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Synopsis 

 

Large-grained polycrystalline silicon (poly-Si) thin films on insulating substrates are 

attractive for the fabrication of thin film silicon solar cells. Although a great number of 

researches have been performed to realize insulating substrates with large-grained 

poly-Si thin films at the surface, none of them have achieved high efficiency thin film 

silicon solar cells.  

 In this study, an aluminum-induced layer exchange (ALILE) process, with employs a 

precursor sample with inverted layer sequence in contrast to conventional structure, is 

studied. The ALILE is named “inverted-ALILE”. Considering that conventional ALILE 

process leads to layer exchange of amorphous silicon (a-Si) and aluminum and 

concurrent crystallization of a-Si, inverted-ALILE process is expected to form a final 

layer structure of glass/Al-rich/poly-Si from the precursor structure of glass/a-Si/Al. 

After annealing, a poly-Si layer is formed on the top surface and an aluminum-rich 

metallic layer with small portion of Si is formed between the poly-Si layer and 

insulating substrate which can act as aback electrode for solar cells. As a result, the 

obtained solar cell has a highly conductive layer at the bottom, which is more favorable 

for high efficiency solar cell than the coplanar structure obtained by conventional 

ALILE process. A metallic layer formed between the poly-Si layer and insulating 

substrate can also function as a reflecting layer, so that higher current density is 

expected owing to effective light trapping. In addition, the crystal orientation of the 

poly-Si layer is studied. Si(100) is essential for texturing antireflection structures and 

Si(111) is useful as epitaxial templates for advanced solar-cell materials. 

  In chapter 1 “Introduction”, the background of this study is started. 
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  In chapter 2 “Experiment details”, preparation method of the precursor sample for 

inverted-ALILE process is described. Annealing apparatus and basic annealing 

conductions are also shown. Characterization techniques of structural and electrical 

properties employ employed in this are detailed.  

In chapter 3, the thickness-modulated inverted-ALILE crystallization technique 

enables to control the orientation of polycrystalline Si films on glass substrates. The 

(111) –orientation fraction reached 94.8% for the 45nm-thick sample. This mechanism 

was discussed in terms of the heterogeneous nucleation energy. 

 In Chapter 4, requirements for the realization of inverted-ALILE process, which means 

the formation of both large-grained poly-Si layer and aluminum-rich bottom layer on 

glass substrate, are discussed. Influence of impurity in precursor a-Si sample is also 

demonstrated.  

In chapter 5, inverted-ALILE samples are applied to thin film silicon solar cells 

fabrication. Fabrication procedures of solar cells using these inverted-ALILE samples 

were evaluated.  

In the final chapter, conclusions obtained through this work are summarized. 
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Chapter 1  

 

 

General introduction 

 

1.1 Background 

 

In a world where a rapidly increasing demand for energy is ever more strongly 

conflicting with an urgent need to cut back on greenhouse gas emissions, it seems 

necessary and inevitable that renewable energy sources will play a major role in our 

future global energy system. In 2013, Conference of the parties 19 (COP19) was held in 

Warsaw and world minister discussed challenges for greenhouse gas emission reduction 

new target. Japan’s previous target was to slash emissions by 25 percent compared to 

fiscal 1990 levels, which was decided in 2009 by then Prime Minister Yukio Hatoyama. 

The new target announced for curtailing greenhouse gas emissions by 3.8 percent from 

fiscal 2005 levels by fiscal 2020. From the worldwide viewpoint, International Energy 

Association (IEA) has proposed to increase contribution of solar cells to 26% of whole 

electric generation in the world by 2040. On the other hand, total production of solar 

cells in the world increases at an annualized rate exponentially. As a result, cumulated 

production attained to 32.1GW by the year of 2011 as shown in Fig.1.1. [1] Even 

through production of solar cells will continue increasing, no one knows which kind of 

solar cells dominates the market in the future.  

During the last decade, the production of solar cells has grown dramatically. With a 
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shape of 86.8%, (Fig.1.2) wafer-based crystalline silicon solar cells are still dominating 

the market, which are called first generation solar cells. In order to maintain high 

growth rates in the future, significant cost reductions are necessary. The reduction of the 

silicon thickness is an appealing way to bring down costs because even relatively thin 

crystalline Si solar cells feature the potential for high efficiencies. The potential has 

already been demonstrated by the preparation of a solar cell with an efficiency of 21.5% 

on a thinned-down monocrystalline Si wafer with a thickness of 47m [2]. 

Unfortunately, this is not a real Si thin-film technology but still a Si wafer technology. 

In order to bring down coats substantially, high efficiencies have to be reached with a 

real Si thin-film technology utilizing competitive production techniques for large-area 

low foreign substrates (e.g., glass). 

 

Fig.1.1Production of solar cells in the world
[1]
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Fig.1.2 Production of solar cells by type
[1]

 

 

1.2 Thin-film silicon solar cells on foreign substrates 

 

 The corresponding process technologies to second generation solar cells have been 

developed together with the microelectronics industry. However, an essential difference 

between solar cells and other microelectronics lies in scalability. While transistors get 

cheaper and higher performance as getting smaller, solar cells cannot decrease in size 

because their energy output is in accordance with the area which absorbs the sunlight. 

Instead, the efficiency of the device has been increased with various attempts in all solar 

cell concepts, but is still limited to 30% for an energy gap of 1.1eV [3]. The ideas on 

how to overcome this theoretical limit was summarized with so called third generation 

solar cells [4]. The more promising approach on a short to medium term for solar cells 

is the reduction of material consumption, which will be realized by the reduction of the 

thickness of solar cells. As described above, thin film concepts are considered second 

generation solar cells. The thickness of the wafer based cells is limited by the 

mechanical stability during wafer handling. If the mechanical stability issue is 
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transferred to inexpensive substrates like glass, it can be possible to use much thinner 

films. Beside PV applications, thin-film technology is also attractive for large area 

electronic devices such as displays and sensors. Deposition of thin films on large glass 

substrates has already been developed by using plasma enhanced chemical vapor 

deposition (PECVD) [5]. The Si thin-film solar cells on glass, available on the market 

today, are mainly based on hydrogenated amorphous Si (a-Si:H) and hydrogenated 

microcrystalline Si (c-Si:H). Both are usually prepared by PECVD. A big advantage of 

both technologies is that the Si films can be prepared at very low temperatures (below 

300
o
C). Although stabilized single-junction solar cell efficiencies of about 10% have 

already been reached on small areas in the laboratory (e.g., 10.1% on 1cm
2
 for a-Si:H 

[6]), both materials probably do not have the potential for very high single junction 

efficiencies as the structural quality is relatively poor. To reach higher efficiencies, 

a-Si:H/c-Si:H tandem solar cells have been developed. An a-Si:H/µc-Si:H tandem cell 

with initial efficiency of 15.0% was announced as the world record efficiency by the 

R&D group of Kaneka Corporation[7] 

 

To overcome the current single-junction efficiency limits of both a-Si:H and c-Si:H, 

the Si material quality has to be improved substantially. Large grained polycrystalline Si 

(poly-Si) thin-films, characterized by both (1) a grain size much larger than the film 

thickness and (2) an intra-grain quality comparable to wafer-based Si, seem to be a 

suitable material for high efficiency Si thin-film solar cells on glass. The preparation of 

such large-grained poly-Si films poses a big challenge because the glass substrate limits 

the process temperatures to about 600
o
C (the precise temperature limit strongly depends 

on the type of glass substrate). Due to the fact that the direct deposition of Si on glass 
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below 600
o
C always results in amorphous Si and /or fine-crystalline Si (i.e., with a grain 

size much smaller than the film thickness), the techniques investigated so far are usually 

based on a two step process. In the first step, an amorphous Si (a-Si) film is deposited 

and in the second step this a-Si film is crystallized. For example, the a-Si layer can be 

crystallized thermally at about 600
o
C (solid phase crystallization: SPC) [8]. At such low 

temperatures, the process is relatively slow and the Si films formed by SPC feature a 

grain size comparable to the film thickness (for a film thickness of 1-2m). Based on 

SPC, mini-module efficiencies of up to 10.5% have already been obtained [9]. Beside 

SPC, techniques, such as laser crystallization (LC) [10] and metal-induced 

crystallization (MIC) [11] have been investigated to form suitable large-grained poly-Si 

films on glass. 

In this chapter, a very specific MIC technique, which is based on aluminum-induced 

crystallization (AIC) of amorphous Si, is discussed. The associated process is called 

aluminum-induced layer exchange (ALILE). Here, the resulting poly-Si films are called 

ALILE films. 

 

1.3Aluminum-induced layer exchange (ALILE) 

 

1.3.1 General aspect of the ALILE process 

 

It is a well known phenomenon that metals can significantly influence the 

crystallization of amorphous Si. The temperature required to crystallize bare a-Si is 

about 600
o
C. The contact of a-Si with metals usually leads to a strong reduction of this 

crystallization temperature (meal-induced crystallization). For simple eutectic systems 
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in a layer stack configuration, the MIC process that takes place below the eutectic 

temperature as a solid phase transition, can be divided into three steps: (1) dissociation 

of Si atoms from the a-Si into the metal, (2) diffusion of Si atoms through the metal and 

(3) nucleation and incorporation of Si atoms into already existing Si crystal [12] Due to 

the fact that Al is shallow acceptor in Si with an energy level of 67mV above the 

valence band edge, aluminum-induced crystallization of a-Si always leads to p-type 

material. Over the past decades, AIC has been investigated in different sample structures. 

In 1977, Majni and Ottaviani investigated a Si-wafer/Al/a-Si structure [13]. The layers 

(Al and a-Si) were deposited by electron-beam evaporation onto the Si(100) wafer with 

a thickness of about 700nm each. After annealing at 530
 o
C for 12h, an exchange of the 

two layer positions was observed resulting in a Si-wafer/Si/Al structure. The Si layer 

had grown epitaxially on the Si(100) wafer and, therefore, the related process is called 

solid phase epitaxially growth (SPE). Due to doping with Al, the hole concentration of 

the epitaxially grown p-type Si layer was 2×10
18

cm
-3

. In 1981, Tsaur et al. used this 

process to form solar cells featuring a p-type SPE-grown Si film to the thickness of 

about 200nm on a n-type Si wafer[14] . Without antireflection coating (ARC) and back 

surface filed (BSF), they obtained efficiencies at AM1 of up to 10.4% and 8.5 on 

mono-crystalline Si(100) wafers and multi-crystalline Si wafers, respectively. In 1998, it 

was shown that the layer exchange process does not occur on Si wafers only but also on 

foreign substrates: Koschier et al. demonstrated the process on oxide-covered Si wafer 

[15] and Nast et al. on glass substrates [16]. Nast et al. showed that the utilization of 

glass substrates leads to the formation of poly-Si films, which are continuous and 

feature a uniform thickness. In the following years, different aspects of the ALILE 

process were investigated [17-19]. 



7 

 

 

 

Fig.1.3 Schematic illustration of the aluminum-induced layer exchange (ALILE) 

process [20] 

 

Starting point for the aluminum-induced layer exchange (ALILE) process on glass is 

usually a glass/Al/a-Si stack (left hand side of Fig.1.3). Different glass substrates have 

been used for the process (e.g., Corning 1737, Schott Borofloat 33). The layers (Al and 

a-Si) are deposited by physical vapor deposition (PVD) (i.e., thermal evaporation, 

electro-beam evaporation or sputtering). For the deposition of the a-Si layer PECVD has 

also been used [21] A typical thickness is about 300 and 375nm for the Al layer and the 

a-Si layer, respectively. The excess of Si compared to Al is necessary for the preparation 

of continuous poly-Si films on the glass substrate. As already mentioned above, the 

ALILE process requires a thin permeable membrane (barrier layer) between the Al and 

the a-Si layer, which controls the diffusion of Al and Si. Usually, the permeable 

membrane consists of an Al oxide layer formed by exposure to air (e.g., for 2h) of the 

Al-coated glass substrate prior to the a-Si deposition. Annealing of the initial 

glass/Al/a-Si stack at temperatures below the eutectic temperature of the Al/Si system 

(Teu=577
o
C) leads to a layer exchange and a concurrent crystallization of Si resulting in 

a glass/poly-Si/Al(+Si) stack (right hand side of Fig. 1.3). The permeable membrane 

stays in place during the entire ALILE process (indicated by a black line in Fig. 1.3). 

Thus, the thickness of the resulting poly-Si film is determined by the thickness of the 
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initial Al layer (in this example about 300nm). Due to the excess of Si, which is 

necessary to form continuous poly-Si films, the Al layer on the top of the poly-Si film 

contains some Si inclusion, also referred to as “Si islands.”[22]. The amount of Si 

within the final Al(+Si) layer is determined by the ratio to the thickness of the initial 

a-Si layer to the thickness of the initial Al layer.  

