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Abstract 

High transparent conductive aluminum-doped zinc oxide thin films were 

deposited on low-cost flexible polyethylene terephthalate substrates at room 

temperature using pulsed laser deposition and the effects of oxygen pressure and film 

thickness on film properties were investigated. It was found that grain sizes play only a 

greater role at smaller film thicknesses in affecting the carrier mobility. Resistivity 

changes at larger film thickness can be caused by near surface/interface depletion that 

affected both mobility and carrier concentration. The inherent film transparency did not 

change and any reduction in the film transmittance is likely related to a thickness 

dependent attenuation effect. This means that different transparent conducting oxides 

should each possess an optimum film thickness, whereby optimized zinc oxide is 

typically about 100 nm. A low resistivity of ~6.6 × 10−4 Ω-cm with a high normalized 

transparency index of >0.9 for a 110 ± 10 nm thick room-temperature deposited film 

was obtained, representing one of the best results obtained to date. 

Keywords: transparent conducting oxide, aluminum zinc oxide, pulsed laser deposition, 

polyethylene terephthalate, thickness dependence, AZO, PLD, TCO 
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1. Introduction 

Transparent conducting oxides (TCOs) deposited on polymeric substrates are 

subjects of extensive research efforts to enable the development of electronic devices 

for applications in photovoltaics, displays, transistors and electrochromics on flexible 

substrates [1-5]. The TCOs generally have to exhibit a resistivity not exceeding the 

order of 10−3 Ω-cm and have an average transmittance of above 80% in the visible 

region to be considered suitable for application as a transparent electrode [6]. Indium tin 

oxide (ITO) is currently the most commonly used TCO in many applications of 

electronic and optical devices [7-11]. However, ITO is not only considered to be toxic 

and expensive, it typically requires a  heat treatment of over 300 °C to achieve the 

desired high transparency and low resistivity, making it difficult for applications using 

polymer based materials [12-14]. Therefore, there is an urgent need to seek alternative 

materials that can effectively substitute the use of ITO at lower process temperature to 

advance the development of electronic or optical devices on plastic substrates [15-20]. 

A lower process temperature also allows for potential usage of TCOs as the top 

electrode in polymer based devices without possible device degradation due to heat 

treatment [1, 21]. Zinc oxide (ZnO), with a wide direct band gap of 3.34 eV, is one 

potential candidate that is non-toxic, abundant and inexpensive. ZnO exhibits high 

transparency in the visible region and can possibly be doped with group III elements 

such as aluminum or gallium to improve its electrical properties [22-24]. 

 

The development of applications on polymer substrates has many advantages. A 

typical glass substrate suffers from being brittle and excessively heavy. Development of 

transparent electrodes on flexible plastic substrates provides realistic solutions for a 
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flexible, lightweight, robust and cost-effective starting substrate that can be of great 

importance to portable, large area or niche devices [25-27].  

 

In the design of a transparent electrode on polymer substrates using thin film 

technology, the film thickness of the TCO is of great importance since it is directly 

related to the strain that it can withstand. Hence, a thinner TCO results in greater 

flexibility since the critical radius of a thin film is proportional to the film thickness 

[28]. Unfortunately, it is generally reported that thinner TCOs results in films of lower 

conductivity [29]. Thus far, it is a challenge to produce thin oxide layers with suitably 

low resistivity. For example, the lowest resistivity reported for gallium-doped zinc 

oxide deposited on polyethylene terephthalate (PET) substrates at room temperature is 

~7.8 × 10-4 Ω-cm but this is for a relatively thick 800 nm film [18]. However, for TCO 

in the range of about 100 nm, the lowest resistivity is reported by Gadre et al. with a 

value of ~ 4 x 10-3 Ω-cm for a 85 nm thick indium gallium zinc oxide film on 

polyethylene naphthalate substrates, and this is only achievable after a 150°C post-

deposition anneal [30]. The nature of the dependence of resistivity, or even 

transparency, on film thickness is not widely reported and it is therefore important to 

conduct more investigations to understand the dependency. In this study, we deposited 

aluminum doped zinc oxide (AZO) thin films at room temperature on PET substrates 

using pulsed laser deposition (PLD) without any post-deposition annealing. We first 

examine the crystallographic structure, optical and electrical properties of these films as 

a function of oxygen pressure to optimize the deposited film properties. At the 

optimized growth condition, we varied the thickness of the deposited AZO film on PET 

substrates and discuss the effects on resistivity and transparency.   



