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Abstract

Hybrid perovskites have attracted great interest in solar energy conversion and optoelectronic
applications. The interconnected ionic and electronic effects complicate assessing the underlying
electrical processes while contributing greatly to the efficiency and stability of devices.
Fortunately, these coupled processes manifest on distinct timescales that enable frequency-specific
electrochemical analysis. However, hybrid perovskites dissolve in most of the common aqueous
and organic solvents utilized for electrochemistry. Here, we utilize a hydrofluoroether (HFE)
solvent toolkit to perform nondestructive electrochemical impedance spectroscopy of
methylammonium lead iodide (MAPDI3) perovskite thin films. This enables the extraction of

dielectric constants and double-layer formation in these perovskite films.
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Introduction

Hybrid perovskites are extensively investigated for their high optoelectronic performance
from earth-abundant materials."*> They are solution-cast to form extensive crystalline networks,
producing high mobilities for electron and hole motion.* # Their electronic and optical properties
are tunable through the interchange of the constituent ions and the inclusion of nanocrystalline
domains within the films.>® These perovskites are also highly ionically conducting, receiving
attention as battery and energy storage applications.'%!?

This broad landscape for tuning the chemical and structural composition of perovskites and

their wide-ranging usage in device applications makes the fundamental study of their inherent



properties crucial for idealized performance and understanding. Solution-based electrochemistry
is emerging as a powerful benchtop tool for studying the energy states and electronic properties of
various perovskite thin films.’® 22 Still, the organic and inorganic components of hybrid
perovskites make it challenging to apply many of the standard electrolytes to perform
electrochemical analysis without dissolving the thin film. To perform perovskite electrochemistry
with minimal disruption to the crystal structure, we utilize a hydrofluoroether (HFE) electrolyte,'”
19 an approach that preserves organic and inorganic thin films.

Our approach to separating ionic and electronic information uses impedance spectroscopy,
which has been applied successfully to solid-state perovskite devices.?!?> A small alternating
voltage V(w) of a particular angular frequency o is applied,

V(w) = Vysin(wt), (Eq. 1)
resulting in a corresponding alternating current /(w)
I[(w) = [ysin(wt + @), (Eq.2)
with ¢ representing a phase difference between the voltage and current. Thus, this gives rise to a

complex admittance Y and impedance Z:

_1_ o) _ i
Y =—"= et G(w) + iwC(w), (Eq. 3)

where G(w) and C(w) are the overall conductance and capacitance of the system. Now, it is
possible from this complex impedance to define:

Z(w) = |Z(w)|e'*, (Eq. 4)
where |Z(w)| is the magnitude or modulus of the impedance and ¢() is the phase angle. From the
plots of Z(w) vs. w and ¢(®) vs. w, the data curves can be fit to an equivalent circuit model. This
has the distinct advantage of providing a physical circuit interpretation of constituent processes

and the discernment of multiple processes that may be similar in timescales. Alternatively, from



Equation 3, it is possible to perform a complementary analysis with the system-wide G(w) and

C(w):

11
Z  Zp+iz;

= G(w) + iwC(w), (Eq. 5)

Where Z, is the real part and Z; is the imaginary part of Z. Rationalizing the denominator of Eq.

5, one obtains:

Zr—iZi
72472

= G(w) + iwC(w). (Eq. 6)

Then, connecting the real and imaginary parts, one can obtain the conductance,

Zr
G(w) = 722 (Eq.7)
and the capacitance,
-1 Zi

This overall approach provides a complementary complex impedance analysis that offers a direct
frequency dependence view of the conductance and capacitance. This is especially important to
discern processes that may be smaller in the overall magnitude of impedance (hence hidden by
equivalent circuit analysis) but distinct in the timescale of manifestation. Here, we utilize this
approach to complex impedance analysis with a HFE electrolyte to analyze the electronic and ionic

effects in a methylammonium lead iodide (MAPbI3) thin film.

Materials and Methods

Perovskite Ink Solution Preparation: A 1:1:1 molar ratio, 1 M perovskite ink of lead iodide,
methylammonium acetate, and methylammonium iodide was prepared. Lead (II) iodide (Tokyo
Chemical Industry, 99.99%) was dissolved in anhydrous N, N-dimethylformamide (Sigma-

Aldrich, 99.8%) by stirring at 550 rpm at 70 °C for 30 mins followed by room-temperature addition



and stirring of methylammonium iodide (Lumtec, 99.5%) and methylammonium acetate (Greatcell
Solar Materials), respectively. The solution was stirred for one hour and was filtered using a nylon
syringe filter (0.22 pm pore size, Aireka Cells) immediately before spin coating.

Device Fabrication: Prepatterned I1TO/glass substrates (150 nm, ~20 Q sq ') were
purchased from Thin Film Devices, Inc. These slides were cleaned in a sequence of non-ionic
detergent wash, water bath sonication, and UV ozone treatment. The filtered perovskite ink was
dispensed at the center of the substrate and was spin-cast with a 5 s ramp time and 60 s spin
duration. Films were then placed under vacuum for 90-120 s, followed by 100 °C annealing for 10
mins.

