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substrates. Various designs with different gap widths were realized and important 

characteristic of the electrodes, including thickness, surface roughness and electrical 

properties with different ZnO:Al2O3 ratios were studied. Oxygen plasma was applied to 

etch the polyethylene terephthalate surface and to embed the electrodes, a methodology 

which is a breakthrough towards ultimately thin devices fabrication. Moreover the 

influence of oxygen plasma on the electrical properties of aluminum-doped zinc oxide 

was analyzed. Electrochemical impedance spectroscopy studies of two different stimuli 

responsive ionogels were performed using the fabricated electrodes as a proof of 

concept of the viability of these electrodes. The results show the suitability of the use of 

these fabricated electrodes to monitor changes in ion motion and morphology of stimuli 

responsive materials. These electrodes and the process of characterization of the 

ionogels presented here couldbe  implemented to monitor electrochemical changes in 

real applications such as protective coatings. 

Keywords: Aluminum-doped zinc oxide, atomic layer deposition, oxygen plasma, 

ionogels, interdigitated electrodes  

Introduction 

Combining thin transparent conducting oxide (TCO) films with polymeric substrates 

is an appealing approach towards realizing thinner, lighter and cheaper devices, such as 

remote control circuits 1, organic light-emitting devices 2, dye-sensitized solar cells 3, 

transparent electrodes for touch panels or mobile devices 4. Indium tin oxide (ITO) is 

commonly used as TCO. However, several factors such as toxicity 5, low availability 

shortage and the resulting increase in cost 6, or poor adhesion to organic and polymeric 

materials 7 trigger investigations for suitable alternatives. Alumina-doped zinc oxide 

(AZO) is proposed as a promising alternative to ITO since it is cost-efficient for large-
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scale applications 5, has a high optical transmittance (T ≥85%) 8, is not toxic 9 and can 

be grown at relatively low-temperatures 1. The electrical, optical and structural 

properties, however, strongly depends on the processing technology, deposition 

parameters and the ratio of the two constituting materials. AZO films obtained by 

sputtering have an optical transmittance and electrical resistivity of 2x10-4 Ω·cm, which 

are comparable to ITO films (1x10-4 Ω·cm) 10. The lower resistivity in comparison to 

ZnO (4x10-3 Ω·cm) films results from the n-doping of ZnO by Al ions. However, AZO 

films prepared by magnetron sputtering below 300 ºC show considerable non-

uniformities in the resistivity distribution. Further techniques, such as electroless 

deposition or metalorganic chemical vapor deposition, also require high temperatures to 

obtain homogeneous films with large areas of low resistivities 11. More recently, 

optimization of the doping concentration and processing conditions resulted in AZO 

films with low resistivities 12–17, even on flexible substrates 18. Atomic layer deposition 

(ALD) is a very well suitable technique to fabricate uniform AZO films with 

resistivities down to 7x10-4 Ω·cm, even on substrates with sizes of few m2 and with 

complicated morphologies 19. This method is based on a sequential introduction of two 

or more precursors and intermittent purging steps that in the course of the process grow 

the desired film in a self-terminating and precisely controlled layer-by-layer fashion, 

with Angstrom-scale precision in thickness 20. It has been suggested that the increase in 

conductivity observed from ALD-grown films is a consequence of the oxygen vacancies 

and zinc interstitials formed after the incorporation of the Al atoms into the ZnO matrix 

16. 

Although ALD provides AZO films with great chemical stability, the poor adhesion 

between the ALD layer and the substrate still poses a challenge. The films can easily 

delaminate or at least scratch upon mechanical interaction. An alternative approach 
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relies on embedding into and anchoring of the electrodes to polymers, which avoids the 

wipe-off of the electrodes and results in mechanically and chemically more stable 

devices 21. Moreover, this approach suppresses the formation of scratches and cracks 

and allows for the design of more compact and thinner devices.  