 4

 
 
 2. Experimental procedures 

 
AZO thin films were deposited on 125 µm thick polymeric PET substrates using the 

PLD technique with a ZnO:Al (1.5 wt.% Al2O3) ceramic target of purity 99.999%. The 

PLD uses a KrF excimer laser (wavelength of 248 nm and 25 ns pulse width) operating 

at a repetition rate of 20 Hz with a total energy of 300 mJ. The deposition chamber was 

evacuated to a base pressure of 1.3 x 10−6 Pa. The target-substrate distance was 

maintained at 6 cm during the deposition while the oxygen pressure was varied from 2.6 

x 10−3 to 1.3 Pa.  The entire deposition process was performed at room temperature and 

typical thickness of the films was about 110 ± 10 nm. In the second part of the 

experiments, at a chosen oxygen pressure (which gives optimum results), we repeated 

the deposition process for different duration to achieve different film thicknesses. All 

the film thicknesses were measured using the Veeco multi-mode atomic force 

microscope (AFM) nanoscope IV Tapping Mode mode. Optical measurements were 

performed using a Shimadzu double beam UV-3600 UV-VIS-NIR spectrophotometer 

and electrical characterization was carried out using the HL5500PC Hall effect 

measurement system via the Van der Pauw method at room temperature using indium as 

contacts. Crystallinity of the films was measured using an X-ray-diffraction (XRD) 

system, equipped with Cu Kα (λ = 1.5466Å) radiation with Graphite monochromator 

and a HI-STAR 2D General Area Detector. The 2-theta scan was done with the detector 

employed at 3 detection angles with a scanning of the Omega axis at each angle.     
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 3. Results and discussion 

 

3.1 Effect of oxygen pressure: Optical and electrical properties 

 

A summary of the optical properties, together with the measured resistivity of AZO 

films deposited at room temperature, is shown in figure 1. The plot shows the measured 

resistivity and normalized transparency indices at different oxygen pressures. The 

resistivities of the films at the respective conditions are obtained from Hall effect 

measurements. The normalized transparency indices represent the fraction of 

transmission at various indicated spectral ranges after accounting for variations in film 

thickness. From our previous publication [31], the normalized index Tx is shown in 

equation (1) as follows: 
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where nΓ (%) is the measured transmittance at the wavelength n (nm), nΙ is the intensity 

of the spectrum with a unit of Wm-2nm-1, x  is an arbitrary choice of normalization film 

thickness suitable for the specific application (eg. x =110 nm), d is the actual thickness 

of the film in the transmittance measurement and nα  is the absorption coefficient at the 

particular wavelength. In this work, although our thicknesses do not vary greatly, we 

have used equation (1) to give a more accurate transparency index. We use a 

normalization thickness of 110 nm and obtain the absorption coefficient from the 

transmittance at different wavelengths [31]. Thickness normalization in this aspect is 

critical to understand the optical properties of the film itself. Different thicknesses give 

variations in transmittance and this should be corrected for in order to understand the 

film properties at each deposition condition. The use of the normalized index can also 
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be useful for applications in different devices and separation into different wavelength 

regions can help the understanding of film properties [31]. Figure 1 shows that for the 

visible wavelength range, an oxygen pressure of above 1.3 × 10-3 Pa will be sufficient to 

result in a film with transmittance of greater than 80%, with the transmittance saturating 

at higher oxygen pressure. The overall normalized transparency appears to gradually 

increase with oxygen pressure, with a high transmittance of ~90% at oxygen pressures 

of 1× 10-2 Pa or larger. The corresponding resistivity, however, shows optimum values 

in the mid-oxygen pressure regime, with higher resistivities measured at both lower and 

higher oxygen pressures.   

 

The XRD spectra for all the AZO films grown on PET substrates obtained under 

various oxygen pressures show a peak at 34.4°, which is consistent with the ZnO (002) 

diffraction peak (figure 2(a)). This shows that all the films have a polycrystalline 

hexagonal wurtzite structure that is highly oriented along the c-axis [32, 33]. Using the 

Scherrer’s formula, we note that there are slight variations in the calculated grain sizes 

that range from (14.6 - 17.6) ± 1 nm for the various oxygen pressures. A plot of the 

mobility and overall resistivity for the different calculated grain sizes in figure 2(b) 

showed no clear trends. This shows that such small changes in grain sizes may not be 

significant in affecting the transport properties, and other scattering mechanism (besides 

grain size) is affecting the mobility.  

