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Chapter 1 

1 Introduction 

 

1.1 Global Environment and Energy 

 

After the industrial revolution, many technologies have been developed and 

human being has received the benefit from the fruits. As the result of the industrial 

activity of human being, huge amount of carbon dioxide (CO2) gas have been emitted 

into the air. The CO2 is one of the greenhouse gases, which can absorb and emit infrared 

radiation, but not radiation in or near the visible light region.  

The Intergovernmental Panel on Climate Change (IPCC) recently provided 

three working group (WG) reports in the Fifth Assessment Report (AR5)[1]–[3]. The 

report of WG1 describes below.  

(1) Emission of CO2 gas due to the activity of human being has the largest effect on the 

warming of the climate system. 

(2) Continued emissions of greenhouse gases will cause further warming and changes in 

all components of the climate system. Limiting climate change will require substantial 

and sustained reductions of greenhouse gas emissions. 

(3) Global mean surface increment in 2081~2100 compared to 1986~2005 is estimated 

in 4 scenarios of greenhouse gas emissions, as shown in below and Fig. 1-1. 

  RCP2.6 : 0.3 ~ 1.7 °C 

  RCP4.5 : 1.1 ~ 2.6 °C 

  RCP6.0 : 1.4 ~ 3.1 °C 
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  RCP8.5 : 2.6 ~ 4.8 °C 

where RCP means Representative Concentration Pathway, and the number means 

radiative forcing in 2100 relative to 1750. The unit is W/m
2
.  

 

Fig. 1-1 Estimated global mean surface temperature in 4 senarios[1]. 

 

(4) Cumulative emissions of CO2 largely determine the global mean surface warming by 

the late 21
st
 century and beyond (Fig. 1-2). Most aspects of climate change will persist 

for many centuries, even if emissions of CO2 are stopped. This represents a substantial 

multi-century climate change commitment created by past, present and future emissions 

of CO2. 
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Fig. 1-2 Global mean surface temperature increase as a function of cumulative total 

global CO2 emissions from various lines of evidence. Multi-model results from a 

hierarchy of climate-carbon cycle models for each RCP until 2100 are shown with 

coloured lines and decadal means (dots). Some decadal means are labeled for clarity 

(e.g., 2050 indicating the decade 2040−2049). Model results over the historical period 

(1860 to 2010) are indicated in black[1]. 

 

One of the targets that has been suggested is to limit the global warming below 

2 °C, relative to the pre-industrial level[4][5]. The 2 °C target was adopted in 2010 by 

Parties to the United Nations Framework Convention on Climate Change (COP16)[6].  

To achieve the target, we need to realize RCP2.6 scenario. the report of WG3 of AR5 of 
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IPCC shows Fig. 1-3[3], which describe the greenhouse gas emission pathways from 

2000 to 2100 of all scenarios. In order to realize RCP2.6, we must to start reducing the 

greenhouse gas emission immediately, and need to achieve almost zero emission around 

2100. 

 

Fig. 1-3 The greenhouse gas emission pathways from 2000 to 2100 in all scenarios.[3] 

 

To reduce the emission of CO2 gas, we need to utilize renewable energies such 

as solar power, wind power, geothermal power, biomass power, and so on. According to 

EPIA, 100GW PV system can reduce CO2 emission of 53 Mt / Year[7]. (Most of 

renewable energy sources have similar capability of reducing CO2 emission[8].) In 

order to eliminate all CO2 emission in 2013 (~ 45 GtCO2eq/yr), 85TW PV will be 

needed by rough calculation. Renewable Energy Policy Network for the 21
st
 Century 

reported that the cumulative installed renewable power capacity (excluding hydro) 

reached to 560GW at the end of 2013, and approximate 80GW was installed in 2012[9]. 

These values are rapidly increasing recently, but they are still much smaller than 85 TW 

calculated above. Therefore, drastically increasing of renewable power capacity is 

required.  



 

9 

 

 

1.2 Photovoltaic (PV) 

 

Among the renewable power source, photovoltaic (PV) plays an important role. 

Fig. 1-4 shows the trend of the cumulative installed photovoltaic[9]. The cumulative 

installed PV all over the world reached at 139GW in 2013, and 39GW was installed in 

2013. As described above, we need to accelerate the installation of PV. 

 

Fig. 1-4 Trend of the cumulative installed photovoltaic power[9]. 

 

To accelerate the installation of PV, reducing costs of power generation is a key 

factor. New Energy and Industrial Technology Development Organization (NEDO : 

Japanese independent administrative agency) set up a long-term roadmap called 

“PV2030”[10] in 2004. It was revised in 2009 as “PV2030+”[11] to consider the growth 

of PV power generation over the extended period toward 2050 from 2030, and to 

assume volume expansion of PV power generation to the extent that it would contribute 

to global warming. Fig. 1-5 shows the cost reduction scenario. Targets of power 
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generation cost are presented as 14Yen/kWh (equivalent to commercial electricity) at 

2020, 7Yen/kWh (equivalent to general power source) at 2030, and below 7Yen/kWh 

(used as general power source) at 2050. To reduce the generation cost, improving 

efficiency is important. Development targets of solar cells and modules suggested in 

PV2030+ are shown in Table 1-1. To achieve this target, NEDO has launched some 

projects of research and development (R&D) on photovoltaic. For example, R&D on 

“Innovative Solar Cells” launched in 2008, which aims to improve drastically the 

conversion efficiency of solar cells using new and innovative concepts in long-term. 

R&D on “Next-generation high performance systems” launched in 2010, which aims to 

develop high performance PV system technology to reduce cost to 14~7Yen/kWh in 

middle term (2020~2030).  

 

 

Fig. 1-5 Cost reduction scenario and PV system development in PV2030+[11].  
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Type Present status 2017 2025 2050 

Module 

(%) 

Cell 

(%) 

Module 

(%) 

Cell 

(%) 

Module 

(%) 

Cell 

(%) 

Manufact

uring 

cost 

(Yen/W) 

Life 

time 

(Year) 

Module 

(%) 

Crystalline Si 16 20 20 25 25 30 50 30 Ultra-high 

40% 

efficiency 

solar cells  

(additional 

developm

ent) 

Thin-film Si 12 15 14 18 18 20 40 30 

CIS 15 20 18 25 25 30 50 30 

Compound 28 40 35 45 40 50 50 30 

Dye-sensitized 8 12 10 15 15 18 <40  

Organic  7 10 12 15 15 <40  

Table 1-1 Development targets of solar cells and modules in PV2030+[11]. 

 

As described above, accelerating PV is definitely and urgently required. 

Industry, government and academia are tackling the development of PV not only in 

Japan, but also in world wide. Therefore, PV has a promising future.  

 

1.3 Thin-Film Silicon Solar Cells 

 

The world photovoltaic production is mainly dominated by c-Si and poly-Si 

solar cells as shown in Fig. 1-6. c-Si solar cells are expected to be dominant in near 

future as shown in Ref [7]. However, the situation will be changed when terawatt level 

PV is deployed. According to Ref [12], Si material itself is abundant, but the shortage of 

silver limit the production of terawatt level. CdTe and CIGS are suffered from the 

shortage of tellurium and indium respectively. On the other hand, thin-film silicon solar 

cells and dye sensitized thin-film solar cells have capability of fabricating a few tenth of 
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terawatt if ITO is avoided. Therefore, thin-film silicon solar cells are promising 

candidate for terawatt leve l deployment.  

 

 

Fig. 1-6 PV modules production capacity until 2017 (MW; %)[7] 

 

However at this moment, the conversion efficiency of thin-film silicon solar 

cells is still too poor compared to other types of solar cells. The module efficiency of 

thin-film silicon solar cells is still in the range of 11-13%, whereas the module 

efficiency for c-Si module is about 20% or more. In order to accelerate the deployment 

of thin-film silicon solar cells, a remarkable efficiency improvement is needed.  

Recently, a multi-junction structure is considered as a promising candidate for 

the efficiency improvement in thin-film silicon solar cells. This multi-junction structure 

consists of two or more p-i-n diodes. These solar cells are called tandem or triple solar 

cells for two or three p-i-n diodes, respectively. For a tandem cell, the p-i-n diode 

located at the light incident side is usually called as the top cell, and the other diode is 
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called as the bottom cell.  Materials with different band gaps are generally used for each 

sub-cell. The band gap of the top cell is selected to be wider than that of the bottom cell 

to utilize the sunlight more effectively. At present, hydrogenated amorphous silicon 

(a-Si:H) and hydrogenated microcrystalline silicon (c-Si:H) are employed as materials 

for tandem cells, and an efficiency of 12.3-13.4% (stabilized efficiency) has been 

obtained at the research level as shown in Table 1-2.  

However, this conversion efficiency is still too low compared to the efficiency 

targeted in PV2030+ roadmap as previously shown in Table 1-1. A triple junction 

structure has to be utilized to achieve the final goal of efficiency of 20%. As the 

structures of cells are changed from a-Si:H single junction to tandem and triple junction, 

the requirements for TCO substrates are also changed. In the next section, the 

requirements for TCO are reviewed.  
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Solar Cell Eff. 

(%) 

Jsc 

(mA/ 

cm
2
) 

Voc 

(V) 

FF 

(%) 

Area 

(cm
2
) 

State Descrip 

tion 

Test center 

(Date: 

mm/yy) 

Ref 

Single-junction 

a-Si 10.1 16.75 0.886 67.8 1.036 Stab. Oerliko

n 

NREL 

(07/09) 

[13] 

c-Si 10.8 28.24 0.523 73.2 1.045 - AIST AIST 

(09/13) 

[14] 

Double junction 

a-Si/c-Si 12.3 12.93 1.365 69.4 0.962 Stab. Kaneka AIST 

(07/11) 

 

Triple junction 

a-Si/c-Si/c-Si 13.4 9.52 1.963 71.9 1.006 Stab. LGE NREL 

(07/12) 

[15] 

Table 1-2 Present status of conversion efficiency of thin-film silicon solar cells[16]. 

 

1.4 Functions of Transparent Conductive Oxide (TCO) for 

Thin-Film Silicon Solar Cells  

 

Fig. 1-7 shows the schematic of thin-film silicon solar cell. In this thesis, we 

focus on p-i-n structure (superstrate-type configuration). In p-i-n structure, TCO film is 

on transparent substrates (glass or film). When light is illuminated, photons are 

absorbed by the semiconductor material, and pairs of free electrons and holes are 

generated. The pairs are separated by the internal electric field created by p-i-n structure. 

Because electrons and holes have charge with opposite polarity, electrons and holes are 

moved to opposite direction by the internal electric field. Then, the electrons move the 

metal electrode, and the holes move to TCO. TCO and metal electrode have low 

resistance so that electrons and holes can be extracted to outside. If the sheet resistance 
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of TCO or metal electrode is too high, energy dissipated inside the electrode as Joule 

heat. Therefore, low sheet resistance is required to minimize the loss. 

From the viewpoint of optical properties, reflection at interfaces (air/glass, 

glass/TCO, and TCO/p-a-Si:H) must be low, and the absorption of TCO film must be 

low. And TCO substrate must have light scattering capability in order to absorb light 

effectively in i-layer. 

 

Fig. 1-7 Schematic of thin-film silicon solar cell.  

 

To improve cell efficiency, tandem and triple junction structures are effective. 

Yunaz et al. performed a theoretical analysis of triple junction. They reported the 

possibility of achieving efficiency of over 20% as shown in Fig. 1-8. However, the 

highest stabilized efficiency of thin-film silicon solar cells is 13.4% with 

a-Si/μc-Si/μc-Si[15]. There is still large gap between the theoretical value and the actual 

value, and there should be a room to improve the efficiency.  

Metal Electrode

TCO

Glass

p

i

n

1.Optical loss：low
・Reflection：low
・TCO absorption：low
・light scattering：high

PV Layer

2.Electrical loss：low
・TCO sheet resistance：low
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Fig. 1-8 Contour map of calculated efficiency of triple junction cell as a function of 

i-top and i-middle layer bandgaps. The bandgap of i-bottom layer was assumed to be 1.1 

eV. (Ref [17]) 

 

In case of a-Si:H single junction solar cell, sun light with wavelength longer 

than around 800 nm is not absorbed in i-a-Si:H layer. In the tandem and triple junction 

structures, sun light in near infrared (NIR) region in addition to the visible light region 

is utilized. Therefore, the requirement for TCO substrates should be fulfilled in both 

visible light region and NIR region.  
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1.5 Objectives  

 

As described above, TCO must have both low sheet resistance and high 

transparency in wide wavelength range. For achieving these properties, the key is to 

improve the mobility of free carriers. 

The first object is to improve the mobility of SnO2:F substrates, which is 

commercially and widely used for fabricating thin-film silicon solar cells. 

The second object is to give high light scattering capability to the TCO substrates while 

maintaining the high mobility.  

 

1.6 Outline  

 

The organization of this thesis is summarized in Fig. 1-9. As shown in the 

figure, this thesis consists of 7 chapters. As the introduction, motivations and objectives 

of this study are given in this chapter.  

In Chapter 2, the fundamental properties of transparent conductive oxide 

(TCO) are introduced. And the requirements of TCO substrates for thin-film silicon 

solar cells are explained. 

In Chapter 3, the experimental study for improving the mobility of SnO2:F 

films using Low Pressure Chemical Vapor Deposition (LPCVD) is reported. We 

analyzed the dependency of the mobility and the crystalline orientation of SnO2:F on the 

deposition temperature, and find one method to improve mobility by introducing 
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temperature gradient. 

In Chapter 4, the study of scattering mechanisms in SnO2:F films is reported. It 

is important to understand what scattering mechanisms are dominant in SnO2:F films. 

We compared the experimental values and the theoretical values, and we identified that 

grain barrier scattering is dominant in the range of carrier concentration 10
18

 ~ 10
19

 cm
-3

, 

and ionized impurity scattering is dominant in the range of carrier concentration above 

10
20

 cm
-3

. We confirmed this difference by changing grain size by experiment.  

In Chapter 5, we have succeeded to fabricate SnO2:F substrates with both very 

high haze and high mobility. In order to obtain high haze, we deposited SnO2:F films on 

the glass whose surface was roughened by reactive ion etching (RIE) technique. It is 

so-called “W-textured” TCO. We will show the properties of TCO substrates and the 

cell evaluation results.  

In Chapter 6, we proposed new method of measuring transmittance of 

W-textured TCO. While developing the W-textured TCO, we found that the optical 

transmittance of W-textured TCO can’t be measured accurately by conventional method. 

Therefore, we adopted new configuration of measuring optical properties, and we 

confirmed that the transmittance measured by the new method has good correlation with 

EQE, while the transmittance measured with the conventional method doesn’t have 

correlation.  

Chapter 7 concludes this study by providing a brief summary and giving future 

prospects. 
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Fig. 1-9 Outline of this thesis.  

  

Chapter 3 

Improving mobility of SnO2:F Thin Films by 

Low-Pressure Chemical Vapor Deposition and 

temperature gradient 

Chapter 4 

Scattering Mechanisms in SnO2:F Films  

Chapter 7 

Conclusions and Future Prospects  

Chapter 5 

Fabrication of SnO2:F Films with Both Very 

High Haze and High Mobility  

Chapter 6 

New method to measure whole-wavelength 

transmittance of TCO substrates for thin-film 

silicon solar cells  

Chapter 1 

Introduction 

Chapter 2 

Fundamental Properties of Transparent Conductive Oxide 

for Thin-Film Silicon Solar Cells  
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Chapter 2 

2 Fundamental Properties of Transparent Conductive 

Oxide for Thin-Film Silicon Solar Cells   

 

2.1 Introduction  

 

Transparent Conductive Oxide (TCO) is unique materials which have both high 

transparency and high electrical conductivity. TCO is very important material for 

various solar cells, flat panel displays, and low emissivity windows. In this chapter, 

basic properties of TCO materials, typical deposition method, and typical materials are 

reviewed. 

