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Abstract 

The effect of humidity on the ionic transport in the amorphous phase of poly(ethylene 
oxide) thin films has been studied by via local dielectric spectroscopy. We explored a 
controlled humidity range between 15 %RH and 50 %RH. AFM-based local dielectric 
imaging allowed to obtain simultaneously the thin films topography and the 
corresponding dielectric contrast maps. No humidity effect on the film topography was 
observed whereas large variation of the dielectric signal could be detected. In addition, 
we observed a clear dielectric contrast in different locations on the thin film surface. At 
selected regions with high contrast in the dielectric maps, we performed nanoDielectric 
Spectroscopy (nDS) measurements covering the frequency range from 10 Hz to 100 kHz. 
By modeling these spectroscopy results, we quantified the conductivity of the amorphous 
phase of the semicrystalline poly(ethylene oxide) films. The crystalline fraction of the 
PEO thin films was extracted and found to be about 36%, independently of humidity. 
However, the average conductivity increased drastically from 2×10-10 to 5×10-9 S/cm, by 
changing environmental humidity in the explore %RH range.  
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1. Introduction 

In times where electromobility and sustainable chemistry are of central interest, energy 

storage devices based on solid-state electrolytes are the key for developing future 

technologies. In particular, polymers1-3 and nanocomposites4-6 feature favorable ion 

conduction properties for their application as electrolyte membranes. These materials 

have good mechanical properties, thermal tolerance, and electrochemical stability, 

compared to their liquid- and gel-based counterparts. Currently, the most promising 

materials for the development of polymer-batteries are the poly(ethylene oxide) (PEO) 

and its family of derivatives. As summarized by Jiang et al,7 PEO shows good chain 

flexibility, superior electrochemical stability to lithium metal, low glass transition 

temperature, and excellent solubility with conductive lithium salts. However, at room 

temperature, PEO is a semicrystalline material where amorphous and crystalline phases 

coexist at the nanoscale. The PEO crystals provide the material with good mechanical 

properties at room temperature; however, they also act as hindrances for ion conduction.7-

9 In other words, a blocking of charges takes place at the internal phase boundaries of 

PEO, leading to low film conductivities, which usually increase by several orders of 

magnitude after doping with ion salts.10 

The build-up of charges at the interfaces is manifested via a dielectric relaxation in the 

multiphase material, known as Maxwell-Wager-Sillars (MWS) relaxation.11,12 In 

dielectric experiments on PEO, the MWS dielectric relaxation signal appears at room 

temperature, in a frequency window of 10-105 Hz.9,13 This frequency range is fully 

covered using nanoDielectric Spectroscopy (nDS). This local technique combines the 

power of broadband dielectric spectroscopy (BDS) with the lateral resolution of scanning 

probe microscopes (SPM).14-16 Lately, a variety of SPM techniques based on electrical 

mode operation have emerged and evolved.17 These methods facilitate the local 
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measurement of sample properties, such as conductivity, permittivity, and surface 

potential, with high lateral resolution. Particularly, in nDS, the dielectric response of a 

sample can be measured by means of analyzing the electrostatic interaction force with an 

atomic force microscopy (AFM) probe.18 Thereby, dielectric relaxation processes can be 

studied in a thin film material with nanoscale resolution.  

In a previous study, we explored the dielectric properties of PEO thin films obtained using 

different solvents, under dry atmospheric conditions, via nDS.9 These AFM-based 

measurements allowed to extract important physical parameters of the films, such as the 

volume fraction of the ion-blocking crystalline phase and the conductivity of the PEO 

amorphous phase at room temperature. Addressing the changes in film structure and 

properties in dependence of humidity conditions is of outmost importance when 

considering any possible application of PEO thin films as ion transporting material.19 

Therefore, in the present work we focus on the influence of the humidity on the ionic 

transport of PEO thin films by using a similar experimental approach but with an 

improved methodology providing higher sensitivity. The here-presented approach 

allowed us detecting the local dielectric relaxation of the PEO thin films, depending on 

the probe position. Moreover, we confirmed the strong impact of humidity on the 

measured signal, whose characteristic frequency changes by a factor of 30 over the 

explored humidity range. We attributed this change to the variation of the ionic 

conductivity of the amorphous phase, which forms a major part of the PEO films. 