 

 

Fig.1.4 Main steps of the aluminum-induced layer exchange (ALILE) process (a 

glass/Al/a-Si stack is shown) [20] 

 

The main process steps of the layer exchange are schematically depicted in Fig. 1.4 (a 

glass/Al/a-Si stack is shown with the initial Al layer marked in light gray, the initial a-Si 

layer in dark gray and the permeable membrane in black). The process starts with the 

dissociation of a-Si and subsequent diffusion of Si atoms across the permeable 

membrane into the initial Al layer (process step 1). This leads to an increase in the Si 

concentration Csi within the initial Al layer, until the critical concentration for nucleation 

is reached. Then, Si nuclei are formed locally within the initial Al layer (process step 2). 

These nuclei grow in all directions, until they are confined vertically between the glass 

substrate and the permeable membrane. The Si growth is fed by lateral diffusion of Si 

atoms within the initial Al layer towards existing grains (process step 3). The Si growth 

continues only laterally (process step 4), until adjacent grains coalesce and finally, form 
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a continuous poly-Si film on the glass substrate. Due to the growth of Si grains within 

the initial Al layer, the Al is displaced to the initial a-Si layer (process step 5) resulting 

finally in an Al(+Si) layer on top of the poly-Si layer. However, the Al is not completely 

displaced from the initial Al layer. Some local Al inclusions remain along the grain 

boundaries of the final poly-Si film.  

After the annealing step, the Al was etched off chemically. If the Al is etched off 

selectively (like in Fig.1.5), the “Si islands” are still on top of the continuous poly-Si 

film. These islands have the thickness of the original Al layer and vary in size 

depending on the Si supply. After annealing and Al etching, Si islands were visible in 

SEM studies. Residual Si, which was dissolved in the Al layer, formed little Si crystals 

on top of these islands. 

 

 

Fig.1.5 SEM image of a poly-Si surface after selective removal of Al by wet chemical 

etching. In the image the remaining “Si island” are cleary visible. (from [23]) 

 

1.3.2 Preferential (100) orientation of the ALILE process 

 

The surface of the poly-Si film is preferentially (100) orientated. This can be seen by the 

agglomeration of EBSD measurement points close to the (100) corner of the inverse 

pole figure. To quantify this behavior, the percentage of the measurable area under 
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investigation, which is titled by less than 20
o
 with respect to the perfect (100) 

orientation is called the preferential (100) orientation R(100). The corresponding region of 

the inverse pole figure is indicated by a dashed line (see Fig.1.6 (right)). This definition 

can also be applied to the (110) and the (111) orientation. The poly-Si film shown in 

Fig.1.6 features a preferential orientation of 66%, 4%, and 10% for R(100), R(110), and 

R(111), respectively. This shows clearly the strong preferential (100) orientation of the 

poly-Si surface [24]. 

 

 

 

Fig 1.6 Left: Electron backscatter diffraction (EBSD) map showing the grain structure 

of a poly-Si film on glass prepared by the ALILE process (left) and the corresponding 

inverse pole figure showing the preferential (100) orientation of poly-Si surface (right). 

The region used for the definition of the preferential (100) orientation R(100) is indicated 

by a dashed line (20
o
 tilt with respect to the perfect (100) orientation).[24] 

 

 

1.3.3 Model of the ALILE process 

 

In this section, a model of the ALILE process is described. The five main process steps 
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of the ALILE process have already been introduced in Fig. 1.4. The silicon, which is 

required for the growth of existing Si grains, is supplied by lateral diffusion of Si within 

the Al layer (process step 3). Such a diffusion-limited growth process is based on the 

fact that the incorporation of dissolved Si atoms into existing Si grains is fast when 

compared to the diffusion of Si towards existing grains. The diffusion of Si towards 

existing grains is driven by a gradient of the Si concentration Csi. The Csi in the direct 

vicinity of existing grains is lower than far away from the grains. This means that there 

are Si depletion regions around existing grains [18]. 

In the first phase of the ALILE process, no stable nuclei are formed (stage I). The 

formation of stable nuclei starts at the t0. Nucleation takes usually place only in a short 

time period. This short time period is called nucleation phase (stage II). After the 

nucleation phase, no new stable nuclei are formed but the growth of the existing grains 

continues until the grains coalesce and finally form a continuous poly-Si film on the 

glass substrate (stage III). The corresponding self-regulated suppression of nucleation, 

which allows for the growth of large grains, is a characteristic feature of the ALILE 

process. Nast et al. suggested that the self-regulated suppression of nucleation is due to 

overlapping Si depletion regions around existing grains [18]. The experimentally 

observed results regarding nucleation and growth are discussed with the help of the 

phase diagram of the Al/Si system [25]. The Al-rich part of the phase diagram is shown 

in the left part of Fig.1.5. In the phase diagram the temperature T is shown versus the Csi. 

The equilibrium lines are indicated as solid lines. At the eutectic temperature of the 

Al/Si system (Teu=577
o
C=850K), a maximum of about 1.5at.% Si can be dissolved in 

solid Al. The ALILE process takes place below the eutectic temperature (e.g., at 750K). 

This means that the transition occurs directly from the Al phase to the (Al)+(Si) phase.  
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Fig 1.5 Left: Al-rich part of the Al/Si phase diagram. Right: Si concentration Csi within 

the Al layer versus annealing time tA (Cs: saturation concentration; C
*
:critical 

concentration; Cmax: maximum concentration) [20] 

 

A key feature of ALILE process is the suppression of nucleation by existing grains and 

the resulting large grain size of about 10m. Silicon diffusion towards growing grains 

leads to the formation of concentration gradients. Fig.1.6 shows in a schematic diagram 

the silicon concentration profiles between two neighboring grains [18]. The silicon 

concentration within the grains is indicated by Cg. The growing silicon grain decreases 

the silicon concentration just in front of the grain to Ci, which is referred to as depletion 

regions. The silicon concentration is Cn at area far away from the grain, where 

nucleation is likely to occur. The width of the depletion regions is d. While new 

nucleation is possible in the supersaturated region between the depletion regions, it is 

suppressed once the depletion regions overlap. At a distance of 2d, no further nucleation 

is possible to occur. 
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Fig.1.6 A schematic diagram of the silicon concentration profiles between two 

neighboring grains.[18] 

 

 

1.3.4 Kinetic model of Si transport into the Al layer 

 

Sarikov et al. shows the orientation of the grains of resulting poly-Si films was 

investigated using electron back scattering diffraction (EBSD).[26] The respective 

experimental results for both native and thermal AlOx membranes are shown in Fig. 1.7. 

The value of R(100) strongly depends on the annealing temperature and the way the 

membrane was formed. Reducing annealing temperature from 550 down to 450 °C the 

value of R(100) increased from about 40 to about 70% in the case of native AlOx 

membrane and from about 10 to about 30% in the case of thermal membrane, 

respectively. Such influence of the experimental conditions on R(100) finds explanation 

in the framework of the model of preferential orientation of Si films made by the 

ALILE process presented in this section. 
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Fig.1.7 Preferential (100) orientation, R(100), as a function of the annealing temperature, 

TA, for samples with native oxide (full circles) and thermal oxide (open circles) 

 

The initial layer stack of the ALILE process is initially in a non-equilibrium state. The 

a-Si and Al layers mutually interact due to the tendency of the overall system to reduce 

its Gibbs energy. The difference in Gibbs energy between the a-Si and the Al leads to 

the dissolution of Si, its diffusion in the membrane, and incorporation of the Si into the 

Al layer (Fig. 1.8). Such a process would in principle continue until the concentration of 

Si atoms in Al reaches the solubility limit for the amorphous silicon. By this, the local 

thermodynamic equilibrium at both interfaces a-Si/membrane and membrane/Al and a 

constant Gibbs energy of Si in the Al layer (and, hence, a constant Si concentration) are 

assumed.  
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Fig.1.8 Distribution of Si concentration in the a-Si/AlOx membrane/Al layer stack 

during the ALILE process. In the figure, Ca-Si is the atomic concentration in amorphous 

Si, Cmem is the Si concentration in the membrane, Csi   is the maximum concentration 

that can enter Al layer in contact with amorphous Si, Csi is the Si concentration in the Al 

layer, and, Csi  is the solubility limit of Si in Al, respectively. 

 

The transport of Si atoms through the membrane is described by the diffusion equation 

 

     

  
     

     

   
 

 

The introduction of the η and ξ allows to study the dependence of the probability of 

nucleus orientation on the ratio of interface energies at the AlOx/c-Si and Al/c-Si 

interfaces (parameter η) as well as on the annealing temperature and the supersaturation 

of Al with Si (parameter ξ), respectively. 

 

 

  

 

sol 

max 
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The dependences of the R(100) on η at different values of ξ are shown in Fig. 1.9. Several 

regions are clearly seen in the curves, which become more pronounced as ξ increases. 

The preferential (100) orientation of Si grains is observed at −0.75 ≤ η ≤ 0 and 0.8 ≤ η ≤ 

  . The degree of preferential orientation in these regions increases with the increase of 

ξ, which means the decrease of the annealing temperature and/or the supersaturation of 

Al with Si. The increase of the R(100) with the decrease of annealing temperature is 

supported by the experimental data in Fig.1.7  

 

 

Fig.1.9 Dependences of the calculated R(100) on  at different values of  The 

behavior of R(100) changing the annealing temperature (the value of ) and the 

technology of the AlOx membrane (the value of ) is schematically indicated. 

 

 A possible solar cell structure using ALILE as seed layers is shown schematically in 

Fig. 1.7. [27] After depositing the initial aluminum and a-Si layer, the poly-Si layer is 

formed by ALILE process. An aluminum layer with silicon inclusion is formed on the 

top of the poly-Si film, which has to be removed. The poly-Si layer is subsequently 
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thickened by low-temperature epitaxy forming a p-doped absorber. Finally, n
+
-emitter is 

deposited by using a low temperature process such as PECVD. This can either be done 

epitaxially by changing the dopant or by deposition of an a-SI:H emitter. In the latter 

case a transparent conducting oxide (TCO) layer is needed to enhance the lateral 

conductivity of the emitter. A mesa structure has to be fabricated by etching in order to 

contact the absorber layer. Another deposition of metal contact is also needed in order 

to prepare electrodes for p-side and grid contact on TCO film. 

 

 

Fig.1.7 A possible solar cell structure using ALILE as a seed layer. [27] 

 

1.3.5 Other Aspects of the ALILE Process 

 

Many groups have studied ALILE process for the sake of realizing high efficiency thin 

films silicon solar cells. Usually the poly-Si films on foreign substrates, prepared by the 

ALILE process, are used as a template (seed layer) for subsequent homo-epitaxial 

growth of the absorber layer of a poly-Si thin-film solar cell. The highest efficiency 

obtained so far with an ALILE seed layer on foreign substrate is 8% [28]. The 

corresponding structure of the poly-Si thin-film solar cell is: aluminum 

substrate/spin-on oxide/p
+
-type ALILE seed layer/p

+
-type Si BSF (epitaxially 
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grown)/p-type Si absorber layer (epitaxially growth)/i/n
+
-type a-Si:H emitter (grown by 

PECVD)/indium tin oxide (ITO). The spin-on oxide was used to reduce the roughness 

of the alumina substrate and, therefore, to increase the grain size of the poly-Si seed 

layer formed by the ALILE process [29-30]. In this case, the epitaxial thickening of the 

ALILE seed layer took place at 1130
o
C using thermal CVD. This high-temperature 

process is not compatible with the utilization of glass substrates. At temperatures, which 

are compatible with the utilization of glass substrates (up to about 600
o
C), the 

efficiencies obtained so far are much lower. For example, the epitaxial thickening of an 

ALILE seed layer on glass at about 600
o
C using high-rate electron-beam evaporation 

has led to an efficiency of 3.2% [31]. So far, the poly-Si thin-film solar cells on ALILE 

seed layer are not limited by the grain size but by the intra-grain defects. Therefore, 

future research will focus on these intra-grain defects. 

The poly-Si films obtained by ALILE process always show p-type behavior. On high 

temperature resistant foreign substrates, the p-type poly-Si can be transferred to n-type 

poly-Si by overdoping, e.g., by phosphorous diffusion at 950
o
C [32]. This allows for 

other solar cell configurations (e.g., substrate/ n
+
-type ALILE seed layer/n-type 

absorber/p
+
-type emitter). 

 For applications, the possibility to form poly-Si films also on conductive foreign 

substrate is of high importance. It was shown that the ALILE process works also on 

some metal-coated glass [33]. Especially, the results on ZnO:Al is a well established 

material for thin-film solar cells. On ZnO:Al-coated glass the grain size of poly-Si film 

is slightly reduced and its preferential (100) orientation remains about the same 

(compared to bare glass) [24] It was found that the ZnO:Al does not an degrade during 

the ALILE process but the conductivity is even improved due to an increased carrier 
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density [33]. 

