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Abstract 20 

Miniaturized solid state capacitors leveraging migration of unipolar ions in a single polyelectrolyte 21 

layer sandwiched between metal electrodes, namely, polyelectrolyte capacitors (PECs), have been 22 

recently reported with areal capacitance up to 100-200 nF mm-2. Nonetheless, application of PECs 23 

in consumer and industrial electronics has been hindered so far by their small operational frequency 24 

range, up to a few kHz, due to the resistive behavior (phase angle >-45°) of PECs in the range kHz-25 

to-MHz. 26 

Here we report on multilayer polyelectrolyte capacitors (mPECs) that leverage as dielectrics an 27 

ambipolar nanometer-thick (down to 10 nm) stack of anionic and cationic polyelectrolytes 28 



 
 

2 

assembled layer-by-layer between metal electrodes to eliminate the resistive behavior at frequencies 1 

from kHz to MHz. This significantly extends the operational range of mPECs over PECs. 2 

Specifically, mPECs with areal capacitance as high as 25 nF mm-2 at 20 Hz and full capacitive 3 

behavior from 10 mHz to 10 MHz are demonstrated using different assembling conditions and 4 

anionic/cationic polyelectrolyte pairs. The mPECs reliably operate over time for >300 million 5 

cycles, at different biasing voltages up to 3V and temperatures up to 80 °C, showing a reversible 6 

capacitive behavior without significant hysteresis.  7 

Application of mPECs in flexible electronics operating at high frequency is envisaged. 8 

 9 
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Introduction 14 

Miniaturized solid state capacitors with high areal capacitance and large frequency range have been 15 

of interest for a wide variety of industrial, biomedical, and consumer electronic applications 16 

[1][2][3]. Recently, polyelectrolyte capacitors (PECs) with tremendous capacitance density (up to 17 

100-200 nF mm-2) were prepared by spin coating of polyelectrolyte monolayers with thickness >50 18 

nm, leveraging the formation of an electrical double layer (EDL) at the polyelectrolyte/metal 19 

interface [4][5][6][7]. However, operation of current PECs is limited to low frequencies (typically 20 

up to a few kHz) because of their resistive behavior (phase angle >-45°) at frequencies in the kHz-21 

to-MHz range (see Table S1). Unipolar free counterions oscillating forth and back in the material 22 

without reaching the metal electrodes are mainly responsible for resistive losses in this frequency 23 

range due to poor ion mobility and large thickness of polyelectrolytes used in PECs. Thus, possible 24 

strategies to push resistive losses at higher frequencies are improving ion mobility and/or 25 

decreasing the polyelectrolyte thickness.  However, ion mobility of polyelectrolyte films used in 26 
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PECs does not change significantly in dry conditions, while reliable preparation of polyelectrolyte 1 

films by spin coating and/or drop casting becomes challenging when the thickness of the layer 2 

reduces below 50 nm (Table S1). 3 

Multilayer assembling of polyelectrolytes and ionelastomers offers increased flexibility in tuning 4 

the functional properties of the resulting thin film, compared to a single layer, enabling material 5 

multifunctionalities that are difficult to achieve otherwise [8][9][10]. A micrometer-thick bilayer of 6 

anionic and cationic elastomers was prepared by injection molding and used to fabricate a pn-like 7 

semiconductor junction, which enabled the manufacturing of ionic logic circuit elements including 8 

diodes and transistors [8]. A similar architecture was proposed for the preparation of an electro-9 

adhesive tape operating at a bias voltage as low as 1 V, featuring either strong or no adhesion in 10 

reverse and forward biasing, respectively, thanks to the formation and destruction of a large electric 11 

field across the ionelastomer junction due to migration of counterions [9]. A stack of thousands of 12 

bilayer cells of oppositely charged polyelectrolytes deposited combining drop casting and spray 13 

coating techniques was recently used to fabricate a power source with output voltage up to 1 kV 14 

under ambient conditions, namely, 25% RH, 25 °C. The voltage is generated by the spontaneous 15 

adsorption of water molecules from air and induced diffusion of oppositely-charged ions within the 16 

polyelectrolyte stack [10]. Yet, the thickness of the single layer in the multilayer stacks discussed 17 

above is in the µm range. 18 

Layer-by-layer (LbL) assembling of polymers, colloids, biomolecules, and cells to form multilayer 19 

thin films offers superior reliability and better control of the film properties (thickness, charge, 20 

density) when compared to other deposition techniques, such as, spin coating, drop casting, and 21 

spray coating, especially for micro- and nano- structured materials [11]. Multilayer stacks have 22 

been successfully prepared via LbL with thickness of few nm up to several µm [11][12] and 23 

employed in different research fields, including separation science [13][14], drug delivery 24 