 

2.2 Properties of Transparent Conductive Oxide (TCO) 

Materials 

 

2.2.1 Electrical Properties 

In order to have high conductivity, the required conditions are (1) the existence 

of carriers which bring charge, and (2) the path where the carriers can move easily 

inside the TCO materials. These conditions are expressed in the formula of conductivity.  

             (2-1) 

where  ,  ,  ,   , and    are electron carrier concentration, hole carrier 

concentration, electron charge, electron mobility, and hole mobility. For condition (1), 
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  or    need to be high enough. For condition (2),    or    need to be high enough. 

As described later, TCO material should have a wide band gap in order to keep 

transparency in the visible light region. In wide band gap semiconductors, few carriers 

are excited from the valence band to the conduction band, because thermal energy at 

room temperature is 30 meV, which is much smaller compared to the band gap around 

3eV. Therefore, dopant materials are doped to generate carriers from donor levels near 

the conduction band edge (or acceptor levels near the valence band edge). The donor 

(acceptor) levels are formed with some defects, including point defects, line defects, and 

plane defects.  

Kröger-Vink expression is used to describe the status of point defects in ionic 

crystals as   
 . A is chemical element or “V” (Vacancy) in the point concerned. B is the 

chemical element if there is no defect. C expresses the charge. [.] means the increment 

of  1 electron charge, [’] means the decrement of 1 electron charge. For example, if 

         , or    is in      site in CaO crystal (        ), the expressions are 

     ,     
 , or    

 . Example of Kröger-Vink expression and the ionic valence are 

shown in Fig. 2-1 

 

                
      

         
         

       
              
                

      

                  

                 

                

                 

                  

 

       (a)                                     (b) 

Fig. 2-1 Example of Kröger-Vink expression and the ionic valence of CaO crystal. 

  

As the example of TCO materials, carrier generation in SnO2 is described. In 
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case of SnO2, Cl and F are doped into O site, and Sb and As are doped into Sn site. Then 

electron carriers are excited from the site as eq.(2-2), for example.  

 
     

     

         
     

(2-2) 

Because resistivity of SnO2 changes by reducing and oxidizing, vacancy of oxygen is 

also an important source of carriers. Carriers are generated as eq.(2-3). 

 
      

 

 
      

     
       

(2-3) 

As described above, 1 electron carrier is generated by 1 dopant atom, and 2 electron 

carriers are generated by 1 oxygen vacancy.  

In order to increase   or  , donor or acceptor materials are doped into the 

base materials. In case of n-type TCO, donor atoms are doped and electron free carriers 

are generated in the conduction band. In case of p-type TCO, acceptor atoms are doped 

and hole free carriers are generated in the valence band. Hole and electron move in 

different bands, so the characteristics of n-type and p-type are different. 

TCO is degenerated semiconductor. Fermi level is shifted into the conduction 

band in the case of n-type (the valence band in the case of p-type). Currently, most 

TCOs are n-type, for example, SnO2, In2O3, ZnO, Ga2O3, and CdO. The valence band is 

formed with occupied 2p orbital of oxygen, and the conduction band is mainly formed 

with unoccupied s orbital of positive ion. Generally, s orbital with             

(   ,   is principal quantum number) expands widely and isotropically, so, the s 

orbital of neighbor positive ions have large overlap, and it results to form the 

conduction band with large dispersion[1]. Therefore, electron carriers can move easily 

through the overlap of s orbital. Effective mass is defined as 
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 (2-4) 

Large dispersion means large 
   

   
. So, this leads to smaller effective mass. Actually, 

effective mass of electron of SnO2, In2O3, and ZnO are small (Reported as 0.275, 0.35, 

and 0.28, respectively[2]).  

On the other hand, doping hole is not easy. As described above, the valence 

band is formed with 2p orbital of oxygen. This orbital has nonbonding characteristics.  

Therefore, the 2p orbital has small overlap with orbital of neighbor atoms. If hole is 

doped, this hole can’t move. That’s why there is few p-type TCO. Recently, a few kind 

of p-type TCO have been developed[3]–[6]. But in this thesis, we will focus on the 

conventional n-type TCO. Therefore, we will neglect the contribution of holes and 

eq.(2-1) are changed to      , where   is the mobility of electrons. 

 

2.2.2 Optical Properties 

“Transparent” usually means transparency for visible light. Visible light is 

around 380 ~ 780 nm in wavelength, and 1.6 ~ 3.3 eV in energy. Therefore, TCO 

materials are basically required to have band gap larger than 3.3 eV. Generally, band gap 

tend to be larger as the atoms are ionic bonded. Oxides and halides have this character. 

So, most TCO materials are oxides. 

As described in the previous subsection, TCO is degenerately doped in order to 

increase carrier concentration. The high concentration of free carriers affects the 

transparency of TCO. Drude model can simulate the optical properties of free carriers 

well[7], [8] In this model, free carriers are assumed to oscillate in response to the 

electric field. The equation of motion of the oscillating electron is shown as eq.(2-5)  
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        (2-5) 

where   ,  ,  ,  , and   are effective mass of free carrier, relaxation time of free 

carriers, electron charge, applied electric field, and the displacement of free carrier. By 

solving eq.(2-5), eq.(2-6) are obtained. 

 

  
  

  

 

    
 
 

 

  
  

  
 
  

  

   

    
 
 

 

       
    

  

  

    
 
 

 

  
 

 
 
   

  

  

    
 
 

 

(2-6) 

where  ,  , and   are free carrier concentration, current density, and frequency 

dependent conductivity. This yields DC conductivity    
    

  
 by substituting    . 

Electric polarization   (average dipole moment per unit volume) due to the 

displacement of free carriers is described as eq.(2-7). 

        
    

  

  

    
 
 

 (2-7) 

Electric flux density, permittivity        are described as eq.(2-8),(2-9). 

                           
   

  

 

    
 
 

   (2-8) 

         
  

 

   
 
  

     
    

 

      
 
  
 
 (2-9) 
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where     
   

      
 and    are plasma frequency and high-frequency permittivity. 

   is the permittivity with high frequency where free carrier and lattice vibration 

cannot respond. Therefore,    is including the effect of band to band transition.    is 

sometimes called as optical permittivity, because it usually corresponds the permittivity 

in the visible light wavelength region, and     
  in case of TCO materials. 

Calculated transmittance, reflectance, and absorption of free carriers are shown Fig. 2-2, 

with different carrier concentration. Absorption becomes larger towered the plasma 

frequency where absorption show peaks. As carrier concentration becomes higher, the 

absorption in the visible to NIR region becomes larger. Therefore, carrier concentration 

should be as low as possible in order to suppress absorption. In order to keep resistivity 

low with low carrier concentration, high mobility is required. 

 

               (a)                              (b) 

Fig. 2-2 Calculated transmittance, reflectance, and absorption of free carriers by Drude 

model. Parameters are            ,       ,     , and thickness=500 nm. 

The difference of (a) and (b) is (a)               and (b)               . 

Corresponding plasma frequency are (a) 0.66 eV (1.9 μm) and (b) 0.93 eV (1.3μm). 

 

Fig. 2-3 shows simulation results of free carrier absorption by fixing sheet 
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resistance to 12Ω/□. In Fig. 2-3(a), mobility   is fixed to 80 cm
2
/Vs, carrier 

concentration   and thickness   are varied. In Fig. 2-3(b), carrier concentration   is 

fixed to 1x10
20

 cm
-3

, mobility   and thickness   are varied. From Fig. 2-3 (a), the 

absorption is almost the same in various carrier concentrations if the mobility and the 

product of carrier concentration and film thickness       are fixed. From Fig. 2-3(b), 

the absorption becomes higher rapidly as mobility decreases. So, higher mobility is very 

important to achieve lower absorption, especially in the near-infrared region. In this 

study, we set our target of mobility as 80cm
2
/Vs. 

 

               (a)                                  (b) 

Fig. 2-3: (a) n dependence.   is fixed.       is fixed constant.  (b)   dependence. 

  is fixed. So,       is fixed. 

 

Light trapping is very important function for thin-film silicon solar cells [9]. 

Haze ratio is considered to one measure of light trapping capability. In case of TCO 

films fabricated by Chemical Vapor Deposition (CVD), surface textures adequate for 

thin-film silicon solar cells are formed[10], [11], and films with high haze can be 

obtained. In case of TCO films deposited by sputtering, surface are flat and haze ratio is 
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low. In that case, additional processes (ex. etching ZnO films) are adopted to increase 

haze ratio[12]. For very high haze, the technique combined with reactive ion etched 

glass substrates and MOCVD ZnO:B was reported[13]. It is so-called “W-textured” 

TCO. Fig. 2-4 shows the spectral haze of W-textured ZnO:B. By adopting RIE etched 

glass substrates, haze ratio is drastically increased. By this technique, haze ratio in 

visible wavelength region can be fabricated to be high enough.  

 

Fig. 2-4 Spectral haze ratio of W-textured ZnO:B. ([13] Copyright 2010 The Japan 

Society of Applied Physics.) 

 

As explained in Chapter 1, high transparency and high haze ratio in NIR region 

is important for tandem or triple junction thin-film silicon solar cells. Therefore, we 

need to achieve high mobility and high haze ratio simultaneously. We set our target of 

mobility as 80cm
2
/Vs, and that of haze ratio as 90% at wavelength 1000 nm.  
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2.3 Film Deposition Methods 

 

Film deposition methods (here, Vapor deposition method only) can be 

categorized to Physical Vapor Deposition (PVD) and Chemical Vapor Deposition 

(CVD)[14]. These method are reviewed in this section.  

 

2.3.1 Physical Vapor Deposition 

In PVD, the source materials are changed to atomic or molecular species by 

adding energy, and these species are condensed on substrates. The temperature of 

substrates is lower than the temperature of the atomic or molecular spices, and the 

spices are cooled rapidly on the substrates. Therefore, PVD process is considered to be 

non-equilibrium process. PVD is usually categorized to Evaporation, Sputtering, and 

Ion-Plating methods.  

Evaporation is a process that source materials are evaporated by heating and 

the evaporated materials are attached to the substrates. The methods of heating are 

resistance heating, electron beam (EB) heating, pulsed laser heating (PLD), etc. 

Sputtering is a process that atoms are ejected from a solid target material due to 

bombardment of the target by ionized noble gas (typically, Ar+). The ejected atoms are 

attached to the substrates nearby. Using ceramic target, film with the same composition 

as the target can be fabricated. By using metal target and adding O2, N2, or CO2, oxides, 

nitrides, or carbide can be fabricated. Sputtering can be adopted for a wide variety of 

materials.  

In Ion plating, the coating material is vaporized and ionized by an electric arc, 

then accelerated to high speed towards the substrates. By utilizing the chemical activity 
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of the ions, some chemical reaction or creation of atomic bond is promoted. 

 

2.3.2 Chemical Vapor Deposition 

In the CVD process, the source materials are vaporized and these gases are 

chemically reacted on the surface of the heated substrates, then films are deposited on 

the substrates. In this method, the temperature of gases is lower than that of the 

substrate. When gases reached on the substrates, the gases are heated to the temperature 

of the substrates. Therefore, the deposition process is considered to be thermally 

equilibrium. CVD process is categorized to Atmospheric Pressure CVD (APCVD), Low 

Pressure CVD, Plasma Enhanced CVD (PECVD), etc. Various kinds of films can be 

deposited, for example, semiconductor films (Si, GaAs, etc), dielectric films (SiO2, 

Si3N4, etc), metal films (W, Ti, Mo, etc), and metal compounds (TiN, SnO2, etc). 

APCVD is the most common CVD process. The chamber pressure is kept as 1 

atm. Source gases are introduces to the camber with carrier gases (N2, Ar, H2, He, etc). 

In case of TCO, APCVD is industrially used for fabricating SnO2:F, and SnO2:Sb. 

In LPCVD, the chamber pressure is kept at 10
2
~10

4
 Pa. It has the advantages 

that thickness uniformity and purity of films are better. If Metal-Organic (MO) material 

is used as source material, it is called as Metal Organic CVD (MOCVD). In case of 

TCO, MOCVD is used for fabricating ZnO:B in industrial and research fields. 

Compared to APCVD, LPCVD has the advantages of the excellent uniformity of 

thickness and purity[15]. 

In PECVD, the temperature of the substrates is kept to low, so that source 

materials can’t receive enough energy from the substrates. Instead the substrate heating, 

plasma is introduced into the gases. PECVD is not used for TCO, but it is widely used 
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for fabricating thin-film silicon films. 

 

2.4 Transparent Conductive Oxide Materials  

 

2.4.1 Tin Oxide (SnO2) 

SnO2 is widely used for low emission window coatings, thin film solar cells, 

gas sensors, etc due to its high stability.  

SnO2 has the rutile crystal structure as shown in Fig. 2-5. The structure has a 

tetragonal unit cell (        ), a = b = 0.4738 nm, and c = 0.3188 nm[16].  

 

Fig. 2-5 Crystal structure of SnO2. 

Observed band gap was reported 3.57      and 3.93     [17]. Band structure 

calculation shows that the high dispersion of the density states near the conduction band 

edge, formed with 5s orbital of Sn atoms. This high dispersion indicates a low 

conduction effective mass, in other words, a high electron mobility. Calculated effective 

masses are reported as 0.26      and 0.20     [18]. These values agree with 

experimental value. This can be understood that c-axis is shorter than a- and b-axis, 

overlap of Sn 5s orbital is large for c-axis direction.  

For dopants,  F[10], Sb[19], Ta[20], W[21], etc are used. SnO2 is fabricated by 
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RF magnetron sputtering, reactive DC sputtering, APCVD, LPCVD, electron beam 

(EB) evaporation, spray coating, etc.  

 

2.4.2 Indium Oxide 

Sn doped In2O3 (ITO) is a critical component for flat panel display devices, 

touch panels, etc for its high transmittance, high conductivity, and good etching ability.  

In2O3 has two different crystal structures. One is cubic, the other is hexagonal. 

In most conditions, the cubic structure is formed. Crystal structure of the cubic is shown 

in Fig. 2-6. Lattice constant is 1.0118 nm. Inside one unit cell, 32 In atoms and 48 O 

atoms are included.  

 

Fig. 2-6 Crystal structure of In2O3. Small balls are In, and large balls are O.  

 

In2O3 has band gap of 3.75 eV[22]. The conduction band is formed with 5s 

orbital of In atoms, and the valence band is formed with 2p orbital of O atoms[23], [24]. 

Sn is the most widely used for dopant. But various dopants (Ti[25], W[26], [27], Zr[28], 

H[29], etc) are reported. In2O3 films are fabricated by RF magnetron sputtering, EB 

evaporation.  
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2.4.3 Zinc Oxide 

ZnO has been used for various purpose, such as white paints, green phosphors 

for display, surface-acoustic wave (SAW) devices, sensors, varistor, etc. As TCO, ZnO 

is used to thin film silicon solar cells and CIGS solar cells.  

ZnO has the hexagonal wurtzite structure. Lattice constants are a = 0.32498 nm, 

c = 0.52066 nm. Crystal structure of ZnO is shown in Fig. 2-7.  

 

Fig. 2-7 Crystal structure of ZnO.  

ZnO is a direct semiconductor with a band gap energy of 3.4 eV. The top of the 

valence band is formed with 2p orbital of oxygen. The bottom of the conduction band is 

formed with 4s orbital of zinc[30], [31].  

ZnO can be fabricated by many kinds of methods. Oxidat ion of evaporated 

metallic Zn film, Metal-organic chemical vapor deposition (MOCVD)[32], RF 

magnetron sputtering,  Pulsed laser deposition, etc. 

 

2.4.4 Other materials 

There are many other TCO materials. Among them, CdO, Cd2SnO4, CdIn2O4, 

etc have good electric properties. For example, the resistivity of CdO are reported as 

3x10
-5

 Ωcm, which is much smaller than other TCOs. However, these TCOs are not 
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used widely due to the toxicity of Cd.  

 

2.4.5 Comparison among TCO materials 

We’ll compare the properties of SnO2, In2O3, and ZnO from the viewpoint of 

the application for thin-film silicon solar cells.  

