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Abstract 
 

 

 

Transparent electrode (TE) plays essential roles in optoelectronic devices 

such as light-emitting diode (LED) and photovoltaics (PV). The stability of 

TEs is contributing significantly to the long-term efficiency of any 

optoelectronic devices utilizing the TEs. As a kind of TE materials, 

aluminum-doped zinc oxide (AZO) is an alternative to Indium Tin Oxide 

(ITO) with a superiority of AZO materials from the viewpoint of cost and 

environment, although ITO is currently the most widely used transparent 

electrode material. As the long-term usage of any optoelectronic devices is 

essential, this study investigated the durability of AZO transparent 

electrode coated on glass and polyimide (PI) tape substrate evaluated by its 

conductivity degradation as exposed to a harsh environment, represented 

as a damp-heat condition.  

For AZO films on the glass, a decrease of carrier concentration exhibited 

the main reason for the damp-heat degradation of the films due to the 

chemical aspect such as removal of oxygen vacancies and diffusion of 

hydroxyl groups as the films were exposed to the harsh environment. AZO 

films with crystal orientation (002) showed better durability as compared 

to AZO films with other crystal orientations. Furthermore, AZO films with 

less varied crystal orientations show better durability than AZO films with 

more varied ones. A higher argon gas flow ratio against oxygen gas in the 

reactive sputtering could strengthen this crystal orientation of (002). AZO 

with higher annealing temperature also showed better stability due to the 

spontaneously formed an ultra-thin oxide layer on top of the AZO films. As 

found that chemical aspects are playing a vital role in the degradation of 

the AZO films by decreasing the carrier concentrations, reannealing was 

purposed to recover the degraded conductivity of the films by removing the 

diffused hydroxyl groups. As investigated, the degraded thin films due to 

the harsh environment exposure are recoverable by reannealing the films 

in the hydrogen atmosphere. In order to produce the initial conductivity of 

the films, reannealing was conducted at the same temperature as the initial 

annealing configuration before the damp heat test.  
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Furthermore, as the sputtering with a very low oxygen-to-argon gas ratio 

conducted to strengthen the orientation (002), AZO films exhibited high 

conductivity without post-heat treatment, opening the applicability of 

polymer-based substrates such as PIs for AZO film deposition by sputtering. 

To support the film deposition, the PI-tape was attached to the 

Polycarbonate (PC) materials, labeled as PI-tape/PC substrates. The AZO 

films were deposited on both glass and PI-tape/PC under the same low ratio 

of oxygen-to-argon gas and without post-annealing. As compared for the 

damp-heat durability, the AZO films coated on PI-tape exhibited a different 

kind of degradation as compared to the AZO films on glass substrates, 

where the decrease in Hall mobility exhibited as the main reason for the 

degradation. While AZO coated on glass was very durable with high 

conductivity and mobility, the physical deformation due to the hydrolysis of 

PI-tape and polycarbonate caused several cracks to the AZO films on PI-

tape/PC substrates. These cracks showed the physical brittleness of 

conventional flat thin films of AZO transparent electrode materials, causing 

the significant decrease of Hall mobility as exposed to the damp-heat 

condition.   

To conclude, the degradation of AZO films is very sensitive to the substrate 

and the crystal orientations. For the AZO film on the glass substrate, 

chemical aspect is more involved in the degradation, where the durability 

improvement is achievable by protecting the carrier concentration through 

providing a top protective layer, conducting a low ratio of oxygen-to-argon 

gas for reactive sputtering deposition, and strengthening the crystal 

orientation (002). AZO films on the glass with a strong (002) orientation can 

provide high conductivity and excellent damp-heat durability of the films, 

even the films were prepared at a low temperature. On the other hand, the 

degradation of AZO films coated on PI-tape/PC substrates involves more 

physical aspect than the chemical aspect, where the cracks or physical 

damages due to the deformation of PI-tape and polycarbonate decreased the 

Hall mobility significantly. A strong crystal orientation (002) is crucial for 

the durability of AZO films on the glass, which could maintain high Hall 

mobility and conductivity even in the damp heat condition. Furthermore, 

reannealing the degraded AZO films on the glass could recover the AZO 

films coated on glass substrates with an approximate of more than 80% of 

the recovery rate. 
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1. Introduction 
 

 

 

1.1. Transparent electrodes 

As humanity is continuously modernized, the world is moving towards the 

age of information technology and a more environment-friendly lifestyle. 

The use of high-performing devices that consume less energy and provide 

better services is becoming more and more attractive to replace 

conventional devices whenever fitted and required. For advancing these 

devices, the utilization of reliable electronic materials is in high demand. 

Such as in optoelectronic devices in the modern lifestyle, transparent yet 

conductive materials called as transparent electrodes (TEs) are diversely 

applied, including general lighting devices, photovoltaic (PV), touchscreens 

of smart-phones, light-emitting diodes (LED), organic LED (OLED), smart 

windows, and liquid crystal displays (LCD)[1,2].  

For example, the utilization of TEs has made it achievable to develop LED 

lamps for general lighting devices. These days, the replacement of 

fluorescent-based lighting and incandescent lamp by LED lamps has 

already been started all over the world[3], due to the feature of LED lamps 

as relatively more efficient light sources with longer lifetime. For the LED 

lighting devices, the TE film is acting as an ohmic contact mounted at the 

top or bottom active layer, providing high injection current to the active 

layer as well as a transparent window for the emitted light to go out 

effectively from the active layer where the energy to light conversion occurs 

(Fig. 1-1). When the active layer receives high injection currents, and the 

emitted light is effectively passing the transparent contacts, the LED device 

will exhibit a high extraction efficiency[4].   

For the development of solar cell technologies, the utilization of TEs 

contributed to the development of thin-film solar cells and other newly 

emerging photovoltaic technologies, which are lowering the cost by saving 

both materials and energy in the production of the cells and modules in 
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comparison with the earlier photovoltaics (PV) technologies such as bulk-Si 

cells[4]. For the utilization of TEs in the PV technologies, superstrate 

configuration where the light enters the active layers from the glass 

substrate is applied in several solar cell technologies such as in the a-

Si:H/µc-Si:H solar cells[4] and CdTe solar cells [5] (Fig. 1-2). TEs are layered 

first with the glass acting as a window for light to pass through to the active 

junctions. In this configuration, these TCEs are the first deposited layers 

and must face all later deposition steps and any post-deposition 

processing[4,5]. As TEs are transparent, sunlight passes through it, and 

when a photon of the light hits the active material, the light to energy 

conversion occurs in the form of electron-hole pair or as an exciton. This 

exciton can recombine, migrate, or separate into charges. At the donor-

acceptor interface, charge separation tends to occur, then free electron and 

hole go to opposite electrodes such as TEs as anode and metal layer as 

cathode then electric current generates. Thus besides acting as a 

transparent front contact layer, the TEs are also facilitating the current 

collection.    

 

 

Fig. 1-1. Simplified structures of LED lighting devices including TCE 

layers 
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Fig. 1-2. Basic function of a transparent electrode in solar cell applications 

with superstrate configuration 

 

The quality of TEs is often defined by the total light transmittance and film 

surface electric conductivity. As defined by Hackee in 1976[6], the figure of 

merit (ΦH) of TEs is quantified as: 

ΦΗ =  
𝑇𝑞

𝑅𝑠
=  𝑇𝑞𝜎𝑑       (1.1) 

where T is the transmittance, q is an exponent that determines which 

transmittance is required for a specific purpose, d is the thickness, σ is the 

conductivity, and Rs is the sheet resistance of the film. Exponents of q = 10, 

20, or 100 lead to transmittance of 0.9, 0.95, or 0.99, respectively. However, 

q = 10 is usually chosen because a transmittance of 0.9 or 90% is sufficient 

for most of the device requirements. High transparency or light 

transmittance of TEs would let the LED lamps emit bright light and also 

contribute to PV devices to achieve high light-energy conversion efficiency. 

Lower sheet resistance is better for TEs since it would better conduct the 

electrical currents, ensure high injection currents, and lower the power 

consumption of the devices.  
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a 

 

b 

 

Fig. 1-3. Applications of TEs require specific film thicknesses (a) (After 

Novák [2]) Role of the thicknesses to brittleness and flexibility of the TE 

films (b) (After Morales-Masis et al.[1]) 
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Besides the transmittance and conductivity, the film thickness of TEs also 

limits the application of TEs for specific optoelectronic devices[2].  Such as 

touchscreen devices that require film thickness less than 50 nm at 500 Ω/□, 

while solar cell devices require film thickness at 600 – 800 nm at 10 Ω/□ 

(Fig. 1-3). The temperature development during the thin film deposition 

and the post-treatment of the film will limit the substrates for the TEs. For 

flat panel display application, the required resistivity must be lower, which 

is 10−4 Ω.cm prepared at a high deposition rate with 50 nm of thickness and 

treated with a temperature below 200 °C[7]. While for solar cell applications, 

lower material cost is preferred[4]. For flexible devices, such as wearable 

optoelectronic devices, much thinner films and much lower temperature 

processes are preferred to ensure its applicability to the flexible substrates.  

For these reasons, choosing and developing the right materials for TEs are 

both very important. The first type of TEs was a thin metal film prepared 

by evaporation and sputtering, introduced by the end of the nineteenth 

century [6]. In 1907, Bädeker produced TEs from oxide compounds that 

coined the term of transparent conductive oxides (TCOs) in the first place, 

including CdO, Cu2O, and PbO[6]. For CdO, Bädeker obtained its resistivity 

as low as 1.2 × 10–3 Ω.cm, which is near to the functional resistivity 

requirement of TEs in the modern applications[6]. However, the main 

material of CdO is the cadmium (Cd) and is chemically toxic[7]. Thus, CdO-

based TEs are difficult to use in practice. Since then, several attempts have 

been conducted to synthesize TEs, not only with new material with 

enhanced conductivity and transparency but also considering safety and 

sustainability. As the current advancement, tin-doped indium oxides 

(In2O3:Sn or ITO) is the most reliable TE, since it can be produced with 

practical thickness and lower temperature (200 °C) to be able to obtain good 

transparency and conductivity[7]. Since then, ITO has been heavily 

consumed with the boom of the flat-panel display industry.  

However, it is expected that there will be a shortage of indium resources[3]. 

For that reason, it has increased the ITO price up to a factor of 

approximately ten[6,7]. A stable supply of ITO may be hard to secure for 

the continuously-expanding market for the flat panel display used in large 

screens and smart phones[3]. Therefore, the appropriate alternative of tin-

doped indium oxides (ITO) is getting more and more urgent as the indium 

is considered to be highly-priced and expected to be scarce shortly. 

Moreover, the toxicity concerns of ITO[8] have been pushing, even more, 
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the research works in the field to find ITO alternatives with no toxicity and 

also made of more abundant materials. Minami[7] categorized TEs made of 

Cd-compounds or Indium-compounds are toxic. Therefore, ZnO-based TEs, 

along with appropriate metal dopants such as Al-doped ZnO (AZO) and Ga-

doped ZnO (GZO), are heavily encouraged, as TEs made of abundant and 

non-toxic materials[4,7]. 

The research efforts to find the ITO alternatives are running not only 

through the material selections but also the nano-engineering of thin-film 

structures. The TE materials can be put as it is as a layer of a transparent 

conductive thin film or shaped with a nano-structured layer as well as 

combined or layered with other materials to form a transparent electrode 

layer. Ellmer[6] proposed four groups of TE structures, including a single-

layered thin film, sandwiched or multilayer structures, periodic grids, and 

nanowire network (Fig. 1-4).  

 

 

Fig. 1-4. Schematic thin film structures of different TEs including a single 

layer thin film (a), a sandwiched structure of several thin-film layers (b), 

periodic grid (c), or nanowire network (d)(After Ellmer [6]) 
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Table 1-1. Reported properties of Several TEs 

Structure TE Sheet 

resistance 

(Ω/□) 

Visual 

transparency 

(%) 

Flexibility Material 

Cost 

Ref 

Single 

Layer 

ITO 12 85 Poor High [6,9] 

AZO 10 80 Poor Low [23] 

Ag 11 75 Flexible High [24] 

Nanowire 

(NW) 

network 

Carbon 

Nanotube 

500 83 Flexible Low [16] 

Ag NW 18 82 Flexible High [14] 

Periodic 

Grid 

Al Grid 18 75 Flexible Low [25] 

Ag NW 

Grid 

10 85 Flexible High [17] 

Multi- 

layer 

ZnO/ Al/ 

ZnO 

7.25 85 Flexible Low [20,26] 

AZO/ Al/ 

AZO 

9 84 Flexible Low [20,21] 

AZO/ Al 5 65 Flexible Low [20,21] 

ZnO/ Ag/ 

ZnO 

4 90 Flexible High  [20,27] 

AZO/ Ag 6 87 Flexible High [9,20] 

Ag NW/ 

Graphene 

33 94 Flexible High [28] 

AZO/ Ag 

NW/ AZO 

309 83 Flexible High [29] 

Ag Grid/ 

PEDOT-

PSS 

9.1 79 Flexible High [1,30] 
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1) Single Layer TEs 

Single-layer TEs include a single thin TCO layer (≤1000 nm)[4] or ultra-

thin metal layer (≤10 nm)[9] (Fig. 1-4 a). As the dominant material of TEs, 

ITO employs this single-layer structure of an ITO thin film. TCOs other 

than ITO, such as F-doped SnO2[6], AZO[10], and GZO[11], are using the 

same single-layer structure. Therefore, the applicability of these TCOs to 

replace ITO is very promising when acceptable transparency and 

conductivity are ensured while using the same single-layer structure and 

its similarly-associated widely-used preparation techniques. For a single-

layered ultra-thin metal layer, the thickness parameter is more sensitive in 

comparison with the metal-doped oxides. By the thickness less then 1 μm, 

the metal-doped oxides are considered as transparent, while for the metal 

layer, it requires the thickness to be as thin as 10 nm or less. However, 

flexibility and long term electrical stability are still questionable for these 

single-layer TEs[12,13]. 

2) Nanowires 

The TE layer with nanowire structure could be made of metal nanowire,[14] 

oxide nanowire,[15] or carbon nanotube[16]. These nanowire layers could 

achieve comparable electrical and optical properties of ITO with practical 

flexibility. However, these nanowire networks tend to degrade because of 

the junction resistance between the nanowires or nanotube[6]. Moreover, 

instability against oxidation, poor TE-substrate adhesion, and high surface-

roughness are some of the key problems for nanowire transparent 

electrodes[14]. 

3) Periodic Grid 

TEs with a periodic grid structure is reproducible and uniform due to its 

highly programmable, predictable, and stable fabrication methods such as 

chemical etching of thin films, metal transfer printing, lithography, and 

metal lift-off[6,13,17]. This periodic grid structure could be applied to a 

layer of any TE films, including ultrathin metal films,[6] TCOs,[18] and 

nanowire[17]. This advantage of this structure is to improve the usability 

of the TE layer for flexible substrates, increasing its stability in facing 

bending deformation by stopping the propagation of cracks, especially for 

TCO layers such as ITO[13]. 
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4) Sandwiched or Multilayer Structures 

For sandwiched or multilayer structures, two or more layers of transparent 

electrodes are sandwiched together to form a new structure of a transparent 

electrode. Each layer could be one of any TE material with any thin-film 

structures, including a single layer, periodic grid, or nanowire[6,19]. The 

combination of dielectric and metal layers, such as TCO/metal/TCO is 

usually implemented for this multilayer structure[20]. The key advantage 

of this structure is that the films could reach good conductivity with thinner 

overall film thickness [21] in comparison with the single layer of a TCO film. 

Furthermore, processes without annealing or post heat treatment can give 

an acceptable conductivity at a low temperature, which is suitable for 

polymer-based flexible substrates.  

Table 1-1 summarized several reports on electrical properties and stability 

as well as the physical characteristics of several TE materials, based on the 

four TE structures proposed by Ellmer[6]. Out of many types of TEs, AZO 

has been showing fascinating characteristics, which are very near to ITO 

properties. Furthermore, several new AZO-based TCEs are being developed, 

such as in multilayer structures[21] and nanorods[22]. Moreover, Liu et 

al.[4] emphasized AZO as the best candidate for ITO alternatives from the 

viewpoint of cost, material availability, and environments. For those 

reasons, this research is focused on deepening and advancing the insights 

of AZO TEs. 