[15][16][17][18], bio-medicine and -sensing [19][20][21][22][23][24], electronics [25].  However, 25 

the use of nm-thick polyelectrolyte multilayers as dielectric material for the preparation of solid-26 
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state capacitors has been overlooked so far, and only a few studies on the dielectric behavior of 1 

polyelectrolyte stacks versus assembling condition, material, temperature, and humidity have been 2 

performed using electrooptical methods [26][27][28][29], impedance spectroscopy [30][31], and 3 

DC-conductivity evaluation [32]. 4 

Here, we report on multilayer polyelectrolyte capacitors (mPECs) that leverage as dielectrics an 5 

ambipolar nanometer-thick (down to 10 nm) stack of anionic and cationic polyelectrolytes 6 

assembled layer-by-layer between metal electrodes. The mPEC areal capacitance is as high as 25 nF 7 

mm-2 at 20 Hz for the 10-nm-thick multilayer stack (10 anionic/cationic bilayers), which is 8 

comparable to most of PECs fabricated via spin-coating and drop-casting reported in the literature 9 

[4][33][34][35][36][37]. The mPEC architecture does not show any resistive range thanks to the 10 

ambipolar nature of the polyelectrolyte stack and keeps a full capacitive behavior from 10 mHz to 11 

10 MHz, thus extending the operational range compared to PECs. The mPEC reliably operates over 12 

time for >300 million cycles, at different biasing voltages up to 3V and temperatures up to 80 °C, 13 

exhibiting a reversible capacitive behavior without significant hysteresis. Further, we show that 14 

different assembling conditions and polyelectrolyte pairs can be used to prepare mPECs with 15 

similar capacitive behavior, thus pointing out the robustness and flexibility of the method.  16 

 17 

Results and discussion 18 

mPECs are fabricated layer by layer via repetitive electrostatic assembling of two polyelectrolytes 19 

with opposite charge, as depicted in Figure 1a. 20 

 21 

 22 
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 1 

Figure 1: Fabrication and morphological characterization of mPECs. (a) Main preparation 2 
steps of mPECs: (1) Bottom gold contact deposition and thiol functionalization. The gold surface is 3 
provided with a net negative charge; (2) Polycation deposition and washing. The surface is provided 4 
with a net positive charge; (3) Polyanion deposition and washing. The surface is provided with a net 5 
negative charge; (4) Steps (2) and (3) are repeated as needed to reach the final polyelectrolyte 6 
multilayer configuration/number of bilayers; (5) Top aluminum contact deposition. (b) Top-view 7 
picture of an array of mPECs with 40 bilayers and different diameters. (c) Top: AFM image (tip-8 
scratched) of a polyelectrolyte stack with 40 bilayers of PVTBMAC:PSS. Scalebar is 1µm; Bottom: 9 
Height profile across the scratch line highlighting the multilayer thickness. (d) Thickness, (e) root 10 
mean square roughness, and (f) mass surface density values of PVTBMAC:PSS stacks with 11 
different number of bilayers and in different assembling conditions. g) Mass volume density values 12 
of PVTBMAC:PSS stacks prepared with different assembling conditions. Data in d), e) are reported 13 
as the average value measured over 3 mPECs for each number of bilayers, with error bars 14 
representing the standard deviation. 15 
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 1 

A gold-coated glass slide is functionalized with 11-mercaptoundecanoic acid (MUA) to provide the 2 

surface with a negative charge (Figure 1a.1) [38]. Then, a multilayer stack of nanometer-thick 3 

polyelectrolytes, namely, the positively-charged poly(vinyl benzyl trimethylammonium chloride) 4 

(PVBTMAC:Cl) [39] and negatively-charged sodium poly(styrene sulfonate) (PSS:Na) [40], is 5 

assembled layer by layer on the gold-coated slide leveraging electrostatic interactions (Figure 1a.2-6 

3). Polyelectrolyte stacks with a different number of bilayers are explored, namely, 10, 20, and 40 7 