Regarding to optical properties, SnO2, In2O3, ZnO have wide band gap more 

than 3.3 eV. So, they are transparent at visible wavelength region. However, the band 

gap of ZnO (3.4eV) is slightly lower than SnO2 (3.6eV) and In2O3 (3.75eV), and the 

absorption in ultra violet (UV) region of ZnO is higher than others. Recently, the study 

for increasing the band gap of ZnO by adding MgO into ZnO has been done[33]. This 

could overcome the weak point of ZnO, but it is not applied industrially yet. As 

described in subsection 2.2.2, high mobility is required to suppress the free carrier 

absorption (FCA). The reported mobility of In2O3-, SnO2-, and ZnO-based materials 

deposited on glass substrates spread widely. In In2O3 based material, higher mobility 

than 100 cm
2
/Vs are reported[29], [34]. In SnO2 based materials, 136cm

2
/Vs is reported 

in W-doped SnO2 by PLD with help of Ti1-xNbxO2 undercoat[35] whose lattice constant 

is exactly tuned same as that of SnO2. This value is exceptionally high in case of SnO2 

based materials. Except the report, the reported mobility of SnO2:W and SnO2:Ta are 

around 80cm
2
/Vs by PLD with help of TiO2 undercoat[20], [21]. In case of SnO2:F, 60 

cm
2
/Vs is the highest mobility reported (deposited by APCVD )[36]. In ZnO based 

materials, 44.2 cm
2
/Vs in ZnO:Al by RF sputtering[37]. 

Next, we’ll compare the chemical stability of these TCOs. SnO2 has high 

resistance to atmospheric influence, to chemical (acid, alkaline), and it has high stability 

up to 800°C[38]. However, it doesn’t have enough durability against atomic hydrogen. 
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Therefore, Thin protecting layer is adopted[39][40]. ITO has low resistance to  high 

temperature [41], to chemical (in other words, it has good etching ability), and to atomic 

hydrogen[9]. ZnO has good durability against atomic hydrogen, although the resistance 

to damp-heat test is low[42]. 

The other important factors are availability of materials and toxicity. Indium is 

a rare element and ranks 61
st
 in abundance in the Earth’s crust[43]. And Indium is 

suspected of inducing pulmonary fibrosis[44]. 

As described above, SnO2 based materials have relatively high mobility, wide 

band gap, and high stability to chemicals. In this thesis, we focus on the study of SnO2:F 

deposited by LPCVD. 
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Chapter 3[1] 

3 Improving mobility of SnO2:F Thin Films by 

Low-Pressure Chemical Vapor Deposition and 

temperature gradient 

 

3.1 Introduction 

 

Tin oxide (SnO2) is one of the most common transparent conductive oxide 

(TCO) materials used as a front-side electrode for thin-film silicon-based solar cells. 

TCO films absorb sunlight because of free carriers in the near-infrared (NIR) region. 

Free carriers transport electrical charge, but they also cause the absorption of light in the 

NIR region, which suppresses the quantum efficiency (QE) at longer wavelengths in 

thin-film silicon solar cells[2]. Currently, a thin-film quintuple-junction solar cell is 

under development with the aim of converting the full spectrum of sunlight (UV to 

NIR) to achieve an ultrahigh efficiency[3]. For this purpose, the absorption of NIR 

wavelengths is critical, and low-level absorption is strongly desired.  

High mobility is a key factor for suppressing free-carrier absorption. The 

optical properties of TCO films in the NIR region are well described by the Drude 

theory[4], [5]. If free-carrier concentration decreases, free-carrier absorption and 

conductivity decrease, because conductivity and carrier concentration are related by the 

equation      , where  ,  ,  , and   are the conductivity, electron charge, carrier 

concentration, and mobility, respectively. Therefore, if we want to maintain a high 
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conductivity with a decreased carrier concentration, a higher free-carrier mobility is 

required.  

High-mobility TCO films were reported in In2O3-based materials (Sn-, Ti-, Zr-, 

Mo-, W-, and H-doped.)[6]–[16] However, In2O3 is not suitable for superstrate-type 

thin-film silicon solar cells, because indium oxide is reduced to In
0
 when a Si layer is 

deposited with hydrogen plasma[17], [18]. Therefore, high-mobility TCO materials with 

a high durability for hydrogen plasma are valuable for superstrate-type thin-film silicon 

solar cells, such as SnO2 and ZnO. 

Recently, high-mobility TCO films of SnO2-based materials have been reported 

for Ta-doped (83 cm
2
/Vs)[19] and W-doped (84 cm

2
/Vs)[20] films fabricated using 

pulsed laser deposition (PLD). However, large-area deposition is difficult using 

PLD[21]. On the other hand, F-doped SnO2 (FTO) deposited on large-area glass 

substrates has been commercially fabricated using atmospheric-pressure chemical vapor 

deposition (APCVD). The mobilities of the FTO films thus fabricated were reported to 

be 35- 60 cm
2
/Vs,[22]–[24] which were lower than the mobility of Ta-doped SnO2 

fabricated using PLD. 

In the case of APCVD, various kinds of precursor materials have been used 

such as tetramethyltin (TMT), monobutyltinchloride (MBTC), and tin tetrachloride 

(TTC)[25], [26]. Among these materials, TTC has the highest mobility (60 cm
2
/Vs) 

reported[24]. 

Compared with APCVD, LPCVD can be used to deposit films with high 

purity[27]. There are many reports on FTO using LPCVD[28]–[30]. In these reports, the 

precursor is TMT and the reported mobilities are 31 - 40 cm
2
/Vs, which are lower than 

the mobility of FTO using APCVD with TTC. We can expect FTO films with a high 
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purity (and possibly high mobility) if FTO is fabricated using LPCVD with TTC, but 

there is as yet no such report to the best of our knowledge. Therefore, we have studied  

FTO films using LPCVD with TTC.  

In this study, we investigated the mobility, carrier concentration, and crystallite 

orientation of FTO fabricated using LPCVD at various deposition temperatures and film 

thicknesses. Furthermore, we discuss the relationship between mobility and crystallite 

orientation and describe a method of improving the mobility of FTO films.  

 

3.2 Fabrication of SnO2:F Thin Films  

 

3.2.1 Low Pressure Chemical Vapor Deposition System 

FTO films were deposited using LPCVD on 0.7-mm-thick alkaline-free glass 

substrates (Asahi Glass AN100). Fig. 3-1 shows the configuration of the LPCVD 

chamber.  
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Fig. 3-1 Schematic diagram of LPCVD chamber. 

 

A glass substrate was placed on a SiC tray, which was placed under a 

showerhead and heated from underneath using SiC heaters. The temperature of the 

chamber is controlled with a temperature sensor positioned below the SiC tray. The 

correlation between glass temperature and chamber temperature was measured in 

advance, using glass on which thermocouples were attached. SnCl4, H2O, and HF gases 

were supplied into the chamber through the showerhead. SnCl4 and H2O were vaporized 

using the bubbling method. N2 was used as the carrier gas. HF, which was used to dope 

fluorine into SnO2, was vaporized directly from liquid HF. These three gases were 

mixed downstream of the showerhead to avoid clogging the pipe. The flow rates 

(excluding that of the carrier N2 gas) of SnCl4, H2O, and HF were set at 2, 200, and 8 

sccm, respectively. The deposition period was varied from 2-30 min. In all the 

H2O + N2

SnCl4 + N2

HF

SiC heaterSiC tray

Dummy glass

Deposition chamber

Glass substrate
Dummy glass

Showerhead

Temperature sensor
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experiments, the chamber pressure was kept at 100 Pa during deposition. During 

deposition, the temperature of the glass substrate was maintained between 350 and 

600 °C. All the samples were annealed at 400 °C in 100% N2 (1 atm) for 10 min before 

evaluation. 

Film thickness was measured using a DEKTAK M6, which is a common stylus 

apparatus. The electrical resistivity  , the carrier concentration  , and the mobility   

of the films were obtained by Hall measurements in the van der Pauw configuration 

using BioRad HL5500. The crystallite structures of the films were analyzed using an 

X-ray diffraction (XRD) spectrometer (Rigaku RU-200) in      scan. The films 

showed peaks corresponding to the (110), (101), (200), (210), (211), (220), (310), (301), 

and (321) planes of rutile SnO2. The fraction of (hkl)-oriented crystallites      was 

determined as follows: 

     
 ℎ  

    
 

       
       

      

  

where      is a scattering correction factor defined in Powder Diffraction File (PDF) 

41-1445 and      is the intensity of each diffraction peak after background subtraction. 

Crystallite size is estimated using Scherrer's equation assuming spherical crystallite 

specimens[31] as follows: 

     
  

           
 

where     ,  ,  ,     , and      are the crystallite size with (hkl) orientation, 

Scherrer constant 1.333, wavelength of X-ray, integral width of the (hkl) diffraction 

peak, and incident angle of the (hkl) diffraction peak. Cross-sectional SEM images were 

observed with Hitachi SU-70. Samples were cleaved and coated with osmium and 

platinum before SEM observation. The thicknesses of osmium and platinum were 
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approximately 3 and 1 nm, respectively.  

 

3.2.2 Dependence of mobility and crystallite orientation on thickness 

Figures Fig. 3-2 and Fig. 3-3 show the dependences of mobility, carrier 

concentration, fraction of (hkl)-oriented crystallites     , fraction of (301)-oriented 

crystallites     , and crystallite size with (301) orientation      on film thickness. 

Film thickness was controlled by changing the deposition time from 2 to 30 min. During 

the deposition, the glass temperature was held constant at 380°C. In thin films (less than 

200 nm), the mobility is much lower than that in thick films. With increasing thickness, 

mobility,     , and      increase, but carrier concentration decreases monotonically. 

Figure Fig. 3-4 shows cross-sectional SEM images of the same samples shown in Fig. 

3-3. It is clear that grains grow larger as film thickness increases. 
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               (a)                                  (b) 

Fig. 3-2 Dependences of (a) mobility   and carrier concentration  , (b) fraction of 

(301)-oriented crystallites      and crystallite size with (301) orientation      on film 

thickness.  

 

Fig. 3-3 Dependence of fraction of (hkl)-oriented crystallites      on film thickness. 

 

Fig. 3-4 Cross-sectional SEM images of various-thickness samples. 
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The above-mentioned dependence on film thickness can be explained as 

follows: At the beginning of the deposition, precursors attach to the glass substrate. At 

this stage, many surface orientations have similar formation energies, and thus no 

preferred orientation is observed. Consequently, many small grains with various 

crystallite orientations grow. This behavior can be seen in Fig. 3-3 and Fig. 3-4. Small 

grains with a random crystallite orientation result in a lower mobility. As film thickness 

increases, precursors attach to the SnO2 surface. Under these experimental conditions, 

the (301) surface has the lowest formation energy and grains with (301)-oriented 

crystallites tend to grow larger. Larger grains and/or a larger      results in an 

increased mobility.  

As shown in Fig. 3-2(a), mobility strongly depends on film thickness. In thick 

films (i.e., more than 800 nm thick), the mobility exceeded 70 cm
2
/Vs. However, the 

bottom part of these thick films should have a lower mobility because thin films have a 

lower mobility, as Fig. 3-2(a) shows. This means that the mobility of the upper part 

should be higher than the measured mobility of a thick film. The electrical properties of 

a thick film can be modeled such that two layers are stacked, as shown in Fig. 3-5. 

 

Fig. 3-5 Schematic of two-layer stack model.  ,  ,  ,  , and   respectively 

represent the Hall coefficient, conductivity, mobility, carrier concentration, and 

thickness of the films. No suffix indicates the whole layer. The suffixes 1 and 2 indicate 

Substrate

Layer 1 (R1, σ1, μ1, n1）

Layer 2 （R2, σ2, μ2, n2）

d1

d2

d

Whole layer (R, σ, μ, n)
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layers 1 and 2, respectively. 

 

Layer 1 (bottom part) has a lower mobility, and layer 2 (upper part) has a 

higher mobility. Petritz presented the Hall coefficient and conductivity of a two-layer 

stack model[32]. The formula of the Hall coefficient and conductivity is shown in 

eq(3-1). The definition of the symbols are given in Fig. 3-5. 

   
     

        
     

           
       

         
 

 (3-1) 

Converting the formulas of   and   to those of   and  , we obtain eq.(3-2). 

    
         

   
            

     
            

 

          
      

 (3-2) 

Using these formulas, we calculated the mobility and carrier concentration of 

each stacked layer. For example, data of a 628-nm-thick film is used as the whole layer 

(  and  ), and data of a 415-nm-thick film is used as layer 1 (   and   ). Then, the 

properties (   and   ) of layer 2 (415 - 628 nm) are calculated. Figure Fig. 3-6 shows 

the calculated mobility of each stacked layer. A cross-sectional SEM image of a 

1273-nm-thick sample is also shown. It is clear that the calculated mobility of each 

layer strongly correlates with grain size. Note that the calculated mobility of the top 

layer (830 - 1273 nm) exceeds 90 cm
2
/Vs. It shows the possibility that FTO can achieve 

a higher mobility of over 90 cm
2
/Vs. 
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Fig. 3-6 (a) Calculated mobility of each stacked layer. (b) Cross-sectional SEM image 

of sample with 1273 nm thickness. 

 

3.2.3 Dependence of mobility and crystallite orientation on deposition 

temperature 

Fig. 3-7 shows the dependences of mobility, carrier concentration, fraction of 
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deposition temperature for thick (20 min deposition,   800 nm thick) and thin (5 min 

deposition,   200 nm thick) films. Figure Fig. 3-8 shows the dependence of the 

fraction of (hkl)-oriented crystallites      on the deposition temperature of the thick 

samples (20 min deposition). The mobility peaks at approximately 380 °C for the thick 

films, and at approximately 410 °C for the thin films.      peaks at a slightly higher 

temperature than the mobility for both the thick and thin films. Carrier concentration is 

almost constant below 480 °C and decreases above 480 °C for the thick films. The 

crystallite size with (301) orientation      is almost constant for the thin films, and 

increases monotonically for the thick films as temperature increases below 450 °C. In 

the samples deposited above 500 °C, no (301) peak is observed. Although      and 

     are plotted for reference, it is difficult to compare the crystallite size with the size 

of the samples below 450 °C. 

 

Fig. 3-7 Dependences of (a) mobility  , (b) carrier concentration  , (c) fraction of 

(301)-oriented crystallites     , and (d) crystallite size with (301) orientation      on 

deposition temperature for thick and thin films. Regarding the crystallite size of the 
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thick samples deposited above 500°C,      and      are plotted for reference because 

no (301) peak is observed.  

 

 

Fig. 3-8 Dependence of fraction of (hkl)-oriented crystallites      on deposition 

temperature. 

 

Cross-sectional SEM images of the samples with various deposition 

temperatures are shown in Fig. 3-9. Below 400°C, the cross-sectional images are similar. 

Columnar grains are observed at the middle and top parts, and small grains are observed 

at the bottom part. However, there is a tendency that the bottom thickness where small 

grains are observed increases as deposition temperature decreases. The film surface is 

flat. Corresponding to the flat surface, the appearances of the films are not hazy. In the 

samples deposited at 425 - 450 °C, the widths of columnar grains at the middle and top 

are larger than that in samples deposited below 400 °C. The surfaces of the top side are 
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textured, and their appearance is more hazy. In the samples deposited above 500 °C, no 

(301) peak is observed, and the width of columnar grains decreases compared with that 

of the samples deposited below 450 °C. The film surface is flat and not hazy.  

 

Fig. 3-9 Cross-sectional SEM images at various deposition temperatures. 

 

We now discuss the relationship between mobility, fraction of crystallite 

orientation, and grain size. As described above, mobility and      both peak at similar 

temperatures, and both increase with increasing film thickness. Therefore, mobility and 

     have a strong positive correlation. Comparing the samples deposited at 380 and 

400 °C with those deposited at 350 and 365 °C, the thickness of the bottom part with 

small grains is smaller, and      is slightly larger, as shown in Fig. 3-7(c) and Fig. 3-9. 

