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Abstract 

 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a transparent conductive polymer widely used 

in flexible photonic and optoelectronic devices because of its excellent electrical and optical 

properties. However, its current range of applications is limited by its poor stability under high 

humidity and solar radiations. Encapsulation is an attractive solution to this problem and the 

development of a low-temperature and scalable deposition method is highly desirable. In this 

study, we report the use of spatial atomic layer deposition (SALD) to deposit ultrathin layers of 

ZnO, TiO2, and Al2O3. These nanolayers maintain the electrical performance of the conductive 

polymer and its high optical transmittance. The use of SALD ensures low-cost and flexible 

processing with pinhole-free high-quality coatings at atmospheric pressure and high-throughput. 

The present study is the first to investigate the effect of various multilayer metal oxide 

encapsulations on the long-term stability of PEDOT-based transparent conductive materials 

under solar radiations. We demonstrate finally that bilayer TiO2/Al2O3 and TiO2/ZnO coatings  

preserve the optoelectronic properties of three different PEDOT-based films, namely 

PEDOT:OTf (OTf = triflate), PEDOT:Sulf (Sulf = sulfate)and PEDOT:PSS (PSS = 

PolyStyreneSulfonate) films. 
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1. INTRODUCTION 

 

Conductive polymers have a wide range of applications including in organic electronics, 

photovoltaics, energy storage, and smart biomaterial devices.[1–6] In electronic and 

optoelectronic devices, poly(3,4-ethylenedioxythipohene) (PEDOT), one of the most promising 

conductive polymers, balances conductivity and transparency just as well as ITO (indium tin 

oxide), with the additional benefits of scalable processing, low cost, and flexibility.[7–15] 

However, one of the main drawbacks of this material, and of organic materials in general, is their 

poor stability under environmental stress (high humidity, solar radiations).[16] The development 

of techniques to improve the stability of polymeric conductive films is therefore crucial. For 

PEDOT, several encapsulation films and methods have been evaluated in this context. For 

example, Chen et al. extended the half-life of PEDOT more than 10-fold by capping it with 

poly(divinylbenzne-co-maleic anhydride, PDVB-MA),[17] although the latter did still degrade 

over time. Spatial atomic layer deposition (SALD), an alternative to conventional ALD, has 

shown promise in device integration since it was first published in 2008.[18] In this 

straightforward and scalable method, reactive precursors are separated in space rather than in 

time, allowing metal oxide films to be deposited under ambient conditions at remarkably high 

rates.[19–24]  

Metal oxide films are efficient encapsulating coatings since they protect the underlying layer 

from UV radiations and act as a barrier against water and oxygen. Aluminum oxide (Al2O3) has 
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interesting gas diffusion barrier properties,[25],[26] while zinc oxide and titanium dioxide (ZnO 

and TiO2) are commonly used as UV filters.[27],[28] Gas barrier oxides are useful for sunlight 

protection because materials are generally sensitive to the combination of radiation (mainly UV) 

and water vapor or oxygen.[16] For example, metal oxide films have successfully been used to 

improve the stability of silver and copper nanowire networks under harsh conditions.[29],[30] 

The effects of metal oxide coatings on organic materials have not been so well studied because it 

is difficult to deposit a protective layer uniformly and conformally on ultrathin polymeric 

substrates without damaging them.[31–33] Further requirements for the deposition technique are 

that it should be cost-effective, high-throughput, low-temperature, vacuum-free and compatible 

with roll-to-roll processing while still yielding high-quality, pinhole-free coatings. SALD thus 

appears as an ideal technique to apply protective oxide coatings to organic devices. Indeed, 

Mutee Ur Rehman et al. enhanced the lifetime of PEDOT:PSS in an organic sensor thanks to an 

Al2O3 layer, applied by SALD.[34] Similarly, Choi et al. and Maydannik et al. used an Al2O3 

layer as a gas barrier to improve the water vapor transmission rate (WVTR) of organic 

displays.[35,36]  

In this study, we evaluated the performance of several multilayer structures as encapsulation 

layers for PEDOT:triflate (PEDOT:OTf, see Figure S1), PEDOT:sulfate/hydrogen sulfate 

