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i Abstract 

Abstract 

The most fatal issue of the Si thin film solar cell is its low conversion efficiency due to 

the low absorption coefficient and short carrier diffusion length of the Si thin films deposited 

with low temperature PECVD.  To overcome this weakness, light management technologies 

for more light absorption in Si layers has been aggressively adapted, and transparent 

conductive oxide (TCO) front contact has one of the most important roles among them.  In 

this thesis, nanostructure control of the Aluminium-doped Zinc Oxide (ZnO:Al) front TCO is 

thoroughly studied to realize high efficiency Si thin film solar cells. 

At first, the overview of the backgrounds for this thesis is introduced in chapter 1.  

Introduction of the Si thin film solar cell and recent development of the light trapping 

technology is provided.  Next, ZnO:Al deposition and etching process parameters for the 

high efficiency Si thin film solar cell, and carrier transport mechanism, that is to say, the 

theory about the carrier mobility of the ZnO:Al film are reviewed.  The compactness and 

carrier mobility of the ZnO:Al films are suggested as key properties determining the 

performance as a front TCO, which is an important message throughout this thesis. 

Next, in chapter 2, the effect of oxygen controlled seed layer on the nanostructure and 

electrical properties of the ZnO:Al front TCO is examined for the application into the 

industrial manufacturing process in the future.  Oxygen-controlled seed layer in Al-doped 

ZnO (ZnO:Al) thin films deposited by the industrially compatible dynamic DC-magnetron 

sputter results in both enhanced electron mobilities and appropriate etched morphologies for 

the Si thin-film solar cells.  At the relatively low deposition temperature of 300°C, optimized 

ZnO:Al film grown on the seed layer has the carrier mobility of 45 cm2/Vs, and proper post-

etching morphology with around 1-2 μm crater size.  Reduced angular distribution of the 

(002) grains analyzed by the diffraction rocking curve is shown as the key structural feature 
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for the improved carrier mobility.  At last, the performance of the microcrystalline Si solar 

cell on the developed ZnO:Al substrate shows high efficiency potential of the tandem solar 

cell adapting this TCO substrate. 

In chapter 3, the origin of the mobility enhancement is systematically examined in terms 

of the nanostructural change with varied seed layer condition. The carrier mobility of the 

ZnO:Al films are controlled between 22 and 48 cm2/Vs by varying the ZnO:Al seed layer 

condition. The grain-boundary energy barrier (Eb) from Seto’s carrier transport model clearly 

exhibit linear dependence on the grain-boundary misorientation angle (ω) estimated by the 

(002) rocking curve. 

In Chapter 4, the roughness control of as-deposited and post-etching films is shown as 

key optimization factors for maximize the efficiency of the solar cell.  Surface roughness of 

the as-deposited ZnO:Al film estimated by spectroscopic ellipsometry is shown to be the easy 

but powerful tool to optimize the deposition condition for proper post-etching surface 

morphology.  Wet-etching time is adjusted to form the U-shaped craters on the surface of the 

ZnO:Al film without sharp etch-pits causing the crack-like defects in overgrown Si absorbing 

layers and deterioration of Voc and FF of the Si thin film solar cells.  At last, The a-Si:H/

a-SiGe:H/μc-Si:H triple junction Si thin film solar cells grown on the optimized ZnO:Al front 

TCO with anti-reflection coatings show higher than 14% initial efficiency.    

 

 

Keywords: Thin-Film Solar Cells, Transparent Conducting Oxides, Al-doped ZnO, 

Sputtering deposition, Wet etching, Carrier Transport Mechanism 

Student Number: 2011-30939 
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1 Chapter 1. 

Chapter 1. Overview 

 

Si thin film solar cell is one of the most competitive solar cell technologies due to its 

cost reduction potential and BIPV applications.  Its thickness is less than a few 

micrometers, while the wafer thickness of the crystalline Si solar cell which is currently a 

main solar cell product is around 200 μm.  Additionally, it is advantageous compared to 

other thin film solar cell technology such as CdTe or CuInGaSe (CIGS) thin film because 

Si is very common elements in the earth and it’s non-toxic.  Considering that it is 

expected that much more energy will be supplied by the solar energy in the future, the 

importance of the most cost-competitive Si thin film solar cell can be emphasized more.  

However, neckpoint of this technology is its low conversion efficiency compared with 

other solar cells.  To overcome this weakness, many research activities have been 

devoted to light management technology [2-3,5-19] including front TCO [3,6,7-10] which 

is this thesis is focusing on.   

In chapter 1, the overview of the backgrounds for this thesis is introduced.  

Introduction of the Si thin film solar cell and recent development of the light trapping 

technology is provided.  Also, ZnO:Al deposition and etching process parameters for the 

high efficiency Si thin film solar cell are studied, and carrier transport mechanism, that is 

to say, the theory about the carrier mobility of the ZnO:Al film is reviewed.  The 

compactness and carrier mobility of the ZnO:Al film are suggested as key properties 

determining the performance as a front TCO, which is a important message throughout 

this thesis. 
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1.1. General operation principle of the solar cell 

Since the first practical photovoltaic cell using silicon pn junction was developed by 

Daryl Chapin, Calvin Fuller, and Gerald Pearson who were at Bell Labs in 1954, 

crystalline Si solar cell has been major products of the solar cell products.  About 90% 

of the installed solar panel nowadays are using crystalline Si solar cells with Si wafers.  

The schematic illustrations for crystalline Si solar cell operation are shown in Fig. 1-1.  

Its major components are pn-junction of the Si materials and electrodes.  There are 

additional components that help more efficient solar cell operation, such as anti-reflection 

layer, textured morphology (not shown in this figure), back surface field layer, 

passivation layers, and so on.   

The operation of the device is performed with 3-steps.  At first, the Si 

semiconductor absorbs incoming photons and converts them into electron-hole pairs.  

This is basic operation happened in all semiconductor materials.  In an ideal case, the 

incident photons with an energy hν>Egap (band-gap energy) will contribute to 

photogeneration.  Therefore, the maximum limit for the photogenerated current density 

is limited by the number of photons with higher energy than bandgap of absorber layer. 

The excess energy of higher energy photons is rapidly dissipated as heat by 

thermalization of the electron and hole to the edges of the conduction and valence band.  

Especially in solar cells based on small band-gap semiconductors, these losses are more 

significant, while the transmission losses contribute more to the losses for wider band-gap 

solar cells because a large part of the solar spectrum cannot be absorbed.  In the second 

step of the energy conversion process, the generated minority carriers are transported to 
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the other type of the material by diffusion and/or drifts.  Photo-induced current in the 

solar cell is limited by this minority carrier density which is much less than majority 

carrier density.  In addition, the chemical potential difference of this minority carriers 

leads to photovoltaic effects, and eventually determine the voltage limit of the solar cell.  

Therefore, this minority carrier generation and its recombination behavior is another 

dominating factor for performance of the solar cell.  Final step is collection of photo-

induced carriers through contacts and electrodes.  In the presence of resistance 

components, the carriers lose their energy.  For the high efficiency solar cell, the 

resistance loss should be minimized.   

Figure 1-1(b) shows energy band diagram of the conventional Si solar cell and its 

collection of photo-induced carriers.  In the p-type wafer base, electron is the minority 

carrier and it’s transported into n-type doped region.  Transport mechanism through 

thick base region is the diffusion.  The electron reached at the end of the p-n junction is 

drifted to the n-type region by the potential difference.  The electron reached at the p-p+ 

junction is pushed back into the base region because of the existing barrier in the junction.  

This is called back surface field region which has a role of the prevention of minority 

carrier recombination at back side surface and metal contacts.   
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Fig. 1-1. Schematic structure of conventional Si solar cell and its operation (a), and 

energy band diagram and photo induced carrier collection scheme (b).  
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1.2. The introduction of the Si thin film solar cell 

As shown in Fig.1-2, solar cells could be divided into silicon solar cells, compound 

semiconductor solar cells, and others, by their photo-absorption materials. Silicon solar 

cell is classified with crystalline and amorphous by their crystallinity and also divided 

into bulk types or thin film types by their thickness.  Thin film Si layer is generally 

formed by the various vacuum-based deposition technologies, such as CVD, PVD, etc.  

Among compound semiconductor solar cells, I-III-VI and II-VI like Cu-In-(Ga)-Se 

(CI(G)S) and CdTe are also deposited thin film-type solar cells.  Therefore, we 

categorize those Si, CI(G)S, and CdTe altogether as thin film solar cells.  Thin film solar 

cells are generally formed on glass substrate, and commonly have transparent conductive 

oxide (TCO) window layers and metal back contacts. 

In Si thin film group, there are several absorption materials based on amorphous Si 

(a-Si) whose Eg is ~1.75eV.  Ge is alloyed to form a-SiGe whose Eg is ~1.4~1.7eV, and 

microcrystalline Si (μc-Si) whose Eg is ~1.1eV is mixture of nanocrystalline Si and 

amorphous Si phases.  These absorption materials can independently form the p-i-n type 

solar cells.  Contrary to crystalline Si or other compound semiconductor thin film solar 

cells, doped Si thin films deposited at relatively low temperature of around 200~300°C 

are very defective materials in which generated carriers are quickly recombined and 

cannot be collected to the electrode.  Therefore, intrinsic type absorption layers should 

be used and carriers are collected by the field formed by the p-i-n junction.  The 

difference between p-n type and p-i-n type solar cells are shown in the Fig.1-3.  In the p-

i-n type a-Si thin film solar cells, the ideality factor n is around 2 because the current is 
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dominated by drift, while the n is around 1 in p-n type crystalline Si solar cell in which 

the current is dominated by diffusion   [1].   
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Fig. 1-2. (Color) Classification of the solar cells.  Yellow boxes represent 

commercialized technology at present. 

  



8 Chapter 1. 

 

 

 

 

 

 

Fig. 1-3. Band diagram and sketch of transport mechanism of photo-generated carrier in 

a p-n type (a), and a p-i-n type solar cell (b). 
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The a-Si based p-i-n solar cells with i-layer of different Eg can be stacked to improve 

the conversion efficiency [2,3].  Higher Eg materials absorb shorter wavelength photons 

more efficiently, which can lead to higher Voc of the solar cells.  Lower Eg materials 

extend the absorbing light spectrum and the total short circuit current density (Jsc) gets 

larger.  Therefore, properly stacked Si thin film multi-junction tandem solar cell can 

have more conversion efficiency than a single junction solar cell.  Fig. 1-4 shows the 

layers stack and energy band structure of the a-Si/μc-Si double junction tandem solar cell, 

and its absorbing spectra by the each a-Si and μc-Si absorbing layers. 

The widely used combinations today are a-Si/μc-Si double junction [2], and a-Si/a-

SiGe/μc-Si or a-Si/ μc-Si/ μc-Si triple junction solar cells [3].  The schematic structures, 

their efficiencies, and R&D status of the a-Si single junction, the a-Si/μc-Si double 

junction, and the a-Si/a-SiGe/μc-Si triple junction solar cells are compared in the Fig. 1-5.  

The more optimized junction stacks, the higher efficiency potential the solar cell has.  

Figure 1-6 (from Ref. [4]) shows the best research-cell efficiency confirmed by 

National Renewable Energy Laboratory (NREL), USA. As shown at Fig. 1-6, the most 

fatal issue of the Si thin film solar cell is its low conversion efficiency compared to other 

thin film solar cell technology.  Efficiency record of the Si thin film solar cell is 13.4%, 

while CdTe and CIGS thin film solar cell have the efficiency records of 20.4% and 20.8%, 

respectively.  This is because crystalline Si has indirect energy band structure so that 

absorption coefficient is lower by 1-2 orders of magnitude than other compound 

semiconductor materials, as can be seen at Fig. 1-7(a).  In addition, Si thin films like 

amorphous Si or microcrystalline Si which is deposited by low temperature PECVD 
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naturally has many electrically active defects and the thickness of the solar cell should be 

less than a few micrometers to collect the photo-generated carriers efficiently.  Because 

of this low absorption coefficient and thin absorbing thickness,  the quantum efficiency 

of the Si thin film solar cell is much less than that of the wafer based c-Si solar cell 

especially in the long wavelength of 600~1200 nm as can be seen at Fig. 1-7(b).  Not-

absorbed long wavelength light is escaped out from the solar cell or lost by parasitic 

absorption in other layers rather than intrinsic Si layers. Light management technologies 

in Si thin film solar cell have such a huge opportunity of increasing the QE by reducing 

the escaped or lost portion of light. 
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Fig. 1-4. Schematic band diagram of the a-Si / μc-Si tandem solar cell (a), and photo 

absorption spectra by each of the its component cells (b). 
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Fig. 1-5. Schematic device structures, conversion efficiencies and current status of the Si 

thin film solar cell technologies.   
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Fig. 1-6. Best research-cell efficiency from National Renewable Energy Laboratory 

(NREL).  From Ref. [4]. 
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Fig. 1-7.  Absorption coefficient of the important solar cell materials (a), and the 

comparison of the exemplary EQEs between the crystalline Si solar cell and 

the triple junction Si thin film solar cell (b).      
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1.3. Light management technology in Si thin film solar cell 

Many research groups have developed multi-junction technology for higher Si thin 

film solar cell efficiency.  Fig. 1-8 is a summary of the key development issues in multi-

junction Si thin film solar cell.  The issues can be divided into two categories, the light 

management technologies and high quality thin film deposition technologies.  It is no 

doubt that high quality thin film is essential prerequisite for high efficiency thin film solar 

cell.  The high quality means lower defect density to act as a recombination sites so that 

the photo-generated carriers can be transported out of the absorption layers.  Also 

properly conductive doped layers, especially doped wide Eg layers, are absolutely 

important components. 