 

1.4 Inverted-ALILE 

 

The layer exchange not only occurs for the above mentioned layer sequence (“normal 

structure”), but also for the “inverse structure” [34-35]. In this case, an initial 

glass/a-Si/Al stack is transformed into a glass/Al-rich/poly-Si stack. The “inverse 

structure” requires a permeable membrane, too. This membrane can also be prepared by 

exposure to air. But this time, a Si oxide layer is formed. In comparison with the 

creation of an Al oxide layer, the Si oxide layer formation takes much longer duration 

(days instead of hours), because a-Si is not as reactive as Al, regarding oxide formation. 

It is very remarkable that the layer exchange takes place even if completely different 

permeable membranes are used. On oxidize wafers, the “inverse structure” was already 

investigated in 1996 [36].  

Kuraseko et al. fabricated p-i-n structure with inverted-ALILE sample (Fig.1.7). I-V 

characteristic of the fabricated solar cell are Jsc of 19.6mA/cm2, Voc of 0.402 V, FF of 

0.45 and conversion efficiency of 3.54%[38]. The “inverse structure” has some 

advantages compared to the “normal structure” described before: (1) The poly-Si film 

features a smooth surface and is directly accessible for subsequent process steps (e.g., 

epitaxial thickening). (2) The Al-rich layer between the poly-Si film and the glass 

substrate can be used as contact layer and back reflector in device configurations. The 

disadvantage is related to the fact that for the “inverse structure” all subsequent process 

steps are limited to the eutectic temperature of the Al/Si system (577
o
C), to prevent the 

formation of a liquid phase.  
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Fig.1.7 Structural difference between (a) conventional ALILE and (b) inverted-ALILE 

[37] 

 

Therefore the Al-rich layer with optical reflectivity is substantially lower than an 

aluminum film. Light trapping is of crucial importance for crystalline silicon thin-film 

solar cells. An important component of any light trapping scheme for thin-film solar 

cells is an efficient back reflector layer. The back reflector layer expects to capable of 

high optical reflectance over a broad wavelength band. The back reflector can be 

increased the current of solar cells. 

 In the previous reports, few detailed study has been performed on inverted-ALILE. 

Furthermore, Al-rich layer by inverted-ALILE has never reported at all. In this study, 

inverted-ALILE process with Al-rich layer and inverted-ALILE process with 

crystallographic orientation are extensively studied and inverted-ALILE sample is 

applied to thin film silicon solar cell fabrication in order to prove the potential of 

inverted-ALILE for high current thin film silicon solar cells 

 

1.5 Scope of this thesis 

 

As discussed in Section 1.2, thin film silicon solar cells have a great potential for next 
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generation solar cells due to its low-coat, thin film availability and abundance of 

material. A drawback of thin film silicon solar cells as compared with wafer based c-Si 

solar cells is its low conversion efficiency. Thin film poly-Si solar cell with foreign 

substrates is one of the strong candidates for next generation solar cells, and ALILE is a 

quite promising process for large grained poly-Si thin film, which has possibility of 

realizing high efficiency thin film solar cells. However, an inevitable problem in 

association with solar cell structure exists in solar cells with ALILE sample as discussed 

in section 1.3.4. In order to overcome the structural drawback of ALILE solar cells, 

inverted-ALILE was proposed by Kuraseko et al. The inverted-ALILE sample is 

studied method of forming Al-rich layer to thin film silicon solar cell fabrication in this 

study. Annealing of Al/a-Si/glass layers leads to the formation of an 

poly-Si/Al-rich/glass layers and the Al-rich layer acts as optical reflector as well as an 

electrical contact.  Additional advantage is the absence of the removal process of the 

Al-rich layer in the ALILE process. However, it was found that the Al-rich layer after 

the inverted-ALILE process shows poor reflectivity with appreciable optical 

transmission of the films, which indicates the light leakage through defects (holes) in 

the Al-rich layer after annealing.
15)

 In chapter 4, the mechanism of inhomogeneity in the 

inverted-ALILE process with defective Al-rich back reflector is investigated and its 

origin is discussed in terms of the impurity contained in the original amorphous silicon 

layer before crystallization.  

 In addition, the crystal orientation of the poly-Si layer is studied in chapter 3. Si(100) 

is essential for texturing antireflection structures and Si(111) is useful as epitaxial 

templates for advanced solar-cell materials. We report the comprehensive study of 

inverted-ALILE by focusing on effects of precursor Al thickness on crystal orientation 
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of poly-Si. The Al thickness controlled preferential orientation of (100) or (111) poly-Si 

and a model base on the phase transition of interfacial Al oxide are presented. 

 In chapter 2, experimental details are shown. Preparation methods of thin films are 

described. Annealing apparatus and basic annealing conditions are also shown. 

Characterization techniques of structural and electrical properties employed in this study 

are detailed. 

 In chapter 3, the thickness-modulated inverted-ALILE crystallization technique 

enables to control the orientation of polycrystalline Si films on glass substrates. The 

(111) –orientation fraction reached 94.8% for the 45nm-thick sample. This mechanism 

was discussed in terms of the heterogeneous nucleation energy. 

 In chapter 4, requirements for the realization of inverted-ALILE process, which means 

the formation of both large-grained poly-Si layer and aluminum-rich bottom layer on 

glass substrate, are discussed. Influence of impurity in precursor a-Si sample is also 

demonstrated. 

 In chapter 5, inverted-ALILE samples are applied to thin film silicon solar cells 

fabrication. Fabrication procedure of solar cells using inverted-ALILE samples is given 

and solar cell performance of inverted-ALILE solar cell is demonstrated. Challenges 

remaining in inverted-ALILE solar cells are discussed. 

In the final chapter, conclusions obtained through this work are summarized. 
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Chapter 2 

 

 

 

Experimental details 

 

2.1 Preparation of thin films 

 

2.1.1 Deposition of silicon thin films for inverted-ALILE process 

 

 Amorphous silicon films, which were employed in precursor sample of 

inverted-ALILE, were deposited by sputtering system and plasma-enhanced chemical 

vapor deposition (PECVD) system.  

 

2.1.1.1 Sputtering system 

 

Sputtering was employed for prepared a-Si on glass substrate. The chamber pressure 

during a-Si deposition was kept constant at 0.5 Pa with Ar flow rate of 10sccm. Radio 

frequency (RF) of 200W was applied. The system was evacuated using turbo-molecular 

pump to a background pressure of approx. 3.2×10
4
Pa, 1.2×10

2
Pa. In case of the high 

background pressure(1.2×10
2
Pa), sputtering chamber was exposed to air in 30min. 
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2.1.1.2 Plasma-enhanced chemical vapor deposition (PECVD) system 

 

The deposition system consists of gas source system, deposition chamber and gas 

exhaust system. As a source gas, SiH4, H2 and PH3 were used in this study. Gases were 

introduced into the deposition chamber through a mass flow controller. Deposition 

chamber was equipped with two parallel electrodes. Precursor a-Si films of 

inverted-ALILE sample were prepared with the deposition conditions shown in Table 

2.1 

 

Table 2.1 Deposition conditions of a-Si film for inverted-ALILE precursor sample. 

   Flow rate SiH4  300sccm 

   Pressure    40Pa 

    Substrate temperature  180 C 

   RF power   110W 

   Deposition rate   0.49nm/s 

 

2.1.2 Deposition of aluminum films for inverted-ALILE process 

 

Aluminum films were deposited using vacuum evaporation system in this study. As an 

evaporation source, 25mm of Al wire (purity of 99.99%) was set tungsten wire. The 

chamber was pumped down with a turbo molecular pump, and the base pressure inside 

the chamber was below 1×10
-6

 Torr. Input power was kept constant at 30 A, and the 

deposition was the deposition was carried out without intentional heating of substrates. 

Deposition rate was 0.6nm/s. 
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2.1.3Deposition of TCO and Ag for solar cells 

 

 Sputtering was employed for preparing TCO and Ag electrodes. Indium tin oxide 

(ITO) film was sputtered as a TCO electrode on solar cells and Ag grid electrode was 

used to compensate poor conductivity of TCO. Ar gas was employed as a process gas of 

the sputtering. RF of 100W was used for ITO deposition and direct current (DC) of 

100W for Ag deposition, respectively. No additional heating of substrates was carried 

out. Deposition rate of ITO film and Ag film was 0.11 nm/s and 0.67 nm/s, respectively. 

 

2.1.4 Substrate 

 

 Corning 1737 glass was used as a cost effective, alkali-free glass substrate. Strain point 

is 666 
o
C. Substrate thickness was 1.1nm. Before deposition, substrates were carefully 

cleaned by ultrasonic with chemical cleaning solution and de-ionized water at15min 

every process. 

 

2.2Annealing apparatus and procedure 

 

 The prepared sample was cut by 2.5cm×2.5cm and placed on the heating stage in the 

annealing chamber. During the annealing, 2.0 SLM of N2 gas was flowed in the 

chamber to avoid oxidation of the sample. The pressure in the chamber was atmospheric 

pressure. Temperature of the heating stage was measured with a thermocouple and was 

precisely controlled by changing input power to the heater mounted inside the heating 

stage. Figure.2.1 incidents an example of temperature profile of the heating stage from 
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room temperature to a set temperature (450 C). The temperature of the heating stage 

reached the set temperature in ~ 30 min. 
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Fig.2.1   A temperature profile of the heating stage 

 

2.3 Characterization techniques 

 

2.3.1 Optical microscope 

 

An optical microscope (KEYENCE) was employed for in-situ observation of layer 

exchange process during annealing. The annealing system was equipped with the 

microscope. Camera images could be observed in-site at a monitor and recorded with 

typical time intervals depending on the process parameters. The spatial resolution limit 

of the setup was 200nm. Evolution of silicon growth was clearly observed as shown in 

Fig.2.2. In the images obtained, brighter area indicates the existence of aluminum, 

which possesses higher reflectance in the range of visible light than that of silicon. Red 

area demonstrates silicon grains. 
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Fig.2.2 An image obtained with optical microscope during annealing 

 

2.3.2 Ultraviolet-visible spectrophotometer 

 

Ultraviolet-visible spectrophotometer is the quantitative measurement of the reflection 

and transmission properties of a material as a function of wavelength. They can also be 

designed to measure the diffusivity on any of the listed light ranges that usually cover 

around 175nm-3300nm using different controls and calibrations. Two radiation sources, 

a deuterium lamp and halogen lamp, cover the working wavelength range of the 

spectrometer. Deuterium lamps emit an almost continuous spectrum of light ranging 

from the main UV wavelengths of 175-400nm to the visible spectral range. Halogen 

lamps product a continuous spectrum of light, from near ultraviolet to deep into the 

infrared(350nm-3300nm). Spectrophotometer generally uses a diffraction grating, a 

collimator, a movable slit, and a photodetector. The broad band illumination source is 

aimed at the entrance slit. The slit is placed at the effective focus of a curved mirror (the 

collimator) so that the light from the slit reflected from the mirror is collimated. The 

collimated light is diffracted from the grating and then dispersed on the exit silt. At the 

exit slit, the colors of the light are spread out. The range of color leaving the exit slit is a 

function of the width of the slits. The light enters at a photomultiplier in integrating 
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sphere. Photomultiplier produces a small current even at the dark current. 

Spectrophotometer generally demand photomultipliers designed to minimize dark 

current. Transmittance and reflectance were measured by Lambda 950 UV/Vis/NIR 

Spectrophotometer. This machine features an all-reflecting, double-monochromator 

optical system.  

 

2.3.3 Energy dispersive X-ray spectrometry (EDX) 

 

Energy dispersive X-ray spectrometry (EDX) is an analytical technique used 

conjunction with scanning electron microscopy (SEM). It relies on the investigation of 

an interaction of some source of X-ray excitation and a sample. To stimulate the 

emission of characteristic X-rays from a specimen, a high-energy beam of charge 

particles such as electron, is focused into the sample being studied. The incident beam 

may excite an electron in an inner shell, ejecting from the shell while creating an 

electron hole where the electron was. An electron from an outer, higher-energy shell 

then fills the hole, and the difference in energy between the higher-energy shell and the 

lower energy shell may be released in the form of an X-ray. The number and energy of 

the X-rays emitted form a specimen can be measured by an energy-dispersive 

spectrometer. As the energy of the X-rays is characteristic of the difference in energy 

between the two shells, and of atomic structure of the element form which they were 

emitted, this allows the elemental composition of the specimen to be measured.  