For applications in small and integrated devices, patterning of continuous films with 

high accuracy and enhanced resolution, without compromising the conductivity and the 

transmittance of the ALD layer, is of great importance. However, only few examples of 

direct patterning of ALD thin films into specific geometries can be found in literature. 

Area-selective atomic layer deposition (AS-ALD) relies on a patterning method in 

which a growth inhibitor is patterned onto the substrate prior to ALD, thus the 

deposition will only occur on unblocked regions 22. For such localized inhibition, 

PDMS stamps have been inked with molecules that form self-assembled monolayers 

(SAMs) and transferred to a substrate by microcontact printing (µ-CP). Consequently, 

the SAMs on the substrate inhibited binding of the precursors and the growth of HfO2, 

Pt 23,24 or ZnO 25 layers by ALD. However, a drawback of this technique is the lateral 

increase in size of the patterns when the height of the growing film at the boundary of 

patterned and unpatterned regions exceeds the height of the SAMs (ca. 2nm) 26. This 

will affect the fabrication of patterns in which the width of the structures is a critical 

parameter, such as, interdigitated electrodes (IDEs). Moreover, it has been observed that 

diffusion of ALD precursors through SAMs films causes undesired nucleation even in 

growth-inhibited regions. This limitation of the SAMs can be circumvented by using 

polymers as inhibitors for an ALD growth 27, especially if used as sufficiently thick 

defect-free masking layer 28. For example, polymethacrylamide (PMAM) patterned by 

µ-CP has been used as resist for AS-ALD of platinum 29 and polymethyl methacrylate 

(PMMA) patterned by AFM nanotlithography for AS-ALD of TiO2 
30. Inkject-printed 
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patterns of poly(vinyl pyrrolidone) (PVP) have been developed to locally inhibit AZO 

growth 31. In an indirect approach, lift-off processes upon photo- or electron beam 

lithography have been proven as a useful approach for obtaining sharp step edges in 

patterned ALD films of dielectric layers such as Al2O3, ZrO2 or HfO2 on silicon 

substrates 32. Compared to sputtered or evaporated films, these films are superior in 

continuity, smoothness, conformability and achievable feature size. Therefore, 

researchers make use of the structural properties of the ALD-AZO films but none of 

them exploit its electrical or electrochemical properties to build devices that, for 

instance, could be employed to detect changes on a polymer layer coated onto them. 

These changes can be/could be related with the integrity of the coating so, to monitor 

coating performance over time  could minimize maintenance and reparation costs. 

Electrochemical Impedance Spectroscopy (EIS) with interdigitated electrodes (IDEs) 

provides a means of monitoring a protective coating, being an interesting approach for 

monitoring protective coatings. 

In this paper, we demonstrate a simple and reliable method to fabricate AZO-IDEs 

embedded in polyethylene terephthalate (PET) substrates. The fabrication method of 

these electrodes combines of photolithographic techniques and ALD in a smart way. 

Subsequent lift-off results in interdigitated finger electrodes of various widths and gap 

ratios. Etching of the polymeric substrate with oxygen (O2) plasma enables an 

integration of AZO-IDEs into the PET. The resulting devices have been used, as a proof 

of concept, to monitor changes in response to an aqueous environment of organic 

coatings based on ionogels (IOs), which are polymer gels incorporating an ionic liquid 

(IL) into their matrices 33, when deposited over the electrodes. The IO conformational 

changes of two different IO were successfully monitored trough the changes in charge-
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transfer resistance (RCT) measured and characterized with the transparent AZO-IDEs 

patterned onto PET substrates.  

Experimental 

Reagents and Materials 

The masks used for the photolithographic process were manufactured by 

Microlithographic Services. Trimethylaluminum and diethylzinc were purchased from 

Strem Chemicals. N-isopropylacrylamide, N,N’-methylene-bis(acrylamide), 2,2-

Dimethoxy-2-phenylacetophenone, 1-ethyl-3-methylimidazolium ethyl sulfate, 

trihexyltetradecyl-phosphonium dicyanamide ionic liquids and 2,2´-azino-bis-(3-

ethylbenzothiazoline-6-sulfonic acid (ABTS) were purchased from Sigma-Aldrich. 