Light management technologies help more light is absorbed and less optical loss 

occur by dealing with non-absorbing layers.  There are three kinds of thin film layers, 

front transparent conductive oxide (TCO), anti-reflection coatings (ARCs), and 

intermediate and back reflection layers [3,6].  Firstly, front TCO [3,6-9] should transmit 

and scatter light into the absorption layers as well as transport the electrical current in 

parallel direction to collect the power output.  It is required to improve the transparency 

and haze through wide spectrum range, and have proper electrical conductivity.  To 

achieve this, the mobility of the TCO should be improved and crater-shaped surface 

morphology with lateral dimension of 1~2 μm is necessary.  Secondly, ARCs [10] 

reduce reflection loss between layers with high refractive index difference.  There need 

ARCs with controlled refractive index between air (RI=1.0) and glass (RI~1.5), between 

glass and TCO (RI~2.0), and between TCO and Si thin film (RI~4.0).  Among them, 



16 Chapter 1. 

ARC between TCO and Si should be vertically conductive, and simultaneously it should 

be transparent.  It should have RI~3.0 for AR effect.  There is very limited material 

selection satisfying these conditions, such as TiOx thin film [10].  Finally, intermediate 

[3,6,11-12, 15] and back reflective layer [3,6,13-14] are very beneficial in Si thin film 

solar cells.  In a multi-junction Si thin film solar cell, the generated current of the a-Si 

top cell is frequently less than that of the μc-Si bottom cell [11-12].  Because of this 

imbalance, the current of the double or triple junction solar cell is often limited by top cell.  

To solve this issue, intermediate reflection layer (IRL) is inserted between top and bottom 

cell or middle and bottom cell, and reflect back the light transmitted through the top cell.  

Also by using the IRL, thickness of the a-Si top cell can be decreased so that the 

Wronski-Steabler effect, that is, light induced degradation effect can be reduced.  The 

IRL should be vertically conductive, transparent in the wavelength longer than 600nm, 

and has low refractive index as much as possible.  A good candidate of the IRL is thin 

TCO layer such as ZnO [15] due to its electrical conductivity and optical transparency.  

Recently, n-type microcrystalline SiOx layer (n-μc-SiOx) with low refractive index of 

~1.6~1.8 was adapted to maximize the IRL effect [12,16].   Back-reflective (BR) layer 

reduce the optical loss and increase the internal reflection in the back side of the solar cell.  

There is an electrode metal at backside of the solar cell to collect the generated carrier out.  

By the way, in the rough interface between Si and the metal, severe optical absorption 

loss occur in metal side by surface plasmonic effect [6].  To reduce this phenomenon, 

the material with lower refractive index than Si is necessary between the Si and the metal.  

Simultaneously, this material should be vertically conductive but with low parasitic 
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absorption in the near infra-red (NIR) spectrum range.  Similary to IRL, TCO layer like 

doped ZnO is generally used [13], but n-μc-SiOx is also very good candidate [17] due to 

its lower refractive index and less absorption of NIR range.  Recently, metal electrode is 

replaced by the very thick ZnO layer and non-conductive white back reflector is used to 

eliminate the parasitic absorption loss by the metal [14,18,19]. 
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Fig. 1-8. (Color) Schematic device structure and the R&D issues of the triple junction 

Si thin film solar cell.  R&D issues are classified into two categories, light 

management and high quality thin films.  
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1.4. Transparent Conducting Oxide in Si thin film solar cell 

Most wide bandgap materials are electrically insulating, while most conducting 

materials are opaque to light at visible wavelengths.  However, there are exceptions to 

this rule - a class of oxide semiconductors which are rather good conductors of electricity 

while simultaneously being transparent in the visible region of the electromagnetic 

spectrum - have generated much interest.   

Termed transparent conducting oxides (TCOs), these materials have already found 

extensive practical application in devices requiring a transparent contact.  Typical 

examples include current-spreading layers in light-emitting diodes (LED), transparent 

contacts in solar cells and liquid crystal display (LCD), thermal insulation for windows, 

and electrochromatic, or smart, windows [20-24]. 

In general, TCOs for use as thin film electrodes in solar cells should have a 

minimum carrier concentration on the order of 1020 cm-3 for low resistivity and a bandgap 

higher than 3.2 eV to avoid absorption of light over most of the solar spectra [24].  

Mobility in these films is limited by ionized impurity scattering and is on the order of 40 

cm2/Vs. 

However, as explained previously, the front TCO layer in Si thin film solar cell has 

more than just a transparent contact.  Figure 1-9 shows the various light paths inside the 

Si thin film solar cell triggered by the front TCO layer.  Due to the proper roughness of 

the front TCO, it scatter the light and resultingly much portion of the scattered light 

experience the total reflections between the front TCO and the back reflector.  In other 

words, the light is trapped inside the Si thin film so that light path through the Si film is 
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extended and more light absorption occurs, especially in long wavelength of red and NIR 

spectrum range.  Therefore, such effects by the front TCO in Si thin film solar cell is so 

called light trapping.  Figure 1-10 summarizes three representative front TCOs, 

Fluorine-doped tin oxide (SnO2:F), Boron-doped Zinc Oxide (ZnO:B), and Aluminium-

doped Zinc Oxide (ZnO:Al).  

SnO2:F has been commercialized by several glass manufacturing companies [6,25], 

and already has been used widely for substrate of the various thin film solar cells and 

DSSCs [26-29].  It is generally coated continuously by the in-line atmospheric pressure 

chemical vapor deposition (APCVD) equipment in the glass manufacturing line.  The 

APCVD deposited SnO2:F naturally has randomly pyramidal shaped surface morphology 

with the root-mean-square (RMS) roughness around a few tens nm and lateral feature size 

of around 100nm.  The SnO2:F front TCO has larger bandgap energy than ZnO based 

front TCO, which results in better blue response of the thin film solar cell compared to 

that using ZnO based front TCO.  In addition, the chemical stability of the SnO2:F is 

superior to ZnOs.  However, the light trapping performance of the SnO2:F is not 

appropriate for multi-junction Si thin film solar cell, because the surface morphology is 

not large enough to scatter the long wavelength of red and NIR spectrum range.  The 

degree of the scattering by the front TCO material is often measured by the haze value 

which is the ratio of the diffused transmittance and the total transmittance.  The haze of 

the SnO2:F front TCO at 850nm is lower than 5%, which means only a very small portion 

of the incident light is scattered and can be trapped at red and NIR spectrum range. 

ZnO:B deposited by low pressure CVD (LPCVD) also has random pyramidal 
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surface.  The ZnO:B front TCO is generally deposited by in-house equipment in the thin 

film solar cell manufacturing line [37], while SnO2:F coated glass is manufactured by the 

glass company and delivered to the various customers.  This is because the highly 

transparent ZnO:B with relatively low doping level of low 1020 cm-3 which is used for the 

a-Si/μc-Si tandem solar cell doesn’t have so good stability in humid environment [30].  

The optimized ZnO:B front TCO has somewhat larger haze value than SnO2:F, but still 

lower than 15% at wavelength of 850nm [19].  The shape of optimized surface 

morphology is similar to SnO2:F, but has larger RMS roughness and lateral feature size as 

shown in Fig. 1-10.  In fact, the deposition process can be controlled to have larger 

surface roughness and larger haze level at long wavelength range [11-12].  However, 

this large pyramidal surface morphology leads to crack-like defects in the μc-Si layers 

which results in the deteriorated performance and stability of the Si thin film sola cell 

[9,12].  One method to use the ZnO:B with large pyramidal size is post plasma treatment 

or post chemical treatment to smoothen the sharp valleys in the large pyramidal surface 

[12].  In brief, ZnO:B can be better option than SnO2:F glass substrate for Si thin film 

solar cell manufacturing because of its better light trapping performance and easy-to-

implement commercial equipments.   

Finally, the ZnO:Al front TCO is deposited by the sputtering deposition and the 

surface roughness is formed by chemical etching of the as-deposited thin films by a 

diluted acid solution like hydrochloric acid (HCl).  The example of the optimized 

ZnO:Al front TCO for the a-Si/μc-Si double junction or the a-Si/a-SiGe/μc-Si triple 

junction solar cell is shown in Fig. 1-10.  It has randomly crater-shaped surface 
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morphology which is different from CVD deposited TCOs like SnO2:F and ZnO:B.  The 

haze level at long wavelength is superior to those of SnO2:F and ZnO:B due to the larger 

RMS roughness and lateral feature size. In addition, the crater-shaped surface is more 

beneficial than the pyramidal surface [9,12] in the viewpoint of high quality Si layer 

growth.  As a result, these more light trapping effect and better absorption layer 

formation resulted in high efficiency Si thin film solar cells [3,17]. However, typically 

high quality ZnO:Al film is deposited by RF magnetron sputtering deposition, otherwise 

the substrate temperature higher than 350°C is necessary in DC magnetron sputtering [7-

8,31-32].  In RF sputtering process, deposition rate is too slow to use the process for the 

front TCO layer thickness ~1μm at industrial manufacturing line.  To realize uniformly 

high substrate temperature over 350°C in industrial equipment with large substrate size 

over 1m2, special and tricky heat management technologies should be adapted. Another 

issue for industrial manufacturing is pinholes formation during etching process of as-

deposited ZnO:Al film.  It is very difficult to deposit uniform ZnO:Al film in terms of 

both the microstructure and the thickness in large area over 1m2.  There happens at beat 

a few percentage of non-uniformity in thickness and the resistivity.  Therefore, over-

etching frequently occurs in some positions while optimum condition is achieved in most 

area, and pinholes are formed at the over-etched positions.  In addition, pinholes are 

frequently formed in the abnormal grains grown on the particles or substrate irregularities. 

The performance of the Si thin film solar cell on the substrate including the pinholes is 

deteriorated because the Si thin film grown on the substrate becomes defective [33].  In 

summary, although ZnO:Al has the best light trapping potential for the Si thin film solar 
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cell, there are some remained issues related to the industrial manufacturing equipment 

and process.  
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Fig. 1-9. Sketch of the various light paths in the Si thin film solar cell.  From Ref. [6]. 
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Fig. 1-10.  Three representative front TCO materials used in Si thin film solar cells.  

Deposition process, surface morphology terms like RMS roughness and feature 

size, advantage, and issues of the each TCO materials are described.    
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1.5. Sputter deposition of ZnO:Al for Si thin film solar cell 
 

Many people in various institutes in the world have done the research on the effects of 

the deposition condition upon the electrical and optical properties, and chemically etched 

morphology of the ZnO:Al front TCO for the higher performance of the Si thin film solar 

cell. 

O. Kluth et. al. [34] summarized the effects of RF sputter pressure and substrate 

temperature on the structure of the as-deposited and post-etched ZnO:Al, displayed it as a 

modified version of Thornton’s zone model as shown in Fig. 1-11 (a).  Originally, the 

Thornton model was developed to describe the growth of sputtered metals in dependence 

of substrate temperature and sputter pressure. Except a few modifications, the general 

statement of the original model that reduced pressure and higher temperature increase the 

compactness of the thin film was maintained.  The film a in zone 1 with no intentional 

heating and pressure ~40 μbar (~30mTorr), as-deposited film showed porous structure of 

fiberous grains, and no change in surface morphology after etching because etching 

occurred homogeneously with high rate.  In zone 2 with reduced pressure and higher 

temperature, as-deposited film showed denser columnar structure.  Different condition 

in zone 2, the film c deposited at the lowest pressure of 0.4 μbar (0.3 mTorr) and 270°C 

TS condition had denser and more difficult-to-distinguish columnar structure than the film 

b deposited at the medium pressure of 2.7 μbar and 150°C.  Etched surface showed 

dramatic difference from zone 1, the crater-like surface structure.   The regular, rough 

morphology of the film b indicates a homogeneous attack of the complete initial surface 

by etchant, while the film c is only partly etched leading to a few randomly spread big 
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craters on the surface due to the extremely compact film structure.  The more compact 

film structure from the film a to c leads to higher carrier mobility and higher mechanical 

and chemical stability.  In conclusion, the compactness of the film affected by the 

deposition conditions was suggested as a key factor to determine the electrical quality and 

the light trapping performance of the Si thin film solar cell.  Hüpke et. al. [35] presented 

similar results and explanation for it as shown in Fig. 1-11 (b).  The difference was the 

latter one utilized the inline mid-frequency (MF) sputtering system which can be 

applicable to industrial manufacturing line.   
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Fig. 1-11.  (a) The modified Thornton model describing the correlation between sputter 

parameters (sputter pressure and substrate temperature), structural film 

properties and etching behavior of RF sputtered ZnO:Al films on glass 

substrates. From Ref. [34].  (b) Characteristic film properties of ZnO:Al 

films in the matrix of deposition pressure and substrate temperature. The 

films can be divided into different groups. SEM micrographs of etched 

ZnO:Al film surfaces deposited at different positions in the matrix represent 

a typical surface texture for each group. From Ref. [35]  
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Next, Berginski et. al. introduced another parameter, the effect of Al doping 

concentration [8,36].  He mapped the effect of the target Al compositions (TACs) and 

substrate temperatures on the post-etched surface morphology as shown in Fig. 1-12.  