2. Experimental section 

Materials. Poly(ethylene oxide) (PEO) has been purchased from Sigma-Aldrich and was 

used as received. The material had a molecular weight Mw = 25 kg/mol, as determined by 

viscosity measurements.  Polymer thin films were prepared by spin coating. PEO 

solutions were spin casted onto silicon wafers (3000 rpm, 2 min), using tetrahydrofuran 
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as solvent (20 mg/mL concentration). Prior to spin coating, the solutions were filtered 

using PTFE syringe filters (0.2 µm). All thin films were subjected to a vacuum treatment 

(10-6 torr) to remove possible residual solvent. Prior imaging, all samples were annealed 

at 100 ºC for 15 min, under a continuous N2 flow. This procedure allowed erasing any 

thermal history, and suppressed solvent influence on morphology and other properties, as 

previously reported.9, 20 

Methods. The surface topography of the thin polymer films has been acquired by Atomic 

Force Microscopy (AFM) measurements. All measurements were performed using a 

Multimode AFM equipped with a Nanoscope V controller and the Signal Access Module 

III (Bruker). We used the Cr/Pt coated conducting probes Tap300E-G from 

BudgetSensors (typical resonance frequency ~250 kHz, and spring constant k ~25 N/m). 

We used a J-scanner that allowed controlling the sample stage temperature. Moreover, 

we probed the material’s local dielectric response by analyzing the cantilever oscillations 

induced by the interaction with the sample, due to an AC electric field. For these electrical 

measurements, we used an external lock-in amplifier SR-865A equipped with a SIM983 

scaling amplifier (Stanford Research Systems). This approach allows imaging maps of 

the dielectric response of the sample, similar to Electric Force Microscopy (EFM), with 

the extra capabilities of performing spectroscopy measurements at specific locations on 

the surface, by varying the frequency (f) of the AC voltage applied to the tip.9, 21, 22 In 

both cases, we analyzed the second harmonic component of the electrical force, i.e., that 

at a frequency double than that of the applied voltage. This force component is related 

with the complex capacitance of the probe-sample system C*, which depends on the 

polymer film’s dielectric function: ε*(ω) = ε′(ω) − iε′′(ω), as:21 

𝐹"#∗ (𝑡) = 	−
1
4
𝜕𝐶∗

𝜕𝑧 𝑉1
" cos(2𝜔𝑡) (1) 
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In eq (1), z is the coordinate along which the tip–sample distance is measured, V0 is the 

amplitude of the AC voltage and ω = 2πf, with the electric field frequency f. The photodiode 

signal, encoding the probe motion due to the probe-sample interaction, was analyzed using the 

lock-in amplifier to obtain the phase (θ) of the probe oscillations at 2ω.  

In the here-reported experiments, all the AFM measurements were performed under a 

humidity-controlled atmosphere. The implementation of the used set-up consisted of two 

gas flow controllers connected to a compressed nitrogen line in a parallel fashion. One 

stream contained dry N2 gas, while the other one was guided through a bubbler bottle 

filled with pure water. By adjusting the gas flow ratio between the dry and wet streams, 

an environment with controlled humidity could be obtained. The combined gas stream 

was guided to the AFM measurement chamber, where a humidity sensor (SHT31, 

Sensirion AG) recorded the actual value of relative humidity. A homemade Igor Pro 

(WaveMetrics, Inc.) procedure was used to implement a PID (proportional-integral-

derivative) algorithm for adjusting the gas flow ratio. Our setup allowed for controlling 

the humidity in a range between 15 − 65 % 𝑅𝐻, with an estimated accuracy better than 

0.1 % 𝑅𝐻,	and good long-term stability. 

3. Results and discussion 

The surface topography of the PEO thin films was studied under a humidity-controlled 

atmosphere. The samples were scanned in tapping mode using a dual-pass protocol. In 

the first pass, we obtained the topography of the thin films, using a tapping mode imaging 

procedure with an amplitude of ~ 14 nm (360 mV). In Figures 1a-c, we show the 

topography of the PEO at 15, 35, and 50 %RH respectively. For all cases, we observed a 

continuous and rather smooth surface with the topographical characteristics of a 
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semicrystalline polymer. As reported previously, these images suggest that the surface 

nanostructures assembled as flat-on lamellas.23-25 We observed no changes of the surface 

morphology upon humidity changed. Only at 50 %RH, we noticed a slightly blurrier 

topography image, which might be attributed to capillary condensation.  

