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Chapter 1 Background and Motivation 

1.1 Transparent conductive oxides  

Transparent conductive oxides (TCO) are materials, generally in the form of 

thin film, which simultaneously possess high transparency and good electrical 

conductivity. They are usually metal oxides. The most common transparent conductive 

oxides are binary compounds including tin oxide (SnO2), indium oxide (In2O3) and zinc 

oxide (ZnO). Ternaries, that is, combination of binaries including Zn2SnO4, Zn2In2O5 

and In4Sn3O12 have also been developed. The widely used TCOs are n-type compound 

semiconductor. Table 1.1 shows the overview of the commonly used n-type TCO. This 

table also shows the deposition method, doping elements usually used for these films, 

the resistivity range for doped films, and the bandgap of the undoped film. It can be 

found that low resistivity of around 10-4 Ω ∙cm has been achieved for these TCO. 

Compared with SnO2 and In2O3, the bandgap of ZnO and TiO2 (3.2 eV) is narrow.    

TCO is a very important part in various optoelectronic devices including liquid-

crystal displays, organic light-emitting diodes, touchscreens, and solar cells. It 

contributes a lot to the development of these optoelectronic devices. The most widely 

used TCO is fluorine doped tin oxide (SnO2: F) that is usually used as the heat-reflecting 

coating on architectural glass and as the transparent electrode of amorphous silicon (a-

Si) and cadmium telluride (CdTe) based thin-film solar cells. The next mostly used 

material is tin doped indium oxide (In2O3: Sn). It is widely used in flat-panel displays, 

thin-film transistor, touch screens and some types of solar cells based on crystalline Si 

wafers. ZnO has been widely used in the fields of including varistors, gas sensors, lasers, 

light-emitting diode, surface acoustic wave devices, and spintronic devices.   
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Table 1.1 Overview of commonly used TCO [1]. 

 

 

TCO SnO2 In2O3 ZnO TiO2 

Deposition method 
APCVD  

Spray pyrolysis 
Sputtering, PLD 

Sputtering, PLD, 

LPCVD, APCVD 
Sputtering，PLD 

Bandgap 

(undoped) (eV) 
3.6 3.7 3.3 3.2 

Resistivity 

(10-4 Ω∙cm) 
3-8 1-3 1-8 9-106 

Dopant F, Sb, Cl Sn, Mo, Ti, Nb, Zr Al, Ga, B, In, F Nb, N 

 
Note: APCVD refers to atmospheric pressure chemical vapor deposition; PLD refers to pulsed laser deposition; 
LPCVD refers to low pressure or metalorganic chemical vapor deposition.  
 

 

1.2 TCO in the field of solar cells 

1.2.1 Photovoltaic technologies and solar cells 

Human have benefited quite a lot from the energy supply generated by fossil 

fuel (coal, petroleum, and natural gas) burning and nuclear fission so far. They are the 

main processes which generate electricity through creating heat to turn water into steam 

that rotates giant turbines. According to the data from the International Energy Agency, 

as shown in Fig. 1.1, the fossil fuel burning and nuclear fission occupied the top two 

position of world electricity generation from 1971 to 2013. 

However, human have also been suffering from the increasing greenhouse 

emission generated by the fossil fuel burning so far. Based on the data from IPCC 

reports, as shown in Fig. 1.2 (c), the greenhouse gas emissions have increased the 
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concentrations of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) in the 

atmosphere greatly since 1850. Figure 1.2 (d) shows the global CO2 emission from 

1971 to 2011 generated by fossil fuel burning and other use. It can be found that the 

CO2 emission increases significantly in the last 40 years. The cumulative CO2 emission 

to the atmosphere were about 2040 ± 310 GtCO2 between 1850 and 2011. This 

increasing CO2 emission would result in global climate change, including global 

warming, sea level rise, and change in rainfall.  
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Fig. 1.1 World electricity generation from 1971 to 2013 by fuel (TWh). 

*Excludes electricity generation from pumped storage; **Includes geothermal, solar, 

wind heat, etc. (Key World 2015, p.24)[2]. 
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Fig. 1.2 (a) Annually and globally averaged land and surface temperature anomalies 

relative to the average over the period 1860 to 2005. Colors indicate different date sets. 

(b) Annually and globally averaged sea level change relative to the average over the 

period 1986 to 2005 in the longest-running dataset. Colors indicate different data sets. 

(c) Atmospheric concentrations of the greenhouse gases carbon dioxide (green), 

methane (orange), and nitrous oxide (red) determined from ice core data (dots) and from 

direct atmospheric measurements (lines). (d) Global anthropogenic CO2 emissions from 

forestry and other land use as well as from burning of fossil fuel, cement production 

and flaring. Cumulative emissions of CO2 from these sources and their uncertainties 

are shown as bars and whiskers, respectively, on the right hand side [3]. 
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Figure 1.2 (a) clearly shows that the globally averaged combined land and ocean 

surface temperature increases by about 0.85 oC over the period from 1880 to 2012. 

Figure 1.2 (b) shows that the global mean sea level increases by 0.19 m over the period 

from 1901 to 2010 due to the widespread melting of ice and snow. It is also predicted 

that based on theoretical calculation that the global average temperature will 

continuously increase and it will increase by about 5 oC by the end of the 21st century. 

This would influence agriculture, disease control, and other human activities. In 

addition, the amount of fossil fuels is finite. The petroleum and natural gas will exhaust 

within decades, while coal will exhaust within few centuries.     

 

 

 

Fig 1.3 Ranges of global technical potentials of renewable energy sources [4]. 

 

 

Human can obtain electrical generation through nuclear plant without CO2 

emission, but nuclear fuel is very dangerous. The leak of highly radioactive wastes or 

the presence of nuclear accident will influence quite a lot. People have learned lessons 

from 2011 Japanese Fukushima nuclear disaster and 1986 Chernobyl disaster. These 
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nuclear accidents evacuated millions of people from their home, costed tens of billions 

of dollars, and decades to do cleanup job.  

Consequently, with the continuous upgrade of ecological deterioration and 

energy crisis, the development of clean renewable energy has become the top issue for 

the whole world. Clean renewable energy mainly includes hydroelectric power, wind 

energy, sun energy, geothermal energy, and biomass energy. According to the data 

shown in Fig. 1.3, solar energy possesses the highest technical potential among these 

renewable sources.   

Solar cells based photovoltaics (PV) technology helps human to collect 

electrical power from solar power directly. It generates electrical power simply if the 

light shines on the solar cells. According to the data from Green peace, PV can reduce 

the CO2 emission by about 4 billion tonnes of CO2 equivalent in the year 2050 [5]. As 

a result, many kinds of solar cells are being developed to increase the photoelectric 

conversion efficiency as high as possible to reduce the cost. Most of the solar modules 

today in the market are made of crystalline silicon (c-Si) solar cells. About 10 % of the 

solar module today are made of thin-film solar cells, including amorphous silicon (a-

Si), copper indium gallium diselenide (CIGS), cadmium telluride (CdTe), and others. 

Others includes organic solar cells and emerging PV techniques.  

 

1.2.2 Thin-film solar cells  

The global production of PV devices is dominated by c-Si and poly-Si solar 

cells. The c-Si is usually produced in the form of an ingot which is subsequently 

mechanically sawn into slices. The thickness of the Si-wafers used is in the range of 

150-300 μm. Thin-film solar cells occupies a special place in the field of solar cells, 

because they has light weigh, they enable flexible module, and they can be fabricated 
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by large area deposition method. The thickness of thin-film solar cells is in the range of 

0.3~2 μm. This reduces greatly the cost of raw materials, compared to c-Si and poly-Si 

solar cells. They also need simple device processing and manufacturing technology, 

which result in low production cost and better price performance ratio. Thin film solar 

cells are usually deposited at low temperatures of 150-300 oC. Therefore, these types 

of solar cells also can be deposited on substrates of low cost, such as glass and even 

some plastics. In addition, thin-film solar cells have light weight due to thin thickness. 

This can reduce the installation cost of solar cell modules. Furthermore, flexible solar 

cells can be fabricated by depositing the solar cells on a flexible substrate, such as metal 

film or plastic foil, since the solar cells are very thin.  

 

 

 

Fig 1.4 Schematics of thin-film solar cells with superstrate configuration. 

 

 

There are many members in the family of the thin-film solar cells. Figure 1.4 

exhibits the four kinds of thin-film solar cells with superstrate configuration, including 

a-Si:H/c-Si:H tandem solar cells, dye-sensitized solar cells, organic solar cells, and 

perovskites solar cells. They have different device structure, but they have one thing in 

common. That is the TCO substrate. 



8 
 

1.2.3 TCO substrates in thin-film solar cells  

In the photovoltaic field, TCO substrate is an integral part of thin-film solar cell 

devices, which is usually used as a front electrode or as part of the back reflector. The 

TCO substrate has a decisive influence on the conversion efficiencies of state-of-the-

art thin-film solar cells. Figure 1.5 shows the schematic of the cross section of the 

conventional TCO substrates and the photograph of SnO2: F coated glass substrate. As 

shown in Fig. 1.5(a), TCO substrate is defined as the glass substrate that is coated by 

one thin film of transparent conductive oxides on the top. Currently, the most widely 

used TCO includes ZnO: Al (AZO) or ZnO: B (BZO), SnO2: F (FTO), and In2O3: Sn 

(ITO). The widely used glass substrates include Corning, Soda-lime, and fused quartz.   

 

 

Fig 1.5 (a) Schematics of the cross section of the conventional TCO substrates (b) the 

photograph of SnO2: F coated glass substrate. 

 

For the TCO substrates in superstrate-type thin-film solar cells, there are mainly 

three essential requirements: high transmittance, low sheet resistance, and moderate 

surface morphology. Firstly, the transmittance of TCO substrate is usually required to 

be higher than 85% for visible and near infrared light region. This high transmittance 

of TCO substrate would reduce the optical loss in the transparent conductive layer and 

let much more light go into the absorption layer. Secondly, the sheet resistance of TCO 



9 
 

should be less than 10 Ω/sq. Low sheet resistance would minimum the power 

dissipation, that is, Joule heating (I2R losses), in the film and collect much more power 

from the solar cells. Thirdly, moderate surface morphology of TCO substrate is required 

to improve the performance of solar cells. 

Both amorphous silicon (a-Si) and cadmium telluride (CdTe) superstrate thin-

film PV technologies typically use FTO as the TCO, although next-generation a-Si/nc-

Si cells tend to use AZO or BZO. The dye-sensitized TiO2 type cells also use FTO. The 

Panasonic heterojunction with intrinsic thin layer (HIT) cell uses ITO and a metal grid 

on top of the p-type a-Si/n-type c-Si base for current collection [6].  

At present, ITO and FTO are the most commercially available TCO substrates 

when applied in solar cells. However, both of them suffered drawbacks which would 

prevent their use in next-generation thin-film silicon modules. The cost of ITO is very 

high and tends to increase continuously with time. The availability of indium deposits, 

the principal material of ITO, is rapidly decreased, by growing production of liquid 

crystal displays (LCDs) and solar cells (the main applications of this material). It is 

believed that a shortage of indium will be evident around 2020. Because of increasing 

demand, the price of indium has risen from about $100/kg in 2002 to about $600/kg in 

2010 [7]. For the FTO, it suffers two severe drawbacks. One drawback is that the 

exposure of FTO to atomic hydrogen (H) produced during plasma enhanced chemical 

vapor deposition (PECVD) can chemically reduce the film, thereby creating elemental 

tin (Sn) that cause optical absorption and film darkening. It also has been reported that 

Sn can diffuse into the solar cell p-layer, thereby reducing its bandgap [8]. ITO also 

undergoes a similar reduction in the presence of H. Another drawback is that FTO has 

an inappropriate morphology for effective light-trapping for wavelengths (~1000 nm) 

near the band edge of the nc-Si:H, i.e. for wavelengths longer than those near the band 
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edge of a-Si:H (~700 nm). Consequently, ZnO becomes one promising candidate as the 

TCO layer for thin-film Si solar cell, because of high stability in hydrogen-rich plasma, 

ease in modifying surface morphology, and abundance in nature.  

 

1.2.4 Effect of the surface morphology of TCO substrates on the 

performance of thin-film solar cells 

Surface morphology and roughness of TCO substrate is very important for thin-

film solar cells. For thin-film solar cells, based on the mainstream standpoints, 

roughening surface morphology, that is, increasing surface roughness would enhance 

light-scattering and contributes to the light-confinement in the solar cells, because the 

photoactive layers are not thick enough to sufficiently absorb light in a single pass. This 

would improve the performance of solar cells by increasing short circuit current. At 

present, FTO or BZO substrate with growth induced pyramidal surface textures, which 

are deposited by chemical vapor deposition, can scatter light effectively and were 

widely used as the front electrode of thin-film Si solar cells. Figure 1.6 and 1.7 show 

the surface and cross section SEM micrographs of BZO and FTO, respectively. 

 

 

 

Fig 1.6 SEM (a) surface and (b) cross section micrograph of the BZO substrate. 
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Fig 1.7 SEM (a) surface and (b) cross section micrograph of the FTO substrate. 

 

Based on the published literatures, the relationship between the surface 

roughness of TCO substrate and the performance of thin-film solar cells was briefly 

reviewed as following.  

 

(a) Effect of substrate surface roughness on the short-circuit current density 

Increasing substrate surface roughness can increase the short-circuit current by 

enhancing the light-scattering. However, too large surface roughness would reversely 

decrease the short-circuit current density because increasing substrate surface 

roughness would also influence the microstructure of absorption layer. Matsui et al. [9] 

reported that the short-circuit current density of polycrystalline silicon (poly-Si) solar 

cells would decrease if the Root Mean Square (RMS) roughness of textured substrate 

is larger than 38 nm. This is attributed to the enhanced recombination current due to the 

increased defect density. It is related to the change in poly-Si (220) preferential growth 

caused by the increased roughness of substrate surface. It is well known that the poly-

Si films with (220) preferential orientation basically possess columnar structure. The 

growth direction of poly-Si film should be perpendicular to the local surface of substrate. 
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The decrease in I(220)/I(111) implies that poly-Si film tends to grow perpendicularly 

to slanting texture surface but not to substrate itself. Such diagonally oriented columnar 

growth may result in the collision with other grains, and then create many grain-

boundary and related defects. These defects would increase the recombination current, 

resulting in the decrease in short-circuit current density. Sobajima et al. [10] also 

mentioned that the short-circuit current density of microcrystalline silicon (c-Si: H) 

solar cells would decrease gradually with increasing the surface roughness of TCO 

substrate. It is resulted from the deteriorated microstructure of photovoltaic i-layer 

caused by the roughened surface. Rough TCO surface would cause the formation of 

growth-induced micro-cracks in the c-Si layer and decrease the degree of (220) 

preferential orientation and the crystalline volume fraction. These changes in 

microstructures induce the reduction in the short-circuit current density. Ma et al. [11] 

confirmed that a smoother ZnO interlayer enabled the increase in short-circuit current 

density. The smooth surface of ZnO interlayer would facilitate the exciton dissociation 

through increasing the donor/acceptor interfacial area in the active layer. In addition, 

based on the work of Eperon et al. [12], it is reasonable to conclude that TCO substrate 

with small surface roughness could contribute to the increase in short-circuit current 

density of solution-processed CH3NH3PbI3-xClx planar heterojunction perovskite solar 

cells. In addition, TCO substrate with large surface roughness is quite likely to induce 

the incomplete coverage of the perovskite. This poor coverage would lead to the 

decrease in photo-generated current, because light would pass straight through without 

absorption at the regions of no perovskite coverage. Moreover, Hishikawa et al. [13] 

revealed that the electric fields in the a-Si layer would become weak locally above the 

V-shape surface texture of substrate. It would degrade the photocarrier collections.  
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(b) Effect of substrate surface roughness on the open-circuit voltage 

Sakai et al. [14] systematically investigated the effect of surface morphology of 

transparent electrode on the open-circuit voltage of a-Si:H solar cells. It was found that 

increasing haze value with enhancing the surface roughness of TCO substrate would 

decrease the open-circuit voltage, regardless of the i-layer thickness. It is caused by the 

formation of white stripelike defective regions in the absorption layer deposited on 

highly textured transparent electrodes. The white stripes appearing in the i-layer would 

act as recombination centers which enhance the dark current and this leads to the drop 

in open-circuit voltage of a-Si-based p-i-n solar cells.  

Nasuno et al. [15] reported that the crystal growth of c-Si: H on steep texture 

would result in the decrease in open-circuit voltage. The reduction in open-circuit 

voltage with increasing the substrate surface roughness is ascribed to the increased 

carrier recombination at the grain-boundary defect. In the solar cell deposited on the 

TCO substrate with large surface roughness, the columnar grow is limited by collision 

of the columns and a lot of grain boundaries are formed. On the other hand, on smoother 

substrates, the collision of the columns is suppressed and the density of grain 

boundaries is reduced. The degree of preferential orientation I(220)/I(111) was 

correspondingly suppressed with increasing surface roughness. Sobajima et al. [10] 

mentioned the open-circuit voltage of μc-Si:H solar cells also tend to increase from 

0.43V to 0.45V if the surface roughness of TCO substrate increases from RMS 59 nm 

to RMS 19 nm.  

Ma et al. [11] studied the influence of the surface roughness of ZnO electron 

transport layer on the open-circuit voltage of the inverted organic solar cells (ISCs). It 

was found that the open-circuit voltage of the ISCs based on rough ZnO electron 

transport layer is lower than that based on smooth ZnO electron transport layer. It is 



14 
 

caused by the enhanced trap-assisted recombination due to the increased surface 

roughness of ZnO electron transport layer. The surface roughness of ZnO determines 

the effective ZnO/active layer interfacial area and then the amount of interface traps at 

the ZnO/active layer interface. Thus, increasing surface roughness of ZnO electron 

transport layer would increase the amount of interface traps, causing the increase in 

trap-assisted recombination. In the case of the solution-processed CH3NH3PbI3-xClx 

planar heterojunction perovskite solar cells. Eperon et al.[12] reported that insufficient 

coverage of perovskite active layer on TCO substrate with large surface roughness 

would cause the drop in open-circuit voltage. This poor coverage results in the 

formation of “shunt paths” allowing contact between spiro-OMeTAD and the TiO2 

compact layer. Any such contact will play as a parallel diode in the solar cell equivalent 

circuit, causing the reduction in open-circuit voltage. 

 

(c) Effect of substrate surface roughness on the fill factor 

The substrate surface roughness would influence the fill factor as it affects the 

open-circuit voltage in the field of c-Si: H [15] and solution-processed CH3NH3PbI3-

xClx planar heterojunction perovskite solar cells [12]. In the case of inverted organic 

solar cells (ISCs) [11], ZnO surface with large roughness could reduce the FF of the 

solar cell due to the increased trap-assisted recombination. ZnO surface roughness 

determines the effective interfacial area between the ZnO layer. Increasing ZnO surface 

roughness would enhance the ZnO/active layer interfacial area, resulting in more 

interface traps. The interface traps, resulting in an undesired trap-assisted 

recombination, would decrease the FF of the solar cells. 
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1.3 Optically-rough and physically-flat TCO substrates 

 

 

Fig. 1.8 Schematics of OR-PF TCO substrate with Type-T structure and its application 

in c-Si solar cells.  

 

As mentioned in section 1.2.4, the surface morphology of TCO substrates 

influences greatly the performance of thin-film solar cells. Roughening surface 

morphology of TCO substrate enables an effective light-trapping in absorption layer 

through enhancing light-scattering or diffusing reflection. However, the TCO substrate 

with rough surface texture would reversely deteriorate the performance of thin-film 

solar cells through influencing the growth of absorption layer. Consequently, this trade-

off between effective light-trapping and growth of high quality absorption layer limits 

the improving the performance of thin-film solar cells by modifying the surface 

morphology of TCO substrates. New kind of TCO substrate is very expected to enable 

effective light-trapping and growth of high quality absorption layer simultaneously. 

Therefore, optically-rough and physically-flat (OR-PF) TCO substrate is being 

developed to meet this issue. The unique strategy of OR-PF TCO substrate is to fulfill 

effective light-trapping and growth of high quality absorption layer simultaneously by 

using two different interfaces. It utilizes the rough interface between the substrate and 
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TCO for enhancing light-trapping, and uses the flat surface of TCO substrate for the 

growth of high quality absorption layer. Up to now, three kinds of concepts or structure 

have been developed in the field of OR-PF TCO substrate. 

Sobajima et al. [11] developed a OR-PF TCO substrate with Type-T structure. 

As shown in Fig. 1.8, it was fabricated by depositing sol-gel derived ZnO film on 

chemically etched glass substrate. The roughened interface between TCO and glass 

substrate enhanced light-trapping with RMS roughness of 57 nm, and the plarnarized 

surface of ZnO film with RMS roughness of 12 nm prompted the growth of high quality 

absorption layer. When this Type-T substrate was used as the back reflectors in 

microcrystalline silicon (μc-Si:H) solar cells, an increase in short-circuit current (Jsc) 

by about 25% due to the improved quantum efficiencies for the long-wavelength light 

as well as a slight increase in open-circuit voltage (Voc) in accordance with the 

planarization, resulting in an improved conversion efficiency.   

 

 

 

Fig. 1.9 Schematics of OR-PF TCO substrate with grating structure and its application 

in c-Si solar cells. 

 

Sai et al. [16] proposed a flattened light-scattering substrate. As shown in Fig. 

1.9, it composed of a two-dimensional (2D) ZnO grating layer, n-type amorphous 
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silicon (n-a-Si:H) and Ag reflector. A stacked layer of Ag and Ga doped ZnO is 

deposited on a supporting substrate (Si wafer) by magnetron sputtering. Then, a 2D 

ZnO grating was formed by photolithography and dry etching techniques. The trenches 

of the ZnO grating were filled by an n-a-Si:H bury layer deposited by plasma-enhanced 

chemical vapor deposition method. Finally, the substrate surface was flattened by 

chemical mechanical polishing method and the ZnO parts were exposed. The period 

and depth of the ZnO grating are 1000 nm and 300 nm, respectively. It substantially 

improved the spectral response of μc-Si:H solar cells in the infrared region while 

maintaining a high Voc and fill factor (FF), which are almost equal to those of cells 

deposited on a flat substrate. The key point of this concept is an appropriate distribution 

of the refractive indices on the plane.  

 

 

Fig. 1.10 Schematics OR-PF TCO substrate with a polished flat surface and its 

application in a-Si/c-Si/c-Si three junction thin-film solar cells. 

 

Söderström et al. [17, 18] designed a novel substrate that decouples the growth 

interface from the light-scattering interface. As shown in Fig. 1.10, it consists of a flat 

Ag layer covered with 20 nm of sputtered ZnO: Al and untreated 2.5 or 5 μm-thick 

layer of non intentionally doped ZnO deposited by low pressure chemical vapor 

deposition. The optically rough interface was created by growing a dummy undoped a-
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Si:H layer that buries the pyramidal ZnO features. The light-scattering at the pyramidal 

features is ensured by the difference in refractive index of the a-Si:H (~ 4) and ZnO (~ 

2). The final flat interface on which cells were grown was subsequently obtained by 

chemical mechanical polishing. This kind substrate could combined efficient light 

management and an interface suitable for the growth of high-quality materials. When 

applied to triple-junction a-Si:H/μc-Si:H/μc-Si:H solar cells, it not only enabled a gain 

in Jsc relative to conventional textured substrate through improving the light-

management for wavelength of larger than 700 nm, but also get similar Voc and FF as 

flat substrate by decreasing the formation of defective porous areas in the μc-Si:H layer. 

1.4 Motivation and Objectives 

 

 

 

Fig. 1.11 Schematics of the conventional OR-PF TCO substrate and its application in 

substrate type thin-film solar cells. 

  

Figure 1.11 shows the schematics of the conventional OR-RF TCO substrate. 

At present, all of these developed OR-PF TCO substrates are utilized as back reflector 

in thin-film solar cells with substrate configuration and contribute to the light-

confinement in the absorption layer. The conventional OR-RF TCO substrates have 

achieved flat surface by using spin-coating and chemical mechanical polishing 



19 
 

techniques, but they have several disadvantages. Firstly, the light-scattering ability is 

limited. According to the research of Haase et al.[19], the light-scattering behavior of a 

grating structure at the rear surface shows strong dependence on the scattering 

properties of the front contact. Secondly, the sheet resistance of these substrates is 

usually very high due to the deposition of bury material of a-Si on the top. This is quite 

probably the reason why there is no application of these substrates as front electrode in 

the thin-film solar cells with superstrate configuration.  

  

 

 

Fig. 1.12 Schematics of the novel OR-PF TCO substrate and its application in 

superstrate type thin-film solar cells. 

 

Therefore, novel OR-PF TCO substrates were developed in this thesis to 

overcome these problems. Figure 1.12 shows the schematics of the novel OR-PF TCO 

substrate and its application in thin-film solar cells. This novel OR-PF TCO substrate 

would be fabricated with spin-coating widegap Zn1-xMgxO transparent conductive thin 

film on reactive ion etched glass substrates or imprinting patterned glass substrates. The 

concept of “optically rough” will be achieved by using the rough interface between 

TCO and surface of reactive ion etched glass substrates or imprinting patterned glass 

substrates. The concept of “physically flat” will be achieved by depositing Zn1-xMgxO 
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thin film with sol-gel based spin-coating method. 

These novel OR-PF TCO substrates were developed to be used as front 

electrode in thin-film solar cells with superstrate configuration. This is the first proposal 

of development of OR-PF TCO substrate for thin-film solar cells with superstrate 

configuration. They have several advantages. Firstly, they can scatter the incident light 

more effectively than the conventional ones that were used as the back reflector in 

substrate type thin-film solar cells. The simulation results for p-i-n c-Si: H cells with 

diffractive grating structure demonstrates that the application of a grating structure at 

the front surface is more beneficial than at the rear surface [19]. Secondly, the rough 

interface between the TCO and the roughed substrate has antireflection effect and 

enhance the light transmittance [20]. Thirdly, they can reduce the optical loss in the 

TCO layer through the bandgap widening of TCO layer.  
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Fig. 1.13 Schematics of the development target for OR-PF AZMO substrate in this work. 

The objectives of this thesis are to create one novel TCO substrate that can fulfill 
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low optical absorption, strong light-scattering and low surface roughness 

simultaneously. Figure 1.13 shows the development target for OR-PF AZMO substrate 

in this work. (1) Development of widegap Zn1-xMgxO thin film (Eopt > 3.54 eV) with 

low sheet resistance (Rs < 10 Ω/sq). (2) Achievement of high haze ratio (HT >20 %) at 

λ=500 nm. (3) Flat surface with low surface roughness (RMS roughness < 20 nm). 

These can improve the performance of thin-film solar cells with superstrate 

configuration by improving the values of Jsc, Voc and FF simultaneously.   