(PEDOT:Sulf, the sulfuric treated version of PEDOT:OTf, with higher conductivity but lower 

stability) and PEDOT:polystyrene sulfonate, post-treated with ethylene glycol (PEDOT:PSS-

EG), as reference product. We focused on their stability under solar radiations because of the 

widespread use of PEDOT in photovoltaics,[37–40] and because these materials are known to be 

particularly susceptible to radiation damage (mainly because of chain scission, degradation of 

counter-anions and crystallinity).[41] Given their intended use in optoelectronic devices, the 

PEDOT films were prepared in thin layers of around 30 nm for at least 85% total transmittance 



5 

 

(knowing that the haze factor of these materials is less than 1%), and a sheet resistance of around 

150 Ω.sq-1. The polymer films were protected with layers of Al2O3, ZnO, and/or TiO2.[42] The 

novelty of this work lies in the deposition of metal oxides on organic layers under ambient 

conditions (temperatures below 200°C, without need of vacuum chamber), using SALD. 

Moreover, we used the superposition of several (two or three) oxide layers to combine their 

advantages.[43] The effects of the precursors on the polymeric films, notably on the doping level, 

were studied by UV-Vis-NIR spectroscopy and soft and hard X-ray photoelectron spectroscopy 

(S-XPS and HAXPES).The oxide layers were then tested alone and in combination to 

encapsulate the different PEDOT films under sunlight radiations.  

 

2. EXPERIMENTAL SECTION 

 

2.1. Materials 

 

3,4-ethylenedioxythiophene (EDOT), N-methyl-2-pyrrolidone (NMP), isopropanol (IPA), 

iron(III) trifluoromethanesulfonate (Fe(OTf)3), polyethylene glycol − polypropylene glycol − 

polyethylene glycol (PEG−PPG−PEG) Mw = 5800 g/mol and ethylene glycol (EG) were 

obtained from Sigma-Aldrich. Anhydrous ethanol was purchased from CARLO ERBA Reagents. 

PEDOT:PSS  CLEVIOS TM  PH1000 was purchased from Heraeus. Glass substrates (7.5 × 2.5 

cm², 0.96 to 1.06 mm thick) were purchased from Corning. 

 

2.2. PEDOT deposition 

 

PEDOT:OTf and PEDOT:Sulf films were prepared as follows: Fe(OTf)3 was dissolved at 

0.126 mg/mL in a solution containing 72.25 wt % of ethanol, 20.00 wt % of PEG−PPG−PEG, 

and 7.75 wt % of NMP. The solution was sonicated for 2 h, then 0.25 mL of this solution was 

mixed with 5 μL of EDOT before being spin-coated onto the substrate (Glass or PEN), at 4500 
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rpm for 30 s. The resulting films were heated on a hot plate at 70°C before being rinsed with 

ethanol and dried again at 70 °C, yielding to PEDOT:OTf. To prepare PEDOT:Sulf, PEDOT:OTf 

film was dipped in 0.1 M sulfuric acid for 30 min before being dried on a hot plate at 120 °C for 

30 min, to allow substitution of a large part of the triflate anions by sulfate or hydrogen sulfate 

groups. 

PEDOT:PSS-EG films were prepared as follows: commercial PEDOT:PSS (Clevios 

PH1000) was mixed with IPA (50:50 vol). The surface was covered by the solution and spin-

coated at 1000 rpm for 1 min, with an acceleration of 500 rpm/s. The film was heated at 120 °C 

for 10 min on a hot plate, then dipped in EG for 30 min before being rinsed in ethanol and dried 

once more on a hot plate at 120 °C for 30 min.  

To measure the electrical resistance of the films, gold electrodes were deposited at the 

edges of square samples (2.5×2.5 cm²) so that the resistance values obtained were equivalent to 

the sheet resistance of the film in Ω.sq-1. 