The penetration depth of the electron is increased at high energy-electron. This 

phenomenon is described with the equation as below:
[1]
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(Eq. 2.1) 

 

Where R is the penetration depth of the electron, E0 is energy of the incident electron, A 

is atomic number, Z is the Avogadro constant, ρ is the density. Within Eq.2.1 R can be 

determined if E0 is constant. 

In this study, JEOL JED-2300T was employed with EDX system. While analyzed by 

EDX, beam spot size was at 1.0nm. 

 

2.3.4 Electron backscatter diffraction (EBSD) 

 

 Electron backscatter diffraction (EBSD) is the technique by which a scanning electron 

microscope (SEM) can be used to evaluate the microstructure of a sample based on 

crystallographic analysis. The electron beam detects the backscattered electrons with 

phosphor screen. The incident angle of the electron beam from the sample surface is 20
o
. 

The penetration depth of the electron is decreased and the fraction of backscattered 

electrons from the sample is increased. 

Bragg’s condition: 

 

(Eq. 2.2) 

 

Where n is an integer,  is the wavelength of the electron beam, d is the lattice spacing 

and is the diffraction angle.  

Theoretically, the maximum resolution, d, that one can obtain with microscope has 

been limited by the wavelength of the photons that are being used to probe the sample, 
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 and the numerical aperture of the system. Like all matter, electrons have both wave 

and particle properties, and their wave-like properties mean that a beam of electrons can 

be made to behave like a beam of electromagnetic radiation. The wavelength of 

electrons is 

 

(Eq. 2.3) 

 

Where, h is Plank’s constant, m0 is the rest mass of an electron and E is the energy of 

the accelerated electron. Electrons are usually generated in an electron microscope by a 

process known as thermonic emission from a filament, alternatively by field electron 

emission. The electrons are the accelerated by an electric potential (measured in volts) 

and focused by electrostatic and electromagnetic lenses onto the sample. The electron is 

formed when many different planes diffract different electrons to form Kikuchi bands 

which correspond to each of the lattice diffracting planes. (Fig.2.3) Each band can be 

indexed individually by the Miller indices of the diffracting plane which formed it.  

 

(Eq. 2.4) 

 

Where, h,k,l is the Miller indices, a is lattice constant. 

In this study, Oxford instruments HKL Channel 5 was employed with SEM system of 

Hitachi high-technologies S-4300. While analyzed by EBSD, magnification of the 

sample image was constant at x1,500. 
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Fig.2.3 A electron backscatter diffraction pattern of polycrystalline silicon by 

inverted-ALILE, taken at 20kV with a field-emission electron source. 

 

2.3.5 Transmission electron microscope (TEM) 

 

Transmittance electron microscope (TEM) is an analytical tool that allows detailed 

micro-structural examination through high-resolution and high-magnification imaging. 

TEM is an electro-optical microscope which uses electromagnetic lenses to focus and 

direct an electron beam. Data is collected from the beam after it passes through the 

sample. The transmitted beam contains information about electron density, phase and 

periodicity; this beam is used to form an image. For thin crystalline samples, this 

produces an image that consists of a pattern of dots in the case of a single crystal, or a 

series of rings in the case of a polycrystalline or amorphous solid material. For the 

single crystal case the diffraction pattern is dependent upon the orientation of the 

specimen and the structure of the sample illuminated by the electron beam. Fig.2.4    

provides the investigator with information about the space group symmetries in the 

crystal and the crystal’s orientation to the beam path. TEM specimens are requires to be 

at most hundreds of nanometers thick. High quality samples will have a thickness that is 

comparable to the mean free path of the electrons that travel through the samples, which 
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may be only a few tens of nanometers. Focused ion beam (FIB) methods have been 

used to prepare samples. FIB is destructive to the specimen. When the high-energy 

gallium ions strike the sample, they will sputter atoms from the surface. Gallium atoms 

will also be implanted into the top few nanometers of the surface, and the surface will 

be made amorphous. Because of the sputtering capability, the FIB is used as a 

nano-machining tool, to modify or machine materials at nanoscale. Commonly the 

smallest beam size for imaging is 2.5-6nm. The smallest milled features are somewhat 

larger (10-15nm) as this is dependent on the beam size and interaction with the sample 

being milled. Cross-sectional image view images were observed by Hitachi 

H-9000UHR operated at an accelerate voltage of 300kV. Selected area electron 

diffraction (SAED) images were also observed by the same system. The camera length 

was 1.0nm and the selected area is ~100nm  

 

 

Fig.2.4 Crystalline diffraction pattern form a grain of FCC Aluminum 

 

2.3.6 Secondary ion mass spectrometry (SIMS) 

 

Secondary ion mass spectrometry is a technique used to analyze the composition of 

thin films by sputtering the surface of the specimen with a focused primary ion beam 

and collecting and analyzing ejected secondary ions. Three basic types of ion guns are 
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employed. In one, ions of gaseous elements are usually generated by electron ionization, 

for instance Ar
+
 gas or O2

+
. A second source type, the surface ionization source, 

generates Cs
+
 primary ions. Cesium atoms vaporize through a porous tungsten plug and 

are ionized during evaporation. A third source type, a liquid metal ion gun is liquid at 

room temperature. The choice of the ion species and ion gun respectively depends on 

the required current, the required beam dimensions of the primary ion beam and on the 

sample which is to be analyzed. Oxygen primary ions are often used to investigate 

electropositive elements due to an increase of the generation probability of positive 

secondary ions, while cesium primary ions often are used when electronegative 

elements are being investigated. For short pulsed ion beams in static SIMS, the liquid 

metal ion gun is most often deployed for analysis. They can be combined with either an 

oxygen gun or a cesium gun during element depth profiling. 

In this study, SIMS analysis was carried out with CAMECA IMS-6f system using. 

While analyzed by EBSD, magnification of the sample image was constant at x1,500. 

 

2.3.7 I-V characteristics 

 

 The most important parameter defining the quality of a solar cell is its conversion 

efficiency,  Conversion efficiency is defined as the ratio of electrical output power to 

the optical input power. Since the output power is dependent of the load, the maximum 

power point (with optimized load) of output can be used for determining the conversion 

efficiency. Figure.2.5 shows schematic current-voltage characteristic of a solar cell 

under illumination. Three parameters define the performance of a solar cell under 

illumination: the open circuit voltage (Voc), the short circuit current (Jsc) and the fill 
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factor (FF). Voc and Jsc are the values of voltage and current obtained under at the 

maximum point. The current-voltage (I-V) characteristic of the device is given by: 

 

                
  

   
                  (Eq. 2.5) 

 

Where J(V) is the current J at voltage V, J0 is the reverse saturation current, q is the 

electronic charge, n is the diode factor, k is Boltzmann constant, T is the temperature 

and Jsc is the short circuit current. Under open circuit conditions, J=0 and 

 

    
   

 
   

   

  
                  (Eq. 2.6) 

 

The cell power density is given by P=J V. P reaches a maximum at a voltage Vop with a 

corresponding current desity of Jop, as shown in Fig.2.5. The optimum load thus has a 

resistance given by Vop/Jop, The fill factor is defined as FF= JopVop/JscVoc. The 

efficiency  of the solar cell is the power density delivered at operating point as a 

fraction of the incident light power density, Pin: 

 

  
       

   
     

       

   
                    (Eq. 2.7) 

 

In this study, solar cells were characterized by current-voltage under standard air mass 

1.5 (AM 1.5) illumination. 


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Fig.2.5 A schematic graph of current-voltage curve. 

 

2.3.8 Quantum efficiency (QE) 

 

 The specimen dependence of a solar cell is characterized by its quantum efficiency. 

The photocurrent generated by a solar cell under illumination at short circuit depends on 

the incident light. To relate the photocurrent density, Jsc, to the incident spectrum we 

need to know the quantum efficiency (QE) of the solar cell. QE is the probability that an 

incident photon of energy delivers one electron to the external circuit. Therefore, 

 

                 
 

 
                   (Eq. 2.8) 

 

Where I(E) is the incident spectral photon flux density, the number of photons of energy 

in the range of to +dwhich are incident on unit area in unit time and q is the 

electronic charge. There are two different definitions for QE, that is, internal quantum 

efficiency (QEin) and external quantum efficiency (QEout). Reflection of the incident 

Vop Voc 

Jop 

Jsc 
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light on the front surface was taking into consideration in the internal quantum 

efficiency. However, reflection was neglected in the latter case. 

Relationship between two definitions can be written as 

 

         
        

      
                     (Eq. 2.9) 

 

In this study, external quantum efficiency was measured. QE depends on the following 

factors: 

the absorption of the incident light in the absorber material 

efficiency of charge separation and collection 

The absorption of the incident light in the absorber material depends on the absorption 

coefficient of the absorber material, absorption at the p-layer or front TCO, and 

texturing effect. Efficiency of charge separation and collection is dependent on the 

built-in potential in the intrinsic layer and the recombination rate of the carrier and so 

on. 

 

2.4 Reference 

 

[1]K. Kanaya and S. Okayama, J. Phys. D. Appl. Phys, 5, 43-58 (1972). 
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Chapter 3  

 

Influence of oxygen on the orientation control in 

Inverted-ALILE 

 

3.1 Introduction 

 

In this chapter, requirement for the realization of inverted-ALILE process, which 

means the formation of large-grained poly-Si layer is discussed. Important condition for 

successful inverted-ALILE process is demonstrated in this study. Influence of the ratio 

of a-Si layer thickness to aluminum layer on the obtained inverted-ALILE sample 

properties is discussed. Also thickness of Al layer in the precursor sample of 

inverted-ALILE is focused. In particular, influence of the oxide layer on Al layer used 

inverted-ALILE sample properties is discussed.  

 

3.2 The ratio of a-Si layer thickness to aluminum film 

 

 The ratio of a-Si thickness to aluminum is one of the essential parameter for 

inverted-ALILE. In case of conventional ALILE process, it was reported that an 

oxidized aluminum interlayer remains at the same during annealing and thickness of the 

obtained poly-Si film depends on the distance between glass substrate and interlayer, 

initial aluminum layer thickness [1]. It was also described that excess a-Si was needed 

to form a continuous uniform poly-Si film. In the case of conventional ALILE, a 
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continuous poly-Si is the only requirement for ALILE process. In contrast, in the case of 

inverted-ALILE, not only a continuous uniform poly-Si but also an aluminum-rich 

metallic layer is required. The obtained poly-Si is employed as p+-layer of p-i-n solar 

cell. Aluminum-rich metallic layer formed between the poly-Si and glass substrate can 

be employed as a bottom electrode and as a reflecting layer. As a bottom electrode, 

lower sheet resistance is needed. Higher reflectance in the visible light range is expected 

as a reflecting layer. In this section, samples with three different ratio of a-Si thickness 

to aluminum were prepared and inverted-ALILE samples were evaluated. Structural 

parameters of precursor sample are summarized in Table 3.1. Three types of precursor 

samples were prepared; sample #1 : a-Si/Al=1:1; sample #2: a-Si/Al=1:0.8; sample #3: 

a-Si/Al=1:0.66. Native oxidized aluminum interlayer was employed in this study. 

Thickness of the interlayer was fixed at 13nm and air exposure time was1h.  

 

Table 3.1 Deposition conditions of a-Si film for inverted-ALILE precursor sample. 

   Sample A          #1       #2      #3 

          a-Si/Al           1:1     0.8:1    0.66:1 

    Thickness  a-Si  200     250      300 

     (nm)     Al    200     200      200 

   

Figure 3.1 shows direct mapping of intensity of Al related signals in the EDX spectra 

results. It can be observed that crystallization rate was almost independent of the ratio of 

a-Si thickness to aluminum. Darker area of the mapping indicates the formation of 

poly-Si and brighter area shows the aluminum remaining at the surface of the sample. 

As can be seen in the mapping of sample #3, the sample surface was fully covered with 
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poly-Si after annealing after 24 hour annealing. In contrast, in the case of sample #1 and 

sample #2, these samples surface were not fully covered with the resulting poly-Si and a 

portion of initial aluminum remained at the sample surface. In other words, a continuous 

uniform poly-Si layer could not be formed at these samples surface with precursor 

structure of a-Si/Al=1/1 and a-Si/Al=1:0.8. The volume of initial aluminum layer was 

almost the same with that of initial a-Si layer so that initial aluminum could not be 

excluded from the top layer with a diffusion of silicon. If p-i-n structure solar cells were 

fabricated with the sample #1 and sample #2, the obtained solar cells would indicate 

quite-low conversion efficiency due to the existence of shunt path between the bottom 

electrode (aluminum-rich metallic layer formed by inverted-ALILE process) and an 

absorber layer prepared on the inverted-ALILE sample. Therefore, sample #1 and 

sample #2 seem to be insufficient to inverted-ALILE process from the viewpoint of the 

formation of a continuous uniform poly-Si layer. Also, sample #3 seems to 

irreproducibility to inverted-ALILE process from the viewpoint of the formation of a 

continuous uniform poly-Si layer. Therefore, precursor sample was employed 

a-Si/Al=1:0.5 in this study. These structural parameters of precursor sample have 

reproducibility. 