 

1.5 Outline of this thesis  

The organization of this thesis is shown in Fig. 1.14. This thesis consists six 

chapters. Chapter 1 introduces the background, motivation and objectives of this study.  

In Chapter 2, the review of Zn1-xMgxO thin film and sol-gel process will be done 

in order to show the basics and research status of Zn1-xMgxO thin film. Moreover, the 

advantage of developing Zn1-xMgxO thin film with sol-gel process will be explained.  

Chapter 3 describes the development of Zn1-xMgxO thin film by sol-gel process 

on flat glass substrate in details. Effect of preparation condition of sol-gel precursor, 

parameters of spin-coating, and two-step annealing on the electrical, optical and 

structural properties of Zn1-xMgxO thin film will be discussed. Focus is on the reducing 

the resistivity of Zn1-xMgxO thin film. 

In Chapter 4, the fabrication and characterization of optically-rough and 

physically-flat TCO substrates will be conducted. Firstly, roughening the surface of 

glass substrates will be conducted by reactive-ion etching and room-temperature 

nanoimprinting technique. In one hand, two kinds of glass commercial substrates (Cor- 



22 
 

 

 

Fig. 1.14 Organization of this thesis. 

 

ning Eagle XG and Corning 7059) will be etched by reactive-ion etching method. The 

effect of etching time, plasma generation power, pressure and wet etching treatment on 

the characteristics of etched glass substrate will be investigated. On the other hand, a 

variety of nanoscale feature sizes are formed on the glass substrate by using room-
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temperature nanoimprinting with different mold patterns. The effect of various feature 

size on the optical properties of patterned glass substrates will be studied. Subsequently, 

coating sol-gel AZMO thin film on these etched or patterned glass substrates will be 

carried out. The electrical, optical and surface characteristics of the sol-gel 

AZMO/etched glass substrate will be studied. 

In Chapter 6, these sol-gel AZMO/flat glass, etched glass or patterned glass 

substrate will be applied as the transparent conductive layer in hydrogenated amorphous 

silicon single junction solar cells. Firstly, the effect of bandgap widening and 

roughening surface morphology on the performance of solar cells will be studied. After 

that, the device performance of solar cells deposited on the optically-rough and 

physically-flat TCO substrates will be presented.  

Finally, Chapter 7 concludes this study and introduces future prospects.  
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Chapter 2 Review of Zn1-xMgxO thin film and Sol-Gel 

process 

2.1 Introduction  

Zn1-xMgxO thin film becomes a very promising wide bandgap semiconductor 

due to non-toxicity, low-cost of raw materials, tunable bandgap [1, 2, 3]. It is very 

expected to replace ZnO as the front transparent conductive layer in thin-film solar cells, 

for decreasing the optical loss in the transparent conductive layer. This chapter will 

introduce the basics and status of Zn1-xMgxO thin film. Then, the deposition methods 

and main applications of Zn1-xMgxO thin film will be presented. After that, sol-gel 

process will be introduced. The basic concepts, processing steps and its main 

applications will be reviewed.  

 

2.2 Basics of Zn1-xMgxO 

Zn1-xMgxO is an II-VI widegap semiconductor alloy of ZnO (3.3 eV) and MgO 

(7.8 eV). The bandgap energy of Zn1-xMgxO can be tuned from 3.3 eV to 7.5 eV by 

varying the content of MgO. Based on the phase diagram of ZnO-MgO binary system, 

the thermodynamic solid solubility of MgO in ZnO is less than 4 mol % [4]. ZnO shows 

a wurtzite, hexagonal structure (a= 3.24 Å and b=5.20 Å), while MgO shows a NaCl 

type cubic structure (a= 4.24 Å). Although there is a large structural dissimilarity 

between ZnO and MgO, Ohtomo et al. [5] concluded that the solid solubility of MgO 

in ZnO is 33 mol % for thin-film alloys grown by pulsed laser deposition under 

metastable conditions. MgO would segregate from the wurtzite Zn1-xMgxO lattice when 

app:ds:toxicity
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the content of MgO is larger than 33 mol %. At the same time, the crystal structure of 

Zn1-xMgxO would change from hexagonal (0 < x < 0.33) to cubic (x > 0.45) phase. As 

shown in Fig. 2.1, wurtzite Zn1-xMgxO is reasonably regarded as a substitutional solid 

solution because Mg2+ (0.57 Å) tends to substitute Zn2+ (0.60 Å) due to their similar 

tetrahedral ionic radius.   

 

 

 

Fig. 2.1 Lattice structure of wurtzite Zn1-xMgxO. 

 

Figure 2.2 shows the bandgap widening mechanism of Zn1-xMgxO thin film. In 

one hand, the Zn2+ site substitution with Mg2+ would increase the bond length between 

metal cation and oxygen anion. This enhanced binding energy would decrease the 

lattice interatomic distance in the [002] direction [6]. In the other hand, it would also 

increase the reduced effective mass and then influence the bottom of the conduction 

band [7]. These two factors results in the bandgap widening of Zn1-xMgxO relative to 

ZnO. 
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Fig. 2.2 Bandgap widening mechanism of Zn1-xMgxO  

(a) energy-band structure diagram and (b) energy lever splitting diagram 

 

 

2.3 Status of Zn1-xMgxO thin film 

2.3.1 Fabrication methods of Zn1-xMgxO thin film 

Zn1-xMgxO thin film have been developed by many different methods. A brief 

review on the main deposition methods is shown below.  

(a) Magnetron Sputtering 

Minemoto et al. [8] reported the deposition of Zn1-xMgxO thin film by radio 

frequency (RF) magnetron co-sputtering on fused silica substrates at room temperature. 

The deposited Zn1-xMgxO had bandgap energy from 3.24 eV at x=0 to 4.20 eV at x=0.46. 

The transmittance of Zn1-xMgxO films were nearly equivalent to those of ZnO for a 

visible, near infrared light. The absorption edge shifted to a short wavelength as the Mg 

content increased. Ma et al. [9] developed gallium doped ZnMgO (Zn1-xMgxO:Ga) 
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films with Mg content from 0 to 10 % that were deposited on glass substrate by DC 

reactive magnetron sputtering. The resistivity of these films increases with increasing 

Mg concentration. The transmittance of Zn1-xMgxO: Ga thin film is over 90% in the 

visible range. Maejima et al. [10] studied the characterization of Zn1-xMgxO: Ga or Al 

transparent conductive thin films fabricated by multi-cathode RF magnetron sputtering. 

The Zn1-xMgxO: Ga thin-film is more electrically conductive than Zn1-xMgxO: Al thin 

film, because the former generated larger carrier concentration than the latter. A 

resistivity as low as 8×10-4 Ω∙cm was achieved for Zn0.9Mg0.1O: Ga thin film. 

(b) Metalorganic chemical vapor deposition 

Park et al. [11] reported that high quality Zn1-xMgxO (0.00≤x≤0.49) thin-film 

were fabricated by metalorganic vapor-phase epitaxy method at 500-650 oC on Al2O3 

(001) substrates. Increasing the Mg content in the films up to 49 at. % resulted in that 

the c-axis constant of the films decreased from 5.21 to 5.14 Å and no significant phase 

separation was observed. Chiba et al. [12] investigated the phase transition of Zn1-

xMgxO thin films grown by metalorganic chemical vapor deposition (MOCVD) process. 

It was found that the structure of Zn1-xMgxO thin film shows strong dependence on the 

Mg/(Zn+Mg) molar flow rate ratio and substrate temperature during growth. Higher 

growth temperature was needed for the growth of wurtzite Zn1-xMgxO with high Mg 

content. Li et al. [13] reported the effect of Mg content and B doping on the structural, 

electrical, and optical properties of Zn1-xMgxO thin films prepared by MOCVD. It was 

illustrated that the resistivity of Zn1-xMgxO:B thin film can be reduced to about 10-5 

Ω∙cm by varying the B doping concentration. It was achieved that a blue shift of the 

absorption edge and a high transmittance of about 90% in visible regions.  

(c) Pulse laser deposition 

Ohtomo et al. [14] developed the Zn1-xMgxO thin films by pulse laser deposition 
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(PLD) method on sapphire (0001) for the fabrication heteroepitaxial ultraviolet light 

emitting devices based on ZnO. In that work, solid solution films were prepared with 

Mg content up to x=0.33, achieving a bandgap of 3.99 eV at room termperature. MgO 

impurity phase segregated at x ≥ 0.36. These films showed ultraviolet 

photoluminescence at energies from 3.36 (x=0) to 3.87 eV (x=0.33) at 4.2 K. Ryoken 

et al. [15] investigated the thermal stability and defect structure of Zn1-xMgxO thin films 

deposited by PLD on substrate of cubic zirconia stabilized by addition of yttria with 

well-polished (111) face. It was found that the equilibrium state is likely in the range of 

0.12<x<0.18. The lattice constants of the alloy film with x < 0.12 varied with annealing 

temperature. The films with x ≥ 0.18 decomposed into a rocksalt-type and a wurtzite-

type phase. These behaviors indicated the highly non-quilibrium nature of this Zn1-

xMgxO alloy film grown by PLD. Matsubara et al. [2] achieved the Al doped Zn1-xMgxO 

thin film with resistivity of about 3×10-4 Ω∙cm by PLD method. It was deposited on 

glass substrate at a substrate temperature of 200 oC. It demonstrated the band-gap 

engineering possibilities in the range of Eg=3.5-3.97 eV with a resistivity of less than 

1×10-3 Ω∙cm.  

(d) Molecular beam epitaxial deposition  

Vashaei et al. [16] reported the growth of Zn1-xMgxO thin film on MgO (111)/c-

sapphire by plasma-assisted molecular-beam epitaxy (MBE) method. The dependence 

of the cation-anion bond length to Mg content was studied. A virtual crystal model of 

MgZnO was proposed to interpret the bond-length variation. High-resolution 

transmission electron microscopy results indicated that the initial stage of the Zn1-

xMgxO growth on a MgO buffer layer strarted with a cubic structure. Koike et al. [17] 

conducted the research on the growth of ZnMgO alloy films on (111)-oriented Si 

substrate toward UV-detector applications. It was found that the solid solubility limit of 
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MgO in ZnO lattice is about x=0.45 at low growth temperature. The photoresponse 

measurement for Zn1-xMgxO/Si photoconduction cells exhibited visible-blind 

characteristics with specific cutoff wavelengths.  

(e) Sol-Gel process 

Wei et al. [18] reported that amorphous Zn1-xMgxO thin films were synthesized 

by a low-cost sol-gel method on quartz substrates. It was found that the synthesized 

film showed high transmittance of more than 90% in the visible and near infrared 

regions, with optical bandgap tenability from 3.3 eV to more than 6.5 eV. Singh et al. 

devoted much efforts on the research of Zn1-xMgxO film deposited by sol-gel method. 

It was found that the resistivity, carrier concentration, work function, and bandgap 

increased with the post annealing increased from 300℃ to 700℃. As the sample were 

further annealed above 700 oC, the degradation was observed in the above mentioned 

properties [19]. Furthermore, in their investigation of phase segregation, it was found 

that the single-phase wurtzite thin films start showing phase segregation for Mg content 

of x=0.25 [20]. The derived samples are highly transparent (85-95 %) in the visible 

region (400-700 nm) and have a sharp absorption edge in the ultraviolet region, but 

their resistivity is higher than 103 Ω cm due to high porosity. Ahmad et al [21] 

investigated the effect of aging and Mg content on the structure and resistivity of Zn1-

xMgxO thin film. It was found that the electrical resistivity increased with aging time. 

One resistivity of 12.6 Ω∙cm was achieved for Zn1-xMgxO with Mg content of 10 at. %. 

2.3.2 Application 

Zn1-xMgxO thin film have been widely used in many fields. It enables novel 

heterostructures and quantum wells with combining with ZnO thin film. It also 

contributes a lot to the development in the field of transparent conductive oxides (TCO), 
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bulk acoustic wave devices, thin-film transistors, optoelectronic devices such as UV 

light detectors, UV light emitting diodes, and thin film solar cells. These application 

will be introduced in order. 

(a) Heterostructures and quantum wells 

Ye et al. [22] reported the formation of two-dimensional electron gas (2DEG) 

with the Zn-polar Zn1-xMgxO/ZnO heterostructure. The Zn1-xMgxO thin film was grown 

by MOCVD method. The Zn0.8Mg0.2O/ZnO heterostructure showed a high Hall 

mobility of 2138 cm2/Vs and a carrier sheet density of 3.51×1012 cm-2 at temperature 

of 1.4 K. It is the donor states on ZnMgO surface that causes the formation of 2DEG. 

The carrier density of 2DEG also depends on the thickness and Mg composition of 

ZnMgO layer. Gruber et al [23] developed ZnO-ZnMgO quauntum well structure with 

different well widths through using ZnMgO as barrier material. The quantum well 

luminescence showed a quantization behavior and an enhancement of exciton binding 

energy up to 96 meV can be inferred from the results. It would enable an even higher 

stability of excitons in ZnO quantum well structures above room temperature and 

enhanced the performance of ZnO based excitonic devices.   

(b) Transparent conductive oxides 

Transparent conductive oxide applications require low resistivity and 

transparency. As mentioned in section 2.3.1, transparent conductive Zn1-xMgxO thin 

films have been developed by many methods. The optical bandgap energy and 

resistivity of representive Zn1-xMgxO thin film fabricated by different methods are 

shown in Table 2.1. It can be found that Zn1-xMgxO thin film with wide bandgap and 

low resistivity has been achieved by PLD, radio frequency magnetron sputtering, 

MOCVD, and atomic layer deposition (ALD) method. The sol-gel derived Zn1-xMgxO 

thin film has wide bandgap, but its resistivity is still too large compared to the Zn1-
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xMgxO thin film fabricated by other methods. 

 

Table 2.1 Transparent conductive Zn1-xMgxO thin film deposited by different methods. 

 

Deposition process Eopt (eV) Dopant Resistivity (Ω∙cm) 

PLD[2] 3.97 Al ≤1×10-3 

Sputtering[10] 3.82 Al 8×10-4 

MOCVD[24] 3.88 B 9×10-4 

ALD[25] 3.81 Al 4.5×10-3 

Sol-Gel[20] 3.54 none 1×103 

 

 

(c) Bulk acoustic wave devices 

Zn1-xMgxO is also a new piezoelectric material. It allows for flexibility in thin 

film multilayer surface acoustic wave, because its piezoelectric properties can be 

tailored by controlling the Mg composition as well as the Zn1-xMgxO/ZnO multilayer 

structures. Emanetoglu et al. [26] reported the analysis of the piezoelectric properties 

of MOCVD deposited Zn1-xMgxO/sapphire material system with different Mg 

compositions, based on a transfer matrix method. It was found that in-plane anisotropy 

in piezoelectric properties resulted in the excitation of Rayleigh and Love wave modes 

parallel and perpendicular to the Zn1-xMgxO c-axis, respectively. It was also found that 

the acoustic velocity increases, whereas the piezoelectric coupling decreases with 

increasing Mg composition in piezoelectric Zn1-xMgxO films. 

(d) Thin-film transistors 

Lee et al. [27] developed one thin-film transistor with sol-gel derived Zn1-
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xMgxO thin film as the active channel layer. The depletion region in the grains increased 

with the amount of Mg addition and resulted in almost depleted grains in the active 

channel layers at x=0.2. This enabled one TFT with an enhancement mode and an on/off 

ratio of 106. Wu et al. [28] reported transparent thin-film transistors using ZnMgO as 

dielectrics and channel. They used cubic-phase ZnMgO as gate insulator and 

hexagonal-phase ZnMgO as channel. It was found that the cubic-phase isolating layer 

demonstrated low leakage current characteristics, i.e., 4×10-7 A/cm2, at a bias of 10V. 

It enabled one transparent thin-film transistor with a channel mobility of 1.5 cm2∙V-1∙s-

1 and an on/off ratio of 104.  

(e) Optoelectronic devices 

Kamada et al. [29] reported the fabrication of ZnMgO thin films by linear-

source ultrasonic spray chemcical vapor deposition method and its application to 

ultraviolet photodetectors. A UV photodetector fabricated with using the ZnMgO thin 

film showed high photoresponsivity and suggested the promising optoelectronic 

characteristics of the ZnMgO thin films. Chawla et al. [30] developed a series of 

ZnMgO thin-film nanophosphors with varied Zn/Mg by chemical bath deposition 

method. It was found that the luminescence in the visible region increases significantly 

with changing Mg content, reaching a maximum with 25% Mg. This ZnMgO thin-film 

nanophosphors have a photoluminescence (PL) exciation band in the range of 330-400 

nm, while the commercially available UV LEDs cover the wavelength range of 275-

390 nm. It would make an efficient single pc-LED for white-light generation feasible. 

Meng et al. [31] reported the application of MOCVD derived Zn1-xMgxO thin film to 

Cu(InGa)(SSe)2 solar cells as one buffer layer. It was mentioned that Zn1-xMgxO thin 

film is superior to CdS or ZnO films as buffer and window layers mainly due to its 

controllable bandgap enery and safety.  
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2.4 Basics of Sol-Gel process 

2.4.1 Basic concepts 

In materials science, the sol-gel process is defined as a method for producing 

solid materials from small molecules [32]. It is also defined as the preparation of 

ceramic materials and organically modified materials by preparation of a sol, gelation 

of the sol, and removal of the solvent [33]. The sol-gel process is usually utilized for 

the fabrication of metal oxides, especially the oxides of silicon and titanium. Sol-gel 

process requires considerably less equipment and is potentially less expensive, 

compared to conventional thin film forming process such as chemical vapor deposition, 

evaporation, or sputtering. The advantages of sol-gel process are the precise control of 

stoichiometry and film growth with preferential orientation. It has the ability to control 

precisely the microstructure of the deposited film, i.e., the pore volume, pore size and 

surface area. However, the disadvantages of sol-gel process are (1) thick film (>1 μm) 

is difficult to make without cracking; (2) relatively high annealing temperature is must 

procedure for good properties; (3) long processing time is needed to repeat coating and 

drying procedure, which not only increases cost but also increase the possibility of 

contamination [33]. 

A sol refers to a stable dispersion of colloidal particles or polymers in a solvent. 

The colloid particles are so small (~1-1000 nm) that gravitational forces are negligible 

and interactions are dominated by short-range forces, like van der Waals attraction. A 

gel is made up of an interconnected, rigid network with pores of submicrometer 

dimensions and polymeric chains whose average length is greater than a micrometer 

[34]. A gel is made up of a three dimensional continuous network, which encloses a 

liquid phase. A gel may also be prepared from particulate sols, when attractive 
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dispersion forces cause them to stick together in a way to form a network.  

2.4.2 Processing Steps 

The sol-gel process usually comprises mixing, gelation, drying, and sintering. 

Here we take the sol-gel process for preparation of ZnO thin film for example. As 

shown in Fig 2.3, the process includes three parts: the preparation of the precursor 

solution, the deposition of the sol-gel precursor on the substrate, and the heat treatment 

of the xerogel film. The xerogel refers to the dried gel at ambient pressure. At each step, 

there are many physical and chemical factors that influence the final property of 

materials. The details of each step will be introduced in order. 

 

 

 

Fig. 2.3 Schematics of sol-gel process for film preparation [35]. 

 

(a) Preparation of the sol-gel precursor 

First of all, the precursor (starting compound) solution is prepared by dissolving 

the raw materials in a solvent. The raw materials are usually metal salts, including 

nitrate, chloride, perchlorate, acetylacetonate, alkoxides such as ethoxide and 

propoxide, and acetate dehydrate. The most often used one is the acetate dehydrate. The 

solvent must have a relatively high dielectric constant in order to dissolve the inorganic 

salts [36]. The commonly used solvents are methanol, ethanol, 1-propanol, 2-propanol, 

1-butanol, and 2-methoxyethanol. The most used ones are ethanol and 2-propanol. 
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Except metal salts and solvent, additives are indispensable for preparing precursor 

solution. Additives (stabilizer) are chemical species possessing at least one functional 

group, which enables these species to act as several roles. They play as basic or acid 

and chelating agent. For znic salt, the best stabilizer is mono- to tri- ethanolamines or 

lactic asid. Ohyama et al. [37] proposed that monoethanolamine (MEA) coordinates the 

zinc atoms as a bidentate ligand in two ways: one is to act as a chelating ligand and the 

other is to bridge two zinc atoms. Briefly, the precursor nature and its concentration, 

solvent, additive, and aging time influence the finial properties of oxide films.  

 

 

 

Fig. 2.4 Sketch of the chemical equilibria taking place in the initial solution of sol-gel 

precursor [38]. 

 

Complex chemical equilibria occurs in the initial solution of sol-gel precursor, 

as shown in Fig. 2.4. A molecular precursor in a homogeneous solution undergoes a 

succession of transformations [35]: the hydrolysis of the molecular precursor, the 

polymerization via successive bimolecular additions of ions, the formation of oxo-, 

hydroxyl, or aquabridges, the condensation by dehydration, the nucleation and growth. 

Znaidi et al. [39] described the mechanism for the reaction between the main species in 

the precursor solutions containing znic acetate dehydrate, ethanol, and MEA. In the 

initial solution, small znic-oxo-acetate oligomers are formed through interaction 

between the nucleophilic (MEA, HO- and CH3COO-) species and the Zn2+ Lewis acid 
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center. Stable acetate-capped colloidal nanometric to sub-micronic particles are formed 

in the solution through gradual forced hydrolysis of Zn-MEA or Zn-AcO soluble 

complexes during aging and progressive condensation of the hydrolyzed moieties. 

Tokumoto et al. [40] mentioned that the formation of ZnO colloidal particles in an 

alcoholic solvent contains two stages. Small oligomers are continuously formed at the 

early stage of phase transformation, and the oligomers aggregate to form wurtzite, the 

primary colloidal particles. After that, the primary particles aggregate and form a third 

family, the secondary colloidal particles. Subsequently, these particles undergo 

nucleation and growth. The growth of the colloidal particles is a stepped, discontinuous 

process. Spanhel et al. [41] reported the way in which ZnO colloidal particle grows. 

Firstly, some small stable molecular clusters are formed, and they would rapidly 

combine to undergo the next stable aggregate. The primary aggregates would further 

rapidly combine to give the next most stable secondary aggregate and so on. 

Meulenkamp [42] suggested that large particles grow at the expense of smaller particles. 

The rate of particle growth is related to the concentration of precursors or dissolved 

species and their reactivity, which depends on the number of particles surface atoms 

and the solution composition.  

(b) Deposition of the prepared sol on substrates  

Generally, films can be prepared by dip coating, spin-coating or spraying the 

aged sols on substrates. ZnO thin films have already elaborated by spin-coating [43], 

dip-coating [44], and spray pyrolysis [45]. In this thesis, we just focus on spin-coating 

method. Spin coating is a well-developed lab-scale thin film deposition method and it 

is simple to operate. A spin coater is usually used to do film deposition. The process of 

spin-coating is divided into four stages: deposition, spin-up, spin-off and evaporation 

[33], as shown in Fig. 2.5. At the beginning, a small amount of sol-gel precursor is 
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applied on the center of the substrate, which is either spinning at low speed or not 

spinning at all. In the spin-up state, the liquid flows radially outward, driven by 

centrifugal force. Factors such as final rotation speed, acceleration, and evaporation 

influence the properties of the coated films. In the spin-off stage, excess liquid flows to 

the edge of the substrate and leaves as droplets, leaving a thin film of material on the 

surface. In the fourth stage, evaporation removes the solvent and xerogel film is formed 

on the substrate. 

 

 

 

Fig. 2.5 Schematics of stages of the spin-coating process. 

 

The thickness of the film depends on the viscosity and concentration of the 

solution and the solvent. The thickness of an initially uniform film during spin-off is 

described by Eq. 2.1 [46], 

 

                 
2 2 1/2

0 0( ) / (1 4 / 3 )  h t h h t                              (2.1) 
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where h0 is the initial thickness, ρ is the density of the liquid, η is the viscosity, t is time, 

and  is the angular velocity. The ρ and  are assumed constant. Based on the mode of 

spin-coating proposed by Meyerhofer [47], which separates the spin-off and 

evaporation stages, the final thickness and total elapsed time to achieve this thickness 

are represented by following equations, 
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m
h                              (2.2) 

 

0
/   final spin off spin off A At t h m                            (2.3) 

 

where ρA is the mass of volatile solvent per unit volume, ρA0 is its initial value and e is 

the evaporation rate that depends on the mass transfer coefficient. Equations 2.1-2.3 

apply to Newtonian liquids that do not show a shear rate dependence of the viscosity 

during the spin-off stage.  

(c) heat treatment of the coated film 

After coating, heat treatment (annealing or sintering) is subsequently carried out 

for enhancing structural and electrical properties through densification and grain 

growth. It is a process of network densification, which is driven by interfacial energy. 

Materials moves by viscous flow or diffusion to eliminate porosity and thereby reduce 

the solid-vapor interfacial area [33].  

The heat treatment of the deposited films is usually conducted in two steps. At 

the first step, a pre-heat treatment (drying) (40-500 oC) is performed during a short time 

for solvent evaporation and organic compounds removal. A xerogel film is formed on 
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the substrate after drying with unhindered shrinkage. When solvent removal occurs 

under supercritical conditions, the network does not shrink and a highly porous, low-

density material is formed. The second step, that is, a post-heat treatment (annealing) 

is carried out in order to obtain a well-crystallized film and the decomposition of 

organic by-products. It effectively transforms the porous gel into a dense film. 

 

2.4.3 Application 

The sol-gel process has been widely utilized in many fields. The early 

applications for sol-gel films were optical coating. Optical coatings change the optical 

behavior of the substrate. TiO2/Pd coated architectural glass [48] utilizes TiO2 to control 

the reflectivity and Pd content to control the absorption. Buildings covered with 

TiO2/Pd coated architectural glass appear outwardly uniformly reflective and the light 

transmission is controlled in accordance with sun exposure to minimize summer 

cooling cost. In addition, the refractive index SiO2-TiO2 binary films decrease 

continuously with SiO2 content from about 2.2 to 1.4. They are used as the optical oxide 

coatings on glass for antireflective and self-cleaning purpose. Moreover, it was reported 

that the absorption of thin film could be modified through the incorporation of transition 

metals for producing a variety of colored coatings on different substrates [49]. Then, 

oxide coatings on glass and silicon substrates have also been applied as antireflective 

(AR) layer in solar cells to improve device performance [50] and as laser-damage-

resistant AR coating for laser optics [51]. 

After that, sol-gel films began to be used in electronic, membrane, and sensor 

application. It is used intensively in photolithography, to deposit layers of photoresist 

about 1 μm thick. Electronic films include high temperature superconductors [52], 
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conductive indium tin oxide [53], and vanadium pentoxide [54] are also developed by 

sol-gel process. Furthermore, sol-gel process is used to prepare protective films to 

increase strength of oxide glasses [55], or provide passivation or planarization [56].  