 

2.3. SALD of metal oxide layers 

 

 The TiO2 thin films were deposited using a custom-built SALD system.[44] Titanium 

tetrachloride (TiCl4) and water vapor were carried to the manifold head at flow rates of 10 sccm 

for TiCl4 and 100 sccm of H2O, diluted in 25 and 100 sccm of N2, respectively. Nitrogen was 

used as an inert gas barrier with a total flow rate of 450 sccm. The temperature of the substrate 

was maintained at 150 °C. The distance between the substrate and the SALD injection head was 

approximately 150 µm with a scanning speed of 10 cm/s. The precursor for the Al2O3 layers was 

trimethylaluminium (TMA), which was carried at 15 sccm with 150 sccm H2O, diluted in 235 

and 225 sccm of N2, respectively. The N2 barrier total flow was 750 sccm. Different deposition 
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temperatures (100, 150 and 200 °C) were tested and the number of deposition cycles was varied 

from 10 to 90, to adjust the thickness of the films from 9 to 81 nm. Diethylzinc precursor 

(C2H5)2Zn (DEZ) was used to deposit ZnO, using a flor of 30 sccm with 150 sccm of H2O, 

respectively diluted in 270 and 300 sccm of N2. The N2 barrier total flow was 900 sccm. The 

deposition temperature was varied between 50 °C and 200 °C and the number of deposition 

cycles was varied from 10 to 60 to obtain thicknesses between 5 and 55 nm. 

 

2.4. Characterizations 

 

Soft-X-ray photoelectron spectra were recorded using a Versaprobe II ULVAC-PHI 

spectrometer. A monochromatic beam (X-ray source, Al Kα, 1486.6 eV; diameter, 100 μm; 

power, 50 W) was focused on the surface of the samples. High-resolution spectral analyses were 

performed using a pass energy of 23 eV, corresponding to a resolution of 0.5 eV. All XPS 

measurements were carried out in an ultrahigh vacuum chamber (7x10−10 mbar). The 

spectrometer was calibrated using the photoemission lines of gold (Au 4f7/2 = 84.0 eV, with 

reference to the Fermi level). Dual charge neutralization was used to avoid any eventual charging 

effect induced at the surface of the samples. All XPS spectra binding energies were corrected 

using the C1s line of carbon sp3 at 285.0 eV. As the S-XPS is a surface analysis technique (depth 

analyses of 5 nm). To probe deeper (~20 nm) into the films, HAXPES data were recorded on a 

PHI-Quantes spectrometer. A monochromatic beam (X-ray source, Cr Kα, 5414.9 eV) of 100 μm 

of diameter and 50 W was used. High-resolution spectral analyses were performed using a pass 

energy of 69 eV, corresponding to a resolution of 0.8 eV. Depth profiling analyses were 

performed using an argon Gas Cluster Ion Beam (GCIB), at 8 eV/atom with a current density of 5 
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nA/mm2, which was used instead of a conventional Ar ion beam to avoid chemical destruction 

during depth profiling. 

Resistances were measured at room temperature (T= 20-25°C, for relative humidity RH≈ 

40%) with a two-probe ISO-TECH IDM19 multimeter. UV-vis-NIR spectra were recorded on a 

Varian Cary 5000 device. Sun aging experiments were performed using an ABET Sun 3000 solar 

simulator calibrated at 1000 W/m². 

 

 

 

3. RESULTS AND DISCUSSION 

 

 

We first studied the effects of SALD on the electrical performance of PEDOT:OTf. ZnO, 

Al2O3 and TiO2 where thus deposited at an initial temperature of 150 °C (due to the organic 

nature of PEDOT) and 10 to 90 deposition cycles (corresponding to layer thicknesses of 9–81 

nm), to preserve high optical transparency. Figure 1a shows how the resistance of the polymer–

oxide systems varied over time under 1 sun (1000 W/m²) illumination, using the measurement 

setup shown in Figure 1b. 

For Al2O3, the initial R/R0 ratio ranged from 1.81 after 10 SALD cycles to 2.46 after 90 

(Figure S2a), possibly because of the reducing effect of the trimethylaluminum (TMA) 

precursor.[45] Increasing the thickness of the alumina layer does not drastically increase the 

resistance of the composite, presumably because reduction only occurs at the interface and also 

acts as a protective gas barrier. The overall transmittance does not decreases linearly as the 

thickness increases because the change in density of the film affects its refractive index. Overall, 



9 

 

the protective effect of alumina does not compensate for the initial deterioration in electrical 

properties. 

