deviate from the predicted

values.
3.1.4. Resistance values deviate from expectation at high electrode metal fraction (7)

The measured resistance obtained independently by varying the d and w of the IDEs can

be plotted together to understand the effect of varying the ratio of these two parameters. Figure 9



presents the measured film resistances as a function of electrode metal fraction, 7 (7 = w/d+w).
The resistance values predicted by equation 1 are shown as a solid line for the IDEs with
constant d = 2 um, and a dashed line for the IDEs with constant w = 2 pum. There is a strong
agreement between the predicted and measured values when 7 < 0.8. At higher metal fractions,
there is a slight deviation from the predicted values, as the experimentally determined resistance
is slightly lower than anticipated. However, in the low to moderate metal fraction regime, these
experimental observations validate the simplifying assumptions discussed in Section 3.1.1 to
justify using equation 1 when h << (d+w) in coplanar electrode devices. There are several
possible explanations for the slight decrease in measured resistance on the high width IDEs.

The high electrode fraction relative to the electrode spacing may bring into question the
validity of the assumptions made to arrive at equation 1. When thicker films (h > w, d) are
measured using IDEs the measured resistance is expected to decrease as a function of electrode
width. This is due to the increase in the thickness of the film that would be subject to the electric
field, as these wide electrodes are able to produce longer field lines. However, this is unlikely to
be the case here, as the film height is already much smaller than the maximum penetration depth
of the electric field produced by the electrodes. As discussed by Chen and coworkers, the
effective width of the electrodes approaches zero as the ratio of h/d approaches zero.* The
electrodes in our IDEs behave essentially as point sources, and the high electrode width should
not drastically alter the electric field felt by the polymer film. We expect that in the limit of
nanothin films, the electric field should be nearly uniform through the material. However, these
extreme electrode fraction regimes have not previously been experimentally explored, and the
fringing effects on the electric field distribution caused by these wide electrodes might not be

accurately portrayed by equation 1.

It is also possible that the gold substrate meaningfully changes the measured resistance of
these films. It is known that in thin films the substrate material strongly influences the structure
and properties of the overlying polymer film®. Weaker interactions between the PEO electrolyte
and the gold electrode (compared to interactions with the interelectrode SiO2) might result in
changes in the measured ionic conductivity. In calculating the predicted resistance shown in
Figure 9, it is assumed that the material conductivity was the same for all films spin cast from the

same solution. If, however, the actual film conductivity deviates due to the substrate-polymer



electrolyte interactions, our prediction for the expected resistance would be inaccurate. More
about the differences between the gold and silica interfaces are discussed in the next part of this

study.
3.1.5. Guiding principles for selecting IDE geometry

The above experiments demonstrate that the choice of IDE geometry can significantly
influence the measured impedance of the same polymer electrolyte film. Without careful
consideration, impedance responses can be mistakenly attributed to the wrong elements, and
incorrect values for film resistance obtained. In this work, we attempt to formulate guiding
principles that will help to reduce these possible errors and to the selection of the appropriate
IDE design. Equation 1 can reasonably be used to describe the cell constant of nano-thin films on
micron-scale IDEs. However, it is strictly necessary that the spatial frequency of the IDE be
much larger than the film thickness (d + w >> h) to simplify the analysis of the cell constant to

the linear form of equation 1.

To characterize capacitive and diffusional processes, which become prominent in thin
film configurations, more complex equivalent circuits are needed. This is necessary to
confidently extract a film resistance from the impedance spectra. Although the EIS data appears
to be fit well by Model 2 for all IDE configurations, at very high electrode fraction (77 > 0.8) the
measured resistance deviates considerably from the expected values predicted by equation 1. At
lower electrode fractions (n < 0.8) equation 1 accurately predicted the measured resistance of the
polymer electrolyte films. While the width of the electrodes must be large enough to thoroughly
sense the entire film and produce a broad resistive plateau, the interelectrode distance must then
be sufficient enough to prevent behavior owing to an excessively high electrode fraction. This in
turn must be balanced by the desire to fabricate IDEs which can measure over a wide range of
resistances, allowing for a single device geometry to be used to study the effects of electrolyte
salt concentration, polymer chemistry or molecular weight, and system temperature, all of which

change the film conductivity by several orders of magnitude.