 

Figure 1: AFM topography of a PEO thin film at varying environmental humidity of a) 
15, b) 35, and c) 50 %RH. Corresponding nanoDielectric images are shown below with 
image histograms. All color tables are scaled alike and tip positions for nanoDielectric 
spectroscopy are highlighted by spots 1 and 2. 

 

During the second pass, we recorded images with dielectric relaxation contrast, i.e., maps 

related to the second harmonic cantilever oscillation phase (θ) (see Supporting 

Information). In this part of the imaging procedure, called nanoDielectric Imaging 

(nDI),26 we set a constant tip-sample distance of 16 nm and the surface topography was 

re-scanned with the mechanical cantilever excitation disabled and applying a sinusoidal 
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bias to the probe (6.8 VRMS, at a frequency f = 1 kHz). The resulting cantilever deflection 

signal was routed to the lock-in amplifier for analysis.  

Figures 1d-f show the nDI phase maps obtained by this technique. Every map yielded a 

contrast at fixed humidity that has been transformed into a histogram of θ-values (lower 

frame in Figure 1). We observed that the θ-values fell within a 2-degree range, with an 

average clearly below 90 degrees, i.e., below that value corresponding to a situation 

without dielectric relaxations. By varying the relative humidity, the distribution of θ 

values shifted in a non-monotonous way, leading to a change in the maps’ contrast. In 

detail, as we increased %RH from 15 to 35%, the distribution maximum shifted towards 

lower θ values. However, as we kept increasing towards 50 %RH, the distribution shifted 

back to higher θ values, even higher than those recorded at 15 %RH. The nDI maps 

demonstrated that the PEO thin films presented humidity-dependent dielectric properties. 

For semicrystalline polymers, the dielectric properties of the film are determined to a 

large extent by the conductivity and permittivity of the crystalline as well as the 

amorphous phases (see Supporting Information, and ref11). The superposition of both 

contributions results in a frequency-dependent effective dielectric permittivity of the film, 

characterized by two principal quantities: the relaxation strength that measures the change 

in permittivity from the high to the low frequency limits, and the characteristic frequency 

around which the change occurs that defines the relaxation time.11 Therefore, the different 

values of θ within the nDI maps have to be related to changes of either of these two 

factors, or a combination of both. However, from the maps shown in Figures 1d-f no 

further conclusions can be drawn, as they are based on a single electric field frequency 

response. In order to evaluate the frequency dependent thin film permittivity, we 

performed nanoDielectric Spectroscopy (nDS) measurements. 
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In nDS experiments, we detected the phase shift of the cantilever motions, when sweeping 

the electrical excitation frequency (6.8 VRMS, 1 ≤ f (Hz) ≤ 105) at fixed locations on the 

polymer film surface. Further details of the nDS procedure are given in the Supporting 

Information. The nDS experiments were performed at two distinct areas of the films for 

three different humidity conditions. We highlighted these spots with red squares and blue 

circles in Figure 1. The two regions corresponded to higher and lower q-values in the nDI 

maps. In Figure 2, we present the corresponding collected spectra. The lower frequency 

limit was selected at 5 Hz. Below this frequency, the nDS spectra noise-to-signal ratio 

was high, precluding data reliability. These plots show the phase shift (Δθ) vs f, which 

was evaluated as Δθ = θREF – θ, where θREF (around 90º) depends on the mechanical 

characteristics of the AFM probe and of the electronics used for detecting the oscillations. This 

frequency dependence of θREF was determined by following the equivalent procedure on a 

similar polymer film which had a frequency independent dielectric function, and thus serves 

as a standard (Supporting Information).  