Here, Type I, II, III correspond to the film type a), b), c) in Kluth’s modified Thornton 

model, and type II can be considered as a proper substrate condition for Si thin film solar 

cell.  With the TAC of 2wt%, the substrate temperature range for the Type II was wide, 

from ~70°C to 300°C, even including no heating condition.  However, as TAC decreases, 

applicable temperature shifted to higher temperature and the allowed range became 

narrower.  Necessary substrate temperature for 1wt% TAC was higher than at least 

300°C and 350°C for the best performance.  For 0.5 wt% TAC, higher than 350°C, 

around 400°C at best was necessary. The temperature over 350°C is not easy to 

implement for manufacturing sputter system with large substrate size and big targets.  

Therefore, it is a very serious issue in industrial manufacturing of double or triple 

junction tandem Si thin film solar cells with a μc-Si bottom cell material.   

As TAC increases, that is to say, doping concentration increases, optical absorption in 

ZnO:Al increases at long wavelength NIR spectrum range because of the free-carrier-

absorption (FCA) effect [30] described by:  
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Where eis the electron charge, ε0 is the permitivity of free space, c is the light velocity, 

m* is the effective mass of the electron, d is the layer thickness, Nopt and μopt are the 

optical electron density and mobility.That is to say, electron density should be lowered in 
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allowance of the film’s electrical sheet resistance to enhance the photo-carrier of the μc-Si 

bottom cell in multi-junction Si thin film solar cells.  Fig. 1-13 (b) and (d) shows well 

the effects of the TACs on parasitic absorption by the ZnO:Al front TCO.  Transmittance 

decreased and absorptance of the ZnO:Al films increased with the TACs, 0.2 wt%, 0.5 

wt%, and 2 wt%, in Fig. 1-13(b).  As a results, the quantum efficiencies are reduced 

with the larger TAC, especially in longer wavelength than 600nm as shown in Fig. 1-

13(d).   

Another important variable related to both the parasitic absorption and sheet 

resistance of the front TCO is the electron mobility (μ).  By basic formula of the sheet 

resistance: 

dNe
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m
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= ,                         (1.8) 

which describes the sheet resistance Rsq of a TCO layer in function of its thickness d, 

and the electron density NHall and mobility μHall (the electron mobility and density are 

measured through the whole layer, i.e. with the Hall measurement method), enhanced 

electron mobility allows less electron density and less thickness of the front TCO layer 

with the same sheet resistance.  Therefore, improving the electron mobility of the TCO 

layer is the most important work to reduce the parasitic absorption by the front TCO in 

thin film solar cell.  Fig. 1-13 (a) shows electron density and mobility of the ZnO:Al 

layers with varied TACs in terms of the deposited substrate temperature.  Carrier density 

doesn’t change a lot except TAC 2 wt% results, while the mobility is affected a lot by the 

TACs.  Except TAC 2wt%, the mobility values enhanced with the substrate temperature, 
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but show a peak temperature, and decreased in higher temperature.  As the TAC 

decreased, the mobility peak temperature shifted to higher, while the mobility of the TAC 

2 wt% decreased monotonically with higher substrate temperature.  Although the theory 

of the carrier transport mechanism will be reviewed in next chapter, it can be easily 

inferred that electron mobility is closely related to the nanostructure of the ZnO:Al film, 

or the compactness of the film.  In the similar trend of the type II post-etched surface 

morphology and the mobility peak in terms of the substrate temperature and TACs, type 

II zone in the Fig. 1-13 can represents the most compact structure, and this compactness 

seems beneficial for light management point of view in both enhanced light scattering and 

reduced parasitic absorption.  Fig. 1-14 (c) shows the plots of haze value at 1μm 

wavelength of the ZnO:Al films with varied TACs in terms of the substrate temperature.  

This figure means the same as the Fig. 1-13, and all the stories are matched in beautiful.  

The substrate temperatures with maximum haze in each TACs coincide with the peak 

mobility temperature.  Interestingly, less TAC resulted in higher maximum haze value.  

In conclusion, the ZnO:Al film with high compactness and high mobility realized by 

lowest TAC and the highest substrate temperature is the most preferred condition for the 

best light management in Si thin film solar cell. 
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Fig. 1-12.  (a) AFM 10×10 μm2 measurements (top) and (b) schematic distribution of 

etching behavior types in a matrix of parameter substrate temperatures and 

target Al concentration (TAC) of the ZnO:Al front TCO (crosses: type I, squares: 

type II, and circles: type III). The parameter space where we expect to find type 

II films is hatched. From Ref. [8] 
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Fig. 1-13.  (a) Carrier density N and carrier mobility μ in terms of deposition 

temperature and TACs.  (b) Transmission (left axis) and absorption (right axis) 

spectra of surface-textured front contacts sputtered at substrate temperature of 

375°C using ZnO:Al2O3 targets with 0.2, 0.5, and 2 wt% TAC, respectively.  (c) 

Haze values at wavelength λ=1μm.  Type II topographies tend to have the 

highest values. Film sputtered using 2 wt% TAC in general have lower haze 

values.  (d) Quantum efficiencies (left axis) of a series of μc-Si:H solar cells 

with varying Si thickness and different TACs of 1 wt% and 0.5 wt%.  The cell 

reflection of the two cells with 1.9 μm intrinsic μc-Si:H is shown on the right 

axis.  From Ref.[8]  
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1.6. The wet etching behavior of ZnO 
 

As previously explained, Si thin film solar cells rely on light trapping and one of the 

important method is textured surface that scatter the light into the absorber layer.  This 

texture can be been prepared by chemical etching on very large-area substrate in case of 

ZnO:Al front TCO.  Therefore, it is very important to understand the mechanism of the 

etching behavior in terms of the kinds of etchants and structural variation of the ZnO:Al 

thin film.  Even though the chemical etching of single-crystal ZnO has been investigated 

in the 1960s [38], significant complexity arises from the poly-crystalline nature of 

sputter-deposited ZnO thin films.  This chapter provides the review on the etching 

behavior in various etchant, the effect of the film structure, and proposed mechanisms.  

Many texts are referred from the review paper published by J. Hüpkes et. al. [39]. 

Both ZnO single crystals and polycrystalline films are readily etched in many acidic 

[38,40] and basic solutions [38,41].  The etching behavior of the single crystal ZnO is 

well understood and can be explained by the wurtzite structure and a dangling bond 

model as shown in Fig. 1-14 (from Ref.[39]).  The partial positive and negative charges 

of the dangling bonds at the Zn(001) and O(00-1) terminated surfaces can easily be 

attacked by hydroxide (OH-) and hydronium (H3O
+) ions.  Due to the same charge type, 

the respective opposite attack is inhibited, such as H3O
+ on the Zn-terminated surface.  

In this case, the attack of etching species can only occur at defects, such as screw 

dislocations, where the charge repulsion is disrupted.   
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Fig. 1-14.  (a) Wurtzite structure and (b) dangling bond model for etching of a ZnO 

single crystal. Dotted lines are either projection lines or correspond to bonds 

that are hidden behind atoms. From Ref. [39] 
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In the case of polycrystalline ZnO, more complex situation affects the etching behavior.  

The films have many grains with different crystalline orientations, many kinds of defects, 

strain induced by dopants [42] or atomic peening from sputtering process [43], and macro 

starin induced by high-temperature deposition [44].  In addition, it is observed that the 

etch rate and surface morphology varies with pH and that ZnO is only stable in a narrow 

window of pH values [45]. 

Kluth et. al. [34] proposed a phenomenological structure zone model based on 

Thornton as introduced in previous chapter.  The characteristic parameter to describe the 

ZnO film is the compactness.  Highly compact ZnO films develop craters upon etching 

with low or medium crater density, and low compactness leads to small etching structures 

(see Fig. 1-11 and Fig. 1-12).  In compact films craters form only at sparsely distributed 

locations and crater walls span many grain boundaries.  The textured ZnO front TCO as 

shown in Fig. 1-12 shows the surface and cross section of a polycrystalline ZnO film after 

etching.  The craters on the surface appear to span many grains.  From this, it can be 

concluded that typical grain boundaries do not act as a center for crater nucleation on 

compact ZnO films.  That is to say, certain grains or grain boundaries that make the 

etching start, while others do not act as etching sites.  There was observation that other 

orientation but (001) direction along the substrate normal correlates with high etch rates 

and small features [35].  Therefore, it can be concluded that once etching starts at certain 

weak points, the other planes but (001) are exposed and etching is accelerated to form a 

large crater.  Based on this observations and conclusions, Hupkes et. al. formulated 

following three postulates for polycrystalline ZnO etching model [39]. 
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(1) Sputtered ZnO:Al is grown Zn-terminated, which nearly inhibits the etching of the 

ZnO grains.  However, every grains boundary has a certain potential to be etched.  

This etch potential depends on the compactness of the grain boundary, less compact 

(more porous) regions having a higher potential for etching.  Figure 1-15 (a) gives a 

schematic representation of this postulate, indicating the variation in grain boundary 

etch potentials by different colors.  The etch potential varies not only across the 

surface (Fig. 1-15 (a), left), but also perpetuates vertically through the films (Fig. 1-15 

(b), right).  A physical explanation for this behavior is that less ordered grain 

boundaries can be more easily accessed by the etching agent, allowing etching on a 

primarily Zn-terminated polycrystalline ZnO surface as at grain boundaries other 

planes are accessible to the etchant. 

(2) Etching threshold depends on the etchant solution and conditions.  Grain boundaries 

with etch potentials above the threshold are more actively etched.  This threshold 

depends on the size and the concentration of the etchant complex involved.  Fig. 1-15 

(b) gives a schematic representation of this postulate.  Large etchant complex can 

access the less compact grain boundaries with high etch potential, while small etchant 

complex can access the more compact grain boundaries with lower etch potential.  

Several observations are supported by this postulate.  HCl based aqueous solution is 

generally used as a etchant of ZnO.  Increasing the HCl temperature makes the 

density of craters increase [46], which can be explained by the increased smaller 

hydromium ions with the temperature.  Similarly, the density of crates increases with 

a decrease in HCl concentration [46].  Due to the extremely low hydronium 
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concentration, only a very small pH gradient if formed upon the consumption of an 

ion.  Thus the ion is not readily replenished by another which would continue the 

accelerated etching.  Instead, the etching progress to form large craters is prohibited 

and slowly etching craters are therefore favored.  Using HF as a etching agent shows 

higher craters density than HCl or other acids [47].  It is because dissociation rate of 

the HF is much less than HCl and this undissociated small HF molecules can penetrate 

defects with lower etch potential.  

(3) The vertical and horizontal etch rates are also defined by the solution.  It is limited 

by the nature of the grain boundary, as well as the mobility and size of the etching 

agents.  During the evolution of craters with vertically limited etch rate (e.g. when 

etching with acids other than HF), the appearance of a dominant angle of inclination 

was observed.  This characteristic opening angle is assumed to be related to a 

preferential etching on the (101) plane.  For such surfaces the etching process is 

limited vertically (Fig. 1-15 (c), left).  This is explained similarly to postulate (2) and 

related to the size of the etching agent.  In the vertically limited case, large etching 

agents cannot penetrate deeply into the ZnO film and reactions are limited to the 

surface.  On the other hand, etching in HF, does not characteristic opening angle, and 

sharper features.  In this case, the etching process is limited horizontally (Fig. 1-15 

(c), right), and the small HF-based compounds can penetrate the film deeply. 

Based on these models, their research group developed a new etching process for creating 

a regular crater distribution on very compact ZnO films prepared during industrially 

relevant processes [47].   
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Fig. 1-15.  Diagrams of the three postulates of the etching model: a) planar (left) and 

cross-sectional (right) views of a ZnO film with grain boundaries of different 

etch potentials, b) interaction of the etchants with the ZnO film depending on 

the etchant size: large (left) and small etchant (right), at grain boundaries of 

different etch potentials, c) resulting crater shape for large and small etchants 

with vertically (left and laterally (right) limited etch rates. From Ref. [39] 
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1.7. Carrier Transport Mechanism of ZnO thin film 

For the high transparency in NIR spectrum for the Si thin film solar cell using μc-Si 

as a bottom cell absorption layer, the carrier concentration of the TCO materials such as 

ZnO:Al should be as low as possible in terms of the free carrier absorption, however, 

within the constraint of the sheet resistance of the front TCO layer.  This contradiction 

between low carrier concentration and low resistance can be overcome by higher carrier 

mobility, and we should try to obtain as high carrier mobility TCO material as we can.  

For this purpose, the theoretical understanding on the carrier transport mechanism of the 

ZnO thin film is essential.  In this chapter, the electrical properties and carrier transport 

mechanism of polycrystalline ZnO films will be introduced. 

In all the solid material, there are various factors which scattering and restricting the 

carrier movement.  Representative models for explaining the phenomena are (1) ionized 

impurity scattering, (2) neutral impurity scattering, (3) dislocation scattering, and (4) 

grain barrier limited transport models.  Among them, ionized impurity scattering and 

grain barrier limited transport models are known as determining mechanism for the 

carrier mobility of TCO materials. 