This can be understood to indicate that (301) is more preferred, and (301) becomes 

dominant at the earlier stage of deposition at 380 and 400 °C than at 350 and 365 °C. 

The columnar grain size observed by cross-sectional SEM seems to increase as 

temperature increases up to 450 °C.  
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Samples deposited above 500 °C have smaller grain size. The crystallite size 

with (301) orientation      increases up to 450 °C. This shows a similar tendency to 

columnar grain size. Therefore, the correlation between grain size and mobility is not 

clear. 

On the basis of the above results, it seems reasonable to conclude that 

increasing      is one way to increase mobility. From the viewpoint of crystal structure, 

electrons can move more easily parallel to the c-axis than parallel to the ab-plane 

because the lattice constant c is smaller than a[33]. However, because the (301) plane is 

not parallel to the c-axis, it is not clear why a larger      is favorable for high mobility, 

at this moment. In addition, the (200) plane is preferable for APCVD[34] in contrast to 

the results reported herein. Note that this study is the first investigation of the properties 

of (301)-preferred-orientation films.  

 

3.3 Introduction of temperature gradient ⊿T to improve 

mobility  

We reported that the mobility of the bottom part is lower than that of the upper 

part. We also found that the temperature at which the mobility peaks depended on film 

thickness. Therefore, to improve the mobility of both the bottom and upper parts, we 

varied the glass temperature from a higher value to a lower value during deposition. 

Figure Fig. 3-10 shows a schematic of the resulting temperature profile. The 

temperature at the end of deposition was fixed at 380 °C, which was the temperature at 

which the mobility was maximum in the thick film. The temperature at the start of the 

deposition was varied from 380 to 480 °C. We use    to represent the temperature 
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difference between the start and end of the deposition.  

 

Fig. 3-10 Schematic of glass temperature profile during deposition with temperature 

gradient   . (a) Conventional and (b) new profiles with   . 

 

Fig. 3-11 shows the    dependences of mobility and carrier concentration. As 

we have expected, mobility increases from 72.5 cm
2
/Vs at    = 0 °C to 77.5 cm

2
/Vs at 

   = 55 °C. Carrier concentration decreases monotonically over this same range of    

values. Cross-sectional SEM images of samples with various    values are also shown 

in Fig. 3-12. 
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Fig. 3-11    dependences of mobility and carrier concentration. The horizontal axis 

   is explained in Fig. 3-10. 

 

 

Fig. 3-12 Cross-sectional SEM images of samples with various    values. 

 

The dependence of mobility on    can be explained as follows: For    = 
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shown in Fig. 3-7(a), mobility peaks at 410 °C in thin films (5 min deposition). 

Therefore, the mobility of the bottom part of the film was improved because of the 

higher deposition temperature introduced by the temperature gradient   . In this 

scenario, the orientation fraction      of the bottom part of the film should increase 

with the temperature gradient    in a manner similar to that found for the 5 min 

deposition, which is shown in Fig. 3-7(c). However, we observed no difference in      

between   = 55 °C and    = 0 °C (data not shown). We think that, with    = 55 °C, 

     increased at the start of the deposition, but the variation in      for the bottom 

part of the film was too small to be observed by the XRD analysis of the thick films (the 

samples used to study the effect of varying    were thick films with a 20 min 

deposition time). From cross-sectional SEM images, we can see the tendency that the 

sample with    =55 °C has a thinner bottom part with small grains than the samples 

deposited at other    values. This supports our understanding described above. 

 

3.4 Conclusion  

 

We investigated how the electrical properties and crystallite orientation of FTO 

films fabricated by LPCVD depend on film thickness and deposition temperature. We 

found that, depending on film thickness, mobility peaked at different deposition 

temperatures. The temperature at which the mobility peaked for a thin film was higher 

than that for a thick film. On the basis of this result, we introduced a temperature 

gradient    during deposition, which improved the mobility of FTO to 77.5 cm
2
/Vs. 
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Chapter 4 

4 Scattering Mechanisms in SnO2:F Films  

 

4.1 Introduction 

 

TCO materials are needed to have two important properties. One is the high 

transparency in visible to near-infrared wavelength region by having wide band gap 

and adequately low carrier concentration. The other is the conductivity by having 

enough many carriers and high mobility. As described in Chapter 2, if carrier 

concentration is too high, absorption of TCO film in NIR region becomes higher. This is 

bad situation for solar cells which use the sunlight of NIR region. To suppress the 

absorption in NIR region by keeping conductivity high, high mobility is key parameter. 

Therefore, many researchers have studied scattering mechanisms of TCO materials. In 

this chapter, the studies of scattering mechanisms of various TCO are reviewed and we 

report our study about SnO2:F thin films. 

 

4.2 Theories of Scattering Mechanisms 

 

Carriers are scattered by various mechanisms. Many researchers studied the 

scattering mechanisms in case of In2O3 and ZnO based TCO[1]–[14]. In this section, 

theories of various scattering mechanisms are reviewed and discussed. Theories for 

phonon scattering (4.2.1), ionized impurity scattering (4.2.2), and neutral impurity 

scattering (4.2.3) were summarized by Ellmer[15] as shown in this section. We will 
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discuss the theories for grain boundary scattering.  

 

4.2.1 Phonon Scattering 

There are three modes of lattice scattering. Optical phonon scattering, acoustic 

phonon scattering, and piezoelectric mode scattering which is caused by the electric 

field associated with acoustic phonons. In case of piezoelectr ic materials as ZnO etc, we 

need to consider the piezoelectric mode scattering. However in this thesis , we focus on 

SnO2 which is not piezoelectric material. Therefore, we don’t consider this mode here. 

Ellmer summarized the mobility limited by phonon scattering as follows. 

Optical mode scattering is due to the interaction of electrons with the electric field, 

induced by the lattice vibration polarization (polar longitudinal-optical phonons) 

occurring in polar semiconductors with partial ionic bonding.According to Devlin [16] 

the optical Hall mobility can be calculated by 

             
 

     
 
     

   
  

     (4-1) 

where the polaron coupling constant   is given by 

 

   
 

  
 
 

  
  

    
     

 

(4-2) 

   and    are the high frequency and the static dielectric constants and    is the 

first ionization energy of the hydrogen atom (13.595 eV).    and    are the effective 

and the vacuum electron masses, while     is the energy of the longitudinal optical 

phonons.       is the Hall coefficient factor for optical mode scattering and   is a 

slowly varying function of the temperature. Usually it is assumed that        is equal 

to 1. [17][16] 

Acoustic mode scattering is a lattice deformation scattering process due to a 
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local enrgetic shift of the band edges originating from acoustic phonons. According to 

Bardeen and Schockley[18] the acoustical lattice mode Hall mobility is 

 
         

        

   
          

 
(4-3) 

where    is the averaged longitudinal elastic constant.    is the deformation potential 

(energy shift of the conduction band per unit dilation).                 is the 

Hall coefficient for acoustic phonon scattering[19]. Various properties of TCO 

materials are shown in Table 4-1[20] 
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Property(unit) ZnO In2O3 SnO2 Si 

Band gap   (300k) [eV] 3.4 (dir) 2.7 (indir) 

3.75 (dir) 

3.6 (dir) 1.12 (indir) 

4.18(dir) 

Pressure coefficient of    

       [meV/GPa] 

23.5   -14.1(dir) 

Temperature coefficient of    

       [meV/K] 

-0.3  -1.2 -0.47 

Static dielectric constant    or      :8.75 

  :7.8 

 9   :9.6 

  :13.5 

11.9 

High frequency permittivity     4.18~4.26[2] 3.7~4.1[21]  

Density of states effective electron 

mass   
     

0.28 0.35 0.275 

(  :0.23 

  :0.3) 

0.337 

Density of states effective hole mass 

  
     

0.59 0.6 1.0 0.55 

Nonparabolicity parameter   [eV
-1

] 0.29; 0.14; 

1.04 

0.18 0.96 0.27; 0.5 

Effective conduction band density of 

states (300K)     [ cm
-3

] 

3.7x10
18

 4.1x10
18

 3.7x10
18

 4.9x10
18

 

Exciton binding energy [ meV] 59-65  130 14.3 

Energy of the longitudinal optical 

phonon     [meV] 

73.1 41; 45; 51 34.1; 45.1; 

86.8; 95.1 

50.8; 51.9; 

64.3 

Deformation potential    [eV] 31.4; 3.8; 

18.9; 1.4; 3.5 

33.3 8 9.5 

Longitudinal elastic constant    [GPa] 204.7; 207.2; 

185.3; 204.5 

159 326 156 

Piezoelectric coefficients       0.21; 0.36    

Extrinsic dopants B, Al, Ga, In, 

Si, Ge, Sn, Y, 

Sc, Ti, Zr, Hf, 

F, Cl 

Sn, Ti, Zr, F, 

Cl, Sb, Ge, 

Zn, Pb 

Sb, As, P, F, 

Cl 

B, Al, Ga, In, 

P, As, Sb 

Table 4-1 Properties of TCO materials in comparison to that of silicon (Taken from 

[20]) 
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4.2.2 Ionized Impurity Scattering 

The mobility limited by ionized impurity scattering is summarized by Ellmer as 

follows[15]. This scattering process is caused by the ionized dopant atoms and 

dominates for carrier concentrations above 5x10
18

 cm
-3

. An analytical expression for 

the mobility     of degenerately doped semiconductors, taking into account the 

non-parabolicity of the conduction band, was given by Zawadzki and refined by 

Pisarkiewicz et al.[22].  

    
   

       
   

       

 

  

 

 
  
      

 with                 
     

    
 (4-4) 

where  ,   , and   are carrier concentration, concentration of ionized impurity, and 

the valence number of the ionized impurity, and the screening function    
  

 is given by 

    
  
    

    

  
   

   

 
            

  
    

        
    

  
  

(4-5) 

with the parameter         
    , which describes the non-parabolicity of the 

conduction band (  ,   
  refer to effective masses in the conduction band and at the 

conduction band edge, respectively). The non-parabolicity is described by the 

dependence     
             , where   is the non-parabolicity parameter 

shown in Table 4-1,   and    are the energies of the carriers in the conduction band 

and at its edge. The prefactor in eq.(4-4) shows, that the ionized impurity limited 

mobility depends as         
     on the material constants of the semiconductor and 

as      
   on the charge of the dopants (for example,     corresponds to group 

III donors for ZnO and group V donors for SnO2, etc.     corresponds to oxygen 

vacancies). In this thesis,   is assumed to be 1 and      to be 1. This means that all 

free carriers are generated from singly charged donors. This condition is ideal for 
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achieving high mobility, because     
   is maximum. 

 

4.2.3 Neutral Impurity Scattering 

The mobility limited by neutral impurity scattering is summarized by Ellmer as 

follows[15]. The mobility due to neutral impurity scattering was first calculated by 

Erginsoy[23] who scaled the electron scattering at hydrogen atoms to a semiconductor 

by using its dielectric constant and carrier effective mass, which leads to:  

    
    

          
   

 
(4-6) 

Here      is the generally temperature-dependent scattering cross-section factor and 

   is the density of neutral scattering centers. However, this scattering process is 

considered to less dominant, because the shallow donors in TCO materials have 

ionization energies around 50 meV and most donors should be ionized. Therefore, we 

don’t consider the neutral impurity scattering in this thesis. 

 

4.2.4 Grain Barrier Scattering 

[Barrier height] 

In case of polycrystalline films, scattering at grain barrier is considered to be 

important in addition to phonon scattering and ionized impurity scattering. Seto 

described carrier transport in polycrystalline silicon film[24]. In his model, carriers are 

trapped at grain boundary, and the grain boundary is charged. Therefore, potential 

barrier is generated as shown in Fig. 4-1. 
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Fig. 4-1 Model for the grain structure in case of non-degenerated semiconductor. 

 

The barrier height    measured from conduction band energy    (in case of 

non-degenerated) can be calculated by the Poisson’s equation. 

    
    

 

      
              

   
     

     
              

(4-7) 

where   is the electron charge,    is the charge trap density at the grain boundary, 

     is the static dielectric constant,   is the carrier density in the bulk of the grain and 

  is the grain size. For       , the traps are only partially filled and the grains are 

completely depleted. For       , only part of the grains is depleted and the traps are 

filled completely. In this condition, the depletion width   is 
  

  . 

In case of degenerated semiconductors, some researchers considered that 

barrier is formed on the conduction band edge[13], [25], [26]. They treated barrier 
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height for carriers as           . Therefore, barrier height can be negative in some 

case. However, negative barrier height means the top of barrier is located under Fermi 

level, and there is no depletion region. This contradicts with the concept of barrier 

model shown in Fig. 4-1. Therefore, the origin of barrier height should be set to the 

Fermi energy as shown in Fig. 4-2. We will adopt this concept in this thesis. 

 

Fig. 4-2 Model for the grain structure in case of degenerated semiconductor.  

 

[Thermionic emission current] 

There are two processes that carriers go through the grain barriers. One is 

thermionic emission that carriers which have energy higher than    go beyond the 

barrier. The other is tunneling current by quantum mechanism. Seto formulated the 

mobility of thermionic emission process as eq.(4-8) in case of non-degenerated 

semiconductors. In his paper, tunneling current was neglected. 
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(4-8) 

Bruneaux et al. described the formula of thermionic emission by applying 

Fermi-Dirac distribution instead of Maxwell-Boltzmann approximation as eq.(4-9)[13].  

           
    

  
     

  
  
  (4-9) 

where    is Richardson constant 
      

  
, and    is the barrier height measured from 

  . (Note that the definition of    in eq.(4-9) is different from Ref [13], because they 

considered the barrier height from    as explained above.) Although the derivation of 

eq.(4-9) was not described in Ref [13], the formula seems to be derived from eq.(4-10) 

which describes thermionic emission current in Schottky diode[27]. However, 

Maxwell-Boltzmann approximation is involved in the derivation of eq.(4-10). Therefore, 

verification is needed. Furthermore, this formula eq.(4-9) is referred and adopted for 

analyzing TCO properties in some papers[28][29][6][30], but the temperature 

dependence of the mobility was inversed to  
 

 
      

  

  
  by mistake. 

            
  

                  (4-10) 

 

[Tunneling current] 

The general formula of tunneling current across metal-insulator-metal(MIM) 

barrier is derived by Simmons[31]. He derived eq.(4-11) in case that applied voltage is 

small.  

 
     

       

  
 
 

 
 
 

     
   

 
         

(4-11) 

where      is current density across the barrier,   is the applied voltage across the 
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barrier. The schematic of this MIM barrier is shown in Fig. 4-3. 

 

Fig. 4-3 Schematic of the Metal-Insulator-Metal barrier. 

 

From eq.(4-11)(4-11), resistivity and mobility of the insulator can be calculated as  

 
          

       

 
 
 

 
 
 

     
   

 
         

(4-12) 

 
         

       

   
 
 

 
 
 

     
   

 
        

(4-13) 

Steinhauser applied partially the concept of Simmons to explain the mobility 

dependence on carrier concentration[32]. However, another parameter      (mean free 

path of electron for tunneling) was introduced to adjust the tunneling current , but the 

physical meaning of      is not clear. 

Jones et al. analyzed grain barrier scattering for degenerate polycrystalline Si 

films by considering tunneling current [25]. However, they considered the barrier is 

located under Fermi level as explained previously.  
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4.2.5 Mobility combined all scattering mechanisms 

To compare the measured electrical properties and theories, we need to 

combine all scattering mechanisms. For this purpose, Matthiessen’s rule is generally 

adopted.  

  

     
  

 

  
 ,   

 

     
  

 

  
  (4-14) 

where      ,      ,    and    are scattering relaxation time combined all scattering 

mechanisms, mobility combined them, relaxation time of each scattering mechanisms 

(except grain barrier scattering), and mobility limited by each scattering mechanisms 

(except grain barrier scattering). However, scattering inside grain and at grain barrier 

occur in different position. So, Matthiessen’s rule can’t be adopted for them. To 

calculate the combined mobility, equivalent circuit as shown in Fig. 4-4 is considered. 