With ZnO, while the increase in resistance for the thinnest deposited layer was similar to 

that observed for Al2O3, R/R0 varied substantially with the thickness of the deposited layer 

(sevenfold higher when 30 deposition cycles were used instead of 10, as displayed in Figure 

S2b). The diethylzinc precursor ((C2H5)2Zn, DEZ) is reactive,[46] as is TMA, but contrary to 

Al2O3, ZnO is less efficient as a gas barrier (being mostly a UV filter), and therefore does not 

afford the same protection that Al2O3 does as the number of deposition cycles is increased. To 

reduce the reactivity of DEZ on PEDOT, ZnO was also deposited at a lower temperature (50 °C), 

but the resulting coatings provided less protection than did the thinnest layer deposited at 150 °C. 

At 50 °C indeed, the deposited layers are probably not dense or crystalline enough to provide 

effective UV protection.[47,48] Figure 1a shows that aside from the initial alteration of the 

PEDOT:OTf due to the deposition process, the samples protected by a thin layer of ZnO (10 

SALD cycles at 150 °C) remained remarkably stable, with a R/R0 slope of just 0.0005 h−1 

compared with 0.0096 h−1 for the unprotected sample, equating to a 19-fold decrease in the 

degradation rate. 

The precursor for TiO2, TiCl4 leads to the formation of HCl as by-product during 

deposition. Acids have been shown to increase the electrical conductivity of PEDOT,[49,50] even 

in the gas phase.[51] Here, TiO2 deposition was indeed observed to slightly increase the electrical 

conductivity of PEDOT:OTf, even for the thickest layers (63 nm, 90 SALD cycles, Figure S2c). 

The HCl(g) by-product presumably leads to the release of chloride counter ions which have a 

doping effect on the PEDOT. Surprisingly however given the moderate gas barrier and UV filter 

properties of TiO2, these layers did not reduce the degradation rate of PEDOT:OTf under solar 

radiations (Figure 1a), indicating that TiO2 is not effective in this context when used alone.  
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Figure 1. (a) Time evolution of the resistance of different PEDOT:OTf systems under 1 sun 

illumination (1000 W/m²): non-encapsulated PEDOT:OTf (black curve), PEDOT:OTf 

encapsulated with Al2O3 (10 SALD cycles at 150°C, blue curve), ZnO (10 SALD cycles at 

150°C, purple curve) or TiO2 (30 SALD cycles at 150°C, red curve). R0 corresponds to the 

resistance measured before oxide deposition and irradiation. (b) Schematic representation of the 

encapsulated system and experimental setup.  

The optical and material properties of the encapsulated films were investigated to better 

understand their behavior. Figure 2a shows the visual aspect of the films (from light blue to light 

purple) after deposition of the three metal oxides. Changes in color generally indicate a de-doping 

effect, from oxidized to neutral chains.[52] The UV-Vis-NIR spectroscopy results for the 

different systems, displayed in Figure 2b, show large variations in absorbance. For the ZnO and 

Al2O3 systems in particular, the broad feature that appears between 700 and 1200 nm indicates 

the presence of less oxidized PEDOT chains,[53] which must be an effect of metal oxide 

deposition. Furthermore, all the coated samples have higher absorption than bare PEDOT:OTf in 

the blue/violet visible region (wavelengths below 500 nm), while in in the visible-infrared region, 
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the absorbance of the coated films is more variable and generally lower than that of bare 

PEDOT:OTf. 

 

 

 

Figure 2. (a) Photographs of bare PEDOT:OTf and PEDOT:OTf encapsulated with Al2O3, ZnO 

or TiO2 layers, on a glass substrate. (b) Absorbance spectra of PEDOT:OTf thin films 

encapsulated with Al2O3, ZnO and TiO2 layers. 
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In order to further understand the individual effect of the oxide layers on the PEDOT:OTf, 

we performed soft- and hard-XPS (respectively S-XPS and HAXPES) measurements. The 

chemical impact of the Al2O3, ZnO and TiO2 deposited films was studied through the variation of 

sulfonate/thiophene ratio (extracted from S2p S-XPS spectra) within the PEDOT:OTf film, with 

respect to a reference bare sample (Figure 3a-d). The attribution and corresponding fits of the 

different sulfur doublet peaks in the S2p3/2-1/2 spectra (163.5 - 164.7 eV for thiophene; 168.0 - 