(Figure 1a.4). Aluminum dots (a 12 × 12 array) with diameter of 50 to 400 µm are eventually 8 

patterned on top of the polyelectrolyte stack to provide independent electrodes for the capacitors; 9 

the gold layer beneath the MUA serves as the common bottom electrode of all the capacitors 10 

(Figure 1a.5). The choice of aluminum as top electrode is due to its lower cost compared to gold; 11 

indeed, we do not expect any significant dependence of the mPEC performance on the top metal 12 

electrode. 13 

The polyelectrolyte stack is assembled through cyclic dip-coating of the MUA-functionalized slab 14 

in aqueous solutions of PVBTMAC:Cl and PSS:Na, both with concentration of 1 mg/ml in sodium 15 

acetate (NaOAc) buffer at pH 5.5 and room temperature (21°C, RT). Both the polyelectrolytes are 16 

soluble in water, which guarantees a strong polymer dissociation in aqueous solution and, in turn, a 17 

large positive charge for PVBTMAC+:Cl- thanks to the presence of quaternary ammonium cation-18 

based monomers [39], and negative charge for the PSS-:Na+ thanks to the low pKa value (i.e., 1.95) 19 

[41]. Besides electrostatic interactions between the oppositely-charged polyeelctrolytes, π–π 20 

interactions between the aromatic rings of the vinyl-benzyl group of PVBTMAC:Cl and the styrene 21 

group of PSS:Na further improve stabilization of the assembled multilayer stack [42][43][44]. 22 

Figure 1b shows an optical picture of the as-fabricate array of mPECs with a polyelectrolyte stack 23 

of 40 bilayers. An atomic force microscopy (AFM) top-view image of the polyelectrolyte stack with 24 

40 bilayer is shown in Figure 1c, from which height profile and surface roughness value are 25 

extrapolated. Thickness of the polyelectrolyte stack vs. number of bilayers assembled in different 26 
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buffer conditions are given in Figure 1d, measured using both ellipsometry and AFM (Figure S1). A 1 

linear increment of the multilayer thickness with the number of bilayers is observed, regardless of 2 

the assembling buffer; the higher the ionic strength of the buffer the larger the thickness of the stack 3 

for a given number of layers, due to the increased folding of the polyelectrolytes deposited on the 4 

surface as the ionic strength increases.  Best fitting of data in Figure 1d with a linear function results 5 

in a growth rate ranging from 0.60 and 1.45 nm bilayer-1 in 1 mM NaOAc and 10 mM NaOAc:10 6 

mM NaCl buffers, respectively. Roughness increases from 5 to 10 nm with the number of bilayers 7 

for the tested buffers (Figure 1e), which is in agreement with values reported in the literature on 8 

polyelectrolytes stacks [45][46]. The roughness/thickness ratio is between ~0.3 and ~0.2, and tends  9 

to reduce as the thickness of the stack increases. The assembling process was further investigated by 10 

real-time whispering gallery mode (WGM) and quartz microbalance (QCM) analysis (Figure S2, 11 

S3) [47]. The polymer deposition stabilizes in few tens of seconds, with no significant polymer 12 

mass loss during the rinsing phase. A linear increment of the mass surface density with the 13 

deposition time and, in turn, with the number of bilayers is observed (Figure 1f), with an 14 

experimental PVBTMAC/PSS charge density ratio of 1.1:1 that is in agreement with the theoretical 15 

PVBTMAC/PSS value of 1.1:1. Also in this case, the higher the ionic strength of the buffer the 16 

larger the mass surface density increase for a given number of layers, namely, from 375 to 1636 pg 17 

mm-2 bilayer-1 using 1 mM NaOAc and 10 mM NaOAc:10 mM NaCl buffers, respectively (Figure 18 

S2d). 19 

Figure 1g shows mass volume density values of polyelectrolyte stacks prepared in the different 20 

assembling buffers, as obtained from thickness and mass surface density data in Figure 1d,f. 21 

Densities of about 1×109 pg mm-3  are achieved in 10 mM NaOAc buffers that are comparable to 22 

those of common polymers, such as poly(styrene) [48], and polymer stacks deposited by LbL 23 

technique [49,50]; on the other hand, a lower density of 0.46 pg mm-3 is achieved using 1 mM 24 