Grain barrier scattering can occur in the depletion area only, and scattering inside bulk 

occur inside bulk only except the depletion area. The combined mobility        can be 

described as (4-15). 

 

Fig. 4-4 Schematic of electrically connected bulk and grain barrier.  
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(4-15) 

 

4.2.6 Review of the prior studies of scattering mechanisms 

Koida et al. analyzed the scattering mechanisms of In2O3:H. They reported that 

the measured mobility shows good agreement with the mobility limited by ionized 

impurity scattering in carrier concentration 1.7 ~ 4.6x10
20

 cm
-3

[2].  

Ellmer et al. analyzed the dependence of mobility on carrier concentration in 

case of polycrystalline ZnO:Al and ITO[4], [11]. They used the empirical curve 

(eq.(4-16)) that Masetti et al. proposed[33], for describing the bulk mobility. In addition 

to that, Seto model was adopted to describe the grain barrier scattering. They concluded 

that ionized impurity scattering is dominant in higher carrier concentration than 10
20

 

cm
-3

, and grain barrier scattering is dominant in lower carrier concentration region, in 

both ZnO and ITO. But the grain barrier scattering becomes dominant in rather higher 

carrier concentration (10
18

~10
19

 cm
-3

) in case of ZnO than ITO (10
17

 cm
-3

). This 

difference was attributed to the trap density of grain boundaries.  

          
         

          
   

  

           
   (4-16) 

However, the empirical formula of Masetti (eq.(4-16)) was made for device simulation, 

and it doesn’t have physical meaning. And as described in subsection 4.2.4, it is 

questionable to apply Seto model to degenerated semiconductors. 
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               (a)                                  (b) 

Fig. 4-5 Hall mobilities of (a) undoped and doped ZnO films, and (b) ITO films. The 

detail of symbols are described in the paper[11]. 

 

Steinhauser analyzed the properties of ZnO:B[32] in similar to Ellmer et al[4], 

[11], but tunneling current was considered in addition to Seto model. As described in 

subsection 4.2.4, they used a parameter      to adjust the tunneling current. However, 

the physical meaning of      is not clear. 

Minami et al. explained     relationship of ZnO:Al in higher carrier 

concentration region using Brooks-Herring theory with considering degeneracy and 

non-parabolicity of the conduction band (same as eq.(4-4))[34]. They also explained 

    relationship in lower carrier concentration region using Seto formula[35] which 

is not applicable to degenerated semiconductors, as shown in Fig. 4-6. Abdolahzadeh et 

al. reported similar results[36]. 
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Fig. 4-6 Measured Hall mobility versus carrier concentration of undoped ZnO films (□) 

and impurity-doped ZnO films: ZnO:Al(○,●), ZnO:Ga(▲), ZnO:B(■), and 

ZnO:other(▼). The upper solid line represents ionized impurity scattering using the 

Brooks-Herring-Dingle (B-H-D) theory; the lower solid line shows the ionized impurity 

scattering      relationship, and the dashed line shows the grain-boundary scattering 

     relationship.[35] 

 

In case of SnO2, many researchers compared measured mobility and 

theoretically calculated mobility to explain the scattering mechanisms. Recently, Rey et 

al. analyzed scattering mechanisms by considering ionized impurity scattering, grain 

barrier scattering, and twin boundary scattering[21]. They concluded that grain barrier 

scattering or ionized impurity scattering can prevail over the other depending on the 
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grain size and doping level. However, they recognized barrier height is           . 

As explained in the subsection 4.2.4, this contradicts with the concept of barrier model 

shown in Fig. 4-1. 

The dominant scattering mechanisms of In2O3, ZnO, and SnO2 based TCO are 

summarized in Table 4-2. In case of In2O3 and ZnO, scattering mechanisms are 

understood as Table 4-2. However, the scattering mechanisms is not established yet in 

case of SnO2[37]. In this thesis, we will analyze the dependence of mobility of SnO2:F 

on both carrier concentration and temperature, theoretically, and study which scattering 

mechanisms are dominant. 

 High n region 

(>10
20

 cm
-3

) 

Low n region 

(10
18

 ~10
19

cm
-3

) 

Note 

In2O3 Ionized impurity Grain barrier 

scattering is not 

dominant 

Grain barrier scattering becomes 

dominant in 10
17

 cm
-3

 

ZnO Ionized impurity Grain barrier(*1) (*1) The formula for non-degenerated 

is used.  

SnO2 Ionized impurity 

(*2) 

Grain barrier(*3) (*2)It is not established yet[21], [37]. 

(*3) The formula for degenerated[13] 

is not established.  

Table 4-2 The dominant scattering mechanisms of various TCO are shown. 
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4.3 Comparison with Experiments and Theories 

 

As shown in Chapter 3, Hall mobility and fraction of (301)-oriented crystallite 

have strong positive correlation. And the fraction of (301)-oriented crystallite tends to 

be large if deposition temperature is set around 380 °C. Therefore in this subsection, we 

will analyze the scattering mechanisms of FTO samples which were deposited at 

between 340 and 420 °C in order to minimize the difference of crystallite orientation. 

Deposition period were fixed to 20 min, and thickness were around 800nm. SnCl4 and 

H2O were fed to LPCVD chamber by bubbling method using N2 carrier gas. The flow 

rate of SnCl4 and H2O were set to 2 sccm and 100 ~ 400 sccm respectively, excluding 

carrier N2 gas. HF was directly vaporized and fed to chamber. The flow rate of HF was 

set to 1 ~ 48 sccm. The pressure of the chamber was kept 100 Pa. All samples were 

annealed at 400 °C and N2 1atm, for 10 min before evaluation. 

 

4.3.1 Dependence of Mobility on Carrier Concentration 

(Experimental data) 

 

Fig. 4-7 shows the relation of Hall mobility and carrier concentration of FTO 

samples fabricated by LPCVD (this work) , APCVD(Ref [38][39]). At carrier 

concentration around 1x10
20

 cm
-3

, the highest mobility 81.3 cm
2
/Vs was observed. At 

lower carrier concentration less than 1x10
20

 cm
-3

, mobility drops rapidly. And at higher 

carrier concentration higher than 1x10
20

 cm
-3

, mobility also drops.  
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Fig. 4-7. Hall mobility versus carrier concentration plot of FTO films deposited by 

LPCVD and APCVD[38][39]. All LPCVD samples were deposited between 340 to 

400 °C, deposition period is 20 min, and HF flow rate was not equal to 0 sccm. (In these 

conditions, (301) is dominant.)  

 

4.3.2 Dependence of Mobility on Temperature (Experimental Data) 

Temperature dependence provides important information about scattering 

mechanisms. So, we measured dependence of mobility on temperature. Two sets of 

samples were measured. One is the samples (named “HF-dependence”) which HF flow 

rate was varied. Other conditions were kept same, so that the fraction of crystallite 

orientation were almost same. The other is the samples (named “T-dependence”) which 

deposition temperatures were varied in order to make wide carrier concentration range. 

But the preferred orientation of crystallite were not same. The list of these samples are 

shown in Table 4-3. The fraction of (hkl)-oriented crystallite measured by XRD are 

shown in Fig. 4-9. As described above, the samples of HF-dependence have similar 
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crystallite orientation.  

 

Fig. 4-8  Samples measured the dependence of mobility on temperature.  
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Deposition 

temperature 
HF/SnCl4 

Thickness 

[nm] 
n[x10

19
cm

-3
] μ[cm

2
/Vs] 

HF-dependence 

380 1 832.9 6.70 51.2 

380 2 865.2 8.81 63.0 

380 4 876.1 10.9 72.2 

380 8 824.2 13.9 70.6 

380 16 830.3 17.0 71.3 

380 24 858.7 15.9 74.8 

T- dependence 

380 4 850.2 13.2 72.5 

450 4 1007.1 16.8 42.8 

500 4 786.6 7.02 42.7 

550 4 759.0 1.68 59.2 

600 4 575.1 0.252 54.0 

625 4 696.6 0.135 32.0 

Table 4-3 The properties of the samples measured at room temperature. 

 

  

               (a)                                 (b) 

Fig. 4-9 Fraction of (hkl)-oriented crystallite fhkl(%) of the sample sets of (a) 
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HF-dependence and (b) T-dependence. In T-dependence, red box means the samples 

which were measured the dependence on temperature. 

 

The temperature dependence of mobility and carrier concentration on 

temperature are shown in Fig. 4-10 for HF-dependence, and Fig. 4-11 for T-dependence. 

From Fig. 4-10, all samples are found to be degenerated semiconductors because carrier 

concentrations are constant in all temperature. The mobility of all samples 

monotonically decrease as temperature increases. From Fig. 4-11, carrier concentrations 

weakly depend on temperature in case that deposition temperature is higher than 550 °C. 

In this case, carrier concentration is less than 2x10
19

 cm
-3

. The mobility with carrier 

concentration less than 2x10
19

 cm
-3

 increase as temperature increases, while other 

samples have opposite dependence. 
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              (a)                                  (b) 

Fig. 4-10 The dependence of (a) mobility and (b) carrier concentration on temperature. 

The samples were deposited with various HF flow rate. (HF-dependece) 

 

               (a)                                (b) 

Fig. 4-11 The dependence of (a) mobility and (b) carrier concentration on temperature. 

The samples were deposited in various temperature. (T-dependence) 

 

4.3.3 Comparison with Theoretical Curves and Experimental Value 

From Fig. 4-10(a), the mobility of all “HF-dependence” samples decrease as 

temperature increases. If thermionic emission current is dominant, mobility should 

increase as temperature increases, although there is no established theory of thermionic 

emission current in degenerated semiconductors. Therefore, we can understand that 

thermionic emission is negligibly small, and we consider the tunneling current only for 
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grain barrier scattering. 

Theoretical curves and experimental data are plotted in Fig. 4-12. Theoretical 

curves are calculated by eq.(4-1)(     ), eq.(4-3)(    ), eq.(4-4)(   ), eq.(4-13) 

(        ), and eq.(4-15) (      ). In this calculation, all parameters are described in 

Table 4-1 except grain size   and trap density   . Static dielectric constant    is 

averaged for    and   . High frequency permittivity    are varied around 4, so we 

set       .   is set to 200 nm roughly decided from SEM image (as described in 

4.3.4).    is set to 4.5x10
12

 cm
-2

 to adjust the calculation to the experimental data. Trap 

density of various TCO were reported as Table 4-4. The values are scattered, but 

4.5x10
12

 cm
-2

 may be adequate range, although most reports adopted the formula of 

Seto(eq.(4-8)), which is not applicable to degenerated semiconductors, to derive the trap 

density   . 

Theoretical calculation roughly agrees with the sample properties, although 

there is only one parameter   . We can understand what scattering mechanism limit the 

mobility. At lower carrier concentration region below 1x10
20

 cm
-3

, grain barrier 

scattering limits the total mobility. At higher carrier concentration region above 1x10
20

 

cm
-3

, ionized impurity scattering limits the total mobility.  
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Fig. 4-12 Comparison with theoretical curves and experimental data. Eq.(4-1)(     ), 

eq.(4-3)(    ), eq.(4-4)(   ), eq.(4-13) (        ), and eq.(4-15) (      ) are used. 

      (=310 cm
2
/Vs) and     (9230 cm

2
/Vs) are located outside the graph.  

 

 

Table 4-4 Trap density    (=  ), deposition method and discharge voltage Vdis of 

epitaxial and polycrystalline TCO films. (Taken from Ref.[11]) 
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Fig. 4-13 shows the dependence of mobility of “HF-dependence” samples on 

temperature. Both experimental and theoretical data have similar dependence on 

temperature that mobility decrease as temperature increases. As carrier concentration 

decreases, the dependence on temperature becomes flatter. Fig. 4-14 shows the 

dependence of the calculated mobility of each scattering mechanism and the measured 

mobility on temperature in case of (a) HF/SnCl4=24 (Carrier concentration is 1.59x10
20

 

cm
-3

) and (b) HF/SnCl4=1 (Carrier concentration is 5.83x10
19

 cm
-3

). The temperature 

dependence can be attributed to optical phonon scattering, because lattice vibration 

increases as temperature increases, while ionized impurity scattering and tunneling are 

constant against temperature. We can understand that        is limited by     from Fig. 

4-14(a), and         is limited by          from (b).  

 

 

                  (a)                                (b) 

Fig. 4-13 Dependence of mobility of “HF-dependece” samples on temperature. (a) 

Experimental results, and (b) Theoretical calculated results.  
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             (a)                                  (b) 

Fig. 4-14 The dependence of the calculated mobility and the measured mobility on 

temperature in case of (a) HF/SnCl4=24 and (b) HF/SnCl4=1. 
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(Deposition 

temperature is lower than 500°C), dependence of mobility on temperature of both 

experimental and theoretical data show similar tendency as “HF-dependence” samples. 

On the other hand, samples with carrier concentration below 2x10
19

 cm
-3

 (Deposition 

temperature is higher than 550°C), the observed mobility increase as temperature 

increases, while the calculated mobility are almost 0. These observed dependence can’t 

be explained by the tunneling current. Other conduction mechanisms such as thermionic 

emission should be considered. However, crystallite orie ntation are varied in 
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dependence of mobility of “T-dependence” samples. 
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                  (a)                               (b) 

Fig. 4-15 Dependence of mobility of “T-dependece” samples on temperature. (a) 

Experimental results, and (b) Theoretical calculated results.  

 

Watching Fig. 4-8, the mobility decreases as carrier concentration decreased 

from 1x10
20

 cm
-3

 to 5x10
19

 cm
-3

, and shows bottom around 5x10
19

 cm
-3

. This bottom 

also reported by Toyosaki et al.[14] for epitaxial SnO2:Ta and by Ellmer et al.[4] for 

ZnO:Al. Ellmer explained this bottom that grain barrier height becomes maximum in 

this point by using Seto model[24]. In this explanation, whole grain should be depleted 

where the barrier height is max. However, carrier concentration is still higher than 10
19

 

cm
-3

 and degenerately doped. Therefore this explanation is questionable. Beside the 

explanation, the dependence of mobility and carrier concentration on temperature 

changes around n=5x10
19

 cm
-3

 as shown in Fig. 4-11. Above n=5x10
19

 cm
-3

, mobility 

decreases and carrier concentration doesn’t change as temperature increases. Below 

n=5x10
19

 cm
-3

, mobility and carrier concentration increase as temperature increases. In 

order to explain the dependency below n=5x10
19

 cm
-3

, considering thermionic emission 

may be needed. However, theory of thermionic emission in degenerated semiconductors 

has not been established.  
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4.3.4 Dependence of Mobility on Grain Size using Thick Non-doped 

Layer 

As discussed above, scattering mechanisms of SnO2:F thin films are analyzed, 

and we found that (1) ionized impurity scattering is dominant in higher carrier 

concentration than 1x10
20

 cm
-3

, (2) grain barrier scattering through tunneling is 

dominant in lower carrier concentration than 1x10
20

 cm
-3

. Simulation results of various 

trap density    and grain size   are shown in Fig. 4-16. As trap density    decreases 

or grain size   increases, the mobility in lower carrier concentration will increase. 

 

              (a)                                  (b) 

Fig. 4-16 Simulation results of (a) various trap density    where L=200 nm and (b) 

various grain size   where Nt=4.5x10
12

 cm
-2

.  

 

To confirm the simulation result, we performed the experiment of changing 

grain size. The concept of the experiment is shown in Fig. 4-17. As shown in Chapter 3, 

the fraction of (301) orientated crystallite becomes larger as film is thicker. This means 

that (301) oriented crystallite is dominant in the top part of the films thicker than the 

certain thickness. And thin film has smaller grain size, and thick film has larger grain 

size. By comparing the properties of the top of the films of thin film and thick film, we 
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(301). However, non-doped layer also has certain amount of carriers of unintentionally 

doped. To subtract the contribution of the non-doped layer, we used the formula of 

Petritz[40] as explained in Chapter 3. By this method, we can change the grain size but 

keep the preferred crystallite orientation same. 

 

Fig. 4-17 Schematic of the experiment of changing grain size. 