 

1.7.1. Ionized impurity scattering 

This scattering process is caused by ionized dopant atoms and dominates for carrier 

concentrations above 1019cm-3.  Various analytical and empirical expressions were 

suggested by many researcher [48-51], however, the most proper expression to represent 

the behavior of the TCOs are known to be the Masetti’s empirical curve [51]: 
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The fit parameters μmax, μmin and μmin – μ1describe the lattice mobility at low carrier 

concentrations, the mobility limited by ionized impurity scattering and the clustering 

mobility (see Table 1-2).  The ZnO mobility values were fitted using the empirical 

formula (1.7) and the fit parameters are summarized in Table 1-2 together with the 

corresponding values for silicon.  In the transition region from lattice to ionized 

scattering for 5×1016<N< 5×1018cm-3 a large scattering of the experimental ZnO data can 

be observed.  Therefore, the data have been fitted in analogy to the silicon data, which 

exhibit a much higher accuracy.  However, the exact transition does not influence the 

conclusions much since we are interested predominantly in ionized impurity scattering in 

the region N>1019cm-3. 
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Table 1-1.  Fit parameters for μ = f (N) (Masetti’s formula, Eq. (1-6)) for phosphorous- 

and boron-doped silicon [51] and ZnO, In2O3, and SnO2 (μmax: lattice mobility, μmin: 

ionized impurity mobility, μmin – μ1: clustering mobility) 
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1.7.2. Grain barrier limited transport 

The polycrystalline thin film exhibit a vast amount of grain barriers (depending on 

their mean grain size), which constitute crystallographically disturbed regions, leading to 

electronic defects in the bandgap of semiconductors.  These defects are charged by 

carriers from the inner part of the grains.  Depending on the type and charge balance of 

the carriers and defects causes depletion around the barrier.  In TCO films, which are 

typically n-type, a depletion region is generated on both sides of the grain barrier 

accompanied by an energetic barrier of height ΦB for the electrons, since the electron 

trapping characteristics of the defects.  The carrier transport in polycrystalline silicon 

film was described comprehensively by Seto [52].  He assumed that the δ-shaped 

density of electron trap states in the bandgap, which are completely filled.  The 

schematic band diagram according to Seto’s model is shown in Fig. 1-16.  The carrier 

transport across the grain barriers is described by the classical thermionic emission (TE).  

For very high carrier concentrations in the grains, the depletion width is very narrow, thus 

enabling quantum-mechanical tunneling of the barriers by the electrons.  The model 

yields an effective mobility µeff dominated by thermionic emission across the grain 

barriers with an energetic height ΦB: 

÷
ø

ö
ç
è

æ F
-=

kT
B

0eff  expmm ,                         (1.8) 

,where ΦB is the energetic barrier height at the grain boundary, k is the Boltzmann 

constant, and T is the sample temperature, respectively.  The prefactor µ0 in Eq. (1.8) 

can be described as the mobility inside the grain given by [52]: 
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Depending on the doping concentration in the grains, two expressions for the barrier 

height can be derived: 
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,where e is the elementary charge, N is the carrier density in the bulk of the grain, Nt is the 

charge carrier trap density at the boundary, ε is the dielectric constant, and L is the grain 

size, respectively.  For LN<Nt, the traps are only partially filled and the crystallites are 

completely depleted, while for LN>Nt, only part of the grain is depleted and the traps are 

filled completely.  The maximum barrier height ΦB occurs for a doping concentration of 

N (ΦB) = Nt/L, accompanied by the minimum effective mobility according to Eq. (1.8). 

Figure 1-17 displays the barrier height as a function of the carrier concentration for a 

fixed grain size, calculated from Eq. (1.10) and (1.11) with an assumption of a trap 

density of 5×1012 cm-2 and a grain size of 100 nm.  For three situations (1-3) marked in 

Fig. 1-17, the band structure is schematically shown in Fig. 1-18.  In the original models 

of Seto, only thermionic emission was taken into account.  For high carrier 

concentrations (N > 1020 cm-3) additional tunneling through the barriers takes place, 

which increases the current flow between the grains.  If the original thermionic model is 

applied for such high carrier concentration lowering the barrier heights are calculated as 
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expected from Eq. (1.10).  Concerning the prefactor µ0, which is viewed as the 

intragrain mobility, in many cases too low values are extracted from the experiments [53].  

Additional carrier scattering processes take place in the grains, for example point defect 

and dislocation scattering.  In the Seto model, it is assumed that every grain barrier 

exhibits the same barrier height, an idealization of a real polycrystalline film. 
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Fig. 1-16. Linear row of grains of size L, doping N, and with grain barriers of height BF

caused by a continuous distribution of electron trap states of density Nt.  Two 

different transport paths for electrons are indicated as thermionic emission 

across the barrier TE and tunneling through the barrier T.  From Ref. [54]. 
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Fig. 1-17. Barrier height at the grain barriers as a function of the electron concentration 

in grains (grain size L = 100 nm and trap density Nt = 5´ 1012 cm-2).  From 

ref. [54]. 
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Fig. 1-18. Schematic band diagrams in the grains for different doping concentration N in 

the grain size of L.  The situations (1-3) correspond to carrier concentrations 

(1-3) in Fig. 19.  The barrier height increases with increasing N up to a 

maximum at Nmax = Nt/L (2).  Further increasing N decreases the barrier 

height (3).  From Ref. [54]. 
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1.8. Motivation and Objectives 

   As could be seen in this chapter 1, the ZnO:Al thin film is one of the best candidates 

as front contact for the Si thin film solar cell because of its light trapping performance 

and crater-shaped surface morphology.  With the help of the advantages, the world best 

amorphous Si based triple junction solar cell was developed and certified [  ].  

However, industrial manufacturing of such a best performance ZnO:Al front TCO is still 

far from the real field.  At first, ZnO:Al film deposited by dynamic DC sputtering 

system which is mainly used for large-sized glass has worse quality compared with RF 

deposited ZnO:Al film which shows the world best performance.  Secondly, with target 

Al composition lower than 1 wt% used for highly transparent ZnO:Al film, high 

deposition temperature over 350°C may be necessary for superior film quality.  

   In this thesis, Oxygen controlled seed layer is applied to develop high performance 

ZnO:Al front TCO using dynamic DC sputtering system, low Al target, and maximum 

substrate temperature of around 300°C.  Next, in the course of process development, 

relationship among the deposition parameters, nanostructural evolution, electrical 

properties, and etching property is clarified.  At last, the developed ZnO:Al front TCO is 

applied for high efficiency Si thin film solar cells.  The nanostructural meaning of the 

“compactness” which is a keyword which has been mentioned often in ZnO:Al front 

TCO researches is proposed.  The aim of this thesis is to elucidate such hidden parts of 

the ZnO:Al film for bringing it to manufacturing field in near future. 
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Chapter 2.   

*Oxygen-Controlled Seed Layer in Dynamic DC Sputter-

Deposited ZnO:Al Substrate for Si Thin-Film Solar Cells 

 

2.1. Introduction 

Aluminium-doped zinc oxide (ZnO:Al) has had significant roles in Si thin-film solar 

cells [1-7].  For the high efficiency Si thin film solar cell, ZnO:Al front TCO should 

have high transparency throughout the wide optical spectrum from visible to near infrared 

(NIR) region, sheet resistance of ~10 Ω/¨ (depending on the module design), and 

proper post-etching surface morphology of uniformly distributed craters with 1-2 μm 

lateral size to scatter and trap the incident light into the Si absorber layers.  Electron 

mobility is an important characteristic to fulfill the high transparency and low sheet 

resistance simultaneously [2,8,9], and deposition and etching processes should be 

precisely controlled to obtain the multifunctional materials properly [2,5,10-14].   

One of the most serious issues for the application of the ZnO:Al front TCO into the 

practical manufacturing process is its high deposition temperature.  Most of the high 

performance ZnO:Al films have been obtained in the substrate temperature of 350°С or 

higher, which is not easy to implement to industrial in-line sputtering system [15,16,24] 

                                         

*The work presented in Chapter. 2 was accepted in IEEE Journal of Photovoltaics (2015) entitled, 

“Oxygen-Controlled Seed Layer in DC Sputter-Deposited ZnO:Al Substrate for Si Thin-Film Solar Cells” 

Seung-Yoon Lee, Taehyun Hwang, Woojin Lee, Sangheon Lee, Hongsik Choi,Jin-Hyung Jeon, Seh-Won Ahn, Heon-Min 

Lee, and Byungwoo Park* 
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with the large substrate size over 1 m2.  Very special and tricky heat management 

technologies should be adapted to overcome many issues occurred over 350°C. 

One tried method to acquire better ZnO:Al thin film at lower deposition temperature 

is a seed or buffer-layer scheme to enhance both the crystallinity and the electrical 

properties of the over-grown ZnO:Al film [17-20].  In our previous work at LG 

Electronics, it has been shown that pre-deposition of ZnO:Al seed layer with extra 

oxygen can result in the improved crystallinity of over-grown ZnO:Al bulk layer and 

thereby reduced resistivity [20].  The oxygen-controlled ZnO:Al seed layer has an 

advantage compared with other seed layer schemes [17-19] in that it does not increase the 

process costs or manufacturing steps. 

In this article, deposition of ZnO:Al thin film with oxygen controlled seed layer 

using the dynamic DC magnetron sputtering system was adjusted to obtain superior 

carrier mobility of 45 cm2/Vs at relatively low deposition temperature of 300°C.  The 

reduced angular distribution of the (002) preferred grains is suggested as the main origin 

of the improved carrier mobility.  In addition, microstructural features for the 

appropriate post-etching morphology are also discussed.  Finally, the improved current 

density and higher efficiency of the Si thin-film solar cell was obtained by adopting the 

optimized ZnO:Al substrate with oxygen controlled seed layer. 

 

2.2. Experimental Procedure 

The ZnO:Al films were deposited on Corning 1737 glass by a dynamic DC 

magnetron sputtering system equipped with a moving-magnet using ZnO:Al2O3 targets 
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having 1.0 wt. % Al2O3 in the deposition temperature of 300°C.  Deposition was 

performed in a dynamic deposition mode, where moving magnet-bar is located in a local 

position of the target in a certain moment, and deposition occurs in the position just 

beneath the magnet.  The deposition process mode is similar to that of the industrial in-

line sputter system.  The films were deposited by a two-step growth method [20] with a 

seed layer and a bulk layer.  With the 9:1 ratio of Ar:O2 for the seed layer, the optimum 

thickness of the seed layer was ~40 nm which was previously shown appropriate for the 

improved electrical conductivity of the over-grown bulk layer and superior optical haze 

after wet etching [20].  In addition, the effect of deposition pressure from 0.5 Pa to 0.2 

Pa was also investigated in this experiment. 

The deposited thin films were analyzed by x-ray diffraction (XRD: Rigaku D/MAX-

IIIC) both in the θ-2θ and rocking-curve modes.  The electrical resistivity, mobility, and 

carrier concentration of the films were measured by a 4-point probe and a Hall 

measurement system (HL5500PC: BIO-RAD).  The thickness of the deposited ZnO:Al 

film was examined by measuring a spectroscopic ellipsometry (M2000-U) with 

parameters following the Tauc-Lorentz model [21]. 

To obtain a light-scattering rough surface, wet etching was carried out with diluted 

hydrochloric-acid (HCl) based aqueous solution.  Etching time was adjusted to obtain 

proper sheet resistance of 8 - 10 Ω/¨ for the application to the a-Si:H based thin-film 

solar cell.  The post-etching surface morphology was observed by scanning electron 

microscopy (SEM: JEOL JSM-6700F), and the root-mean-square (RMS) values of 

surface roughness was deduced by atomic force microscopy (AFM: Nanoscope IIIa, 
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Digital Instrument).  Transmittance (T), reflectance (R), and the absorptance (A) 

calculated by the formula A = 100% – T – R was obtained in the range from 350 to 

1100 nm by spectrophotometer (Cary 5000, Varian), and haze values were evaluated with 

the ratio of the diffused transmittance over the total integrated transmittance. 

The optimized ZnO:Al film was adopted as a front TCO substrate for a single-

junction microcrystalline Si (μc-Si:H) thin film p–i-n solar cell prepared by plasma 

enhanced chemical vapor deposition (PECVD).  The thickness of the i-layer was around 

2.5 μm, and sputtered ZnO:Al/Ag/Al stack was used as a back reflecting electrode.  As a 

reference, commercial SnO2:F substrate was also used as a front TCO.  Details of silicon 

deposition and cell preparation are described elsewhere [22].  Light J-V characterization 

of the solar cells was carried out using a solar simulator (Wacom) at standard test 

conditions (AM 1.5, 100 mW/cm2 at 25°С).  Finally, the enhanced solar-cell efficiency 

was analyzed by external quantum efficiency measurement (EQE) by spectral response 

analyzer (Bunko Keiki). 

 

2.3. Results and Discussion 

2.3.1. Improvement of the Carrier Mobility 

The mobility of the ZnO:Al thin film is one of the most important properties governing 

the electrical and optical losses for the solar cell [1,2,8].  Figure 2-1 shows electrical 

resistivity, mobility, and carrier concentration of ZnO:Al thin films in terms of deposition 

pressure and with/without the seed layer.  The resistivity of the ZnO:Al thin film 

decreased with the decreased deposition pressure from 0.5 to 0.2 Pa, due to the increased 
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mobility.  In each deposition pressure, the resistivity of the ZnO:Al thin film further 

decreased when the seed layer was included due to the increased mobility.  The carrier 

concentration of the films showed almost similar values in the range of 4.5 to 5.0 × 1020 

cm-3.  Eventually, the highest mobility of 45.0 cm2/Vs was obtained at the deposition 

pressure of 0.2 Pa with the seed layer.  This magnitude is nearly the upper limit of the 

mobility in the doped polycrystalline ZnO thin film with that specific carrier 

concentration [23].  It is remarkable because such a high mobility of the ZnO:Al film 

has been reported almost at the deposition temperature of 350°С or higher in in-line DC 

or middle-frequency (MF) magnetron sputtering deposition [10]. 
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Fig. 2-1.  Resistivity, mobility, and carrier concentration of ZnO:Al thin films, in terms 

of deposition pressure and with/without seed layer.Samples a and b are thin 

films without the seed layer, and c-e are those with the seed layer. 
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2.3.2. Nanostructural Analysis 

In order to systematically investigate the structural change with the deposition 

condition and the seed-layer adoption, x-ray diffraction (XRD) was performed with two 

different scan methods, the θ-2θ scan and rocking curve by ω scan.   