Cyclic olefin copolymer (COP) was provided by Zeonex/Zeonor and pressure sensitive 

adhesive (PSA) was generously provided by Adhesive Research, Ireland. Polyethylene 

terephthalate (PET) was generously provided by Osram. For the photolithography 

process Microposit S1818 G2 positive photoresist, Microposit developer and Microposit 

remover 1165 were purchased from Chemplate Materials.  

 

Preparation of the ionogel solutions  

The synthesis of the IOs was performed following the protocol described in reference 

34. In brief a mixture of N-isopropylacrylamide (0.904 g), N,N'-methylene-

bis(acrylamide) (0.025 g), 2,2-Dimethoxy-2-phenylacetophenone (0.021 g) and 2 mL of 

1-ethyl-3-methylimidazolium ethyl sulfate (IO-1) or trihexyltetradecyl-phosphonium 

dicyanamide (IO-2) ionic liquid was placed in a flask and heated at 80 °C during 30 

min. The chemical structures of the IOs used in this study are shown in the supporting 

information (Figure SI-1).  
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Fabrication of the device and ionogel integration 

The AZO-IDEs were fabricated on a commercial sheet of polyethylene terephthalate 

(PET) wafer with a very smooth surface. For the patterning of the embedded 

interdigitated electrodes, PET substrates were coated with S1818 photoresist and 

exposed to UV light through a photomask. The exposed regions were removed with 

Microposit developer. PET substrates covered with the patterned photoresist were 

treated with O2 plasma at 100 W during 5 min to improve the adhesion of the deposited 

AZO films. The AZO layers were grown by ALD (Beneq TFS 200) using diethylzinc 

(DEZ) and water vapor as zinc and oxygen sources. For the doping process with 

aluminum, trimethylaluminum (TMA) and water vapor pulses were added to the ALD 

process. The reactor pressure during the process was 0.7 mbar and the nitrogen purging 

gas flow rate was 200 sccm. The substrate temperature during ALD was kept at 120 ºC 

and various ZnO:Al2O3 ratios were tested. After the ALD process takes place, the 

photoresist was removed with Microposit 1165 remover and the AZO-IDEs were 

ultrasonically cleaned using acetone and ethanol. A second O2 plasma treatment was 

applied after the fabrication of the AZO-IDEs to study the effect of the O2 on the AZO 

resistance.  

To integrate the IO into the fabricated device, a COP/PSA gasket with a square shape 

inside with dimensions of 1.4 x 1 mm was placed around the AZO-IDEs to avoid the 

spreading of the IO before the photopolymerization (see figure SI-1). Next 1 L of IO-1 

or IO-2 was drop casted onto the AZO-IDEs and in-situ photo-polymerized under UV 

light (= 350 nm) with a power of 850 Wcm-3 during 8 min. For the optical 

measurements a 4 mM of ABTS solution in water was used. For monitoring the IO with 
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AZO-IDEs, the IO was dried in vacuum for 2 h (IO-1) or overnight (IO-2) and 

subsequently rehydrated with water during 5 min (IO-1) or 15 min (IO-2). 

 

Characterization methods 

A JPK NanoWizard atomic force microscope (AFM) was employed to study the 

topography of the AZO-IDEs. It was operated in the intermittent contact mode using a 

silicon tip (r < 10 nm) with a resonant frequency of approximately 300 kHz and a force 

constant of 40 Nm-1. The EIS measurements were performed with a Hioki IM3570 

impedance analyzer in the frequency window of 4 Hz to 1 MHz. The electrodes were 

connected with needles controlled by micropositioners. The data was fitted with an 

equivalent circuit using Zview to quantitatively analyze the results. I-V curves were 

measured with a Keithley 4200-SCS Semiconductor Characterization System. The 

thickness of the AZO layer was measured by X-ray reflectivity (XRR). A Pico Plasma 

System (low-pressure plasma) manufactured by Diener Electronics, was used for O2 

plasma treatments. Thicknesses of the micropatterns and etching depth were measured 

with a profilometer from KLA-Tencor Technologies. Scanning Electron Microscopy 

(SEM) was performed with a FEI Quanta 250 FEG to acquire micrographs of the 

embedded AZO-IDEs and patterned PET. The chemical composition of the films was 

analyzed by Energy Dispersive X-ray Spectroscopy (EDS) using a field emission 

scanning electron microscope (JEOL JSM-7100F). The optical transmission was 

measured using a nanodrop 2000C UV−Visible spectrophotometer (Ocean Optics). 