Electrochemical Testing: A three-electrode configuration was used for electrochemical
measurements with a non-aqueous, no-leak Ag/AgCl reference electrode (eDAQ, Inc.) and a
platinum wire as a counter electrode. The electrolyte was prepared by preparing 2.0 M LiPFg
(battery grade, > 99.99% trace metals basis) in diethyl carbonate (DEC, anhydrous, > 99%, Sigma-
Aldrich). The mixture was then added to a HFE solvent (3M Novec 7500, 3-Ethoxyperfluoro(2-
methylhexane)) that had been previously degassed by bubbling argon gas for 60 mins. The final
solution was 95% HFE, 5% DEC v/v, 0.1 M LiPFs. Electrochemical impedance spectroscopy
measurements were performed on a vibration isolation table using a CHI750D Electrochemical

Analyzer and a CHI684 multiplexer in a Faraday cage. Films were measured in the dark.

Results
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Figure 1 Bode plot of the real and imaginary components of complex impedance versus

frequency for a MAPDI; thin film in a HFE electrolyte.
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Figure 2 Bode plot of the overall conductance and capacitance versus frequency for a MAPbI3

thin film measured in a HFE electrolyte.



Figure 1 shows the Bode plot of the real and imaginary components of impedance from the
electrochemistry of a MAPbI; film. Dynamic behavior is seen in each impedance value throughout
this range. Overall, Z, and Z; are lowered in value as the frequency increases. To gain further insight
into the reasons behind this dynamic behavior, the overall conductance and capacitance of the
system were calculated according to Equations 7 and 8 and are plotted in Figure 2. Proceeding
from right to left on the plot, at high frequency, the conductance drops consistently from 1 MHz
to 30 kHz as orientational polarization of the liquid dielectric is anticipated. If a parallel plate
capacitor geometry for the film on the circular electrode is assumed, then from the capacitance of
250 pF, a dielectric constant of 5.0 is obtained. This dielectric constant is very similar to the 5.8
value for the Novec 7500 HFE and is likely lowered by the presence of the DEC in the solution.
This would imply an intimate solution interaction with the film and correlates well with the initial
assumption of orientational polarization at this frequency. The capacitance from 30 kHz to 1 kHz
drops to 190 pF. This corresponds to an effective dielectric constant of 3.8 in the parallel plate
geometry of the film, which could correlate with the activation of the diethyl carbonate component

t,3 increases with LiPF¢ content®*). The conductance

of the solvent mixture (¢ = 2.8 as pure solven
is lowered slightly from 1 kHz to 3 Hz, while capacitance increases significantly. This marks the
onset of dielectric polarization in the MAPbI; film, which appears as a peak in the derivative plot
of Figure 3. A very subtle change in the capacitance slope is seen near 100 Hz, evident as a peak
in the derivative in this region in Figure 3. The capacitance of 2.3 nF at the onset of this feature
yields a dielectric constant of 46, very close to the anticipated high-frequency dielectric constant

for MAPbI; with ion motion effectively frozen.?*?” However, the dielectric constant of MAPbI; is

frequency-dependent due to the presence of mobile ions. Near 3 Hz, one more peak is apparent



from the derivative plot of Figure 3. The feature at this 3 Hz frequency corresponds to a capacitance
of 50 nF and an evident dielectric constant of 990. This is close to the ac dielectric constants
obtained for MAPbI; films near this frequency.>>* So, this region from 3 Hz to 1 kHz seems to
encompass the dielectric behavior of the MAPbI; film, ranging from the smoothly varying ac
values to the value near 50. Returning to Figure 2, from 3 Hz to 10 mHz, the conductance drops
dramatically as ion motion is activated. The plateau in capacitance near 0.25 Hz corresponds to a
capacitance value of 200 nF, the capacitance of double layer formation in the system. These

features consistently reproduced over seven independent films.
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Figure 3 Numerical midpoint derivative of the logarithm capacitance with respect to the

logarithm of the frequency versus frequency for a MAPDI; thin film measured in a HFE
electrolyte. This enables the view of dielectric features near 3 Hz, 100 Hz, and 1000 Hz. This
particular form of the derivative is chosen to highlight changes in the slope of the capacitance

curve presented in Figure 2.

Discussion
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Figure 4 Summary of the underlying processes contributing to dynamic behavior superimposed
on the plot of capacitance versus frequency for a MAPbI; thin film measured in a HFE

electrolyte.

Overall, we obtain a picture of the contributions to the dynamic impedance, conductance,
and capacitive behavior of this system. In Figure 4, we summarize these results on the plot of
capacitance versus frequency in Figure 4. Starting at low frequency, electrical double layer (EDL)
formation occurs from ion accumulation at the interfaces. Above ~1 Hz, the dielectric behavior of
the MAPbI; films dominates, proceeding from the ion-assisted AC behavior at lower frequencies
to the static limit. At frequencies above ~1 kHz, the solution components dominate, yielding
contributions from the DEC and HFE. This approach thus allows us to observe the overall AC
dependence of the MAPbI; dielectric constant and specific contributions to the system from the
electrolyte solution and the electrical double layers.

With the dielectric constant the key factor in the exciton binding energy, which governs
recombination losses and thus solar cell efficiency, discerning its value has substantial implications
in materials selection and device design. As illustrated, the ionic effects of perovskites complicate

the measurement of the dielectric constant, and this approach enables the extraction of the effective



“lon frozen” dielectric constant inherent to the material. This also elucidates the timescales of

interest for perovskite study in solution-based electrochemistry as frequencies below 1 kHz.
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