 

1.2. Al-doped ZnO (AZO) thin-film as a TE material 

ZnO-based TEs are made of abundant materials,[4] relatively lower in 

material cost,[2] and chemically non-toxic[7] comparatively to ITO [4,7,8]. 

Out of many ZnO-based TEs, Liu et al. [4] proposed AZO as the most 

promising one. The more abundant material, lower material cost, and non-

toxicity of Al (Fig. 1-5) as the metal dopant are some of the reasons in 

comparison with other dopants, such as B, Ga, In, and V, for ZnO-based TE 

counterparts.  
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AZO and ITO are both included in the TCO group of TEs, applied as a single 

layer thin film TEs. The similarity in the application and preparation of 

both, AZO and ITO, could guarantee a smooth transition from ITO to AZO, 

whenever the stability, thickness, optoelectrical properties of AZO are met 

as an ITO alternative. For the visual transmittance, AZO material is 

around 85%, very comparable to ITO [6].  

In an un-doped state (Fig. 1-6 a), ZnO is practically an insulator at room 

temperature with carrier concentrations as low as 10-15 cm-3[32]. The 

creation of defects within the crystal structure, particularly oxygen 

vacancies (Vo) of ZnO, would provide intrinsic donors and increase the free 

carrier density. Another intrinsic donor is the Zn interstitial, which should 

be maintained by avoiding the creation of Zn vacancies (VZn). With less VZn, 

the ZnO-thin film exhibits eventually higher carrier concentration. With 

this optimization of intrinsic donors, the donor level will rise up, near the 

conduction band (Fig. 1-6 b).  

 

 

Fig. 1-5. The abundance of Al as a dopant for ZnO-based TEs in 

comparison with the abundance of other metal dopants, including In, V, 

Ga, and B (After Haxel et al.[31]) 
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Fig. 1-6. Schematic diagram development from electrical insulating 

ZnO to electrically conductive AZO (nc = critical carrier 

concentrations) 

. 

 

 

 

Fig. 1-7. ZnO crystal (structure 1) and AZO crystal (structure 2) where Al 

substitute Zn at hexagonal lattice at ZnO crystal [22]. 
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However, within the optimization of the intrinsic donors, the critical carrier 

concentrations nc are usually not achieved. Therefore, extrinsic doping is 

realized by putting foreign atoms to the crystal structure of ZnO, wherein 

the case of AZO, Al3+ atom, is introduced to replace Zn2+ in the hexagonal 

lattice (Fig. 1-7).  

The introduced Al3+ atom is called as dopant or donor, increasing the carrier 

concentration to reach the critical concentration nc. At this point, the donor 

level will overlap the conduction band, and the electrons act the free charge 

carriers as in the conventional conductive materials (Fig. 1-6 c).  

Besides intrinsic and extrinsic donors, crystal growth orientation plays an 

important role in the conductivity of AZO films[33]. As Al replace the Zn in 

the hexagonal lattice, the crystal orientation of AZO films naturally follows 

the orientation of ZnO crystals, including (002), (110), (100), etc. Each 

crystal orientation will influence the microstructure of the films (Fig. 1-8).    

One of the great interests of ZnO-based transparent electrodes, including 

AZO thin films, is the doping of hydrogen. As reported by Van de Walle and 

Neugebauer[34],  ZnO exhibits different phenomena, where hydrogen is 

always acting as a donor (Fig. 1-9). On the other hand, the hydrogen could 

act as both, acceptor and donor in the other semiconductor such as GaN 

[34,35].  

This hydrogen-doping could be conducted by incorporating hydrogen during 

the deposition of the ZnO-based thin films. Such as in the sputtering 

method, hydrogen gas could be incorporated with the mixture of Ar and O2 

as a reactive atmosphere in the reactive sputtering. As reported by Ondok 

and Musil[36], the resistivity of reactive-sputtered TCO is significantly 

reduced by sputtering that incorporated hydrogen gas.  

However, it is not clear if the same improvement would work on ZnO-based 

TCOs. Through simulation and computational approach, Bustanafruz et 

al.[37] proposed that doping the ZnO with hydrogen would create O-H bond, 

located at bond-center in parallel or perpendicular to the c-axis (Fig. 1-10). 
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Fig. 1-8. Schematic illustrations about the influence of crystal growth 

orientation on the microstructure of ZnO films. Growth orientation (002) 

corresponds to a columned structure where the c-axis is perpendicular to 

the substrate (a); (110) corresponds to a polygon structure where c-axis is 

parallel to the substrate; (100) corresponds to a pyramid-like structure 

where c-axis is parallel to the substrate. (Computed and visualized using 

Vesta, c = 0.530682 nm and a = 0.328910 nm, with data from 

materialsprojects.org) 
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Fig. 1-9. Phenome of Hydrogen on semiconductor that usually act as both, 

acceptor and donor (a), while in the ZnO, the hydrogen would act always 

as donor (b) (After Van der Wall and Neugebauer [34]) 

 

 

 

Fig. 1-10. O-H Bond center (BC) in the ZnO crystal, located in parallel 

(BC║) and perpendicular (BC┴) to the c-axis (After Bustanafruz et al.[37]) 
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1.3. Sputtering for AZO thin-film deposition 

AZO transparent electrodes are applied as thin films. Therefore, all thin 

film deposition techniques are capable of AZO thin film deposition, 

including sputtering, sol-gel dip coating, spin coating, spray pyrolysis, 

atomic layer deposition (ALD), chemical vapor deposition (CVD), or metal-

organic CVD (MOCVD)[1,6]. Out of those many deposition techniques, 

Ellmer[6] and Liu et al. [4] pointed out that sputtering is one of the most 

capable, providing high deposition rate, capability for large deposition area, 

and acceptable results.  

Currently, sputtering is being extensively utilized in the industry[6]. ALD 

is well known to produce high-quality thin films[4]. However, the slow 

deposition-rate of ALD limits its usability for lab-scale works[6]. Tabassum 

et al.[38] reported the superiority of AZO film prepared by sputtering over 

sol-gel dip-coating by producing relatively fewer voids to the film, 

contributing much more stability in the harsh environment.  

During the sputtering process of AZO films, a target (or cathode) plate is 

bombarded by energetic ions generated in a glow discharge plasma of a 

sputtering gas or mixed-gasses, situated just above the target. Various 

targets could be used AZO film deposition by sputtering, such as a ceramic 

AZO target,[39] a metal alloy Zn:Al target,[40] or a metal Zn target with 

addition Al chips on top[41]. When a ceramic target is used, non-reactive 

sputtering can be conducted utilizing Ar gas. On the other hand, reactive 

sputtering is conducted in a reactive atmosphere of Ar and O2 mixture when 

a metallic target is used. As those targets are sputtered, the bombardment 

causes the removal of target atoms, which may then condense on a 

substrate as an AZO thin film.  

One of the challenges for the sputtering method is the elevated substrate 

temperature during the deposition, even without being intentionally heated 

up to 80 ºC or more[42], which limits the usage of flexible substrates.  This 

elevated temperature is getting higher as sputtering duration becomes 

longer or higher radio frequency (RF) power is used. Therefore, it is very 

important to shorten the duration of sputtering with an RF power below 90 

W to maintain an acceptable low temperature for the substrate. However, 

the trade-off between the thin film quality and maintaining the substrate 
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temperature could be an issue in this conventional sputtering method 

(Figure 1-11).  

 

Fig. 1-11. Schematic diagram of the conventional sputtering method (After 

Mickan et al.[40]) 

  

 

 

 

Fig. 1-12. Schematic diagram of the FTS system (After Jung et al.[42]) 
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Concerning these issues, Jun et al.[42] proposed an unconventional 

sputtering method called as facing target sputtering (FTS) that could 

maintain substrate temperature at 50 ºC up to 80 min of sputtering. As 

compared to the conventional sputtering where the substrate is parallel 

with and put just above the target (Fig 1-11), FTS put the substrate 

perpendicular with and a bit away from the target (Fig. 1-12). 

 

1.4. Usability improvement of AZO transparent 

electrodes 

As reported by Novak,[2] under the appropriate conditions of sputtering, 

AZO films are able to achieve the TE quality comparable to ITO; the 

confirmed optimum deposition temperature of an AZO thin film is 300 ºC, 

and the thickness should be higher than 500 nm. These conditions are 

acceptable for solar cell applications, but not for touch screens or 

LED/OLED devices (Fig. 1-3). Minami[7] highlighted that AZO film should 

exhibit a resistivity in the order 10-4 Ωcm at the thickness of 50 nm prepared 

at a temperature level of 200 °C or lower in order to be suitable for display 

applications. Lie et al.[4] pointed out the issues of the stability of AZO films 

to the exposure of moisture and oxidation, which questions the applicability 

of AZO for any outdoor applications, including solar cells.  

With the emerging flexible-wearable device[13] and space environment 

application, the thermal budget of these applications is lower than 200 °C, 

limited by the type of the utilized substrates. These emerging applications 

are encouraging polymer-based substrates, such as polyethylene (PET), 

polyimide, or a composite of polyimide (PI) film attached to polycarbonate 

(PC)[43]. 

Recyclability of LED devices has become a great interest due to ever-

increasing worldwide electronic demands, which has placed Ga and In 

metals as supply chain critical metal[44]. Furthermore, Mickan et al.[45] 

suggested that the recovery of AZO films could be a great of interests.  
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These challenges for AZO TEs are paving the way to increase the usability 

of AZO films, which are: 

1) Ensuring long-term stability or durability of AZO films exposed to a 

harsh environment to meet the expectation of outdoor applications 

including solar cells. 

2) Proposing a recovery method for the degraded AZO films.  

3) Proposing a sputtering configuration to produce high conductive 

and stable AZO films at low temperatures and high deposition-rate, 

meeting the budget of emerging flexible and space-environment 

applications. 

4) Producing AZO films at a thickness of 50 – 150 nm with high 

conductivity for touch screens and LED devices. 

 

1.5. Thesis objectives and framework 

As discussed in section 1.4, the recoverability is one of the ways to extend 

the usability of the AZO TEs. Mickan et al. [45]  reported that the 

recoverability of AZO TEs could be great interest, especially for a single 

layer of AZO devices such as antistatic films, low emissivity coatings, or 

transparent heaters. The reported recovery methods, however, which are 

post-heat treatment under nitrogen[45] and vacuum[46] annealing, were 

not restoring the conductivity perfectly.  Therefore, a different method 

should be proposed for this recovery method of AZO TEs (detailed in chapter 

2, section 2.1).  

The durability of AZO thin films is still an issue. Therefore, the role of the 

crystal orientation of the film should be clarified in order to improve the 

AZO TEs for durability. The role of crystal orientation to the electrical 

property is already clarified[33], while its role for durability is not yet clear.  

The reported result of comparing AZO films having different major crystal 

orientations was using a different method of deposition in order to produce 

different crystal orientations [38], which could not clarify the role of crystal 
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orientation since the different methods of deposition also provide different 

degradation rate. Therefore, the comparison should be conducted by using 

AZO samples deposited by the same method, where there is a paucity in the 

research field (detailed in chapter 2 section 2.2).  

To prepare AZO thin films by a standard RF magnetron sputtering system 

at low temperature without post heat treatment is very important to extend 

the usability of AZO TEs for devices utilizing polymer-based substrates[42], 

which gained interest for flexible substrates[47] and outer space 

application[43]. Therefore, the low-temperature preparation and the 

durability investigation are very important for the sputtered AZO thin film 

on polymer-based substrates, which are not widely covered in the literature 

(detailed in chapter 2, section 2.3).  

This thesis is focusing on the recoverability, role of crystal orientation to 

the durability, and the low-temperature preparation of AZO films. However, 

this thesis is not covering the optimization of the thickness of AZO TEs, 

since the durability and low-temperature preparation issue should be 

firstly solved before the thickness optimization, even though the thickness 

is a very important parameter especially for touchscreen and display 

application[2,48]. Nevertheless, the finding in this thesis could be utilized 

further for the thickness optimization of AZO-based TEs in future research. 

This thesis is firstly investigating the recoverability of the electrical 

properties of AZO films, seeking a better recoverability method for AZO 

films after being degraded in the harsh environment. The hydrogen 

atmosphere is used in this thesis to investigate its effectiveness for the 

recoverability method of AZO films. The evolution of the electrical 

properties, including resistivity, carrier concentration, and mobility, are 

investigated before and after exposure to a harsh environment as well as 

after being recovered.  

Secondly, this thesis is looking at the possibilities of extending the usability 

of AZO films through improved durability of the films exposed to a harsh 

environment. The improvement is pursued through both post-heat 

treatment and optimizing sputtering configuration. Producing various 

major crystal orientations of the AZO thin films using reactive RF 

magnetron sputtering method is also pursued in this thesis.  
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Thirdly, a low-temperature process without post-heat treatment is 

investigated on glass and polymer-based substrates. Finally, the lessons 

learned and the recommendation to meet the challenges of extending the 

usability of AZO films are summarized and proposed, respectively.  

The framework of this thesis is presented as follows: chapter 2 reviews the 

literature highlighting the novelty of this thesis; chapter 3 describes the 

experimental, and characterization methods used in this thesis; chapter 4 

investigates the evolution and the recovery of electrical properties of AZO 

TEs after being exposed to the harsh environment; chapter 5 studies the 

role of crystal orientation for the durability of AZO TEs exposed to harsh 

environment by preparing AZO films with various crystal growth 

orientations; chapter 6 proposes a method to optimize the conventional 

sputtering method to be suitable for a low-temperature process and test the 

obtained films on glass and polymer-based substrates; chapter 7 discusses 

several models for the durability improvement of AZO TEs; chapter 8 

presents summaries of this thesis and proposes a future path for the 

improvement of AZO TEs. 
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2. Literature Review 
 

 

 

As discussed in the introduction (Chapter 1), durability, recoverability, and 

low-temperature deposition are some of the main challenges for extending 

the usability of the AZO transparent electrode. In this chapter, those three 

challenges are comprehensively reviewed from the latest scientific 

literature, focusing on the recoverability of AZO transparent electrodes 

(TEs) (section 2.1), the role of crystal growth orientation of AZO TEs 

(section 2.2), low-temperature deposition (section 2.3). and damp-heat (DH) 

durability between AZO and other TEs. In summary (section 2.5), key 

findings on the reviewed literature are provided, as well as the originality 

or the novelty of the current thesis are highlighted among other AZO-

related researches.  

 

2.1. Recoverability of AZO transparent electrodes 

Mickan et al.[1] suggested that the recovery of electrical properties of AZO 

films could be a great of interest, especially an annealing procedure to 

restore the properties of the material in applications of single-layer AZO, 

such as antistatic films, low emissivity coatings, or transparent heaters. 

However, this annealing procedure might not be feasible for heat-sensitive 

multilayer devices from a practical point of view. The deposition technique 

of AZO films is also defining whether this annealing is feasible or not. Such 

the degraded AZO thin film deposited via sol-gel dip-coating due to the 

exposure of a harsh environment where several cracks or voids were 

produced[2]. On the other hand, sputtered AZO thin films exhibit no 

cracks[2]. Even though, conductivity, carrier concentration, and Hall 

mobility of both, sol-gel coated and sputtered AZO films were decreased. 

With the produced cracks, the conductivity degraded more for AZO thin 

films prepared by both sol-gel, in comparison with the sputtered films, 

where physical and chemical damage degraded the sol-gel coated AZO thin 

films with even higher degradation rate.  
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Tohsophon et al.[3] reported that annealing in a vacuum atmosphere up to 

250 °C could recover the degraded electrical property of sputtered AZO thin 

films after being exposed to a damp heat environment for 1000 h. Vacuum 

annealing at 650 ºC effectively produced very stable AZO films even after 

being exposed to damp-heat treatment for 1000 h, which was suggesting 

the effectiveness of annealing in vacuum at higher temperatures [4]. This 

stable AZO film was attributed to the grain boundary reconstruction, as 

suggested by Hüpkes et al.[4] where grains grew together and closed grain 

boundaries partially.  