 

2.5 Summary 

Brief review of Zn1-xMgxO thin film and sol-gel process was conducted. Zn1-

xMgxO thin film has widely tunable bandgap and achievable low resistivity. It shows 

promising potentials in many fields. The sol-gel process holds potentials in fabrication 

of optical coatings, electronic films and protective films due to purity and homogeneity. 

In order to fabricate optically-rough and physically-flat TCO substrates, development 

of Zn1-xMgxO transparent conductive thin film by sol-gel process becomes a very 

important topic. 
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Chapter 3 Development of transparent conductive Zn1-

xMgxO thin film by sol-gel process on flat glass 

substrate 

3.1 Introduction 

This chapter introduces the development of Zn1-xMgxO thin film by sol-gel 

process on flat glass substrate. Firstly, the detailed fabrication process will be presented. 

After that, the effect of preparation condition of sol-gel precursor, spin-coating 

parameters, and two-step annealing on the electrical, optical and structural properties 

of Zn1-xMgxO thin film will be investigated in order.  

 

 

Fig. 3.1 Fabrication process of sol-gel derived Zn1-xMgxO thin film 

(a) precursor preparation (b) spin-coating, and (c) two-step annealing. 
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3.2 Fabrication of Zn1-xMgxO thin film by sol-gel process on flat 

glass substrate 

The fabrication process of sol-gel derived Al doped Zn1-xMgxO (AZMO) thin 

film is shown in Fig. 3.1. It concludes three parts. The first part is the preparation of 

sol-gel precursor, the second part is the film deposition, and the third part is two-step 

annealing. Details of each part will be introduced in order.  

3.2.1 Precursor preparation 

Table 3.1 Raw materials used in this work. 

 

Materials State Purity Manufacturer 

Zn(CH3COO)2∙2H2O solid Min. 99.0% KANTO CHMICAL CO. INC. 

Mg(CH3COO)2∙4H2O solid Min. 99.3% KANTO CHMICAL CO., INC. 

AlCl3∙6H2O solid Min. 98.0% KANTO CHMICAL CO., INC. 

Al(NO)3∙9H2O solid Min. 98.0% KANTO CHMICAL CO., INC. 

NH4F solid Min. 99.99% SIGMA-ALDRICH CO. LLC. 

2-Methoxyethanol liquid Min. 99.0% KANTO CHMICAL CO. INC. 

Ethanol liquid Min. 99.5% KANTO CHMICAL CO. INC. 

2-Aminoethanol liquid Min. 99.0% KANTO CHMICAL CO. INC. 

 

The information of raw materials used in precursor preparation are listed in 

Table 3.1. Zinc acetate dehydrate and magnesium acetate tetrahydrate are used as the 

source of znic and magnesium, respectively. Aluminium chloride hexahydrate, 

aluminium nitrate nonahydrate, and ammonium fluoride were used as the dopant. 2-
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Methoxyethanol (2-M) and ethanol (EtOH) were used as solvent. Monoethanolamine 

(MEA) was used as stabilizer. 

 

 

 

Fig. 3.2 Preparation process of sol-gel precursor.  

(a) isothermal water-bath stirring (b) filtration, and (c) aging. 

 

Table 3.2 Preparation condition commonly used in this chapter. 

 

Raw materials 
Mg/Zn=14 mol. % 

Al/Zn=0.8 mol. % (AlCl3∙6H2O) 

Solvent 2-Methoxyethanol  

Solute concentration 0.75 M (Zn2+) 

Water-bath stirring 1h (60oC) 

Aging 24h (25 oC) 

 

The precursor was prepared as following. Firstly, certain amount of zinc acetate 

dehydrate, magnesium acetate tetrahydrate and aluminium chloride hexahydrate were 

weighted and put into a beaker. Then, solvent and stabilizer were dropped into the 

beaker. After that, the beaker was put into a water-bath pot for isothermal stirring, as 

shown in Fig. 3.2 (a). The temperature of water-bath pot could be tuned continuously. 

After stirring of certain time, a clear and homogeneous solution was formed, as shown 
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in Fig. 3.2 (b). Then, this precursor solution was filtrated with a 0.2 μm syringe filter. 

Finally, the precursor is put into incubator for aging, as shown in Fig. 3.2 (c). Unless 

otherwise mentioned, the preparation condition of AZMO sol-gel precursor commonly 

used in this chapter is shown in Table 3.2. 

3.2.2 Film deposition 

A spin coater (MS-A100, MIKASA CO., LTD) was used to deposit AZMO thin 

film. A holder was used for holding a glass substrate of 5 cm ×5 cm. Each film coating 

was conducted by dropping the sol-gel precursor on the glass substrate, spreading out 

sol-gel precursor on the glass substrate through spinning, and drying the film on a hot 

plate. Important parameters includes spin-speed, drying temperature and coating layers. 

Film thickness increases with increasing circles of coating. Unless otherwise mentioned, 

the spin-coating process commonly used in this chapter is exhibited in Table 3.3.  

 

 

Table 3.3 Spin-coating process commonly used in this chapter 

 

 

Spin coating 2000 rpm (5 s) 

drying 300oC (10 min) 

Circles 10 

 

 

3.2.3 Two-step annealing 

Two-step annealing process was conducted to improve the properties of AZMO 

thin film. An infrared lamp furnace (MILA3000, ULVAC) was used. Figure 3.3 shows 

the schematic diagram of cross section of the infrared lamp furnace. Figure 3.4 shows 
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the annealing program. The two-step annealing was done separately. At each step, 

different annealing temperature, atmosphere, and holding time are used. During 

annealing, the film crystallinity is improved and the activation of doping process occurs. 

At each step, the effect of annealing atmosphere, annealing temperature, and holding 

time on the properties of AZMO thin film was systematically investigated. Unless 

otherwise mentioned, the annealing process used in this chapter is shown in Table 3.4.  

 

 

 

Fig. 3.3 Schematics of cross section of infrared lamp furnace. 

 

 

Fig. 3.4 Schematics of annealing program of two-step annealing. 

Gas inlet

Gas outlet

Sample Holder

Infrared lamp

Corning Ealge XG

AZMO thin film

Pumping out
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Table 3.4 Two-step annealing process commonly used in this chapter   

 

 The first step The second step 

Atmosphere Nitrogen Forming gas (97%N2+3%H2) 

Temperature 650oC 500 oC 

Holding time 60 min 5 min 

 

3.3. Experimental results 

3.3.1 Effect of precursor preparation condition  

3.3.1.1 Effect of Mg content  
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Fig. 3.5 Effect of Mg content on the optical bandgap of AZMO thin film. 
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Firstly, bandgap widening of AZMO thin film was conducted through 

controlling Mg content. Figure 3.5 shows the dependence of the optical bandgap (Eopt) 

of AZMO thin film on the Mg content. The optical bandgap energy (Eopt) was evaluated 

by extrapolating the linear portion of the (αhυ)2 versus hυ plot onto the energy axis, 

according to equation (αhυ)2=C(hυ-Eopt) [1]. The absorption coefficient α was 

calculated from equation α=ln((1-R(λ))2/T(λ))/t [2], where T(λ) is transmittance, R(λ) is 

reflectance, and t is film thickness. The Mg content was controlled by changing the 

Mg/Zn molar ratio in the sol-gel precursor. It is clear that the optical bandgap increases 

linearly with increasing the Mg content, regardless of Al doping or not.   
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Fig. 3.6 Effect of Mg content on the electrical properties and surface roughness of 

AZMO thin film. All films have a same thickness of about 400 nm. 
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Figure 3.6 shows the effect of Mg content on the electrical properties and root-

mean-square surface roughness (σrms) of AZMO thin film. Electrical properties were 

characterized by using Hall measurement system (Toyo, 8400 series and Ecopia, 

HMS3000) in van-der-Pauw 4 point probe configuration. The σrms was measured by a 

dynamic force microscope (DFM) (Seiko, SPA400/SPI3800N).Although Mg addition 

contributes to the enhancement of Eopt, the resistivity and sheet resistance (Rs) increases 

gradually with increasing Mg content, because the Hall mobility and carrier 

concentration decreases gradually with the increase in Mg content. The decrease in 

carrier concentration is probably caused by the change in band structure due to Mg 

addition induced bandgap widening. The decrease in Hall mobility is probably 

attributed to Mg addition induced enhancement of impurity scattering [3]. In addition, 

Mg addition seldom influences the σrms of AZMO thin film, and all AZMO thin films 

show σrms of less than 10 nm.  
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Fig. 3.7 Effect of Mg content on the transmittance of AZMO thin film.  
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Fig. 3.8 Effect of Mg content on the absorption coefficient of AZMO thin film. 

 

 

 

Fig. 3.9 SEM surface micrograph of AZMO thin films with Mg/Zn molar ratio of (a) 

0.00 (b) 0.05 (c) 0.10 and (d) 0.15. These films were deposited with 0.5 M sol-gel 

precursor with EtOH as solvent. All films have same thickness of about 650 nm. 
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Figure 3.7 exhibits the effect of Mg content on the transmittance of AZMO thin 

film. The transmittance was measured by using a UV-VIS-NIR spectrophotometer 

(Shimadzu, Solidspec3700). All films show high transmittance of over 85% at 

wavelength region from 380 nm to 1200 nm. The transmittance at short wavelength 

obviously increases with increasing Mg content. The effect of Mg content on the 

absorption coefficient of AZMO thin film is shown in Fig. 3.8. An obvious blue-shift 

of absorption edge is observed. The absorption coefficient of AZMO thin film at short 

wavelength decreases apparently with increasing Mg content. 
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Fig. 3.10 XRD patterns of AZMO thin films with different Mg/Zn molar ratio. 

 

Figure 3.9 shows the SEM surface micrographs of AZMO thin films with 

different Mg content. The morphology micrographs were determined by a field 

emission scanning electron microscopy (SEM) (JEOL, JSM-7001F). The Mg addition 
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influences the surface morphology of AZMO thin film obviously. All samples show 

nano-spherical grains. These grains tend to agglomerate with increasing Mg/Zn ratio. 

Some large grains appear in the samples with Mg/Zn ratio of 0.10 and 0.15. 

Figure 3.10 shows the XRD patterns of AZMO thin films with different Mg/Zn 

molar ratio. The crystal phase of samples was identified by X-ray diffraction (XRD) 

(Philips, X’Pert-MPD) using Cu Kα radiation generated at 40kV-55mA. All samples 

show wurzite (002) preferential orientation. However, the peak intensity of (002) 

decreases gradually with increasing Mg/Zn molar ratio, indicating that increasing Mg 

content would deteriorate the film crystallinity of AZMO thin film. This might be the 

reason why increasing Mg content reduced Hall mobility.  
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Fig. 3.11 Dependence of surface roughness, thickness, sheet resistance, and resistivity 

of AZMO thin film on the Zn2+ solute concentration in sol-gel precursor.  



60 
 

3.3.1.2 Effect of solute concentration and solvent 

Figure 3.11 shows the dependence of surface roughness, thickness, sheet 

resistance, and resistivity of AZMO thin film on the Zn2+ solute concentration and 

solvent. With increasing Zn2+ solute concentration, the σrms increases obviously due to 

the increase in film thickness, regardless of solvent. Furthermore, with the same Zn2+ 

solute concentration, using EtOH as solvent enables larger σrms than using 2-M as 

solvent.  
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Fig. 3.12 Effect of Zn2+ solute concentration (in 2-M) on the transmittance of AZMO 

thin film.  

 

In addition, with the increase in Zn2+ solute concentration, in the case of using 

EtOH as solvent, the Rs decreases gradually due to the increase in film thickness. 

However, if 2-M was used as the solvent, the Rs keeps almost constant and even 

increases when the Zn2+ solute concentration is larger than 1.75 M, although the film 

thickness increased greatly. In addition, the film resistivity increases gradually, 

regardless of solvent. The resistivity increases greatly when the Zn2+ solute 

concentration is larger than 1.75 M. This is quite probably the reason why the sheet 



61 
 

resistance increases with increasing film thickness as mentioned above.  
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Fig. 3.13 Effect of Zn2+ solute concentration (in 2-M) on the reflection of AZMO thin 

film. 

 

 

 

Fig. 3.14 DFM surface morphology of AZMO thin films with Zn2+ solute concentration 

(in 2-M) of (a) 1.25 M (b) 1.50 M (c) 1.75 M (d) 2.00 M. The σrms and film thickness 

are also indicated. 
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Figures 3.12 and 3.13 show the effect of Zn2+ solute concentration in 2-M on 

the transmittance and reflection of AZMO thin film, respectively. Increasing Zn2+ 

solute concentration shows little influence on the transmittance at wavelength of 600 

nm-1200 nm, however, it decreases the transmittance at wavelength region of 350-600 

nm with the increase in Zn2+ solute concentration. The reason is, as shown in Fig. 3.13, 

that increasing Zn2+ solute concentration enhanced the reflection at short wavelength 

region, especially when the Zn2+ solute concentration is larger than 1.25 M. 

The DFM surface morphology of AZMO thin films with different Zn2+ solute 

concentration (in 2-M) is shown in Fig. 3.14. It is clear that the Zn2+ solute 

concentration influences the surface morphology significantly. The surface 

morphology gradually turns to be wrinkle-like morphology from flat surface, with 

increasing Zn2+ solute concentration. The σrms increases obviously at the same time. 

When the Zn2+ solute concentration is larger than 1.75 M, this wrinkle-like morphology 

gets very irregular and random. This increased the diffuse reflection in the film and then 

caused the increase in reflection (Fig. 3.13).  

Figure 3.15 shows the transmittance of AZMO thin with different Zn2+ solute 

concentration in EtOH. It can be found that the transmittance decreases apparently with 

increasing Zn2+ solute concentration. Compared to AZMO thin film with the same Zn2+ 

solute concentration in 2-M (Fig. 3.12), using EtOH as solvent decreases the 

transmittance more significantly than using 2-M. Figure 3.16 shows the reflection of 

AZMO thin with different Zn2+ solute concentrations in EtOH. All AZMO thin films 

show very large reflection and the reflection increases greatly with increasing Zn2+ 

solute concentration. Compared to AZMO thin film with the same Zn2+ solute 

concentration in 2-M (Fig. 3.13), using EtOH as solvent increases the reflection more 
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significantly than using 2-M. 
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Fig. 3.15 Effect of Zn2+ solute concentration (in EtOH) on the transmittance of AZMO 

thin film.  
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Fig. 3.16 Effect of Zn2+ solute concentration (in EtOH) on the reflection of AZMO thin 

film.  
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Fig. 3.17 DFM surface morphology of AZMO thin films with Zn2+ solute concentration   

(in EtOH) of (a) 0.75 M (b) 1.00 M (c) 1.25 M (d) 1.50 M (e) 1.75 M (f) 2.00 M. The 

σrms and film thickness are also indicated. 
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Fig. 3.18 Effect of Zn2+ solute concentration (in EtOH) on the haze ratio in transmission 

of AZMO thin film. 
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Figure 3.17 shows the DFM surface morphology of AZMO thin films with 

different Zn2+ solute concentration in EtOH. Compared to AZMO thin film with the 

same Zn2+ solute concentration in 2-M (Fig. 3.14), using EtOH as solvent generates 

much larger σrms than using 2-M. When the Zn2+ solute concentration is larger than 1.25 

M, the surface morphology gets much rougher and irregular than that shown in Fig. 

3.14. This causes the increase in reflection and decrease in transmittance. 

Effect of Zn2+ solute concentration (in EtOH) on the haze ratio in transmission 

of AZMO thin film is shown in Fig. 3.18. The haze ratio in transmission (HT) is defined 

as the ratio of the diffuse transmittance to the total transmittance. The diffuse 

transmittance and the total transmittance were measured by using UV-VIS-NIR 

spectrophotometer (Shimadzu, Solidspec3700). It can be found that the haze ratio 

increases significantly greatly with increasing Zn2+ solute concentration. It should be 

related to the increase in diffuse transmittance in film, which is caused by the increase 

in surface roughness as shown in Fig. 3.17. When the Zn2+ solute concentration is larger 

than 1.00 M in EtOH, the film shows haze ratio of over 60 % at wavelength region from 

400 nm to 1000 nm.  

3.3.1.3 Effect of dopant and doping concentration 

Doping to AZMO thin film was conducted by using dopants including 

AlCl3∙6H2O, Al(NO3)3∙9H2O, NH4F as well as a mixture of AlCl3∙6H2O and NH4F, for 

further decreasing the resistivity of AZMO thin film. The effect of doping on the 

electrical, optical, and structural properties of AZMO thin film was investigated and 

will be introduced in order.  

(a) Al doping 
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Firstly, AlCl3∙6H2O was used as the cation doping. The doping concentration 

was defined by the molar ratio of Al/Zn as a percentage in the sol-gel precursor. It was 

changed from 0.0 mol. % to 2.0 mol. % at an interval of 0.2 mol. %. The ratio of Mg/Zn 

was fixed at 14 mol. %. The relationship between the Al/Zn molar ratio in sol-gel 

precursor and Al content in thin film is shown in Fig. 3.19. The Al content in thin film 

increases in proportion to the Al/Zn molar ratio in sol-gel precursor when the Al/Zn 

molar ratio is larger than 0.8 mol. %.  

Figure 3.20 exhibits the X-ray photoelectron spectroscopy (XPS) of AZMO thin 

film with different Al doping concentration. The XPS was measured by using a surface 

analysis equipment (PHI Quantera SXM) using monochromatic Al Kα radiation 

(hυ=1486.6 eV). All samples show a peak centered around 74.4 eV. The peak intensity 

increases obviously with increasing Al/Zn molar ratio, confirming the increase in the 

Al content in film. The peak position of Al 2p shows a slight shift towards low energy 

with increasing Al content, implying the change in Al-O bonding energy due to the 

increase in Al content. 
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Fig. 3.19 Relationship between the Al content in sol-gel precursor and film. 
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Fig. 3.20 XPS spectra of AZMO samples with different Al doping concentration. 

 

Figure 3.21 shows the Hall measurement results of ZMO thin films with 

different Al doping concentration. Regardless of the annealing condition, resistivity 

decreases obviously firstly with increasing Al doping concentration and reaches the 

minimum value at doping concentration of around 0.8 mol. %. When the doping 

concentration is larger than 0.8 mol. %, resistivity increases slowly, especially if the 

sample was firstly annealed in air. It reaches the minimum value of 7.96×10-3 Ω∙cm 

with the first step annealing in nitrogen. With increasing Al doping concentration, the 

carrier concentration increases sharply at first and then keeps constant or even decreases 

gradually. The Hall mobility decreases slowly with the increase in Al doping 

concentration. 
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Fig 3.21 Effect of Al doping concentration on the electrical properties of Zn0.87Mg0.13O 

thin film. The void points refer to the sample that firstly annealed in nitrogen at 650 oC 

and secondly annealed in forming gas at 500 oC, while the filled points refer to the 

sample that firstly annealed in air at 500 oC and secondly annealed in forming gas at 

450 oC. 
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Fig 3.22 Effect of Al doping concentration on the absorption coefficient of 

Zn0.87Mg0.13O thin film.  
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The effect of Al doping concentration on absorption coefficient of ZMO thin 

film is illustrated in Fig. 3.22. It can be found that Al doped samples show an obvious 

blue-shift of absorption edge at short wavelength range relative to that of undoped 

sample. The shift extent increases with the increases in Al doping concentration and 

reaches the maximum at doping concentration of 0.8 mol. %. When doping 

concentration gets larger than 0.8 mol. %, the shift extent decreases instead.  
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Fig. 3.23 Effect of Al doping concentration on the optical bandgap energy of 

Zn0.87Mg0.13O thin film. The void points refer to the sample that firstly annealed in 

nitrogen at 650 oC and secondly annealed in forming gas at 500 oC, while the filled 

points refer to the sample that firstly annealed in air at 500 oC and secondly annealed 

in forming gas at 450 oC. 

 

Figure 3.23 presents the effect of Al doping concentration on the optical 

bandgap energy of ZMO thin film. If the sample was first annealed in nitrogen, with 

the increase in Al doping concentration, the Eopt increases gradually until the doping 

concentration reaches 0.8 mol. % and then remains almost constant. If the sample was 

firstly annealed in air, the Eopt decreases slowly with the increase in Al doping 

concentration. Thus, the relationship between the Eopt and doping concentration is 

strongly influenced by annealing condition. 
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The effect of Al doping concentration on the XRD patterns of ZMO thin film is 

indicated in Fig. 3.24. In Fig. 3.24 (a), all of the films show wurzite (002) preferential 

orientation. With the increase in Al doping concentration, the intensity of (002) peak 

keeps almost unchanged at Al doping concentration of less than 0.8 mol. %, while it 

gradually decreases when it is larger than 0.8 mol. %. Figure 3.24 (b) shows that the 

intensity of (002) peak presents a clear decline trend with increasing Al doping 

concentration, especially when Al doping concentration is larger than 0.8 mol. %. It 

reflects that heavy Al doping deteriorates the film crystallinity of ZMO thin film. 
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Fig. 3.24 Effect of Al doping concentration on the XRD patterns of Zn0.87Mg0.13O thin 

film. The samples were firstly annealed in nitrogen at 650 oC and secondly annealed in 

forming gas at 500 oC. 

 

Al doping could decreases the resistivity of ZMO thin film in the sol-gel process 

at moderate doping concentration. The resistivity decreases sharply and the Eopt 

increases with the increase in Al doping concentration at low doping concentration. The 

lowest resistivity of 7.96×10-3 Ω∙cm with an Eopt =3.64 eV was obtained at doping 
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concentration of 0.8 mol. %. It is mainly due to the formation of the maximum carrier 

concentration.     
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Fig. 3.25 Measured Hall mobility versus carrier concentration of Al doped 

Zn0.87Mg0.13O thin film. The red line is linear fitting to the data. The void points refer 

to the sample that firstly annealed in nitrogen at 650 oC and secondly annealed in 

forming gas at 500 oC, while the filled points refer to the sample that firstly annealed in 

air at 500 oC and secondly annealed in forming gas at 450 oC. 

 

The scattering mechanism needs to be clarified. Figure 3.25 shows the 

relationship between the measured Hall mobility and carrier concentration. It can be 

found that Hall mobility increases almost linearly with the increase in carrier 

concentration regardless of the annealing condition. Data in this work shows the same 

tendency as that of Minami [4] It can be concluded that the mobility is dominated by 

grain-boundary scattering in this work.    

The doping concentration that gives the maximum carrier concentration is 

noticeable. In this work, the carrier concentration of AZMO thin film reached the 

maximum valve of 4.12×1019 cm-3 at doping concentration of 0.8 mol. % with the first 
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step annealing in nitrogen. However, in the case of ZnO thin film, Al doping 

concentration of around 1.2 mol. % showed the maximum carrier concentration of 

about 1.2×1020 cm-3. Tang et al. also reported that the maximum carrier concentration 

of about 7×1020 cm-3 was formed at Al doping concentration of around 1.2 mol. % for 

sol-gel derived ZnO thin film [5]. The reason why Al doping concentration in AZMO 

thin film that gives the maximum carrier concentration gets low, relative to that in AZO 

thin film, should be related to the competition between Mg2+ and Al3+ for substituting 

Zn2+ lattice site. It is well known that the increase in carrier concentration is caused by 

the substitutional doping of Al3+ at the Zn2+ site, creating one extra free carrier in the 

process. However, the substitution of Al3+ on Zn2+ site is finite. There is no widely 

recognized conclusion on the exact saturation of Al substitutional doping in ZnO 

wurtize lattice up to now. In the case of Al2O3 doped ZnO sintered body, the Al 

solubility limit in ZnO grains was concluded to be approximately 0.3 at. % with SIMS 

maping technique [6]. Katsuyama et al. reported the solubility limit of Al in the Zn1-

xAlxO system is about x=0.01 through analyzing Seebeck coefficient and electrical 

resistivity [7]. Tsubota et al. estimated the solubility limit of Al into ZnO is smaller 

than 0.52 at. % by using 27Al NMR spectroscopy [8]. In the case of ZMO, the saturation 

of Al substitutional doping in ZnO wurtize lattice would be reduced because some Zn2+ 

lattice sites are occupied by the Mg2+ ions.  

As to the widening of Eopt, it should be caused by the Burstein-Moss effect [9]. 

The enhancement of Eopt is closely related to the doping-induced increase in carrier 

concentration. The obvious blue-shift of absorption edge with increasing doping 

concentration is observed in Fig. 3.22. The measured Eopt can be presented by Eq. (2.1) 

[10]. The reduced effective mass can be evaluated by plotting the change in optical 

bandgap energy with n. Based on parabolic energy bands and a spherical Fermi surface, 
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the Burstein-Moss shift 
BM

gE can be expressed as Eq. (2.2) [3], 

0

BM

opt g gE E E  ,                   (2.1) 

 

                 ,                 (2.2) 

 

where Eg0 is the fundamental energy gap, rm
 is the reduced effective mass, and   is 

Planck’s constant divided by 2π. Figure 3.26 shows a plot of Eopt versus n2/3. Two 

different annealing way show same tendency that Eopt increases almost linearly with 

carrier concentration. By using Eqs. (2.1) and (2.2), rm
 can be derived by using the 

slope of fitting line and Eg0 can be obtained through the y intercept. The deduced rm
 

is about 0.41me and Eg0 is 3.54 eV, where me is the free electron mass. The calculated 

value of Eg0 fits well with the Eopt of undoped ZMO (3.56 eV). The maximum ∆EBM is 

about 0.10 eV. 

In high doping scope, with increasing Al doping concentration, the resistivity 

increases little by little due to the slow decrease in mobility (Fig. 3.21) and the Eopt 

keeps almost unchanged or even reduces due to the non-increasing carrier concentration 

(Fig. 3.23). The non-increasing carrier concentration with increasing Al doping reveals 

that Al substitutional doping reaches saturation. The excess Al that can’t substitute Zn2+ 

lattice site tends to form magnesium aluminate (MgAl) clusters that act as neutral 

scattering center [11] or may segregate to the grain boundaries in the form of Al2O3 

which increases the grain-boundary barrier [12]. The decrease in mobility is probably 

caused by the enhanced neutral impurity scattering and grain-boundary barrier. The 

MgAl cluster would prevent Al from acting as an electron donor. As shown in Fig. 3.21, 

if the samples were firstly annealed in air, carrier concentration decreases with further 
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increasing doping concentration. Figure 3.24 (a) shows that heavy Al doping would 

also deteriorates the film crystallinity of AZMO thin film. The distortion of crystal 

structure is probably caused by the occupation of excess Al on interstitial positions or 

the formation of MgAl clusters. 
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Fig. 3.26 Dependence of Eopt of Al doped Zn0.87Mg0.13O thin film on carrier 

concentration. The red line is linear fitting to the data. The void points refer to the 

sample that firstly annealed in nitrogen at 650 oC and secondly annealed in forming gas 

at 500 oC, while the filled points refer to the sample that firstly annealed in air at 500 
oC and secondly annealed in forming gas at 450 oC. 