Figure 2 shows that %RH variations greatly affected the measured nDS signal, in agreement 

with the nDI maps. In addition, for a fixed %RH, we observed that the position and intensity 

of the peaks were different for the two analyzed spots (red squares vs blue circles in 

Figure 2). At spot 1 (red squares), we measured a lower relaxation intensity and slower 

characteristic time, compared to spot 2 (blue circles). The differences were not 

pronounced by systematic. Also, the values of the phase shift in the nDS experiments 

were moderate. We attribute this last observation to the fact that the tip-sample distance 

in nDS is relatively large, which results in a relatively high relevance of the cantilever 

contribution to the interaction force. The latter is nearly insensitive to the film dielectric 

properties (Supporting Information, and ref22). Measurements at such large distances 

were necessary to guarantee a proper tip-sample interaction of pure electrostatic nature 
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and no relevant Z piezo movement during the spectra recording A strict control on these 

parameters is of outmost importance for generating high quality data. It should be pointed 

out that in our previous report on PEO thin films under dry conditions we were not able 

to resolve distinct nDS spectra at different probed locations.9 Considering that there are 

no other major differences, most probably, the improved experimental approach is the 

reason for this difference.  

Following the approach presented in ref 9, the measured phase shift results from a 

frequency-dependent capacitance: 

∆𝜃(𝜔) = tan−1 ?
Im B𝜕𝐶

∗(𝜔)
𝜕𝑧 B

Re B𝜕𝐶
∗(𝜔)
𝜕𝑧 B

E F (2) 

In order to analyze the ∆𝜃(𝜔) measurements quantitatively, the probe-sample 

capacitance, 𝐶∗(𝜔), has been modeled by considering the contributions from the tip apex 

and the cantilever separately (Supporting Information).  

At room temperature, the effective dielectric permittivity function (𝜀∗(𝜔)) of the 

semicrystalline PEO thin film mainly originates from ion-trapping processes at the 

interfaces. The resulting dielectric relaxation is referred to as Maxwell-Wagner-Sillars 

(MWS) relaxation, which is a well-known process in the literature.11, 12 For the PEO film 

case, 𝜀∗(𝜔) can be expressed in terms of the conductivity (𝜎) and dielectric constant (𝜀) 

of both the amorphous and crystalline phases, in respect to their respective volume 

fractions (Supporting Information). In this work, we followed a previously reported 

approach that assumed a flat-on layered structure with a non-conducting crystalline phase, 

separated by conductive amorphous layers.9, 11 In the following modelling, it was assumed 

that the amorphous and crystalline phases have frequency-independent permittivities in 

the explored range, 𝜀I = 3.0,	𝜀M = 2.5.9 As previously reported, in order to describe the 
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experimental data using this approach, a distribution of conductivities in the amorphous 

phase should be used.9 Such a distribution would reflect the very heterogeneous character 

of the segmental mobility in the amorphous phase of semicrystalline polymers.27 In 

particular, we could demonstrate that a Gaussian distribution of logQ1 𝜎 described well 

the nDS data of the PEO thin films.9 

The different lines in Figure 2 show the modeling of the experimental data, following the 

approach outlined above. As fitting parameters, we used the crystalline fraction (𝜑), and 

the mean and variance of the log-conductivity distributions of the amorphous phase 

(log𝜎S and log_var𝜎S respectively). For a film thickness of ~150 nm, the dominant 

contribution to the nDS spectra arose from the tip (dashed lines in Figure 2), while the 

cantilever-related signal was, as expected, almost zero for all cases (dotted lines in Figure 

2). This finding is important as it allowed us to use the local dielectric function for both 

the local and average film permittivities in the modeling process (Supporting 

Information).  

 

Figure 2: nDS spectra of PEO at two selected surface spots at a) 15 %RH, b) 35 %RH, 
and c) 50 %RH environmental humidity. The different lines correspond to data modelling 
as detailed in the manuscript, and show the contributions from the tip (dashed), the 
cantilever (dotted), and their sum (solid).  
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The resulting fitting parameters are presented in Figure 3 as a function of %RH. We found 

that the values of the crystalline fraction were essentially independent of %RH, as 

expected (Figure 3a). The obtained 𝜑 value is similar to the 38% crystallinity recently 

reported by Wang and collaborators, by macroscopic methods, for a spin-casted PEO thin 

film of similar thickness.28 Interestingly, we detected small but measurable differences in 

𝜑 when comparing the two probed spots for each %RH. This suggests that in the spots 

showing higher 𝜑 values, the crystals would be better developed. The presence of 

different crystalline regions cannot be interpreted from the topography images, solely. 