Nitrogen (N2) annealing at 180 °C could restore the property of sputtered 

AZO thin films aged for six months in the ambient air, as reported by 

Mickan et al.[1], where out-diffusion of water molecule was suggested as 

the reason for the restored property of the films. This finding could confirm 

no physical damage during the degradation test of AZO films. Thus 

recoverability through annealing the films is feasible. However, in these 

two reports, the proposed annealing configurations with N2 or vacuum at 

180 – 250 ºC, could recover the conductivity of the degraded thin films but 

not as much as the original one before the degradation test.  

A higher temperature of re-annealing of the degraded AZO thin film seems 

to be able to recover more effectively. Mickan et al.[5] reported that better 

electrical property and stability of AZO films are produced via a higher 

substrate temperature during the deposition. Tabassum et al.[6] reported 

similar tendencies, where high-temperature of vacuum annealing after 

deposition of the films produced better conductivity and stability of the 

films.  

Besides higher temperatures, the hydrogen atmosphere for the annealing 

seems to be able to produce better recovery for the degraded AZO films. 

Tabassum et al.[2,7] reported for sputtered AZO thin films that high-

temperature annealing (450 ºC or higher) in a hydrogen atmosphere was 

effective in enhancing the electrical stability and crystallinity property. 

Besides, the spontaneous formation of a very thin oxide layer as a top 

protective layer against moisture attack was formed via annealing at a 

higher temperature, providing AZO thin films with better electrical 

stability [6].  
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However, the effectiveness of annealing in hydrogen at high temperature 

on the electrical property recovery of the degraded films is not extensively 

discussed. Moreover, the characteristic of the ultra-thin layer remains 

elusive for this recovery route for the degraded AZO thin films. 

 

2.2. Role of crystal orientations of AZO transparent 

electrodes 

Crystal orientation has been reported to be very important to the property 

of AZO films, where the orientation (002) exhibit higher optoelectrical 

properties for AZO thin films, while other specific crystal orientation could 

act as traps for carriers[8]. Therefore, most of AZO films have been reported 

to have the main crystal orientation (002)[6,9],  which is considered as the 

most effective morphology due to more reduced numbers of electron traps 

in comparison with other crystal orientations[8,10]. However, its role in 

durability is not yet widely discussed.  

Tabassum et al.[2] reported that different deposition methods could 

produce AZO thin films with different textures, (002) and (110) respectively 

by the sol-gel dip-coating and the radio frequency (RF) magnetron 

sputtering respectively. According to this report, the sputtered AZO films 

with the orientation (110) was more durable, strongly suggesting the 

influence of deposition methods on the durability of AZO films but was not 

enough in attributing the role of crystal orientation for the durability of the 

films. Zhan et al.[9] reported that AZO films with the orientation (002) 

prepared by RF magnetron sputtering and zinc vapor annealing exhibited 

very high durability in a damp heat condition. Besides the main orientation 

(002), the removal of zinc vacancies by zinc vapor annealing was strongly 

suggested as the reason for this improved durability. With a comparison of 

these findings, the role of crystal orientation to the durability of sputtered 

AZO films remains elusive.  

In order to clarify the role of crystal growth orientation, the compared AZO 

films should be produced with the same deposition method, which is 

sputtering in this thesis. However, producing different peaks of strong 

crystal growth orientations for AZO films via sputtering is not widely 

reported. Furthermore, the microstructures of the AZO films were not 
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extensively discussed in regard to the relation with the existence of other 

orientations and the mechanism of electrical conductivity degradation of 

AZO films. 

 

2.3. Low-temperature preparations of the AZO thin 

films  

Preparations of AZO films via a low-temperature configuration without 

annealing (post-heat treatment) are preferable for flexible optoelectronic 

devices, such as flexible electronics [11], electronic skin [12], and flexible 

solar cells [13]. This is due to the certain flexible substrates limiting the 

thermal budget in fabricating those devices, such as polyimide [14,15] and 

polycarbonate[16] materials. Those polymer-based flexible substrates 

cannot survive such high temperatures during the thin film deposition 

process or post-heat-treatment [16,17]. In comparison with glass substrates 

that could face high-temperature processes up to 600 °C [6], polyimide-

based substrates require a process at a temperature lower than 177 °C [18]. 

Polyimide materials having the mold temperature range of 177 to 232 °C 

[18] are feasible for typical sputtering methods [19] and atomic layer 

deposition (ALD) [14], revealing the usability of polyimide materials as 

substrates for thin films deposited via conventional methods or processes.  

However, polycarbonates having mold temperatures between 82 to 121 °C 

[20] cannot withstand those conventional processes, which usually is 

elevating the substrate temperature even without intentional heating[16]. 

Therefore, polycarbonate requires even milder deposition processes[16].  

The facing-target sputtering (FTS) method could maintain the substrate 

temperature at room temperature up to 55 °C during the deposition of 

transparent-conductive AZO thin films without pos-heat treatment, 

opening the feasibility of polycarbonate substrates for AZO thin films[16]. 

In comparison with the conventional magnetron sputtering, this range of 

temperature is much milder. Conventional sputtering usually elevates the 

temperature at substrate surfaces reaching above 80 °C [16].  
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This feasibility of polycarbonate materials for AZO thin film deposition is 

very attractive since polycarbonate materials are widely utilized in several 

outdoor applications for their excellence in visible light transmittance, such 

as agricultural greenhouses [21] and tropical house roofs [22], which opens 

possibilities of the implementation of AZO-based devices for such 

applications, such as in agrivoltaics [23,24].  

However, the durability of AZO thin films is very important for this kind of 

outdoor application, especially in a harsh environment. High-temperature 

processes utilizing glass substrates have been extensively reported as 

producing higher durability of AZO thin films when compared with lower 

temperature film production, especially in damp-heat conditions of a harsh 

environment [3,6,25].  As higher temperatures usually produced more 

durable AZO films, the durability performance of AZO transparent 

electrodes prepared at low temperature seems to be an issue. 

Although successful depositions of transparent and conductive AZO films 

on polycarbonates or polyimide substrates have been reported [16,19], none 

discuss the damp-heat durability performances of deposited AZO films. The 

exposure of humidity for the AZO film of polyimides had been tested by 

Marques et al. [14], in which the test excluded the high temperature or heat 

of the harsh environment. Therefore, damp-heat durability of low-

temperature prepared AZO thin films with the exposure of both humidity 

and high temperature is not widely discussed in the literature for AZO films 

deposited on glass, polyimide, and polycarbonate substrates. 

Furthermore, polymer-based materials are attracting the application for 

the outer space, suggesting the importance of applicability of AZO films 

deposited on those substrates, which emphasize the low-temperature 

processes. Polyimide films attached to various polymers, such as acrylic, 

polyvinyl chloride (PVC), or polycarbonates, are proposed as protective 

films for cladding materials of agricultural greenhouses to withstand 

ultraviolet damage when exposed to a high ultraviolet condition in the 

space environment such as the Moon or Planet Mars [26]. The composite of 

polyimide-polymer materials, such as polyimide-polycarbonate, is not yet 

widely discussed in the literature for transparent electrode materials, 

including gallium-doped zinc oxide (GZO) and AZO thin films. 
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2.4. DH-durability comparisons of AZO, GZO and ITO 

TEs 

To know the durability issue of AZO TEs, the durability of the ITO and GZO 

transparent conducting oxides are reviewed and compared. The ITO TEs, 

as the industrial standard of TE materials, exhibited excellent durability in 

DH condition (Fig. 2-1). On the other hand, ZnO-based TE materials such 

as AZO and GZO are significantly degraded, with AZO as the most 

degraded one (Fig. 2-2).  

The degradation of GZO seemed to involve the decrease of mobility, rather 

than the decrease in carrier concentration, where GZO exhibited excellent 

carrier concentration (Fig. 2-3) as exposed to the DH condition, while AZO 

showed significant decrease in both, carrier concentration and Hall mobility 

in the DH condition (Fig 2-4).  

 

 

Fig. 2-1. DH-durability of ITO TEs (after Guillén and Herrero[27]) 
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Fig. 2-2. DH-durability of AZO and Gallium-doped ZnO (GZO) TEs with 

annealing (top) and no annealing (bottom) (after Asvarov et al.[28]) 
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Fig. 2-3. DH-durability and Hall effect measurement of GZO on PET 

substrates (Lim et al.[29]) 

 



35 

 

 

Fig. 2-4. DH-durability and Hall effect measurement of AZO on glass 

substrates (Tabassum et al.[7]) 
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2.5. Summary 

This literature review has been discussed to highlight several findings and 

issues to further explored in extending the usability of AZO transparent 

electrodes through sputtering deposition, which are: 

1. Sputtered AZO thin films exhibit no cracks during as exposed to a 

harsh environment, suggesting the possibility of recovery of the 

electrical properties by re-annealing. N2 and vacuum annealing at 

180-250 ºC have been reported to recover the conductivity of AZO 

films. However, the conductivity was not perfectly recovered 

2. Role of crystal growth orientations to the durability sputtered AZO 

thin films are not yet clear since the comparison of the reported 

results was based on different deposition method. Moreover, there 

is a paucity in the literature on producing different crystal 

orientations for the films through sputtering  

3. Low-temperature preparation of AZO thin films through a standard 

RF magnetron sputtering system is still challenging to open for the 

applicability of the films to the polymer-based substrates. 

Moreover, the degradation mechanism of AZO thin films deposited 

at low temperature on polymer-based substrates are not widely 

covered.  

By addressing the above-mentioned three points, this thesis differs from 

the available literature in proposing a route and an insight into the perfect 

recovery of degraded AZO thin films.  Besides, a simple method to produce 

different crystal growth orientation via sputtering has been reported and 

the role of crystal orientations for the durability of the films has been 

compared comprehensively in this thesis.  

Furthermore, a method of low-temperature deposition of highly conductive-

durable AZO films has been proposed and the difference in degradation 

mechanisms between AZO deposited on glass and polymer-based substrates 

has been clarified in this thesis. 
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3. Methods 
 

 

 

3.1. Sample Preparation 

This research used radio frequency (RF) magnetron sputtering for AZO 

layer deposition which had been the first choice for thin-film industries due 

its high growth-rate and the acceptable quality of the produced film as well 

as proven to produce better and more stable AZO transparent electrodes in 

comparison with sol-gel methods[1,2].  

Prior to the thin-film deposition by sputtering, a glass[3,4] substrate was 

cleaned in an ultrasonic bath using acetone as the cleaning agent then dried 

through wiping by lab-experimental tissues. For the investigation of 

polymer-based substrates in this thesis, PI-tape is used and attached to 

polycarbonate (PC). As polymer-based substrate is fragile to the exposure 

of acetone, the PI-tape is cleaned by ethanol-wiping. 

The AZO films deposited on the hard glass substrates (48 × 28 × 1.3 mm3) 

were used for comparison with the films deposited on the very flexible 

polyimide tapes (48 ×  28 ×  0.04 mm3) attached to the surface of the 

polycarbonates (48 × 28 × 1 mm3) labeled “PI-tape/PC” substrates[5]. This 

PI-tape/PC was cleaned through ethanol-wiping by lab-experimental 

tissues. An air duster was used to remove all the remained dust caused by 

the wiping step on the substrate (Fig. 3-1).  

Inside the sputtering chamber, the cleaned substrate was put 7 cm above 

the target. A zinc metal target (diameter of 75 mm and a thickness of 5 mm 

with 99.99% purity) was used together with three aluminum chips (size of 

5 × 5 mm with 99.99% purity). The three aluminum chips were arranged 

with a triangle shape.  
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Fig. 3-1. Overall steps of the sample preparation 
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The chamber was then made into a vacuum with a base pressure at 10-3 Pa 

or less. With this base pressure, a mixture of Ar and O2 gases with various 

ratios were flowed into the sputtering chamber to bombard the target (Fig. 

3-1). This mixture of Ar and O2 gasses would provide a reactive atmosphere 

inside the sputtering chamber[6]. For a high O2-to-Ar ratio, the O2 was set 

30 or 60 sccm while the Ar gas was varied from 3 to 60 sccm[3,4]. For a low 

O2-to-Ar ratio, O2 was set at 3 sccm, while the Ar gas set was fixed at 90 

sccm[5]. 

As RF power was applied at 80 - 100 W, the plasma was generated while 

the substrate was spinning at room temperature. The substrate 

temperature was elevated without intentional heating as the thin film was 

being deposited[7]. During the plasma generation, the pressure at the 

chamber was increased from 10-3 Pa to be around 1 Pa of working pressure 

for the sputtering deposition. Then, the sputtered target-atoms would 

condense on substrates as thin films[1]. The deposition duration was 30 to 

60 min. 

After the deposition of AZO layers by sputtering was accomplished, post-

heat treatment was conducted by an electric furnace in a hydrogen 

atmosphere at 0.06 MPa at 400 – 550 °C inside a closed quartz tube (Fig. 3-

1). The hydrogen atmosphere was chosen to even reduce the resistivity to 

the AZO films[8]. Depending on the research goal and the substrate 

requirement, the post-heat treatment is conducted only for the glass 

substrate[3,4] and no post-heat treatment for the low-temperature thin-

film preparation on both the glass and the PI-tape/PC substrates[5].  

As for the re-annealing of the AZO films after being degraded as exposed to 

a harsh environment, the temperature is set to be as same as temperature 

of the post-heat treatment prior to the degradation test. For example, 

samples labelled AZO-400 °C are post-heat treated and re-annealed at 

400 °C and samples labelled AZO-550 °C are post-heat treated and re-

annealed at 550 °C. 
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3.2. Characterization Apparatus 

3.2.1. Temperature Measurement Sticker 

Temperature measurement stickers HEAT LABEL MICRON CORP 10R-

49 or 6R-65 were used in this work to investigate the development of the 

surface temperature during the sputtering deposition. Considering that the 

substrate is put inside the chamber and facing the generated plasma, these 

temperature labels are the most accurate one for investigating the 

temperature development on the substrate surface because these 

temperature stickers are put directly on top of the substrate surface.  

The stickers monitor the temperatures by several small heat-sensitive 

indicators sealed under transparent, heat-resistant windows. When the 

surface temperature rises due to the bombardment of sputtering plasma, 

then the heat indicator shown on the label will change from white to black 

irreversibly according to the associated reached-temperature level. The 

blackened indicators would then register the temperature history of the 

surface substrates during the film deposition.  

 

 

Before the deposition 

 

After the deposition 

 

Fig. 3-2. Temperature measurement stickers 
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3.2.2. UV-Vis-NIR Spectrometer 

For transparency of the prepared AZO samples, a UV-Vis-NIR spectrometer 

Perkin Elmer Lambda 750S was used in this work. The transparency of the 

samples was checked in between 300 - 2500 nm. By this range of 

wavelength, the wavelength in the visible (400 to 700 nm) and near infra-

red (NIR) spectrum, are all included in the measurement. The average 

transparency in the visible wavelength range is considered as the overall 

transparency of the sample. When the values of transparency and sheet 

resistance are known, the figure of merit of AZO samples could be defined 

by equation 1.1. The measurement is also conducted in the NIR range of 

wavelength to confirm the difference of carrier concentrations between the 

sample, where the sample with more carrier concentrations will have less 

transmittance in the NIR range due to the unwanted free carrier absorption 

in the IR range[9].  

The UV-Vis-NIR spectrophotometry can measure the transmittance of a 

sample as a function of the wavelength of the incident light. It uses light in 

the visible and adjacent, near UV and NIR ranges. The spectrometer 

consists of a light source, sample, spectrometer, and detector.  The light 

source can emit light of wavelength 250-2500 nm.  After passing through 

the sample, the transmitted light is passed through a spectrometer, which 

disperses the light onto the photodiode detector.   