Figure 2-2(a) shows the XRD results by the θ-2θ scan.  The films with seed layer 

had nearly perfect (002) preferred orientation, while the films without seed layer had 

mixed grains of (002) and (101) planes.  In general, the ZnO:Al film deposited by static 

type RF sputter or DC sputter with enough high temperature had (002) preferred 

orientation  [19,25,28].  However, in this research using dynamic sputtering system, the 

deposition process is interrupted periodically due to the magnet movement, which 

possibly inhibit the evolution of (002) preferred grain structures.  On the other hand, 

once the (002) orientation of the initial seed texture is formed, the growth is less affected 

by the deposition process [19,25].  Therefore, it can be inferred that the oxygen-

controlled seed layer provided the (002) textured platform for the growth of bulk layer. 

Diffraction rocking curves by ω scan in Fig. 2(b) shows higher peak intensity and 

narrower full-width at half-maximum (FWHM) as deposition pressure decreased (with 

the seed layer).  The narrower FWHM of the ω peak (FWHMω) means that the angular 

distribution of the (002) grains becomes smaller [22,23,29], that is, the film has more 

vertically aligned (002) grains.  As oxygen controlled seed layer provides the (002) 

textured platform, it is reasonable that the over-grown film has more aligned (002) texture 

by the epitaxy-like growth.  As the energy of the adatoms becomes lower due to the 

higher deposition pressure and shorter mean-free path, the epitaxy-like growth becomes 



66 Chapter 2. 

distorted, and the angular distribution among the grown (002) grains increase. 

In Fig. 2-2(c), the carrier mobility values of the films were plotted in terms of 

FWHM2θ and FWHMω.  From the left graph of the mobility in terms of the FWHM2θ, 

we cannot find any consistent relationship between the mobility and the grain size 

estimated by the FWHM2θ with the well-known Scherrer’s equation [26].  Table 2-I 

shows the vertical grain size estimated by the θ-2θ diffraction.   

On the other hand, the mobility in terms of the FWHMω shows monotonic increase 

of the carrier mobility from 22.0 to 45.0 cm2/V sec as the FWHMω reduces from 11.9° to 

2.7°. The angular distribution of (002) grains estimated by the FWHMω can be associated 

with the Seto’s carrier-transport model [27] that traps existed in the grain boundaries act 

as a barrier against the intergrain carrier transport.  It is reasonable that the ZnO:Al films 

with less FWHMω have lower-angle grain boundaries which gives less defects or traps, 

and thus lower energy barrier against the carrier transport yielding improved carrier 

mobility.  Therefore, the reduced angular distribution of the (002) columnar grains can 

be the main origin for the improvement of the carrier mobility by the seed layer adoption. 
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Fig. 2-2.  X-ray diffraction with (a) θ-2θ scan and (b) ω scan.  (c) Mobility in terms of 

the full-width at half-maximum (FWHM) from (a) and (b). 
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TABLE 2-I. Vertical grain size estimated by the θ-2θ diffraction. 
 

Sample a b c d e 

Grain Size 
(nm) 

43.3±0.6 43.0±0.7 34.7±0.6 37.8±0.7 38.2±0.8 
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2.3.3. Textured Surface of ZnO:Al by Wet Etching 

Figure 2-3 shows SEM images of the surface morphology of the etched ZnO:Al and 

a commercial SnO2:F coated glass samples.  There appeared many craters on the surface 

of the ZnO:Al films, and the overall crater size increased as the deposition pressure 

decreased.  The commercial SnO2:F film had no crater but had relatively small 

randomly-distributed pyramids.  For the light trapping of NIR wavelength which is very 

weakly absorbed by μc-Si thin film [1], the rough surface dimension should be 

comparable to the wavelength, i.e., approximately 1 μm or larger.  Therefore, the 

ZnO:Al films can be more beneficial than the commercial SnO2:F substrate for the μc-Si 

thin-film solar cell. 

Clear difference of the ZnO:Al films with/without the seed layer is the micro-

roughness of the inner crater surface.  The wet-etched ZnO:Al films a and b (without 

seed layer) had relatively rough inner surface in the craters, whereas the ZnO:Al films c - 

e (grown on the seed layer) had relatively smooth inner surface in their etched craters.  It 

is very important because the sharp valleys of the TCO substrate cause crack-like defects 

in the absorbing Si layers, causing decreased Voc and FF [13,14].  Owen et.al. [28] 

showed that the vertically preferred (002) orientation is essential for the formation of the 

large craters with smooth inner surface in the polycrystalline ZnO films.  Therefore, the 

existence of the vertical (101) grains without the seed layer (as shown in Fig. 2-2(a)) can 

be the origin of the micro-roughness evolution in the wet-etched craters. 
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Fig. 2-3.  SEM images of textured ZnO:Al and SnO2:F substrates, with sheet-resistance 

values. 
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Figure 2-4 is schematic images to explain the grain-structure evolution and its 

effects on the wet-etched ZnO:Al surface morphology.  Upper image shows the ZnO:Al 

film without seed layer, in which the (002) and (101) grains are co-existed. Because of 

the repetitive interruption during the film growth in the dynamic sputtering process 

without the initial (002) texture formation, the transition of the growth mode from the 

nucleation-merge stage into the epitaxy-like growth stage was delayed, and thus (101) 

grains were able to survive during the thick film growth.  The survived (101) planes near 

the surface caused the irregular post-etched surface morphology in the craters.  On the 

other hand, films with the proper (002) seed layer, in which epitaxy-like growth occurred 

in spite of the periodical growth interruption, (002) preferred orientation near the surface 

led to the 1-2 μm sized craters with smooth inner surface.  

Optical haze and absorptance spectra of the textured TCO samples were measured as 

shown in Fig. 2-5.  As expected from the wet-etched morphology from Fig. 2-3, the 

overall haze level increased as the deposition pressure decreased, irrespective of whether 

the seed layer was adopted or not.  Remarkably, the haze levels of the samples which 

were deposited at the same pressure were similar irrespective of the existence of the seed 

layer.  For example, the samples a and c (deposited at 0.5 Pa) had similar haze levels (a 

with the seed layer while c without seed layer). The samples b and d were analogous.  

The absorptance of the ZnO:Al films (Fig. 4(b)) can be considered as a criterion for the 

optical absorption loss by the front TCO in the thin-film solar cell.  From the sample a 

to e, the overall absorptance decreased. It can be explained from that the improvement of 

the mobility resulted in the reduced free-carrier absorption and less film thickness with 

the similar sheet resistance level.  
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Fig. 2-4.  Schematic for the different textured surface morphologies between the etched 

ZnO:Al films, without a seed layer (upper) and those grown on a seed layer 

(lower).  The ZnO:Al film without a seed layer has many irregularly-

fragmented (002) and (101) grains with roughnesses inside craters.  In contrast, 

the film with a seed layer has well-oriented (002) grains with relatively smooth 

inner surface in each etched crater. 
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Fig. 2-5.  (a) Optical haze and (b) absorptance spectra of the textured ZnO:Al samples 

and commercial SnO2:F substrate.  (c) Plots of haze (at 850 nm) in terms of 

root-mean-square (RMS) vertical roughness of ZnO:Al and SnO2:F. 
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2.3.4. Solar-Cell Results 

The microcrystalline Si (μc-Si:H) thin-film solar cell was fabricated on the 

optimized ZnO:Al substrate.  For comparison, the commercial SnO2:F coated glass was 

also used as a front TCO contact.  Figure 6 shows the external quantum efficiency   

(EQE) of the two solar cells, with the open circuit voltage (Voc), short circuit current 

density (Jsc), fill factor (FF), and the conversion efficiency (η), extracted from the 

photocurrent-voltage (J-V) curve of the solar cell.  As expected from superior optical 

transparency and haze ratio of the in-house ZnO:Al substrate to those of commercial 

SnO2:F substrate (as shown in Fig. 5), the EQE of the solar cell grown on ZnO:Al was 

larger than that of the SnO2:F substrate, especially in the wavelength range longer than 

600 nm.  Additionally, the solar cell on the ZnO:Al substrate had larger Voc and FF 

values than that on the SnO2:F substrate, which resulted from the less shunt paths by the 

crack-like defects.  From high Jsc of 26 mA/cm2, and superior Voc and FF compared with 

the cell grown on the SnO2:F substrate, we can predict that the a-Si:H/μc-Si:H double-

junction tandem cell using the developed ZnO:Al substrate by this research can 

potentially reach up to ~13% conversion efficiency [5].. 
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Fig. 2-6.  Comparison of the external quantum efficiency of the μc-Si:Hthin-film solar 

cells made of commercial SnO2:F and in-house ZnO:Al substrates with 

optimized process conditions.  Light J-V parameters of the solar cells are also 

compared. 
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2.4. Conclusions 

Oxygen-controlled seed layer in the dynamic DC-magnetron sputtered ZnO:Al thin 

film, compatible to practical industrial processes, resulted in the enhanced electrical 

mobility and appropriate etched morphology for the Si thin-film solar cells.  Although it 

has been generally reported that deposition temperature higher than 350°C is necessary 

for superior properties, ZnO:Al film grown on the seed layer showed the carrier mobility 

of 45 cm2/Vs which approached to the upper limit of the ZnO-based material even at the 

relatively low-deposition temperature of 300°C.  The main origin of the improved 

carrier mobility was found to be the reduced angular distribution of the vertically 

elongated (002) grains from 11.9° to 2.7°, as confirmed by the diffraction rocking curve.  

It was further discussed that obtaining perfect (002) preferred orientation was important 

for the smooth crater surface of the wet-etched ZnO:Al, which leads to a better 

performance of the Si thin-film solar cells.  The μc-Si:H thin-film solar cell with the 

optimized ZnO:Al substrate showed high Jsc of 26.3 mA/cm2, which means that a-

Si:H/μc-Si:H thin-film solar cell adopting this superior ZnO:Al substrate can potentially 

reach at ~13% conversion efficiency. 
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Chapter 3. 

*Nanostructural Analysis of ZnO:Al Thin Films for 

Carrier-Transport Mechanisms 

 

3.1. Introduction 

In Si thin-film solar cells, the polycrystalline ZnO:Al transparent conducting oxide 

(TCO) front contact plays a significant role in improving the power-conversion efficiency, 

due to both its superior light trapping properties afforded by its transparency and 

scattering functions [2-5] and its appropriate surface morphology for the deposition of 

high-quality Si absorption layers [6,7].  For the application of the front contact in Si 

thin-film solar cells, ZnO:Al should have high transparency throughout the optical 

spectrum from the visible region to near infrared (NIR) region of ~1100 nm, and should 

also have a proper sheet resistance of approximately 10 Ω/¨ (depending on the module 

design).  In order to satisfy the above two requirements, it is necessary to reduce the 

free-carrier optical absorption in the NIR region and achieve a low resistivity.  Therefore, 

improving the carrier mobility in ZnO:Al films is one of the most important research 

themes. 

                                         

**The work presented in Chapter. 3 was published atCur. Appl. Phys.13, 775 (2013) entitled, 

“Nanostructural Analysis of ZnO:Al Thin Films forCarrier-Transport Mechanisms” 

Seung-Yoon Lee, Woojin Lee, Changwoo Nahm, Jongmin Kim, Sujin Byun, Taehyun Hwang, Byung-Kee Lee,  

Young Il Jang, Sungeun Lee, Heon-Min Lee, and Byungwoo Park* 
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Carrier-transport mechanisms for the electron mobility of doped ZnO thin films have 

been extensively investigated mostly in terms of the carrier concentration.  Ellmer et al. 

[8,9] studied the dominant mechanisms of carrier transport in ZnO:Al with various 

doping levels, and found that the electron mobility in a low-doped condition under ~1020 

cm-3 is mainly limited by the grain-boundary scattering, whereas intra-scattering 

mechanisms are predominant for high doping.  Steinhauser et al. [10] thoroughly 

examined the transition from the grain-boundary-scattering regime to the intragrain-

scattering regime with carrier concentration, by observing the differences between the 

optical mobility and Hall mobility in boron-doped ZnO thin films deposited by low-

pressure chemical vapor deposition (LPCVD). 

Nevertheless, the carrier mobility also relies sensitively on the nanostructures which 

in turn depend on the method and conditions used to deposit the polycrystalline doped-

ZnO films [11-15].  Still, the effects of grain-boundary variations on the carrier-transport 

mechanisms have not been clarified.  In this article, the effect of the statistical 

distribution of the grain-boundary misorientation angle on the carrier-transport 

mechanism through its influence on the grain-boundary energy barrier was investigated.  

The ZnO:Al films were deposited by magnetron sputtering under various seed-layer 

conditions.  Although the nanostructures of the TCO films varied with the deposition 

conditions, the carrier concentration remained nearly constant at each ZnO:Al target 

composition.  Therefore, we could exclude the effect of the carrier concentration on the 

transport mechanisms in the polycrystalline thin films. 
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3.2. Experimental Procedure 

The ZnO:Al films were deposited on Corning 1737 glass by a DC magnetron 

sputtering system equipped with a moving-magnet using ZnO:Al2O3 targets having 1.0 or 

0.5 wt. % Al2O3 in the deposition temperature range of 300°C to 320°C.  The films were 

deposited by a two-step growth method [12,13], and the seed-layer conditions were 

varied to control the properties of the evolving thin films.  The argon to oxygen pressure 

ratio (Ar:O2), working pressure (P) during deposition, DC power (W), and deposition 

temperature (TD) were controlled for the seed layer (~40 nm).  Then, the ~1200-nm-

thick TCO films were deposited without any interruption at the same condition, except 

zero-oxygen pressure.  As shown in Table І,the samples with mobility distributions from 

22 to 48 cm2/Vs were chosen to correlate the grain-boundary misorientation andthe 

carrier-transport properties. 