 

Al doping with Al(NO3)3 ∙ 9H2O as the source of cation dopant was also 

conducted using the same process as AlCl3 ∙ 6H2O. Table 3.5 shows the Hall 

measurement results of AZMO thin film with AlCl3 ∙6H2O and Al(NO3)3∙9H2O as 

dopant. It can be found these two dopants result in similar electrical properties of 

AZMO thin film, although using Al(NO3)3 ∙9H2O make a thinner film than using 

AlCl3∙6H2O. In this experiment, the Zn2+ solute concentration is 2 M, so resistivity gets 



75 
 

low, as shown in Fig. 3.11.  

Table 3.5 Electrical properties of AZMO thin film with AlCl3∙6H2O and 

Al(NO3)3∙9H2O as dopant. 

Dopant t (nm) ρ (Ω∙cm) n (cm-3) μ (cm2/(V∙s)) 

AlCl3∙6H2O 1351 1.8×10-2 3.4×1019 10.0 

Al(NO3)3∙9H2O 1144 1.6×10-2 4.2×1019 9.2 

Note: 2-M was used as solvent and the Zn2+ solute concentration is 2 M.  

(b) F doping 

Secondly, NH4F was used as anion dopant to ZMO thin film. The dopant was 

dissolved into methanol in advance and then added into the solution when preparing 

sol-gel precursor. The doping concentration was defined by the molar ratio of F/O as a 

percentage in the sol-gel precursor. It was changed from 0.4 mol. % to 2.8 mol. % at an 

interval of 0.4 mol. %. The ratio of Mg/Zn was fixed at 14 mol. %.  
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Fig. 3.27 Dependence of electrical properties of ZMO thin film on F doping. 
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Figure 3.27 shows the influence of F doping concentration on the electrical 

properties of AZMO thin film. No obvious change in resistivity with increasing F 

doping concentration is found. It can be found that the carrier concentration hardly 

change, even if increasing the F doping concentration. There is also little change in Hall 

mobility with the increase in F doping concentration. Figure 3.28 exhibits the 

transmittance of AZMO thin film with different F/O molar ratio. No obvious blue-shift 

of absorption edge is observed due to the ineffective doping effect, although all films 

show high transmittance of over 85% at wavelength region from 300 nm to 1200 nm. 

These results suggest that the F doping with NH4F as the source is ineffective for 

decreasing the resistivity of ZMO thin film.  
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Fig. 3.28 Transmittance of AZMO thin film with different F/O molar ratio. 

 

(b) Co-doping of Al and F 
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Further efforts were made to investigate the effect of Al and F co-doping on the 

electrical properties of ZMO thin film. AlCl3∙6H2O was used as the source of cation 

doping, and NH4F was used as the source of anion doping. The Al/Zn mole ratio is 

fixed at 0.8 mol. %, while the F/O mole ratio is changed from 0.4 to 2.0 mol. % at an 

interval of 0.4 mol. %. 

10
-3

10
-2

10
-1

10
0

0

10

20

30

0.0 0.4 0.8 1.2
1
2
3
4
5
6


(

c

m
)


 (

c
m

2
/(

V
s

))
 

 F doping concentration (%)

n
 (





c
m

-3
)

 

Fig. 3.29 Dependence of electrical properties of AZMO thin film on Al-F co-doping. 

 

Figure 3.29 shows the effect of Al and F co-doping on the electrical properties 

of ZMO thin film. In this case, little contribution of F doping to decreasing the 

resistivity of AZMO thin film is found. With changing the F doping concentration, 

resistivity, carrier concentration and Hall mobility keep almost constant. These results 

also confirmed that F doping with NH4F as the source is ineffective for decreasing the 

resistivity of ZMO thin film.  
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3.3.1.4 Effect of aging time of precursor solution  

The aging time of sol-gel precursor has a significant influence on the properties 

of annealed AZMO thin film. So the effect of time and temperature of aging on the 

properties of AZMO thin film was investigated. Two aging temperature (-24oC and 25 

oC) was selected. The aging time was changed from 24 h to 720 h.   
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Fig. 3.30 Effect of aging time and temperature on the electrical properties of AZMO 

thin film. 

 

Figure 3.30 shows the dependence of electrical properties of AZMO thin film 

on the aging time and temperature of sol-gel precursor. It can be found that the aging 

time shows much greater effect on the electrical properties than aging temperature. The 

resistivity decreases with increasing aging time firstly, then gets the minimum at the 

aging time of 336 h, and then increases. With increasing aging time, both of Hall 

mobility and carrier concentration increases firstly and then decreases. The lowest 

resistivity was obtained at the aging time of 336 h, because it enabled the highest carrier 
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concentration and Hall mobility.  

3.3.2 Effect of spin-coating parameters 

3.3.2.1 Effect of spin speed 
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Fig. 3.31 Effect of spin speed of spin coating on the electrical properties of AZMO thin 

film. 

 

The effect of spin speed of spin-coating on the electrical properties of AZMO 

thin film was investigated. Figure 3.31 shows the dependence of electrical properties of 

AZMO thin film on the spin speed of spin-coating. It can be found that spin speed 

influences the film thickness significantly. The film thickness decreases almost linearly 

with increasing spin speed. The carrier concentration increases slightly with increasing 

spin speed, resulting in the decrease in resistivity. The spin speed shows little influence 

on the Hall mobility.    
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3.3.2.2 Effect of drying time 

The effect of drying time during spin-coating on the electrical property of 

AZMO thin film was investigated. The drying temperature was fixed at 300 oC. The 

drying time is changed from 5 min to 10 min. Table 3.6 shows the result of Hall 

measurement. The sample dried with 10 min shows a little lower resistivity than that 

dried with 5 min, because the former one shows a bit larger carrier concentration and 

Hall mobility than latter one.   

 

Table 3.6 Electrical properties of AZMO thin film with different drying time 

 

Drying time t (nm) ρ (Ω∙cm) n (cm-3) μ (cm2/(V∙s)) 

5 min 396 1.7×10-2 3.4×1019 10.7 

10 min 388 1.4×10-2 3.8×1019 11.6 

 

3.3.2.3 Effect of the number of coating layer  

The effect of the number of coating layer on the electrical properties of AZMO 

thin film was investigated. The times of spin coating was changed from 5 to 20 at an 

interval of 5. Figure 3.32 shows the dependence of electrical properties of AZMO thin 

film on the circles of spin coating. It is clear that the thickness increases almost linearly 

with increasing the times of spin coating. With increasing coating layer, the resistivity 

decreases gradually, because Hall mobility and carrier concentration increase little by 

little.  
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Fig. 3.32 Effect of coating layers on the electrical properties of AZMO thin film 

(Mg/Zn=0.10). 

 

3.3.3 Effect of two-step annealing 

3.3.3.1 Effect of the first step annealing  

(1) Effect of annealing temperature 

Firstly, the effect of temperature of the first step annealing on the properties of 

AZMO thin film was investigated. The samples were firstly annealed in air and 

secondly annealed in forming gas. The temperature of the first step annealing was 

changed from 400oC to 600oC at an interval of 100oC, while the temperature of second 

annealing was fixed at 450oC. Figure 3.33 shows the results of Hall measurement. The 

film resistivity decreases gradually with increasing annealing temperature. With the 

increase in temperature, the Hall mobility increases almost linearly, but the carrier 
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concentration decreases obviously.  
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Fig. 3.33 Effect of annealing temperature on the electrical properties of AZMO thin 

film. The annealing atmosphere is ambient air. 
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Fig. 3.34 Effect of annealing temperature on the transmittance of AZMO thin film. The 

annealing atmosphere is ambient air. 

 

The transmittance of AZMO thin film measured after the first annealing with 
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different temperature is shown in Fig. 3.34. All samples show high transmittance over 

85 % at wavelength region from 400 nm to 1800 nm. The transmittance tends to 

decrease at wavelength of larger than 1800 nm. This is caused by the free carrier 

absorption. This absorption decreases with increasing temperature. This also indicates 

that increasing temperature of the first annealing would decrease the carrier 

concentration.   
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Fig. 3.35 Effect of annealing temperature on the (a) XRD patterns of AZMO thin film 

and (b) their relevant parameters. The annealing atmosphere is ambient air. 1A and 2A 

refers to the value obtained after the first and second annealing respectively. 

 

 

Figure 3.35 (a) exhibits the effect of temperature of the first annealing on XRD 

patterns of AZMO thin films. All samples show obvious wurtzite (002) preferential 

orientation. With increasing the first annealing temperature, increase in (002) peak 

intensity and decrease in full width at half maximum (FWHM) was observed. It 

indicates that increasing temperature improves film crystallinity. Furthermore, the film 

crystallinity gets further improved after the second annealing, if the first annealing 

temperature is lower than 600oC. The grain size calculated using Scherrer’s equation is 
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shown in Fig. 3.35 (b). The grain size increases slightly with the increase in the first 

annealing temperature. No obvious change in distance of crystal plane (002) (d002) is 

found among the samples annealed with different temperature. In addition, d002 changes 

a little after the second annealing. 

 

 

 

Fig. 3.36 DFM surface morphology micrograph of AZMO thin film taken after the first 

annealing with different temperature. The annealing atmosphere is ambient air. 

 

 

DFM surface morphology of AZMO thin film taken after the first annealing 

with different temperature is shown in Fig. 3.36. All samples show very flat surface 

with σrms of about 2 nm. Increasing temperature results in the slight increase in grain 

size.  

 

 

Fig. 3.37 SEM surface micrographs of AZMO thin film taken after the first annealing 

with annealing temperature (a) 400oC (b) 500oC and (c) 600oC. The annealing 
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atmosphere is ambient air. 

 

Figure 3.37 shows the SEM surface micrographs of AZMO thin film taken after 

the first annealing with different temperature. It is clear that all samples show grain size 

of less than 50 nm. The grain size increases slightly with increasing annealing 

temperature.  

 

 

Fig. 3.38 the schematics of first annealing with atmosphere of (a) air (b) vacuum (c) 

nitrogen and (d) forming gas. 
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(2) Effect of annealing atmosphere 

Annealing atmospheres including nitrogen [13], vacuum [5] or forming gas [14] 

play a very important role in improving the electrical and optical properties of sol-gel 

derived AZO thin film. There are few reports about the effect of annealing atmosphere 

on the properties of sol-gel derived AZMO thin film with two-step annealing. 

Consequently, the effect of annealing atmosphere on the properties of AZMO thin film 

is systematically investigated. Firstly, at the first step, four kinds of atmosphere were 

selected. They are ambient air, vacuum, nitrogen and forming gas. The experimental 

details is illustrated in Fig. 3.38. The gas flow rate was fixed at 70 ml/min. The pressure 

in the furnace chamber is about 1.2×105 Pa during annealing with atmosphere of air, 

N2 and forming gas. It is less than 10-3 Pa during vacuum annealing.  
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Fig. 3.39 Effect of the first annealing atmosphere on the electrical properties of AZMO 

thin films. The lines are drawn as a guide for the eyes. 
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Fig. 3.40 Effect of the first annealing atmosphere on (a) absorption coefficient and (b) 

optical bandgap energy of AZMO thin films. 

 

 

Figure 3.39 shows Hall measurement results of AZMO thin films measured 

after the first annealing in different atmospheres. N2 and vacuum annealing reduce the 

resistivity relative to air annealing. The decrease in resistivity is mainly due to the 

increase in the carrier concentration. The N2 annealed sample shows the largest carrier 

concentration of about 2×1019 cm-3. Compared with the drastic change in the carrier 

concentration, Hall mobility was not influenced by the first annealing atmosphere. All 

samples show low Hall mobilities of less than 4 cm2/V∙s. The electrical properties of 

sample annealed in forming gas were not available because its resistivity was too large 

to measure. 

Effect of the first annealing atmosphere on absorption coefficient (α) and Eopt 

of AZMO thin films is presented in Fig. 3.40. It was found that all samples show high 

transmittance of over 85% at the wavelength region from 400 to 1600 nm. In Fig. 3.40 
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(a), only the wavelength region from 300 to 400 nm was illustrated. Compared with the 

sample annealed in air, the samples annealed in N2 and vacuum show a clear blue-shift 

of the spectrum. The samples with N2 and vacuum annealing show larger Eopt than that 

of the sample with air annealing. The data of FG annealed sample is not shown here, 

because we found that transmittance of the sample with FG annealing is so similar to 

that of a bare Eagle XG glass substrate that correct α and Eopt of FG annealed sample 

cannot be obtained. 

 

 

Table 3.7. Chemical composition in the AZMO thin films determined by XPS after the 

first annealing in different atmospheres. 

 

 

Atmosphere 

Chemical composition (at. %) 

Al Zn Mg O Si 

Air 0.8 42 7.6 49.6 0.0 

Vacuum 1.1 38.2 10.5 50.3 0.0 

N2 0.5 41.8 8.1 49.6 0.0 

FG 5.1 0.6 36.7 55.5 2.2 

 

 

Table 3.7 shows the effect of the first annealing atmosphere on the chemical 

composition of AZMO thin films. N2 and air annealing lead to similar chemical 

compositions, however, Zn content obviously decreases after annealing in vacuum and 

FG atmosphere. Especially for FG annealed sample, almost all Zn related phase 

disappears and Mg related phase is dominant. Trace of Si also appears in FG annealed 

sample. XPS spectra of the samples are presented in Fig. 3.41. Similar peak intensities 

at binding energy of Al 2p (74.4 eV), Zn 3p 3/2 (89.0 eV), Mg 2p (50.2 eV) and O 1s 
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(530.7 eV) were observed for the samples with N2, air, and vacuum annealing. However, 

the sample annealed in FG showed a very different spectrum, which indicates that the 

combination of MgO and Al2O3 is dominant. 

65 70 75 80 75 80 85 90 95 100 105

40 45 50 55 60 525 530 535 540

Si-O

Al-O

Metal-OMg2p

Al2p

Si2p

Zn3p1/2

Zn3p3/2

Mg2s

Zn3p

 Air

 Vacuum

 N
2

 FG

 

 

Al2p

 Air

 Vacuum

 N
2

 FG

 

 

 Air

 Vacuum

 N
2

 FG

 Air

 Vacuum

 N
2

 FG

 

 
In

te
n

s
it
y
 (

a
.u

.)

 

 

Binding energy (eV)

 

Fig. 3.41 Effect of the first annealing atmosphere on XPS spectra of AZMO thin films. 

The graph presents effective count. 

 

Effect of the first annealing atmosphere on XRD patterns of AZMO thin films 

is illustrated in Fig. 3.42. Except for the sample with annealing in FG, the samples show 

wurzite (002) preferential orientation. Air annealing shows the best film crystallinity. 

N2 annealing makes better film crystallinity than vacuum annealing. There was no 

detectable phase from the sample with FG annealing. This means that the MgO phase 
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detected by XPS measurement is an amorphous state.  
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Fig. 3.42 XRD patterns of AZMO thin films measured after the the first annealing in 

different atmospheres. 

 

 
 

Fig. 3.43 SEM surface micrographs of AZMO thin films taken after the first annealing 

in (a) air, (b) FG, (c) N2 and (d) vacuum. 
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Figure 3.43 shows the SEM surface micrographs of the samples taken after the 

first annealing in different atmospheres. Nano-spherical grains were formed in all 

samples. The annealing atmosphere influenced the grain size significantly. N2 annealed 

sample shows the largest grain size, while FG annealed sample shows the smallest grain 

size. The vacuum annealed sample shows a similar grain size as that of air annealed 

sample. Furthermore, the structure of the FG annealed sample was found to be porous 

relative to that of the other samples. 
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Fig. 3.44 Normalized CL spectra of AZMO thin films measured after the first annealing 

in different atmospheres. The absolute intensity of the ultraviolet emission peak for 

vacuum, N2 and air annealed samples is 80, 943, and 13715, respectively. 

 

Effect of the first annealing atmosphere on the cathodoluminescence (CL) 

spectra of the samples is shown in Fig. 3.44. All samples exhibit an ultraviolet emission 

peak at around 340 nm and a red emission peak at around 650 nm. The former is caused 

by near-band-edge (NBE) emission and the latter probably arises from the transition of 

electrons between the band edges and the deep level of oxygen vacancy [15, 16, 17]. 

The N2 annealed sample shows an obvious blue-shift of ultraviolet emission peak 
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relative to the vacuum and air annealed sample. This is caused by the enhanced NBE 

emission due to the increase in carrier concentration. The full width at half maximum 

(FWHM) of ultraviolet emission peak has an inverse relationship with the film 

crystallinity. In the order of air, N2 and vacuum annealing, the FWHM increases, 

implying film crystallinity decreases. In addition, N2 and vacuum annealed samples 

present stronger intensity of red emission peak than that of air annealed sample. It 

indicates that N2 and vacuum annealing would generate larger amount of oxygen 

vacancy than air annealing. Vacuum annealing also exhibits a weak violet emission 

peak at around 450 nm, which is assigned to a recombination of electrons from 

conduction band with holes trapped at Zn vacancy state [15]. The annealing atmosphere 

also influences the peak intensity of the spectra. Air annealed sample shows much 

stronger peak intensity than that of the other two samples. This reflects the sample was 

oxidized by the oxygen in the air. 

Optimum annealing atmosphere at the first annealing step is N2 because it 

realized the lowest resistivity and the largest Eopt, taking no account of FG. These are 

associated with the creation of large carrier concentration in N2 atmosphere. Ohya et al. 

[13] mentioned that annealing in an inert atmosphere could decrease the resistivity of 

AZO thin film and demonstrated that annealing in N2 at temperature from 500 oC to 

700 oC could effectively decrease the resistivity. The cause of the N2 annealing-induced 

high carrier concentration should be the reduced oxygen partial pressure in doping 

process. According to Kroger-Vink notation [18], the doping process in this work can 

be expressed by the following equation, 

 

'

2 3 2

1
2 2 ( ) 2

2

ZnO

Zn OAl O Al O O g e E                                (2.3) 
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where ∆E is reaction heat. It is well known that this doping process occurs during 

annealing for sol-gel derived semiconducting materials. N2 annealing can decrease the 

oxygen partial pressure and then prompt the equilibrium of reaction to move towards 

right. It contributes to the increase in carrier concentration. The rise in Eopt should be 

caused by Burstein–Moss effect [9]. Fujihara et al. [19] demonstrated that N2 annealing 

at 600 oC could make larger Eopt of sol-gel derived ZMO thin film (Mg/Zn=10 at.%) 

than air annealing. 

FG was also widely recognized as annealing atmosphere that can effectively 

reduce the resistivity of AZO thin film [14, 20]. The ineffective function of FG 

annealing at the first step in this work is probably caused by the high annealing 

temperature. When annealed in FG which contains H2, ZnO can be reduced to Zn as 

illustrated by Eq. (2.4). It is well known that Zn has high vapor pressure. The vapor 

pressure of Zn at 650 oC is about 28 Torr [21]. Then, the gaseous Zn tends to form 

gaseous ZnH2 through a reaction with H2 as shown by Eq. (2.5). Therefore, Zn content 

is greatly reduced after the first annealing in FG, as shown in Table I. After FG 

annealing, the film is almost MgO and the porous structure is formed as shown in Fig. 

3.43 (b). We also found that only the FG annealed sample showed Si 2p peak in XPS 

spectrum. The porous structure enabled the detection of Si 2p signal of the Eagle XG 

substrate underneath the film. This porous MgO film shows very low optical absorption. 

 

'

2 2( ) ( )Zn OZnO H g Zn V e H O g                                   (2.4) 

 

2 2( ) ( ) ( )Zn g H g ZnH g                                          (2.5) 

 

Vacuum annealing could make lower resistivity and larger Eopt
 than annealing 
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in air because it showed larger carrier concentration than air annealing. It is caused by 

the formation of ionized oxygen vacancy in the film due to the oxygen-poor atmosphere 

[5]. The strongest intensity of red emission peak centered at 655 nm in CL spectrum of 

vacuum annealed sample indicates the production of the largest amount of oxygen 

vacancy. However, excessive oxygen vacancy would deteriorate film crystallinity, as 

confirmed by the FWHM widening of ultraviolet emission peak in CL spectrum and 

(002) peak in XRD patterns. The reason why vacuum annealing makes lower carrier 

concentration than N2 annealing is associated with the deficiency of Zn in the film. As 

mentioned above, the vapor pressure of Zn is high. Vacuum atmosphere would enhance 

the evaporation of Zn at high temperature so that Zn content is slightly reduced after 

annealing in vacuum. The Zn 3p1/2 peak intensity in XPS spectrum of vacuum 

annealed sample decreased due to the deficiency of Zn, compared with that of nitrogen 

annealed sample. Relatively, Al and Mg becomes a bit excessive so that carrier 

concentration decreased due to the change in band structure. The unique violet emission 

at around 450 nm in CL spectrum also confirms the presence of Zn vacancy. 

 

(3) Effect of temperature and holding time in N2 atmosphere 

 

In view of the improvement on electrical properties of AZMO by using N2 as 

annealing atmosphere, the effect of annealing temperature in N2 on the electrical 

properties of AZMO thin film was investigated. The samples were firstly annealed in 

N2 for 60 min and secondly annealed in forming gas (97% N2 + 3% H2) for 60 min. The 

temperature of the first annealing was changed from 500oC to 650oC at an interval of 

50 oC, while the temperature of the second annealing was fixed at 500oC. Figure 3.45 

shows the Hall measurement results. With increasing annealing temperature, the 

resistivity decreases gradually, because both of carrier concentration and Hall mobility 
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increases obviously. This is probably caused by the improved film crystallinity. The 

absorption coefficient at 350 nm decreases obviously due to the increased Eopt. The 

increase in Eopt is quite probably caused by the enhanced Burstein-Moss effect due to 

the increased carrier concentration.  
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Fig. 3.45 Effect of annealing temperature on the electrical properties of AZMO thin 

film during the first annealing in N2. The absorption coefficient refers to the value at 

350 nm.  

 

Figure 3.46 shows that the XRD patterns of AZMO thin film measured after the 

first annealing in N2 with different annealing temperature. It can be found that all films 

show wurtzite (002) preferential orientation and the peak intensity of (002) increases 

obviously with increasing temperature, confirming the improvement on film 
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crystallinity.  
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Fig. 3.46 Effect of annealing temperature on the XRD patterns of AZMO thin film 

during the first annealing in N2.  

 

 

Figure 3.47 exhibits the dependence of electrical properties of AZMO thin film 

on the holding time during N2 annealing. The first annealing temperature is fixed at 

650oC and the holding time is changed from 0.5 h to 4 h. With increasing holding time, 

the resistivity decreases slowly, get the minimum value and then increases. The 

minimum value is obtained with holding time of 2 h, because it enabled the largest 

carrier concentration. The Hall mobility increases slightly due to the improved film 

crystallinity. The Eopt shows a same change tendency with time as carrier concentration. 

The absorption coefficient shows an opposite change tendency with time relative to the 

Eopt.  
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Fig. 3.47 Efect of holding time on the electrical properties of AZMO thin film during 

the first annealing in N2. The absorption coefficient refers to the value at 350 nm. The 

samples were firstly annealed in N2 and secondly annealed in forming gas (97% N2 + 

3% H2) at 500 oC for 60 min. 

 

3.3.3.2 Effect of the second step annealing  

Based on the above experiments, it was found that the lowest resistivity of 

AZMO thin film after the first annealing is about 1.1×10-2 Ω∙cm. It is not good enough 

to act as electrode. So the second step annealing was conducted to further improve the 

resistivity. At the second step, films were annealed in N2, vacuum and FG at 500 oC for 
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1 h, respectively. In order to evaluate the effect of the second annealing atmosphere, all 

of these films were firstly annealed in N2. The gas flow rate was fixed at 70 ml/min. 

The pressure in the furnace chamber is about 1.2 ×105 Pa during annealing with 

atmosphere of air, N2 and forming gas. It is less than 10-3 Pa during vacuum annealing. 

 

(1) Effect of annealing atmosphere 
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Fig. 3.48 Effect of the second annealing atmosphere on the electrical properties of 

AZMO thin films firstly annealed in N2. The points at the left are values measured just 

after the first annealing in N2. A piece of glass (Eagle XG, 0.7-mm-thick) was put on 

the top of samples during annealing. The lines are drawn as a guide for the eyes. 

 

The effect of the second annealing atmosphere on the electrical properties of 

AZMO thin film firstly annealed in N2 is shown in Fig. 3.48. Compared with the 

resistivity measured just after the first annealing in N2, the resistivity is decreased after 

the second annealing in FG while it is increased after the second annealing in vacuum. 

The decrease in resistivity after FG annealing is caused by the obvious enhancement of 

Hall mobility and slight increase in carrier concentration. The increase in resistivity 

after vacuum annealing is resulted from the decrease in carrier concentration. The 
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second annealing in N2 seldom affect the electrical properties of sample just firstly 

annealed in N2. A resistivity of 8.4×10-3 Ω∙cm (carrier concentration of 4.0×1019 cm-3 

and a Hall mobility of 18.6 cm2/V∙s) was achieved after the first annealing in N2 and 

the second annealing in FG. 

Figure 3.49 shows the effect of the second annealing atmosphere on absorption 

coefficient and optical bandgap energy of AZMO thin films. In Fig. 3.49 (a), only FG 

annealed sample shows a slight blue-shift of absorption edge relative to that measured 

just after the first annealing in N2. In Fig. 3.49 (b), the Eopt increases in the order of 

vacuum, N2, and FG after the second annealing. Only FG annealed sample shows a bit 

larger Eopt than that measured just after the first annealing in N2. The increase in Eopt is 

caused by the enhanced Burstein-Moss effect due to the slightly increased carrier 

concentration. 
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Fig 3.49 Effect of the second annealing atmosphere on (a) absorption coefficient and 

(b) optical bandgap energy of AZMO thin films.  

 

The effect of the second annealing atmosphere on the XRD patterns of AZMO 

thin films firstly annealed in N2 is presented by Fig. 3.50. It can be found that the second 
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annealing atmosphere seldom affects the (002) preferential orientation of AZMO thin 

film. The second annealing in FG and vacuum slightly decrease the (002) peak intensity 

relative to that measured just after the first annealing in N2. The second annealing in N2 

seldom affects film crystallinity.  
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Fig. 3.50 Effect of the second annealing atmosphere on the XRD patterns of AZMO 

thin films firstly annealed in N2. The samples were annealed with a Glass Cover in the 

second annealing. The pattern marked with “None” was measured just after the first 

annealing in N2.  