Thus, the difference in the crystalline fraction is at least one of the factors originating the 

contrast in the nDI maps, where darker areas correspond to zones with higher crystalline 

fractions.  

The other two parameters obtained from the nDS fittings, are related to the conductivity 

behavior in the amorphous phase. We found that the variance of the log-conductivity 

distributions was insensitive to %RH, as well as to the probed position on the film 

(log_var𝜎S = 0.8 decades). By contrast, the mean log-conductivity (log𝜎S) was the only 

parameter clearly depending on %RH (see Figure 3b). We obtained higher conductivity 

values in the amorphous phase for the positions where the crystalline fraction was lower. 

This result can be understood by taking into account that the amorphous PEO segments 

surrounding well-developed crystals would present more constrained dynamics.27 
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Figure 3: Fitting parameters obtained from nDS modeling, as a function of relative 
humidity. (a) Crystalline fraction. (b) Mean conductivity of the PEO amorphous phase.  

 

It is important to point out that the overall PEO film conductivity is much smaller than 

the one deduced for the amorphous phase, and it is below the detection limit of the nDS 

experiments (~10-12 S/cm). This low value results most-likely from the blocking effect of 

the PEO crystals on the ionic transport.7, 8 Moreover, by extrapolating the obtained 

conductivity values in the amorphous phase of the semicrystalline thin films to zero 

humidity, we can deduce a reduced conductivity as compared with the conductivity value 

deduced by extrapolating the PEO-melt conductivity to room temperature (~10-7 S/cm).9 

This result is based on the fact that the amorphous phase in a semicrystalline polymer has 

very distinct characteristics compared to those of the pure amorphous polymer, as 

discussed in literature.27 In particular, a much hindered segmental dynamics exists in 

semicrystalline polymers, and it is well established that mobility is directly coupled with 

the ionic transport.29 

Here, the major influence of humidity has been a significant effect on the characteristic 

frequency of the nDS signal. In turn, this results in a corresponding dramatic change in 
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the conductivity of the amorphous phase of the semicrystalline PEO thin films. We found 

that just by changing the atmosphere humidity from 15 to 50 %RH, sm increased by a 

factor close to 30. In fact, it is well documented that humidity yields a substantial increase 

of the conductivity of electrolytes based on amorphous PEO.29, 30 For instance, Kovacs et 

al. reported an increase of the DC-conductivity of about 1.5 decades in fully amorphous 

plasticized PEO electrolytes, when comparing experiments performed in an Ar 

atmosphere with those for samples exposed to moisture.29 Similar results were reported 

by Maranas et al. when comparing the conductivity of different PEO based nanoparticle-

filled electrolytes obtained at low and high humidity conditions.30 It has been argued that 

there are two major reasons for these observations. On the one hand, the humidity acts as 

a plasticizer facilitating the motions of the PEO segments and consequently improving 

ion transport.29 On the other hand, the interaction between ether groups of PEO and the 

metal cations, arising from impurities or added salts, is lowered by the presence of water, 

due to its high dielectric constant 31. Thus, an increasing number of cations becomes 

available for ionic transport.  

While here un-doped PEO thin films have been studied, the reasons for the strong effect 

of atmosphere humidity on the conductivity of the amorphous phase are probably similar 

to those discussed above. The conductivity in un-doped PEO is also dominated by the 

presence of ionic impurities, which are uncontrolled and originates from the synthesis and 

processing of the polymer. The fact that the humidity modifies the conductivity of PEO 

electrolytes with different amount of salt in a similar manner would explain why we found 

also 1.5 decades difference between the values of conductivity in the amorphous phase 

from the lowest to the highest humidity conditions.29  
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4. Conclusions 