The structural changes of the samples were systematically examined by scanning 

electron microscopy (SEM: JEOL JSM-6700F), transmission electron microscopy (TEM: 

Philips CM20T/STEM), and x-ray diffraction (XRD: Rigaku D/MAX-IIIC).  The XRD 

analysis was performed with both θ-2θ diffraction and the (002) rocking curve.  The 

electrical resistivity, mobility, and carrier concentration of the films presented in Table І 

were analyzed by a 4-point probe and a Hall measurement system (HL5500PC: BIO-

RAD). The lateral grain size (L) of the films was evaluated from the surface morphology 

through the valley-to-valley distance, as presented in Table І.  All of the films in this 

experiment had a [001] preferred orientation with grain elongation along the z-axis.. 
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Table 3-І.  Various sputtering conditions: composition of ZnO:Al (wt. % Al2O3) target 

(CAl) and seed-layer parameters, viz. Ar to O2 gas flow ratio, working pressure (P), 

power (W), and deposition temperature (TD).  The carrier concentration (n) and Hall 

mobility (μ) are represented with the grain size (L), where L is the lateral grain size 

deduced from the plan-view  SEM image (average valley-to-valley distance by 

morphology).  Basically, samples a and b do not have seed layers. 

 

 Seed Layer  Electronic Properties Grain Size 

Sample 

ID 

CAl 

(wt. %) 

Ar:O2 

ratio 

P 

(Pa) 

W 

(W/cm2) 

TD 

(°C) 

 

n m 
 

 

L 

(cm-3) 
 

(cm2/Vs) 
 

(nm) 
 

a 1.0 no O2 0.5 0.9 300 4.7ｘ1020 22.0 79.8 ± 32.3 

b 1.0 no O2 0.3 0.9 300 4.9ｘ1020 26.3 69.3 ± 23.8 

c 1.0 9:1 0.5 0.9 300 4.6ｘ1020 29.6 66.6 ± 23.0 

d 1.0 9:1 0.3 0.9 300 4.4ｘ1020 37.8 61.0 ± 24.2 

e 1.0 9:1 0.2 0.9 300 4.7ｘ1020 45.0 52.5 ± 16.1 

f 0.5 9:1 0.2 2.3 300 1.7ｘ1020 23.7 92.0 ± 37.9 

g 0.5 3:1 0.2 2.3 300 1.9ｘ1020 26.9 88.4 ± 30.5 

h 0.5 3:1 0.2 2.3 320 2.0ｘ1020 37.0 74.1 ± 26.0 

i 0.5 3:1 0.2 0.9 320 2.2ｘ1020 47.7 66.7 ± 23.8 
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3.3. Results and Discussion 

The electrical properties are shown in terms of the lateral grain size (left side of Fig. 

1), and in terms of the full-width at half-maximum (FWHM) of the w (002) rocking curve 

(right side of Fig. 1).  Interestingly, the mobility decreased monotonically from ~48 to 

~22 cm2/Vs with increasing the width of the (002) rocking curve, from 0.043 (2.5°) to 

0.179 radians (10.2°)(right side of Fig. 1), irrespective of the target composition. 

In order to investigate the correlations between the grain-boundary misorientation 

and carrier-transport mechanisms, the nanostructures of the TCO films were observed by 

cross-sectional TEM and plan-view SEM (Fig. 2).  As shown in Table І, sample b has a 

larger grain size than sample d, which is clearly visible in both the TEM and SEM images.  

Additionally, the TEM images show that the grain boundaries of sample b are more 

inclined and tilted to each other during the film growth, while the grain boundaries of 

sample d are more aligned and parallel to each other, which is consistent with the FWHM 

of w(002) rocking curve. 

This variation of the grain-growth mode with the seed-layer condition is caused by 

the different heterogeneous-nucleation aspects of the initial film formation, as previously 

reported by LG Electronics’ group [16].  Without a seed layer, the rough nucleation layer 

induced relatively tilted [001] grain growth, while the smooth seed layer was followed by 

the well-aligned[001] grains. 
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Fig. 3-1. Resistivity, mobility, and carrier concentration of ZnO:Al thin films, in terms of 

lateral grain size (left) and FWHM of ω (002) peak in x-ray diffraction rocking 

curve (right).  The various deposition conditions are listed in Table І. 
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Fig. 3-2.  Cross-sectional TEM images (upper) and plan-view SEM images (lower) 

forsample b (without a seed layer, left side) and sample d (with a seed layer, 

right side).  The statistical distribution of the tilt angle for the [001] vertical 

grains is obtained from the FWHM of ω (002) rocking curve (Figs. 1 and 3). 
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The FWHM of the w (002) rocking curve can be directly related to the 

carrier-transport mechanisms since the degree of angular misorientation among the 

columnar grains is well characterized by the (002) rocking curve.  A larger 

misorientation among the [001]-columnar grains creates more grain-boundary defects 

which act as intergrain carrier-transport barriers.  One simple way describingthe defects 

in a low-angle grain boundary is [17]: 

Db /=q ,                          (1) 

where is the angular misorientation across the boundary, b is the Burgers vector, 

and D is the spacing of the dislocations.  Therefore, the larger FWHM of the  (002) 

peak implies a larger defect density in a linear relationship. 

To clarify the carrier-transport mechanisms related to the grain-boundary 

misorientation more systematically, the grain-boundary energy barrier against carrier 

transport was estimated using Seto’s model [1]: 

÷
ø

ö
ç
è

æ
-=

kT

E

kTm

eL b
eff  

*
exp

2p
m

,                  (2) 

where μ eff, m
*, k, T, e, L, and Eb are the effective carrier mobility, effective mass 

of an electron, Boltzmann constant, temperature, the charge of an electron, grain size, and 

the energy barrier to carrier transport through the grain boundary, respectively.  Withthe 

lateral grain size from Table І, the relation between Eb and FWHM of the rocking curve 

exhibits a clear linear dependence, as shown in Fig. 3.From the linear relationship and the 

fact that dislocation density (1/D) is proportional to the misorientationangle θin a low-

angle grain boundary (θ<10°)  [17], it can be deduced that the carrier-transport 
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resistivity arises from the collisions of electrons with the line defects existing along the 

grain boundaries. 
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Fig. 3-3. Grain-boundary energy barriers (Eb) estimated as a function of the tilt angle for 

the [001] vertical grains from Seto’s model [1], by using the lateral grain size (L) from 

SEM 
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Fig. 3-4.  Schematic illustrations for ZnO:Al thin films, without and with seed layers. 
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3.4. Conclusion 

This study provides a comprehensive picture of how nanostructures, especially grain 

boundaries, influence the carrier-transport mechanisms. X-ray diffraction rocking curve 

was used to identify the angular misorientation across the grain boundary in sputter-

deposited ZnO:Al films.  The carrier mobility was controlled from 22 to 48 cm2/Vs with 

various seed layers, and the FWHM of the ω (002) peak was reduced from 0.179 

(10.2°) to 0.043 radians (2.5°).  The grain-boundary energy barrier was estimated by the 

grain-boundary-limited carrier-transport model, and found to exhibit a linear relationship 

in terms of the FWHM of  rocking curve.  High angular misorientation in a low-angle 

grain boundary has a high dislocation density, generating more electron collisions.  

Therefore, dislocations in the columnar grain boundaries of ZnO:Al thin films are thought 

to be the origin of the electron collisions during the carrier transport. 
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Chapter 4. 

*Nanoroughness Control of Al-doped ZnO for High 

Efficiency Si Thin Film Solar Cells 

 

4.1. Introduction 

Light management technologies for more light absorption has been aggresively 

adopted in Si thin film solar cells, and transparent conductive oxide (TCO) front contact 

has one of the most important roles amongt them [1-4].  Aluminium doped zinc oxide 

(ZnO:Al) is representative front TCO material and has been researched significantly for 

the Si thin film solar cells in our previous researches [5-10].  For the application of the 

front contact of Si thin-film solar cells, ZnO:Al film should have high optical 

transparency and high haze level throughout the wide optical spectrum from visible to 

near infrared (NIR) region, and also should have proper sheet resistance of ~10 Ω/¨ 

(depending on the module design).  In order to satify these requirements, carrier 

mobility of the ZnO:Al film should be improved as high as possible and surface 

morphology after wet-etching should have uniform craters with ~1~2 μm lateral size to 

scatter incident light into the absorbing Si layers [1,2,5-7].   

                                         

*The work presented in Chapter. 4 is being prepared for submission to at Sol. Energ. Mat. Sol. C. entitled, 

“Nanoroughness Control of Al-doped ZnO for High Efficiency Si Thin Film Solar Cells” 

Seung-Yoon Lee, Sangheon Lee, Woojin Lee, Taehyun Hwang , Soohyun Kim, Hyun Lee, Heon-Min Lee, 

and Byungwoo Park * 
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It has been proposed that the compactness of the deposited film is the key property 

of the ZnO:Al film to satisfy both the high carrier mobility and the proper etched surface 

morphology with large craters [11,12].  O. Kluth et.al. [11] showed that lower Ar 

pressure and higher temperture led to formation of more compact microstructure of the 

ZnO:Al films due to the longer mean free path and larger thermal energy of the incident 

adatoms, and hence resulted in both better conductivity and larger crater size.  J. Hüpkes 

et.al.[12] proposed that more compact film means it has less density of grain boundaries 

in which etching start, and resultingly causes less density of crater density and large crater 

size.   

Another role of the front TCO is that it is a substrate of over-grown Si absorption 

layers.  There has been several researches in which the pyramidal shaped rough surface 

could lead to crack-like defects in over-grownμc-Si layers which resulted in the 

deteriorated performance and stability of the Si thin film sola cell [13,14].  Wet-etched 

ZnO:Al film is known to be beneficial for such a point of view because it has generally 

crater-shaped surface morphology.   

In this article, process optimization of the ZnO:Al front TCO for the high efficiency 

Si thin film solar cell was described in terms of the roughness control of as-deposited 

films and wet-etched films.  At first, we assumed that more compact film formed by 

sputtering deposition has less surface roughness, and the surface roughness of the as-

deposited ZnO:Al films estimated by the spectroscopic ellipsometry was shown to be the 

easy but powerful tool to optimize the deposition condition for the best performance Si 

thin film solar cell. Secondly, wet-etching time was adjusted to form the U-shaped craters 
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on the surface of the ZnO:Al film without sharp etch-pits causing the crack-like defects in 

over-grown Si absorbing layers.  Even in ZnO:Al front TCOs, although it’s not as severe 

as in ZnO:B front TCO which had large pyramidal surface morphology, such occasional 

etch pits formed during wet chemical process were shown to have detrimental effects on 

the performance of the solar cells.  The a-Si:H/a-SiGe:H/μc-Si:H triple junction Si thin 

film solar cells grown on the optimized ZnO:Al front TCO with anti-reflection coatings 

showed higher than 14% initial efficiency. 

 

4.2. Experimental Procedure 

The ZnO:Al films were deposited on Corning 1737 glass by a RF magnetron 

sputtering system using ZnO:Al2O3 target having 0.5 wt. % Al2O3 in the deposition 

temperature of 200°C.Sputtering RF power and target-to-substrate distance were adjusted 

to obtain minimum resistivity and uniformity of the ZnO:Al film.  Ar pressure during 

deposition was varied from 0.7 mTorr to 1.9 mTorr, in which range the electrical 

resistance was minimized, while in higher pressure range resistivity increased.The 

electrical resistivity, mobility, and carrier concentration of the films were measured by a 

4-point probe and a Hall measurement system (HL5500PC: BIO-RAD). 

Thickness and surface roughness were estimated by a spectroscopic ellipsometry (J. 

A. Woollam M2000-U) with parameters following Tauc-Lorentz model [15].  The thin 

film structure was modeled as a surface roughness layer/ZnO:Al/glass stack as shown in 

inset of Fig. 4-1.  Surface roughness was considered as a virtual layer including 50%-

component of ZnO:Al and 50% void, and its optical constant was determined by the 
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Bruggeman effective medium approximation (EMA) [16].  In fact, all the modeling and 

fitting process was supported by the software named “VASE” provided by the J.A. 

Woollam Co., therefore the procedure was easy but powerful after set-up of appropriate 

model. 

To obtain a textured surface, wet etching was carried out with the mixture of 0.5% 

diluted hydrochloric (HCl) acquoues solution and oxalic acid (C2H2O4).  Etching time 

was varied to obtain high haze level.  The textured surface morphology was observed by 

scanning electron microscopy (SEM: JEOL JSM-6700F) and trasmission electron 

microscopy (TEM: Philips CM20T/STEM).  Transmittance (T%) was obtained in the 

range from 350 to 1100 nm by spectrophotometer (Cary 5000, Varian), and haze values 

were evaluated with the ratio of the diffused transmittance over the total integrated 

transmittance.  During the measure of transmittance, an index matching liquids, CH2I2, 

and cover glass were used to ensure that the diffuse transmittance induced by the textured 

TCO wouldn’t be neglected. 