3.2 Temperature dependent conductivity of thin film polymer electrolytes

One can glean information about the molecular-scale mechanisms of ion transport by

observing the relationship between the film ionic conductivity and temperature. With the



relationship between IDE geometry, measured resistance, and electrolyte conductivity well-
understood, we measure conductivity of thin films of PEO-LITFSI across a temperature range
from 70 to 130 °C. The full temperature dependence of the ionic conductivity for PEO-LITFSI
on IDEs (d = 8 um, w= 2 um, 5 = 0.2) is presented in Figure 10. The heating and cooling cycles
showed little hysteresis, implying that these electrolytes are thermally stable up to at least 130°C

on IDEs with low metal fraction.

Previous works have fit temperature-dependent conductivity data to a Vogel-Tammann-
Fulcher equation, o = Aexp[—E, /(T — T,)].3'This model is more broadly use to describe the
temperature dependence of any process that is intrinsically related to the segmental dynamics of
the polymer, such as viscosity or glass transition. The conductivity data taken from the cooling
cycle are well fit by a VTF model. The fitted value for To of 174K is close to the commonly used
value of To = Tq — 50K (T4 for PEO-LiTFSI = 223k).*® Moreover, the values of A and Ea (0.15
S/cm and 7880 J/mol, respectively) make sense physically and are in good accord with
previously reported values.® The fact that the measured conductivity is well fit by this model
implies that the same segmental dynamics that underpin ionic mobility in bulk samples are
observed in nanothin films as well. Moreover, the values for conductivity measured here match
those measured previously for the PEO-LIiTFSI system.?” Despite the dimensions of the film and
large substrate interfacial area, the mechanism of ion transport is not altered drastically, and the

bulk conductivity of the material can be reliably determined.

3.3 Thermal stability of thin polymer electrolyte films

Spin coating of polymer electrolytes from dilute solutions can produce smooth, high-
quality films. However, these films can exhibit instability upon thermal treatment, causing
changes in their structure due to rupture or dewetting. To investigate the thermal stability of
PEO-LITFSI films, we measured their impedance behavior before and after the thermal
treatment. Figure 11a presents Nyquist plots of a heating cycle of IDE (d =2 pum, w=2 um, n =
0.5) coated with PEO-LITFSI. As expected, the semicircle radius decreases when the
temperature is raised from 70 to 130°C, indicating a lower resistance. When the film is cooled
back to 70°C after half an hour at 130°C, the measured impedance is almost identical to the
initial measurement. As expected, similar initial resistance is measured on an IDEs with the same
spacing and higher width (d =2 um, w=7 pm, = 0.78) at 70 and 130°C (Figure 11b).



However, when the film is cooled back down to 70°C, the resistance increases significantly. This
increase in resistance at elevated temperature also exhibits a time dependence. As can be seen in
Figure S4, EIS measurements made over the course of several half hour intervals at 130°C show
a steady increase in the total impedance of the film. This irreversible change in impedance
implies that the PEO film is thermally unstable when coated on high metal fraction IDEs.

3.4. Passivation of IDEs with thin dielectric layers

3.4.1. Passivation with SiO2 can prevent thermal instability

The observed thermal instability is evident only for high Au electrode fraction IDEs. We
therefore suspect that the effect is related to the polymer-gold interface. To eliminate the
influence of the Au interface, we passivated the entire IDE with 1 nm of SiO; by plasma-
enhanced ALD. This process conformally coats the device, removing any direct contact between
gold electrode and the polymer film. The temperature dependent Nyquist plots of PEO-LITFSI
films on passivated high electrode fraction IDE’s (d = 2, w= 7, = 0.78)—those which
previously presented thermal instability—are presented in Figure 11c. When the film is heated to
130°C and cooled down back to 70°C, no changes in the measured impedance spectra are
observed. The passivation of the gold electrodes by a thin layer of SiO; is sufficient to stabilize

the polymer film interface at elevated temperatures.