NaOAc as the assembling buffer. In fact, as the ionic strength increases, the polymers assume a 25 

more coiled conformation, thus occupying a lower surface area per unit chain [51]. 26 
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We next investigated the electrical performance over frequency in air at RT of the mPECs 1 

fabricated with multilayer stacks of PVBTMAC:PSS with a number of bilayers ranging from 10 to 2 

40. We note that the minimum number of bilayers ensuring reliable dielectric insulation between 3 

top (Al) and bottom (Au) electrodes is 10, regardless of the chosen buffer. All the devices showed a 4 

full capacitive behavior over frequency, with best performance in terms of areal capacitance 5 

achieved for the 10 mM NaOAc buffer (Figure 2a and S4). In the following we will focus on the 6 

results achieved for mPECs prepared in 10 mM NaOAc buffer, unless otherwise stated.  7 

 8 

Figure 2: Electrical characterization of mPECs. (a) Areal capacitance and phase angle curves vs. 9 
frequency of mPECs prepared with a different number of PVTBMAC:PSS bilayers in 10 mM 10 



 
 

9 

NaOAc buffer. (b) Theoretical lumped model of mPECs, used to best-fit experimental data. (c) 1 
Experimental data superposed to best-fitting curves of areal capacitance and phase angle of mPEC 2 
with 40 bilayers of PVTBMAC:PSS over an extended frequency range of 100 mHz to 10 MHz. (d) 3 
Schematic illustration of mPECs showing charge configuration of anionic and cationic 4 
polyelectrolytes in the multilayer stack over frequency. At low frequency, EDLs are formed at the 5 
polyelectrolyte/electrode interfaces thanks to accumulation of free counterions (CEDLi) and depletion 6 
of polyelectrolyte backbones (CEDLb); at intermediate frequency, only depletion of backbones from 7 
free counterions contribute to EDL formation; at high frequency, EDL formation does not occur and 8 
dielectric polarization rules to mPEC behavior. (e,f) Lumped circuit parameter values (capacitance, 9 
resistance, relaxation time, distribution coefficient) of mPECs with different number of 10 
PVTBMAC:PSS bilayers, as achieved from best-fitting of experimental data in (a). (g) 11 
Charge/discharge cycles at 1 kHz of mPECs with 20 bilayers of PVTBMAC:PSS over 100 hours of 12 
continuous operation. The symbol “x” in e) means that Rp is above the maximum value measurable 13 
with the system (> 1GW). Data in e) and f) are reported as the average value measured over 3 14 
mPECs for each number of bilayers, with error bars representing the standard deviation. 15 

 16 

Figure 2a shows frequency-resolved areal capacitance and phase angle measured on mPECs with 17 

10, 20, and 40 bilayers and top contact of 200 µm in diameter. 18 

The capacitance value reduces with the number of bilayers and over frequency, as expected, from 19 

25.2 nF mm-2 at 20 Hz (10 bilayers) to 13.7 nF mm-2 for 40 bilayers (20 Hz), and 6.8 nF mm-2 at 1 20 

MHz (10 bilayers); remarkably, the phase angle keeps staying always below -65° and mostly close 21 

to -90° over the whole frequency range, thus ensuring a fully capacitive behavior of the device from 22 

20 Hz to 1MHz. Similar results are also achieved for mPECs with 400 µm in diameter both in terms 23 

of areal capacitance and phase angle values, thus confirming the robustness of mPECs (Figure S5). 24 

This latter result is of major importance as it states that it is possible to increase/decrease the overall 25 

capacitance value tuning the size of mPECs, keeping mPECs performance unchanged in terms of 26 

areal capacitance and phase angle values. 27 

mPECs show a significant improvement in terms of capacitive range over frequency, when 28 

compared to common bulk polyelectrolyte capacitors fabricated by spin-coating and drop-casting 29 

for which typically two frequency decades of resistive behavior are usually observed (see Table S1) 30 

(i.e., capacitive behavior if the phase angle is < -45 °, resistive behavior if phase angle is > -45 °). 31 