The ZnO:Al films wereutilized as front TCO substrates for single-junction 

microcrystalline Si (μc-Si:H) thin film p–i-n solar cells and a-Si:H/a-SiGe:H/μc-Si:H 

triple-junction Si thin film solar cells prepared by plasma enhanced chemical vapor 

deposition (PECVD).  For the triple junction solar cells, anti-reflecting coatings (ARCs) 

were prepared between ZnO:Al and glass, and between etched ZnO:Al and Si PECVD 

layers to reduce reflection loss. Sputtered ZnO:Al/Ag/Al stack was used as a back 

reflecting electrode. Details of silicon deposition and cell preparation were described 
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elsewhere [5,17,18].  Light J-V characterization of the solar cells were carried out using 

a solar simulator (Wacom) at standard test conditions (AM1.5, 100 mW/cm2 at 25°С). 

 

4.3. Results and discussions 

As mentioned previously, the electrical mobility and the structural compactness of 

the as-deposited ZnO:Al film determines the optical transparency and light scattering 

surface texture after wet etching for high efficiency Si thin film solar cells [9,10].  

Figure 4-1 shows electrical conduction properties (upper) and surface roughness of the 

as-deposited ZnO:Al films estimated by spectroscopic ellipsometry (lower) in terms of 

the Ar pressure.  Resistivity, carrier density, and the carrier mobility kept similar in the 

pressure range from 0.7 mTorr to 1.9 mTorr.  Ar pressure higher than 5 mTorr led to 

increase of resistivity with decreased mobility and carrier density (not shown in this 

paper).  Although the electrical properties in the low pressure range changed little, 

surface roughness which might be thought to represent the structural compactness 

decreased as pressure decreased.  Therefore, it meant the more compact film was 

obtained as pressure decreased in this range.   

Figure 4-2 shows surface SEM images (upper) and its haze spectra (lower) of the 

wet-etched ZnO:Al films.  The ZnO:Al film deposited in the pressure of 1.9 mTorr 

shows relatively smaller surface crater feature size than those of 0.7 mTorr and 1.3 mTorr.  

The larger surface features of the 0.7 mTorr and 1.3 mTorr samples corresponded to 

higher haze levels than those of 1.9 mTorr sample.  The haze ratio at the wavelength of 

1000nm was higher than 30% which can result in very good light trapping performance 
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and hence high photocurrent level of Si thin film solar cells [2].  Also it corresponded 

with that lower surface roughness, that is to say, more compact as-deposited film structure 

led to larger surface morphology after wet-etching.  It can be accepted from this result 

that surface roughness of the as-deposited ZnO:Al should be lower than at least 10 nm by 

spectroscopic ellipsometry measurement to form a large surface texture after wet-etching 

for the good light trapping performance.   
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Fig. 4-1.  The resistivity, carrier concentration, and mobility of the as-deposited ZnO:Al 

films (upper) and surface roughness estimated by the spectroscopic ellipsometry (lower) 

in terms of the deposition pressure.  The inset of the lower graph represents the model 

for surface roughness estimation by spectroscopic ellipsometry. 
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Fig. 4-2. The scanning electron micrographs of the wet-etched ZnO:Al films deposited 

with different sputtering gas pressure (upper), and their haze spectra (lower). Etching 

time of all the ZnO:Al films was 480 s. 
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In order to optimize the ZnO:Al front TCO for Si thin film solar cell, wet etching 

time was adjusted.  Sheet resistance of the wet-etched ZnO:Al films are plotted in Fig. 

4-3(a), and optical transmittance and haze ratio spectra are shown in Fig. 4-3(b) and Fig. 

4-3(c).  The sheet resistance of the as-deposited film was ~3.2 Ω/¨ average and had 

quite uniform distribution.  As etching proceeded, sheet resistance increased and the 

distribution became larger, therefore the range of etching time we could apply for Si thin 

film solar cell was from around 360 s to 480 s in consideration of sheet resistance.  

Optically, transmittance trivially improved as etching time increased, but haze kept 

similar level from 360 s to 600 s, which means the surface morphology remained similar.  

Upper SEM images of the Fig. 4 shows the surface morphologies of the etched ZnO:Al 

films with different etching time.  The overall crater size is similar, which corresponds 

to the similar haze level.  However, interestingly, the films etched for 360 s and 480 s 

haveetch-pitswith ~100~200 nm lateral size,while the film etched for 600 s has few etch-

pits.  Lower images of the Fig. 4 show cross-section TEMof bottom ofan each crater in 

upper images.  The films with etching time of 360 s and 480 s have relatively small 

curvatured etch-pits or valley, and crack-like defects in overgrown microcrystalline Si 

(μc-Si:H) thin film is shown as indicated in the figures, while the film with etching time 

of 600 s has no such a defect.   

The reason why the etch pits are formed inside craters can be explained by the 

etching mechanism of sputter deposited polycrystalline ZnO films suggested by J. 

Hüpkes et.al. [19].  Because Zn-terminated (002) crystallographic planed surface 

appeared in sputter deposited compact ZnO film is not easily etched by acid, initial 
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etching process starts in grain boundaries (GBs) with high etch potential and proceed in 

vertical direction along with GBs.  After other plane surface rather than (002) plane are 

formed by such initial vertical etching, lateral component of etching would be added and 

widen the craters.  In this experiment, the etch-pits formation of the films with shorter 

etching time could be the result of initial vertically preferential etching direction, and 

lateral etching in longer etching time would make the etch-pits blunt and eventually 

disappear.   
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Fig. 4-3.  Sheet resistances of the wet-etched ZnO:Al films with different etching time 

(a), and optical transmittance and haze spectra of the films (b).  All the ZnO:Al films 

were deposited at the Ar pressure of 1.3 mTorr. 
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Fig. 4-4.  The scanning electron micrographs of the wet-etched ZnO:Al films with 

different etching time (upper), and transmission electron micrographs of the Si films 

grown on the wet-etched ZnO:Al films with the different etching time (lower).  The 

~200nm sized sharp etch-pits formed inside the crater surface are marked by yellow 

circles in upper micrographs, and the crack-like defects in the Si films caused by the etch-

pits are indicated by the arrows in the lower micrographs.  All the ZnO:Al films were 

deposited at the Ar pressure of 1.3 mTorr. 
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Figure 4-5 shows the performance of the μc-Si:H p-i-n single junction solar cell 

grown on the ZnO:Al substrate with etching time of 360 s, 480 s, and 600 s which are 

analyzed in previous paragraphs.  Voc, FF, and Jsc were improved, and resultingly 

conversion efficiency increased with etching time.  Improvement of the Jsc can be easily 

understood in terms of the increase of the transparency due to the thinner film thickness.  

The trend of Voc and FF can be explained by crack-like defects formation in the Si thin 

film due to the sharp etch-pits of the etched ZnO crater surface.  In LPCVD (low-

pressure chemical vapor deposition) deposited boron doped ZnO (ZnO:B) thin film based 

front TCOs for Si thin film solar cell, it has been shown that sharp valley of the pyramidal 

surface of the ZnO:B thin film leads to crack-like defects in the μc-Si layers which results 

in the deteriorated performance and stability of the Si thin film sola cell [11].  Although 

there has been few reports about this phenomenon in the etched ZnO:Al based front TCO, 

our etched ZnO:Al thin films have, interestingly, etch-pits which could have a role of 

sharp valley.  Frequency of the the etch-pits decreased with etching time as shown in Fig. 

4, and it clearly had to do with the improvement of the Voc and FF as shown in Fig. 5.  

In this point of view, etching process should be controlled to minimize such etch-pits, 

while excessively long etching time can result in too high and non-uniform sheet 

resistance.  Although the conversion efficiency was higher in 600 s etching time process, 

480 s etching time was used as reference process due to this reason.  In summary, as-

deposition thickness and etching process time should be optimized considering not only 

the optical transparency and sheet resistance, but also the viewpoint of the etch-pits 

formation. 
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Finally, a-Si:H/a-SiGe:H/μc-Si:H triple junction Si solar cells were formed on the 

ZnO:Al front TCOs with different Ar gas pressure.  To maximize the conversion 

efficiency, anti-reflection coating (ARC) layers were coated between glass and ZnO:Al, 

and between etched ZnO:Al and Si thin film solar cell stack.  The ZnO:Al films 

deposited in the Ar pressure 1.3 mTorr and 0.7 mTorr were choosed because the post-

etching haze level could be similarly maximized.  Deposition under very low pressure of 

0.7 mTorr often caused micro-arcing in our RF sputtering system, leading to a 

deterioration in the transparency of the ZnO:Al films. Therefore, to produce high 

performance TCO with both high transparency and compact structure, a two-step process 

in which a ZnO:Al layer of 800 nm thickness was prepared at the pressure of 1.0 mTorr 

and then 0.7 mTorr sputtering pressure was applied for the second step more compact 

film formation of around 500 nm thickness.  As shown in Fig. 6, higher than 14.0% 

conversion efficiency was achieved with the help of high Voc over 2.1 V and high total Jsc 

over 오류! 책갈피가 정의되어 있지 않습니다.by both 1.3 mTorr and 0.7 mTorr Ar 

pressure.  Ar pressure 0.7 mTorr processed TCO provided slightly higher conversion 

efficiency due to the overall slight improvement of the Voc, FF, and Jsc parameters.  It 

might be caused by the more compact ZnO:Al film formed with lower Ar pressure, which 

wasaccompanied by thereduced surface roughness of the as-deposited film as shown in 

Fig. 1.  It was remarkable that subtle conversion efficiency improvement of 0.3% could 

be expected by surface roughness reduction estimated by spectroscopic ellipsometry as 

ZnO:Al deposition pressure changed from 1.3 mTorr to 0.7 mTorr although the electrical 

and optical properties of those films were not much different.  
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Fig. 4-5.  Open circuit voltage (Voc), fill factor (FF), short circuit current density (Jsc), 

and conversion efficiency of the microcrystalline Si (μc-Si:H) solar cells formed on the 

ZnO:Al front TCOs with different wet-etching time.  All the ZnO:Al films were 

deposited at the Ar pressure of 1.3 mTorr. 
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Fig. 4-6.  Open circuit voltage (Voc), fill factor (FF), short circuit current density (Jsc), 

and conversion efficiency of the a-Si:H/a-SiGe:H/μc-Si:H triple junction Si solar cells 

formed on the ZnO:Al front TCOs with different Ar gas pressure.  Etching time of all 

the ZnO:Al films was 480 s. 
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4.4. Conclusion 

RF sputtering deposition and acidic solution based wet-etching process of the 

ZnO:Al thin film was optimized for high conversion efficiency of Si thin film solar cells.  

As more compact film deposition with reduced Ar pressure was known to be very 

important for high conversion efficiency, the surface roughness measured by 

spectroscopic ellipsometry was suggested as an easy but powerful estimation method of 

compactness of the sputter-deposited ZnO:Al film.  Next, etch-pits formed by wet-

etching was shown to have some deterioration effects on solar cell performance, and 

etching time should have been adjusted to minimize the etch-pits formation but limited by 

the sheet resistance.  Finally, higher than 14.0% conversion efficiency of the Si thin film 

solar cell could be obtained using this surface roughness controlled ZnO:Al front TCOs 

during deposition and etching process. 
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Chapter 5. 

Overall Summary 

 

Figure 5-1 gives graphical summary of this thesis to help comprehensive 

understanding.  Oxygen controlled seed layer adoption in dynamic DC sputtering 

deposition of ZnO:Al film was shown to result in high performance front TCO for high 

efficiency Si thin film solar cell.  It was shown that the seed layer formed the initial (002) 

texture in early deposition stage so that nearly perfect (002) preferred orientation with 

small angular distribution could be formed.  The meaning of “compact” film deposited 

by sputtering deposition must be the film with the very perfect (002) preferred orientation 

in c-axis.  The low angle grain boundaries belonging to the “compact” film or perfectly 

(002) preferred orientational film provided lower barrier against the carrier transport so 

that higher carrier mobility could be obtained.  The higher mobility led to higher light 

transparency of the front TCO film and hence higher current density of the solar cell.  In 

addition, the “compact” (002) preferred-orientation film had sparse etching starting points 

which is the grain boundaries with high etch potential, therefore uniform large craters 

with smooth inner surface could be obtained.  That surface morphology resulted in high 

haze level in long wavelength of red and NIR spectrum region, and led to little crack 

formation in Si growth.  The high haze characteristics helped quantum efficiency 

enhancement in long wavelength and total current density improvement in Si thin film 



116 Chapter 5. 

solar cells.  Little crack formation was related to higher Voc and FF compared with those 

of SnO2:F front TCO with pyramidal surface morphology.   

In chapter 4, process optimization of the ZnO:Al front TCO for the high efficiency Si 

thin film solar cell was described in terms of the roughness control of as-deposited films 

and wet-etched films. The surface roughness of the as-deposited ZnO:Al films estimated 

by the spectroscopic ellipsometry was shown to be the easy but powerful tool to optimize 

the deposition condition for the best performance Si thin film solar cell. Secondly, wet-

etching time was adjusted to form the U-shaped craters on the surface of the ZnO:Al film 

without sharp etch-pits causing the crack-like defects in over-grown Si absorbing layers.  