The increase in resistance after heating on high-» IDEs might be caused by dewetting of
the film from the gold electrode. Previous studies have demonstrated that elevated temperature
and incompatible surface energies can cause thin polymer films to dewet.*® Even a small degree
of dewetting from the surface of the IDE would result in an apparent increase in film resistance.
Although, we do not observe any major dewetting of the film surface above gold electrodes on
unpassivated IDEs, as observed by optical and atomic force microscopy, even after heating the
films to 130°C. However, thin films might become detached only at the innermost regions of the
film near the substrate, while the outermost layer of the film—that which can be observed by

optical or scanning probe microscopes—remains homogeneous.**

It has been suggested that imperfect attachment of the film to the electrode is more
pronounced on rougher substrates.** The roughness of the gold electrodes (root-mean-square

roughness = 2-3 nm, as measured by AFM) could induce detachment of the film from the IDE



near the surface. An AFM micrograph of a gold IDE electrode and interelectrode SiO- is shown
in Figure S5. After passivating with a layer of SiO2 by ALD, the roughness of the electrode
surface is considerably lower than that of the e-beam evaporated gold. This effect may also
account for the improvement in the thermal stability of the passivated devices. Nevertheless, the
unambiguous change in the measured impedance implies an intimate relationship between the

polymer-substrate interactions and the electrochemical response of the system.

The shapes of the Nyquist plots of the electrolyte measured on a passivated IDE is
qualitatively similar to the unpassivated one. As can be seen from Figure 14, both spectra include
a partial semicircle followed by a diffusional slope, ending with a nearly vertical capacitive line.
The point at which the extrapolated semicircle would cross the real axis (the film resistance) for
both IDEs is identical. However, we do see a less complete semicircle in the Nyquist plot
produced by the SiO2-passivated IDEs. These changes to the impedance spectra resemble the
change from curve A to curve D in Figure 4c, indicating an effective decrease in the interfacial
capacitance. We expect this to be the result of decreased polarization of the interface resulting in

a smaller effective electric double layer capacitance.
3.4.2. The SiO; passivation layer can diminish the quality of EIS measurement

We measured the behavior of identical IDEs covered by PEO-LITFSI with oxide layers
of different thickness to explore the influence of the passivating layer on the impedance spectra.
Figure 12a presents the Bode plots of IDEs passivated by different thickness of SiO; at 70°C.
Increasing the thickness of the dielectric also leads to a shorter resistive plateau and to a decrease
in the maximum phase angle, as can be seen from the Bode plots in Figure 12a and 12b. When
the passivating layer of SiO. exceeds 10 nm, the band corresponding to the film resistance
effectively disappears, and the phase curve approaches the purely capacitive line of the bare IDE
(i.e. no polymer electrolyte coating). Nevertheless, we found that if the passivating layer is less
than 5 nm thick, the resistance value can still be obtained by fitting to an appropriate equivalent

circuit.

Although we did not change the electrode surface area or the film properties, we
observed a decrease in the effective interfacial capacitance as can be seen in the Bode plots. The
major contribution to the interfacial capacitance in such electrochemical systems is usually due

to the formation of an electric double layer. The formation of this double layer depends on the



potential difference which exist at the electrode—electrolyte interface. The introduction of a
dielectric barrier between the conductive electrode and the polymer can cause a potential drop,
resulting in a smaller effective double layer. This trend is confirmed by the similarity of the Bode
plots in Figure 12 and the simulated curves in Figure 4. Lee et al., reported on similar behavior
of electrolyte solutions and electrodes passivated by thin AlOs layers.*? They suggest that at
thicknesses of more than 2 nm the interfacial capacitance is dominated by the passivating
dielectric, not the double layer. A decrease in the interfacial capacitance was also observed when

self-assembled monolayers were located between the electrode and the electrolyte solution.*®

The aim of the aforementioned studies was to investigate the influence of the passivation
layer on either faradaic reactions or the capacitive behavior of the monolayers themselves,
whereas in this study, the desired measurement is the film resistance of a solid electrolyte. In this
regard, increasing the dielectric thickness qualitatively alters the EIS spectra, thereby making
interpretation more challenging. The interfacial capacitance decreases as the passivating layer
thickness increases, and the cutoff frequency delineating regimes Il and 11 is shifted to a higher
frequency. As a result, the semicircle feature is distorted, thus hampering our ability to extract

meaningful parameters such as the film resistance by equivalent circuit modelling.*°
3.4.3. Passivation of IDEs by different dielectric materials