The extension of the capacitive range occurs with a reduction the areal capacitance at low 32 
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frequencies compared to best PECs, though the values become comparable when the operation 1 

frequency is increased at 1 MHz.  2 

We assume that the behavior of mPECs over frequency is ruled out by, namely, dielectric 3 

polarization of the polyelectrolyte stack at frequencies > 300 kHz; ionic relaxation of dissociated 4 

cations Na+ of PSS and anions Cl- of PVBTMAC at frequencies between 10 kHz and 300 kHz; 5 

formation of EDL at the polyelectrolyte/electrode interfaces at frequencies <10 kHz. We notice that 6 

ionic relaxation at intermediate frequencies is more pronounced and shifts to lower frequencies as 7 

the number of bilayers in the polyelectrolyte stack increases (Figure 2a, bottom). Notice that the 8 

polarization mechanisms accounted above are commonly accepted for PECs, are reported for 9 

polyelectrolyte capacitor based on PSS [5,52], poly(vinyl phosphonic acid-co-acrylic acid) P(VPA-10 

AA) [4,53], and poly[(1-vinylpyrrolidone)-co-(2-ethyldimethylammonioethyl methacrylate ethyl 11 

sulfate)] (P(VP-EDMAEMAES)) [4]. 12 

Based on the assumptions above, we modeled the mPEC with the lumped electrical circuit shown in 13 

Figure 2b, then we used it to best-fit frequency-resolved data. The multilayer stack is considered as 14 

a homogeneous dielectric material due to the sub-nanometric thickness (about 0.5 nm) (Figure 1d) 15 

and the strong interpenetration (about 50-60 % of the layer thickness) of the two polyelectrolytes 16 

[40,54]. The circuit consists of a resistor Rp modeling ohmic losses at zero frequency and a 17 

capacitor Cɛ modeling dielectric polarization of the entire polyelectrolyte stack at high frequency. A 18 

branch containing a constant phase element (CPEEDLi) and a capacitor (CEDLi) considers migration 19 

of Na+ and Cl- counterions contributing to the formation of EDLs at the two metal electrodes, under 20 

biasing. In our case, Na+ ions migrate towards the negatively charged electrode, while the opposite 21 

occurs for Cl- ions. A further branch consisting of a constant phase element (CPEEDLb) and a 22 

capacitor (CEDLb) considers the contribution to EDLs of ion-depleted polycation and polyanion 23 

backbones in the multilayer stack, caused by counterion migration. The capacitors at the two 24 

electrodes are not expected to be identical, since the spatial distribution of the Na+ and Cl- ions, as 25 

well as that of PSS- and PVBTMAC+ backbones are expected to differ at the two interfaces.  26 
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We assume that polyelectrolytes in the stack close to the electrodes are quickly depleted of their 1 

counterions upon application of an oscillating electric field, so that ion-depleted backbones 2 

contribute to the formation of EDLs up to intermediate frequencies (Figure 2d, center). Conversely, 3 

ion migration is expected to contribute to EDLs formed at the electrodes at lower frequencies, when 4 

the temporal period of the oscillating field is long enough to allow the ions travelling through the 5 

multilayer stack to enrich EDLs formed at the electrodes (Figure 2d, left). Dielectric polarization of 6 

the entire polyelectrolyte stack occurs at high frequency (Figure 2d, right). Two Cole-Cole branches 7 

are used to model the two processes above, with the CPE impedance being schematized as 𝑍!"# =8 

$
%!('()!

 , with 𝑄* =
!

+"#!
	and	0 ≤ 𝛼 ≤ 1, and depending on the characteristic relaxation time (τ) 9 

and distribution coefficient (α) of the processes.	Similar lumped models have been used to fit 10 

frequency-resolved areal capacitance and phase angle data of spin-coated PECs [5,34], though using 11 

a single ionic relaxation process to take into account oscillation of a single type of counterion, e.g., 12 

H+ in PSS:H [5] and P(VPA-AA):H [4]. 13 

Best-fitting of experimental data of mPECs with the proposed model results in an excellent 14 

agreement over the whole range 20 Hz to 1MHz, regardless of the number of layers of the 15 

polyelectrolyte stack (Figure S6). The use of an extended frequency range from 100 mHz to 10MHz 16 

further confirms the validity of the proposed model (Figure 2c). A maximum series resistance of 35 17 

Ω is extracted for the mPEC with 40 bilayers, whereas Rp increases from 0.1 to more than 1 GΩ 18 