 

3.2.3. Four-point Probe  

The sheet resistance of the prepared samples is measured by four-point 

probe measurement, where the four probes were pressed adequately to the 

surface of the thin films. The two outer probes are connected to the 

current generator and ammeter, while the two inner probes are connected 

to a voltmeter (Fig. 3-3). By this measurement, the sheet resistance of the 

thin film is defined exclusively with a unit of Ω/□ which describes a 

resistance across a uniform-square sheet regardless of the size of the 

square.  
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Fig. 3-3. Schematic diagram of sheet resistance measurement by four-

point probe method 
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Fig. 3-4. Schematic diagram on the surface of the AZO thin films where 10 

points were selected for sheet resistance measurement. The black squares 

are the square where the parts of the glasses are held on to the substrate 

holder of the sputtering system where the film is not deposited. 
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For each AZO sample, 10 points are selected, and each point was measured 

for its sheet resistance (Fig. 3-4.). The overall sheet resistance of a sample 

is the average of these 10 points. When the thickness d and sheet resistance 

Rs of the sample are known, bulk resistivity ρ of a sample with a unit Ωcm 

could be defined by this equation: 

ρ = Rs × d      (3.1) 

Sheet resistance and resistivity represent two different kinds of 

conductivity. When the term sheet resistance is used, the discussed current 

is along the plane of the sheet, not vertical to it. While for resistivity, the 

current is not only along the plane but also along the perpendicular of the 

films representing the inherent conductivity of the deposited AZO layer. 

 

3.2.4. Hall Measurement System 

In this thesis, the carrier concentration and Hall mobility of the AZO thin 

films were measured by a Hall measurement system Resitest 8308. In this 

measurement system (Fig. 3-5), three steps of measurements are conducted, 

which are the Van der Paw method for sheet resistance measurement, 

carrier concentration through Hall effect, and finally, the calculation of Hall 

mobility. 

 

Fig. 3-5. Diagram of the Hall measurement system (after Tabassum [10]) 
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Firstly, the sheet resistance RS is measured by the van der Pauw method.  

The measurement is conducted by four small contacts, which are put at the 

periphery of a square-shaped (10 x 10 mm) of an AZO sample. This square 

shape is obtained by cutting the AZO films, where AZO films on the glass 

are cut by the diamond cutter while the films on PI-tape/PC is cut by the 

flush scissors for plastics. In measuring the sheet resistance, a current I is 

passed from one contact to adjacent contact, while the corresponding 

voltage difference V is measured across the two contacts on the opposite 

side. The measured sheet resistance, RS = V/I by this van der paw method 

is complementary, mainly used for measuring carrier concentration and the 

Hall mobility at 26 °C in this research.  

Secondly, the carrier concentration (n) is measured through the Hall effect, 

which is the voltage difference (VH) from the deflection of the charged 

carriers by the Lorentz force. As VH is determined, the carrier concentration 

is calculated as: 

𝑛 = 𝐼𝐻
𝑒𝑉𝐻𝑑⁄      (3.2) 

where I is current input (5×10-3 A), H is the magnetic field (0.42 T), e is 

the electronic charge, and d is the thickness of the film.  

Thirdly, the Hall mobility µH is deduced from the determined value of RS 

and VH  through: 

𝜇𝐻 =  (𝑒𝑛𝑅𝑠𝑑)−1    (3.3) 

 

3.2.5. X-ray Diffractometer (XRD) 

This thesis work investigated the crystallinity of the samples, trough X-ray 

diffraction (XRD) data measured with Rigaku RINT2100CMJ in terms of 

crystal orientation and crystallite size. XRD data of AZO samples were 

compared to preferred crystal orientation (002) of ZnO at 2θ = 34.4°[11] that 

represents wurtzite hexagonal crystal structure[12], the optimal 

morphology of ZnO in terms of optoelectrical properties[13,14].  
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Fig. 3-6. A schematic image of XRD measurement (After Tabassum [10]) 

 

For crystallite size, full width at half maximum (FWHM) was firstly 

measured along the highest peak of XRD data of each AZO sample. By this 

FWHM, crystallite d size is estimated by Scherrer’s equation as following 

[2]: 

𝑑 =
0.9𝜆

𝛽 𝑐𝑜𝑠 𝜃
     (3.4) 

where λ is the x-ray wavelength (0.15405 nm), β is the measured FWHM, 

and θ is the angle of the diffraction of the highest peak at the XRD data.  

 

3.2.6. X-ray Photoelectron Spectrometer (XPS) 

X-ray photoelectron spectrometer (XPS) Jeol JPS-9030 was used in this 

research work to confirm the chemical elements of AZO film, at the surface 

and beneath the surface of the films. This one is the most widely used 

surface analysis technique because of its accuracy data interpretation and 

simplicity in use.  The measurement is conducted by a square-shaped (10 x 

10 mm) of an AZO sample. This square shape is obtained by cutting the 

AZO films, where AZO films on the glass are cut by the diamond cutter 

while the films on PI-tape/PC are cut by the flush scissors for plastics. It 

works by irradiating a sample with an x-ray beam and then quantifying the 

kinetic energy and number of electrons that are ejected from the material.   
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Fig. 3-7. A schematic image of measurement process in the XPS (After 

Tabassum [10]) 

 

This technique works by having a high energy X-ray beam and using it to 

excite the surface of the desired sample.  The XPS measures the kinetic 

energy and number of electrons that escape from the top 0 to 10 nm of the 

material being analyzed.  If the incoming X-ray has enough energy and is 

absorbed by an atom in the surface, then the innermost electron will be 

ejected.  This phenomenon is known as the photoelectric effect. Because the 

energy of an X-ray with a particular wavelength is known, the ejected 

photoelectron has kinetic energy that can be calculated to be equal to the 

energy of the incident X-ray minus the binding energy and the work 

function of the element.   

By detecting and measuring the energy of this electron that is unique for 

each element, one is able to determine the composition of the sample.  XPS 

can be used as a surface analysis technique and depth profiling analysis. 

For the depth profiling analysis, the sample is firstly etched by ion beam 

etching then the measurement of the elemental composition as a function 

of depth becomes feasible as a chemical characterization beneath the 

surface. 
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3.2.7. Scanning Electron Microscope (SEM) 

This research work used a scanning electron microscope (SEM) HITACHI 

SU6600. The SEM uses a focused beam of high-energy electrons, which 

generates a variety of signals at the surface of the samples. The derived 

signals from electron-sample interactions are then collected over a selected 

area of the surface of the sample, and an associated 2-dimensional image is 

generated.  These signals include secondary electrons, backscattered 

electrons, diffracted backscattered electrons, photons, visible light, and 

heat.   

The secondary electrons and backscattered electrons are commonly used for 

imaging samples, where secondary electrons are most valuable for showing 

morphology and topography on samples, and backscattered electrons are 

most valuable for illustrating contrasts in composition in multiphase 

samples.  In this work, the SEM analysis was used to confirm the thickness 

of the films, the surface condition of the films, as well as the grain boundary 

of the films. 

3.2.8. Surface Profilometer  

This thesis used a surface profilometer Surfcorder ET3000 to measure the 

exact thickness of the prepared AZO thin films. Profilometry is a simple 

and accurate, offering a non-destructive measurement technique for the 

sample. Due its reliability, this technique is frequently used for the 

determination of the thickness of thin films[10].  

The surface profilometer employs a diamond stylus or probe in contact with 

the AZO thin film surface. This probe is then moved laterally to detect and 

measure small vertical variations. To have the accurate thickness, there 

should be a clear step between the surface of the substrate and the surface 

of the AZO films.  

In order to provide this clear step, the sample should be clear from the dust, 

which the air duster can offer the function very well. Then, the probe was 

moved from the AZO thin film surface to the uncoated parts of the substrate. 

The height difference between the film and the uncoated substrate was then 

investigated in three locations or points, and the average of the difference 

is considered as the thickness of the AZO films. 
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3.2.9. Constant Damp Heat Chamber 

The durability of the samples was observed in a damp heat (DH) test 

condition using an electronic constant temperature/humidity chamber 

Advantec THR030FA. This durability is represented by the degradation of 

sheet resistance of the AZO samples during the observation duration. If the 

sheet resistance degrades more, the AZO layer is not durable. The damp 

heat test condition is set at 85°C and 85% relative humidity to represent a 

harsh environment.  

This sheet resistance degradation index DI was then presented as a ratio 

between the sheet resistance as prepared RS0 and the sheet resistance at 

the completed duration x of DH test RSx using the following equation: 

𝐷𝐼 =
𝑅𝑆𝑥

𝑅𝑆0
     (3.5) 

By considering the relation of thickness, resistivity, sheet resistance, 

carrier concentration, and Hall mobility in the Equation 3.1 and 3.3, the 

role of the carrier concentration and Hall mobility during this sample 

durability observation was further elaborated by the log of DI (Eq. 3.6)[4], 

the decrease percentage of carrier concentration n (Eq. 3.7)[3], and the 

decrease percentage of Hall mobility (Eq 3.8)[3]. 

log (
𝜌𝑥

𝜌0
) = log (

𝑛0

𝑛𝑥
) +  log (

𝜇0

𝜇𝑥
)     (3.6) 

𝐷%𝑛 =  (𝑛0 − 𝑛1) 𝑛0⁄ × 100%     (3.7) 

𝐷%𝜇 =  (𝜇0 − 𝜇1) 𝜇0⁄ × 100%,     (3.8) 
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4. Evolution and Recovery of Electrical 

Property of Reactive Sputtered Al‐

Doped ZnO Transparent Electrode 

Exposed to Harsh Environment 
 

 

 

4.1. Introduction 

The electrical stability of AZO thin films is still questionable, especially 

after exposure to high humidity and temperature[1]. This electrical 

stability of AZO films is quite important since its degradation would lead to 

the decreased efficiency of the devices such as the degradation of AZO layer 

in Cu(In, Ga)Se2 (CIGS)-based thin film photovoltaic (PV) would decrease 

the efficiency of this PV device as exposed to damp heat environment as 

reported by Lee et al.[2].  

Tabassum et al.[1] reported that a harsh environment could produce 

several cracks or voids for AZO thin films coated on glass substrates 

prepared by sol-gel methods, while no cracks were found for sputtered AZO 

thin films. The high dense surface of the sputtered films seems the reason 

for this stable surface protecting the film from the oxygen or water-

molecule-derived species. However, both carrier concentration and Hall 

mobility were decreased. Thus, the conductivity degraded for AZO thin 



56 

 

films prepared by both sol-gel and sputtering methods. Physical and 

chemical damage could be the reason that the sol-gel methods produce 

higher degradation rate of AZO thin films in comparison with the 

sputtering.  

Tohsophon et al.[3] reported that the recovery of the electrical property of 

sputtered AZO thin films by annealing in vacuum atmosphere up to 250 °C 

after being exposed to a damp heat environment for 1000 h. Hüpkes et al.[4] 

reported that annealing at 650 ºC in vacuum atmosphere effectively 

produced very stable AZO films in comparison with the as-deposited AZO 

films even after being exposed to damp heat treatment for 1000 h, which 

was suggesting the effectiveness of annealing at higher temperature.  

A grain boundary reconstruction of AZO films was suggested by Hüpkes et 

al.[4] where grains grew together and closed grain boundaries partially on 

the cost of other areas due to the annealing. Mickan et al.[5] reported that 

annealing in a nitrogen atmosphere at 180 °C could restore the property of 

sputtered AZO thin films aged for six months in the ambient air, where out-

diffusion of water molecule was suggested as the reason for the restored 

property of the films. This evidence might suggest no physical damage 

during the degradation test of AZO films. In these two reports, the films 

were not annealed (post-heat treated) prior to the degradation test. 

Moreover, the annealing configurations, which were conducted only after 

the degradation test, could recover the conductivity of the degraded thin 

films but not as much as the original one before the degradation test.  

Mickan et al.[6] reported that higher substrate temperature produced 

better electrical property and stability of AZO films. The similar tendencies 

produced by high temperature trough heated substrates during deposition 

or annealing after deposition of the films showed the importance of high 

temperature treatment for highly stable and conductive AZO films. Besides 

the substrate temperature, Greiner et al.[7,8]  reported that AZO films 

deposited on smooth surface by non-reactive sputtering are more durable 

than on rough substrates by avoiding smaller grains growth with non-

orientated c-axis and a higher area fraction of grain boundaries (extended 

grain boundaries).  

Moreover, high-temperature annealing (450 ºC or higher) in a hydrogen 

atmosphere had been reported to be effective by Tabassum et al.[1,9] for 

sputtered AZO thin films to enhance its electrical stability and crystallinity 

property. However, its effectiveness on the electrical property recovery of 
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the degraded films is not extensively discussed. Besides, annealing at a 

higher temperature after sputtering deposition could produce AZO thin 

films with better electrical stability by the spontaneous formation of a very 

thin oxide layer as a top protective layer against moisture attack[10].  

However, the characteristic of the ultra-thin layer remains elusive yet. 

Moreover, the relation of carrier concentration evolution to the 

recoverability and durability of ZnO-based transparent electrodes exposed 

to the harsh environment is not clear, despite its direct relation to 

annealing conditions and Hall mobility such as by the creation of oxygen 

vacancies[9] and ionized impurity scattering respectively[11].  

In this chapter, AZO thin films were deposited on glass substrates by 

reactive sputtering with 30 sccm for both, Ar and O2 gasses at 100 W of RF 

power, for an hour then annealed at higher temperatures (400 – 550 °C) 

under a hydrogen (0.06 MPa) atmosphere for 30 min, both before and after 

the durability test of harsh environmental exposure. Durability of the films 

were evaluated by the electrical property evolution, including carrier 

concentration and Hall mobility as a function of annealing temperature.  

The conductivity recovery of the AZO thin films was investigated by re-

annealing for each sample at its respective initial annealing temperature 

in a hydrogen atmosphere after the degradation test. The re-annealing for 

each AZO sample was conducted at the same condition as before the damp 

heat test of each sample where hydrogen annealing at the same 

temperature for the same duration as the initially associated annealing 

temperature and duration of each sample was applied to recover the 

conductivity as much as before the degradation test. Scanning Electron 

Microscopy (SEM) was used to confirm the difference of the surface images 

before and after the exposure to the harsh environment. 

 

4.2. Results and Discussions 

The resistivity of AZO thin films deposited with similar sputtering 

condition decreased from 1.3 to 0.4 × 10-3 Ω·cm with the increase of 

annealing temperature from 400 – 550 °C (Fig. 4-1). Due to the similar 

condition of the deposition, all samples exhibited similar thickness at 0.5 

µm as measured by a surface profilometer.  
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The higher annealing temperature induced the higher carrier concentration, 

which confirmed the effectiveness of annealing AZO thin films as reported 

by Tabassum et al.[9] that suggested the creation of more oxygen vacancies 

by higher annealing temperature in a hydrogen atmosphere.  

Hall mobility was generally increased by higher annealing. However, a 

slight decrease was exhibited at 550 ºC annealing, which could be attributed 

to the electron scattering due to ionized impurity[11,12].  

 

 

Fig. 4-1. Electrical property of AZO thin films as a function of annealing 

temperature. 
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Fig. 4-2. Transmittance spectra of AZO thin films in the visible and near 

infrared range of wavelength. 

 

All samples showed the excellent quality of more than 80% of transmittance 

in the wavelength of the visible range (Fig. 4-2) confirming the high 

transparency of AZO materials applied as thin films. Conversely, the 

transmittance appears to be decreasing with the annealing temperature in 

the near infrared range (Fig. 4-2), suggesting an increase in the charge 

carrier concentration. These results are in line with findings reported by 

Mickan et al.[6] and Lee et al.[12] where the transmittance in the near 

infrared range decreased with the higher applied substrate temperature. 
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Fig. 4-3. XRD patterns of AZO thin film in respective to the annealing 

temperature. 

 

 

XRD patterns of AZO (Fig. 4-3) shows that the intensity increased with 

higher annealing temperature, which might suggest the crystallinity 

improvement due to the formation of larger grain size by higher annealing 

temperature as extensively studied[10,13,14].  

Although the crystallite size was not significantly different as investigated 

by Scherrer’s equation (Table 4-1), it can be speculated that the grains 

might agglomerate to form larger grains thus the intensity increased by 

higher annealing temperature with (002) orientation.  
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Table 4-1. Crystallite Size of AZO thin films through (002) crystal 

orientation 

Sample 
Before damp heat test 

(nm) 

As Reannealed after DH 

test (nm) 

AZO 400 ºC 17 18 

AZO 450 ºC 16 16 

AZO 500 ºC 18 19 

AZO 550 ºC 17 18 

 

 

As purposed by Hüpkes et al.[4], a grain boundary reconstruction might 

happen as the films heated where the grains grow together and these 

connections close the gap or boundaries between the grains partially 

reducing environmental species such as water and carbon dioxide that 

could penetrate and thus degradation of the AZO film is reduced. This (002) 

crystal orientation is the optimal crystal growth orientation for optical and 

electrical properties of ZnO, respectively due to c-axis growth and the 

reduced number of traps for electrons[15,16]. 