 

    

Fig.3.1 Direct mapping of intensity of Al related signals in the EDX spectra obtained 

from Sample A with different ratio of film thickness in as-annealed states. a-Si/Al = (#1) 

(#1) (#3) (#2) 
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1:1, (#2) 0.8:1, and (#3) 0.66:1.  

 

3.3 The Al/Si thickness dependent ALILE process 

 

a-Si films were prepared (thickness: 50-400nm) on SiO2 glass substrates. Structural 

parameters of precursor sample are summarized in Table 3.2. Subsequently, a 13nm of 

aluminum thin film was deposited and exposed to ambient air for 1h in order to form 

AlOx membranes as diffusion control layers. After that, Al films were prepared with 

45nm on the a-Si films. Finally, these samples were annealed at 450
o
C for 6h in N2 

ambient. The crystal orientations of the grown Si films were evaluated by electron 

backscattering diffraction (EBSD) measurements. 

 

Table 3.2 Deposition conditions of a-Si film for inverted-ALILE precursor sample. 

   Sample A                 

          a-Si/Al           0.5:1     0.5:1    0.5:1 

    Thickness  a-Si  90       120     400 

     (nm)     Al    45        60     200 

   

The crystal orientations were evaluated using EBSD measurements. Fig. 3.2 shows the 

Al/Si thickness dependent crystal-orientation maps to the sample surfaces. The 

orientations in Fig.3.2 obviously depend on the Al/Si thickness: The [111]-orientation 

becomes dominant for the 45nm-thick sample; in contrast, the [100]-orientation for the 

samples with thick (>200nm) Al/Si layers.  

 The EBSD analysis derived the area-fraction of [100] and [111] orientations from the 
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orientation maps show in Fig. 3.2. The result is illustrated in Fig 3.3 as a function of the 

Al/Si thickness. Here, by definition, the [111] and [100] fraction s contains the 

orientations tilted within 20
o
 from the exact [111] and [100] orientations. The [111] 

fraction increases with decreasing the Al/Si thickness; in contrast, the [100] fraction 

increases with increasing the Al/Si thickness. Note that the [111] fraction reaches as 

high as 94.8% at the 45nm thickness, and the fraction reaches 84.9% at the 200nm 

thickness. These orientation fractions are the highest ever reported for the poly-Si layers 

on amorphous substrates. [11] 

 

   

Fig.3.2 EBSD mapping of the grown Si layers surfaces with various thickness 

(45-200nm) 

(poly-Si thickness, left: (a) 200nm; center: (b) 70nm; right:(c) 45nm )  

 

 

 

 

(a) (b) (c) 
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Fig.3.3 Al/Si thickness dependences of (111), (110) and (100) orientation fractions. 

 

3.4 Crystallographic orientation of inverted-ALILE by interface 

impurities 

 

The layer exchange process of sample A was performed at 450
o
C for 15min at a-Si/Al 

=400nm/200nm. The annealed sample was taken out from the furnace. The EBSD was 

used to analyze the crystal orientation of the films. After EBSD observation at sample A 

annealing of 15min, inverted-ALILE sample with the annealing temperature of 450
o
C 

was cleaned by wet etching, which resulted in the elimination of initial aluminum layer 

and native oxidized aluminum layer at the sample surface. Acid solution is the mixed 

solution containing phosphoric acid, nitric acid, acetic acid and dilution water with the 

volume ratio of 16:1:2:1, respectively (standard solution for aluminum etching).  

 The surface of the Al film is preferentially (111) orientated shown in Fig.3.4 (a). After 

wet etching of acid solution, the surface of the Si grains on the a-Si film are 

preferentially (100) orientated shown in Fig.3.4 (b). If a sample of Fig3.4 (a) is 

additionally annealed, the sample will indicate to crystal orientation as same as Fig.3.2 

(a). 

 To understand the difference between Figure.3.2(a) and 3.4(a), Sawada et al. reported 

the lattice constant of -Al2O3(111) is close to that of Si(111) (mismatch:~2.4%),[9]. In 

addition, -Al2O3 is cubic crystal system, and Si(111) is same system too. Therefore, the 

orientation mapping are different to distinguish -Al2O3(111) from Si(111) by ESBSD 

measurements.  This result clarified that the crystal orientation in Al by 

inverted-ALILE sample in initial step annealing, -Al2O3(111) is formed at the surface 
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of precursor Al layer. The -Al2O3(111) is formed by impurity from chamber inner wall.  

 

                          

Figure.3.4 (a) EBSD image for sample A was taken out during crystal growth at 15min 

(b) EBSD image for (a) was etched off Al layer by acid solution. 

 

3.5 Model of the inverted-ALILE process 

 

 Now this section is discussed the mechanism of the Al/Si thickness dependent 

inverted-ALILE process. Some paper on the ALILE describe that the Si nucleation 

heterogeneously occurs at the interface between Al and interfacial diffusion-controlling 

layers (AlOx layers in this experiment).  

M. Kurosawa et al. measured statistical distributions of crystal orientation of Si grains 

obtained by AIC for samples with different air-exposure time (5min~24h). In the case of 

5min, the fraction of (001) preferential orientation shows very high value (~80%). With 

increasing air-exposure time, the fraction of (001) orientation significantly decreases 

and the (111) fraction begins to increase. As a result, a very high fraction (~85%) of 

(111) orientation is obtained for the sample with air-exposure time 24h [12]. They

discussed the interfacial Al oxide dependent AIC phenomena. The key issue to be 

considered is the phase transition of Al oxide during AIC process. Jeurgens et al. [13] 

reported that amorphous-Al2O3 membrane on Al films charge into -Al2O3 by 

solid-phase crystallization (SPC) at a temperature above 400
o
C. Since (111) oriented Al 

Selective removal of Al 

by wet chemical etching 

(b) (a) 
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was used in the present experiments, the interfacial-oxide layers should change into 

(111)-oriented -Al2O3 layers by SPC at 450
o
C for a certain annealing time. Schneider 

et al. calculated the free energy for Si nuclei generated at amorphous-Al2O3/Al 

interfaces as a function of nuclei orientation. Results indicated the lowest free energy 

for (001)-orientation, which could well explain that preferential (001)-orientation nuclei 

were obtained in the experiment. In the case of thin Al2O3 layers, i.e., short air exposure 

times, Si atoms can diffuse through the Al2O3 layers before the phase transition of Al2O3. 

Recently, Schneider et al. calculated the free energy for the Si nuclei generated at 

amorphous-Al2O3 interfaces as a function of nuclei orientation. Results indicated the 

lowest free energy for the (001)-orientation, which could well explain that the 

preferential (001)-oriented nuclei were obtained in the present experiment. [14]. 

 The models of inverted-ALILE are schematically depicted in Fig.3.5. In the case of 

thick Al layer, it takes a certain time to diffuse Si atoms through the amorphous-Al2O3 

layers. Then Si(111) crystals is difficult to grow on -Al2O3(111) membrane. Since 

precursor Al layer is thick, Si(100) crystals tends to grow on amorphous-Al2O3 

membrane. In the case of thin Al layer, Si(100) crystals is difficult to grow on 

amorphous-Al2O3 membrane. Crystalline silicon is known to form preferentially (111) 

face [15], Si(111) crystals tends to grow on -Al2O3(111) membrane. Therefore, the 

Si(111) crystallization on -Al2O3(111) is dominated in precursor AlOx membrane. 
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Fig.3.5 (a) Model for Si(100) nucleation (b) Si(111) nucleation for thin and thick 

precursor Al layers, respectively. 

 

3.6 Summary 

 

In this chapter, samples obtained by inverted-ALILE process were investigated the 

low-temperature (450
o
C) focusing on the Al/Si thickness dependence. The crystal 

orientations of grown poly-Si on Al layers were controlled to (111) or (100) by 

modulating the Al/Si thickness. Namely, the (111)-orientation fraction reached as high 

as 94.8% for 45nm thick sample. In contrast, the (100)-orientation fraction reached 

84.9% for the 200nm-thick sample. In addition, the qualitative model considering the 

formed of surface Al oxide layer is proposed. These poly-Si films with 

controlled-orientations promise to be favorable epitaxial templates for Si-based 

thin-film solar cells with texturing antireflection structure. 
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Chapter 4 

 

 

Impurity driven enhancement of homogeneity of 

inverted aluminum-induced layer exchange of silicon 

 

4.1 Introduction 

 

 In this chapter, requirements for the realization of inverted-ALILE process, which 

means the formation of both large-grained poly-Si layer and aluminum-rich bottom 

layer on glass substrate, are discussed. Three important conditions for successful 

inverted-ALILE process are demonstrated in this study. a-Si layer in the precursor 

sample of inverted-ALILE is discussed. Influence of the impurity in a-Si layer on the 

obtained inverted-ALILE sample properties is discussed.  

The mechanism of inhomogeneity in the inverted-ALILE process with defective Al 

back reflector is investigated and its origin is discussed in terms of the impurity 

contained in the original amorphous silicon layer before crystallization.  

 

4.2 Inverted-ALILE samples preparation 

 

The sample used consists of a Corning 1737 glass substrate, amorphous silicon layer at 

the bottom a thin alumina interlayer and an aluminum layer on the top.  We have 
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prepared three different samples with amorphous silicon containing different amount of 

impurity. Sample a: Hydrogenated amorphous silicon (a-Si:H) layer was deposited 

using a PECVD method. The chamber pressure during a-Si:H deposition was kept 

constant at 40 Pa with SiH4 flow rate of 300sccm. Radio frequency (RF) of 110W was 

applied. A substrate temperature was 180
o
C and deposition rate was 0.49nm/s. Non 

hydrogenated amorphous silicon was deposited by a sputtering method. The deposition 

pressure was kept constant at 0.5 Pa with Ar flow rate of 10sccm. Two different 

sputtered samples were prepared under the background pressure of 3.2×10
4
Pa (Sample 

b)and 1.2×10
2
Pa (Sample c).  

The thickness of the deposited Si film was 400 nm for all samples. In order to 

fabricate an oxidized Al membrane on the a-Si film, a thin Al film of 13nm was 

deposited on the a-Si film by vacuum evaporation and was naturally oxidized in air for 

an hour. During the air exposure, the sample temperature was kept at room temperature 

(RT). The naturally oxidized Al layer acts as a permeable membrane which can limit the 

mass transport of silicon and aluminum across the interface. Next, thicker Al layer (200 

nm) was evaporated on the membrane layer.  Finally, the samples were annealed in 

nitrogen atmosphere at 450˚C for 24 hours, and the polycrystalline silicon appears on 

the top with underlying aluminum-rich layer. Three different samples have been 

prepared by inverted-ALILE process containing different amount of impurity. Three 

different inverted-ALILE samples were prepared by Sample a, b and c of amorphous 

silicon. (Sample A by Sample a, Sample B by Sample b and Sample C by Sample c) 

The optical reflectance of the crystallized film after layer exchange and underlying 

Al-rich layers were measured, separately. The reflectivity of Al-rich layers were 

measured after the top poly-Si films were removed by a reactive ion etching (RIE) 
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system (with SF6:100sccm O2:20sccm) for 10 min.  Due to the low etching rate of 

aluminum layer, only the silicon layer can be selectively removed.  To study the depth 

profile of aluminum across the entire layer, cross-sectional mapping of Al were 

measured by energy dispersive X-ray spectroscopy (EDX) for Samples A and C. Sample 

C was also observed by transmission electron microscopy (TEM).  The depth profile 

of impurity concentration was measured by secondary-ion-mass spectroscopy (SIMS). 

 

4.3 Inverted-ALILE using a-Si:H precursor with hydrogen 

 

In order to observe the surface morphology of poly-Si film prepared at Sample A. 

Scanning electron microscope (SEM) was used to evaluate the surface morphology. 

SEM micrograph in Fig.4.1 shows the surface of the Sample A after annealing. It 

shows that after inverted-ALILE processes, the samples surface was textured by 

irregularly-shaped nano-scale islands with various sizes.  