169.2 eV for sulfonate) were taken from Gueye et al.[54] In S1s spectra (from HAXPES 

measurements) the peak at 2470.9 eV was assigned to thiophene groups and the peak at 2477.5 

eV to sulfonate groups. The main difference between S-XPS and HAXPES is that the penetration 

depth with HAXPES is much greater. The penetration depth in XPS varies with the photoelectron 

mean free path (λ) and take-off angle (θ, here 45°) as 3λ·sinθ. The mean free path can be 

estimated using the Tanuma, Powell and Penn TPP2M formula implemented in the QUASES-

IMFP-TPP2M software.[55,56] For S-XPS the estimated penetration depths, based on the 

inelastic electron mean free path of S2p electron are ~6.6, 5.3 and 5.4 nm for respectively Al2O3, 

ZnO and TiO2 encapsulation layers. For HAXPES, the estimation of the penetration depth of S1s 

signal is 12.4, 9.9 and 10.3 nm depth, for Al2O3, ZnO and TiO2 respectively.   

 

The strong increases observed in the sulfonate/thiophene ratio (by S-XPS), from 0.28 

without oxide to 0.55 with Al2O3 and 0.44 with ZnO (Figure 3a–c), for samples coated with a 

thin layer (1–2 nm thick, two SALD cycles) to be able to probe the PEDOT:OTf layer, show that 

Al2O3 and ZnO are highly damaging for PEDOT:OTf. For PEDOT:OTf/TiO2 (Figure 3d) the 

same effect was observed, but the sulfonate/thiophene ratio only increased to 0.36. Depth 

profiling of the PEDOT:OTf/TiO2 sample, using gas cluster ion beam (GCIB) etching, revealed 

the presence of chloride (from HCl) in the TiO2 layer (as reported previously[57]) and at the 
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interface with PEDOT:OTf (Figure 3.e). This is important because it confirms that TiCl4 

promotes chloride doping at the interface, potentially increasing the conductivity of the 

PEDOT:OTf films. In agreement with the conductivity variations observed after oxide 

deposition, these data indicate that the precursors (DEZ, TMA and TiCl4) react with the PEDOT 

thin film during SALD. Moreover, the S-XPS measurements performed during abrasion show 

that the sulfonate/thiophene ratio (i.e. the doping level) of the PEDOT:OTf film decreases with 

increasing depth (from 0.28 to 0.14 after 8 min of GCIB etching; Figure 3f). Since the 

conductivity of PEDOT-based materials increases with the level of oxidation,[58] this means that 

the outer surface (5 nm) of the PEDOT:OTf film is more oxidized than the bulk.   

 

 

Figure 3. S2p XPS spectra of (a) PEDOT:OTf, (b) PEDOT:OTf/Al2O3, (c) PEDOT:OTf/ZnO 

and (d) PEDOT:OTf/TiO2, with the corresponding fits. (e) Cl2p XPS spectra of 
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PEDOT:OTf/TiO2  at different abrasion times (GCIB; 8 eV/5 nA). (f) Sulfonate/thiophene ratio as 

a function of the abrasion/sputtering time. 

 

HAXPES measurements (with a greater penetration depth) were also performed on 

samples treated with 10 cycles of SALD and therefore more representative to the systems used 

for the aging tests. Figure 4a–d shows the S1s spectra obtained. As expected, the average doping 

level (sulfonate/thiophene ratio) of the PEDOT:OTf reference sample is lower when calculated 

from these HAXPES data (0.19 - Figure 4a, representative to the bulk doping) compared to the S-

XPS experiment (0.28 - Figure 3a, representative to the outer surface doping). For the 

PEDOT:OTf/Al2O3 film, the increase in the sulfonate/thiophene ratio due to deposition of a 

thicker oxide layer is less significant (0.44, Figure 4b, versus 0.55, Figure 3b), because Al2O3 

only damages a few nanometers of the PEDOT:OTf film and acts as a gas barrier thereafter. For 

the PEDOT:OTf/ZnO sample conversely, the increase in the sulfonate/thiophene ratio is greater 

after more SALD cycles (0.62, Figure 4c, versus 0.44, Figure 3c). In the case of 

PEDOT:OTf/TiO2,  the sulfonate/thiophene ratio was measured at 0.28 (Figure 4d) versus 0.36 

after just two SALD cycle (Figure 3d), indicating, that the effect of TiO2 deposition is limited to 

the extreme outer surface of the PEDOT:OTf sample. This is in agreement with the etching 

results, as shown in Figure 3e. 