The degradation of AZO thin films as a function of damp heat test duration 

for each annealing temperature exhibited that AZO thin films annealed at 

400°C showed far more considerable degradation in comparison with AZO 

samples annealed at 450 °C or higher (Fig. 4-4). After 15 days, the 

degradation of AZO samples annealed at 400 °C became more extensive 

while samples annealed at 450 °C or higher, started to show stable 

resistivity. Table 4-2 provides detailed resistivity before and after damp 

heat where higher temperature annealing maintained the lowest resistivity 

even after damp heat test. 
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Fig. 4-4. Resistivity of AZO thin films on a logarithmic scale as exposed to 

harsh environment. 

 

The comparison of degradation index (Eq. 3.5) and carrier concentration 

loss (Eq. 3.7) showed similar tendencies as a function of annealing 

temperature (Fig. 4-5). The samples annealed at 400 °C and 550 °C show 

76- and 3-times higher resistivity, respectively, which suggests the higher 

temperature annealing produced the more durable thin films.  

However, the comparison of Hall mobility before and after damp heat test 

(Fig. 4-5) showed equivalent results for samples annealed at 400- 550 °C 

where the difference is around 7-9 cm2/V·s between the mobility before and 

after damp heat test. Despite, a clear difference in electrical stability of 

annealed AZO samples at 450-550 °C in comparison with the samples of 

400 °C annealing temperature. 
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Fig. 4-5. Degradation index DIρ (Eq. 3.5) in comparison with the 

decreasing percentage of carrier concentration D%n (Eq 3.7) and Hall 

mobility D%µ (Eq. 3.8). 

 

On the other hand, the degradation index of AZO samples annealed at 

450 °C or higher exhibited comparable value despite a clear significant 

decline in the decreasing percentage of Hall mobility. It could show the 

more significant influence of carrier concentration evolution during the 

exposure of harsh environment to the electrical stability of AZO thin films 

where the less decrease of carrier concentration would contribute to the less 

degradation index, in other words, more durable AZO thin films[17].  
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Fig. 4-6. Carrier concentration and Hall mobility before and after damp 

heat test compared to both evolution after re-annealing as a function of 

annealing temperature. 

 

A decrease of Hall mobility was comparably exhibited by all samples (Fig. 

4-6), which indicated the diffusion of water-molecule-derived species or 

oxygen molecules to the AZO thin films increasing the electron scattering 

at grain boundaries as reported by Mickan et al.[5]. After the damp heat 

test, carrier concentration and Hall mobility decreased for all samples 

where the highest carrier concentration and Hall mobility were maintained 

at AZO samples annealed at 550 °C. 
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Reannealing was conducted and effectively able to restore the conductivity, 

Hall mobility, and carrier concentration of AZO samples exposed to a harsh 

environment (Fig. 4-6). Despite the excellent conductivity recovery by re-

annealing (Table 4-2), evolution and recovery of carrier concentration 

showed slightly different tendencies between samples annealed at 400°C 

and samples annealed at 450 °C or higher.  

Although the conductivity is perfectly recovered (Table 4-2), the carrier 

concentration and Hall mobility as a function of annealing temperature of 

each sample before the damp heat test shows different value as compared 

to the recovered results (Fig. 4-6). 

 

 

Table 4-2. Resistivity Development of AZO thin films  

Temperature ρ₀ (10-3 Ω·cm) ρ₃₀ (10-3 Ω·cm) ρ - Reannealed (10-3 

Ω·cm) 

AZO-400 ºC 1.3 98.9 1 

AZO-450 ºC 1 7.8  0.9 

AZO-500 ºC 0.6 2.1 0.6 

AZO-550 ºC 0.4 1.3 0.5 
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The carrier concentration of samples annealed at 400 °C could be 

comparably restored as much as the initial one while samples annealed at 

450 °C or higher temperature were also recovered but slightly lower than 

the initial carrier concentration before damp heat test. On the other hand, 

re-annealing produced slightly higher Hall mobility as compared to the 

original one.  

Firstly, re-annealing could contribute to the out-diffusion of water-

molecule-derived species coming from exposure to the harsh environment. 

Secondly, as re-annealing produced a slight decrease of carrier 

concentration to be below the concentration before the degradation test, the 

ionized impurity scattering was then decreased that contributed to the 

slightly higher Hall mobility.  

This less scattering could show the direct influence of carrier concentration 

evolution to the development of Hall mobility as reported by Liu et al.[18], 

about this trade-off of high carrier concentration and mobility through 

ionized impurity scattering.  

More removal of chemisorbed OH- could also be attributed to higher 

annealing temperature that would contribute to less scattering centers thus 

increased the Hall mobility as reported by Kim et al.[19].  

For crystallite size after re-annealing, no significant changes in crystallite 

size (Table 1) were found, which could show that the maximum crystallinity 

had been achieved during the initial annealing and no crystallinity 

improvement after the re-annealing conducted. The same annealing 

condition for this re-annealing step as the initially associated annealing 

temperature could be the reason of this insignificant effect. 

 As reported by Calnan et al.[20], the applied higher temperature produced 

more oxygen vacancies, which was improving the carrier concentration of 

the thin films in consequence. Thus, conductivity improved by higher 

annealing temperature. Tabassum et al.[10] reported oxygen concentration 

was reported dominantly detected at the surface of AZO samples annealed 

at 450-600 °C and significantly decreased just beneath the surface of the 

films, which could show the formation of an ultra-thin oxide layer on top of 

the AZO layer after the first annealing.  
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Fig. 4-7. AZO thin film annealed at 400 ºC before DH test. 

 

 

 

Fig. 4-8. AZO thin film annealed at 400 ºC after DH test. 

30 µm 

30 µm 
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In addition to higher crystallinity of the samples annealed at 450-550 °C 

(Fig. 4-3), this ultra-thin layer could act as passivation or protective 

layer[9,21] especially for samples annealed at 450 ºC or higher while 

maintaining the conductivity of AZO layer beneath thus durability of AZO 

films improved in the harsh environment. As the formation of the ultra-thin 

oxide layer, the carrier concentration could be protected from the diffusion 

of water-molecule-derived species or removal of oxygen vacancies.  

However, the 400 ºC-annealed sample showed severe degradation compared 

to other samples, which could suggest the incomplete formation of an ultra-

thin oxide layer on the surface.  Moreover, 400 ºC-annealed samples 

exhibited lower overall crystallinity in comparison with samples annealed 

at 450 °C or higher (Fig. 4-3). Thus, the carrier concentration could be easily 

decreased through the diffusion of oxygen molecule or water-molecule-

derived species of the high humidity condition. 

Besides the recoverability of Hall mobility and carrier concentration, this 

recoverability could also be attributed to the stable physical property of 

sputtered AZO samples coated on the hard substrate such as glass 

substrates. As showed by the image of SEM prior to the damp heat test (Fig. 

4-7), there were similarly no cracks or voids found at the surface of AZO 

thin films after the damp heat test even for 400 °C-annealed sample, which 

was the most degraded one (Fig. 4-8 AZO thin film annealed at 400 ºC after 

DH test.), confirming the findings of Tabassum et al.[1].  

Glass substrates as hard substrate might support this stability since AZO 

thin films tend to be easily cracked with the physical deformation of the 

substrate such as by bending it physically as reported by Xu et al.[22].  

  

4.3. Conclusion 

Various AZO thin films have been prepared by reactive sputtering and 

annealed in the hydrogen atmosphere at 400 to 550 ºC. Damp heat test was 

performed at 85 ºC and 85% relative humidity to examine the durability of 

the films.  

Re-annealing was then conducted and successfully able to recover the 

initial conductivity of the degraded thin films as exposed to a harsh 

environment with high temperature and humidity showing that the 

degradation is due to chemical aspects in the harsh environment such as 
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diffusion of oxygen or water molecules. The physical strength of the films 

supported by hard glass substrate could also contribute to this 

recoverability preventing the films from physical damage such as voids or 

cracks.  

The evolution of electrical property of the films has been investigated before 

and after the damp heat test as well as after the recovery as a function of 

annealing temperature where improvement was exhibited by samples with 

higher annealing temperature. During the damp heat test, the evolution of 

carrier concentration exhibited similar tendencies to the electrical stability 

or durability differences despite the comparable decrease in Hall mobility 

of all samples, which suggested that the durability difference among the 

samples was rather caused by a reduced carrier concentration than a 

decreased Hall mobility. 
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5. Damp Heat Durability of Al-Doped ZnO 

Transparent Electrodes with Different 

Crystal Growth Orientations 
 

 

 

5.1. Introduction 

The crystal growth orientation plays an important role to the conductivity 

of AZO films, where specific crystal orientation could act as traps for 

carriers[1]. Most of AZO films have been reported to have the main crystal 

orientation (002),[2,3]  which is considered as the most effective morphology 

due to more reduced numbers of electron traps in comparison with other 

crystal orientations[1,4].  

As well as conductivity, durability in a harsh environment such as a damp 

heat condition is still questionable for those ZnO-based transparent 

electrodes. This durability issue becomes more crucial when considering the 

implementation of durable and outdoor devices such as automotive displays 

and photovoltaics respectively since the degradation of transparent 

electrodes will degrade the overall performances of the device.  

Tabassum et al.[5] reported the preparation of AZO thin films with different 

textures of (002) and (110) by two different deposition methods: the sol-gel 

dip-coating and the radio frequency (RF) magnetron sputtering respectively. 

According to this report, the samples prepared by sputtering having the 

orientation (110) was more durable, strongly suggesting the influence of 

deposition methods on the durability of AZO films. However, the influence 

of different crystal growth orientation is not clear yet, especially for the 

samples prepared by the sputtering methods with crystal orientation other 

than (110). As reported by Zhan et al.[3], AZO films with the orientation 

(002) prepared by RF magnetron sputtering and zinc vapor annealing 

exhibited very high durability in a damp heat condition. Besides the main 

orientation (002), the removal of zinc vacancies by zinc vapor annealing was 

strongly suggested as the reason for this improved durability. 
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Furthermore, methods to produce different crystal growth orientations 

other than (002) through sputtering were not widely reported [6]. Hence, 

there is also a paucity of research evaluating an influence of crystal growth 

orientation on the durability. 

The study in this chapter prepared AZO thin films by varying argon gas 

flow (3 – 60 sccm) amidst a fixed oxygen gas flow rate (60 sccm) of one-hour 

RF-magnetron sputtering using 100 W of RF power. The deposited films are 

then annealed at 550 °C in a hydrogen atmosphere (0.06 MPa for 30 min) 

before characterizing the difference in the crystal growth orientation and 

the effectiveness of each crystal orientation for the durability of sputtered 

AZO films in a harsh environment represented by a damp heat condition.  

The durability was evaluated in terms of electrical conductivity degradation 

as a function of argon gas flow. Moreover, surface conditions of AZO 

samples were then compared to clarify on how the physical aspects of AZO 

samples were affected by these variations of crystal orientations and how 

these physical aspects would influence the degradation mechanism of AZO 

films. The investigated samples are labeled as “AZO-x/y”, where “x” and “y” 

represent argon and oxygen gas flow respectively.  

 

5.2. Results and Discussion 

Figure 5-1 shows XRD patterns of the prepared AZO films with different 

main crystal growth orientations according to the working gas condition 

during the sputtering as confirmed by the data in the Inorganic Crystal 

Structure Database (ICSD).  AZO-3/60 and AZO-15/60 samples exhibited 

(110) plane as the strongest peak along with other lower peaks of crystal 

orientations such as (100) and (002).  

As the argon gas flow was increased along with the fixed oxygen gas flow of 

60 sccm for AZO-30/60 and AZO-60/60 samples, a transition of the main 

peak from (110) to (002) texture was clearly exhibited along with lower peak 

of crystal orientations of (101), (100), and (004). As argon gas flow increased 

to 15 sccm, (002) texture started to appear. When argon gas flow is 30 sccm, 

which weakens the peak of the orientation (110), the orientation (002) 

becomes the orientation with the highest peak. 
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Fig. 5-1. A transition of main crystal growth orientations of the AZO films 

according to the applied argon gas flow rate as checked by XRD. 

 

In comparison with the results of AZO films deposited by a ceramic target 

and incorporating only argon gas, which showed no transition as reported 

by Han et al.[7], these transitions of (110) to (002) showed different 

tendencies. This could suggest the different influences between ceramic and 

metallic targets onto the sputtered films.  

As evaluated by Eq. 3.4, AZO samples with (002) as the main crystal 

orientation obtained almost doubled crystallite size (17-18 nm) in 

comparison with the crystallite size of films having (110) texture (9-10 nm). 

10 20 30 40 50 60 70 80

In
te

n
si

ty
 (

ar
b
. 

u
n
it

)

2θ (degree)

 3/60  15/60

 30/60  60/60

Ar (sccm) / O2 (sccm)

100

002

101 110

004



76 

 

This tendency showed similar results reported by Han et al.[7] that 

applying higher argon gas could lead to bigger crystallite size. This bigger 

crystallite size and higher peak indicated increased crystallinity of the films 

prepared by a higher rate of argon gas flow.  

 

 

Fig. 5-2. Resistivity, sheet resistance, and thickness of the AZO films as 

prepared. 

The thickness of AZO films increased slightly with higher argon gas flow 

(Fig. 5-2). It indicates that higher rate of argon gas flow would lead to 

slightly more rapid deposition rate which confirmed the results reported by 

Jafarzadeh et al.[8] As the higher rate of argon gas flow was applied, a 

transition of the orientation (110) to (002) contributed to the decrease of 

0

4

8

12

16

20

0

200

400

600

800

1000

0

2

4

6

8

10

0 10 20 30 40 50 60 70 80

T
h

ic
k
n
es

s 
(n

m
)

R
es

is
ti

v
it

y
 (

1
0

-4
Ω

·c
m

)

Argon gas flow (sccm)

Resistivity

Sheet Resistance

Thickness

S
h
ee

t 
R

es
is

ta
n
ce

 (
Ω

/□
)

110

002



77 

 

sheet resistance and resistivity (Fig. 5-2), indicating that texture (002) 

contributed to better conductivity of AZO films in comparison with films 

with (110). As reported by Maejima et al.[1], the growth of such c-oriented 

films in wurtzite-type crystals of (002) could decrease the number of defects 

and traps for the electrons, which contributed to the higher carrier density 

and mobility.   

 

Fig. 5-3. Comparison between as prepared and after damp heat test of 

carrier concentration (n) and Hall mobility (µ) as a function of the argon 

gas flow. 

Figure 5-3 confirmed this correlation where carrier concentration and Hall 

mobility were increased with higher argon (or total) gas flow in sputtering 

with crystal growth orientation (002). The increased thickness could also 

contribute to the less interface scattering as reported by Look et al.[9] thus 

the mobility increased with a higher rate of applied argon gas flow.  
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Fig. 5-4. The transmittance of AZO thin films in the visible and near-

infrared range of wavelength 

 

 

Figure 5-4 showed that all prepared samples demonstrated similarly the 

average transmittance of around 85% in the wavelength range of visible 

light (400-700 nm) regardless of the difference of the sputtering gas 

condition or crystal orientation as measured by UV/Vis/NIR spectrometer. 

It confirmed the high quality of transparency of AZO thin films as TE 

materials in general in the visible range of wavelength[10]. However,  

higher transmittance is exhibited in the near-infrared range of wavelength 
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by samples prepared by lower argon gas corresponding to lower carrier 

concentrations of the films (Fig. 5-4). As reported by Liu et al.[11], 

transparent electrodes with higher carrier concentration tend to show lower 

transmittance in near-infrared wavelength due to free carrier absorption, 

which is confirmed by this result.  

 

Fig. 5-5. Degradation of AZO films during the damp heat test according to 

the applied argon gas flow rate. 