 

Non-doped layer is deposited on glass, and then F-doped layer is deposited 

without any interval. Deposition period of non-doped layer are 5, 10, and 20 min. 

Deposition period of F-doped layer are fixed to 5 min. The experimental conditions and 

the properties of non-doped / F-doped stacked samples are shown in Table 4-5. In this 

experiment, film thickness was measured by spectropic ellispometry using Semilab 

GES5E to minimize the measurement error. 

Glass Glass

Non-doped

F-doped

~200nm
Thin non-doped layer
=>Smaller grain

Thick non-doped layer
=>Larger grain
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Non-doped layer 5 min 10 min 20 min 

193.4 nm, 

24.5 cm
2
/Vs 

7.9x10
14

 cm
-2

 

400.5 nm 

23.3 cm
2
/Vs 

9.9x10
14

 cm
-2

 

795.3 nm 

32.1 cm
2
/Vs 

1.4x10
15

 cm
-2

 

HF/SnCl4 

 

(Non-doped layer +  

5 min deposited 

Doped layer) 

0.5 404.5 

36.8 

2.2x10
15

 

603.3 

48.3 

2.1x10
15

 

1028.6 

52.9 

2.3x10
15

 

1 380.6 

42.2 

2.8x10
15

 

583.3 

51.4 

2.6x10
15

 

1003.6 

60.5 

2.6x10
15

 

2 388.0 

50.6 

3.3x10
15

 

595.5 

62.3 

3.3x10
15

 

1004.5 

68.7 

3.2x10
15

 

4 396.4 

57.1 

3.8x10
15

 

595.1 

65.9 

3.8x10
15

 

1027.7 

72.3 

4.4x10
15

 

8 387.6 

55.1 

3.9x10
15

 

598.0 

60.0 

4.3x10
15

 

1013.5 

69.2 

4.7x10
15

 

16 388.9 

40.2 

4.6x10
15

 

601.3 

44.3 

4.7x10
15

 

1022.3 

55.2 

5.5x10
15

 

24 385.5 

33.3 

5.1x10
15

 

606.2 

34.0 

5.5x10
15

 

1026.4 

43.0 

5.7x10
15

 

Table 4-5 The properties of the non-doped / F-doped stacked samples.  

 

The fraction of (hkl) oriented crystallite      of non-doped layer samples with 

deposition period 5,10 and 20 min are shown in Fig. 4-18. As expected,      increases 

monotonically as film becomes thicker. Fig. 4-19 shows the fraction of (hkl) oriented 

crystallite      of non-doped/F-doped stacked samples. Deposition period of F-doped 

layer is fixed to 5min. Deposition period of non-doped are (a) 5min, (b) 10min, and (c) 
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20min. It can be seen that the fraction of crystallite orientation doesn’t depend on 

HF/SnCl4 ratio. 

 

Fig. 4-18 The fraction of (hkl) oriented crystallite      of non-doped layer samples 

with deposition period 5,10 and 20 min.  

 

         (a)                    (b)                      (c) 

Fig. 4-19 The fraction of (hkl) oriented crystallite      of non-doped/F-doped stacked 

samples. Deposition period of F-doped layer is fixed to 5min. Deposition period of 

non-doped are (a) 5min, (b) 10min, and (c) 20min. 

 

Using SEM images of non-doped / F-doped stacked samples shown in Fig. 

4-20, grain size are measured based on BS EN 623-3:2001 which define the test method 

of grain size of ceramics. The result is shown in Fig. 4-21. The grain size are around 110, 
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150, and 220 nm for 5 , 10, and 20 min deposition of non-doped layer, respectively.  

 

          (a)                   (b)                     (c) 

Fig. 4-20 Example of SEM images (top view) of non-doped / F-doped stacked samples 

of HF/SnCl4=1. Deposition time of non-doped layer are (a) 5 min, (b) 10 min, and (c) 

20 min. 

 

Fig. 4-21 Measured Grain size based on BS EN 623-3:2001 using SEM images. 

 

The calculated mobility of the thin F-doped layer are shown in Fig. 4-22. It is 

clearly seen that the calculated mobility in lower carrier concentration region increase as 

the grain size increases, while the mobility in higher carrier concentration don’t depend 

on the grain size. This behavior coincide our understanding of scattering mechanisms.  
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Fig. 4-22 The calculated mobility of the thin F-doped layer.  

 

4.4 Conclusion 

 

We have succeeded to simulate the dependence of the mobility both on carrier 

concentration and on temperature. With only one parameter, all properties can be 

roughly reproduced. From these results, we can understand the scattering mechanisms 

of SnO2:F thin films as (1) ionized impurity scattering is dominant at higher carrier 

concentration than 1x10
20

 cm
-3

, (2) grain barrier scattering through tunneling is 

dominant at lower carrier concentration than 1x10
20

 cm
-3

. By using non-doped / 

F-doped stacked structure, we confirmed that the mobility at lower carrier concentration 

increase as the grain size become larger, while the mobility at higher carrier 

concentration don’t depend on the grain size. 
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Chapter 5[1], [2] 

5 Fabrication of SnO2:F Films with Both Very High 

Haze and High Mobility  

 

5.1 Introduction 

 

For front transparent conductive oxide (TCO) f ilms used in thin-film silicon 

solar cells, high transmittance in all wavelength, low sheet resistance and high haze 

value are required. To achieve high transmittance and low sheet resistance, the carrier 

concentration and mobility of TCO need to be low and high, respectively. Fig. 5-1 

shows simulation results of free carrier absorption based on Drude model[3], [4]. From 

Fig. 5-1(a), the absorption is almost the same in various carrier concentration if the 

mobility and the product of carrier concentration and film thickness       are fixed. 

From Fig. 5-1(b), the absorption becomes higher rapidly as mobility decreases. So, 

higher mobility is very important to achieve lower absorption especially in the 

near-infrared (NIR) region. 

TCOs with high mobility of around 80 cm
2
/Vs have been reported by several 

groups including ours[5]–[7] for SnO2 based TCO. But all of them have flat surfaces 

and low haze values. Recently, W-textured ZnO films fabricated by metal–organic 

chemical vapor deposition (MOCVD) on reactive ion etching (RIE) processed glass 

substrates are reported to have very high haze value[8]. However, the mobility of 

MOCVD B-doped ZnO is not high enough. Therefore, we have developed F-doped 

SnO2 (FTO) with higher mobility and higher haze value using RIE-etched substrate.  
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               (a)                                  (b) 

Fig. 5-1: (a) n dependence.   is fixed.       is fixed to constant.  (b)   

dependence.   is fixed. So,       is fixed. 

 

In all experiments, 0.7-mm-thick alkaline-free glass substrates (Corning 7059) 

were used. Before FTO-film deposition, these substrates were etched in SAMCO 

RIE-10NR by a standard RIE process using carbon tetrafluoride (CF4) as the etching gas. 

The glass etching time was varied from 0 to 90 min. Power and CF4 flow rate during 

RIE are set as 200 W and 15 sccm respectively. FTO was deposited on both RIE and flat 

substrates using low pressure chemical vapor deposition (LPCVD). Detail of the 

LPCVD deposition machine is described in Chapter 3. SnCl4 and H2O were vaporized 

using the bubbling method. N2 was used as the carrier gas. HF, which was used to dope 

fluorine into SnO2, was vaporized directly from liquid HF. These three gases were 

mixed downstream of the showerhead to avoid the pipe clogging. The calculated flow 

rates (excluding that of the carrier N2 gas) of SnCl4, H2O, and HF were set at 2, 400 and 

0~8 sccm, respectively. The deposition period was varied from 20 to 90 min. In all the 

experiments, the chamber pressure was kept at 100 Pa during deposition. During 
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deposition, the temperature of the glass substrate was maintained at 360 or 380°C. All 

samples were annealed at 400°C in 100% N2 (1 atm) for 10 min before evaluation. We 

have tried two film structures. One is consisted entirely of F-doped layer while the other 

is stacked structure of non-doped layer (substrate side) and F-doped layer (top side). 

Non-doped and F-doped layers are deposited continuously by only changing HF flow 

from 0 to 8sccm. 

Film thickness on flat substrates were measured using a DEKTAK M6, which 

is a common use apparatus. Film thickness on RIE substrates were not measured. 

However, since the same conditions were used for FTO deposited both on RIE and flat 

substrates, their film thickness on RIE and flat substrates were supposed to be the same. 

In fact, we confirmed that the thickness on RIE and flat substrates with same deposition 

conditions were same by SEM cross-sectional observation. The electrical resistivity  , 

the carrier concentration   and the mobility   of the films were obtained by Hall 

measurements in the van der Pauw configuration using BioRad HL5500.  

Transmittance ( T ), reflectance ( R ), absorption( A ) and haze ratio were 

measured by PerkinElmer Lambda950 spectrometer. It is difficult to measure T, R, and 

A of textured FTO films accurately because the light will be scattered by the textured 

surface. T, R, and A of FTO films on flat substrates can be measured accurately by 

adopting IM technique[9], which suppresses the  light scattering effect at FTO films 

/air interface. However, it is impossible to measure T, R, and A of FTO films on RIE 

substrates accurately even if IM technique is adopted, because light is scattered at both 

FTO films / air and glass / FTO films interfaces. We will discuss the problem in Chapter 

6 in detail. For comparison reason, IM technique has also been applied to FTO films 

fabricated on flat substrates. As explained in the introduction section 5.1, free carrier 
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absorption can be related to the product of carrier concentration and film thickness   

  . We have confirmed that       and absorption have a linear correlation based on 

the measured data of FTO films on flat substrates. Here, we assumed that we can also 

estimate the absorption of FTO films on RIE substrates from       obtained by Hall 

measurements.  

SEM images were observed with Hitachi SU-70 or S-3400. Samples were 

cleaved and coated with osmium and platinum before SEM observation. The 

thicknesses of osmium and platinum were approximately 3 and 1 nm, respectively.  

Cell evaluations were performed in the conditions described here. Before cell 

fabrication, thin ZnO:B film by MOCVD or ZnO:Al films by sputtering was deposited 

on FTO in order to avoid SnO2 reduction by atomic hydrogen[6]. c-Si:H solar cells 

with an area of 0.086 cm
2
 were fabricated with the layer sequence: TCO / p-c-SiO:H / 

i-c-Si:H / n-c-SiO:H / Ag / Al by a conventional plasma enhanced chemical vapor 

deposition (PECVD) system using SiH4, H2, B2H6, PH3 and CO2 as source gases, at the 

substrate temperature of about 200 °C. The i-layer thickness was about 1m. Ag and Al 

layers were deposited by evaporation method. The current-voltage (I-V) characteristics 

of the fabricated solar cells were measured under 1-sun (AM 1.5, 100mW/cm
2
) 

illumination. The external quantum efficiency (EQE) measurement was performed to 

estimate the spectral response of these solar cells. In case of cell evaluation with tandem 

structure, a-Si:H/c-Si:H solar cells with an area of 0.23 cm
2
 were fabricated with the 

layer sequence: TCO / p-a-SiC:H / i-a-Si:H / n-c-SiO:H / p-c-SiO:H / i-c-Si:H / 

n-c-SiO:H / Ag / Al. The thickness of i-a-Si:H and i-c-Si:H are 300 nm and 2 m, 

respectively.  
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5.2 Mobility of SnO2:F on RIE Etched Glass Substrates 

 

Fig. 5-2(a) shows the mobility dependence on RIE time. The pressure of RIE 

was fixed to 7 Pa. We found that for the film thicknesses of around 900 nm the mobility 

dropped from 75 to 36 cm
2
/Vs when the glass surface has been textured by RIE. Sheet 

resistance of FTO films on RIE substrates are measured to be high, because the film is 

winding as shown in Fig. 5-2(b). As the result, low mobility are observed on RIE 

substrates. However, the low mobility doesn’t correspond to the correct property of the 

film material itself. So, we call it as “Effective mobility”, here. We also found that the 

film thickness should be much thicker than 2612 nm in order to suppress the drop of the 

effective mobility. It can be understood that the valley of RIE substrate is filled with 

film and the film surface becomes flatter. From this result, it is clear that much thicker 

film than 2612 nm is required to avoid the drop of the effective mobility.  

 

               (a)                               (b) 

Fig. 5-2: (a) Effective mobility dependence on RIE time. (Film configuration is F-doped 

single layer.) (b) SEM cross section image of the sample with d=900nm and RIE time = 

30min. 
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5.3 Mobility in Low Carrier Concentration Region 

 

5.3.1 Dependence of Mobility on carrier concentration 

If film thickness is increased from 900nm to about 3000nm, we need to 

decrease carrier concentration from 1x10
20 

cm
-3

 to 2-3x10
19 

cm
-3

, in order to keep free 

carrier absorption low. Fig. 5-3 shows the dependence of mobility on carrier 

concentration of FTO films fabricated on flat substrates at various conditions. The 

mobility of FTO films have the peaks at carrier concentration of about 1x10
20

 cm
-3

. So, 

if carrier concentration is reduced by adjusting HF flow rate, mobility becomes low. As 

described in Chapter 4, grain barrier scattering is dominant at lower carrier 

concentration. It is not easy to reduce the grain barrier scattering drastically. Therefore 

high mobility with low carrier concentration could not be obtained at the same time, due 

to the grain barrier scattering.  
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Fig. 5-3 Mobility dependence on carrier concentration of various samples. (HF 

dependence : Deposited with HF/SnCl4=0~24. LPCVD : Deposited under various 

conditions,         : Theoretical curve.) Details are shown in Chapter 4.  

 

5.3.2 Non-doped / F-doped Stacked Structure 

In order to achieve high mobility with low carrier concentration, we have 

adopted a stacked structure using thick non-doped layer and thin F-doped layer as 

shown in Fig. 5-4. With this approach, we can control the averaged carrier concentration, 

and the mobility in low carrier concentration is improved drastically as shown in Fig. 

5-5. 
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Fig. 5-4 Schematic of non-doped / F-doped stacked structure. 

 

Fig. 5-5: Mobility dependence on carrier concentration of the non-doped / F-doped 

stacked structure shown in Fig. 5-4. Other data are same as Fig. 5-3. 
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product of carrier concentration and film thickness       on film thickness. In the 

samples with stacked structure, F-doped and non-doped thickness is varied as       

value is kept almost same around 7x10
15

 cm
-2

. (F-doped thickness is 200 ~ 600 nm. 

Non-doped thickness is 1200 ~ 3000 nm.) The mobility of FTO film on RIE substrates 

is much lower than that on flat substrates if film thickness is thin. If thickness becomes 

thick up to 3000 nm, the mobility on RIE and flat substrates are almost the same. 

According to Fig. 5-6(b),       value is proportional to film thickness for the 

samples with F-doped single layer, but       is kept almost constant in stacked 

samples, whereas the mobility dependence of these two film structures are almost the 

same for both flat and RIE substrates. 

Table 5-1 shows measured properties of various samples (Type-U, Sample A : 

F-doped layer only on flat glass, Sample B : Stacked structure on flat glass, Sample C : 

Stacked structure on RIE glass). SEM image, spectral absorption and haze ratio of these 

samples are shown in Fig. 5-7 and Fig. 5-8. Optical properties of these samples are 

shown in Fig. 5-8. As shown in Table 5-1, Sample A, B, and C has almost same 

     , therefore, the absorption of these samples are equally low. (Note: The 

absorption of Sample C can’t be measured accurately by IM method because of the 

reason described in Chapter 6. However, the absorption of Sample C should be same as 

Sample A and B, because       of these samples are almost same.) On the other 

hand, haze values of these samples are completely different. So, we can adjust haze 

ratio in this range. As the result, we have successfully achieved the high mobility (80 

cm
2
/Vs), low carrier concentration (2.2x10

19
 cm

-3
) and high haze value (77% at 

wavelength of 1000 nm) at the same time.  
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Fig. 5-6 : (a) Effective mobility dependence and (b) n * d dependence on film thickness. 