 

The electrical property of the AZO film is shown in figure 3 where the mobility, 

carrier concentration and resistivity are plotted against the different oxygen pressure 

during deposition.  The improvement in resistivity for lower oxygen partial pressure can 
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be observed to be due to the significant increase in carrier mobility. This can be due to a 

reduction in deep-level defects that can improve the carrier mobility by reducing 

scattering. This agrees with the concomitant improvements in transparency since a 

reduction of these defects will improve transmittance in the visible range and this is 

similarly observed in figure 1. This also means that, while defect scattering is dominant, 

grain boundary scattering may play a less significant role as was discussed. The increase 

in resistivity at higher oxygen partial pressures shown in figure 3 can be attributed to 

both a decrease in carrier concentration and mobility. The large decrease in carrier 

concentration should increase the infrared transmittance and our transparency index in 

the infrared range, shown in figure 1, agrees with this interpretation. The smaller 

increase, or similar overall transparency, can be explained by the accompanying 

reduction of transmittance in the ultra-violet region by variation of the band gap through 

the Burstein Moss effect. This competing factor can be shown by examination of our 

measured band gap variations. The band gap (Eg) of the AZO film on PET substrate is 

found through computing the absorption coefficient (α) from transmittance 

measurements using the Beer-Lambert’s attenuation equation [34].The film thickness is 

measured using the AFM and the derived Tauc’s plot is shown in figure 4. The optical 

Eg is obtained from a linear extrapolation in the plot of (αhυ)2 and photon energy (hυ), 

which yields an optical Eg ranging from ~3.49 to 3.7 eV. The Burstein-Moss shift 

generally describes a case whereby the lower energy interband transition is blocked and 

the measured optical band gap is enhanced, and the change in band gap is related to the 

electron concentration as: [35-37]  
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where ∆Eg denotes the optical bang gap shift, ħ is the reduced Planck constant, m* is the 

reduced effective mass (
***

111

cv mmm
+= ) and ne is the carrier concentration. Figure 5 

shows the plot of carrier concentration as a function of a change in the optical band gap 

according to Eq. (1), where we have used the optical band gap of 3.29 eV that is 

measured from our undoped ZnO film as the reference. The good linear relationship 

through the origin observed from the plot shows that the variation in the band gap can 

indeed be attributed to the Burstein Moss effect. The derived reduced effective mass 

correspond to ~0.84. This value is closer to values derived using heavy hole effective 

mass then the values obtained experimentally[38-39].  There is therefore a decrease in 

transparency in the UV region when the oxygen pressure is increased as the carrier 

concentration is lowered. 

 

 

 

3.2 Effect of film thickness 

 
The transparency and resistivity, as discussed in the previous section, show that 

multiple reasons can simultaneously account for the change in these two properties and, 

apart from those already mentioned, the effect of film thickness is not well understood. 

We investigated this effect by deposition of AZO films of different thickness on PET 

substrates at our optimum oxygen pressure at room temperature. The optimization was 

selected using a modified figure of merit (FOM) to better assess our deposited thin 

films. Haacke et. al. introduced a FOM (ϕTC) for transparent conductors defined as [40] 

shTC RT /10=ϕ        (2) 



 9

where T is the transmittance at peak value and Rsh is the sheet resistance. A larger FOM 

therefore represents a better TCO.  Using Eq. (2), the computed FOM of our deposited 

films used is shown in Table 1. However, the Haacke’s FOM uses the peak value of 

transmission that may not be representative of the overall transmission. In this work, we 

use the normalized transparency index (TI) in a modified (FOMTI) to give a more 

complete analysis. Not only does this normalization takes into account transparency 

across a suitable spectrum, this transparency is free of influence from any thickness 

variations. Our approach is more suitable if the FOM is to be used to compare across the 

variations in oxygen pressure since we want any changes in transparency to accurately 

reflect true changes in film properties. Using the modified FOM as a comparison, we 

concluded that an oxygen pressure of 1.3 × 10-2 Pa gives the best overall AZO 

properties in our setup. 