 

(2) Effect of H2 concentration in FG and glass cover 

 

 

 

Fig. 3.51 Schematics of FG annealing with GC. 
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Interestingly, putting a glass substrate on the top of samples (Glass Cover: GC) 

plays a very important role in the second FG annealing. The FG annealing cannot 

realize low resistivity films without GC. The schematic of FG annealing with GC is 

shown in the Fig. 3.51. Figure 3.52 shows how GC affects the resistivity and optical 

bandgap of the samples. In Fig. 3.52 (a), it is clearly shown that GC significantly 

contributes to the decrease in resistivity during FG annealing. On the contrary, GC 

slightly increases the resistivity in N2 and vacuum annealing. Figure 3.52 (b) shows the 

Eopt of the samples. It is clear that the second FG annealing increases the Eopt. The XPS 

spectra of AZMO samples after the second annealing is shown in Fig. 3.53. It also 

revealed that the second annealing in FG significantly changed the chemical 

composition of the sample if the GC was not employed. The sample annealed in FG 

without GC showed weaker Zn 3p peak intensity and stronger Mg 2p peak intensity 

than that of the other samples.  
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Fig. 3.52 Effect of Glass Cover in the second annealing on the (a) resistivity and (b) 

Eopt of AZMO thin films firstly annealed in N2. 
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Fig. 3.53 Effect of the second annealing atmosphere on XPS spectra of AZMO thin 

films. The graph presents effective count. 

 

Table 3.8. Chemical composition in the AZMO thin films determined by XPS after the 

first annealing in N2 and the second annealing in different atmosphere. 

 

Atmosphere 

Chemical composition (at. %) 

Al Zn Mg O 

FG with glass cover 0.8 41.8 9.4 48.0 

FG without glass cover 1.0 35.6 13.6 49.8 

N2 with glass cover 0.6 42.2 8.9 48.2 

Vacuum with glass cover 0.6 42.5 8.5 48.5 

 

Table 3.8 summarizes the chemical composition of the samples after the second 
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annealing. Regardless of atmosphere, samples with GC show similar chemical 

composition to that measured just after the first annealing in N2. However, Zn content 

deceases slightly in FG annealing without GC. These reflect that H2 in the FG would 

reduce ZnO during the second annealing without GC. 
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Fig. 3.54 Dependence of the electrical property of AZMO thin film on the H2 

concentration in FG and Glass Cover during the second annealing with FG. 

 

Further experiments were done to clarify the effect of H2 concentration in FG 

and GC on the electrical properties of AZMO thin film during FG annealing. The 

dependence of electrical property of AZMO thin film on the H2 concentration in FG 

and GC is shown in Fig. 3.54. Firstly, an optimum H2 concentration in FG exists for 

decreasing the resistivity of AZMO thin film when the second annealing in FG was 

conducted without GC. In this work, the optimum H2 concentration in FG is 

approximate 1.5%. At low H2 concentration that is less than 1.5%, with increasing H2 

concentration, FG annealing decreased the resistivity by increasing the Hall mobility. 
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At high H2 concentration that is larger than 1.5%, with increasing H2 concentration, FG 

annealing increased the resistivity by decreasing the Hall mobility and carrier 

concentration. Furthermore, GC can further decrease the resistivity of AZMO thin film 

through improving the Hall mobility and carrier concentration simultaneously, during 

FG annealing with any H2 concentration. GC enabled the lowest resistivity of AZMO 

thin film with a H2 concentration of 3% in the FG. 

 

 

 

Fig. 3.55 SEM surface micrographs of AZMO thin films taken after the first annealing 

in N2 and the second annealing in (a) vacuum with Glass Cover, (b) N2 with Glass Cover, 

(c) FG with Glass Cover and (d) FG without Glass Cover. 

 

FG annealing with GC contributed to the improvement of electrical and optical 

properties. H2 in the FG and GC played very important roles in this process. It is very 

important to clarify the functions of H2 and GC during the FG annealing. The H2 in the 

second annealing was thought to have two functions. First, H2 can promotes the oxygen 
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desorption from AZMO thin film through reacting with the absorbed oxygen at the 

grain-boundary. It would decrease the height of potential barrier at the grain-boundary 

[22, 23]. This contributes to the increase in Hall mobility by decreasing the grain-

boundary scattering. Second, H2 can reduce ZnO. This would deteriorate the electrical 

properties of AZMO thin film. In this work, at low H2 concentration that is less than 

1.5%, H2 would preferentially react with the absorbed oxygen at the grain-boundary, 

because the oxygen is absorbed on the surface of ZnO grain. This is the reason why the 

Hall mobility increased with increasing H2 concentration. However, at high H2 

concentration that is larger than 1.5%, the reduction of ZnO with H2 would dominate 

because it has lower activation energy (24 kJ/mol) [24] than that of oxygen desorption 

(96 kJ/mol) [25]. The reduction of Zn content after FG annealing with high H2 

concentration was confirmed in the Table. 3.8.  

The SEM surface images of AZMO thin films taken after the first annealing in 

N2 and the second annealing in different atmospheres is shown in Fig. 3.55. There is 

little change of film morphology among the samples. No porous structure was formed. 

The clear difference was observed only from the sample that annealed in FG without 

GC. The sample annealed in FG without GC shows smaller ZnO grain than the other 

samples. It confirmed that FG annealing with high H2 concentration (3%) decreased 

obviously the size of grains relative to the annealing with other atmosphere. 

The GC used in FG annealing played a very important role in inhibiting the 

reaction between the H2 and ZnO. It significantly reduces the contact area between the 

H2 and ZnO. This prevents the ZnO from being reduced by H2 in FG, especially at high 

H2 concentration. Table 3.8 shows that the Zn content is apparently reduced after FG 

annealing without GC. Thus, GC can improves the electrical properties of AZMO thin 

film during FG annealing with high H2 concentration. In addition, it can also make a 
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more stable temperature field at the interface between the GC and AZMO thin film by 

reducing the influence of gas flow. This probably prompt the process of oxygen 

desorption from ZnO. Consequently, FG annealing with GC shows a better electrical 

property than that without GC, regardless of the H2 concentration. 
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Fig. 3.56 SIMS depth profile of H2 concentration in the AZMO thin film after the 

second annealing with different atmospheres. 

 

FG annealing with GC can also improve the Eopt. This increase in the Eopt is 

associated with the slight increase in carrier concentration. This increase in carrier 

concentration is probably caused by the desorption of negatively charged oxygen 

species [26] or the formation of shallow donors produced by hydrogen incorporation 

[27, 28]. Figure 3.56 shows the SIMS depth profile of H2 concentration in the AZMO 

thin film after the second annealing with different atmospheres. It detected no obvious 

increase in hydrogen concentration in the film after the second annealing in FG, relative 

to the second annealing in other annealing atmospheres. This implies that hydrogen in 

FG just reacts with oxygen in the samples and forms water vapor, resulting in the 

oxygen-desorption from the samples. Further investigation is required to clarify the role 

of hydrogen in the second annealing. 



107 
 

(3) Effect of annealing temperature in the second FG annealing  
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Fig. 3.57 Effect of the second annealing temperature on the XRD patterns. (a) XRD 

patterns and (b) their relevant parameters. 1A and 2A refers to the value obtained after 

the first and second annealing respectively. In these experiments, the first annealing 

temperature was kept constant at 500 oC, while the second annealing temperature was 

changed. 
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Fig. 3.58 Hall measurement results of AZMO films after the first annealing in air and 

the second annealing in FG with GC. The first annealing temperature was fixed at 

500℃, while the second annealing temperature was changed. 
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Fig. 3.57 shows the effect of annealing temperature in the second FG annealing 

on the XRD patterns of AZMO thin film. In Fig. 3.57 (a), it is clear that the position of 

(002) peak shifts towards low angle after second annealing. In Fig. 3.57 (b), the crystal 

plane (002) distance increases obviously after second annealing regardless of the 

temperature. The Zn1-xMgxO grain size increases if the second annealing temperature 

is higher than the first annealing temperature.  

Fig. 3.58 shows the effect of temperature of the second annealing with FG 

atmosphere. With increasing the second annealing temperature, the resistivity decreases, 

and the carrier concentration increases slightly. The mobility shows a litt le change. 

Although low resistivity was obtained at high annealing temperature in the second step, 

it was found that when the temperature is higher than 500 oC the film color changes 

apparently, and the resistance at the edge of sample is very large. It should be related to 

the hydrogen in the FG. As mentioned above, H2 in FG contributes to the decrease in 

resistivity by prompting the oxygen-desorption process at the grain-boundaries. 

Increasing the annealing temperature in FG promotes this oxygen-desorption process. 

However, too high temperature (> 500 oC) can also promote the reduction of ZnO, 

resulting in the high resistance at the edge of GC covered AZMO sample. Consequently, 

the optimum of second annealing temperature is concluded to be about 500℃.  

 

3.4 Summary 

Al doped Zn1-xMgxO thin film with low resistivity and low surface roughness 

was developed by the sol-gel process with two-step annealing. An AZMO thin film 

with ρ=3.9×10-3 Ω∙cm and Eopt= 3.61 eV was achieved with Mg/Zn=10 mol. % and 
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Al/Zn=0.8 mol. % (thickness=681 nm). This enabled sol-gel AZMO thin film to be 

applied as the TCO in solar cells. Increasing Mg content increased the optical bandgap, 

but it decreased the resistivity. Employing ethanol as the solvent or increasing the Zn2+ 

solute concentration changed the surface morphology and increased the surface 

roughness. Al doping contributed to the decrease in resistivity and the increase in 

optical bandgap energy, whereas heavy doping of greater than 0.8 mol % showed 

detrimental effects on the resistivity and film crystallinity. The mobility was dominated 

by grain-boundary scattering. In terms of decreasing the sheet resistance through 

increasing film thickness, increasing the number of coating layer was demonstrated as 

the best way. Two-step annealing proved to be an effective way to improve the electrical 

properties. Annealing atmosphere played an important role in improving the electrical 

and optical properties of AZMO thin film at each step. It was found that the first 

annealing in nitrogen increased carrier concentration, and the second annealing in 

forming gas with a glass cover contributed to the improvement of Hall mobility. An 

optimum H2 concentration in forming gas existed for decreasing the resistivity of 

AZMO thin film when the second annealing in forming gas was conducted without 

glass cover. Increasing the first annealing temperature and/or increasing holding time 

increased Hall mobility through improving film crystallinity.  
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Chapter 4 Fabrication and characterization of 

optically-rough and physically-flat TCO substrates 

4.1 Introduction 

This chapter introduces the fabrication of optically-rough and physically-flat 

TCO substrate through spin-coating sol-gel derived AZMO thin film on glass substrates 

with roughened surface. Techniques of reactive-ion etching (RIE) and room-

temperature nanoimprinting (RTNI) will be used to roughen the surface of glass 

substrates, for making an interface for scattering incident light, that is, a scattering 

interface. Reactive-ion etching proves to be an effective method to etch glass substrate 

for getting a variety of rough surface morphology. RTNI is an emerging method to 

make various high-resolution patterns on glass substrate. The feature size on the 

roughened glass substrate can be controlled by adjusting RIE condition or designing 

RTNI pattern, for enhancing light-scattering. In this chapter, at the beginning, the basics 

of RIE and RTNI as well as their application to roughening glass substrate will be 

introduced. Then, the fabrication and characteristics of AZMO/roughened glass 

substrate will be presented. 

4.2 Basics of reactive-ion etching and room-temperature 

nanoimprinting 

4.2.1 Basics of reactive-ion etching 

Reactive-ion etching (RIE) is a dry etching technique, which was used in 

microfabrication. Figure 4.1 shows the simple mechanism of RIE effect. The main part 
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of a RIE system is parallel-plate reactor. Samples are set on a platter situated in the 

bottom portion of the chamber. The sample platter is electrically isolated from the rest 

of the chamber. Certain gas is used to generate plasma. Gas pressure is usually 

maintained in a range between a few militorr and a few hundred militorr. Plasma is 

produced in the system by applying a strong radio frequency (RF) electromagnetic field 

to the electrode. The field frequency is usually 13.56 Megahertz, which is applied at a 

few hundred watts. This oscillating electric field ionizes the gas molecules, resulting in 

the formation of plasma. The electrons deposited on the platter cause the platter to build 

up charge due to its DC isolation. This charge forms a large negative voltage on the 

platter. At the same time, the plasma itself develops a slightly positive charge due to 

the higher concentration of positive ions compared to free electrons [1]. Because of the 

large voltage difference, the positive ions would move toward the sample platter where 

they collide with the samples to be etched. Figure 4.2 shows the schematic of the main 

processes that occurs during the RIE.    

 

 

 

Fig. 4.1 Schematics of RIE effect 
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Fig. 4.2 Schematics of processes occurring in RIE etching. 

 

The main processes are physical and chemical etching. The physical etching is 

highly anisotropic and it has a very low selectivity. During physical etching, the layer 

molecules are stripped away by the impact of ions on the substrate. On the contrary, the 

chemical etching is very isotropic and very selective. The ions react chemically with 

the materials on the surface of the samples. RIE can produce very anisotropic etch 

profiles due to the mostly vertical delivery of reactive ions. Etching conditions in an 

RIE system depend strongly on the many process parameters, such as pressure, gas 

flows, and RF power. RIE is a relatively complicated process. Characteristics such 

selectivity, anisotropy, and etch rate are influenced by a lot of parameters such as gas 

species, pressure, dc bias substrate materials and so on. 

Recently, much efforts were made to etch glass substrate for the fabrication of 
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electrophoresis capillary chips [2], diffractive optical elements [3], gratings [4] and 

waveguides [5], for fabricating nanometer-scale features in the pattern. In these fields, 

RIE is a preferred etching process, because it can make a good selectivity, anisotropy, 

ultimate resolution even in a few tens angstroms and exact control on the pattern’s 

profile. One may find great interests from this to make a controllable morphology on 

the surface of glass substrate. The ingredient of glass substrate is main SiO2 and other 

metal oxides. Strainbrüchel et al. [6] concluded that in SiO2 etching by CF4 plasma, 

ions are the chief reactants, and the etching mechanism is shown as following,    
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where Y is the etch yields in atoms per ion. Furthermore, the addition of the gas of Ar, 

O2, or N2 can significantly suppress polymerization on grounded surfaces. 

Consequently, the chemically non-etchable components would stay on the surface of 

glass substrate and act as the feature on the roughened substrate. As a result, the rough 

surface morphology is formed. 

Shen et al. [4] reported the characterization of RIE of soda-lime glass under 

various conditions of CHF3/Ar, CF4/O2, and CF4/Ar gas mixtures and their applications 
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in integrated optics. In most cases, the etch rate of soda-lime glass is relatively low, 

about 60 Å/min. Leech et al. [7] investigated the RIE of quartz and silica-based glass 

in CF4/CHF3 plasma for application to grating patterns. It was found that the etching 

rate reduced strongly with an increasing percentage of non-volatile elements in the 

composition of the glass. It was also found that the etching rate was dependent on the 

square root of bias voltage and on the CHF3/CF4 ratio, for quartz, suprasil 2 and herasil 

2. Li et al. [8] reported the deep RIE of Pyres glass in sulfur hexafluoride plasma. It 

was found that physical sputter-etching helps to remove nonvolatile etch products 

during the etching, and a novel etching technique “scoop-out etching” was proposed. 

Hongsingtong et al. [9] and Wada et al. [10] studied the RIE of Corning 7059 glass 

substrate in carbon tetrafluoride plasma and its application to fabrication of double 

textured TCO substrate. This ZnO/etched 7059 glass substrate showed larger haze ratio 

than single textured ZnO: B substrate.   

4.2.2 Basics of nanoimprinting lithography 

Nanoimprint lithography (NIL) is a technique that can produce nanometer scale 

patterns. It is a simple nanolithography process that shows low cost, high throughput 

and high resolution. It has enabled 25 nm feature size, 70 nm pitch, vertical and smooth 

sidewalls, and nearly 90oC corners [11]. It can pattern sub-25 nm structures over a large 

area. Some studies indicate that the ultimate resolution of NIL could be sub-10 nm. The 

principle of nanoimprinting is very simple. It creates patterns by mechanical 

deformation of imprint resist and subsequent processes. The usual NIL process includes 

three basic steps. The first step is the imprinting step that uses a mold to create a 

thickness contrast in a resist on a substrate. The second step is the pattern transfer. The 

third step is demolding [11].   
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The important elements required for NIL are a mold with predefined surface 

nanostructures, and a suitable resist material that can be deformed and hardened to 

preserve the shape of the impression [12]. The molds or stamps are normally made in 

silicon, dielectric materials such as silicon dioxide or silicon nitride, metals such as 

nickel, or polymeric materials that have a sufficient Young modulus. 

Polydimethylsiloxane (PDMS) is commonly used as a stamp resin in the procedure of 

NIL process. The widely used resist material is polymethylmethacrylate (PMMA). 

Battaglia et al [13, 14] took the lead in applying ultraviolet nanoimprint 

lithography to enhance the light harvesting in thin-film silicon solar cells. By replicating 

the morphology of state-of-the-art nanotextured znic oxide front electrodes, excellent 

light incoupling was achieved and it results in a remarkable summed short-circuit 

current density of 25.9 mA/cm2 for amorphous top cell and microcrystalline bottom cell 

of only 250 and 1100 nm, respectively.  

Room-temperature nanoimprinting (RTNI) lithography technology has been 

developed to overcome critical dimensions and pattern critical dimensions and pattern 

placement error due to thermal expansion in the conventional nanoimprint lithography 

process. Igaku and Matsui et al [15, 16] proposed a RTNI technique using hydrogen 

silsequioxane (HSQ) instead of PMMA used in conventional NIL, and demonstrated 

HSQ replicated patterns with 90 nm hole diameter and 50 nm linewidth realized by 

room temperature replications. Therefore, this RTNI technique would blaze a way in 

making a scattering interface for OR-PF type substrate, because it enables a variety of 

high-resolution patterning on glass substrate. These patterns with periodic feature size 

can be regarded as diffraction grating, which can splits and diffracts light into several 

beams travelling in different directions. 
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4.3 Roughening surface of glass substrate 

4.3.1 Etching glass substrate by RIE   

 

 

 

Fig 4.3 Schematics of the reactive-ion etching system (SAMCO RIE-10NR) used in 

this work. In the figure, MFC is mass flow controllers and APC is automatic pressure 

controller.  

 

Firstly, etching glass substrate would be conducted with a RIE system (SAMCO 

RIE-10NR). SAMCO RIE-10NR is a high precision reactive ion etching system which 

can anisotropically etch a wide variety of semiconductor, insulating, and other materials.  

Figure 4.3 shows the schematics of cross section of the RIE system. Gas enters through 

small inlets in the top of the chamber, and exits to the vacuum pump system through 

the bottom. A mixture gas of 96% carbon tetrafluoride (CF4) and 4% oxygen was used. 

It has touch screen interface. The operation can be done automatically with manual 

option. The radio frequency (RF) power can be tuned continuously from 0 to 300 W. 
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The field frequency is 13.56 MHz. The gap between electrodes is fixed at 55 mm. The 

upper electrode (anode) is made up of an aluminum plate with a diameter of 240 mm. 

The lower electrode (cathode) is an aluminum plate (240 mm diameter) with ground 

shield and anti-sputter quartz cover. The chamber is evacuated by a set of compound 

turbo molecular pump (TMP) and rotary pump (RP). The chamber pressure is measured 

by a full range gauge (FRG) (Purabu/Cold-cathode) and a diaphragm gauge (DG) 

(Capacitance manometer).The diaphragm gauge is linked to a control gate value, 

monitoring a deposition pressure. 

The influence of etching time, RF power and pressure on the optical properties 

and surface morphology of glass substrates will be investigated. Two kinds of 

commercial glass substrates (Corning eagle XG and Corning 7059) are used to do RIE 

treatment. 

 

4.3.2 Wet etching treatment  

The shape of feature formed on the surface of RIE etched glass is too sharp to 

be used for TCO coating. Therefore, extra treatment must be done to reduce the 

sharpness of the feature shape after RIE etching. In this work, wet etching treatment is 

conducted with HCl and HF diluent after RIE etching in this work, for making a suitable 

surface for the subsequent TCO coating. The detailed experimental procedures of wet 

etching treatment is shown in Fig. 4.4. Firstly, the substrate is immersed into a 10% 

diluted HCl solution for 2 h. Then, the substrate is cleaned by ultrapure water for six 

times. After that, the substrate is immersed into 5% diluted HF solution for 40s with a 

slow stir. Then, the substrate is rinsed by ultrapure water. Finally, the substrate is put 

into a drying oven for drying. The purpose of HCl treatment is to remove the polymer 

formed on the surface of glass substrate, while the purpose of HF treatment is to reduce 
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the feature sharpness of RIE etched glass substrate.  

 

 

Fig. 4.4 Flow chart of wet etching treatment 

 

4.3.3 Patterning glass substrate with room-temperature 

nanoimprinting  

Table 4.1 Dimension of feature size on the patterns of cone, hole, and pillar. 

pattern period (μm) height or depth (μm) diameter (μm) 

cone a 4 1.3 4 

cone b 2 1.3 2 

hole a 2.2 1 2 

hole b 1.7 1 1.5 

pillar a 2.5 2 0.5 

pillar b 2 2 0.5 
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Fig. 4.5 Schematics of the room-temperature nanoimprinting process (a) imprinting (b) 

pressing (c) demolding.  

 

Room-temperature nanoimprinting technique was used to form various patterns 

on glass substrate. Figure 4.5 shows the schematic of the process. Firstly, a liquid-phase 

hydrogen silsesquioxane (HSQ) solution (OCNL 103 T-2, 13000, Tokyo Ohka Kogyo 

Co., Ltd.) was spin-coated onto a flat glass substrate (0.7 mm thick, Corning Eagle XG). 

After post coating delay of 15-55 min, PDMS molds (X-32-3095, Shin-Etsu Chemical 

Co., Ltd.) holding different patterns were pressed onto the HSQ coated glass substrate. 

Four types of patterns were transferred on the glass substrate: random pyramid, periodic 

cone array, periodic hole array and periodic pillar array. The pattern of random pyramid 

was replicated from the surface morphology of undoped ZnO thin film deposited by 

metalorganic chemical vapor deposition. The detailed information about the dimension 

of feature size on the patterns of cone, hole, and pillar is listed in Table 4.1. The period 

(P) feature size on the substrate was changed. During the HSQ curing, a 4.3 kPa 

imprinting pressure was maintained for 5 min at room temperature. Then, demolding 

was done and pattern was replicated on the substrate. After baking on a hot plate at 80, 

150, 200oC in each 1 min, the patterned substrates were annealed with N2 atmosphere 

at 650 oC in 30 min for hardening pattern. 
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4.4 Characteristics of roughened glass substrates 

4.4.1 Characteristics of RIE etched corning eagle XG glass substrate 

In this section, the commercial Corning Eagle XG (abbreviated as XG) glass 

substrate is used for RIE etching. XG glass is a borosilicate glass, which is designed for 

high performance LCD. It is environmentally friendly, because it contains no heavy 

metals (arsenic, antimony, barium, or halides). The glass shows high surface quality, 

excellent thermal properties, low density, and high resistance to chemicals. Table 4.2 

shows the properties of XG glass. It can be found that the advantage of XG glass 

substrate is the high strain point of 669 oC, indicating that it can endure high temperature 

annealing. 

 

Table 4.2 Properties of Corning Eagle XG glass substrate [17] 

 

Chemical composition 
55.0% SiO2, 7.0% B2O3, 10.4% Al2O3, 

21.0% CaO, and 1.0% Na2O 

Density (g/cm3) at 20oC 2.38 

Strain point (oC) 669 

Annealing point (oC) 722 

Softening point (oC) 971 

Hardness 640 (vickers hardness) 

Volume resistivity 12.9 (Ω∙cm) (250oC) 

Transmittance (thickness 0.7 mm) > 90% (380-2200 nm) 

Refractive index 
1.5119 (546.1 nm) 

1.5078 (643.8 nm) 
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4.4.1.1 Effect of etching time    

The effect of etching time on the surface morphology of etched glass substrate 

is investigated. The experimental condition is shown in Table 4.3. The etching time is 

changed from 5 min to 20 min. Figure 4.6 shows the SEM surface morphology of etched 

XG glass substrate with different etching time. It can be found that crater-like surface 

morphology is formed. The diameter of crater increases gradually with increasing 

etching time. However, the uniformity of crater size gets bad when the etching time is 

less than 10 min. 

 

Fig 4.6 Surface morphology of etched XG glass substrate with etching time of (a) 5 min 

(b) 10 min (c) 15 min and (d) 20 min (e) Schematic of the cross section of etched XG 

glass substrate.  
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Table 4.3 Experimental condition of glass substrate etching  

with different etching time. 

 

Pressure (Pa) 7 

Gas CF4 (96%)+O2 (4%) 

Flow rate (sccm) 15 

Power (W) 200 

Etching time (min) 5, 10, 15 or 20 
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Fig. 4.7 Transmittance and haze of RIE etched XG glass substrate with different etching 

time. 

 

Figure 4.7 shows the transmittance and haze ratio at λ=500 nm of glass substrate 

etched with different etching time. The haze ratio increases greatly with increasing 

etching time. At the same time, all substrates show high transmittance of over 87 %. 
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4.4.1.2 Effect of RF power of plasma generation 

 

Table 4.4 Experimental condition of glass substrate etching with  

different RF power of plasma generation. 

 

Pressure (Pa) 7 

Gas CF4 (96%)+O2 (4%) 

Flow rate (sccm) 15 

Power (W) 100, 150, 200, 250 

Etching time (min) 10 

 

 

Fig 4.8 Surface morphology of XG glass substrate etched with RF power of (a) 100 W 

(b) 150 W (c) 200 W and (d) 250 W. 
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Fig. 4.9 Transmittance and haze of XG glass substrate etched with different RF power. 

 

The effect of RF power of plasma generation on the surface morphology of 

etched glass substrate is investigated. The experimental condition is shown in Table 4.4. 

The RF power is changed from 100 W to 250 W. Figure 4.8 shows the SEM surface 

morphology of etched XG glass substrate with different RF power. All samples show 

crater-like surface morphology. The diameter of crater also increases gradually with 

increasing RF power. The uniformity of crater size gets bad when the RF power is 150 

W. Figure 4.9 shows the transmittance and haze ratio at λ=500 nm of glass substrate 

etched with different RF power. The haze ratio increases greatly with increasing RF 

power. However, the haze ratio increase slowly when the RF power is larger than 200 

W. All substrates show high transmittance of over 87 %.  
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4.4.1.3 Effect of pressure 

 

Table 4.5 Experimental condition of glass substrate etching  

with different pressure 

 

Pressure (Pa) 4, 7, 10 or 15 

Gas CF4 (96%)+O2 (4%) 

Flow rate (sccm) 15 

Power (W) 200 

Etching time (min) 10 

 

 

Fig 4.10 Surface morphology of XG glass substrate etched with pressure of (a) 4 Pa (b) 

7 Pa (c) 10 Pa and (d) 15 Pa 
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Fig. 4.11 Transmittance and haze of XG glass substrate etched with different pressure.  