The quality of the impedance spectra is impacted by introduction of a passivating layer,
likely owing to the potential drop across the specific dielectric material. Therefore, changing the
dielectric properties of the passivating material may alter the quality of the EIS measurement. To
explore the this, IDEs were passivated with different insulating or semiconducting materials.
Nyquist and Bode plots of IDEs coated by Al>Os with different thicknesses are presented in
Figure S6. The spectra produced are qualitatively similar to those of the SiO covered IDEs. It
does appear, though, that the Al>Os has a less dramatic impact on the interfacial capacitance and
therefore the EIS quality than SiO2. We suggest that the higher permittivity of the Al>Os layer
leads to a lower voltage drop at the interface, and thus a slightly higher effective double layer
formation near the electrode. Therefore, the effective interfacial capacitance is higher, and the
cutoff frequency for regime Il shifts to a lower value. The use of aluminum oxide rather than
silicon oxide does not substantially change the measured resistance value as obtained by fitting
to Model 2.



The dielectric constants of Al,Os (7-9) and SiO- (3-6) are comparable, and so the
observed changes are minor. To enhance any effects of changing the dielectric constant of the
passivating material, we covered IDEs with high dielectric TiO, (60-100).** As can be seen from
the Bode plots in Figure 13, the effect of the passivating layer is much less dramatic with high
permittivity TiO> than with either the SiO. or AlOs. Again, as the thickness of the passivating
TiO> is increased, the width of the resistive plateau decreases. However, even at a thickness of
10 nm, a clear plateau region is observed and modelled accurately. Figure 14 shows more clearly
the effect of the dielectric constant on the quality of the impedance measurements. With the same
1 nm of passivating material, the TiO passivated electrodes exhibit a much more complete
semicircle in the Nyquist plot—nearly as complete as the unpassivated IDE. The SiO, and Al>O3

passivated devices, however, show a greatly diminished semicircle.

We suggest that the effective interfacial capacitance increases with dielectric constant
(SiO2 < Al203<< TiO2) and decrease with dielectric thickness. We note that other properties of
the dielectric film such as density, defects, surface chemistry and functionalization, or electron
tunneling through the dielectric could influence the impedance response. These effects were not
explored in this study and merit further investigation. Regardless, the observed trend implies that
thin, polarizable oxide layers with high dielectric constant can promote a significant enough
capacitance at the dielectric-polymer interface to produce a broad frequency bandwidth from
which to extract the film resistance. Most interestingly, perhaps, this allows for the possibility of
using other materials with specific physical or chemical properties to be placed between the IDE
surface and the electrolyte, without substantial loss of measurement quality. We predict that
these dielectric interfaces will enable the study of polymer electrolytes in highly ordered films
through directed assembly, and to explore the effect of various interfaces on ionic transport in

these materials.

3.5. Applicability of IDEs to the study of polymer electrolytes

These experiments validate the assumptions made in using equation 1 to describe the cell
constant for IDEs with different geometries. This simplified cell constant given by equation 1
makes analysis of polymer electrolytes by IDEs an attractive method. The geometric parameters
of micron-scale IDEs can be readily measured by optical and atomic force microscopy to a high

degree of accuracy (see Figure S7). The ability to accurately control and measure the cell



geometry by straightforward microfabrication and microscopy gives us greater confidence in our
measurements and EIS analysis. In parallel plate systems, accurate measurement of the cell
constant is not trivial and requires averaging of multiple experiments with a considerable degree
of uncertainty. However, a single IDE may be reused multiple times, ensuring that the cell
constant for each measurement is identical. In addition, measurements with different geometries
of the same electrolyte provides a simple method for validating the accuracy of our
measurements with minimal use of material, as a single measurement can be made with as little

as 1 mg of polymer.

As demonstrated in this study, the bulk conductivity of PEO-LITFSI can be measured in
films as thin as 50 nm. The minimization of material required for such a study offers a
compelling reason to use the IDE approach. Moreover, the thin film nature of these
measurements will allow for the study of any interfacial effects that may enhance or inhibit ionic
mobility in polymer electrolytes. Although PEO-LITFSI is used here as a model system, this
approach should be universally applicable to polymer electrolytes, both dry and humidified. By
adhering to the guiding principles set forth in this study, the transport properties of any number

of conducting materials may be quantified with a high degree of confidence.