 

Results and discussion 

Fabrication of the AZO-IDEs 
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Transparent conducting electrodes with excellent electrical and optical properties 

were fabricated by a merger of photolithographic structuring and ALD thin film growth. 

The fabrication process has been adapted from protocols described in literature 35 and is 

schematically outlined in figure 1a. In a typical process, the substrate was spin-coated 

(figure 1 a-2) with a positive photoresist, subsequently exposed to UV light through a 

photomask to transfer the interdigitated pattern (figure 1 a-3) and the exposed 

photoresist was then removed by dissolution (figure 1 a-4). O2 plasma treatment (figure 

1 a-5) was applied to the substrate on the one hand to form of reactive sites for the 

chemical binding of the AZO layer and on the other hand to etch the unprotected 

regions of the PET substrates and in this way to generate the trenches for embedding the 

AZO films. In the following process, the AZO layer was grown by ALD (figure 1 a-6) 

and the photoresist gently dissolved, leaving behind the bare AZO layer completely 

embedded in the PET film (figure 1 a-7).  

Earlier work has shown that the resistivity of the AZO films grown onto silicon 

substrates decreases with increasing process temperature 36. Considering the melting 

point of the PET (Tm = 250 °C) and the thermal stability of the photoresist used for the 

patterning of the ALD films, we chose a process temperature of 120 ºC. The number of 

ALD cycles was adjusted to obtain films with thicknesses of approximately 50 nm. 

However, the adhesion of the AZO layer to the PET substrate was poor and the film was 

full of cracks (see figure SI-2) due to the difference in the thermal expansion 

coefficients of the two involved materials and the brittleness of the AZO film. Oxygen 

(O2) plasma has been demonstrated as a viable means to improve the adhesion of ALD 

layers of TiO2 to polymeric substrates such as FEP 37. Similar O2 plasma treatment of 

the PET substrates and subsequent deposition of the AZO layer resulted in a more stable 

coating with no appreciable defects. In addition, the adhesion of the AZO films to the 
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PET substrates was significantly improved when the substrates were treated with 

plasma O2 prior to an ALD deposition. The plasma activates the surface of the PET 

substrate and introduces O2. As a result, the chemical bonding between the substrate and 

the ALD layer becomes stronger.  

To study the effect of ZnO to Al2O3 pulse ratio on the film resistance, the ALD 

process temperature was maintained at 120 ºC and the pulse ratio was varied from 10:1 

to 30:1 (see table 1). The total number of cycles (440) was maintained constant among 

the different samples, which due to different growth rates of the Al2O3 and ZnO resulted 

in the thicknesses of the films varying from 50 to 54 nm in dependence of the pulse 

ratios (see table 1). The results of the current-voltage (I-V) curves measured on PET 

substrates as a function of pulse ratio are shown in figure S3. As can be seen in table 1, 

in the range of pulse ratios studied in this work, the resistance values vary from 0.59 

MΩ to 2.47 MΩ. According to other works reported in the literature 14,16,38, as the 

doping occurs via the incorporated Al atoms, almost the same number of charged 

donors is formed at or near the ZnO/Al2O3 interphase. Consequently, the resistance 

decreases until the interval of Al2O3 layers reaches length (ratio 20 to 1 to our study). 