 

At the optimum deposition condition, variations in film thickness show 

significant changes in the resistivity. The summary of the changes in electrical 

properties is shown in figure 6 and it is observed that thicker films generally give a 

lower resistivity and this is consistent with reports of AZO deposited on glass [41]. This 

improvement is often associated with improved film crystallinity. We therefore 

examined the XRD peaks of our deposited films as shown in figure 7(a). The XRD 

peaks show the dominant ZnO (002) peak for all thicknesses, with a difference in 

intensity due to the differences in thickness. The grain sizes as computed from the full 

width at half maximum of the observed peak increases slightly from 12.2 nm to 16.8 nm 

with film thicknesses. A plot of the variation in mobility with grain size is shown in 

figure 7(b). Unlike our previous observation at different oxygen pressures, the trend of 
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higher mobility for larger grain sizes can be observed for the case of different film 

thicknesses. Part of the reason may be that once the film growth is optimized in 

reducing defect related scattering, the effect of grain size can be more easily observed. 

On closer examination, it is noted that the larger improvements in mobility is observed 

when the films thickness is increased from <50 nm to 100 nm. At such small 

thicknesses, where grain sizes are comparable, film thickness may perhaps affect the 

growth of the grains. Therefore at larger film thicknesses, the increase of the grain size 

quickly saturates. The increase in film thickness showed substantial increase in carrier 

concentration and mobility (figure 6). If such variation of grain sizes is not responsible 

as was discussed, additional explanation is needed to account for the observations. 

 

We believe that the improvements in the electrical properties of the films can be 

suitably explained by the influence from surface and interface effects. We note that the 

large increase in carrier concentration similarly affects the measured optical band gap as 

it is increased from ~3.38 to 3.75 eV as shown in a summary plot in figure 8. This is 

similarly a Burstein-Moss effect well demonstrated by the same increase of bandgap 

with the increase in carrier concentration. Since the films are deposited using the same 

condition, we expect little changes in the bulk film. We therefore attribute the changes 

to surface and near surface carrier depletion that is much more pronounced for thinner 

films. This depletion reduces the effective mobile carrier concentration and the resulting 

space charges that forms increases ionized impurity scattering and this can reduce the 

carrier mobility in the TCO. This hypothesis then describes well the observed saturation 

of both the increase in carrier concentration and mobility once larger film thicknesses 

are achieved, since bulk effects are likely to dominate.  
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The transparency of the films at different thicknesses is also compared after 

normalization as similarly shown in figure 8. The normalization ensures that we are 

primarily comparing film properties. Expectedly, there are not many changes in the 

transparency indices as observed since the films are grown under the same condition 

that reduces defect related absorption. The visible transparency shows comparable 

values while the decrease in the infrared transmittance is due to the decrease in mobile 

carriers as discussed above.  From these observations, we can conclude that optical 

properties of the films in the visible range are not greatly affected by different 

thicknesses. Decreasing transparency is a direct result of thickness dependent absorption 

and not a reflection of true optical property changes. 

 

Even though the above discussion highlighted that the inherent transparency 

does not vary significantly for the TCO, expected thickness dependent absorption still 

plays a role even for materials with low absorption coefficients or long attenuation 

lengths. Optimization of the TCO should therefore involve the optimization of the 

resistivity for the lowest possible film thickness. We summarize the obtained resistivity 

variations in this work and those that were reported in the literature as shown in figure 

9. The general trend in variation of resistivity with film thickness agrees with the 

findings from this study. The optimum thickness of AZO must first satisfy its grain size 

restriction and for room temperature deposition, this is typically low. This means that 

suitable grain sizes can be achieved with thinner films of <100 nm. However, at such 

conditions, surface/interface depletion and scattering effects play an important role, 

meaning that the optimum thickness for thin films with small grain sizes are restricted 
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by a more general limit. Considering the thickness dependent attenuation, there should 

be an upper limit in terms of optimization of film thickness. Naturally, if annealing is 

involved and grain sizes are increased, this general limit will change. We also highlight 

that the obtained resistivity in this work shows excellent resistivity values for ZnO 

deposited on PET substrates and this is clearly depicted in figure 9. Unlike some of the 

data shown in the same plot, our highly conductive TCO is notably achieved at room 

temperature through the optimization of growth conditions, and this finding holds great 

promises for applications in flexible organic devices. 

 
 
 

4. Conclusion 
 

In summary, high-quality transparent conductive AZO thin films, deposited by 

pulsed laser deposition on low-cost flexible polyethylene terephthalate substrates, were 

investigated as a function of oxygen pressure and film thickness. Structural, electrical 

and optical properties of the AZO thin films were examined. We used a modified figure 

of merit to select the optimized deposition condition and investigate the effect of film 

thickness variations. It was found that grain sizes play only a greater role at smaller film 

thicknesses in affecting the carrier mobility for these room temperature deposited films.  