 

The effect of pressure on the surface morphology of etched glass substrate is 

investigated. The experimental condition is shown in Table 4.5. The pressure is changed 

from 4 Pa to 15 Pa. Figure 4.10 shows the SEM surface morphology of etched corning 

XG glass substrate with different pressure. All samples show crater-like surface 

morphology. With increasing pressure from 4 Pa to 7 Pa, the diameter of crater 

increases. However, the diameter of crater will decrease when the pressure is increased 

from 7 Pa to 15 Pa. In addition, the uniformity of crater size gets bad when the pressure 

is 10 Pa. Figure 4.11 shows the transmittance and haze ratio at λ=500 nm of etched 

glass substrate. The change of haze ratio with pressure shows a same tendency as that 

of crater diameter. The maximum haze ratio is obtained with the pressure of 7 Pa. All 

substrates show high transmittance of over 87 %.  
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4.4.1.4 Effect of wet etching treatment 
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Fig. 4.12 Effect of wet etching treatment on the transmittance of RIE etched XG glass 

substrate. 

 

 

The effect of wet etching treatment on the properties of RIE etched glass 

substrate is investigated. Table 4.6 exhibits the experimental condition before wet 

etching treatment. Figure 4.12 shows the effect of wet etching treatment on the 

transmittance of RIE etched XG glass substrate. It can be found that wet etching 

treatment would decrease the transmittance. This phenomenon gets more obvious when 

the RIE etching time increases. In the case of glass substrate etched with 40 min, the 

transmittance decreases by 6.3% after HCl treatment and decreases by 2.0% after HF 

etching.  
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Table 4.6 Experimental condition of glass substrate etching  

before wet etching treatment  

 

Glass XG 

Pressure (Pa) 7 

Gas CF4 (96%)+O2 (4%) 

Flow rate (sccm) 15 

Power (W) 200 

Etching time (min) 10, 20 or 40 

 

Figure 4.13 shows the effect of wet etching treatment on the haze ratio of RIE 

etched glass substrate. The wet etching would increase the haze ratio a little when the 

glass substrate is etched with 10 and 40 min. In the case of glass substrate etched with 

20 min, the haze ratio increases by 24.6% after HCl treatment and increases by 9.0 % 

after HF etching.  
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Fig. 4.13 Effect of wet etching treatment on the haze ratio of RIE etched XG glass 

substrate. 
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Fig. 4.14 DFM surface morphology micrograph of XG glass taken after RIE etching 

(RIE etching time (a) 10 min, (b) 20 min and (c) 40 min );taken after HCl treatment 

(RIE etching time (d) 10 min, (e) 20 min and (f) 40 min ); taken after HF etching (RIE 

etching time (g) 10 min, (h) 20 min and (i) 40 min ). The figure in each graph refers to 

the root-mean-square roughness. 

 

  

The effect of wet etching treatment on the surface morphology micrograph of 

XG glass is shown in Fig. 4.14. It can be found that wet etching treatment decreased 

the surface roughness when the RIE etching time is 10 min, while it increased the 

surface roughness greatly when the RIE etching time is larger than 10 min. The gap in 

the surface roughness among the glass etched with different time is small before wet 

etching treatment. However, the gap gets very big after the wet etching treatment and 

the surface roughness increases obviously with increasing RIE etching time.  
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4.4.2 Characteristics of RIE etched corning 7059 glass substrate 

 

Table 4.7 Properties of Corning 7059 glass substrate [18] 

 

Chemical composition 
50.2% SiO2, 25.1% BaO, 13.0% B2O3, 

10.7% Al2O3 and 0.4% As2O5 

Density (g/cm3) at 20oC 2.76 

Strain point (oC) 593 

Annealing point (oC) 639 

Softening point (oC) 844 

Hardness ~7 (scratch hardness) 

Volume resistivity 12.9 (Ω∙cm) (250oC) 

Transmittance (thickness 0.7 mm) > 90% (380-2200 nm) 

Reflective index 
1.5119 (546.1 nm) 

1.5078 (643.8 nm) 

 

In this section, the commercial Corning 7059 (abbreviated as 7059) glass 

substrate is used for RIE etching. 7059 glass is a low alkali technical sheet barium-

borosilicate glass with good thermal shock resistance. This glass was originally 

developed for thin-film circuits of electronics industry, which require an extremely 

smooth substrate with special electrical properties. Further, the glass has a low level of 

alkali which is below 0.3%. This is very important for many electronic applications 

since alkali ions are known to be detrimental to performance and reliability of thin-film 

devices. Table 4.7 shows the properties of 7059 glass. It can be found that the hardness 

of 7059 glass is very small, compared to that of XG glass. 

 



134 
 

 

Table 4.8 Experimental condition of 7059 glass with changing etching time 

and pressure 

 

Pressure (Pa) 4, 7 or 15 

Gas CF4 (96%)+O2 (4%) 

Flow rate (sccm) 15 

Power (W) 200 

Etching time (min) 10, 20 or 40 
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Fig. 4.15 Transmittance at λ=500 nm of 7059 glass etched with different time and 

pressure. 
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The effect of etching time and pressure on the surface morphology of etched 

glass substrate is investigated. The experimental condition is shown in Table 4.8. The 

etching time is changed from 10 min to 40 min, while the pressure is changed from 4 

Pa to 15 Pa. Figure 4.15 shows the transmittance at λ=500 nm of 7059 glass etched with 

different time and pressure. All etched glass shows high transmittance of over 92%. 

When the pressure is 4 or 7 Pa, the transmittance increases gradually with increasing 

time. When the pressure is 15 Pa, the transmittance decreases gradually with increasing 

time. In addition, with the same etching time, the pressure seldom influences the 

transmittance. 
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Fig. 4.16 Haze ratio at λ=500 nm of 7059 glass etched with different time and pressure. 
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Fig. 4.17 SEM surface micrographs of 7059 glass etched with (a) 5 min (b) 10 min (c) 

15 min and (d) 20 min (RF power is 250 W). 

 

The effect of etching time and pressure on the haze ratio of 7059 glass is shown 

in Fig. 4.16. The haze increases greatly with increasing time when the pressure is 4 and 

7 Pa, while it changes little with time when the pressure is 15 Pa. With the same etching 

time, haze ratio increases obviously with increasing pressure. Figure 4.17 shows the 

SEM surface micrographs of 7059 glass etched with different etching time. It can be 

found that all of the etched glasses show crater-like surface morphology. The diameter 

of crater increases with the etching time.  

 

 



137 
 

4.4.3 Characteristics of nanoimprinting patterned glass substrate 

 

 

 

Fig. 4.18 Surface SEM micrographs of glass substrates imprinted with patterns of (a) 

pyramid (b) cone (P=2 m) (c) hole (P=1.7 m) and (d) pillar (P=2 m).   

 

 

Fig. 4.19 SEM micrographs of glass substrates imprinted with patterns of (a) cone (P=2 

m) (b) hole (P=1.7 m) and (c) pillar (P=2 m) taken at a tilt angle of 15 degree.  

 

 

Figure 4.18 shows the surface SEM micrographs of glass substrates imprinted 

with different patterns. Figure 4.19 shows the SEM micrographs of glass substrates 
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imprinted with different patterns taken at a tilt angle of 15 degree. It can be found that 

all of imprinting patterns are very regular and uniform. The dimensions of feature size 

on the substrates is almost identical with theses on the corresponding master mold.  
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Fig. 4.20 Transmittance of imprinted glass substrate with different patterns.   
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Fig. 4.21 Haze ratios of imprinted glass substrate with different patterns. 
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Figure 4.20 shows the transmittance of the imprinting patterned glass substrates. 

All of these substrates show high transmittance of over 90 %. Figure 4.21 shows the 

haze ratio of the imprinting patterned glass substrates. It can be found that all imprinting 

patterned substrates show large haze ratio. Substrates with cone pattern show an 

average haze ratio of about 16% at wavelength of 700-900 nm. Substrates with hole 

pattern show high haze ratio at broad wavelength region. Substrates with pillar pattern 

show low haze ratio at short wavelength, but they show large haze ratio at wavelength 

of larger than 500 nm. At wavelength of 700-850 nm, substrate with pillar (P=2 m) 

shows the highest ratio with average values of over 40%. For substrates with cone 

pattern, with decreasing the period of feature size, the haze ratio increases at wavelength 

of 300-500 nm, while it decreases at wavelength of 700-900 nm. For substrates with 

hole and pillar patterns, the haze ratio increases with decreasing the period of feature 

size.  

 

4.5 Characteristics of sol-gel AZMO/roughened glass substrate 

 

In this section, we are going to coat sol-gel AZMO thin film on etched or 

patterned glass substrate. The electrical, optical and structural characteristics of the 

AZMO/etched or patterned glass substrate will be introduced. Optimum sol-gel process 

and moderate condition of etching or imprinting glass substrate was investigated for 

fabricating optically-rough and physically-flat TCO substrate.   

4.5.1 Characteristics of sol-gel AZMO/RIE etched XG glass substrate 

AZMO sol-gel precursor with three different solvent (2-Methoxyethanol (2-M), 
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ethanol (EtOH) and mixed liquor of 2-M and EtOH (50% 2-M + 50% EtOH) ) was used 

to conduct spin-coating. The RIE etched XG glass is used as substrate. The 

characteristics of these AZMO/etched glass substrate would be introduced in order.  

4.5.1.1 AZMO sol-gel precursor with EtOH as solvent  

Firstly, EtOH was used as the solvent of sol-gel precursor. The XG glass 

substrate is etched with the condition used in section 4.4.1.1. Table 4.9 shows the details 

of sol-gel process. Fig. 4.22 exhibits the SEM surface micrographs of AZMO/ XG glass 

etched with different etching time. It can be found that wrinkle-like surface morphology 

is formed. The AZMO thin film gets discontinuous when coated on the XG glass 

substrate etched with time of larger than 10 min.   

 

 

Table 4.9 Sol-gel process (I) 

Mg/Zn ratio 0.10 

Solvent EtOH 

Concentration 0.5 M 

Coating times 16 

1st annealing 650
o
C N

2
1h 

2nd annealing 650
o
C FG 5min 

Film thickness 681 nm 
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Fig. 4.22 SEM surface micrographs of AZMO (EtOH)/ XG glass etched with etching 

time of (a) 5 min (b) 10 min (c)15 min and (d) 20 min. 

 

 

Fig. 4.23 SEM cross sectional micrographs of AZMO (EtOH)/XG glass etched with 

etching time of (a) 5 min (b) 10 min (c)15 min and (d) 20 min.  
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Figure 4.23 shows the SEM cross sectional micrographs AZMO (EtOH)/ XG 

glass etched with different etching time. It can be found that AZMO thin films adhere 

to the etched glass substrate well, but the surface is rough. The surface roughness 

increases obviously with increasing the roughness of etched glass substrate.   

The optical, electrical and surficial properties of AZMO (EtOH)/etched XG 

glass is shown in Fig. 4.24. The haze ratio and surface roughness increases almost 

linearly with increasing etching time of XG glass substrate. All the substrates show 

high transmittance of over 85% at wavelength of 500 nm. In addition, all the substrates 

show sheet resistance of about 70 Ω/sq, regardless of the etching time of glass substrate.  
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Fig. 4.24 (a) Haze ratio at λ=500 nm (b) transmittance at λ=500 nm (c) sheet resistance 
and (d) surface roughness of AZMO (EtOH)/XG glass etched with different etching 
time. The σrms refers to root-mean-square roughness.  



143 
 

4.5.1.2 AZMO sol-gel precursor with 2-Methoxyethanol as solvent  

2-Methoxyethanol (2-M) was used as the solvent of sol-gel precursor. The XG 

glass substrate is etched with the condition used in section 4.4.1.1 except the RF power 

of plasma generation. The RF power of plasma generation is changed from 200 W to 

250 W for making better uniformity. Table 4.10 shows the details of sol-gel process. 

Figure 4.25 exhibits the SEM surface micrographs of AZMO (2-M)/XG glass etched 

with different etching time. All AZMO thin films show more smooth surface 

morphology than that with EtOH as the solvent. However, the films still get 

discontinuous when coated on the etched glass substrate. Holes or channels appeared 

on the surface of AZMO/etched XG glass and their amounts gradually decreases with 

increasing the etching time of glass substrate.  

 

Table 4.10 Sol-gel process (II)  

Mg/Zn ratio 0.10 

Solvent 2-M 

Concentration 0.75 M 

Coating times 20 

1st annealing 650
o
C N

2
1h 

2nd annealing 650
o
C FG 5min 

Film thickness 680 nm 
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Fig. 4.25 SEM surface micrographs of AZMO (2-M)/ XG glass etched with etching 

time of (a) 0 min (b) 10 min (c)15 min and (d) 20 min. 

 

 

Fig. 4.26 SEM cross sectional micrographs of AZMO (2-M)/ XG glass etched with 

etching time of (a) 0 min (b) 10 min (c)15 min and (d) 20 min. 
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The SEM cross sectional micrographs of AZMO (2-M)/ XG glass etched with 

different etching time is shown in Fig. 4.26. All substrates show flatter surface than the 

AZMO (EtOH)/ etched XG glass. Furthermore, the vertical feature size of etched glass 

increases obviously with increasing etching time. As a result, the AZMO thin film 

cannot adhere well to the etched substrate with high roughness. In Fig. 4.26 (d), some 

holes appeared at the interface between the AZMO thin film and etched glass substrate.  
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Fig. 4.27 (a) Haze ratio at λ=500 nm (b) transmittance at 500 nm (c) sheet resistance 

and (d) surface roughness of AZMO (EtOH)/XG glass etched with different etching 

time. The σrms refers to root-mean-square roughness.  

 

The optical, electrical and surficial properties of AZMO (2-M)/etched XG glass 

is shown in Fig. 4.27. The haze ratio and surface roughness increases gradually with 

increasing etching time of XG glass substrate. However, the haze ratio get smaller than 
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that AZMO (EtOH)/etched XG glass with the same etching time. All the substrates 

show high transmittance of over 88% at wavelength of 500 nm. In addition, all the 

substrates show sheet resistance of about 60 Ω/sq, regardless of the etching time of 

glass substrate. 

4.5.1.3 AZMO sol-gel precursor with 2-M and EtOH as solvent  

 

Table 4.11 Sol-gel process (III)  

Mg/Zn ratio 0.10 

Solvent 50% 2-M + 50% EtOH 

Concentration 0.75 M 

Coating times 20 

1st annealing 650
o
C N

2
1h 

2nd annealing 650
o
C FG 5min 

Film thickness 1134 nm 

 

The mixture of 2-M and EtOH (50% 2-M + 50% EtOH) was used as the solvent 

of sol-gel precursor. The XG glass substrate is etched with the condition used in section 

4.4.1.1 except the RF power of plasma generation. The RF power of plasma generation 

is changed from 200 W to 250 W for making better uniformity. Table 4.11 shows the 

details of sol-gel process. Fig. 4.28 exhibits the SEM surface micrographs of AZMO 

(2-M + EtOH)/XG glass etched with different etching time. The AZMO thin film coated 

on the XG glass etched with 10 min shows wrinkle-like surface morphology. The 

surface of AZMO thin film coated on the XG glass etched with 15 or 20 min gets 
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smooth, but it is not as smooth as that with solvent of 2-M coated on the glass etched 

with the same time. The films still get discontinuous when coated on the etched glass 

substrate. Holes or channels also appeared on the surface of AZMO/etched XG glass 

and their amounts gradually decreases with increasing the etching time of glass 

substrate. 

 

 

 
Fig. 4.28 SEM surface micrographs of AZMO (2-M + EtOH)/XG glass etched with 

different etching time (a) 0 min (b) 10 min (c)15 min and (d) 20 min.  

 

The SEM cross sectional micrographs of AZMO (2-M + EtOH)/ XG glass 

etched with different etching time is shown in Fig. 4.29. All substrates show flatter 

surface than the AZMO (EtOH)/ etched XG glass, but their surface is not so flat as that 

of AZMO (2-M)/ etched XG glass. AZMO thin film adhere well to the etched substrate, 

compared to AZMO (EtOH)/ etched XG glass. 
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Fig. 4.29 SEM cross sectional micrographs of AZMO (2-M + EtOH)/XG glass etched 

with different etching time (a) 0 min (b) 10 min (c)15 min and (d) 20 min. 
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4.5.2 Characteristics of sol-gel AZMO/RIE etched 7059 glass substrate 

 

AZMO sol-gel precursor with 2-M as the solvent was used to conduct spin-

coating, because it can make the most smooth surface on the etched glass substrate. The 

RIE etched 7059 glass is used as substrate. The characteristics of AZMO/etched 7059 

glass substrate will be introduced.  

 

 

Fig. 4.30 SEM surface micrographs of AZMO / 7059 etched with (a) 7 Pa 10 min (b) 

15 Pa 10 min (c) 7 Pa 20 min (d) 15 Pa 20 min (e) 7 Pa 40 min and (f) 15 Pa 40 min. 
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Fig. 4.31 SEM cross sectional micrographs of AZMO / 7059 etched with (a) 7 Pa 10 

min (b) 15 Pa 10 min (c) 7 Pa 20 min (d) 15 Pa 20 min (e) 7 Pa 40 min and (f) 15 Pa 40 

min. 

The 7059 glass substrate is etched with the condition used in section 4.4.2. (the 

pressure is 7 Pa or 15 Pa). The coating of AZMO thin film is conducted with the 

condition shown in Table 4.10. Figure 4.30 shows the SEM surface micrographs of 

AZMO/7059 glass etched with different etching time and pressure. Continuous films 

are formed on all substrates, regardless of the etching time and pressure. When the 

pressure is 7 Pa, the surface tends to get smooth with increasing the etching time of 
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glass substrate. When the pressure is 15 Pa, with increasing the etching time of glass 

substrate, the surface roughness of substrate gets large. With the same etching time, 15 

Pa would make a rougher surface roughness of substrate than 7 Pa.   

The cross sectional SEM micrographs of AZMO/7059 glass etched with 

different etching time and pressure are shown in Fig. 4.31. It is more obvious that 

pressure of 7 Pa would make a flatter surface than that of 15 Pa if the etching time of 

glass substrate is same. In the case of 15 Pa pressure, the vertical feature increases 

apparently with increasing the etching time of glass substrate.  
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Fig. 4.32 Haze ratio at λ=500 nm, surface roughness and sheet resistance of AZMO/ 

7059 glass etched with different etching time and pressure 



152 
 

400 600 800 1000 1200 1400
0

20

40

60

80

100

 AZMO/flat glass

 AZMO/etched glass 7Pa 10m

 AZMO/etched glass 7Pa 20m

 AZMO/etched glass 7Pa 40m

 AZMO/etched glass 15Pa 10m

 AZMO/etched glass 15Pa 20m

 AZMO/etched glass 15Pa 40m

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavelength (nm)
 

Fig. 4.33 Transmittance of AZMO/7059 glass etched with different etching time and 

pressure. 
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Fig. 4.34 Haze ratio of AZMO/ 7059 glass etched with different etching time and 

pressure. 

 

Figure 4.32 shows the haze ratio at λ=500 nm, surface roughness and sheet 

resistance of AZMO/7059 glass etched with different etching time and pressure. With 

the same etching time, the AZMO/7059 glass etched with the pressure of 15 Pa makes 
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a larger haze ratio and surface roughness than that with pressure of 7 Pa. In the case of 

AZMO/7059 glass etched with the pressure of 15 Pa, the haze ratio and surface 

roughness increases gradually with increasing etching time of glass substrate. However, 

in the case of AZMO/7059 glass etched with the pressure of 7 Pa, the haze ratio and 

surface roughness get the maximum at etching time of 10 min and then decreases 

gradually with increasing etching time of glass substrate.  

Figure 4.33 shows the transmittance of AZMO/etched glass substrate. All 

substrate shows high transmittance of over 85% at wavelength region from 380 nm to 

1500 nm. The haze ratio at wavelength region from 350 nm to 800 nm is shown in Fig. 

4.34. It clearly shows that the haze ratio of AZMO/etched 7059 glass increases 

apparently with increasing RIE pressure or etching time.    
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4.5.3 Characteristics of sol-gel AZMO/imprinting patterned glass 

substrate 

At the beginning, AZO sol-gel precursor with 2-M as the solvent was used to 

conduct spin-coating. The glass substrate is imprinting patterned with the condition 

used in section 4.4.3. The coating of AZO thin film is conducted with the condition 

shown in Table 4.10 except the Mg addition.  

 

 

 

Fig. 4.35 Surface SEM micrographs of AZO/substrate imprinted with patterns of (a) 

pyramid (b) cone (c) hole, and (d) pillar. 

 

 

Figure 4.35 shows the surface SEM micrograph of AZO/substrate imprinted 

with different patterns. It can be found that only the AZO/substrate imprinted with 

pyramid pattern shows flat surface. The AZO/substrate imprinted with cone pattern 

shows almost flat substrate.  
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Fig. 4.36 SEM micrographs of AZO/substrate imprinted with patterns of (a) cone (P=2 

m) (b) hole (P=1.7 m), and (c) pillar (P=2 m) taken at a tilt angle of 15 degree. 

 

 

 

Fig. 4.37 Cross sectional SEM micrographs of AZO/substrate imprinted with patterns 

of (a) pyramid (b) cone (P=2 m) (c) hole (P=1.7 m), and (d) pillar (P=2 m). 

 

Figure 4.36 shows the SEM micrographs of AZO/substrate imprinted with 

different patterns taken at a tilt angle. It can be clearly observed that the surface of these 

substrate is almost flat, and the surface morphology follows the morphology of 

imprinting patterned substrates as shown in Fig. 4.19. The cross sectional SEM 

micrographs of AZO/substrate imprinted with patterns are exhibited in Fig. 4.37. From 

this view, AZO/substrates imprinted with pyramid, cone and hole patterns show almost 



156 
 

flat surface. The AZO/substrate imprinted with pillar pattern show periodic small hills 

on the surface.   
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Fig. 4.38 Transmittance of AZO/substrate imprinted with different patterns.  
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Fig. 4.39 Haze ratio of AZO/substrates imprinted with different patterns. 

 

Figure 4.38 shows the transmittance of AZO/substrate imprinted with different 

patterns. All substrates except the substrate with pillar pattern show high transmittance 

of over 80 %. The haze ratio of AZO/substrates imprinted with different patterns is 
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shown in Fig. 4.39. AZO/substrates imprinted with hole and pillar patterns show high 

haze ratio. Interestingly, AZO/substrate with pillar pattern shows the highest haze ratio 

from wavelength of 650 nm and its haze ratio increases with increasing wavelength. 

AZO/substrate with pillar pattern shows higher haze ratio than AZO/substrate with 

pyramid pattern. Table 4.12 shows the properties of AZO/substrate imprinted with 

different patterns. All substrates show Rs of lower than 100 Ω/sq. The surface roughness 

(Ra and σrms ) of substrates increases in the order of pyramid, hole (P=1.7 m), cone 

(P=2 m), and pillar (P=2 m). At 800 nm, all substrates show high haze ratio of over 

80%, and the haze ratio increases in the order of pyramid, cone (P=2 m), hole (P=1.7 

m) and pillar (P=2 m). 

 

Table 4.12 Properties of AZO/substrate imprinted with different patterns. 

 

Patterns pyramid 
cone 

(P=2 m) 

hole 

(P=1.7 m) 

Pillar 

(P=2 m) 

Rs (Ω/sq) 23.5 31.8 61.0 27.4 

Ra (nm) 8.6 23.4 16.7 >100 

σrms (nm) 10.9 34.3 21.6 >100 

T at 800 nm (%) 84.1 85.4 83.8 81.4 

HT at 800 nm (%) 0.9 4.9 10.9 44.6 

Note: Ra refers to the arithmetic average of absolute values of roughness. T refers to transmittance and HT refers to 

haze ratio in transmission.  

 

In order to reduce the surface roughness of AZMO/patterned substrates, coating 

of AZMO (Mg/Zn=0.10 mol. %) thin film on these patterned substrates was conducted 

by using 1. 25 M sol-gel precursor (20 times spin-coating), for increasing the film 

thickness. After two-step annealing, these AZMO/patterned substrates show sheet 

resistance of about 100 Ω/sq. Figure 4.40 shows the transmittance of AZMO/substrate 
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imprinted with different patterns. It can be found that all samples show high 

transmittance of over 75 % except the AZMO/substrate patterned with pillar pattern 

(P=2 m). The AZMO/substrate patterned with cone pattern shows higher 

transmittance than the AZMO/etched XG glass substrate. 
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Fig. 4.40 Transmittance of AZMO/substrate imprinted with different patterns. 
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Fig. 4.41 Haze ratio of AZMO(1.25 M 20L)/substrates imprinted with different 
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patterns. 

 
 

Fig. 4.42 SEM cross section micrograph of (a) AZMO(20L)/hole (P=2.2 m) and (b) 

AZMO(20L)/hole (P=1.7 m) and inclined surface (tile angle 30o) micrograph of (c) 

AZMO(20L)/hole (P=2.2 m) and (d) AZMO(20L)/hole (P=1.7 m). 

 

The haze ratio of AZMO(1.25 M 20L)/substrates imprinted with different 

patterns is shown in Fig. 4.41. AZMO/patterned substrates show high HT. The HT is 

quite related to the shape and period of feature size on the pattern. The HT increase in 

the order of AZMO/cone pattern, AZMO/hole pattern, and AZMO/pillar pattern. In the 

case of AZMO/pillar pattern, the haze ratio increases with the decrease in the period of 

feature size on the substrate. In the case of AZMO/hole and cone pattern, the haze ratio 

increases with the increase in the period of feature size on the substrate. 

AZMO/substrates with hole and pillar pattern show higher haze ratio than the 

AZMO/etched XG glass substrate. AZMO/substrate with hole pattern shows almost flat 

surface and becomes one very promising OR-PF substrate. AZMO/substrate with hole 

pattern (P=1.7 m) shows an average HT of 13.1 % at wavelength region of 700 nm-

850 nm. This value is larger than that of the BZO (HT =7.1 %, 1416 nm) substrate. 
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However, its surface roughness is still large. It indicates that adding solute 

concentration is not an effective method to reduce the surface roughness. 

Increasing AZMO coating layer on hole patterned substrate was carried out to 

reduce the surface roughness. The hole pattern was selected due to the large haze ratio 

and achievable small surface roughness. The amount of AZMO coating layer was 

increased from 20 to 40. Figure 4.42 shows the cross section and inclined surface (tile 

angle 30o) of AZMO/hole patterned substrates. It can be found that much flatter surface 

than AZMO(20L)/hole patterned substrates was obtained. 

The effect of increasing coating layer on the DFM surface morphology of 

AZMO/hole patterns was investigated. The DFM observation confirmed that increasing 

coating layer from 20 L to 40 L effectively reduced the surface roughness from 21.6 

nm to 4.1 nm. The AZMO(40L)/hole patterned substrate shows a similar surface 

roughness as the AZMO(40L)/flat glass substrate. In addition, increasing the period of 

feature size on the pattern increased the surface roughness a bit. The 

AZMO(40L)/hole(1.7 m) patterned substrate shows a Rs of 47.0 Ω/sq, while the 

AZMO(40L)/hole(2.2 m) patterned substrate shows a Rs of 34.3 Ω/sq.  