We studied the dielectric properties of PEO thin films under controlled relative humidity 

conditions (15 – 50 %RH range) by scanning probe techniques. We found no changes in 

the PEO film topography with humidity. However, we observed a humidity dependent 

dielectric contrast for different regions of the PEO thin film and a strong influence of the 

humidity conditions on the dielectric properties of PEO thin films. Based on the dielectric 

contrast maps, we performed local dielectric measurements. This technique allowed 

probing the dielectric properties of the PEO thin films with lateral resolution in the 

nanometer range. Modeling of these nDS results showed that the crystallinity of the PEO 

thin films and the conductivity of their amorphous phase play center roles. The 

crystallinity fraction of the polymer was found to be about 36%, with almost no variations 

between the probed areas and without humidity dependence. The conductivity of the 

amorphous phase showed measurable differences and a strong humidity dependence. The 

conductivity variation was understood as a result of an increasing number of cations due 

to the presence of surrounding water molecules. Our findings on un-doped PEO are also 

of high relevance for doped systems, like those found in batteries. Relative humidity leads 

to a high solubility of impurities and a high mobility of the ions. Moreover, it is not only 

the total concentration of crystalline areas but also their distribution which has major 

influence on the overall conductivity. 
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Supporting Information 

Local dielectric spectroscopy procedure. For nDS measurements, we recorded first a 

nDI map using the so-called point and shoot protocol implemented by the AFM 

manufacturer (Bruker). This method allowed placing the AFM probe on specific spots of 

the sample’s surface, depending on the nDI contrast information. Then, at each one of 

these spots, we recorded a tapping mode ramp. The ramp size was set to 50 nm, the trigger 

amplitude error was -50 mV, and the ramping rate was 1 Hz. Dynamic ramping 

experiments were performed before measuring each frequency point. In this way we 

guaranteed a reproducible tip-sample distance. Examples of the dynamic ramping curves 

acquired prior to nDS are presented in Figure S1 for the three different humidity 

conditions. Throughout all these experiments, the mechanical cantilever excitation was 

hold constant. With increasing humidity, we observe a decrease of about 120 mV in the 

free tapping amplitude from 15 %RH to 50 %RH (figure 2a-c). This correlates to a 

reduced tip-sample distance by ~ 5 nm. Considering this shift, the usual tip-sample 

distance in our nDS spectroscopy experiments was z0 = 50 ± 5 nm. At such distance, the 

mechanical excitation of the probe was suppressed and an AC voltage was applied to it. 

The AC bias amplitude was 6.8 VRMS and the frequency was swept in the 1 ≤ f (Hz) ≤ 105 

range.  
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Figure S1: Tapping mode ramping curves, as captured prior to nDS at a) 15 %RH, b) 35 
%RH, and 50 %RH, respectively. 

 

nDS analysis. The phase of the probe oscillations at 2w does not provide the nDS spectra in a 

straight-forward manner. The resulting nDS signal was obtained by calculating the frequency-

dependent phase shift Δθ(ω), defined as: 

∆𝜃(𝜔) = 𝜃REF(𝜔) − 𝜃SAMPLE(𝜔) (SI-1) 

 

where θREF (ω) is the so-called reference phase, and θSAMPLE (ω) is the phase measured for the 

PEO sample. The reference phase was determined by performing an nDS spectrum on a 

material with negligible electrical losses at room temperature (PVAc thin film, h = 200 nm, 

Mw = 240 kg/mol). The θREF  parameter depends on the electronics and the mechanical 

characteristics of the AFM probe. Figure S2 shows the nDS data of the PVAc film, taken at 

room temperature (red circles).  

For the physical analysis of the nDS spectra, we have to model the total system 

capacitance C*(ω). Here, we used the physical model of the capacitance between the AFM 

probe and a thin film sample, by considering separately the contributions from the two parts 

of the probe: the apex of the tip and the cantilever. This model was presented by Miccio and 
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collaborators previously.1 They modeled the tip contribution following the results presented 

by Gomila and collaborators,2-4 leading to: 

𝜕𝐶234∗ (𝜔)
𝜕𝑧 ∝ 	2𝜋𝜀<

𝑅>(1 − sin 𝜃<)
𝑧<> + 𝑧<𝑅(1 − sin 𝜃<)

D1 +
ℎ

𝑧<𝜀FGH∗ (𝜔)I
JK

×	

𝐹>NOPQR
∗ (𝜔) ∝× D1 +

ℎ
[𝑧< + 𝑅(1 − sin 𝜃<)]𝜀FGH∗ (𝜔)I

JK

 

(SI-2) 

 

where ε0 = 8.85 × 10−12 F m−1 is the vacuum permittivity, R is the effective tip radius and q0 is 

the cone angle. The subscript LOC in ε*(ω) denotes that, in general, this complex dielectric 

function will be related to the local properties of the material.  