Shorter distances between two adjacent Al2O3 layers could produce repulsion between 

the Al3+ ions occupying the Zn+2 lattice sites limiting the extrinsic doping and explaining 

the increase in resistance at a 10:1 ratio. Consequently, a certain number of ZnO 

deposition cycles is needed between adjacent Al2O3 layers to allow for the nucleation 

and growth of ZnO and to fully activate the extrinsic doping of ALD-AZO films. 

Therefore, the ZnO:Al2O3 ratio of 20:1 appears to generate the optimal distance 

between Al2O3 layers and a decrease in the AZO resistance.  

Further insight into the presence of various conduction processes inside the AZO 

films was derived from EIS measurements. The recorded Nyquist plots of the AZO 
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films are shown in figure S3b. The spectra exhibit one semicircle instead of the 2, which 

would be expected for a semiconductor, indicating that either the conduction process 

through the grain and the grain boundary has the same time constants, or that resistive 

grain boundaries and conducting grain cores are present in on the AZO films 39. The 

semicircle of the Nyquist plot was fitted with the equivalent circuit shown in the inset of 

the figure S3 where R1 stands for the resistance of the connections and R2||C the 

conduction through the AZO layer. The estimated resistances listed in table 1 agree well 

with the values obtained from the I-V plots.  

Table 1. Fabrication conditions of AZO-IDEs on PET.  

(a)ALD deposition temperature; (b)AZO thickness measured by X-ray reflectivity 

(XRR); (c)Root Mean Square (RMS)-roughness measured by AFM; (d)AZO grain size 

from AFM images; (e)Resistance from I-V curves; (f)Charge-transfer resistance obtained 

from the fitting the Nyquist plots with the equivalent circuit. 

 

The microstructure of the ALD AZO films has to be characterized since this 

parameter is strongly correlated with the electrical properties. To study the film 

morphology, AZO layers were deposited onto silicon (100) substrates and their surface 

grain structure was analyzed by AFM. Topographical images of the films with 

ZnO:Al2O3 ratios of 10:1, 20:1 and 30:1 are shown in figure 1b to 1d. Obviously, the 

morphologies vary with different ZnO:Al2O3 ratios. From these images, the RMS- 

average diameters of the grains were measured and are listed in table 1. Interestingly, 

Entry T (°C)(a) ZnO:Al2O3
 

ratio 

Thickness 

(nm)(b) 

RMS- 

Roughness 

(nm)(c) 

Diameter 

(nm)(d) 

R 

(Ohms)(e) 

R2 

(Ohms)(f) 

1 120 10:1 54 1.4 ± 0.7 48 ± 17 1.78x106 0.81·106 

2 120 20:1 50 1.2 ± 0.1 33 ± 12 5.92x105 5.98·105 

3 120 30:1 52 1.1 ± 0.2 45 ± 12 2.47x106 2.64·106 
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the RMS-roughness and the measured grain size are approximately the same in all the 

samples. Therefore, the changes in conductivity cannot be related to the size and the 

number of grain boundaries or the difference in roughness between the samples. 

Figure 1. (a) Fabrication process of AZO-IDEs: (1) PET substrate was coated with a (2) 

photoresist, (3) exposed to UV light through a photomask, (4) developed, (5) exposed to 

O2 plasma, (6) AZO was deposited by ALD and (7) the film was immersed in a solvent 

and photoresist lifted off in that sequence. AFM images of AZO with ZnO:Al2O3 ratios 

of (b) 10:1, (c) 20:1 and (d) 30:1. 

 

Once the AZO deposition process was established, the patterned AZO-IDEs were 

successfully obtained on the polymer substrate as can be seen in figure 2a. Width to gap 

ratios of 100:100, 50:50, 25:25 and 50:25 micrometers were fabricated showing the 

feasibility of the method for fabricating different structures. Scanning electron 

microscopy (SEM) images performed on the samples (figure 2b, 2c and 2d) demonstrate 

that the electrodes are well defined and the width of the fingers match perfectly with the 

geometries defined by the mask. Moreover, the EDS spectra clearly show the presence 

of Zn and Al in the AZO electrodes. The presence of trenches inside the PET substrates 
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can be observed from the bird eye view micrograph of figure 2g. The AZO finger is 

completely embedded in the polymer substrate with an average thickness depth of 216 ± 

20 nm calculated after 3 measurements.     