F-doped single layer on flat substrate (diamond), F-doped single layer on RIE substrate 

(square), stacked structure on flat substrate (cross), stacked structure on RIE substrate.  
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 Type-U  Sample A Sample B  Sample C 

Glass substrate  Flat  Flat  Flat  RIE  

TCO  F-doped  F-doped  Stacked  Stacked  

Thickness[nm]  867  867  2974  3129  

Film absorption[%] 

(ave400～2000nm)  

19.9  6.9  6.2  6.4 

(Estimated)  

Haze[%] (λ=1000nm)  1.9  0.6  7.9  76.5  

Rs[Ω/□]  6.7  11.0  11.7  11.2  

Mobility[cm
2
/Vs]  58.8  72.4  76.6  79.8  

Carrier concentration 

[cm
-3

]  

1.8x10
20

  9.0 x10
19

  2.3x10
19 

 2.2x10
19 

 

n * d [cm
-2

]  1.6x10
16 

 7.8x10
15 

 7.0x10
15 

 7.0x10
15 

 

Table 5-1 The properties of various samples. 
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Fig. 5-7 : SEM image of surface morphology. Sample A : F-doped layer on flat substrate, 

Sample B : Stacked structure on flat substrate, Sample C : Stacked structure on RIE 

substrate. 

 

 

              (a)                                  (b) 

Fig. 5-8 : (a) Spectral absorption. (b) Spectral haze.  
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described in Chapter 2, we set our target of haze ratio to 90% at wavelength 1000nm. 

Therefore, higher haze than sample C shown above is preferable. However, if RIE time 

is extended, the increment of haze value is very small as shown in Fig. 5-9. 

 

Fig. 5-9 Spectral haze of stacked structure on RIE glass. RIE time are 20, 40, and 80 

min. 

 

In this study, we have found that haze ratio can be increased drastically be 

increasing RIE pressure. Fig.5-10 shows SEM images of (a) RIE etched substrates in 

various conditions (top view), and (b) W-textured FTO (45 degree tilted view). As RIE 

pressure is increased, the feature size becomes larger and the depth of valley becomes 

deeper in both RIE etched substrates and FTO films on them, although the dependency 

on RIE time is not clear. 
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              (a)                                 (b) 

Fig.5-10 SEM image of (a) RIE etched substrates (top view) and (b) W-textured FTO 

(45 degree tilted view). 

 

Spectral haze and transmittance of stacked structure on RIE glass are shown in 

Fig. 5-11. By increasing RIE pressure from 7 Pa to 15 Pa, we have succeeded increasing 

haze ratio drastically, while transmittance of all samples are same and flat for all 

wavelength. The flat transmittance can be the result of high mobility as shown in Table 

5-2. Fig. 5-12 shows the dependence of the mobility on RIE pressure. As RIE pressure 

is increased, mobility decreases slightly. This dependency can be understood from the 

SEM observation result that the feature size becomes larger and the depth of valley 

becomes deeper. On the other hand, mobility doesn’t depend on the RIE process time. It 

is coincide with the SEM observation result.  
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Fig. 5-11 Spectral haze of stacked structure on RIE glass. RIE time are 20, 40, and 80 

min. RIE pressure is 7 and 15 Pa.  

 

RIE condition Mobility 

[cm
2
/Vs] 

Sheet R 

[Ω/□] Pressure[Pa] Time[min] 

7 20 87.4  10.2  

7 40 85.6  11.1  

7 80 82.7  9.8  

10 20 82.5  9.6  

10 40 83.0  10.2  

10 80 81.6  10.4  

15 20 72.5  13.5  

15 40 75.1  11.8  

15 80 75.3  11.9  

Ref : ZnO:B[8] 18.0  8.5  

Table 5-2. Electrical properties of W-textured FTO. FTO thickness is around 3.6μm. 
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Fig. 5-12 The dependence of the mobility on RIE pressure. RIE process time is 20, 40, 

and 80 min. 
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performed on W-textured FTO and ZnO:B with the same RIE condition (RIE pressure = 
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ZnO:B, because the film thickness of FTO is thicker than ZnO:B. Fig. 5-14 shows 
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haze ratio than ZnO:B, especially in longer wavelength region. This can be attributed to 

the larger feature size of W-textured FTO. Transmittance of ZnO:B measured in IM 

method shows higher than that of FTO, but the absolute value itself may not be correct, 

because scattering at the interface between RIE etched glass and TCO can’t suppress by 

IM method. (Detail will be explained in Chapter 6.) From Fig. 5-14(a), transmittance of 

ZnO:B drops in NIR region, but that of FTO is flat, because FTO has higher mobility 

around 80 cm
2
/Vs. Note that transmittance of both samples drop at same wavelength in 

UV region, but it is the absorption of CH2I2 liquid used in IM method. In actual, SnO2 

has larger band gap than ZnO. Therefore, The absorption edge of FTO locates at higher 

energy than ZnO:B. 

 

Fig. 5-13. SEM image of W-textured FTO and ZnO:B. (RIE condition: 15Pa , 40min).  
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                 (a)                                 (b) 

Fig. 5-14 (a) Transmittance and (b) spectral haze ratio of W-textured FTO and ZnO:B.  

 

The I–V characteristics and EQE of c-Si:H solar cells are shown in Fig. 5-15. 

Higher conversion efficiency was observed in FTO than ZnO:B. Jsc of these two 

samples are almost same, but EQE is different. In the wavelength region less than 400 

nm, FTO has higher EQE because SnO2 has larger band gap than ZnO. In the 

wavelength region between 400 and 700 nm, ZnO:B has higher EQE. The difference of 

the transmittance shown in Fig. 5-14 may be able to explain the EQE. However, as 

explained previously, the absolute value of the transmittance measured in IM method 

may not be correct. In longer wavelength than 700nm, FTO has higher EQE. This can 

be explained by the drop of transmittance of ZnO:B in longer wavelength region and/or 

slightly lower haze ratio of ZnO:B than that of FTO. 
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               (a)                               (b) 

Fig. 5-15 (a) I-V characteristics and (b) EQE of c-Si:H solar cells with W-textured 

FTO and ZnO:B. 

 

5.6.2 Evaluation with a-Si:H/c-Si:H tandem solar cells 

We also performed cell evaluation with a-Si:H/c-Si:H tandem solar cells. In 

this experiment, the configuration of FTO sample are slightly changed from that in the 

subsection 5.6.1, while the configuration of ZnO:B sample is not changed. Before the 

deposition of the non-doped/F-doped stacked structure, TiO2 (thickness 9nm) and SiO2 

(thickness 31nm) are deposited on RIE etched glass by sputtering in order to reduce the 

reflection at the interface between glass and non-doped SnO2 layer. Fig. 5-16 shows the 

transmittance and spectral haze ratio of W-textured FTO and ZnO:B. Compared to Fig. 

5-14, transmittance of FTO sample is higher. This difference is partially due to the 

TiO2/SiO2 layer placed between glass and SnO2. However, the effect of reducing 

reflection at glass/SnO2 interface is around 2%, and it can’t explain the difference 

between Fig. 5-14 and Fig. 5-16. This may be attributed to the measurement error as 

described in Chapter 6. Regardless of the absolute value of transmittance, optical 

properties of FTO samples in and Fig. 5-16 are similar.  
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                 (a)                                 (b) 

Fig. 5-16 (a) Transmittance and (b) spectral haze ratio of W-textured FTO and ZnO:B.  

 

I-V characteristics and EQE of a-Si:H/c-Si:H tandem solar cells are shown in 

Fig. 5-17(a) and (b). Higher efficiency were obtained in FTO than in ZnO:B. External 

quantum efficiency of these two samples show clear difference. Similar to the 

subsection 5.6.1, this difference can be explained by the optical properties of W-textured 

FTO and ZnO:B. In the wavelength region less than 400 nm, FTO has higher EQE 

because SnO2 has larger band gap than ZnO. In the wavelength region between 400 and 

700 nm, both have similar EQE. In longer wavelength than 700nm, FTO shows higher 

EQE. This can be explained by the drop of transmittance of ZnO:B in longer 

wavelength region and lower haze ratio of ZnO:B than that of FTO. 
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                (a)                                  (b) 

Fig. 5-17 (a) I-V characteristics and (b) EQE of a-Si:H/c-Si:H tandem solar cells with 

W-textured FTO and ZnO:B.  

 

 
WT-ZnO  WT-FTO 

Jsc [mA/cm
2
]             11.2822 12.3619 

Voc [V]                  1.2959 1.2947 

Fill Factor              0.6946 0.679 

Efficiency [%]           10.156 10.866 

Series Resistance [Ω]  5.17x10 4.61x10 

Shunt Resistance [Ω]   2.73x10
4
 8.35x10

3
 

Sample Area [cm
2
]  0.23 0.23 

QE top [mA/cm
2
] 11.212 11.693 

QE bottom [mA/cm
2
]  10.695 12.329 

QE sum [mA/cm
2
] 21.907 24.023 

Table 5-3 The properties of a-Si:H/c-Si:H tandem solar cells with W-textured FTO and 
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ZnO:B. 

 

5.7 Conclusion  

 

We have combined F-doped SnO2 (FTO) with high mobility deposited by 

LPCVD and reactive ion etching (RIE) processed glass substrate. However, two 

problems have been found. (1) The mobility of FTO on RIE substrate dropped from that 

on flat glass (75 to 36 cm
2
/Vs). To avoid this drop, thicker film is needed. (2) To keep 

high transmittance with thicker film, lower carrier concentration is needed. But the 

mobility dropped with lower carrier concentration. In order to solve these constrains, we 

have adopted a stacked structure using thick non-doped layer of 2700 nm and thin 

F-doped layer of 500 nm.  With this novel approach, we have successfully achieved 

the high mobility (80 cm
2
/Vs), low carrier concentration (2.2x10

19
 cm

-3
) and high haze 

value (77% at wavelength of 1000 nm) at the same time.  

We also have found that we can control the morphology of RIE etched glass by 

changing RIE pressure resulting in an increase of haze ratio at the wavelength 1000 nm 

drastically from 57 % (7 Pa) to 92 % (15 Pa). By this approach, we can fabricate FTO 

substrates with high mobility (around 80cm
2
/Vs) and very high haze (90% at 1000nm) 

as the target shown in Chapter 2.  

For evaluation purpose c-Si:H single cells with 1 m-thick i-layer have been 

fabricated on these newly developed FTO substrate using RIE conditions of 15Pa, 

40min. The efficiency of 8.05% was obtained, where 7.58% was obtained in case of 

W-textured ZnO:B. And we also fabricated a-Si:H/c-Si:H tandem solar cells. The 

efficiency of 10.87% was obtained, where 10.16% was obtained in case of W-textured 
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ZnO:B. These results show that this newly developed W-textured FTO is a promising 

candidate for high efficiency thin film Si solar cells.  
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Chapter 6[1] 

6 New method to measure whole-wavelength 

transmittance of TCO substrates for thin-film 

silicon solar cells  

 

6.1 Introduction 

 

Among thin-film silicon solar cells (TFSSC), the highest initial efficiency of 

16.3% was reported in a-Si:H/a-SiGe:H/μc-Si:H triple structure, and highest stabilized 

efficiency of 13.4% was reported in a-Si:H/μc-Si:H/μc-Si:H triple structure[2]. On the 

other hand, a theoretical analysis reported that an efficiency of over 20% can be 

achieved[3]. There is a large gap between theoretical and experimental effic iency so that 

there should be large room for improving efficiency.  

In case of superstrate type TFSSC, transparency and light trapping are very 

important functions of TCO substrates for achieving high cell efficiency. In order to 

improve light trapping, many researchers have studied to increase haze ratio by 

adjusting deposition conditions of atmosphere pressure chemical vapor deposition 

(APCVD)[4], [5], applying reactive ion etched glass substrates[6]–[9] (so-called 

“W-textured TCO”), applying photolithography etched substrates[10], and applying 

nanoimprint plastic mold[11]–[16]. To measure the transmittance and reflectance of 

TCO substrates with high haze, an immersion (IM) method is widely used[17]–[19]. 

The IM method has been introduced to reduce the measurement error due to the 
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scattering at TCO surface by reducing the scattering with attaching CH2I2 liquids 

(whose refractive index 1.74 is close to that of TCO materials) onto TCO surface. 

Fig. 6-1 show the schematic of 2 methods used for transmittance measurement. 

(a) is the conventional method and (b) is the improved IM method. The substrate 

configuration for W-textured TCO is also shown in (c). However, three problems in 

measuring transmittance with IM method have been found. (1) CH2I2 liquids themselves 

absorb light in short wavelength region less than 400nm. (2) The transmittance around 

the absorption edge of CH2I2 liquids is very sensitive for the amount of the liquid. The 

above two problems are important especially for solar cells with wide band gap 

materials such as a-SiO:H[20]–[22] and a-SiC:H[23]–[26]. which are necessary for the 

top cells for multi stacked solar cells as innovative thin-film solar cells[27]. (3) 

Scattering cannot be suppressed when the scattering surfaces are more than 2 surfaces 

(for example, TCO on RIE etched glass substrate as shown in Fig. 6-1(c)). In this 

chapter, we proposed a new method to measure the transmittance which can avoid the 

problems described above. 

  

(a)                       (b)                     (c) 

Fig. 6-1. Schematics of methods to measure the transmittance. (a) Conventional, (b) IM 

method, (c ) IM method applied to W-textured TCO. 

 

Glass

TCO
CH2I2

Quartz

Integral Sphere

RIE etched
glass



 

132 

 

 

6.2 Experimental methods 

 

6.2.1 TCO substrates and optical evaluations 

We prepared two kinds of TCO substrates. One is SnO2:F (FTO) films on flat 

glass substrates. The other is FTO or ZnO:B (BZO) on RIE etched glass substrates. We 

called them as “W-textured” TCO. In all experiments, 0.7-mm-thick alkaline-free glass 

substrates (Asahi glass AN100 or Corning 7059) or 1.0-mm-thick soda lime glass 

substrates (Schott B270) were used. In case of FTO on flat glass, anti-reflection (AR) 

layers are fabricated with Ta2O5 and SiO2 and they are inserted into air / glass interface 

and glass / TCO interface. Sample configurations are listed in Table 6-1. In case of RIE 

etched glass, sample configurations are listed in Table 6-2. The details of their 

deposition process are described elsewhere[7]. 

 

Sample# Glass Anti reflection 

layer location 

Film thickness 

[μm] 

Sheet resistance 

[Ω/□] 

woAR1 AN100 None 0.8 6.8 

woAR2 AN100 None 1.6 3.6 

withAR1 AN100 Air/glass, glass/TCO 1.6 4.7 

withAR2 B270 Air/glass, glass/TCO 1.6 3.7 

Table 6-1: Sample configurations of FTO films on flat glass. 
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Sample# TCO Film thickness 

[μm] 

FTO-1, FTO-2,FTO-3 FTO 3.6 

BZO BZO 1.5 

Table 6-2 : Sample configurations of TCO films on RIE etched glass (Corning 7059). 

RIE condition is 15 Pa 40 min. Sheet resistance is around 10 Ω/□. 

 

Optical properties were measured using PerkinElmer Lambda950. Here we 

propose the new method to measure the transmittance more accuracy as shown in Fig. 

6-2. 

 

 

        (a)                 (b)                  (c)                (d)  

Fig. 6-2. Measurement Configurations. (a) Sample is placed inside the integral sphere 

and perpendicular to the incident light. The measured value is defined as T integral(0deg). 

(b) Reflectance in Specular Component Excluded (SCE) mode (RSCE). (c) Sample is 

placed inside the integral sphere and tilted 15degree to the incident light. The measured 

value is defined as Tintegral(15deg). (d) Reflectance in Specular Component Included 

(SCI) mode (RSCI). 

 

TCO
Glass

Integral sphere

Input
port

15deg



 

134 

 

6.2.2 c-Si:H cell fabrication 

Regarding to the W-textured TCO samples, we evaluated cell performance with 

μc-Si:H solar cells. In case of FTO samples, thin ZnO:Al was deposited by sputtering 

on FTO before cell fabrication in order to avoid SnO2 reduction by atomic hydrogen[28]. 