The surface morphology of Sample A shows that micro-voids can easily be identified 

with Fig.4.1. The effused hydrogen leaves enhanced disorder and micro-voids in the 

a-Si:H precursor, which will stimulate dissolution of the Si atoms in Al and the 

consecutive re-arrangement into Si crystalline structure. The hydrogen effusion can 

create micro-voids in the poly-Si films. Grigorov et al show demonstrates micro-holes 

formed due to the effusion of hydrogen using ALILE sample. [1] 
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Fig4.1 SEM images of a poly-Si film obtained by inverted-ALILE of glass/a-Si:H 

(sample A) 400nm/Al 200nm at 450
o
C : a-Si:H precursor layer hydrogen concentration) 

 

The advantage of inverted-ALILE is to form a reflecting layer between glass substrate 

and poly-Si layer. Inverted-ALILE process is expected to form a final layer structure of 

glass/Al-rich/poly-Si from the precursor sample structure of glass a-Si/Al. The resulting 

aluminum-rich layer between glass substrate and obtained poly-Si layer is expected to 

act as a reflecting layer. Aluminum-rich layers formed by inverted-ALILE process with 

various a-Si are evaluated from the viewpoint of electrical sheet resistance and optical 

reflectance. Firstly, poly-Si layer fabricated at the sample surface by inverted-ALILE 

process was eliminated by using reactive ion etching (RIE). The source gas was a mixed 

gas of SF6 and O2, and the respective flow rate was 100 and 20SCCM. Pressure in the 

chamber was 20.0 Pa and RF power was100W. Etching time was 2min.  

The reflectance is higher in the order of Sample A as shown in as show in Fig. 4.2. On 

the other hand, the transmittance is higher in the opposite order, Sample A as shown in 

Fig. 4.2. The reflectivity spectra show pronounced dip around 850nm for all the samples, 

which arises from inter-band transitions in Aluminum. [2] Reflectance of the obtained 

aluminum-rich layer was also measured by a spectrophotometer in the 300-1200 nm 

range. As shown in Fig. 4.2, a reflectance of ~60% was observed in all the range 
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measured in this study. A transmittance of ~20% was observed in all the range measured. 

From these results with regard to the aluminum-rich layer obtained by inverted-ALILE 

using a-Si:H precursor, the aluminum-rich layer is disadvantageous to use from the view 

point of the properties of aluminum-rich layer as a reflecting layer. 

 

 

 

Fig.4.2 The optical reflection and transmission spectra, respectively, for Sample A after 

removing the polycrystalline silicon layer on the top. 

 

4.4 Inverted-ALILE using a-Si precursor layer without hydrogen 

 

Grigorov et al show observed when using precursor a-Si layers without hydrogen. 

The effusion can create micro-holes in the poly-Si films is not observed.  

Inverted-ALILE sample using a-Si precursor was not observed the micro-holes in 

Fig.4.3. 
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Fig4.3 SEM images of a poly-Si film obtained by inverted-ALILE of glass/a-Si 

(sample B) 400nm/Al 200nm at 450
o
C : a-Si precursor layer without hydrogen. 

 

Figure 4.4 shows the optical reflection and transmission spectra, respectively, for 

different samples after removing the polycrystalline silicon layer on the top. 

 The reflectance is higher in the order of Sample B and A as shown in as show in 

Fig.4.4. On the other hand, the transmittance is higher in the opposite order, Sample A 

and B.  

 

 

 

 

Fig.4.4 The optical reflection and transmission spectra, respectively, for Sample A and 

Sample B after removing the polycrystalline silicon layer on the top. 
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Figure 4.5 shows direct mapping of intensity of Al related signals in the EDX spectra 

obtained from Samples A and B in as-annealed states. The electron acceleration voltage 

was as low as 3.0 keV for the selective detection of elements near the sample surface. 

These results indicate that Sample A shows most inhomogeneous in-plain distribution of 

Al, while Sample B is more homogeneous than Sample A. The inhomogenerous contrast 

in Sample A is considered to arise from the presence of small Si crystallites within the 

newly evolved Al-rich layer as reported by Nast et al. for ALILE [3]. The origin of Si 

crystallites could be silicon that is not incorporated into the poly-Si layer. This is 

consistent with the optical reflection and transmission data in Fig.4.4. 

 

 

 

Fig.4.5 Direct mapping of intensity of Al related signals in the EDX spectra obtained 

from (1) Sample A and (2) Sample B. 

 

Figure 4.6 shows the optical transmission for Sample A and Sample B after removing 

the polycrystalline silicon layer on the top in visible right range. There is variability 

among the reflectance reproducibility of Sample B and A. We are expected to replicate 

Al-rich layer of lower transmittance. This phenomenon is occurred when the sputtering 
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chamber was opened to change the target. We decide that water particles on the chamber 

wall are affect to forming Al-rich layer having high reflectance. 

 

 

Fig.4.6 The optical transmission for Sample A and Sample B after removing the 

polycrystalline silicon layer on the top in visible right range. 

 

4.5 Inverted-ALILE using a-Si precursor layer with impurity 

 

Non hydrogenated amorphous silicon was deposited by a sputtering method. The 

deposition pressure was kept constant at 0.5 Pa with Ar flow rate of 10sccm. The 

precursor a-Si of Sample C was prepared under the background pressure of 1.2×10
2
Pa 

by sputtering machine. The base pressure is decreased after deposition in sputtering

( 1.2×10
2
Pa→2×10

-3
 Pa). The thickness of the deposited Si film was 400 nm for all 

samples. In order to fabricate an oxidized Al membrane on the a-Si film, a thin Al film 

of 13nm was deposited on the a-Si film by vacuum evaporation and was naturally 

oxidized in air for an hour. During the air exposure, the sample temperature was kept at 

room temperature (RT). The naturally oxidized Al layer acts as a permeable membrane 

which can limit the mass transport of silicon and aluminum across the interface. Next, 
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thicker Al layer (200 nm) was evaporated on the membrane layer.  Finally, the samples 

were annealed in nitrogen atmosphere at 450˚C for 24 hours, and the polycrystalline 

silicon appears on the top with underlying aluminum-rich layer. 

 

4.5.1 Surface morphology of the inverted-ALILE  

 

 In order to observe the surface morphology of poly-Si film prepared at Sample A, 

Sample B, Al film and Sample C. Four types of precursor samples were prepared; 

a-Si/Al=20nm/10nm, 40nm/20nm, 200nm/100nm and 400nm/200nm. Native oxidized 

aluminum interlayer was employed. Thickness of the interlayer was fixed at 13nm and 

air exposure time was 1h. Also Al film was evaporated on glass substrate at 10, 20, 100 

and 200nm. This sample was annealed at 450
o
C for 24h in a N2 ambient. Scanning 

electron microscope (SEM) and atomic force microscope (AFM) were used to evaluate 

the surface morphology. 

SEM micrographs in Fig.4.7 show the surface of the Sample A, Sample B and Sample 

C after annealing. It shows that after inverted-ALILE processes, the samples surface 

was textured by irregularly-shaped nano-scale islands with various sizes.  

Fig.4.8 shows root mean square (RMS) of surface roughness versus the thickness of 

the grown poly-Si layer with Sample A, Sample B, Al(200nm) and Sample C. RMS of 

Sample B and Sample C is same as that of annealed aluminum film (200nm). However, 

RMS of Sample A is higher than that of other samples. Thick sample has especially high 

roughness. The RMS surface roughness increases with poly-Si thickness as shown in 

Fig.4.8. In addition, the surface roughness of Sample A is higher than that of Sample B 

and Sample C.  
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The surface morphology of Sample A shows that micro-voids can easily be identified 

with Fig.4.7 (a). The effusion of hydrogen during annealing could be suggested to be a 

reason for the difference in the structural properties of poly-Si, using a-Si and a-Si:H 

precursors. The effused hydrogen leaves enhanced disorder and micro-voids in the 

a-Si:H precursor, which will stimulate dissolution of the Si atoms in Al and the 

consecutive re-arrangement into Si crystalline structure. At higher hydrogen 

concentration in the precursor layers, the higher effused quantity of hydrogen will 

probably create conditions for an increased diffusion rate of Al in Si. Thus, the 

intermixing between Al and Si will take place within the bulk of the resulting poly-Si 

film. Additionally, the hydrogen effusion can create micro-voids in the poly-Si films. A 

SEM image of the surface of the poly-Si film obtained from precursor a-Si:H, prepared 

at 450
o
C,as show in Fig.4.7(a). demonstrates micro-holes formed due to the effusion of 

hydrogen. Such a SEM image is not observed when using precursor a-Si layers without 

hydrogen. (Fig.4.7(b)-(c)) 

  

 

Fig.4.7 SEM images of a poly-Si film obtained by inverted-ALILE of glass/a-Si(sample 

A, B and C) 400nm/Al 200nm at 450
o
C : (a)a-Si:H precursor layer hydrogen 

concentration); (b)a-Si precursor layer without hydrogen. (c) a-Si precursor with oxygen 

and hydrogen. 

 

(a) (b) (c) 
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Fig.4.8 Root mean square(RMS) of surface roughness versus the thickness of the grown 

poly-Si layer with Sample A, Sample B, Al(200nm) and Sample C 

 

4.5.2 Crystallographic orientation of poly-Si 

 

It is well known that (100) crystallographic orientation is favorable for epitaxial 

growth of silicon with low temperatures. Lee at al. have succeeded the epitaxial growth 

of silicon with a thickness of 2m by using ion beam sputter deposition (IBSD) at the 

deposition temperature of 325
o
C [4]. Rau et al. have reported low-temperature epitaxial 

growth of silicon film on Si (100) wafer with a thickness of 2.5m by using ECR-CVD 

at the temperature of 510
o
C [5]. It was also experimentally confirmed that epitaxial 

growth occurred only at the beginning of the growth on Si (311) wafer, and Si (100) and 

Si (111) wafer offered no epitaxial growth of silicon. Platen et al. have investigated the 

possibility of epitaxial growth of silicon by using ECR-CVD with various substrate 

orientations, which resulted in hepi(100) >> hepi(311) >> hepi(111) >> hepi(110) of hepi as 

the thickness of epitaxial growth[6]. Considering these reports, Si (100) orientation has 
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a crucial advantage for epitaxial growth of silicon with low temperatures. 

 In general, X-ray diffraction analysis (XRD) and EBSD are employed as 

nondestructive analysis and SAED images of TEM analysis are used as destructive 

analysis when observing a crystallographic orientation of a matter. Among 

nondestructive methods, EBSD can observe, in principle, only the surface of the sample 

so that it is sufficient for this study. In this crystallographic orientation of the poly-Si 

film formed by inverted-ALILE sample was analyzed by using EBSD.  

 After annealing, inverted-ALILE sample with the annealing temperature of 450
o
C was 

cleaned native oxidized aluminum layer and native oxidized silicon layer at the sample 

surface. The solution contains 2% hydrofluoric acid. The sample was treated with 

hydrofluoric acid solution for 1min, and rinsed with pure water and dried with N2 gas. 

Inverted-ALILE samples formed with three type a-Si were analyzed by EBSD. Figure 

4.9, 4.10 and 4.11 shows the results of the analysis. We show orientation fraction of 

poly-Si in Fig.4.12. Each figure contains an inverse pole figure map and a band contrast 

map of the obtained poly-Si grains inverse pole figure map indicates a preferential 

orientation, and a band contrast map indicates sharpness of electron backscatter 

diffraction patterns. In a band contrast map, color area shows sharper patterns, which 

means high crystallinity with well-order crystals. In contrast, black area demonstrates 

having less sharper patterns, for example, at grain boundaries. Preferential (100) 

orientation is defined as the ratio of pixels in the orientation maps having an orientation 

within 20
o
 of (100) to the total number of pixels in the area under investigation[7]. 

Preferential (100) orientation was observed from all the inverted-ALILE samples in 

Fig.3.8. With sample A, Sample B and Sample C, 85.9%, 82.4% and 84.9% of the film 

surface area had a preferential (100) orientation. The preferential orientation of the 
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sample C shows a similar behavior compared to samples A and B.  

 

 

Fig.4.9 EBSD mapping (Sample A) 

    

Fig.4.10 EBSD mapping (Sample B) 

 

             

Fig.4.11 EBSD mapping (Sample C) 
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Fig.4.12 Orientation fraction of poly-Si 

 

4.5.3 Electrical conductivity, reflection and transmission properties of 

Al-rich layers 

 

Sheet resistance of the resulting aluminum-rich layer was measured by four probes 

method after RIE treatment. Fig.4.13 shows the sheet resistance of the resulting 

aluminum-rich layers, Aluminum film of 200nm and ZnO:Al(AZO) coated glass 

annealed at 450
o
C for 4h [8]. Recently, the formation of poly-Si seed layers on ZnO:Al 

coated glass using the ALILE process has introduced [9]. K. Y. Lee et al. studied the 

influence of the annealing temperature on the properties of the ZnO:Al they measured 

the electrical properties of bare ZnO:Al films on glass after annealing. The sheet 

resistance of annealed ZnO:Al film is significantly increased compare to aluminum-rich 

layers(Sample A,B and C). Also aluminum-rich layers as well as bare aluminum on 

glass show a low sheet resistance, as can be seen Fig. 4.13. 
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Fig.4.13 Sheet resistance of the resulting aluminum-rich layers, Aluminum film of 

200nm and ZnO:Al(AZO) coated glass annealed at 450
o
C for 4h [10]. 