 

Figure 2.SEM images of AZO-IDEs embedded in PET with a width:gap ratio of (a) 

50:50 µm, (b) 100:100, (c) 50:25 and (d) 25:25 µm. EDS spectra of (e) AZO and 

PET.(f) Birds eye view SEM micrograph of an AZO finger electrode. 

The trench formation process was further investigated by changing the O2 flux and the 

exposure time in the plasma treatment. The relation of trench depth and exposure time is 

summarized in Figure 3a. For this experiment, PET foils were covered with a positive 

photoresist and several lines were patterned by photolithography. O2 plasma treatments 

were carried out with gas flows of 5, 10 and 20 sccm at a constant plasma power (100 

W). The etching depth was measured every 10 min with a mechanical profilometer 

(Figure S4). For the three O2 flows studied, the obtained trend indicates that the trench 

depth increases almost linearly with the exposure time. However, the differences in 

slope between the three O2 flows reflect that lower O2 flows result in faster etching of 

the PET substrate. The etch rate decreases with increasing O2 flow, because at higher 
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gas pressure the ion energies and the electron densities decrease, suppressing the 

etching process of the substrate.40,41 By identifying and controlling these factors, the 

etch depth in PET films can be well controlled and reproduced making it a simple 

technique to generate embedded electrodes.  

The effect of a second O2 plasma treatment after the fabrication of the AZO-IDEs on 

their electronic properties was also studied. For this purpose, 20 min of O2 plasma with 

an O2 flow of 10 sccm was applied to the AZO-IDEs. The Nyquist plots of both O2-

treated and untreated AZO-IDEs are shown in figure SI5. The O2-treated AZO-IDEs 

show a smaller semicircle than the untreated electrodes. The resistances (R2) obtained 

after fitting both Nyquist plots with the same equivalent circuit, are 0.68 MΩ and 0.12 

MΩ before and after O2 plasma treatment, respectively. The observed decrease in 

resistance is caused by an increase of the number of charge carriers (electrons) available 

for conduction 42. Finally, the mechanical profile of the AZO-IDEs before and after the 

plasma O2 was measured, as shown in figure 3b. The substrate regions of the PET, 

which are not covered by an AZO layer, are more rapidly etched by the O2 plasma, 

resulting if an inversion of the morphology with AZO-IDEs acting as etching resist. As 

a result, the electrodes can be controllably embedded or exposed in dependence on the 

needs of the anticipated device. 
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Figure 3. (a) Etching depths of PET by O2 plasma at various O2 flows: 5 sccm (green), 

10 sccm (blue), 20 sccm (grey), (n = 3); (b) schematic view and profilometry scans of 

AZO-IDEs on PET before (left) and after (right) O2 plasma treatment. 

Optical characterization of the AZO-IDEs 

Optical transparency is an important measure for the quality of the thin TCOs films so 

the optical transparency of the fabricated AZO-IDEs was evaluated. It is well-known 

that the visible region of the spectrum of AZO films, the transmittance reaches 80 % 

over a broad range of wavelengths, which makes a use of these electrodes for 

optoelectronics applications feasible. The high transmittance of the AZO layer 

deposited onto PET substrates in the visible region allows to directly measure variations 
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in the transmission spectra of solutions superpositioned to the AZO-IDEs and 

electrically stimulated by them. To prove this concept, the oxidation reaction of ABTS 

induced by electron injection from the AZO electrodes was applied. The colorless 

ABTS is a chemical compound that can be oxidized to its radical cation (ABTS˙+) 

resulting in a green solution 43, see Figure 4a. A drop of the colorless ABTS was placed 

onto the AZO-IDEs and a bias potential of 7 V was applied to the AZO electrodes 

during a fixed period of time. The reaction was followed by recording transmittance 

spectra applying a configuration according to the schematic in figure 4a. Figure 4b 

shows the transmittance change at 422 nm as a function of time. Before applying the 

voltage, the recorded transmission spectrum is normalized to 100 % accounting for the 

contributions of AZO and the PET substrate to the transmittance of the substrate. After 

applying 7 V for 1 min, oxidation of the ABTS occurs and the transmittance slightly 

decreases. After 2 min, the transmittance decreases considerably by more than 60 % and 

after 3 min a drop of 80 % of the initial transmittance is achieved. The results prove that 