 

As exposed to the damp heat condition of 85% of relative humidity at 85 °C 

for 25 days, carrier concentrations and mobility of all samples reduced (Fig. 

5-5). In consequence, the conductivity of all samples degraded (Fig. 5-5). In 

comparison with AZO films with orientation (110), AZO films with 

orientation (002) showed less degradation.  
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As a function of argon gas flow, carrier concentration as prepared (n0) and 

after 25 days (n25) exhibited a monotonically increasing function. On the 

other hand, mobility as prepared (µ0) and after 25 days (µ25) showed 

different tendencies. As a function of argon gas flow, µ0 exhibited a 

monotonically increasing function while µ25 showed a function that was not 

monotonic.  

AZO-15/60 and AZO-30/60 showed more decreased mobility in comparison 

with AZO-3/60 and AZO-60/60. AZO-15/60 and AZO-30/60 have both 

different main crystal orientations, which are (110) and (002) respectively 

but have comparably more numbers of crystal orientation variations in 

comparison with AZO-3/60 and AZO 60/60. More variations of crystal 

orientation seemed to lead to more decreased Hall mobility for AZO films. 

Conversely, less variation of crystal orientation would lead to less decreased 

Hall mobility.  

As evaluated by equation 3.5, different values are shown in the degradation 

index of AZO films even for films with the same main crystal orientations 

where lower degradation index represents more durable films (Fig. 5-6). As 

compared within the pair of orientation (110), AZO-3/60 showed less 

durability than AZO-15/60.  

The appearance of orientation (002) in AZO-15/60 samples could contribute 

to the more protected carrier concentration thus it became more durable. 

Even though the mobility of AZO-15/60 is more decreased, the overall 

degradation is less for AZO-15/60 in comparison with AZO-3/60 indicating 

that the different degradation index is rather caused by the reduced carrier 

concentration.  

For the comparison within the pairs of orientation (002), AZO-60/60 showed 

more durability than AZO-30/60 (Fig 5-6). Fewer variations of crystal 

orientation of AZO-60/60 (Table 5-1 and Fig 5-5 - 5-7) could lead to more 

stable Hall mobility (Fig. 5-7).  
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Table 5-1. Crystal orientation and crystallite size of AZO films 

Ar (sccm) / O2 

(sccm) 

Plane FWHM (deg.) Crystallite size 

(nm) 

60/60 002* 

004 

0.4756 

0.9832 

17 

10 

30/60 100 

002* 

101 

110 

0.5873 

0.474 

0.8367 

1.153 

14 

18 

10 

8 

15/60 100 

002 

110* 

0.5704 

0.7096 

1.0041 

14 

12 

9 

3/60 100 

110* 

0.5142 

0.8718 

16 

10 

*Crystal orientations with the highest peak in the samples 

 

Furthermore, the existence of several crystal orientations other than (002), 

such as (110) in AZO-30/60 samples could lead to less protected carrier 

concentration in comparison with AZO-60/60 where the orientation (110) 

disappeared. The nature of polycrystalline of the films where variations of 

many crystal orientations exist (Fig. 5-1 and Table 5-1) contributed to this 

different degree of degradation or durability between the films[5].  
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As a function of argon gas flow, the degraded conductivity showed 

monotonous tendencies, which was similar to the reduced carrier 

concentration (Fig. 5-7). Besides crystal orientations, the influence of the 

higher working pressure due to the higher rate of applied argon gas flow 

during the sputtering which could contribute to the bigger crystal size as 

reported by Park et al.[12]. This influence clarified the importance of total 

working pressure on structural property and durability of sputtered AZO 

films.  

 

 

Fig. 5-6. Degradation index (DI) and a comparison between resistivity (ρ) 

of AZO films as prepared and after 25 days in the damp heat test.  
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By looking at each sample individually, the decrease of Hall mobility 

contributes more than the decrease of carrier concentration for degradation 

index for each sample (Eq. 3.6 and Fig. 5-7). However, by comparing 

between the prepared samples, the different degree of conductivity 

degradation index seemed more caused by the significant difference in the 

decrease of carrier concentration since both of them are monotonous as a 

function of argon gas flow along with the comparable decrease of Hall 

mobility of all prepared samples. 

 

 

Fig. 5-7. Log of the decrease-index of carrier concentration (n) and 

mobility (µ) in comparison with the log of degradation index (DI) (Eq. 3.6).  
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During the damp heat test, oxygen vacancies might be removed due to the 

chemisorption of oxygen or water molecule at the surface and grain 

boundaries, contributing to the decrease in carrier concentration as 

reported by Tabassum et al.[2]. Besides the removal of oxygen vacancies, 

water vapor of a damp heat condition could act as a trap for free carriers 

when adsorbed at the grain boundaries as reported by Tohsophon et al.[13] 

thus reduced carrier concentration.  

Furthermore, Mickan et al.[14] reported that as the water molecules 

adsorbed, the formation of hydroxyl groups such as Zn(OH)2 could happen 

and act as trap states, decreasing the carrier concentration thus the 

conductivity degraded. However, AZO films with crystal orientation (002) 

were more durable which could be attributed to the better protection of 

carrier concentration, preventing removal of oxygen vacancies and the 

creation of hydroxyl groups.  

The log of decrease-index of Hall mobility (Eq. 3.6) showed different 

tendencies with the log of degradation index, which could be attributed to 

an almost comparable decrease of Hall mobility between the prepared 

samples regardless of the difference in main crystal orientations. However, 

a slightly different decrease-index of Hall mobility is in line with the 

numbers of existing crystal orientation on the films (Fig. 5-7). Kang et 

al.[15] attributed this decrease of Hall mobility due to the increase in 

barrier height at the grain boundaries caused by the permeation of 

chemisorbed oxygen through defects such as the boundaries or voids as the 

films exposed to a damp heat condition. Tohsophon et al.[13] attributed the 

reduced mobility to the carrier scatterings enhanced by the adsorption of 

water vapor at grain boundaries.  

As investigated by the SEM, the samples having more crystal orientations 

showing more voids than the samples with less crystal orientation (Fig. 5-

8) regardless of the main crystal orientations owned by the samples. These 

less dense grains or more voids could suggest that the more crystal 

orientations exist, the more defects could exist in the film. Therefore, with 

more defects, water vapor of a damp heat condition could adsorb more into 

the film causing more scattering centers for the free carriers, leading to 

more decreased Hall mobility for the samples being exposed to a damp heat 

condition.  
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For instance, these defects are very comparable between AZO-3/60 and 

AZO-60/60. Even though these two samples having different main crystal 

orientation, the numbers of existing crystal orientations are similar, 

therefore the decrease-index of Hall mobility is likewise comparable. 

Despite this comparable decrease of Hall mobility of both samples (Fig 5-7), 

the conductivity degradation index (Fig. 5-6) and the decrease-index of 

carrier concentrations (Fig. 5-7) between AZO-3/60 and AZO-60/60 are 

significantly different along with the difference in the main crystal 

orientations, i.e. (110) for AZO-3/60 samples and (002) for AZO-60/60 

samples.   

As compared with AZO-3/60 samples, the less degraded films of AZO-60/60 

samples were mainly due to the less-decreased carrier concentration along 

with the existence of the main crystal orientation (002). Therefore, the 

crystal orientation (002) seems to be more effective in protecting the films 

from the diffusion of hydroxyl groups than the orientation (110), which 

could be attributed to the more homogenous atomic crystal plane structure 

of the orientation (002)  than of the orientation (110) as reported by Bach et 

al.[16]. 

For a comparison of another pair of main orientation (110), AZO-15/60 

samples exhibited better durability than AZO-3/60 samples (Fig. 5-5 and 

Fig. 5-6) due to the less decreased carrier concentrations of AZO-15/60 

samples (Fig. 5-7), which could be attributed to the appearance of minor 

orientation (002) in AZO -15/60 samples (Table 5.1) leading to the less-

diffusion of hydroxyl groups[17]. Even though, the mobility of AZO-15/60 

was more decreased (Fig. 5-7) due to more variations of crystal orientations, 

which could lead to more voids on the surface (Fig. 5-8) in comparison with 

AZO-3/60 samples.  

Furthermore, before the damp heat test, the carrier concentration of AZO-

15/60 was higher than AZO-3/60 that could lead to higher durability. This 

result is in line with the findings indicated in the chapter 4 where higher 

carrier concentration contributes to better durability of AZO films[18]. 

Despite that both are having main crystal orientation (110), fewer crystal 

orientations of AZO-3/60 as compared to AZO-15/60 could contribute to this 

different level of decrease in Hall mobility. However, the interdependence 

between the crystal orientations and the magnetic field causing magnetic 

anisotropy and polarization might affect the Hall measurement[19].  
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Fig. 5-8. SEM images showing the variations of voids and grain 

boundaries of the AZO films according to the applied argon-to-oxygen gas 

flow ratio conditions 

However, the significant difference is exhibited in the decrease of carrier 

concentration in the comparison between both samples where AZO-15/60 

exhibited less-decreased carrier concentration (Fig. 5-7) thus obtained 

conductivity that is more durable (Fig. 5-6). The appearance of crystal 

orientation (002) could contribute to the protection of carrier concentration 

of AZO-15/60 samples thus made it more durable conductivity as compared 

with AZO-3/60. 

Consequently, AZO-60/60 exhibited the most durable film in this research 

Fig. 5-5) by having the main crystal orientation (002) and comparably fewer 

crystal orientations (Fig. 5-1 and Table 5-1). As respectively compared with 

the carrier concentration and mobility of other samples in this research, the 

crystal orientation (002) would provide more homogenous atomic crystal 

plane structure[16] leading to the less-decreased carrier concentrations (Fig. 
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5-3) and fewer crystal orientations would lead to fewer voids on the surface 

(Fig 5-8) thus, the mobility was less-decreased (Fig. 5-3 and Fig. 5-7).  

Both of less-decreased carrier concentration and mobility of AZO-60/60 

samples could indicate that as exposed to damp heat test, AZO films with 

orientation (002) could be less diffused by hydroxyl groups, which could act 

as traps for charge carriers reducing carrier concentration and mobility of 

AZO films as reported by Mickan et al.[14].  

The crystal orientation (002) protects the films from the oxidation, and thus 

the carrier concentration is relatively protected as compared to other 

crystal orientations. Moreover, thin films with fewer variations of crystal 

orientations tend to have fewer defects, which would contribute to more 

stable Hall mobility of thin films exposed to a damp heat condition such as 

in a harsh environment.  

 

5.3. Conclusions 

AZO films with various crystal growth orientations were prepared by 

varying argon gas flow against consistent flow rate of oxygen gas in reactive 

sputtering. A transition of crystal growth orientation from (110) to (002) 

was exhibited when argon gas flow was increased during thin film 

deposition. During the damp heat test, films with the main crystal growth 

of orientation (002) were more durable in electrical conductivity than those 

films with orientation (110). Electrical conductivity degraded monotonously 

with decreasing carrier concentration as a function of argon gas flow.  

Conversely, the decrease in Hall mobility seemed more affected by physical 

surface structures such as defects or voids, where more variations in crystal 

orientations would lead to more defects, leading to more decreased Hall 

mobility. Despite this tendency being observed for both orientations of AZO 

films, the degradation index differences among AZO films seemed to be 

rather caused by the effectiveness of major crystal orientations of each 

sample in protecting the films from oxidations and maintaining carrier 

concentrations. Crystal orientation (002) was more effective in maintaining 

carrier concentration of the film, leading to better durability of thin-film 

electrical conductivity, than crystal orientation (110).   
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As the ratio argon gas flow was increased in the mixture of argon and 

oxygen gasses, the orientation (002) was strengthened resulting an 

increased durability. From this point, the result of this research suggests 

that ratio of argon gas flow should as high as possible to obtain the most 

durable of AZO. Another way of increasing of argon gas flow ratio is to 

reduce the flow of oxygen gas, which will be very interesting to be 

investigated (discussed in the chapter 6).   
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6. Damp-heat durability comparison of Al-

doped ZnO transparent electrodes 

deposited at low temperatures on glass 

and PI-tape / PC substrates 
 

 

 

6.1. Introduction  

With emerging flexible optoelectronic devices, such as flexible electronics 

[1], electronic skin [2], and flexible solar cells [3], certain flexible substrates 

are required for fabricating those devices, such as polyimide [4,5] and 

polycarbonate[6] materials. Compared to hard-transparent substrates such 

as glass materials that could survive high-temperature processes between 

450 to 600 °C [7], for example, polymer-based flexible substrates cannot 

survive such high temperatures during the thin film deposition process or 

post-heat-treatment [6,8]. Therefore, a low-temperature process or no post-

heat-treatment is more preferable for this kind of polymer-based flexible 

device; such a process at a temperature lower than 177 °C [9] is required 

for polyimide-based substrates.  

Prepelita et al. [10] and Marques et al. [4] both reported being able to 

deposit AZO thin films on polyimide (Kapton) substrates via non-reactive 

radio frequency (RF) magnetron sputtering and atomic layer deposition 

(ALD), respectively, revealing the usability of polyimide materials as 

substrates for thin films deposited via typical methods or processes. 

Polyimide materials having the mold temperature range of 177 to 232 °C 

[9] are adequate for such typical ALD and sputtering methods, while 

polycarbonates having mold temperatures between 82 to 121 °C [11] cannot 

withstand those typical processes and thus require even milder deposition 

processes [6].  

Jung et al. [6] reported that a facing-target sputtering (FTS) method could 

produce transparent-conductive AZO thin films on polycarbonate 
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substrates by maintaining temperatures at 20 to 55 °C for two hours of 

deposition with no post-heat-treatment. This range of temperature is much 

lower in comparison with the deposition temperatures of typical magnetron 

sputtering, which could make substrate surfaces reach temperatures above 

80 °C [6]. This capability to deposit AZO thin films on polycarbonate 

materials is very attractive, since polycarbonate materials are utilized in 

several outdoor applications for their excellence in visible light 

transmittance, such as agricultural greenhouses [12] and tropical house 

roofs [13], which opens possibilities of the implementation of AZO-based 

devices for such applications, such as in agrivoltaics [14,15].  

However, this kind of outdoor application requires highly stable 

performances of devices, especially when exposed to damp-heat conditions 

of a harsh environment. This issue would call into question the durability 

performance of AZO transparent electrodes prepared at low temperatures 

on both polyimide and polycarbonate substrates. High-temperature 

processes utilizing glass substrates have been extensively reported as 

producing a higher durability of AZO thin films when compared with lower 

temperature film production, especially in damp-heat conditions of a harsh 

environment [7,16,17].   

Although successful depositions of transparent and conductive AZO films 

on polycarbonates or polyimide substrates have been reported [6], none 

discuss the damp-heat durability performances of deposited AZO films. On 

the other hand, Marques et al. [4] reported on a durability test of AZO films 

deposited on polyimide substrates via the ALD method, in which the test 

included exposure to humidity, UV light, or bending but did not consider 

the high temperature or heat of the harsh environment. Therefore, there is 

a paucity of literature on the damp-heat durability performances of AZO 

films deposited on polyimide and polycarbonate substrates. 

Peterside et al. [18] reported attaching a polyimide film as a protective layer 

on various polymers, such as acrylic, polyvinyl chloride (PVC), or 

polycarbonates, to help cladding materials of agricultural greenhouses 

withstand ultraviolet damage when exposed to a high ultraviolet condition, 

such as in the space environment.  

This combination of polyimide-polymer materials, such as polyimide-

polycarbonate, may open another interesting pathway toward their 
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usability and durability as substrates, which are not yet widely covered in 

the literature for transparent electrode materials including ITO, gallium-

doped zinc oxide (GZO), and AZO thin films[19].  

In this chapter 6, the combination of polyimide-polycarbonate materials is 

represented by polyimide (PI)-tape attached to polycarbonate (PC) 

materials labeled “PI-tape/PC”, which is used as a substrate. The AZO thin 

films were deposited by reactive 30-min RF magnetron sputtering of 80 – 

90 W of RF power with 90 sccm of Ar gas and 3 sccm of O2 gas for both, the 

glass and the PI-tape/PC without intentional heating. Neither post heat-

treatment nor annealing was conducted for both substrates. The optical and 

electrical properties are comprehensively compared with those of AZO films 

deposited on hard glass substrates sputtered by the same configuration.  