 

Figure.4.14 (a) and (b) show the optical reflection and transmission spectra, 

respectively, for three different samples after removing the polycrystalline silicon layer 

on the top. 

 The reflectance is higher in the order of Sample C, B and A as shown in as show in 

Fig.4.14 (a). On the other hand, the transmittance is higher in the opposite order, Sample 

A, B and C as shown in Fig. 4.14 (b). The reflectivity spectra show pronounced dip 

around 850nm for all the samples, which arises from inter-band transitions in Aluminum. 

[11] This means the bottom layer was exchanged into aluminum after the crystallization. 

The transmission spectra for Sample A and B however were much higher than Sample C 

and an aluminum film, indicating the presence of aluminum depleted defects (holes) in 

the aluminum layer. 
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Fig.4.14 The optical (1) reflection and (2) transmission spectra, respectively, for Sample 

B, Sample C and Sample A after removing the polycrystalline silicon layer on the top. 

 

 

4.5.4 Homogeneous in-plain distribution of Al 

 

Figure.4.15 shows direct mapping of intensity of Al related signals in the EDX spectra 

obtained from Samples A, B and C in as-annealed states. The electron acceleration 

voltage was as low as 3.0keV for the selective detection of elements near the sample 

surface. These results indicate that Sample A shows most inhomogeneous in-plain 

distribution of Al, while Sample C is most homogeneous. The inhomogenerous contrast 

in Sample A is considered to arise from the presence of small Si crystallites within the 

newly evolved Al-rich layer as reported by Nast et al. for ALILE[12]. The origin of Si 

crystallites could be silicon that is not incorporated into the poly-Si layer. This is 

consistent with the optical reflection and transmission data in Fig.4.14. 
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Fig.4.15 Direct mapping of intensity of Al related signals in the EDX spectra obtained 

from (1)Sample A,(2) B and (3) C in as-annealed states. 

 

4.5.5 Influence on Al-rich layer by impurity 

 

Depth profile of atomic concentration for oxygen and hydrogen in the film annealed at 

450
o
C for 24 hour was analyzed by SIMS as shown in Figs 4. Sample-(b) and -(c) (a-Si 

samples) were deposited on Sample B and Sample C (inverted-ALILE samples) under 

the identical conditions of sputtering for each sample, and therefore the results can be 

compared the impurity concentration between before and after crystallization. The 

impurity concentration of Sample A is showed by Kuraseko et al [13]. 

 In XPS measurement, the content of oxygen is content at below 1 at.% in the balk 

region of poly layer. In Sample C, both of oxygen and hydrogen concentration show 

gradual increase in the deeper part of the sample. The origin of the impurity is 

considered to background impurity in the sputtering chamber, and the base pressure is 

decreased after deposition in sputtering. ( 1.2×10
2
Pa→2×10

-3
 Pa), which indicates 

the impurity concentration correspondingly decreasing toward the sample surface. 

 Since oxygen diffusion at annealing temperatures around 450
o
C is very low, the depth 

profile of oxygen has a similar signature in amorphous silicon layer and Al-rich layer 



68 

 

that was originally amorphous silicon as shown in Fig.4.16. The peak in the oxygen 

content at around 400nm corresponds to the surface oxide after the crystallization. The 

oxygen content sharply decreases in the surface region for Sample B, while the content 

gradually decreases for Sample C. In the polycrystalline layer, the oxygen content is 

relatively lower and the second peak for oxygen is observed for both the Sample B and 

Sample C at around 600nm. Although the bottom part consists of multiple layers for 

Sample C, oxygen profile does not show any specific structure with keeping the original 

depth profile in amorphous silicon layer as mentioned above. On the other hand, the 

depth profile of hydrogen shows a simple structure, where hydrogen elimination 

mechanism during the crystallization. 
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Fig.4.16 Depth profile of impurity concentration of sample used a-Si (Sample B and 

Sample C)/inverted-ALILE. 

 

 

Figure 4.17 displays a cross-sectional bright-field TEM image for Sample C and 

cross-sectional mapping of Si and Al signal in the EDX spectrum. The EDX image 

shows the presence of four different layers in Fig.4.17-(2)-(3). The top layer is 

crystalline silicon layer on the alumina membrane layer formed by the layer exchange. 

The underlying layer, however, dose not consist of single aluminum layer as in 

conventional inverted-ALILE processes but of complex multi-layers of 

Al-rich/poly-Si/Al-rich with rather roughened interface. It is worth to point out uniform 

formation of Al-rich layer in Fig.4.17 without aluminum “hole” due to silicon 

precipitation. 
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Fig.4.17 Cross-sectional bright-field (1)TEM image for Sample C and cross-sectional 

mapping of (2)Si and (3)Al signal in the EDX spectrum. 

 

4.5.6 Growth times of the inverted-ALILE process 

 

In this section, a model of the inverted-ALILE process is described. The nucleation 

and the subsequent growth can be observed directly during the layer exchange process, 

using an optical microscope equipped with a heating stage. Hence, the Al surface and 

the initial glass/a-Si interface can be studied through the transparent glass substrate. Due 

to the different reflectivity of Al and Si, it is possible to distinguish between these two 

materials (red and white areas correspond to poly-Si and Al, respectively). Also, it is 

possible to distinguish inside the initial glass/a-Si interface between these two materials 

(white and dark areas correspond to Al and a-Si, respectively). 

Fig.4.18 shows the optical micrographs of the initial glass/a-Si interface and Al surface 

observed after various annealing times during an inverted-ALILE process at 450
o
C. 

Figure.4.18(a1) shows the Al surface, 1min after the first dark spots were observed, with 

the optical microscope. The time when the first dark spots appear is referred to as 

nucleation time, which in this case amounts to 15min. Almost all grains, which 

correspond to the isolated red areas visible in Fig. 4.18 (a1) and Fig. 4.18 (c1), appeared 
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at the same time. With increasing annealing time, the size of Si grains increases, but 

there is only very little additional nucleation. This self-limitation of the nucleation is an 

important feature of the inverted-ALILE process. The Si grains grow uniformly in all 

lateral directions until they touch each other. Finally, a continuous poly-Si is formed 

(i.e., the whole optical micrograph appears red).  

 The crystallized fraction, which was defined as the ratio of the red area to total area in 

the optical micrographs, is shown in Fig. 4.19 as a function of the increasing annealing 

time for different between sample C (c1) and sample C (c2). The time difference is 

relatively larger than the time difference between sample A (a1) and sample A (a2). The 

grain growth of sample C was different nucleation time, which in this case amounts to 

15min and 45min.  
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Al side    a-Si side          Al side       a-Si side 

(Using sample C)  (Using sample C)     (Using sample A) (Using sample A) 

 

Fig.4.18 Inverted-ALILE by Sample C measured from the inside of Al layer and a-Si 

layer. 
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Fig 4.19 Evolution of crystalline fraction as a fraction of annealing time with various 

initial a-Si films observation from Al films and a-Si films side. 

 

The crystallized fraction, which was defined as the ratio of the red area to total area in 

the optical micrographs, is shown in Fig. 4.19 as a function of the increasing annealing 

time for different between sample A and sample C . This result is similar to that of 

Ref.[14] related to ALILE process with a-Si:H and a-Si deposited by rf magnetron 

sputtering system. The influence of the precursor layer a-Si and a-Si:H on the properties 

of obtained films after the process of Al induced crystallization has been studies by 

Grigorov et al. [15]. 

The a-Si:H films crystalline at temperature lower than that of a-Si. Consequently, 

hydrogen acts as reducing the crystallization temperature. It was already reported that 

hydrogen facilities the crystallization of amorphous silicon, probably in interstitial 

positions [16]. It is supposed that protons stimulate the crystalline grain growth 

probably by increasing the diffusion rates of Al and Si, which exchange their places 

during ALILE [17]. Therefore, the a-Si:H films crystalline at times shorter than that of 

a-Si. 
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4.5.7 Model of the inverted-ALILE process 

 

In order to demonstrate the diffuse of the Aluminum into a-Si for the layer exchange 

process, Sample A, Sample B and Sample C were prepared. To observe the diffusion of 

Al, the samples were annealed at 450
o
C for 45min. After the annealing step, samples 

were cleaned by wet etching, which resulted in the elimination of initial aluminum layer 

and native oxidized aluminum layer at the sample surface. Acid solution is the mixed 

solution containing phosphoric acid, nitric acid, acetic acid and dilution water with the 

volume ratio of 16:1:2:1, respectively (standard solution for aluminum etching).  

 The samples were tilted by 45
o
 to show both cross section and surface. It shows that 

after inverted-ALILE processes, the sample surfaces were textured by 

irregularly-shaped micron-scale islands with various sizes. Since the samples were 

thoroughly etched by wet Al etching, these islands should not be Al particles. Sample A 

and Sample B show the isolated holes in underneath layer visible in Fig.4. 20. Sample C 

shows to prevent from forming the holes in the underneath layer.  
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Fig.4.20 SEM images of Sample A, Sample B and Sample C were annealed for 

45min at 45
o
C. After the annealing step, the Al was etched off chemically. 

 

The origin of the formation of complex structure is considered to be related with the 

presence of oxygen impurity in the amorphous silicon layer. The formation mechanism 

of Sample A, Sample B and Sample C shows in Fig. 4.21. First, the presence of the 

impurity disrupts crystallization of silicon in the amorphous layer and prevents from 

forming an optical “hole” in the Al-rich layer after the layer-exchange. Second, the 

Sample A 

Sample B 

Sample C 

Poly-Si 

Poly-Si 

Poly-Si 

a-Si 

a-Si 

a-Si:H 
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Al-rich layer grown underneath the AlOx membrane could form the oxide layer at a 

growth front due to oxygen in a-Si layer( Fig.4. 21 Sample C-(3)). The formation of 

oxide layer at the interface between the Al-rich and a-Si layers leads to the “secondary” 

layer exchange. The secondary exchange is speculated to occur successively after the 

primary layer exchange ( Fig.4.21 Sample C-(4)). The observation of the temporal 

change of front surface suggests that the formation of silicon crystallites is completed in 

the first 45minuites, while the back side observation suggests that AL-rich layer seems 

to appear after the completion of the change in the front side. Thus the secondary layer 

exchange transforms the initial Al /AlOx /a-Si /glass substrate triple-layer into the 

poly-Si (1) /AlOx (1) /Al-rich (1) /poly-Si(2) /AlOx (2) /Al-rich (2) /glass substrate 

multi-layer. The thicknesses of the poly-Si (2) and Al-rich (2) layers are almost same, 

while the upper Al-rich (1) layer is thinner. The surface side interface between Al-rich 

and poly-Si is very flat because it was formed intentionally by the deposition of thin 

aluminum layer followed by natural oxidation, whereas the backside interface seems 

roughened due to the naturally formed interface during the layer exchange. In spite of 

the formation of multiple layers, the data shows the uniform formation of the Al-rich 

layer without any holes on the substrate for Sample C. Therefore the reflectance of 

Al-rich layer is about 80%. On the other hands, as shown in Fig.4.21-(1) columnar 

Al-rich layer with “gap” is formed in Sample A and thus reflectance of Al-rich layer is 

lowest (~60%).  
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Fig.4.21 Model of the conventional inverted-ALILE (top) and the inverted-ALILE by 

a-Si including impurity (bottom) 

 

4.6 Summary 

 

 This chapter has been investigated the uniformity of aluminum-rich layer in the 

inverted-ALILE process enhanced by the presence of impurity. The optical reflectance 

of Al-rich layer for the sample containing higher amount of oxygen impurity in a-Si was 

higher than that for the sample with less oxygen or for a-Si:H sample. SIMS 
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measurements and TEM observation for the most contaminated sample shows uniform 

formation of Al-rich layer in spite of the presence of multiple layers. The mechanism 

determining of the uniformity of Al-rich back reflector is discussed in terms of oxygen 

impurity and its relevance to the two step layer exchange process. 
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Chapter 5 

 

Application of inverted-ALILE to thin film silicon 

solar cells 

 

5.1 Introduction 

 

 In this section, inverted-ALILE sample applies to a thin film solar cell fabrication. 

Fabrication procedure and structure of a solar cell using inverted-ALILE sample is 

detailed. Solar cell performance is demonstrated and assumed challenges remaining in 

solar cell with inverted-ALILE sample for higher efficiencies are also shown.  