4. Conclusions

Here we have shown a framework for investigating the electrochemical behavior of
nanothin polymer electrolyte films. When the geometric parameters of the IDE and the
dimensions of the thin films are properly accounted for, the measured ionic conductivity of PEO-
LiTFSI electrolytes is comparable to previously reported literature values. However, in the
process of validating the use of IDEs for studying polymer electrolyte behavior, we find that
specific electrochemical responses can become prevalent with certain cell designs and
experimental conditions. We show that diffusional processes near the electrode-polymer
interface that may be absent or negligible in thick films become prevalent in nanothin film
configurations. Additional circuit elements were introduced to model these processes, which
became more apparent in high width IDEs. These models could also be useful for fully
describing the electrochemical response of other systems with finite dimensions, including those
which may exist in thick films of nanostructured materials. The interactions between polymer

and substrate must also be considered in these measurements due to the high surface area to film



thickness ratio. These interactions were most apparent on high metal fraction IDEs at elevated
temperatures but were eliminated by passivating the devices with a thin layer of insulating oxide
material. Passivation layers decreased the interfacial capacitance of the system, but this effect
was less pronounced in thinner and higher permittivity dielectric layers. More importantly, the
addition of an otherwise insulating layer of material between the electrodes and the polymer film
did not drastically affect the ability to measure film conductivity.

While PEO-LITFSI is used as a model system in this work, these techniques can be
applied to a wide range of systems. This high throughput approach is ideally suited for rapid,
high quality characterization of newly synthesized materials, and for screening potential
candidate polymer electrolytes. The ability to fabricate films as thin as a few nanometers will
also allow us to probe diffusional processes that occur in polymer electrolytes and how these
limiting dimensions alter ion conduction in these films. Additionally, the ability to add a layer of
insulating material allows for a wide range of tunable surfaces upon which to fabricate these
polymer electrolytes, thus enabling us to study the effect of surface chemistry and morphology
on transport phenomena in these films. This approach will provide insight into how structure,

dimensionality, and molecular-scale interactions impact ion conductivity in polymer electrolytes.
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Figure 1. llustration of the IDE design and relevant dimensions (a) top view (b) cross-section.
The dimensions that were used in this study are: | =1 mm, d =1-10 pm, w = 1-30 um, h = 30-40
nm.



Figure 2. (a) Nyquist plots for IDEs coated with PEO-LITFSI at 70°C, with increasing inter-
electrode distance (d) and constant width (w = 2 pm)
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Figure 3. Equivalent circuit diagrams for (a) Model 1 and (b) Model 2 used to fit EIS data. Rt in
both circuits represents the film resistance that is used to calculate conductivity. W; represents a
finite, or bounded, Warburg element (O element).
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including a Bounded Warburg element in parallel with Cint.
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from fitting to Model 2 and predicted from Equation 2, as a function of d
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Figure 6. Electrochemical impedance spectra for IDEs with d = 2 um, w = 1-5 pm coated by
PEO-LITFSI, shown by (a, b) Bode plots and (c) Nyquist plot, at 70°C
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Figure 7. Electrochemical impedance spectra for IDEs with d = 2 um and w = 6-30 um, coated
by PEO-LITFSI, shown by (a, b) Bode plots and (c) Nyquist plot, at 70°C
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Figure 8. Experimental data for IDEs with (d = 2um, w = 7 um coated by 40 nm PEO-LITFSI
film at 70°C, and the fitting curves for Model 1 and Model 2.
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method. The obtained fitting parameters were A = 0.150+0.038 (S/cm), Ea = 78804773 (J/mol),
and To = 174.448.9 (K).

fit to the Vogel-Tammann-Fulcher equation, o = Aexp ( ) using a least squared regression
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Figure 11. Nyquist plots showing measurements of PEO2oLiTFSI made at 70°C, then 130°C,

and then again after cooling to 70°C for IDEs with (a) d =2 pum, w=2 um, 7= 0.5 (b) d = 2 um,
w=7um, n=0.78and (c) d =2 um, w=7um, n = 0.78 with 1 nm of SiO- passivation layer.
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Figure 12. Change in the Bode spectra of PEO-LiTFSIond =8 um, w=2 um, = 0.2 IDEs
with increasing thickness of SiO2 grown by ALD measured at 70°C.
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Figure 13. Change in the Bode spectra of PEO-LiTFSIond =8 um, w=2 um, = 0.2 IDEs
with increasing thickness of TiO2 grown by ALD measured at 70°C.
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Figure 14. Nyquist plot of PEO-LiTFSI ond = 8 um, w = 2 um, n = 0.2 IDEs different types of
1nm dielectric materials grown by ALD, measured at 70°C