AZO-IDEs fabricated are functioning systems and the optical transparency of the AZO 

film and the PET substrate allows for direct measurement of the transmittance changes 

of solutions superpositioned to the electrode in real time. 
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Figure 4. (a) Mechanism of the ABTS oxidation and reduction processes triggered by 

AZO-IDEs and (b) the evolution of the transmittance % of the ABTS dye as a function 

of time at 422 nm.  

Monitoring of ionogels with AZO-IDEs 

The use of AZO-IDEs deposited on PET could be used to monitor the electrochemical 

changes of materials deposited on top of the electrodes. To prove this concept, stimuli 

responsive IOs that suffer a conformational change in their structure in aqueous media 

44 have been monitored with the previously fabricated AZO-IDEs using EIS. As 

explained in the experimental section the IO-1 and IO-2 were placed over the electrodes 

and impedance measurements were performed using the AZO-IDEs with 50 µm gap 

and width. The spectra show a semicircle at high frequencies and a linear part at low 

frequencies (see figure S7). Detailed spectra of the high frequency areas are shown in 

figure 5a. The semicircle is ascribed to the electron transfer process between the IO and 

the AZO surface and the linear part is characteristic of Warburg diffusion. In the case of 

IO-1, the semicircle is smaller, which is indicative of the charge-transfer at the AZO/IO-

1 interface being more favorable than in case of AZO/IO-2. In order to analyze the 
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results more quantitatively the equivalent circuit must fit the experimental data of both 

measured IOs. The equivalent circuit used for this analysis is shown in figure 5b and 

describes the response of a charge-transfer process accompanied by diffusion. The basic 

element is represented by RS and contains the resistance of the electrolyte and the 

internal resistance of the electrode material. RCT is associated with the charge-transfer 

between the electrode and the IO and is connected in parallel with the Constant Phase 

Element (CPE) that corresponds to the double layer. The Warburg impedance (W) 

accounts for the transport of the IL ions. For both IOs measured with the AZO 

electrodes we employed the same equivalent circuit and the resulting values allow 

differentiating between both IOs. The obtained RCT values were 0.62 MΩ and 1.07 MΩ 

for IO-1 and IO-2, respectively. These differences can be explained with the differing 

cations of the ILs. In the case of IO-1, the cationic charge of imidazolium is largely 

delocalized due to the extensive π-bonding in the heterocycle. However, in the case of 

IO-2, the cationic charge of IL-2 is largely alkyl-shielded 45, restricting the charge-

transfer to some extent 44 and resulting in higher RCT values. The RCT values using the 

AZO-IDEs with lower resistance (treated with O2 plasma) were 0.2 MΩ and 0.79 MΩ 

for IO-1 and IO-2, respectively. This decrease in the RCT of the IOs is a consequence of 

an improved charge-transfer at the IO/AZO interface. These results are in agreement 

with our previous studies reported by us 46 that proof that EIS correlates changes in the 

RCT values with the polymer morphology and the nature of the IL entrapped in the 

matrix. Moreover, they validate the feasibility of AZO-IDEs to distinguish between IOs. 
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Figure 5. (a) Nyquist plot of IO-1 (blue lines) and IO-2 (red lines) using AZO-IDEs 

with (dotted lines) and without (solid lines) O2 plasma treatment. (b) The Randles 

equivalent circuit used for fitting the plots. (c) Schematic of the device: IO placed on 

top of an AZO-IDE with a COP/PSA gasket, indicating the reversible swelling of the 

IO. (d) Normalized RCT values for IO-1 (blue) and IO-2 (red) upon swelling/drying 

cycles. The cycles consist of treatments of 5 min (IO-1) or 15 min (IO-2) in water and 2 

h (IO-1) or overnight (IO-2) in vacuum. 