It is worth noting that the difference between the sulfonate/thiophene ratios measured in 

the reference PEDOT:OTf sample by S-XPS and HAXPES only reflects the intrinsically different 

doping levels at the surface and in the bulk of the film. For the encapsulated systems, the 

variation of sulfonate/thiophene ratio is mainly due to side reactions during oxide deposition that 

lead to the degradation of the thiophene ring in the PEDOT chains. These results are consistent 

with the data presented in Figure 1. 
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Figure 4.  S1s HAXPES spectra of (a) PEDOT:OTf, (b) PEDOT:OTf/Al2O3, (c) 

PEDOT:OTf/ZnO and (d) PEDOT:OTf/TiO2, with corresponding fits.  

 

Altogether, the results indicate that the only oxide layer that does not increase the 

resistance of the underlying PEDOT:OTf film during SALD is TiO2, while only Al2O3 and ZnO 

offer effective encapsulation. Since TiO2 acts as a gas barrier, we investigated whether it might 

protect the PEDOT films from the damaging effects of the other metal oxide layers. Bilayer 

PEDOT:OTf/TiO2/ZnO and PEDOT:OTf/TiO2/Al2O3 constructs were therefore manufactured 

and tested as a means to achieve effective protection  against solar radiations, without altering the 
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initial resistance of the underlying film during SALD. Based on previous results, the TiO2 layer 

was deposited with 30 cycles (≈20 nm thick) at 150 °C.   

 

Figure 5. (a) Time evolution of the resistance under 1 sun illumination (1000 W/m²) of 

PEDOT:OTf encapsulated with bilayers of TiO2 (30 SALD cycles at 150 °C)/ZnO (20 SALD 

cycles at 200°C, purple curve) and TiO2 (30 SALD cycles at 150 °C)/Al2O3 (30 SALD cycles at 

100°C, blue curve). (b) Schematic representation of the bilayer encapsulated system and 

experimental setup. 

 

Figure 5a shows that both bilayer architectures (TiO2/ZnO and TiO2/Al2O3, Figure 5b) 

provide effective and stable protection under 1 sun illumination, with little increase in resistance 

either initially or over time. The resistance of the PEDOT:OTf/TiO2/ZnO sample increased 

slightly at the very start of the experiments, then increased gradually with a R/R0 gradient of 

about 0.0013 h−1 and an overall increase of just 2.5-fold over 800 h of sun radiations (compared 

with a 9-fold increase for the reference film), using the best conditions for ZnO (20 SALD cycles 
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at 200 °C, see Figure S3 for a list of all deposition conditions). For PEDOT:OTf/TiO2/Al2O3 in 

contrast, the resistance increased sharply in the first 24 h, before leveling off and remaining 

virtually constant (R/R0 gradient of about 0.0006 h−1) for the rest of the experiments. In 

summary, TiO2/ZnO encapsulation leads to practically no initial change in the resistance, but the 

increase over time is about twice as fast as measured for the TiO2/Al2O3 system.  

 

Figure 6a compares all the systems in terms of Rstab/R0, plotted as a function of the slope 

(
��

��
*

�

∆�
), with the stabilized resistance (Rstab) being the value at the point where the resistance 

profile becomes linear. Rstab and the slope should ideally be as low as possible. A simple figure of 

merit (FoM) was calculated from the inverse of the product of these two parameters (
�

Slope∗ 
	
��


	�

). 

This FoM has the dimension of a time (h) and corresponds to the delay required for the ratio 

R(t)/R0 to reach the value 
�����

��
 + 

��

�����
, with a higher FoM corresponding to better protected 

system. When there is no initial degradation, the value 
�����

��
 + 

��

�����
 is equal to 2 (because R0 = 

Rstab) and the FOM corresponds then to the time to double the resistance R0. Different FoM 

curves are represented in Figure 6 as dotted lines. The FoM of the non-encapsulated sample is 

100 (see Figure 6b), which means that the resistance doubles in just 100 h, compared with 500 h 

for the TiO2/Zn system. Looking directly at the scatter plot of FoM values for the different 

systems (Figure 6a), it is clear that several systems provide effective sun protection. The two 

bilayer encapsulations offer comparable levels of protection and are on the same FoM line, but 

not in the same part of FoM space. The pink rectangle in Figure 6a corresponds to samples with 

extremely low degradation rates (ΔR/R0*1h sun-aging) but potentially high initial degradation 
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(Rstab/R0), while the horizontal part (blue rectangle) corresponds to a assemblies with moderate 

stability and almost no initial degradation.  