Durability comparisons of the AZO films on both substrates were 

investigated via the degradation of the electrical properties of the films 

exposed to a harsh environment with higher temperatures and humidity. 

The samples were then labeled as AZO/glass and AZO/PI-tape/PC to 

represent the AZO films deposited on the glass and PI-tape/PC substrates, 

respectively. 

 

6.2. Results and Discussion 

Table 6-1 and figure 6-1 show the thickness and optoelectrical properties of 

AZO thin films prepared via sputtering with 83 to 90 W of RF power. The 

thicknesses of the prepared AZO films were similar and range around 0.9 

to 1.3 µm. However, the samples prepared at 83 W of RF power exhibited 

very low conductivity (6689 Ω/□), and the samples deposited at 87 and 90 

W exhibited an average transmittance below 80% in the visible wavelength 

range.  

Moreover, only the samples prepared by sputtering at 85 W could produce 

AZO thin films with an acceptable conductivity 10 Ω/□ and average visual 

transmittance of 80%. Therefore, to further investigate the mechanism of 

the DH-durability performance of AZO films on glass and PI-tape/PC 

substrates, detailed experiments were carried out for the AZO films 

prepared by sputtering with 85 W of RF power. 



94 

 

 

Figure 6-2 shows the schematic images of the prepared samples on glass 

and PI-tape/PC substrates. As investigated by a surface profilometer, the 

thickness of the AZO films deposited with 85 W of RF power for 30 min was 

1.1 µm, confirmed by the SEM investigation (Fig. 6-3).  

This deposition rate producing 1.1 µm in 30 min with a. 3/90 of oxygen-to-

argon gas ratio is approximately four times faster than those with higher 

oxygen flow: One hour deposition at 100 W with 30/30 [16,20] or 60/3 [21] 

oxygen-to-argon gas ratios has been reported to produce around 0.5 µm of 

AZO film thickness, confirming the lower deposition rate of sputtering with 

the higher oxygen [22] and lower argon gas flow of sputtering gas [21]. 

 

Table 6-1. Thickness and optoelectrical properties of AZO thin films 

coated on glass substrates with a variation in RF power. 

RF Power  

(W) 

Thickness  

(nm) 

Average Visual 

Transparency (%) 

Sheet 

Resistance (Ω/□) 

83 957 84 6689 

85 1134 80 10 

87 1291 63 9 

90 1346 5 9 
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Fig. 6-1. Transmittance of AZO thin films coated on the glass substrate 

within the visible wavelength range with varied RF power between 83 to 

90 W. 

 

 

Fig. 6-2. Schematic set-up of the AZO thin films (top blue line) deposited 

on both the glass (right) and PI-tape/PC substrates (left)  
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Fig. 6-3. SEM images of the cross-sections of the AZO thin films deposited 

on the glass (A1) substrate compared with the PI-tape/PC substrate (B1) 

and the surface of the films deposited on the glass (A2) substrate when 

compared with the PI-tape/PC substrate (B2). 

 

Confirmed by the temperature measurement sticker, the surface 

temperature of the substrates, which was positioned at 15 cm above the 

target, raised from room temperature to 88 ºC after 30 min of sputtering 

deposition without intentional heating. A shorter duration of sputtering 

could be purposed to reduce this temperature increase at the substrate 

surface, as reported by Jung et al. [6]. This temperature of 88 °C is 

considered a low-temperature process and suitable for thin film deposition 

on polyimide (PI) substrates. 
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Therefore, this reactive sputtering configuration of 85 W of RF power for 30 

min in the argon-rich process was suitable for depositing AZO thin films on 

both the glass and PI-tape/PC substrates. Without the PI-tape, this 

temperature of 88 °C is still too high for PC materials, which is in the range 

of the mold temperature for PCs [11].  

As tested throughout the experiment, this configuration of sputtering was 

unable to deposit the AZO films on the PC substrates without the PI-tape 

layer, on which many cracks were visible, and the cracked films were easily 

delaminated. This confirmed the possibility of PI materials being applied 

as a protective layer for PC materials against one-direction heat, such as 

the heat generated by the plasma of the sputtering, which supports the 

method purposed by Peterside et al. [18] on using the PI-film as a protective 

layer for polymer materials including PCs against space environment.  

As investigated by the UV-Vis spectrometer, the transmittance of the 

samples was greatly affected by the transmittance of the substrates (Fig. 6-

4). By considering the transmittance of the substrates, the AZO/PI-tape/PC 

sample shows that its overall transmittance is limited by the transmittance 

of the PI-tape, showing almost no transmittance at wavelengths of 445 nm 

or lower.  

Conversely, by examining the AZO thin film individually without 

considering the substrates, a high transmittance average of 80% in the 

range of visible light (400 to 700 nm) was observed. However, this 

transmittance is slightly lower than the transmittance of the AZO films 

prepared under high oxygen-to-argon ratios, which could reach more than 

85% of the average transmittance, as reported by Machda et al [16,21].  

This slight difference is likely caused by a greater number of oxygen 

vacancies and zinc interstitials, produced by sputtering with a low oxygen-

to-argon gas ratio at 85 W of RF power, which would deteriorate the 

transmittance of AZO films [23].  

As tested throughout experiment, the optoelectrical properties of the 

deposited films were very sensitive to the RF power with this reactive 

sputtering configuration. At 90 W of RF power, the deposited films were not 

transparent. However, at 83 W of RF power, the films were transparent but 

had very low conductivity (Table 6-1 and Fig. 6-1). 
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Fig. 6-4. Transmittance of the glass substrate, PI-tape/PC substrate, AZO 

thin films, AZO/glass, and AZO/PI-tape/PC samples. 

 

As deposited, both AZO samples exhibited (002) as their major crystal 

orientation while having different intensities along with its second order 

(004) (Fig. 6-5). In evaluating the (002) orientation using Scherrer’s 

equation (Eq. 3.4), the average crystallite-column dimension of the 

AZO/glass and AZO/PI-tape/PC are estimated to be 25 nm and 26 nm, 

respectively, which are very similar for both samples. 
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consistent with SEM observations (Fig. 6-3). Moreover, the 2θ values of the 

AZO/glass and AZO/PI-tape/PC for (002) diffraction peaks are, respectively, 

34.11° and 34.30°, and for (004) 72.028° and 72.286°, respectively. 

 

 

 

Fig. 6-5. XRD patterns of AZO thin films coated on the glass and the PI-

tape/PC substrates. 
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direction in comparison with the standard ZnO[23]. This shift in the AZO 

films to lower angle is in line with the results reported by Novak et al [23]. 

The grains are also similarly comparable for both samples, as investigated 

by SEM (Fig. 6-3). These comparable results of crystallite column 

dimensions, grain sizes, and crystal orientations strongly indicate the 

similarity of the AZO thin films on both substrates, which implied that 

aluminum replaced zinc in the hexagonal lattice [24].  

However, the XRD pattern shows that the (002) peak for the AZO/glass film 

is broadened and becoming significantly more intense in comparison with 

the peak for the AZO/PI-tape/PC sample. This could suggest higher 

crystallinity of the AZO/glass samples, a finding in line with results 

reported by Hao et al. [5] confirming the influence of polyimide and glass 

substrates on the differences in the crystallinity of the films. This peak with 

higher intensity could suggest the increased crystallinity of AZO/glass 

samples due to more perfect alignment of crystal columns as relatively 

compared to the AZO/PI-tape/PC samples[5], including the possibly larger 

strain effect in the latter film. 

As investigated by XPS, the AZO/glass and AZO/PI-tape/PC samples 

exhibited a similar pattern, in which the oxygen (O 1s) element was highly 

detected on the surface of both samples (Fig. 6-6), suggesting that the films 

were immediately oxidized when exposed to the atmosphere. The aluminum 

(Al 2p3/2) content was revealed to be slightly higher on the surface than the 

bulk (under the surface), which could be attributed to the formation of 

aluminum compounds, such as alumina (Al2O3) or zinc aluminate (ZnAl2O4), 

formed on the surface, causing a slightly higher aluminum content [7] when 

naturally oxidized in the ambient.   

As prepared, prior to the DH test, the sheet resistance of the AZO/PI-

tape/PC samples exhibited a similar sheet resistance as the 10Ω/□ sheet 

resistance of the AZO/glass samples (Fig. 6-7), which was due to the 

similarly applied configurations of the thin film deposition method for both 

samples. However, the AZO/PI-tape/PC samples exhibited slightly lower 

carrier concentrations when compared with the AZO/glass (Fig. 6-8).  
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Fig. 6-6. Quantification of the Zn 2p3/2, Al 2p3/2, and O elements via XPS 

for the AZO/glass (A) and AZO/PI-tape/PC (B) samples before (line with 

diamonds) and after (squares) the damp-heat (DH) test. 
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Fig. 6-7. Degradation of AZO films deposited on both the glass and PI-

tape/PC substrates when exposed to the damp-heat (DH) test. 

 

Fig. 6-8. Carrier concentrations of the AZO films deposited on the glass 

and PI-tape/PC substrates before and after the damp-heat (DH) test. 
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The different crystallinity of both samples (Fig. 6-5) might have caused this 

difference in carrier concentration (Fig. 6-8), in which the more increased 

crystallinity of AZO/glass samples is causing less defects and less dangling 

bonds at the grain boundaries as relatively compared to AZO/PI-tape/PC 

samples, contributing to the increase of carrier concentration of AZO thin 

films as reported by Maejima et al. [25]  

Conversely, the AZO/PI-tape/PC samples exhibited slightly higher Hall 

mobility than the AZO/glass samples (Fig. 6-9), providing a similar sheet 

resistance of both samples (Fig. 6-7) despite the lower carrier concentration 

of the AZO/PI-tape/PC samples (Fig 6-8) before the DH test.  

 

 

 

Fig. 6-9. Hall mobility of the AZO films deposited on the PI-tape/PC and 

glass substrates before and after the damp-heat (DH) test. 
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This slightly lower Hall mobility of the AZO/glass samples was caused by 

increased ionized-impurity scattering [26,27], in which the Hall mobility of 

the doped-ZnO based materials decreased with higher carrier 

concentrations, as reported by Ellmer [28], especially when the carrier 

concentration became higher than 1020 cm-3. This finding is in line with the 

semi-empirical model for the relationship between carrier mobility and 

concentrations proposed by Masetti et al. [29], in which mobility decreases 

with higher carrier concentrations.  

Figure 6-7 shows the durability performances of the AZO films deposited 

on both substrates and exposed to a DH condition of 85% relative humidity 

at 85 °C. Before the DH test, the sheet resistance of both films were similar 

(10 Ω/□), as measured by four-point probes. However, during the 25 days of 

the DH test, the sheet resistance of the AZO/PI-tape/PC samples was more 

significantly degraded, reaching 68 Ω/□, which was almost seven times 

higher than the initial sheet resistance. As a comparison, the AZO/glass 

samples were slightly degraded to 12 Ω/□ after the DH test, which was not 

significantly different from the initial sheet resistance.  

Despite the significant difference in the conductivity degradations between 

the AZO/PI-tape/PC and AZO/glass samples, the slight decrease in the 

carrier concentrations of both samples is likewise very similar (Fig. 6-8), as 

investigated by the Hall effect measurement. These minorly decreased 

carrier concentrations could be attributed to the crystal orientation (002) of 

both samples (Fig. 6-5), which would be in line with findings reported by 

Machda et al. [21] regarding the effectiveness of such a crystal orientation 

(002) in protecting the carrier concentration of AZO films exposed to a DH 

condition. As investigated by XPS, the O1s element was slightly increased 

for both samples after the DH test (Fig. 6-6), which would confirm the 

oxidation of both samples during the test. 

However, the Hall mobility of the AZO/PI-tape/PC samples decreased 

significantly, while the mobility of the AZO/glass samples did not decrease 

(Fig. 6-9), which would imply a significant difference in the conductivity 

degradation between both samples (Fig. 6-7) despite similarities in carrier 

concentration evolution during the DH test (Fig. 6-8).  
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Furthermore, the Hall mobilities of the AZO/glass samples were very 

similar even after the DH test was undergone (Fig. 6-9), which could 

contribute to the overall conductivity not being significantly degraded for 

the AZO/glass samples. In other words, the AZO/glass samples were very 

stable throughout the DH test. 

Figure 6-10 shows a comparison of the surfaces of the AZO/glass with 

AZO/PI-tape/PC samples before and after the DH test, as investigated by 

SEM. When compared with the initial condition of the surfaces prior to the 

DH test, the AZO films on the PI-tape/PC substrates were cracked, while 

no cracks were visible on the surface of the AZO/glass samples.  

 

 

Fig. 6-10. SEM images of the surfaces of the AZO films deposited on the 

glass substrates before (A1) and after the damp heat (DH) test (A2) when 

compared with the films deposited on the PI-tape/PC substrates before 

(B1) and after the DH test (B2) 

 

The propagation of the cracks on the AZO films deposited on the PI-tape/PC 

substrate could be attributed to the distended PI-tape, which was due to 
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the deformation of the underlying PC exposed to the high DH test 

temperature of 85 °C, wherein the range of mold temperature of PCs (82 to 

121 °C) [11]. The heat of the DH test (85 °C) was similar to the heat (88 °C) 

generated by the plasma during the 30-min sputtering deposition to the 

surface of the PI-tape/PC substrate. When compared to the one-direction 

heat generated by the sputtering, during which the PC was protected by 

the PI-tape during the deposition, the heat of the DH chamber of the DH 

test seemed to heat the AZO/PI-tape/PC samples from multiple directions, 

attacking the direction of the PC without the protective PI-tape; thus, the 

PC began to mold and deform. Furthermore, high humidity was applied 

during the DH test along with a high temperature that would cause the 

hydrolysis of PC, decreasing its molecular weight and strength and thus 

contributing to this deformation [30]. Similarly, the hydrolytic degradation 

of the PI-tape could occur during the DH test when exposed to the DH 

condition [31]. After the initial cracks in the AZO films, the PI-tape could 

be exposed to the DH condition, which would contribute to the deformation 

of the PI-tape/PC substrates, leading to the more severe propagation of AZO 

thin film cracks during the long duration of the DH test. This deformation 

of the PC caused the PI-tape to delaminate from the PC and become 

distended, making its deposited AZO films cracked. This propagation of 

cracks caused the mobility of the AZO/PI-tape/PC samples to significantly 

decrease (Fig. 6-9). When compared, no cracks were visible on the 

AZO/glass samples even after the DH test (Fig. 6-10), since the hard glass 

substrate could withstand the heat of the DH test, supporting the thin film 

in being physically stable and contributing to the very stable mobility of the 

AZO/glass samples (Fig. 6-9).This conductivity degradation difference 

caused by differences in the mobility evolution of the AZO thin films reveals 

a different degradation pattern than the results reported by Machda et al. 

[16,21], in which the evolution of carrier concentrations due to chemical 

aspects such as oxidation or the diffusion of hydroxyl groups was suggested 

as key for the varied conductivity degradation of the AZO thin films 

deposited on the glass substrates.  

This different degradation pattern is due to the utilization of the PI-tape/PC 

substrates along with the glass substrates in this degradation study of AZO 

films. The chemical aspects seemed to be involved in a similar decrease in 

the carrier concentrations of the AZO/PI-tape/PC and AZO/glass samples 

(Fig. 6-8). However, certain physical characteristics, such as the 

aforementioned propagation of cracks in the film (Fig. 6-10) caused 
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significant degradation in the conductivity of the AZO/PI-tape/PC samples 

(Fig. 6-7) through a significant decrease in the Hall mobility (Fig. 6-8) in a 

comparison with the AZO/glass samples. This finding shows the brittleness 

of the AZO thin film in its conventional form of a flat single layer of thin 

films that would easily crack when exposed to the deformation of the 

substrates, including the deformation caused by the high temperature of 

the DH harsh environment condition. Unconventional structures seem to 

be required to support AZO films withstanding such cracks; this includes 

nanostructured thin films that could be purposed to provide the self-

recovery of the thin film cracks, as reported by Itoh et al [32]. Moreover, the 

films could be mesh-patterned to further stop the propagation of the rigid 

thin film cracks, as reported by Sakamoto et al [33]. Furthermore, AZO 

films with smaller thicknesses could be implemented to strengthen the 

fracture resistance[34], as it is closely related to deformation of substrates 

exposed to the DH environment. 