The transmittance of AZMO/hole patterned substrates with different coating 

layers and period of feature size was measured. It was found that the AZMO substrates 

showed high transmittance than the conventional BZO (1416 nm) substrate. The 

AZMO/hole patterned substrates showed similar transmittance as the AZMO/flat glass 

substrate. Figure 4.43 shows the HT in transmission of AZMO/hole patterned substrates 

with different coating layers and period of feature size, respectively. It can be found 

that increasing coating layer decreases the HT. With 40 coating layers, increasing the 

period of feature size on the pattern would decrease the HT a bit. The AZMO(40L)/hole 

(1.7 m) patterned substrates show a bit larger HT than the BZO (1416 nm) substrate at 
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wavelength region of 700 nm-850 nm.  
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Fig. 4.43 Haze ratio in transmission of AZMO(0.75 M)/hole patterned substrates with 

different coating layers and period of feature size. 

 

4.6 Summary 

The fabrication of optically-rough and physically-flat TCO substrates was 

conducted by spin-coating sol-gel AZMO on roughened glass substrates. The glass 

substrates were roughened by reactive-ion etching and room nanoimprinting techniques.  

In the part of RIE, RIE etching time, RF power of plasma generation, and 

pressure influenced the size of feature formed on the etched glass substrate greatly. All 

etched glass substrate showed crater-like surface morphology. The etched XG glass 

showed larger vertical feature than the RIE etched 7059 glass, resulting in larger haze 

ratio than that of latter. After the coating of AZMO thin film with the sol-gel precursor 

using different solvent on etched glass substrate, the 2-Methoxyethanol derived AZMO 
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thin film showed flat surface with small roughness on etched 7059 glass. A great 

amount of defect of holes and channel appeared on the surface of AZMO/RIE etched 

XG glass substrate due to the too large vertical feature size. In addition, in the case of 

RIE etched 7059 glass substrate, the surface of 7059 glass etched with pressure of 15 

Pa was so rough that the surface roughness of AZMO/RIE etched 7059 glass got very 

large, although it showed a very large haze ratio. 
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Fig. 4.44 Performance parameters of the OR-PF AZMO substrates developed in this 

thesis. 

 

In the part of room-temperature nanoimprinting, a variety of periodic and 

uniform feature sizes were formed on the glass substrates. Substrates imprinted with 

hole and pillar patterns showed high haze ratio at long wavelength region, indicating 

good light-scattering behavior. It was attributed to the diffraction grating effect caused 

by the feature size on the patterned substrates. After AZMO coating, the AZMO/glass 

substrate patterned with hole and cone patterns showed flat surface and high haze ratio 
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at wavelength region of 700-850 nm.  

Figure 4.44 showed the performance parameters of the OR-PF AZMO 

substrates developed in this thesis. The HT at λ=500 nm was selected for comparison. 

All of these samples showed small RMS surface roughness and sheet resistance (Rs) of 

less than 100Ω/sq. An AZMO (20L)/RIE etched 7059 glass substrate (7 Pa 200W 10 

min) and AZMO (20L)/cone patterned substrate showed smaller surface roughness, 

however, they showed lower HT than BZO substrate. AZMO (20L)/RIE etched XG 

glass substrate showed a bit smaller surface roughness than BZO substrate, but its HT 

was similar as BZO substrate. AZMO (20L)/hole (1.7 m) patterned substrate showed 

larger haze than BZO substrate and it showed a surface roughness of about 22 nm. Only 

the AZMO (40L)/hole patterned substrates achieved our target values. They showed 

small roughness and large haze ratio simultaneously. An AZMO(0.75 M 40L 

Mg/Zn=10 mol. %)/substrate with hole pattern (P=1.7 m) showed a RMS surface 

roughness of 2.6 nm, a Rs of 47.0 Ω/sq, and an average HT of 9.5% at wavelength region 

of 700 nm-850 nm. This value of HT was larger than BZO (1416 nm) substrate.    
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Chapter 5 Application of AZMO/glass substrate to 

hydrogenated amorphous silicon single junction solar 

cells  

5.1 Introduction 

In this chapter, AZMO thin film will be applied as the front transparent 

conductive layer in hydrogenated amorphous silicon (a-Si) single junction solar cells. 

Firstly, the effect of bandgap widening on the performance of a-Si solar cells will be 

investigated. Secondly, the development of textured Zn1-xMgxO transparent conductive 

layer will be conducted to improve the optical confinement of a-Si solar cells. Finally, 

the influence of optically-rough and physically-flat TCO substrate on the performance 

of a-Si solar cells will be discussed.        

 

5.2 Fabrication process of a-Si single junction solar cells 

The structure of the a-Si single junction solar cells with superstrate 

configuration used in this work is illustrated in Fig. 5.1. The glass substrate is flat or 

roughened glass substrate. The TCO thin film is mainly AZMO thin film. Boron doped 

ZnO (BZO) fabricated by the MOCVD method is also be used as the TCO layer for 

comparison. Antireflection layer is also used to reduce the optical reflection at the 

interface between TCO and p-a-SiCx layer. Niobium pentoxide doped titanium or 

Aluminum doped ZnO fabricated by magnetron sputtering will be used as the 

antireflection layer. The p layer is p type silicon carbide (p-a-SiCx:H) with an Eopt of 

https://en.wikipedia.org/wiki/Niobium_pentoxide
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around 2.0 eV. The B2H6 is used as the donor impurity. The i layer is the i-a-Si:H. The 

n layer is n type microcrystalline silicon oxide (μc-a-SiOx:H). The PH3 is used as 

acceptor impurity. Back reflector is utilized to enhance the light absorption in the 

photovoltaic active layer. The BZO fabricated by MOCVD will be used as the back 

reflector. Ag and Al deposited by a thermal evaporation method will be used as the 

metal electrode. The detailed deposition process of antireflection layer, photovoltaic 

active layer, and back reflector will be introduced in order.   

 

 

 

Fig. 5.1 Schematic of the cross sectional structure of a-Si single junction solar cells 

with superstrate configuration. 

 

5.2.1 Deposition of antireflection layer 

Niobium pentoxide doped titanium (TNO) or Aluminum doped ZnO (AZO) were 

deposited by radio frequency (RF) magnetron sputtering method as the antireflection 

layer. Figure 5.2 shows the schematic diagram of RF magnetron sputtering equipment 

used in this work. The TNO is deposited with target of 92 wt. % TiO2 and 8 wt. %. The 

AZO is deposited with target of 99.5 wt. % ZnO and 0.5 wt. % Al2O3. Argon (Ar) will 

https://en.wikipedia.org/wiki/Niobium_pentoxide
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be used as the gas. The gas flow rate was controlled by a mass flow controller (MFC). 

The chamber is evacuated by a pumping system, including a turbo molecular pump 

backed with an oil-sealed rotary pump. The pressure inside the chamber is around 10-5 

Pa. The detailed deposition condition is listed in Table 5.1.  

 

 

 

Fig 5.2 Schematic diagram of RF magnetron sputtering equipment used in this work. 

 

Table 5.1 Deposition condition of AZO and TNO fabricated by magnetron sputtering 

 

Target Ar flow rate 

(sccm) 

Pressure 

(Pa) 

Temperature 

(oC) 

Power 

(min) 

Distance 

(nm) 

AZO 10 0.4 200 100 100 

TNO 10 1.0 200 90 100 

Note: the distance refers to the distance between the substrate and target.  

 

5.2.2 Deposition of photovoltaic active layer 

The p-i-n a-Si single junction solar cells with superstrate configuration was 

fabricated by plasma enhanced chemical vapor deposition (PECVD) method. The 
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deposition equipment is a multi-chamber system as shown in Fig. 5.3. As shown in the 

figure, the equipment consists of four chambers, including a load lock chamber for 

loading sample, p-i-n chamber with VHF-PECVD (60 MHz) for depositing individual 

layer and a robot arm for transferring sample among these chambers.  

 

 

 

 

Fig. 5.3 Multi-chamber system for solar cell fabrication. (a) photograph (b) top view 

schematic diagram.  

 

Figure 5.4 shows the schematic diagram of cross-section of VHF PECVD 

chamber used in this study. The chamber consists of two parallel-located electrodes, 

heater, a pumping system, pressure controller and VHF power supply. The substrate is 

attached to a ground and is heated by a heater. The substrate temperature of heater is 

monitored by using a thermocouple. The substrate is held on the upper electrode with 

surface downward. The silicon thin films will be deposited on the surface of substrate. 

The distance between two electrodes is adjustable. The chamber is evacuated by a 

pumping system, including a turbo molecular pump backed with an oil-sealed rotary 

pump, and the exhaust gases are properly treated by a gas scrubber. The pressure inside 

the chamber is around 10-6 Pa. The chamber pressure is measured by a Pirani gauge and 
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a diaphragm pressure gauge. The diaphragm pressure gauge is linked to a control gate 

value, monitoring a deposition pressure. During deposition, the gas flow rates of each 

chamber were controlled by a mass flow controller (MFC). 

 

 

 

 
 

 

Fig. 5.4 Schematics of cross-section of VHF PECVD equipment used in this study. 

 

 

As source gases, SiH4, H2, B2H6 (1% in H2), PH3 (1% in H2), SiH3CH3 (MMS), 

CO2 were used. The detailed deposition condition of each layer is shown in Table 5.2. 

Current density versus voltage (J-V) characteristics of solar cells were measured under 

1-sun (AM 1.5, 100mV/cm2). Quantum efficiency (QE) was measured under 

monochromatic light with constant photon numbers of 1×1014 s-1 at the wavelength 

range of 300-800 nm. J-V characteristics and QE measurement were carried out using 

a mask with an illumination area of 0.078 cm2. 
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Table 5.2 Deposition conditions used for the fabrication of p-i-n a-Si solar cell. 

 

 

Layer 
Gas flow rate (sccm) Pressure 

(Pa) 

Power 

(W) 

Temp. 

(oC) 

Gap 

(cm) B2H6 MMS CO2 H2 SiH4 PH3 

p-pure 8 2 - 180 10 - 26 10 180 2 

p-buffer - 1 - 180 10 - 26 10 180 2 

i - - - 10.5 8.43 - 20 1 180 2 

n - - 9.5 300.5 3.33 10 200 15 180 2 

 Note: MMS refers to monomethylsilane.  

 

5.2.3 Deposition of back reflector layer 

 

 

 

Fig 5.5 Schematics of MOCVD system used in this work. 

 

Boron doped ZnO were deposited by MOCVD method as the back reflector layer. 

Figure 5.5 shows the schematic diagram of MOCVD system used in this work. 

Diethylzinc (Zn(C2H5)2, DEZn) was used as the znic source. H2O was used as the 

oxygen source. Ar was used as the carrier gas. 1% hydrogen diluted B2H6 was employed 

as dopant gas. The DEZn and H2O are in bubbles, which are soaked in the temperature-

controlled baths. The detailed deposition condition is shown in Table 5.3. 

https://en.wikipedia.org/wiki/Niobium_pentoxide
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Table 5.3 MOCVD deposition condition used for the fabrication of BZO back reflector. 

 

Deposition conditions Values 

Deposition pressure (Torr) 3 

Depostion temperature (oC) 155 

DEZn bath temperature (oC) 20 

H2O bath temperature (oC) 40 

Line pressure (atm) 1 

B2H6 flow rate (sccm) 0.5 

Ar flow for DEZn (sccm) 100 

Ar flow for H2O (sccm) 70 

Deposition rate (nm/s) ~1 

 

 

5.3 Characteristics of a-Si single junction solar cells deposited on 

flat AZMO/flat glass substrate 

The widely recognized feature of sol-gel derived AZMO thin film is its flat 

surface morphology. So, at the beginning, the flat AZMO/flat glass substrate was used 

as the front transparent conductive layer in a-Si solar cells. 

5.3.1 Effect of bandgap widening of TCO 

Bandgap widening of front transparent conductive layer is conducted by 

changing the Mg/Zn ratio from 0 to 15 mol. %. It was expected to increase the spectral 

response of a-Si solar cells at short wavelength. The detailed information of the samples 

can be found in section 3.3.1.1. In this part, the EtOH was used as the solvent and Zn2+ 
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solute concentration is 0.5 M. These enabled lower resistivity and sheet resistance than 

the one shown in section 3.3.1.1. The Eopt was tuned from 3.42 eV to 3.62 eV and all 

films show flat surface with σrms of less than 10 nm.  
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Fig. 5.6 External quantum efficiency of a-Si solar cells fabricated on the AZMO thin 

film with different Mg content.  

 

The p-i-n a-Si solar cell with structure shown in Fig 5.1 was fabricated on these 

substrates. In this case, the thickness of BZO is 2000 nm. Figure 5.6 shows the external 

quantum efficiency of a-Si solar cells fabricated on the AZMO thin film with different 

Mg content. It can be found that all samples show wave-like curves, indicating that 

interference of incident light occurred at the interface between TCO and p-a-SiCx layer 

due to the flat interface. It is very clear that bandgap widening of front transparent 

conductive layer indeed improved the spectral response at short wavelength region of 

around 350 nm. At wavelength region of 400 nm-600 nm, bandgap widening of front 

transparent conductive layer also increased the spectral response compared to AZO thin 

film. However, the spectral response contrarily decreases with widening the Eopt of front 
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electrode furtherly (Mg/Zn>0.10). The reason is not clear now. One possible reason is 

the enhanced recombination at the AZMO/p-a-SiCx interface due to the downwards 

band bending caused by the bandgap widening of TCO [1]. In addition, the refection of 

these solar cells is so high that the external efficiency is low, especially at long 

wavelength region. 
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Fig. 5.7 Dependence of performance parameters on the Eopt of AZMO thin film. 

 

The dependence of performance parameters on the Eopt of AZMO thin film is 

shown in Fig. 5.7. The short circuit current density (Jsc) and fill factor (FF) increases 

gradually when the Eopt of AZMO thin film changes from 3.42 to 3.55 eV, however it 

decreases when the Eopt of AZMO thin film is larger than 3.55 eV. The open circuit 

voltage (Voc) keeps almost constant when the Eopt of AZMO thin film changes from 

3.42 to 3.55 eV, however, it decreases when the Eopt of AZMO thin film is larger than 

3.55 eV. As a result, with increasing Eopt of AZMO thin film, the conversion efficiency 

(η) increases gradually and then decreases. The maximum value was obtained with 
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using AZMO thin film with Eopt of 3.55 eV. The drop in Jsc is caused by the decrease in 

the spectral response at wavelength region of 400 to 600 nm as observed in Fig. 5.6.   

There are two possible reasons for the decrease in Voc and FF. First, it is the 

presence of electron injection barrier at the AZMO/ p-a-SiCx interface, which is caused 

by the bandgap widening of front transparent conductive layer, that leads to the 

downwards band bending at the interface, resulting in the drop in Voc an FF. Second, it 

is the roughened surface morphology, which is caused by the Mg addition induced 

increase in grain size (Fig. 3.9), that gives rise to the drop in Voc and FF. Overall, the 

flat surface of AZMO thin film (Eopt = 3.42-3.55 eV) brought about a Voc of around 0.90 

V for a-Si solar cells. This value is comparable to that of a-Si solar cells deposited on 

the naturally textured SnO2: F [2] and ZnO: B [3] substrate. Meanwhile, the flat surface 

of AZMO thin film (Eopt = 3.42-3.55 eV) also results in low Jsc due to the insufficient 

light-scattering. AZMO (3.55eV)/flat glass substrate enabled the highest η (7.74%) 

with a Jsc of 12.32 mA/cm2, a Voc of 0.89 V and a FF of 0.71. The value of FF is 

comparable to that in the published paper [4]. 

5.3.2 Effect of antireflection layer 

The optical reflection of these solar cells fabricated in section 5.3.1 is very high 

due to the high optical reflection at the TCO/Si interface. It is caused by the flat surface 

of AZMO substrate and the significant difference between the refractive indices of 

AZMO and p-a-SiCx. Therefore, antireflection layer is needed to reduce the optical 

reflection of solar cells. In view of the refractive indices at λ=500 nm of p-a-SiCx (~4) 

and AZMO (~1.9), TiO2 thin film (~2.7) is very good candidate [5, 6, 7, 8]. As a result, 

niobium pentoxide doped titanium (TNO) fabricated by RF magnetron sputtering was 

utilized as the antireflection layer between TCO and p-a-SiCx layer. The deposition 

https://en.wikipedia.org/wiki/Niobium_pentoxide
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condition was shown in Table 5.1. The thickness of TNO is changed by changing the 

deposition time.  
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Fig. 5.8 Absorption coefficient of AZO and TNO thin films deposited by sputtering.  

 

The dependence of the refractive indices of TNO thin film on film thickness 

was investigated. The refractive indices was measured by using an ellipsometer (J. A. 

Woollam Co.). It was found that the thickness influenced the n greatly. TNO with 

thickness of 20 nm showed the largest n, while the TNO with thickness of 40 nm 

showed the smallest n. Figure 5.8 shows the absorption coefficient of AZO and TNO 

thin films. It can be found that TNO shows larger absorption coefficient than AZO and 

AZMO thin film at short wavelength. The TNO with thickness of 40 nm shows larger 

absorption coefficient than thinner ones at wavelength of around 400 nm. 

Then, the deposition of TNO thin film on the AZMO(1400 nm)/flat glass 

substrates was conducted. The transmittance, reflectance, and absorptance of 

AZMO/flat glass substrates coated with TNO of different thickness was measured. It 

was found that transmittance of TNO/AZMO/glass substrates decreases greatly with 
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increasing the thickness of TNO. It is caused by the increase in reflection and absorption 

with increasing film thickness. Another possible reason is the high reflection at the 

interface between TNO and air when measurement was done. Figure 5.9 shows the 

absorption of AZMO/flat glass substrates coated with TNO. It can be found that the 

absorption increases slightly with increasing the thickness of TNO.  
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Fig. 5.9 Absorptance of AZMO/flat glass substrates coated with TNO.  

 

The p-i-n a-Si solar cell with structure as shown in Fig 5.1 was fabricated on 

these substrates. In this case, the thickness of BZO is 2000 nm. Before the deposition 

of solar cells, another 10 nm AZO was deposited on the top of TNO/AZMO/glass 

substrates to avoid the hydrogen induced reduction [9]. The J-V curves of these solar 

cells are shown in Fig. 5.10. It can be found that the Jsc only get increased with 20 nm 

TNO. There is little improvement on Jsc with 10 nm TNO. The Jsc contrarily get 

decreased with 40 nm TNO. All solar cells show a high Voc of about 0.91V and a FF of 

about 0.65. The solar cells with 20 nm TNO show the highest η due to the creation of 
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the largest Jsc. 
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Fig. 5.10 J-V curves of a-Si solar cells deposited on the AZO/TNO/AZMO/flat glass 

substrates.  
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Fig. 5.11 EQE of a-Si solar cells deposited on the AZO/TNO/AZMO/flat glass 

substrates.   

 

Figure 5.11 shows the EQE of a-Si solar cells deposited on the 

AZO/TNO/AZMO/flat glass substrates. It is obvious that the spectral response at 

wavelength 450-580 nm gets improved with 20 nm TNO. This should be attributed to 
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the antireflection effect of TNO at TNO/p-a-SiCx interface. It caused the increase in Jsc. 

However, at the same time the spectral response at wavelength 350-450 nm gets 

decreased with 20 nm TNO. This might be caused by the absorption in the TNO and 

AZO layer. Employing 10 nm and 40 nm TNO as the antireflection layer decreases the 

spectral response at wavelength of 350-600 nm severely. This might be caused by the 

mismatching of refractive indices. In the case of 40 nm TNO, the absorptance is in the 

TNO layer was high as indicated in Fig. 5.9. The reflectance of these solar cells is 

shown in Fig. 5.12. One can find that the solar cells with 20 nm TNO show the lowest 

reflection at the wavelength region of 450-550 nm. This confirms the antireflection 

effect of TNO layer. Solar cells with 10 nm and 40 nm TNO show high reflection at 

short wavelength. This cause the low spectral response at short wavelength region as 

indicated in Fig. 5.11.    
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Fig. 5.12 Reflection of a-Si solar cells deposited on the AZO/TNO/AZMO/flat glass 

substrates.   
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5.4 Characteristics of a-Si single junction solar cells deposited on 

rough AZMO/flat glass substrate 

Optical confinement is very important for thin-film solar cells in order to 

increase the short circuit density of device, because the photoactive layers are not thick 

enough to absorb the incident light sufficiently [10]. Rough surface morphology of 

textured transparent conductive oxide contributes a lot to improving optical 

confinement of thin-film solar cells through enhancing light-scattering [11]. Fluorine 

doped SnO2/glass substrate [12] or boron doped ZnO/glass substrate [13] with growth 

induced pyramidal surface textures, which are deposited by chemical vapor deposition, 

scatter the incident light effectively and were widely used as the front electrode of thin-

film Si solar cells. Etching ZnO films deposited by sputtering method with diluted HCl 

can make a crater-like morphology, and it effectively enhances the light-scattering in 

amorphous silicon (a-Si) solar cells. However, few research was proposed on the 

development of textured Zn1-xMgxO thin film, although it has been developed by many 

methods including pulsed laser deposition [14], magnetron sputtering [15], metal 

organic chemical vapor deposition [16], atomic layer deposition [17], and sol-gel 

process [18]. In view of bandgap widening and resistance to hydrogen-plasma reduction 

during fabrication process of solar cells, development of textured Zn1-xMgxO thin film 

is an urgent topic.  

Consequently, in this section, efforts were made to develop textured Zn1-xMgxO 

thin film through sol-gel process, because sol-gel process enables the formation of 

surface texture for thin-film materials through the nonequilibrium solute precipitation 

and crystallization process during the drying procedure. Nagayasamy et al. [19] 

reported that ZnO thin film with spindle-like surface morphology was obtained by sol-

gel process with increasing the Zn2+ solute concentration in precursor.  
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5.4.1 Experiments  

 

 

 

Fig. 5.13 Experimental methods to fabricate AZMO thin film with rough surface 

morphology. 

 

AZMO thin films were fabricated by sol-gel process on flat glass substrate 

(Corning Eagle XG, 0.7-mm-thick) as mentioned in section 3.2.1. In order to control 

morphology, three routes were proposed as shown in Fig. 5.13. In route 1, 2-M was 

used as the solvent, and the Zn2+ solute concentration in sol-gel precursor was changed 

from 0.75 M to 2.00 M. In route 2, EtOH was used as the solvent, and the Zn2+ solute 

concentration in sol-gel precursor was changed from 0.75 M to 2.00 M. In these two 

case, the times of spin-coating was 10. In route 3, 2-M was used as the solvent, and the 

Zn2+ solute concentration in sol-gel precursor was fixed at 1.25 M. The times of spin-

coating was 20. Finally, the films were firstly annealed in nitrogen at 650oC for 120 

min and secondly annealed in forming gas (97% N2 + 3% H2) at 500oC for 5 min. For 

comparison, boron doped ZnO thin film was deposited by metalorganic chemical vapor 

deposition. The detailed deposition process is shown in Table 5.3. 

These AZMO and BZO films coated glass substrate were applied as the front 

electrode in a-Si single junction solar cells with superstrate configuration. The structure 
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of these solar cells is shown in Fig. 5.1. In this case, no antireflection layer of TNO was 

used. Instead, one layer of Al doped ZnO thin film (20 nm) deposited by RF magnetron 

sputtering was inserted at AZMO/p-a-SiCx layer. It is used to decrease the bandgap-

widening induced downwards band bending at the interface TCO/p-a-SiCx [20]. In 

addition, BZO with thickness of 100 nm was used as the back reflector.    

5.4.2 Results and discussions 
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Fig. 5.14 Dependence of (a) surface roughness and (b) resistivity on the film thickness. 

The square symbol refers to increasing thickness through increasing the Zn2+ solute 

concentration, while the pentagon symbol refers to increasing thickness through adding 

coating layers.  

 

Figure 5.14 shows the dependence of surface roughness and resistivity on the 

film thickness. The root-mean-square surface roughness (σrms) increases obviously with 

increasing film thickness. In the way that increases thickness through increasing the 

Zn2+ solute concentration, with the same Zn2+ solute concentration and coating layer, 

using EtOH as solvent can make a much rougher film than using 2-M as solvent, 



184 
 

because the former enabled a larger thickness of per coating layer than the latter with 

the same condition of spin-coating and annealing. Adding coating layer also clearly 

increases the σrms, but this increase in σrms is not pronounced. In terms of resistivity, 

only adding coating layer tends to decrease the resistivity, while increasing Zn2+ solute 

concentration would contrarily increase the resistivity regardless of the solvent. This 

indicates that using large Zn2+ solute concentration when preparing sol-gel precursor 

would deteriorate the resistivity of annealed sample. 

 

Table 5.4 Performance parameters of the BZO and AZMO 

 

Sample BZO AZMO1 AZMO2 AZMO3 

Condition - 1.25M/2-M/20L 0.75M/EtOH/10L 2.0M/2-M/10L 

σrms (nm) 40.2 42.3 67.9 122.7 

Rs (Ω/sq) 24.0 20.8 95.8 132.3 

ρ (×10-3 Ω∙cm) 3.40 7.35 13.96 18.42 

n (×1019 cm-3) 4.0 4.4 5.6 3.4 

μ (cm2∙V-1∙s-1) 21.1 19.3 10.5 10.0 

HT at 500 nm (%) 23.2 41.4 72.4 71.6 

Thickness (nm) 1416 1345 1458 1392 

 

Three samples with a similar thickness of about 1400 nm were selected from 

these samples shown in Fig. 5.14 for further discussion. The detailed information of 

these samples were listed in Table 5.4. The MOCVD deposited BZO thin film with 

similar thickness was also indicated for comparison. The AZMO1 was fabricated with 

using 1.25 M Zn2+ solute concentration and 20 coating layers with 2-M as solvent. The 

AZMO2 was fabricated with using 0.75 M Zn2+ solute concentration and 10 coating 

layers with EtOH as solvent. The AZMO3 was fabricated with using 2.0 M Zn2+ solute 
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concentration and 10 coating layers with 2-M as solvent. AZMO1 shows a similar σrms 

as BZO, while AZMO2 and AZMO3 shows larger σrms than BZO. All AZMO samples 

show larger haze ratio (HT) in transmission at 500 nm than BZO. AZMO1 shows a 

similar resistivity as BZO. The resistivity of AZMO2 and AZMO3 is larger than 

AZMO1 and BZO. The AZMO samples show similar carrier concentration as BZO. 

AZMO2 and AZMO3 shows smaller Hall mobility than AZMO1 and BZO. AZMO1 

enabled a sheet resistance (Rs) of 20.8 Ω/sq and a resistivity (ρ) of about 7.4×10-3 Ω∙cm. 
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Fig. 5.15 Haze ratio in transmission of BZO and AZMO. 