 

5.2 Fabrication procedure of solar cell using inverted-ALILE  

 

 As show in Fig.5.1, thin film silicon solar cell having mesa structure was formed by 

using inverted-ALILE sample. Schematic procedure of solar cell fabrication with 

inverted-ALILE sample is explained as below. 
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Fig. 5.1 Solar cell structure using inverted-ALILE sample 

 

(1) Inverted-ALILE 

 

 A 400nm of a-Si layer was prepared on the glass substrate (Corning 1737). A 13nm of 

aluminum thin film was deposited on the sample surface, and exposed to ambient air for 

1h in order to prepare the native oxidized aluminum interlayer. During air exposure, the 

sample was kept with room temperature (RT). Another aluminum layer was deposited 

on the sample. Thickness of another aluminum layer was 200nm. This precursor sample 

was annealed with the temperature of 450
o
C and annealing time of 24 h in N2 ambient. 

This sample is Sample C. 

 

(b) Pre-cleaning (wet etching and H2 plasma treatment) 

 

As demonstrated in Fig.4.16, inverted-ALILE sample contains native oxidized 

aluminum layer on top of the sample surface. This oxidized aluminum layer results from 

native oxidization of surface of the aluminum layer before annealing and remains the 

1cm 

1cm 



82 

 

original position during the annealing. The phenomenon is similar to the interlayer of 

inverted-ALILE sample, which remains at the original position between the poly-Si and 

aluminum-rich layer during the annealing. This oxidized aluminum layer on top of the 

inverted-ALILE sample should be eliminated before i-layer deposition. Existence of 

native oxidized aluminum layer on top of the surface may cause decrease of solar cell 

performance due to larger series resistance of p-i-n structure solar cell. In this study, wet 

etching treatment with acid solutions was performed in order to eliminate native 

oxidized aluminum layer on top of sample surface. Solution consists of 2% hydrofluoric 

acid diluted with pure water. The sample was treated with hydrofluoric acid treatment 

was performed for 1min, and rinsed with pure water and dried with N2 gas. The solution 

was used to eliminate the native oxidized silicon layer and the native oxidized 

aluminum layer of the sample surface. Hydrogen plasma treatment (H2 flow rate: 

380SCCm; RF power 25W; Time: 15min) was also performed before the following 

i-layer deposition in order to clean the surface of p-layer (Al doped poly-Si film). 

 

(c) i-layer deposition 

 

Multi-chamber type PECVD system was employed to prepare c-Si:H i-layer, which 

acts as absorber layer of p-i-n structure solar cell. Source gas was mixed gas of SiH4 and 

H2, and the flow rate was 10.5 and 380SCCM, respectively. Structure temperature 

during deposition was kept at 180
o
C and the working pressure was 1.5 Torr. 

RF(13.56MHz) power was 25W. Film thickness of i-layer was 1m.  
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(d) n-layer deposition 

 

 N layer deposition was carried out after i-layer deposition. Source gas was a mixture 

gas of SiH4, H2 and PH3. Flow rate was 3, 148 and 12 SCCM, respectively. Substrate 

temperature was 196
o
C and working pressure was 0.3 Torr. A 60MHz of VHF power 

supply was employed for n-layer deposition. The output power was 50W. Film 

thickness of n-layer was 10nm. 

 

(e)TCO deposition 

 

 In order to efficiently collect generated current with lateral direction, ITO was 

prepared on the surface of n-layer by sputtering. Thickness of ITO electrode was 80nm. 

 

(f) Mesa etching 

 

 In order to reveal the bottom electrode (aluminum-rich metallic layer), RIE was 

performed, where ITO film was used as a soft mask. Source gas was a mixed gas of SF6 

and O2. Flow rate was 100 and 20 SCCM, respectively. Working pressure was 20Pa and 

RF power was 200W. The treated time was 60s. 

 

(g) A grid deposition 

 

 A 250nm of Ag grid electrode was prepared by DC sputtering on ITO electrode in 

order to compensate the poor electrical conductivity of ITO. The grid structure in this 
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study is shown in Fig. 5.1.  

 

 Solar cell structure fabricated with the process of (a)-(g) is also shown in Fig. 5.1. Area 

of solar cell was 1cm
2
(=1cm 1cm). 

 

5.3 Performance of solar cell using inverted-ALILE 

 

I-V characteristic and quantum efficiency of the fabricated solar cell are shown in Fig. 

5.2. Jsc of 15.7mA/cm2, Voc of 0.412V, FF of 0.693 and conversion efficiency of 4.5 % 

were demonstrated under illumination of calibrated light source (AM 1.5, 100mW/cm
2
, 

RT) without any optical confinement techniques. Especially, Jsc of 15.2 mA/cm
2
 seem 

to be lower than that obtained by solar cells with inhomogeneous back reflector, which 

have shown 15.7 mA/cm
2
. Two possible reasons are considered for the lower 

performance of solar cell with inverted-ALILE in short circuit current. One is that the 

poly-Si layer with contamination increases carrier recombination. Inverted-ALILE 

sample contains an aluminum-rich bottom electrode between glass substrate and the 

obtained poly-Si layer. Therefore, the solar cell fabricated with inverted-ALILE sample 

can be formed into sandwich structure. In the case of sandwich structure, a p-i-n layer 

stack is located between two electrodes in a straight line so that carriers generated by 

incident light run along grain boundaries. As a result, recombination rate of carrier can 

be suppressed and generated carrier can be efficiently collected to electrodes. Sample C 

has impurity in poly-Si layer as a shown in Fig.4.16 so that much recombination in 

poly-Si seed layer and result in lower open circuit voltage and conversion efficiency. 

The other possible reason is that a Al reflecting layer is between glass substrate and the 
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poly-Si layer. Solar cell with Sample A can not be fabricated a high reflectance layer, so 

that an amount of incident light is transmitted through the absorber layer in the solar cell. 

In contrast, solar cell with Sample C has a high reflectance layer between glass substrate 

and the poly-Si layer. As shown in Fig. 4.14, the reflecting layer fabricated by 

inverted-ALILE process indicates a high reflectance in the visible light region. 

Therefore, the existence of the reflecting layer leads to an increase of light absorption 

and short circuit current. Due to these two reasons, larger short circuit current is realized 

by using inverted-ALILE than by using conventional ALILE[1].  

 

Fig.5.2 I-V and QE characteristic of solar cell with inverted-ALILE (left) vs 

ALILE(right). 

 

Table.5.1 I-V characteristic data of solar cell with inverted-ALILE vs ALILE. 
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5.4 Challenges approaching in inverted-metal induced crystallization 

solar cells for higher efficiency 

 

5.4.1 Epitaxial breakdown of the absorber layer 

 

It was confirmed that the sample obtained by inverted-ALILE process has a poly-Si 

layer with large grain size and a preferential (100) orientation, which is advantageous to 

following low temperature epitaxial growth of silicon film. Solar cell efficiency with 

epitaxial breakdown of i-layer will be quite lower as compared with that with epitaxial 

growth i-layer owing to higher crystallinity and larger grain size. Therefore, it is 

necessary for high efficiency thin film silicon solar cells with inverted-ALILE to 

effectively employ inverted-ALILE sample as seed layer and realize low temperature 

epitaxial growth of the absorber layer. 

 

5.4.2 Silver-induced layer exchange 

 

The eutectic temperature of the Si/Al alloy system (836
o
C) is significantly higher than 

of the Si/Al system (577
o
C) [2]. The equilibrium solubility of silver in silicon is 

reported to be negligibly small [3] , and therefore, metal-induced crystallization with 

silver should lead to intrinsic films. Scholz et al. show similar to the Al/Si system, also 

in the Ag/Si system a layer exchange process has been achieved. The sample was 

annealed at 530
o
C for 3hours. The appearance of their report for the polycrystalline 

films indicated a good crystalline and electronic quality of the film.  

 A reflectance of silver film has higher than that of aluminum [4]. A resistivity of silver 
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film has lower than that of aluminum. A precursor structure with a layer stack of 

glass/a-Si/Ag is employed for inverted-Ag induced layer exchange (inverted-AgILE). 

Invered-AgILE process is expected to form the final layer structure of 

glass/Ag-rich/poly-Si from the precursor sample structure of glass/a-Si/Ag. After 

annealing, poly-Si layer is formed on the top surface of the sample and an silver-rich 

metallic layer with a small portion of silicon is fabricated between the poly-Si layer and 

the glass substrate. As a result, the obtained solar cell has a highly conductive metallic 

layer at the bottom, which can act as a bottom electrode for solar cells. The existence of 

silver-rich layer on insulating substrate allows a sandwich structure solar cell, which is 

more favorable for high efficiency solar cell than the aluminum-rich layer obtained by 

the inverted-ALILE process. Moreover, silver-rich metallic layer existing between the 

insulating substrate and the poly-Si layer can be used as a reflecting layer, so that 

effective light trapping and higher current density is expected. 

 Due to the highly p-type polycrystalline silicon (p> 10
18

cm
-3

) [5], whereas AgILE 

result in intrinsic polycrystalline silicon. The initial doping of the a-Si with boron and 

phosphorus is necessary. Antesberger et al show the boron-doped poly-Si layer of 

conventional AgILE is obtained. The mobility of the poly-Si is at p=4 10
18

cm
-3

. From 

these results, boron-doped poly-Si is expected for formed glass substrate with silver-rich 

film. If inverted-AgILE with boron-doped poly-Si sample is applied to thin film silicon 

solar cell fabrication, the solar cell indicate the potential of inverted-AgILE for high 

efficiency thin silicon solar cells.  
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5.5 Summary 

 

In this chapter, inverted-ALILE sample was applied to p-i-n type thin film silicon solar 

cell fabrication with Al-rich layer of high reflectance. Procedure of solar cell fabrication 

and solar cell structure using inverted-ALILE sample were explained. It was 

demonstrated that the poly-Si layer of inverted-ALILE sample can effectively acts as 

p-layer for p-i-n solar cells and the aluminum-rich layer between the poly-Si layer and 

glass substrate can function as a bottom electrode and a reflecting layer. It was also 

show that higher short circuit current was obtained compared with that of conventional 

ALILE. It was confirmed that inverted-ALILE has a possibility for high efficiency thin 

films silicon solar cells. 
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Chapter 6 

 

Conclusions 

 

 A crystallization method of amorphous silicon, an inverted aluminum-induced layer 

exchange (inverted-ALILE) method, had been studied in order to achieve high 

efficiency thin-film poly-Si solar cells on insulating substrates. By using 

inverted-ALILE process, large grained and high crystallinity poly-Si thin film can be 

obtained on insulating substrates, especially on low-cost glass substrates. 

The crystal orientations of grown poly-Si on Al layers were controlled to (111) or 

(100) by modulating the Al/Si thickness. The surface of the obtained poly-Si indicates 

(100) preferential orientation, which is favorable to following low-temperature epitaxial 

growth of silicon. We had found that the ratio of preferential orientation depends on the 

thickness of precursor Al. The precursor inverted-ALILE sample in initial annealing, 

-Al2O3(111) is formed at the surface of precursor Al layer. Crystalline silicon is known 

to form preferentially (111) face, Si(111) crystals tends to grow on -Al2O3(111) 

membrane. In case of precursor Al layer is thick, Si crystal is difficult to grow on the 

-Al2O3(111) membrane. In contrast, Si(100) crystals tend to grow on amorphous-Al2O3 

membrane. Therefore, the Si crystal orientation is dominated by AlOx membrane. These 

results were explained on the basis of model considering the phase transition of the 

interfacial Al oxide layers. This process provided the orientation-controlled Si templates 

on insulating substrates, which enables successive Si crystal growth with high (100) 

orientation for epitaxial growth at low temperature. 

 In this thesis, precursor a-Si of inverted-ALILE process was discussed. It was found 
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that uniformity of aluminum-rich layer in the inverted-ALILE process was enhanced by 

the presence of impurity in precursor a-Si. SIMS measurements and TEM observation 

for the most high impurity concentration sample showed uniform formation of 

aluminum-rich layer in spite of the presence of multiple layers. The mechanism 

determining of the uniformity of aluminum-rich layer is discussed in terms of oxygen 

impurity and its relevance to the two step layer exchange process. Therefore, the optical 

reflectance of aluminum-rich layer for the sample containing higher amount of oxygen 

impurity in a-Si was higher than that for the sample with less oxygen or for a-Si:H 

sample. Additionally, p-i-n structure solar cells were fabricated with inverted-ALILE 

samples (Sample C). The solar cell of inverted-ALILE was fabricated with the high 

optical reflectance of Al back reflector. From the result of I-V characteristic, higher 

short circuit current was demonstrated than that of solar cells with conventional ALILE. 

It was suggested that inverted-ALILE possesses an attractive possibility to realize high 

efficiency thin film silicon solar cells. 
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