(not measurable) from 10 to 40 bilayers thanks to reduced ohmic losses as the polyelectrolyte stack 19 

thickness increases (Figure 2e, bottom). On the other hand, Cɛ reduces from 3.23 to 0.85 nF mm-2 20 

with the number of bilayers as theoretically expected, and CEDLi follows a similar trend reducing 21 

from 24.5 nFmm-2 to about 6 nFmm-2; conversely, CEDLb has a roughly constant value of about 4.5 22 

to 6 nFmm-2 (Figure 2e, top).  23 

Correct assignment of CEDLb-CPEEDLb and CEDLi-CPEEDLi branches to EDLs formed by polymer 24 

backbone and free counterions at the electrodes, respectively, is supported by relaxation time and 25 
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distribution coefficient values. CPEEDLb has a faster relaxation time τEDLb (1 to 10 µs) that is one 1 

order of magnitude (at least) lower than τEDLi (0.1 to 1 ms) of CPEEDLi (Figure 2f, top). Further, 2 

CPEEDLi exhibits a more capacitive behavior compared to CPEEDLb (αEDLi~3αEDLb) thanks to the 3 

higher mobility of counterions with respect to the fixed polymer backbones (Figure 2f, bottom). The 4 

reduction of CEDLi with the multilayer thickness is consistent with the decrease of counterion 5 

velocity, which results in a smaller number of ions reaching the electrodes to form the EDL in a 6 

given time (frequency). In fact, the electric field strength E reduces as the thickness d of the 7 

multilayer stack increases (E=V/d), so does the ion velocity vi (vi=µiE, with µi the counterions 8 

mobility), for a given applied voltage V. On the other hand, the CEDLb is not expected to be 9 

thickness-dependent, given that ion-depleted backbones of polyelectrolytes close to the metal 10 

electrodes are mainly contributing to EDL formation. 11 

We next evaluated the behavior of mPECs fabricated with 20 bilayers over 100 h of continuous 12 

operation in air at RT, upon application of a square-wave signal with peak-to-peak voltage of 0.5 V 13 

and frequency of 1 kHz (i.e., 3.6 × 108 charging/discharging cycles). Figure 2g shows 14 

charge/discharge cycles of the mPEC after 1 h, 10 h, and 100 h of operation. A good reliability of 15 

the capacitor is apparent over time, with no significant aging effects. By best-fitting experimental 16 

charge/discharge transient curves (Figure S7a), a rise time variation <15 % over 100 h of 17 

continuous operation is observed (Figure S7b).  18 
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 1 

Figure 3: Electrical characterization of mPECs vs. voltage, temperature, and polyelectrolytes. 2 
(a) Sketch of mPEC operated at different bias voltages. (b) Areal capacitance and phase angle 3 
curves vs. frequency at different bias voltages of mPEC fabricated with 20 bilayers of 4 
PVTBMAC:PSS. (c) Areal capacitance and resistance values vs. bias voltage as achieved from best 5 
fitting of experimental data in (b). (d) Sketch of mPEC operated at different temperatures. (e) Areal 6 
capacitance and phase angle curves vs. frequency at different temperatures of mPEC fabricated with 7 
20 bilayers of PVTBMAC:PSS. Solid (dashed) traces indicate temperature is rising up (cooling 8 
down). (f) Areal capacitance and resistance values vs. bias voltage as achieved from best fitting of 9 
experimental data in (e). (g) Sketch of mPEC with a polyelectrolyte stack of PAH:PSS; the green 10 
polymer represents PAH:Cl and the red one is PSS:Na. (h) Areal capacitance and phase angle 11 
curves vs. frequency at different bias voltages of mPEC fabricated with 20 bilayers of PAH:PSS. (i) 12 
Areal capacitance and resistance values vs. bias voltage as achieved from best fitting of 13 
experimental data in (h). The symbol “x” in f), g) means that Rp is above the maximum value 14 
measurable with the system (> 1GW). Data in c), f), i) are reported as the average value measured 15 
over 3 mPECs for each bias voltage and temperature, with error bars representing the standard 16 
deviation. 17 
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We then investigated the behavior of mPECs at different bias voltages in the range 0-3 V (Figure 1 

3a). Both areal capacitance and phase angle were measured over the frequency range 20 Hz through 2 

1 MHz in air at RT at increasing bias values. Figure 3b shows areal capacitance and phase angle 3 

curves for mPECs with 20 bilayers. No significant variation is apparent with the bias voltage. This 4 

is confirmed by best-fitting parameters, which are constant with the bias voltage (Figure 3c and S8). 5 