Overall, this configuration of reactive sputtering with a low oxygen-to-

argon gas ratio could produce a conductive AZO thin film at a low 

temperature without any post-heat-treatment or annealing, maintaining 

the surface temperature of the substrate at 88 °C throughout the 30 min of 

deposition. The successful deposition on the surface of both the glass and 

PI-tape/PC substrates proved the effectiveness of the low-temperature 

deposition of this sputtering configuration, which could be further utilized 

in the research field or experimental tests requiring low-temperature 

processes of AZO thin film deposition. Furthermore, the excellent durability 

of the AZO/glass samples (Fig. 6-7 -Fig. 6-10) was exhibited during the DH 

test, which could suggest the advantage of the sputtering condition with a 

low oxygen-to-argon gas ratio utilized in this present research. 

 

6.3. Conclusion 

Reactive RF magnetron sputtering with a low oxygen-to-argon gas ratio at 

85 W of RF power sputtering could successfully deposit transparent AZO 

thin films with similar and high electrical conductivities on both PI-tape/PC 

and glass substrates at low temperatures. Alterations in the RF power 

would significantly affect the optoelectrical property of the films: too high 

of an RF power would deteriorate the transparency of the films, while too 
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low of an RF power would produce films with a very low conductivity. 

During the deposition, the surface temperature of the substrates could 

reach 88 °C, when sustained for 30 min. The optimally high mobility of the 

sputtered atoms bombarded on the substrate surface at an optimally large 

energy crystallized the AZO films, making them transparent and 

conductive, which resulted in the successful deposition of the AZO films on 

the glass and PI-tape/PC substrates without post-annealing. When exposed 

to the DH test at a relative humidity of 85% and 85 °C, the AZO films 

deposited on the glass were stable, while the films deposited on the PI-

tape/PC substrates were significantly degraded due to the propagation of 

several cracks in the films caused by the deformation of the PI-tape/PC 

substrates. Along with hydrolytic degradation, this deformation was due to 

the unprotected side of the PC being exposed to its mold temperature during 

the DH test, suggesting the importance of considering the DH stability of 

substrates for transparent electrode studies. Such cracks caused a 

significant decrease in the Hall mobility of the AZO/PI-tape/PC samples, 

severely degrading their conductivity, which suggested more physical 

rather than chemical characteristics involved in the degradation. On the 

other hand, no cracks were found for the AZO/glass samples, which 

exhibited a stable Hall mobility and conductivity. Upon considering the 

similar patterns of both samples exhibiting a slight decrease in their carrier 

concentrations during the DH test, chemical characteristics, such as the 

oxidation or diffusions of hydroxyl groups, appeared to be less involved in 

the differences between the conductivity degradations of the AZO/glass and 

the AZO/PI-tape/PC samples. By utilizing the low oxygen-to-argon gas ratio 

of reactive sputtering, a strong (002) orientation along with acceptable 

transparency and conductivity for AZO transparent electrodes could be 

obtained even at low temperatures, contributing to the DH stability in 

terms of the chemical characteristics of the AZO films.  
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7. Discussion: Models for Durable AZO 

Transparent Electrodes  
 

 

 

In this chapter, several models to extend the durability of AZO transparent 

electrodes (TEs) are discussed and proposed, which would ultimately 

extend the usability of AZO TEs for various applications. In the previous 

chapters of this thesis, the crystal orientation (002) or the columnar 

structure has been clarified to be very important for the durability and 

recoverability, which can be strengthened through higher ratio of argon gas 

to oxygen gas in the reactive atmosphere of sputtering (Chapter 4-6).   

However, several considerations were not covered within the limitation of 

this thesis such as thickness optimization[1], hydrogen-dopant[2], top-

alumina nano layer with 2-3 nm of thickness[3], self recoverability[4,5], and 

mesh-patterned thin films[6].  

Based on the findings in this thesis combined with the findings from the 

recent literature, several models of AZO transparent electrodes are 

discussed according to specific applications such as touch-screens, light-

emitting displays, photovoltaics, and flexible substrates-or-devices.  

 

7.1. Touch-screen 

As shown in figure 1-3 a, touch screen devices require the thickness at 50 

nm or less. Therefore, the thickness of AZO should be 50 nm at most. Top 

oxide layer [3] and self-healing of metal droplet [5] can be coated 

respectively on top of the AZO layer.  
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Protective layer (around 3 nm) / self-healing support 
 

 

H:AZO (002) Layer (50nm or less) 

Fig. 7-1. AZO model for Touch-screen applications 

 

The metal droplet layer is to support the AZO films to be able to do self-

healing against cracks or defects of the AZO films. Hydrogen dopant can be 

added to enhance the conductivity and the orientation (002) should be 

strengthened to improve the quality of AZO layer. Figure 7-1 described the 

schematic model of this AZO for touch screen device.  

 

7.2. Light-emitting Device  

Light emitting device (LED) including lighting and displays. As shown in 

figure 1-3 a, the LED require the thickness of AZO at 50 nm – 150 nm. 

Therefore, the thickness of AZO should be 150 nm at most.  

Top oxide layer [3] and self-healing of metal droplet [5] then can be coated 

respectively on top of the AZO layer. Hydrogen dopant can be added and 

orientation (002) should be strengthened to improve the quality of AZO 

layer. Figure 7-2 described the schematic model of this AZO for LED device. 

 

Protective layer (around 3 nm) / self-healing support 
 

H:AZO (002) Layer (50-150 nm) 

Fig. 7-2. AZO Model for light-emitting applications 
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7.3. Photovoltaics 

Photovoltaic (PV) devices include thin film solar cells in general. As shown 

in figure 1-3 a, PV device require the thickness at 600 nm or more. 

Therefore, the thickness of AZO should be around 800 nm.  

Top oxide layer [3] and self-healing of metal droplet [5] then can be coated 

respectively on top of the AZO layer. Hydrogen dopant can be added and 

orientation (002) should be strengthened to improve the quality of AZO 

layer. Figure 7-3 described the schematic model of this AZO for PV device.  

 

Protective layer (around 3 nm) / self-healing support 
 

H:AZO (002) Layer (600-800nm, approximately) 

Fig. 7-3. AZO Model for PV applications 

 

 

7.4. Flexible Substrates 

As shown in figure 1-3 b, thickness of the TEs is very related to the 

flexibility features. The thinner the AZO films is produced, the film will be 

more flexible.  Therefore, the thinner thickness of AZO would be better, 

such as 100 nm or less, which is possible to be produced by sputtering [7] 

and other typical thin film fabrication methods.  

The thermal budget of the thin film preparation must meet the requirement 

of the substrates. Top oxide layer [3] and self-healing of metal droplet[5] 

can be coated respectively on top of the AZO layer. The metal droplets could 

support the films to do self-healing against cracks by the deformation of the 

substrates through the mechanical bending or damp-heat degradation.  
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Mesh-patterned oxide-based TE film  

 

A. Mesh-patterned oxide-based transparent electrode films [6] 

 

Protective layer (around 3 nm) / self-healing support 
 

 

H: AZO (002) Layer (100 nm or less) 

B. Standard-proposed H:AZO layer 

 

 

C. Proposed mesh-patterned H:AZO (002) layer with a protective layer  

Fig. 7-4. AZO Model for flexible substrate applications 
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In order to increase the flexibility (stopping crack propagations), mesh-

patterned AZO films can be implemented by photolithography and wet 

etching [6]. Hydrogen dopant can be added to enhance the conductivity of 

the films and orientation (002) should be strengthened to improve the 

quality of AZO layer.  

The more flexible thin films seems to be more capable to withstand harsh 

environment by being not cracked due to the deformation of the substrate 

(chapter 6). Figure 7-4 described the schematic model of this AZO for the 

flexible substrates or devices.  
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8. Conclusion 
 

 

 

Transparent electrodes that are made of non-toxic and abundant materials 

are critical to ensure the safety and the sustainability of manufacturing any 

optoelectrical devices. With the confirmed toxicology of ITO TEs and the 

scarcity of In, ITO alternatives are more urgent than before. AZO TEs are 

featuring the non-toxic and highly abundant material, which becomes the 

best candidate to replace the ITO.  

This thesis has discussed the preparation of highly conductive and 

transparent AZO thin films with the confirmation of the durability 

improvement, the excellent recoverability, and the practicability of low-

temperature deposition. With these three confirmations, AZO TEs are 

becoming even promising to offer TE materials that are durable, 

inexpensive, and processable with low-temperature. With our configuration,  

AZO TEs are very practicable for solar cell applications, where the 

thickness of 600 nm or more is still acceptable. These are the primary 

outcomes of this thesis, detailed in section 8.1.  

Although this thesis has contributed to the novel configuration of durable-

recoverable AZO TEs, there remain significant efforts before AZO becomes 

a true ITO alternative.  

One point that is not covered in this thesis is to produce acceptable AZO 

TEs with a thickness of 50-150 nm. This thickness is the requirement for 

touch screen and LED/OLED devices, which is still solved by ITO materials. 

In other words, there is still a space to improve AZO for its practicability. 

The future outlook to improve AZO by considering this issue is detailed in 

section 8.2. 
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8.1. Summary 

The primary outcomes of this thesis include: 

1) AZO thin films prepared through a very low ratio of O2-to-Ar gas in 

the reactive atmosphere of RF magnetron sputtering is exhibiting 

high conductivity and excellent damp-heat durability, even without 

annealing or intentional heating. This finding opens the possibility 

for AZO films to be applied in the flexible or polymer-based 

substrates.   

2) The reactive sputtering with a very low ratio of O2-to-Ar gas will 

produce very strong crystal orientation (002), which contribute the 

high conductivity and the excellent damp-heat durability of low-

temperature prepared AZO films 

3) The transmittance of AZO films prepared through sputtering with 

a low ratio of O2-to-Ar gas is very sensitive to the applied RF power. 

Adjustment of the RF power is crucial to produce high conductivity 

yet high transparent AZO films 

4) The type of substrate contributes significantly to the damp-heat 

durability of AZO films. Different substrates would exhibit 

different routes of degradation of the AZO films: 

a. The durability of AZO films deposited on hard glass 

substrate involve chemical aspect such as oxidation of the 

films, with the decrease of carrier concentration as the main 

reason for the electrical degradation of the films 

b. The durability of AZO films deposited on the polymer-based 

substrate involves both chemical and physical aspects. 

However, the physical aspect is more involved.  

c. The damp-heat condition can trigger hydrolytic degradation 

of the polymer-based substrates, causing a deformation of 

the substrates. With this deformation, the AZO films would 

crack, decreasing the Hall mobility significantly.  
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5) The role of crystal orientations to the durability of the AZO film is 

confirmed in this thesis, where the crystal orientation (002) 

contribute to making the most durable AZO films in comparison 

with other crystal orientation, by preventing the oxidation 

maintaining the stable carrier concentrations.  

6) Variation of crystal orientations will affect the durability of the 

AZO films, where the films with more varied ones would become 

chemically unstable to the exposure of high humidity and 

temperature due to many voids in the films 

7) Although usually AZO exhibit the main crystal orientation (002), 

the existence of other minor orientations will contribute to the less 

stable films. Therefore, it is very important to produce AZO films 

with only (002) orientation or its order, such as (004) 

8) The excellent recoverability of AZO films deposited on the glass is 

confirmed in this thesis, through high-temperature hydrogen 

annealing. 

9) Spontaneously formed ultra-thin oxide compound on top of the 

surface AZO films due to the high-temperature post heat treatment 

is confirmed to contribute to the durability of the films 

 

8.2. Recommendation 

The recommendations for the future research on AZO materials for 

advancing the usability of AZO thin films include as follows: 

1) The effect of the sputtering gasses to the microstructure of AZO 

films are very attractive to discover more, such as the role of varied 

oxygen gas flow amidst fixed argon gas flow in the reactive 

sputtering, which was not covered in this thesis. The finding would 

be useful to define the boundary of the gas configurations for 

specific crystal orientations of AZO films prepared by sputtering. 
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2) Incorporating hydrogen gas in the sputtering for AZO thin film 

deposition while maintaining the low ratio of oxygen gas to the 

mixture of the atmosphere inside the sputtering chamber. This 

configuration would make much more conductive AZO films with 

incorporating hydrogen doping and very strong crystal orientation 

(002).  

3) Characterization apparatus or methods that could precisely detect 

the hydrogen content of the films should also be utilized, such as 

neutron reflectometry and deuterium-dopant characterizations.   

4) For the characterization of the cross-section of the films, SEM 

observation on the resin-assisted-then-polished cross-section can be 

useful, such as to clarify the grain-boundary reconstruction due to 

the re-annealing or the difference of the grain boundary structures 

between AZO films having different crystal orientations. 

5) The AZO film with less thickness, but the acceptable optoelectrical 

property should be pursued through this sputtering with hydrogen. 

Adjustment of the RF power and the duration is the key 

6) The flexibility of AZO films should be improved, either by less 

thickness of the film or layering with nanowire or metal grid. 

However, single layer with less thickness should be the priority, 

considering the widely-used single-layer thin film structure of TEs 

7) The less thickness of AZO films will be likely to produce more 

durable AZO films on the polymer-based substrate, due to owning 

more flexibility facing the deformed substrate.   

8) Hydrogen-doped AZO TEs owning strong crystal orientation (002) 

and the thickness 50-150 nm with ultrathin top-protective alumina 

layer will be very attractive to investigate for its preparation steps 

and characterization on various substrates. 
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Appendix A: Recoverability Rate 

Comparisons 
 

 

 

Table 1. Recovery Rate by Vacuum Annealing[1] 

Sample Resistivity (ρ) 10-3 Ω·cm Rate % 

ρ₀  250 °C ρDH ρReannealed  

250 °C 

ρ₀ × 100

ρReannealed
  

AZO-870 nm  0.26 1.17 0.42 62 

AZO-750 nm 

(etched) 

0.34 1.62 0.60 56 

Value extracted by webplotdigitizer 

 

Table 2. Recovery Rate by N2 Annealing[2] 

Sample Resistivity (ρ) 10-4 Ω·cm Rate % 

ρ₀ Ρ6-month ambient ρReannealed  

180 °C 

ρ₀ × 100

ρReannealed
  

AZO 4.2 ± 0.4 22.8 ± 2.3 7.2 ± 0.7 58 
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Table 3. Recovery Rate by H2 Annealing[3] 

Sample Resistivity (ρ) 10-3 Ω·cm Rate % 

ρ₀  ρ₃₀ ρReannealed ρ₀ × 100

ρReannealed
  

AZO-400 °C 1.3 98.9 1 126.4 

AZO-450 °C 1 7.8  0.9 115.7 

AZO-500 °C 0.6 2.1 0.6 111.3 

AZO-550 °C 0.4 1.3 0.5 81.5 
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Appendix B: SEM Images of AZO films 

having Crystal Orientations (110) and 

(002) with and without a Damp Heat Test 
 

 

 

In this appendix B, the scanning electron microscope (SEM) images of AZO 

films with crystal orientation (110) (fig. A) and (002) (fig. B) are shown as 

further explanations for chapter 5. The ratio “X/Y” corresponds to the ratio 

of argon (X) and oxygen (Y) gas flow during the sputtering deposition, as 

explained in chapter 5 in this doctoral thesis. The label “DH” corresponds 

to the sample after 25 days of the damp heat (DH) test. 

3/60 DH 3/60 

  
15/60 DH 15/60 

  

Fig A. SEM images of the surface of AZO films having a major crystal 

orientation (110) without (left) and with the DH test (right) 
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30/60 DH 30/60 

  
60/60 DH 60/60 

  

Fig B. SEM images of the surface of AZO films having a major crystal 

orientation (002) without (left) and with the DH test (right) 

These results are in line with the chapter 4 and chapter 6, where there were 

no cracks or voids produced by the DH test for AZO samples deposited on 

the glass substrates. This finding suggests that chemical aspects were more 

involved rather than physical damages such as cracks in the degradation of 

those AZO films as exposed to the harsh environment represented as the 

DH test. 

 