With increasing film thickness, near surface/interface depletion and scattering of 

carriers can affect the mobility and carrier concentration, thereby increasing the 

resistivity. This serves as a general limit for films with smaller grain sizes and is thus 

especially relevant for low temperature growth. Although transparency in the UV and 

infrared regions do change, these often compensate for each other and the visible 

transparency is not significantly affected. Considering finite attenuation effects of film 

thickness, this should serve as an upper limit for the thickness of TCOs in device 
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applications. In this work, we obtained a resistivity as low as ~6.6 × 10−4 Ω-cm with a 

high normalized transparency index of >0.78 (78% of total solar spectrum transmitted) 

for a 110 ± 10 nm thin film. This represents one of the best results obtained for such 

film thicknesses deposited at room temperature. 
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Figure Captions 

 
Figure 1  Normalized transparency index of AZO films at different indicated 

wavelength ranges as a function of oxygen pressure during deposition at 
room temperature. The corresponding measured resistivities of the films 
are also included. 

 
Figure 2 (a) X-ray diffraction spectra of AZO thin films at various oxygen 

pressures deposited on PET substrates at room temperature. (b) Plot of 
spread in mobility for different measured grain sizes. The thin films were 
deposited at various oxygen pressures at room temperature.  

  
Figure 3  Electrical resistivity (ρ), carrier concentration (n), and Hall mobility (µ) 

of the AZO films plotted as a function of oxygen pressure for deposition 
at room temperature. 

 
Figure 4   Plot of (αE)2 as a function of photon energy for AZO films deposited at 

different oxygen pressures at room temperature.  
 
Figure 5   Variation of the optical band gap plotted against the 2/3 power of carrier 

concentration (n2/3). Dotted line shows the best fit data through the 
origin.   

 
Figure 6   Electrical resistivity (ρ), carrier concentration (n), and Hall mobility (µ) 

of the AZO films as a function of film thickness for films deposited at an 
optimized oxygen pressure of 1.3 × 10-2 Pa at room temperature. 

 
Figure 7  (a) X-ray diffraction spectra of AZO thin films at indicated thicknesses 

deposited on PET substrates at room temperature. (b) Plot of spread in 
mobility for different film thicknesses deposited at an optimized oxygen 
pressure.  

 
Figure 8 Normalized (against thickness) transparency index at different 

wavelength ranges for films deposited at an oxygen pressure of 1.3 × 10-2 
Pa at room temperature. Also included are the corresponding carrier 
concentration and optical band gap of the AZO films. 

 
Figure 9 Variation in resistivity with film thickness obtained in this work. The 

values obtained from other independent reports of AZO on polymeric 
substrates are also shown. These values are obtained from reports as 
indicated by the reference number for each data point [25,27,29,40-46]. 
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Table Captions 

Table 1. Figure of merit and modified figure of merit for undoped ZnO and AZO 

samples at various oxygen pressure of similar thickness (indicated in Pa) and at same 

oxygen pressure of various thicknesses (indicated in nm).  
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Sample 

Haacke’s 
Figure of 
merit, 

FOM (ΩΩΩΩ
-1
) 

Modified 
figure of 
merit, 
FOMTI 

(ΩΩΩΩ
-1
) 

Undoped ZnO 2.77 × 10
-3

 1.23 × 10
-3

 

1.3 × 10
-4

 Pa 4.63 × 10
-4

 4.96 × 10
-3

 

2.7 × 10
-3 

Pa 5.34 × 10
-3

 1.12 × 10
-2

 

1.3 × 10
-2

 Pa  9.51 × 10
-3

 1.37 × 10
-2

 

1.1 × 10
-1

 Pa 7.09 × 10
-3

 1.04 × 10
-2

 

6.7 × 10
-1

 Pa 4.62 × 10
-3

 6.27 × 10
-3

 

1.3 Pa 3.37 × 10
-3

 4.22 × 10
-3

 

29 nm 1.18 × 10
-3

 9.30 × 10
-4

 

115 nm 9.51 × 10
-3

 1.37 × 10
-2

 

202 nm 2.63 × 10
-2

 3.65 × 10
-2

 

460 nm 3.66 × 10
-2

 1.04 × 10
-1

 

 
Table 1 
Wong et al 
 