μc-Si:H solar cells with an area of 0.086 cm
2
 were fabricated with the layer sequence: 

TCO / p-μc-SiO:H / i-μc-Si:H / n-μc-SiO:H / Ag / Al by a conventional plasma 

enhanced chemical vapor deposition (PECVD) system using SiH4, H2, B2H6, PH3 and 

CO2 as source gases, at the substrate temperature of about 200 °C. The i-layer thickness 

was about 1m. Ag and Al layers were deposited by evaporation method. The 

current-voltage (I-V) characteristics of fabricated solar cells were measured under 1-sun 

(AM 1.5, 100mW/cm
2
) illumination. The external quantum efficiency (EQE) 

measurement was performed to estimate the spectral response of these solar cells. While 

the measurements of I-V and EQE, shadow mask with 0.078 cm
2
 hole was adopted to 

eliminate the effect of scattered light from the surrounding area. 

 

6.3 Results and discussion 

 

6.3.1 Effective transmittance of FTO on flat glass 

Fig. 6-3 shows the transmittance and absorption of FTO samples in Table 6-1 

measured with TCO substrate alone.                              

             where            ,            , and             refer to the 

absorption, transmittance, and reflectance measured with TCO alone as shown in Fig. 

6-1(a). Fig. 6-4 shows the transmittance and absorption of FTO samples in Table 6-1 

measured by IM method.                         where      ,      , 
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and       refer to the absorption, transmittance, and reflectance measured by IM 

method as shown in Fig. 6-1(b). Comparing between             and       , 

            is higher than      . This is due to the measurement error of 

            mentioned in the introduction. Because the certain amount of light 

reflected and scattered at textured TCO / air interface has been escaped from the glass 

edge by total internal reflection at TCO / air interface and glass / air interface, low 

transmittance was measured. Comparing between the inset of Fig. 6-3 and Fig. 6-4, the 

transmittances in short wavelength region less than 400nm are completely different. 

      was much lower than             due to the absorption of CH2I2 liquid used 

in IM method. Therefore, IM method has a disadvantage of measuring absorption at the 

short wavelength region accurately due to the absorption of CH2I2 liquid. 

 

(a)                                       (b) 

Fig. 6-3. (a) Transmittance T(TCO only) and (b) Absorption A(TCO only) of FTO on 

flat glass measured with TCO substrate alone. The inset of (a) shows T(TCO only) in 

300~400nm wavelength.  
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(a)                                        (b) 

Fig. 6-4. (a) Transmittance T(IM) and (b) Absorption A(IM) of FTO on flat glass 

measured in IM method. The inset of (a) shows T(IM) in 300~400nm wavelength. 

 

To overcome these problems, we adopted a new setup to measure the 

transmittance by using a center mount accessory (PerkinElmer PELA9039) to hold TCO 

samples inside the integral sphere as shown in Fig. 6-2. In (a), the sample is placed 

inside the integral sphere and perpendicular to the incident light, so that only specular 

reflected light exits from the integral sphere. The measured value is defined as 

               . In (b), the reflectance in specular component excluded (SCE) mode 

(defined as     ) is measured. In (c), the sample is placed inside the integral sphere 

and tilted 15degree to the incident light, so that all transmitted and reflected light are 

captured by the integral sphere. The measured value is defined as                 . In 

(d), the reflectance in specular component included (SCI) mode (defined as     ) is 

measured. Considering that all light are captured in the configuration (c),     

                 should be similar to the absorption. Similarly, 

                                should be similar to the absorption too, because 

          is specular reflection.  

Fig. 6-5 shows the absorption of FTO fabricated on flat glass measured under 
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different configuration. It was confirmed that       (Fig. 6-4 (b)), 

                    (shown in Fig. 6-5(a)), and                           

      (shown in Fig. 6-5(b)) are almost the same, although             (Fig. 6-3(b)) 

has higher value by 2~3 % in visible light region. Note that                      

and                                 have slightly larger values compared to 

     . This may come from the fact that in case of Fig. 6-2 some light was absorbed by 

TCO several times before it escapes from the glass edge while traveling through TCO 

layer. However, we can confirmed that this loss is much smaller than the light escaped 

from glass edge by comparing Fig. 6-3(b), Fig. 6-4(b), and Fig. 6-5. And in short 

wavelength region less than 400nm,       should not be correct value due to the 

absorption of CH2I2 liquid, whereas                      and 

                                should be correct. 

 

(a)                                (b) 

Fig. 6-5. Absorption of FTO on flat glass measured in different configurations. (a) 

100–Tintegral(15deg) and (b) 100-(Tintegral(0deg)+RSCI-RSCE) 

 

As described above, we confirmed that the absorption could be measured 

correctly with                      and                                . 
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escaped from the glass edge.                 includes the transmitted light, the light 

escaped from the edge, and     . The sum of the transmitted light and the light escaped 

from the edge should be a good measure for the amount of light arriving at the thin-film 

silicon layer in the actual cell.  Therefore, we call                      as an 

“effective transmittance”. Similarly,                       should be the same as the 

effective transmittance. Fig. 6-6 shows the effective transmittance of FTO fabricated on 

flat glass,                      and                      . It was confirmed that 

both are equal to each other. Note that the effective transmittance is not equal to the 

amount of light arriving at the thin-film silicon layer, because the reflection at TCO 

surface is different between the measurement condition and the cell condition. However, 

we should be able to compare the effective transmittance relatively among various TCO 

substrates. 

  

(a)                                 (b) 

Fig. 6-6. Effective transmittance of FTO on flat glass. (a) Tintegral(0deg)-RSCE. (b) 

Tintegral(15deg)-RSCI.  
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transmittance should be a good measure for the amount of light arriving at the thin-film 

70

72

74

76

78

80

82

84

86

88

90

300 400 500 600 700 800

T_
in

te
gr

al
(0

d
e

g)
-R

_
SC

E[
%

]

Wavelength[nm]

70

72

74

76

78

80

82

84

86

88

90

300 400 500 600 700 800

T_
in

te
gr

al
(1

5
d

e
g)

-R
_

SC
I[

%
]

Wavelength[nm]

woAR1

woAR2

withAR1

withAR2



 

139 

 

silicon layer in the actual cell. However, IM method can’t reduce the measurement error 

enough in case that TCO is deposited on substrates having the structures like RIE etched 

glass substrates (so-called “W-textured TCO”), photolithography etched substrates, and 

nanoimprint plastic mold, because the scattering at TCO / substrates can’t be suppressed 

even if CH2I2 is attached on TCO surface as shown in Fig. 6-1(c). Fig. 6-7(a) shows the 

haze ratio measured in IM method configuration as shown in Fig. 6-1(c), and (b) shows 

the conventional haze ratio measured with only TCO as shown in Fig. 6-1(a). All 

samples have very high haze ratio for the conventional method and even in IM method 

configuration, all samples still have high haze ratio. Therefore, we can expect that some 

lights still escape from the glass edge as described above even if the IM method has 

been used. 

  

(a)                                   (b) 

Fig. 6-7. (a) Haze ratio (measured by IM method). (b) Haze ratio (measured with only 

TCO) 

 

As shown in Fig. 6-8, we compared the transmittances of W-textured TCO 

substrates shown in Table 6-2 which were measured by IM method (T(IM)) and by this 
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       It is clear that the magnitude sequence of        for various substrates is 

different from the one measured by this proposed method.  

 

(a)                                         (b) 

Fig. 6-8. (a) Transmittance in IM method (T(IM)) and (b) the effective transmittance 

(Tintegral(0deg)-RSCE) of W-textured FTO and BZO. 

 

 

6.3.3 Comparison between the effective transmittance and the 

external quantum efficiency of μc-Si:H cells 

To see the relation between the EQE and the effective transmittance, the μc-Si 

cells were fabricated on the W-textured TCO shown in Table 6-2. Their I–V 

characteristics and EQE were shown in Fig. 6-9 while their measured parameters were 

also shown in Table 6-3. Voc, FF, and Jsc varied among the samples, but EQE should be 

rigidly connected with the transmittance of TCO substrates. Comparing between the 

EQE and the effective transmittance, it is found that the magnitude sequence of the 

effective transmittance is similar to that of the EQE. (FTO-2 > BZO > FTO-3 > FTO-1 

in order of the effective transmittance at around wavelength 500 ~ 600 nm. FTO-2 ~ 

BZO > FTO-3 ~ FTO-1 in order of EQE at around wavelength 500 ~ 600 nm.) However, 

the order of       is obviously different from that of the EQE. (BZO > FTO-3 > 
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FTO-2 > FTO-1 in order of         Therefore, this new method could be a useful tool 

to evaluate TCO substrates for thin-film silicon solar cells.  

 

    

(a)                          (b) 

Fig. 6-9. (a) I-V characteristics and (b) external quantum efficiency (EQE).  

 

  FTO-1 FTO-2 FTO-3 BZO 

Jsc[mA/cm
2
] 23.06 23.43 23.04 22.80 

Voc[V] 0.462 0.461 0.463 0.440 

Fill Factor 0.642 0.646 0.647 0.539 

Efficiency[%] 6.83 6.98 6.90 5.41 

Table 6-3. Parameters of c-Si:H cells on W-textured FTO and BZO. 

 

6.4 Conclusions 

 

In IM method widely used for evaluation of TCO substrates, three problems 

had been found in order to measure their transmittances accurately. (1) CH2I2 liquid 
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absorption edge of CH2I2 liquids is very sensitive to its amount. (3) Scattering cannot be 

suppressed when the scattering surfaces are more than 2 surfaces (for example, TCO on 

RIE etched glass substrate). To overcome these problems, we proposed new setup to 

measure the optical properties of TCO substrates by holding the samples inside the 

integral sphere. It has been confirmed that the absorption in all wavelength could be 

measured accurately. As the results, we have confirmed that their absorption in all 

wavelength could be measured accurately and the transmittance measured by the new 

method was well consistent with the external quantum efficiency (EQE) of the 

fabricated cell while the transmittance measured with conventional IM method showed 

differently. Therefore, this new method could be a useful tool to evaluate TCO 

substrates for thin-film silicon solar cells.  
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Chapter 7 

7 Conclusions and Future Prospects  

 

7.1 Conclusions  

 

Photovoltaic is the most important technology for reducing CO2 emission 

drastically in the near future. At this moment, crystalline silicon (c-Si) solar cells are 

dominant among various solar cells. However, if solar cells are produced in terawatt 

level, c-Si can’t be produced due to the shortage of silver. On the other hand, thin-film 

silicon solar cells have capability of fabricating a few tenth of terawatt[1]. Therefore, 

thin-film silicon solar cells are promising candidate for terawatt level deployment. To 

accelerate the deployment of thin-film silicon solar cells, it is important to improve 

efficiency for cost reduction. Toward higher efficiency, tandem and triple structures are 

developed in order to utilize sun light in the near infrared region effectively. Therefore, 

transparent conductive oxide (TCO) films are required to have high performance (high 

transmittance and high haze ratio) in the near infrared region in addition to the visible 

light region. In this thesis, the study of improving mobility and increasing haze ratio in 

SnO2:F film was reported. 

In Chapter 3, we investigated how the electrical properties and the crystallite 

orientation of SnO2:F  (FTO) films fabricated by LPCVD depend on film thic kness 

and deposition temperature. We found that, depending on film thickness, mobility 

peaked at different deposition temperatures. The temperature at which the mobility 

peaked for a thin film was higher than that for a thick film. On the basis of this result, 
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we introduced a temperature gradient    during deposition, which improved the 

mobility of FTO to 77.5 cm
2
/Vs. This mobility is the highest value among the reports of 

the deposition of FTO by CVD, as far as we know.  

In Chapter 4, the results of studying the scattering mechanisms in SnO2 films 

are reported. We have succeeded to simulate the dependence of the mobility both on 

carrier concentration and on temperature. With only one parameter, all properties can be 

roughly reproduced. From these results, we can understand the scattering mechanisms 

of SnO2:F thin films as (1) ionized impurity scattering is dominant at higher carrier 

concentration than 1x10
20

 cm
-3

, (2) grain barrier scattering through tunneling is 

dominant at lower carrier concentration than 1x10
20

 cm
-3

. By using non-doped / 

F-doped stacked structure, we confirmed that the mobility at lower carrier concentration 

increase as the grain size become larger, while the mobility at higher carrier 

concentration don’t depend on the grain size. 

In Chapter 5, the fabrication of SnO2:F films with both very high haze and 

high mobility was reported. We have combined F-doped SnO2 (FTO) with high mobility 

deposited by LPCVD and reactive ion etching (RIE) processed glass substrate. However, 

two problems have been found. (1) The mobility of FTO on RIE substrate dropped from 

that on flat glass (75 to 36 cm
2
/Vs). To avoid this drop, thicker film is needed. (2) To 

keep high transmittance with thicker film, lower carrier concentration is needed. But the 

mobility dropped with lower carrier concentration. In order to solve these constraints, 

we have adopted a stacked structure using thick non-doped layer of 2700 nm and thin 

F-doped layer of 500 nm. With this novel approach, we have successfully achieved the 

high mobility (80 cm
2
/Vs), low carrier concentration (2.2x10

19
 cm

-3
) and high haze 

value (77% at wavelength of 1000 nm) at the same time. We also have found that we 
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can control the morphology of RIE etched glass by changing RIE pressure resulting in 

an increase of haze ratio at the wavelength 1000 nm drastically from 57 % (7 Pa) to 

92 % (15 Pa). For evaluation purpose c-Si:H single cells with 1 m-thick i-layer have 

been fabricated on these newly developed FTO substrates using RIE conditions of 15Pa, 

40min. The efficiency of 8.05% was obtained, where 7.58% was obtained in case of 

W-textured ZnO:B. And we also fabricated a-Si:H/μc-Si:H tandem solar cells. The 

efficiency of 10.87% was obtained, where 10.16% was obtained in case of W-textured 

ZnO:B. These results show that this newly developed W-textured FTO is a promising 

candidate for high efficiency thin film Si solar cells.  

In Chapter 6, new method to measure whole-wavelength transmittance of 

TCO substrates for thin-film silicon solar cells was reported. In IM method widely used 

for evaluation of TCO substrates, three problems had been found in order to measure 

their transmittances accurately. (1) CH2I2 liquid itself absorbs the light in the short 

wavelength region. (2) The transmittance around the absorption edge of CH2I2 liquids is 

very sensitive to its amount. (3) Scattering cannot be suppressed when the scattering 

surfaces are more than 2 surfaces (for example, TCO on RIE etched glass substrate). To 

overcome these problems, we proposed new setup to measure the optical properties of 

TCO substrates by holding the samples inside the integral sphere. It has been confirmed 

that the absorption in all wavelength could be measured accurately. As the results, we 

have confirmed that their absorption in all wavelength could be measured accurately 

and the transmittance measured by the new method was well consistent with the 

external quantum efficiency (EQE) of the fabricated cell while the transmittance 

measured with conventional IM method showed differently. Therefore, this new method 

could be a useful tool to evaluate TCO substrates for thin-film silicon solar cells.  



 

151 

 

 

7.2 Future Prospects 

 

In this study, properties of SnO2:F films TCO substrates were improved by the 

application of LPCVD, introducing temperature gradient, and the combination with RIE 

etched glass and non-doped/F-doped stacked structures. 

As described in Chapter 5, feature size can be controlled by adjusting the 

pressure during RIE process. If feature size becomes larger, the ability of light scattering 

in longer wavelength will increase, and therefore Jsc could be increased. It is known 

that porous and defective region are created at concaves or sharp valleys[2]. If the 

feature size is larger, the density of the porous and defective region will be lower, and 

then, Voc and FF will be higher. By exploring the larger feature size and combining with 

a-Si:H/μc-Si:H/μc-Si:H triple junction structure, higher efficiency than 20% (which is 

shown as target of 2025 in PV2030+[3]) can be expected.  

Furthermore, this high performance SnO2:F films can be applied to 5-junction 

thin film full spectrum solar cells with low concentration ratios to achieve a conversion 

efficiency of more than 40 %[4]. 
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