 

IOs are porous materials that swell in an aqueous environment. Upon absorbing large 

amounts of water, they change their volume abruptly which induces severe 

conformational changes in the microstructure, thus affecting their ion mobility 34. 

Therefore, our designed AZO-IDEs have been used to monitor such changes by EIS. 

After polymerization of the IO on top of the AZO-IDEs, the hydrated and dried states 
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were obtained after immersion in water or drying in vacuum in various durations. The 

schematics of the setup are depicted in Figure 5c and experimental details are described 

in the experimental section. EIS measurements were performed in the swollen and 

dehydrated state and the obtained spectra (see figure SI-8) were fitted with the Randles 

equivalent circuit shown in figure 5b. The immersion times for rehydrations and drying 

times for dehydration were adjusted for each IO, based on our earlier work 46.      

Both the dehydrated and swollen states are reflected in the normalized (I/I0) RCT graph 

shown in figure 5d. The spectra have been normalized to account for differences 

between the different electrodes. In the swollen state, the RCT of both IOs decreases 

indicating that the expanded structure of the IO promotes ion mobility. In contrast, after 

drying in vacuum, the RCT values measured with AZO-IDEs reach higher values, 

because after water evaporation of water the pores become filled with air, which 

impedes the charge-transfer between the electrode and the IL. Moreover, differences in 

the actuating behavior of IO-1 and IO-2 can be elucidated using AZO-IDEs. IO-1 has a 

spongy structure and the presence of the hydrophilic anion of the IL favors water 

absorption through the polymer matrix. Therefore, low immersion/drying times are 

needed to perceive a change in the RCT due to its rapid water uptake and release 

capacity. In contrast, the compact structure of IO-2 and its hydrophobic anion hinder the 

water uptake/release and longer times are needed to observe a change in the RCT values. 

Moreover, water molecules are trapped more efficiently due to the compact morphology 

of IO-2, resulting in its swollen state being more stable than in the case of IO-1. The 

rather high values obtained in the last cycle are a consequence of the IOs peeling off of 

the AZO-IDEs. The experimental shows that variations in ion mobility, generated by 

conformational changes in the IOs, can be monitored with the fabricated AZO-IDEs, in 

the same way as it was previously done with gold electrodes. This demonstrates the 
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feasibility of the implementation of AZO-IDEs to detect failures in protective coatings 

that involve adhesion deterioration or ion migration processes. 

 

Conclusions 

A process to fabricate AZO-IDEs embedded in PET substrates was described. ALD 

was used as deposition method and the optimal ZnO:Al2O3 ratio, thickness and 

temperature were identified. Photolithography and lift-off techniques were used to 

pattern the AZO film and four devices were fabricated with different width to gap 

ratios. The procedure allows for advancing the manufacturing of thinner devices and in 

the patterning of TCOs deposited by ALD. 

The electrical properties of the AZO films were characterized by EIS and IV 

measurements and the AZO resulting from a ZnO:Al2O3 ALD cycle ratio of 20:1 

showed the lowest resistance. The influence of oxygen plasma treatment on the 

electronic properties of AZO was studied showing a shift towards lower resistance 

values. Finally, AZO-IDEs were used to monitor the swelling/drying behavior of two 

different IOs in water. The possible use of AZO-IDE, embedded in flexible substrates, 

in order to monitor electrochemical changes in IOs related with variations in their 

microstructure, was successfully proven with EIS. This confirms the feasibility of the 

method to be implemented in monitoring systems that suffer changes in ion motion, 

such as protective coatings. A timely detection of structural changes in coatings or 

detachment or delamination of coatings from a substrate can help to avoid or prevent 

damages, such as corrosion-related damages, in metallic substrates. 
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