The cantilever contribution can be written as:  

𝜕𝐶HUV2∗ (𝜔)
𝜕𝑧 ∝ 	

𝜀<𝑊𝜁
𝑇

ZD1 +
ℎ

𝑇𝜀U[\∗ (𝜔)I
JK

−
𝑇

𝐿 sin 𝛼 D1 +
ℎ

𝑇𝜀U[\∗ (𝜔)I
JK

_ (SI-3) 

 

where W is the cantilever width, L is the cantilever length, α is the cantilever angle, T is the 

cone length, and ξ accounts for the border effects. The subscript AVG in ε*(ω) indicates that 

it refers to an average film property as the cantilever contribution is supposed to be non-local. 

The total frequency-dependent probe–sample electrical force (𝐹>N∗ , eqn 1 in the main 

manuscript) can be evaluated from the sum of eqn (SI-2) and eqn (SI-3). The phase shift 

measured by nDS, relates to these equations as:  

∆𝜃(𝜔) = tan−1 b
Im e𝜕𝐶

∗(𝜔)
𝜕𝑧 f

Re e𝜕𝐶
∗(𝜔)
𝜕𝑧 f

h i (SI-4) 
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In this work, the values used for the geometrical characteristics of the probe with the exception 

of the tip radius were those provided by the probe manufacturer. The effective tip radius, which 

is important for the tip apex contribution, was determined for each particular probe by the 

calibration procedure described as follows. The AFM sample stage was heated up to 333 K, 

and nDS measurements were carried out on a PVAc thin film (the same used for θREF (ω)). In 

Figure S2, the blue circles represent these data. The resulting Δθ(ω) signal was modeled using 

eqn (SI-2) to (SI-4). We used the Havriliak–Negami function with fixed parameters for 

describing the dielectric function of PVAc 𝜀4[Uj∗ (𝜔) 5. Finally, we found the value 

of R in eqn(SI-2) that provided the most appropriate description of the PVAc nDS data. The 

so-obtained value was fixed and used for the subsequent analysis of the nDS experiments on 

the PEO films. Here, the R value was 18 ± 2 nm. 

 

Figure S2. nDS data for PVAc measured at room temperature (red circles) and at 333 K (blue 
circles). 

 

Maxwell-Wagner-Sillars (MWS) relaxation. For an heterogenous material composed 

by a 2-layer structure, the MWS relaxation follows a Debye-like process: 6 

𝜀2L-MWS∗ (𝜔) = 𝜀m +
∆𝜀MWS

1 + 𝑖𝜔/𝜔MWS
 (SI-5) 
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where 𝜀m is the permittivity at the high frequency limit, ∆𝜀MWS	is the relaxation strength, 

and 𝜔MWS relates to the timescale of the relaxation process.  The interfacial polarization 

builds up at the interface between the two layers/phases. In PEO, the crystalline phase is 

in principle non-conducting. Thus, it is described by a frequency independent dielectric 

constant 𝜀p, and occupies a certain volume fraction 𝜑. The amorphous phase, in this study, 

is conductive and it is described by its intrinsic conductivity 𝜎 and the dielectric constant 

𝜀s. Following this idea, the parameters in eqn. (SI-5) relate to the material properties as:6 

𝜀m =
𝜀p𝜀s

𝜀p(1 − 𝜑) + 𝜀s𝜑
 (SI-6) 

∆𝜀tuv =
𝜀p
𝜑 w1 −

𝜀s
𝜀p
𝜑 (1 − 𝜑) + 𝜀s

x (SI-7) 

𝜔tuv =
𝜎𝜑

𝜀<[𝜀p(1 − 𝜑) + 𝜀s𝜑]
 (SI-8) 

 

Following this simple approach to model the nDS data, we did not account properly for 

experimental data, as previously reported5. To obtain a good description, the MWS 

relaxation has to be modeled as a superposition of distinct Debye-like relaxations 

(𝜀yz{
∗ (𝜔)) following a Gaussian distribution of conductivities 𝑔}logK< 𝜎�:

5 

𝜀4�GJyz{
∗ (𝜔) = � 𝜀>FJyz{

∗ (𝜔)	𝑔}logK< 𝜎�	𝑑}logK< 𝜎�
m

<
 (SI-9) 
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