 

The SEM and DFM observation showed that the BZO showed pyramid-like 

surface morphology, while AZMO samples showed wrinkle-like surface morphology. 

AZMO2 and AZMO3 showed rougher wrinkle than AZMO1. The AZMO3 showed 

additional reticular texture compared to AZMO2. The wrinkle-like feature consists of 

nano-sized grains. This morphology was quite probably formed during the solvent 

evaporation and subsequent solute precipitation at the drying procedure. The 

transmittance, reflectance, and absorptance of BZO and AZMO samples were also 
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measured. The AZMO samples show higher transmittance and lower absorptance at 

short wavelength region of 350-400 nm relative to BZO due to the bandgap widening. 

Figure 5.15 shows the haze ratio in transmission of BZO and AZMO samples. AZMO 

samples clearly show larger haze ratio than BZO sample at wavelength region of 400-

1000 nm. For AZMO samples, the haze ratio increases with the σrms. AZMO2 and 

AZMO3 exhibit larger haze ratio than AZMO1, implying that rough wrinkle 

morphology scatters incident light greater than slim wrinkle morphology.  

300 400 500 600 700 800
0

20

40

60

80

100
 BZO

 AZMO1

 AZMO3

E
x
te

rn
a

l 
q

u
a

n
tu

m
 e

ff
ic

ie
n

c
y
 (

%
)

Wavelength (nm)

 
Fig. 5.16 External quantum efficiency of a-Si single junction solar cells with AZMO 

and BZO as the front conductive layer.  

 

Figure 5.16 shows the external quantum efficiency of a-Si single junction solar 

cells with AZMO and BZO as the front conductive layer. It is obvious that the cells 

deposited on AZMO shows an enhanced spectral response at short wavelength of 

around 350 nm than that deposited on BZO due to the reduced optical loss in the front 

conductive layer through bandgap widening. At wavelength region of 380-500 nm, the 

spectral response of cells deposited on AZMO is weaker than that of cells deposited on 
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BZO. This is caused by the high reflection of AZMO thin film at this region. At 

wavelength region of 500-800 nm, the spectral response of cells deposited on AZMO1 

is similar as that deposited on BZO and the spectral response of cells deposited on 

AZMO3 is greater than that of solar cells deposited on BZO due to the enhanced light-

scattering. 

 

Table 5.5 Performance parameters of a-Si solar cells deposited on BZO and AZMO 

substrates. 

 

TCO Voc(V) Jsc(mA/cm2) FF(%) η(%) 

BZO 0.87 14.7 0.73 9.23 

AZMO1 0.87 14.8 0.53 6.84 

AZMO2 0.64 14.2 0.44 4.03 

AZMO3 0.33 15.7 0.34 1.78 

 

The performance parameters of a-Si solar cells deposited on BZO and AZMO 

substrates are listed in Table 5.5. This increase in spectral response lead to the increase 

in short circuit current (Jsc) of solar cells. The solar cells deposited on AZMO3 shows 

the largest Jsc due to the strongest light-scattering. The solar cells deposited on AZMO1 

and AZMO3 shows larger values of Jsc than that deposited on BZO. However, the open 

circuit voltage (Voc) and fill factor (FF) of solar cells deposited on AZMO2 and 

AZMO3 with rough wrinkle morphology are much lower than that deposited on 

AZMO1 with slim wrinkle morphology and BZO with pyramidal morphology, 

resulting in bad conversion efficiency of solar cells. It indicates that too rough surface 

morphology would deteriorate the Voc and FF of solar cells through deteriorating the 

growth quality of photoactive layers, as mentioned in the published literatures [21]. The 
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solar cells deposited on AZMO3 shows the worst conversion efficiency due to the 

largest σrms of TCO layer. 

AZMO1 enabled the highest conversion efficiency among AZMO samples due 

to the moderate morphology of slim wrinkle. The solar cell deposited on AZMO1 

substrate shows similar values of Jsc and Voc as that deposited on BZO substrate. 

However, its value of FF is lower than that of solar cells deposited on BZO. There are 

two possible reasons. First, the σrms of AZMO1 (50.1 nm) is a bit larger than that of 

BZO (40.2 nm). This deteriorated the growth of photovoltaic active layer and decreased 

the FF. Second, the series resistance of solar cells deposited on AZMO1 (160.7 Ω∙cm2) 

is larger than that of solar cells deposited on BZO (55.9 Ω∙cm2). This also cause the 

decrease in FF. Consequently, much more elaborate morphology control of the AZMO 

thin film is needed for increasing the light-confinement in solar cells without 

deteriorating the Voc and FF of solar cells. 

5.4.3 Conclusions 

Morphology control of sol-gel AZMO thin film was conducted for enhancing 

light-scattering. One wrinkle-like morphology was formed by controlling the solvent 

evaporation and solute precipitation during sol-gel process. Using solvent with large 

evaporation rate or increasing solute concentration can make rough wrinkle surface 

morphology. This AZMO substrates with rough wrinkle surface morphology shows 

larger haze ratio than the MOCVD derived BZO substrate with pyramidal surface 

morphology. However, it deteriorated the film crystallinity and electrical properties due 

to the nonequilibrium nucleation and growth. Employing this textured AZMO thin film 

as the front transparent conductive layer improved the spectral response of a-Si single 

junction solar cell at short and long wavelength simultaneously. Increasing coating 
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layer with moderate solute concentration proved to be a better method than utilizing 

large Zn2+ solute concentration to increase the surface roughness, because it enables 

better electrical properties of AZMO thin film and better performance of a-Si solar cells. 

AZMO with slim wrinkle morphology (optical bandgap=3.6 eV, thickness=1345 nm, 

σrms=42.3 nm, and Rs of 20.8 Ω/sq) suggests a potential to be the transparent conductive 

layer of thin-film solar cells. 
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5.5 Characteristics of a-Si single junction solar cells deposited on 

optically-rough and physically-flat TCO substrates 

In this section, the deposition of a-Si single junction solar cells on optically-

rough and physically-flat TCO substrates will be conducted. The effect of optically-

rough and physically-flat TCO substrates on the performance of a-Si single junction 

solar cells will be investigated.  

5.5.1 Characteristics of a-Si single junction solar cells deposited on 

AZMO/ RIE etched glass substrates 
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Fig. 5.17 Dependence of performance of solar cells on the haze ratio of AZMO/etched 

glass substrates. 
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Firstly, the effect of AZMO/etched glass substrates on the performance of a-Si 

single junction solar cells is investigated. The AZMO/etched glass substrates fabricated 

in sections 4.5.1 and 4.5.2 are used as the TCO substrates. The a-Si single junction solar 

cells is deposited with the structure shown in Fig. 5.1. In this case, one layer of Al doped 

ZnO thin film (20 nm) deposited by RF magnetron sputtering was inserted at AZMO/p-

a-SiCx interface, and no back reflector of BZO was used.  

Figure 5.17 shows the relationship between the performance of a-Si solar cells 

and the haze ratio of AZMO/etched glass substrates. Three kinds of etched glass 

substrates were selected. Although they were fabricated by different conditions, the 

performance of solar cells deposited on these substrates show similar tendency. With 

increasing haze ratio, the conversion efficiency increases at first, and then decreases 

gradually. The solar cells deposited on AZMO/etched 7059 substrates show higher η 

than that deposited on AZMO/etched XG substrates. The solar cells deposited on 

AZMO/etched 7059 (RIE 200 W, 7 Pa, 10 min) shows the highest conversion efficiency 

(8.02%). The Jsc shows the a similar change tendency with haze ratio as conversion 

efficiency. The solar cells deposited on AZMO/etched 7059 (RIE 200 W, 15 Pa, 20 min) 

shows the largest Jsc (13.05 mA/cm2). The Voc seldom change with the haze ratio. The 

solar cells deposited on AZMO/etched 7059 (RIE 250 W, 7 Pa, 15 min) show the largest 

Voc (0.91V). In addition, the solar cells deposited on AZMO/etched 7059 substrates 

show larger FF than that deposited on AZMO/etched XG substrates. The solar cells 

deposited on AZMO/etched 7059 substrates show FF of about 0.70. 

Figure 5.18 shows the J-V curves of a-Si solar cells deposited on the 

AZMO/etched 7059 substrates. The data of solar cells deposited on BZO (2000 nm)/flat 

glass substrate is also indicated for comparison. Solar cells deposited on AZMO/etched 

substrates (RIE time ≤ 20 m) show better performance (larger Jsc, larger Voc, and 



192 
 

larger FF) than solar cells deposited on AZMO/flat glass substrate. However, their 

performance is still worse than that of solar cells deposited on BZO substrates. 

Although their Voc is similar to that of solar cells deposited on BZO, their Jsc and FF 

are lower than that of solar cells deposited on BZO, resulting in lower conversion 

efficiency.  
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Fig. 5.18 J-V curves of a-Si solar cells deposited on AZMO/etched 7059 substrates. 

 

Figure 5.19 shows the EQE of a-Si solar cells deposited on BZO and 

AZMO/etched 7059 substrates. Solar cells deposited on the AZMO/etched 7059 

substrates show an improved spectral response at wavelength region of 350-600 nm 

relative to that deposited on AZMO/flat substrates. Compared to the solar cells 

deposited on BZO substrate, solar cells deposited on the AZMO/etched 7059 substrates 

show an improved spectral response at short wavelength of around 350 nm, but at 

wavelength of 600-800 nm their spectral response is not as good as that deposited on 

the BZO substrate. This indicates that the scattering behavior of AZMO/etched 

substrates is not as good as BZO substrate with pyramidal surface morphology.  
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Fig. 5.19 EQE of a-Si solar cells deposited on BZO and AZMO/etched 7059 substrates. 
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Fig. 5.20 Reflectance of a-Si solar cells deposited on BZO and AZMO/etched 7059 

substrates. 

 
Figure 5.20 shows the reflection of a-Si solar cells deposited on BZO and 

AZMO/etched 7059 substrates. Solar cells deposited on AZMO/etched 7059 substrates 

shows a lower reflection that deposited on AZMO/flat substrate. However, their 
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reflection is still much larger than that deposited on BZO substrate, especially at long 

wavelength region 600-800 nm. This high reflection cause the low spectral response of 

solar cell at long wavelength. In addition, the low reflection of solar cells deposited on 

BZO substrate is attributed to the nanoscale pyramidal surface morphology of BZO. It 

was reported that this pyramidal surface morphology played as an antireflection layer 

at the TCO/p-a-Si interface. At wavelength region of 600-700 nm, the wave-like curve 

reflects that there is strong light interference occurred in the solar cells deposited on the 

AZMO/etched glass substrate. This is caused by the formation of flat interface due to 

the flat surface of AZMO thin film. These results indicates that the light-confinement 

in the solar cells deposited on AZMO/etched glass substrate is not as good as that 

deposited on BZO with pyramidal surface morphology.    

 

5.5.2 Characteristics of a-Si single junction solar cells deposited on 

AZMO /imprinting patterned glass substrates 

The effect of AZMO/imprinting patterned glass substrates on the performance 

of a-Si single junction solar cells is investigated. The AZMO/ imprinting patterned glass 

substrates fabricated in section 4.5.3 are used as the front electrode. The a-Si single 

junction solar cells is deposited with the structure as shown in Fig. 5.1. In this case, one 

layer of Al doped ZnO thin film (20 nm) deposited by RF magnetron sputtering was 

inserted at AZMO/p-a-SiCx layer, and a back reflector of BZO (1500 nm) was used.  

Table 5.6 shows the performance parameters of a-Si solar cells deposited on 

AZMO(20L)/flat and patterned glass substrates. The AZMO(20L)/pyramidal or cone 

patterned substrate enables similar Voc and FF as AZMO(20L)/flat glass substrate due 

to the flat surface. But no improvement on Jsc was found. It indicates that the scattering 

ability of these substrate is poor. In addition, the solar cells deposited on 
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AZMO(20L)/hole patterned substrates were totally short due to the contact problem 

during J-V and QE measurement. The reason is not clear. One possibility is that the 

structure of AZMO/patterned substrate is fragile and it probably collapsed when the tip 

of detector was pressed on the sample. 

 

Table 5.6 Performance parameters of a-Si solar cells deposited on AZMO(20L)/ 

patterned glass substrates. 

 

Pattern TCO Voc(V) Jsc(mA/cm2) FF(%) η(%) Rs (Ω∙cm2) Rsh (Ω∙cm2) 

none AZMO(20L) 0.88 11.9 0.62 6.47 93.6 1.44×104 

pyramid AZMO(20L) 0.89 11.5 0.64 6.50 84.1 1.02×104 

cone (P=4m) AZMO(20L) 0.90 11.6 0.63 6.54 89.1 0.71×104 
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Fig. 5.21 External quantum efficiency of a-Si solar cells deposited on AZMO and BZO 

substrates. 

 

Increasing coating layer of sol-gel AZMO on hole patterned substrate tends to 

strengthen the pattern structure and solved the contact problem during the measurement. 
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The short problem of solar cells was solved and moderate performance was obtained, 

when the a-Si solar cells were deposited on AZMO(40L)/hole patterned substrates. 

Figure 5.21 shows the external quantum efficiency of a-Si solar cells deposited on 

AZMO and BZO substrates. Compared with the BZO substrate, the AZMO substrate 

obviously improved the spectral response at wavelength region of 330-380 nm due to 

bandgap widening of TCO. However, the OR-PF substrate cannot make a spectral 

response of solar cells at wavelength region of 650-750 nm as large as BZO substrate 

due to the insufficient light-confinement. Compared with the AZMO/flat substrate, the 

OR-PF AZMO substrate improved the spectral response at wavelength region of 400-

620 nm due to the enhanced light-scattering and antireflection effect.  

 

 

 

Fig. 5.22 SEM cross sectional micrograph of a-Si solar cells deposited on AZMO (40L)/ 

hole (P=1.7 m) substrate. 

 

Figure 5.22 shows the SEM cross sectional micrograph of a-Si solar cells 

deposited on AZMO (40L)/ hole (P=1.7 m) substrate. It can be found that high quality 

of a-Si photoactive layer was obtained due to the flat surface of OR-PF AZMO substrate. 

Table 5.7 shows the performance parameters of a-Si solar cells deposited on AZMO 

substrate. The AZMO/hole patterned substrate enables similar Voc and FF as 
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AZMO/flat glass substrate due to the small surface roughness. It also makes larger Jsc 

than AZMO/flat glass substrate due to the large haze ratio. In the case of OR-PF AZMO 

substrate, smaller period of feature size on the pattern enables a bit larger Jsc due to the 

increased HT . 

 

Table 5.7 Performance parameters of a-Si solar cells deposited on AZMO substrates 

 

Glass Pattern TCO 
H

T
 500 nm 

(%) 

η 
(%) 

V
oc

 

(V) 

J
sc
 

(mA/cm2) 

FF 
(%) 

Flat XG no AZMO(40L) 0.23 6.64 0.82 12.1 0.67 

Flat XG hole(P=1.7um) AZMO(40L) 28.8 7.38 0.82 13.2 0.68 

Flat XG hole(P=2.2um) AZMO(40L) 26.6 6.59 0.82 13.1 0.61 

 

Although it was demonstrated that the OR-PF AZMO substrate shows a bit 

larger HT at wavelength region of 700-850 nm than BZO substrate in section 4. 5. 3, the 

solar cells deposited on the OR-PF AZMO substrate showed lower spectral response at 

wavelength region of 700-850 nm than BZO substrate. There are two possible reasons. 

First, BZO substrate can scatter the incident light into broader angle than OR-PF 

AZMO substrate. Usually, there are two parameters to characterize the scattering 

process at a rough interface: haze ratio and angular intensity distribution. Haze ratio in 

transmission defines the fraction of light that is scattered compared to the total intensity 

of light at the interface, while the angular intensity distribution defines the intensity 

distribution of scattered light as a function of the angle at which the scattered light 

propagates. It was found that the BZO shows stronger intensity of scattered light at each 

angle, especially at large angles. It means that BZO can scatter the incident light into 

broader angle than OR-PF AZMO substrate. This can intensify the light-confinement 

in the absorption layer and increase the spectral response at long wavelength. In the 
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case of OR-PF AZMO substrate, it scatters the incident light into narrow angle and the 

light is easy to get out of the solar cells, so the reflectance of solar cells is high and then 

the spectral response of solar cells at long wavelength is low.  

Second, BZO substrate enables more multiply light-scattering in the solar cells 

than OR-PF AZMO substrate. In the case of BZO substrate, the morphology of 

photoactive layer will follow the rough surface of BZO substrate. So there are more 

rough interfaces than that in solar cells deposited on the OR-PF AZMO substrate. 

Therefore, multiply light-scattering occurs and the incident light path increases. As a 

result, the spectral response of solar cells deposited on BZO substrate at long 

wavelength is high.  

 

5.6 Summary 

Applying sol-gel derived AZMO thin film as the front electrode to a-Si single 

junction solar cells was conducted. Its effect on the performance of a-Si solar cells was 

investigated. Bandgap widening of TCO through increasing Mg/Zn molar ration in sol-

gel precursor improved the spectral response at short wavelength, however, too wide 

bandgap (Eopt >3.55 eV) deteriorated the performance of solar cells through decreasing 

Jsc, Voc, and FF. Solar cells deposited on AZMO with Eopt=3.55 eV (Mg/Zn=10 mol. %) 

showed the best performance. Employing 20 nm Nb doped TiO2 thin film as the 

antireflection layer at the TCO/p-a-SiCx interface improved the spectral response of a-

Si solar cells at wavelength of 450-580 nm through reducing the optical reflection at 

the TCO/p-a-SiCx interface. Roughening surface morphology via using solvent with 

large evaporation rate or increasing solute concentration improved the spectral response 

of a-Si solar cells at wavelength of 600-800 nm by enhancing the light-scattering. 



199 
 

Employing optically-rough and physically-flat AZMO substrate as front electrode 

improved the performance of solar cells deposited on AZMO substrates. The spectral 

response at short wavelength of around 350 nm was improved obviously due to the 

decrease in optical loss in front TCO layer via the bandgap widening of TCO. A Voc of 

0.92 V was obtained by using AZMO/ RIE etched 7059 (7 Pa 250 W 10 min) glass 

substrate due to the flat surface. A solar cell with η of 8.02 % (Voc=0.88 V, Jsc=13.02 

mA/cm2, and FF=0.70) was obtained by using AZMO/RIE etched 7059 glass substrate 

(7 Pa 200 W 10 min). A Jsc of 13.2 mA/cm2 was achieved with AZMO(40L)/hole (P=1.7 

m) patterned substrate. All of these suggest that the potential of OR-PF AZMO 

substrates for the front electrode of various thin-film solar cells.   
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Chapter 6 General conclusions and future prospects 

6.1 General conclusions 

In this thesis, novel optically-rough and physically-flat transparent conductive 

oxide (TCO) substrates were developed for thin-film solar cells with superstrate 

configuration. These substrates consist of a widegap Zn1-xMgxO transparent conductive 

thin film prepared by sol-gel process and glass substrates with rough surfaces prepared 

by reactive ion etching or nano-imprinting technique.  

Firstly, Zn1-xMgxO thin films with wide bandgap and low resistivity were 

developed by sol-gel process. Resistivity of about 3.9×10-3 Ω∙cm was achieved for a 

sol-gel Zn1-xMgxO thin film with an optical bandgap of 3.61 eV (Mg/Zn=10 mol. %, 

thickness=681 nm). Al doping contributed to the decrease in resistivity and the increase 

in optical bandgap. Annealing atmosphere in two-step annealing process played an 

important role in improving the electrical and optical properties of Al-doped Zn1-xMgxO 

(AZMO) thin film. It was found that the first step annealing in nitrogen increased carrier 

concentration, and the second step annealing in forming gas with a glass cover 

contributed to the improvement of Hall mobility. An optimum H2 concentration in 

forming gas existed for decreasing the resistivity of AZMO thin film when the second 

annealing in forming gas was conducted without glass cover. This sol-gel AZMO thin 

film enables “physically-flat” concept on roughened substrates. 

Secondly, conditions of reactive ion etching (RIE) of glass substrates and shapes 

of imprinting patterns were investigated in details to realize a scattering interface for 

fabricating “optically-rough” structure. In the part of RIE, moderate feature size on the 

substrate was obtained by controlling the etching time, RF power of plasma generation, 

and pressure. The etched Corning XG glass showed larger vertical feature than the 
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etched 7059 glass, resulting in large haze ratio at long wavelength. After coating sol-

gel AZMO thin film with 2-Methoxyethanol as solvent, the AZMO/RIE etched 7059 

glass substrate showed smooth surface and good scattering behavior. In the part of 

room-temperature nanoimprinting, the shape and period of feature size on the patterned 

substrate influence the optical properties of substrates greatly. Substrates imprinted 

with hole and pillar patterns showed high haze ratio at long wavelength region, 

indicating good light-scattering behavior. After AZMO coating, the AZMO/glass 

substrate patterned with a hole pattern showed a flat surface and a high haze ratio at 

long wavelength region. In terms of overall performance, the AZMO/hole patterned 

substrate shows high haze ratio and low surface roughness. AZMO(0.75 M 40L 

Mg/Zn=10 mol. %)/substrate with a hole pattern (period=1.7 m) showed a root-mean-

square surface roughness of 2.6 nm, a sheet resistance of 47.0 Ω/sq, and an average 

haze ratio of 9.5% at wavelength region from 700 nm to 850 nm. This value was larger 

than that of the typical ZnO: B substrate with pyramidal surface morphology, which 

was deposited by the metal organic chemical vapor deposition method. 

Subsequently, these AZMO substrates were applied as the transparent 

conductive layer in hydrogenated amorphous silicon solar cells (a-Si) single junction 

solar cells with superstrate configuration. Bandgap widening of TCO through 

increasing Mg content improved the spectral response at short wavelength, however, 

too wide bandgap (Eopt >3.55 eV) deteriorated the performance of solar cells due to the 

decrease in Jsc, Voc, and FF. Solar cells deposited on AZMO (Eopt=3.55 eV, Mg/Zn=10 

mol. %)/flat glass substrate showed the best performance. Employing 20 nm Nb-doped 

TiO2 thin film as the antireflection layer at the TCO/p-a-SiCx interface improved the 

spectral response of a-Si solar cells at wavelength of 450-580 nm through reducing the 

optical reflection. Roughening surface morphology of AZMO thin film via utilizing the 
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nonequilibrium solute precipitation and crystallization process during the drying 

procedure improved the spectral response of a-Si solar cells at wavelength of 600-800 

nm by enhancing the light-scattering, however, deteriorated the overall performance. 

When the optically-rough and physically-flat AZMO substrate was applied as the front 

electrode of a-Si single junction solar cells, the spectral response at short wavelength 

of around 350 nm was improved obviously due to the decrease in optical loss. A high 

Voc of 0.92 V was obtained by using AZMO/RIE etched 7059 (7 Pa 250 W 10 min) 

glass substrate due to the flat surface. A solar cell with η of 8.02 % (Voc=0.88 V, 

Jsc=13.02 mA/cm2, and FF=0.70) was obtained by using AZMO/RIE etched 7059 glass 

substrate (7 Pa 200 W 10 min). A Jsc of 13.2 mA/cm2 was achieved with 

AZMO(40L)/hole (period=1.7 m) patterned substrate.  

Overall, a novel optically-rough and physically-flat AZMO substrate was 

developed.  This substrate showed low optical absorption, low surface roughness, high 

haze ratio in transmission at long wavelength region, and moderate sheet resistance, 

simultaneously. It was demonstrated that a-Si single junction solar cells fabricated on 

this substrate showed good device performance. These results indicate the potential of 

the optically-rough and physically-flat AZMO substrate for the front electrode of 

several types of thin-film solar cells. 
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6.2 Future prospects 

The developed optically-rough and physically-flat (OR-PF) type TCO 

substrates would contribute to the development of other kinds of thin-film solar cells. 

These substrates would become a very promising substrate of perovskites solar cells, 

because their unique properties. At present, the sol-gel derived ZnO thin film has been 

applied into planar-hetero junction perovskite solar cells and improvement on the 

performance of solar cells was achieved [1]. Figure 7.1 shows the schematic of the 

perovskites solar cells with OR-PF type AZMO substrate. The OR-PF type AZMO 

substrate can further improve the performance of perovskites solar cells through 

reducing optical loss and enhancing light-scattering. In addition, it helps to achieve the 

fabrication of solar cells with chemical solution processes.  

 

 

 

Fig. 7.1 Schematics of perovskites solar cells with optically-rough and physically-flat 

AZMO substrate. 
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Fig. 7.2 Schematics of numerical simulation of the wave propagation in thin-film solar 

cells with Maxwell's equations. 

 

 

 

Fig. 7.3 Schematics of hydrogen plasma treatment on AZMO substrate. 

 

Quantitative theories on the relationship between the shape of feature size on 

the patterned glass substrate and the optical wave propagation in the absorption layer 

needs to be founded. Numerical simulation of Maxwell's equations utilizing the finite-

difference time-domain algorithm is a good method to investigate the wave propagation 
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in thin-film solar cells. Figure 7.2 shows the schematic of numerical simulation of the 

wave propagation in thin-film solar cells with Maxwell's equations. Then, precise 

control of shape of feature size (period and height) on the patterned glass substrate can 

be done, for enhancing the light absorption in the active layer.  

Furthermore, in order to improving the conductive ability of AZMO thin film, 

decreasing the sheet resistance of sol-gel derived AZMO thin film to be less than 10 

Ω/sq is another very important topic. Hydrogen plasma treatment is a very good method 

to reduce the resistivity of ZnO thin film [2]. Figure 7.3 shows the schematics of 

hydrogen plasma treatment on AZMO substrate. The hydrogen plasma treatment would 

increase the carrier concentration in AZMO thin film by hydrogen incorporation.   

 

 
Fig. 7.4 Schematics of measures to improve the spectral response of thin-film solar cells 

deposited on OR-PF AZMO substrate.  

 

Moreover, there are several measures to improve the spectral response of thin-

film solar cells deposited on OR-PF AZMO substrate at long wavelength region. Figure 

7.4 shows the schematics of measures to improve the spectral response of thin-film 

solar cells deposited on OR-PF AZMO substrate. First, optimizing the shape of feature 

size on pattern can broaden the scattering angle of incident light at the interface between 
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the TCO and glass substrate. Second, utilizing Ag particles as the plasmonic back 

reflector can enhance the light-scattering at rear side for λ=~700 nm [3]. Third, inserting 

an antireflection coating such as TiO2 at TCO/p-a-SiCx interface can reduce the optical 

reflectance at the TCO/p-a-SiCx interface and enhance the total reflectance at the p-a-

SiCx/TCO interface. These measures can increase the spectral response at long 

wavelength and intensify the light-confinement in the absorption layer, then increase 

the Jsc of thin-film solar cells.  
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