A slight reduction of Rp is observed with the bias voltage, which is consistent with increased 6 

leakage of the polyelectrolyte stack (Figure 3c bottom). Similar results were obtained also for 7 

mPECs fabricated with both 10 and 40 bilayers (Figure S9). We note that, an increase of the bias 8 

voltage above 3 V results in the breakdown of the multilayer stack. 9 

Next, we investigated the behavior of mPECs at different temperatures in the range 20-80 °C 10 

(Figure 3d). The electrical impedance was measured in air at different temperatures, both upward 11 

and downward, in the frequency range 20 Hz-1 MHz and constant bias voltage of 0 V.  A time 12 

delay of 1 hour between two consecutive measurements was set to ensure the ionic conductivity 13 

reached a steady state value at the new temperature upon adsorption/desorption of water in/from the 14 

multilayer stack [55]. Figure 3e shows areal capacitance and phase angle curves measured upon 15 

variation of the temperature from 20 to 80 °C (and back) on mPECs with 20 bilayers. Cɛ, CEDLb, and 16 

CEDLi values are rather constant over temperature (Figure 3f). The phase angle stays below -65 ° 17 

regardless of the temperature value, confirming a full capacitive behavior over the whole frequency 18 

range. A progressive shift of the relaxation peak toward lower frequencies is observed as the 19 

temperature increases, which is consistent with an increase of the process relaxation times, namely, 20 

τEDLb from 1 µs to 500 µs and τEDLi from 40 µs to 200 ms (Figure S10), due to progressive 21 

dehydration of the polyelectrolyte stack as the temperature increase, which reduces the counterion 22 

mobility [5]. The mPECs show an excellent superposition of upward and downward scans, 23 

indication of a fully reversible behavior with temperature, with no hysteresis (Figure 3e,f).  24 

Eventually, to demonstrate flexibility of the approach, we used a different polyelectrolyte pairs for 25 

the preparation of a mPEC with 20 bilayers, namely, the negatively-charged PSS:Na and the 26 
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positively-charged poly(allylamine hydrochloride) (PAH:Cl) (Figure 3g). Figure S11a shows an 1 

AFM top-view image of a tip-scratched polyelectrolyte multilayer stack, from which a thickness of 2 

28.8 ± 0.9 nm and a root mean square roughness of 2.99 ± 0.7 nm are extrapolated for the 3 

multilayer stack. Areal capacitance and phase angle curves measured at RT for different bias 4 

voltages of the PSS:Na/PAH:Cl mPEC are shown in Figure 3h. The behavior of the mPEC looks 5 

like that of the PSS:Na/PVBTMAC:Cl mPEC with 20 bilayers, though with a slightly smaller areal 6 

capacitance, as confirmed by the values of Cɛ, CEDLb, CEDLi achieved by best fitting experimental 7 

data. The phase angle is always below -65° over the whole frequency range, though the relaxation 8 

frequency of the polyelectrolyte multilayer is shifted at lower frequency, as confirmed by value of 9 

the relaxation times (Figure S10b). The behavior with the bias voltage is also similar between 10 

PSS:Na/PAH:Cl and PSS:Na/PVBTMAC:Cl mPECs, with parameters of the lumped model being 11 

not significantly affected, except for a reduction of RP at 3 V, beyond which dielectric breakdown 12 

occurs. 13 

 14 

Conclusions 15 

In this work we report on the preparation of ambipolar multilayer polyelectrolyte capacitors 16 

(mPECs) leveraging the layer-by-layer deposition of a nanometer thick (down to 10 nm) stack of 17 

anionic and cationic polyelectrolytes - between metal electrodes - as dielectric material. mPECs 18 

show a full capacitive behavior from 10 mHz to 10 MHz, eliminating the typical resistive behavior 19 

in the range kHz to MHz typical of PECs and enabling, in turn, the use of polyelectrolyte capacitors 20 

in most of industrial and consumer electronic applications. mPECs with areal capacitance around 20 21 

nF mm-2 are reliably prepared using different assembling conditions and polyelectrolyte pairs, with 22 

reliable operation over time, at different biasing voltages up to 3V and temperatures up to 80 °C, 23 

without significant hysteresis.  24 

Building up on these results, the use of ambipolar nanometer-thick polyelectrolyte dielectrics for the 25 

preparation of flexible electronic devices operating at high frequency, among which capacitors and 26 



 
 

16 

field effect transistors, can be envisaged, leveraging the vast number of anionic and cationic 1 

polyelectrolytes available on the market. 2 
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