 

 

Figure 6. Comparative protective performance under 1 sun illumination of bare PEDOT:OTf 

(reference), and PEDOT:OTf with monolayer (Al2O3, ZnO and TiO2), bilayer (TiO2/Al2O3 and 

TiO2/ZnO) or trilayer (TiO2/Al2O3/ZnO) oxide protection (for different deposition temperatures, 

from 50°C to 200°C). (a) Rstab/R0 (y-axis) corresponds to the initial non-linear increase in 

resistance (due to oxide deposition and the first few hours of illumination) before the resistance 

profile levels off, while ΔR/R0*1h sun-aging (x-axis) corresponds to the equilibrium rate of 

increase of the resistance. The dotted lines correspond to different figure of merit values (FoM = 

(Rstab/R0)*slope). The pink rectangle corresponds to systems with low degradation rates. The blue 

rectangle corresponds to systems with low initial degradation. (b) Figures or merit for three of the 
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systems evaluated in the study: PEDOT:OTf (reference without encapsulation), PEDOT:OTf  + 

TiO2/ZnO and PEDOT:OTf + TiO2/Al2O3.  

 

Trilayer protection with TiO2, Al2O3, and ZnO was tested to see whether the benefits of 

TiO2/Al2O3 and TiO2/ZnO — low initial degradation and extremely high stability — could be 

combined, but the resulting protective effect was inferior to that of the two component bilayers 

(Figure S4). The likely explanation is delamination, which was visible on the surface of the 

samples, probably due to interface problems, as is classically observed for multilayer 

systems.[59–61] Further optimization would be required for this system. 

The bilayer TiO2/ZnO coating, with little initial degradation and good UV protection, was 

also tested on other PEDOT films having different counter-anions: PEDOT:PSS-EG and 

PEDOT:Sulf (Figure S5a,b). The results for PEDOT:PSS-EG are similar to those described 

above for PEDOT:OTf, with deposition leading to a small amount of degradation and the slope of 

the resistance profile under solar illumination divided by 6 compared with the unprotected film. 

For PEDOT:Sulf in contrast, although the equilibrium rate of degradation under UV radiation 

was lower than measured for the bare sample, this did not compensate for the strong initial 

degradation  (R/R0 < 4.5). This difference in behavior compared with the other PEDOT films 

might be due to the surface reactivity of the already highly doped PEDOT:Sulf with the TiCl4 

precursor (used to deposit TiO2). These results show that to optimize their protective effect, metal 

oxide coatings have to be adapted specifically to the chemistry of the underlying polymer film.  

 

 

4. CONCLUSION 
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This work demonstrates the potential of metal oxides deposited using Spatial Atomic Layer 

Deposition, an ambient atmosphere and low-cost technique, as UV protective layers for organic 

PEDOT-based films. Bilayer TiO2/ZnO and TiO2/Al2O3 protections are shown for the first time 

here to substantially decrease the degradation rate of the underlying film, while limiting 

deposition related damage. The combination of TiO2 and ZnO was found to be particularly 

effective for both PEDOT:OTf and PEDOT:PSS. XPS and UV-Vis-NIR measurements show that 

the precursors for ZnO and Al2O3 react strongly with PEDOT materials, with a negative effect on 

their electrical performance. The decrease in the sulfonate/thiophene ratio measured by XPS 

suggests these reactions probably lead to PEDOT degradation. In contrast, the TiO2 precursor has 

a doping effect on the PEDOT films (due to the HCl formed during deposition) and enhances 

their conductivity. Overall, this work proves that SALD of metal oxides is an efficient method to 

preserve the electrical performance of conductive polymers used in optoelectronic applications. 

Novel bilayer structures (TiO2/ZnO and TiO2/Al2O3) were found to offer the most effective 

protection and may also be of interest for many other organic materials.  
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