Even in ZnO:Al front TCOs, although it’s not as severe as in ZnO:B front TCO which 

had large pyramidal surface morphology, such occasional etch pits formed during wet 

chemical process were shown to have detrimental effects on the performance of the solar 

cells.  The a-Si:H/a-SiGe:H/μc-Si:H triple junction Si thin film solar cells grown on the 

optimized ZnO:Al front TCO with anti-reflection coatings showed higher than 14% initial 

efficiency. 
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Fig. 5-1.  Graphical summary of this thesis 
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Appendix 

*A. 1. Analysis of a-Si:H/TCO Contact Resistance 

for the Si Heterojunction Back-Contact Solar Cell 

 

A.1.1. Introduction 

Hydrogenated amorphous Si/crystalline Si (a-Si:H/c-Si) heterojunction is one of the 

powerful scheme to enhance the open-circuit voltage (Voc) and the conversion efficiency 

of the Si solar cell. Recently, a-Si:H heterojunction solar cell has shown very high 

efficiency potential over 24%, like Panasonic Corporation’s HIT (heterojunction with 

intrinsic thin layer) cell [1] even with practical-sized Czochralski-grown (CZ) wafer.  

The a-Si:H heterojunction back-contact (HBC) solar cell is hybridized concept using both 

heterojunction and  structure, which can take advantages from each cell, with high Voc 

from heterojunction and high Jscfrom no-front-shadowing back-contact structure [2].  

Even though several institutes have achieved some improvements [3-7], HBC cell is still 

far from its expected efficiency potential over 25%.  The main bottleneck for higher 

efficiency is usually lower fill factor (FF) and higher series resistance (Rs) [3-7], 

compared with the conventional Si solar cell with diffused emitter homojunction and 

metal-Si direct contacts.   

                                         

*The work presented in Appendix 1 was published atSol. Energ. Mat. Sol. C. 120, 412 (2014) entitled, 

“Analysis of a-Si:H/TCO Contact Resistancefor the Si Heterojunction Back-Contact Solar Cell” 

Seung-Yoon Lee, Hongsik Choi, Hongmei Li, Kwangsun Ji, Seunghoon Nam, Junghoon Choi, Seh-Won Ahn, Heon-Min 

Lee, and Byungwoo Park* 
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Considering the empirical relationship between Voc and FF, ideal FF should be 

higher in largerVoc cell [8].  However, usually a-Si:H/c-Si heterojunction cells have 

similar or less FF rather than conventional Si solar cells.  Therefore, it can be thought 

that FF loss by Rs is more significant in heterojunction cells than the conventional solar 

cells.  There have been several analytical and numericalresearchesonVoc and FF losses in 

various heterojunction solar cells: schottky barriers between p-a-Si:H emitter and contact 

(TCO or metal) [9,10], minority-carrier transport barrier by the rear intrinsic a-Si:Hbuffer 

layer [4], resistive losses [5], etc. However, quantitative analysis of resistance loss and its 

effect on FF in the actual solar cells were hardly everstudied, especially in terms of n-

type a-Si:H(n-a-Si:H) back-surface field (BSF) contact.  In this study, series resistive 

components in both a-Si:H/c-Si heterojunction  and BSF-contact of the HBC cell were 

analyzed and discussed.  As previously reported, microcrystalline Si (μc-Si) layer 

between and TCO was effective for enhancing the FF of the HBC cell [7], and the effect 

of inserted microcrystallin interface layer was confirmed in a quantitative manner.  

Furthermore, the contributions of Rs from both the emitter- and BSF-contact to the 

enhanced cell efficiency are quantitativly evaluated by considering the contact-area 

fraction, and finally, the FF loss by Rs in the HBC cell is also discussed. 
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A.1.2. Evaluation of resistance loss from the emitter and BSF unit 

devices  

A.1.2.1. Device fabrication and measurements  

In order to evaluate the emitter and BSF components of the HBC cell separately, 

each heterojunction vertical unit device was fabricated respectively, as shown in Fig. A-1.  

6-inch CZ n-type wafers (~2.5 Ω∙cm2) were used for all the device fabrications in this 

study.  After KOH-based saw-damage etching and RCA cleaning, emitter (i/p-a-Si:H 

stack) or BSF (i/n-a-Si:H stack) layers were both deposited by parallel-plate-type rf 

(13.56 MHz) plasma-enhanced chemical vapor deposition (PECVD) system.  The 

thickness of the intrinsic a-Si:H and doped a-Si:H layers were ~5nm and ~20nm 

respectively.  The TCO and metal layers were deposited by physical vapor deposition 

(PVD), and patterned into the 1 cm2 pad area.  Transparent-conducting oxide is usually 

widely adopted as a window-layer or transparent contacts of various solar cells [11-18].  

In the HBC cell fabricated in this research, TCO was used as a protective layer for thin a-

Si:H layers against metal PVD process, and it can enhance optical reflectivity of the rear 

metal and resulting photocurrent.  The samples with p- and n-μc-Si layers in each 

emitter/TCO or BSF/TCO interface were also fabricated.  Thin chemical oxide was 

formed in backsides to obtain ohmic-contact for lowly doped c-Si, and back metal-layer 

was also deposited by PVD.  We found that the very thin chemical oxide was very 

helpful to obtain good ohmic contact between lowly doped n-c-Si and metal.  
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Fig. A-1. Schematic figures of the Si heterojunction back contact (HBC)cell, and the unit 

devices used for contact measurements. 
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The resistances of the unit devices were measured by Agilent B1500A semiconductor 

device analyzer.  The total measured resistance of a unit device includes all the film’s 

series and contact resistances throughout the five layers.  Therefore, in order to measure 

the aimed emitter (or BSF) and its contact resistance with TCO and Si, other peripheral 

test devices were evaluated by a preliminary analysis, as shown in Table A-I and Fig. A-2.  

The resistivities of the p- and n-type a-Si:H films were evaluated by I-V measurement 

with co-planar contact geometry [19], and metal/TCO contact resistivity was obtained by 

co-planar transfer length method (TLM) device [20], as shown in Figs. 2(a) and (b).  

The back metal/c-Si contact was evaluated by the vertical test device, as shown in Fig. 

2(c).  Eventually, as shown in the bottom part of Fig. 1, peripheral resistance including 

Si wafer (c-Si) and c-Si/back-metal contact was only 0.05 Ω∙cm2.  Therefore, emitter- 

(or BSF-) contact resistance value was obtained by subtracting the peripheral resistance 

of 0.05 Ω∙cm2 from the total device resistance.  Strictly speaking, the evaluated emitter- 

(or BSF-) contact resistance includes not only emitter/TCO (or BSF/TCO) contact 

resistance, but also that of emitter/c-Si (or BSF/c-Si) junction including a-Si:H film, as 

shown in Fig. 1.  The combined resistance itself is still very meaningful, in that it 

provides us a quantitative criterion of the path to improvement in the heterojunction solar-

cell performance.  Since the pad area of the devices is unity (1 cm2), the evaluated series 

resistance is expressed as emitter- (or BSF-) contact resistance per unit area, as Ω∙cm2. 

Since the emitter device is p-n diode, I-V curve is fitted by an ideal diode model [21]: 
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,where I, V, I0, Rs, and Rsh are the current, voltage, reverse saturation current, series 

resistance, and shunt resistance, respectively.  Figure 3 shows I-V curve of the p-a-Si:H 

emitter device, with the fitting based on Eq. (1) for the systematic Rs values.  As shown 

in Fig. 1, the Rs resistance includes a-Si:H/TCO contact resistance, a-Si/c-Si junction 

resistance, and a-Si:H film’s resistance.  Since a-Si:H layers are very thin (<20nm), the 

resistance of thin layer itself is quite small:less than 0.001 Ω∙cm2 for n-a-Si:HBSF and 

less than 0.1 Ω∙cm2 for p-a-Si:H emitter. 
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Table A-I.  Resistive components of the HBC cell measured by co-planar devices. 

 

Components 
Resistivity of the 

Components 

Vertical Resistance 

in Unit Area (1cm2) 

n-c-Si (~180 μm) 2.7Ω∙cm 0.05Ω∙cm2 

Emitter(~20 nm) 5.0 × 104Ω∙cm 0.10Ω∙cm2 

BSF (~13 nm) 3.9 × 102Ω∙cm 0.00Ω∙cm2 

TCO (~80 nm) 1.4 × 10-4Ω∙cm 0.00 Ω∙cm2 

TCO/Metal Contact ~4.0 × 10-4Ω∙cm2 0.00 Ω∙cm2 

Metal (~500 nm) 2.0 × 10-6Ω∙cm 0.00 Ω∙cm2 
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Fig. A-2.  (a) Schematic figure of the test device for the measurement of TCO/metal 

contact resistance by transfer-length method (TLM), and (b) the measured 

results.  (c) Schematic figure of the test device for measuring the n-c-

Si/back-metal contact resistance including estimated resistance values.  

(a) 

(b) 

(c) 
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Fig. A-3.  An example of measured (dots) and fitted (lines) I-V curve of the emitter unit 

device.  The inset is plotted in log-scaled current. 
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A.1.2.2. Resistance of emitter and BSF unit devices 

The I-V curves of emitter and BSF devices (Fig. A-4) are used to obtain the device 

resistances, and they are listed in Table A-II.  The emitter-contact resistance was 

evaluated to be 0.38 Ω∙cm2 and 0.49 Ω∙cm2 in the samples with and without μc-Si 

interface, while those of the BSF-contact devices were found to be 0.37 Ω∙cm2 and 0.10 

Ω∙cm2, respectively.  Without μc-Si interface layer, the emitter- and BSF-contacts have 

similar resistances, which is remarkable because it is generally accepted that FF loss of 

heterojunction cell mainly results from the p-a-Si:H/TCO Schottky-like contact.However, 

in this study, we found that Rs lossesare similar in both the emitter- and BSF-contact in 

HIT cell with the equivalent emitter and BSF areas.  The BSF-contact is more 

responsible for Rs loss in the HBC cell in which the BSF-contact usually takes smaller 

fraction in area than the emitter-contact.  As shown in Table II, the BSF-contact area 

amounts to 15%, and that of emitter-contact does to 70% in the current LG 

Electronics’HBC cell using 6-inch CZ n-type wafer.  Therefore, in the HBC cell, the 

Rscontribution is more noticeablefrom the BSF-contact than the emitter-contacts with 

resistance values of 2.47 Ω∙cm2 and 0.54 Ω∙cm2, respectively (without μc-Si interface 

layer). 

It is known that doped μc-Si layer is to reduce the contact resistance of a-Si:H/TCO 

contacts [7].  The BSF-contact resistance with μc-Si interface layer decreased from to 

0.10 Ω∙cm2, as expected.  However, unexpectedly, the emitter-contact resistance 

increased from 0.38 Ω∙cm2 to 0.49 Ω∙cm2.  As previously mentioned, the emitter-contact 

resistance in this study includes not only emitter/TCO contact but also p-a-Si:H layer 
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itself and emitter/n-c-Si junction.  Therefore, one possibility of Rs increase by μc-Si 

interface is that the emitter or emitter/n-c-Si junction may be influenced by severe 

hydrogen-dilution processes for the p-μc-Si deposition.  Once again, by considering the 

BSF area of 15% in the HBC cell, the Rs contribution is 0.67 Ω∙cm2 with μc-Si interface 

layer (Table A-II), which is a drastically-reduced value compared to that without μc-Si 

interface (2.47 Ω∙cm2). 
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Fig. A-4. I-V measurement curves of (a) emitter device and (b) BSF device, with and 

without p-(n-)-μc-Si interface layer between a-Si:H and TCO.  
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Table A-II.  Emitter- or BSF-contact resistance and Rs contribution with the 

consideration of contact-area fraction in the Si HBC unit devices. 

 

Vertical Resistive Components 

(Pad Area: 1 cm2) 

Resistance of 
Unit Area 

(Ω∙cm2) 

Contact-Area 

Fraction in HBC 
Cell 

Cell-Rs 
Contribution 

(Ω∙cm2) 

Emitter-Contact1) without mc-
Si 

0.38 

70% 

0.54 

Emitter-Contact with mc-Si 0.49 0.70 

BSF-Contact2) without mc-Si 0.37 
15% 

2.47 

BSF-Contact with mc-Si 0.10 0.67 

 
1)Remitter-contact = Remitter + Remitter/TCO + Remitter/c-Si 
2)RBSF-contact = RBSF + RBSF/TCO + RBSF/c-Si 
 

 

  

∆ = 1.80 Ω∙cm2 
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A.1.3. Resistance loss in HBC cell for the correlation between FF 

and Rs 

A.1.3.1. HBC cell fabrication and measurements 

For the HBC solar cells, identical 6-inch n-type wafers used in unit devices were 

also utilized.  Figure A-1 shows a schematic structure of the actual HBC cell in this 

study. Front side of the HBC cell was textured for efficient light trapping, and was 

comprised of front-surface field (FSF) and anti-reflection coating (ARC) layer.  Back-

side of the cell had flat surface, and was comprised of interdigitating emitter and BSF 

regions with proper gap.  The TCO and metal seed layer were deposited by PVD, and 

the thickness of electrode was controlled by Cu electroplating.  The screen-printing and 

etching steps were carried out during the patterning processes.  The I-V characteristics 

were obtained under ! 책갈피가 어 지 않습니다. illumination (1000 

W/m2).  In the unit-device resistance measurements, n-μc-Si insertion between BSF and 

TCO was expected to be very effective for reducing the Rs of the HBC cell.  Therefore, 

the HBC solar cells without and with μc-Si interface were fabricated, and the effect was 

investigated. 

 

A.1.3.2. Confirmation of the resistance loss by HBC cell at AM 1.5 

Based on the light I-V curves and the characteristic parameters of the actual HBC 

cells, with and without n-μc-Si layer in the BSF region (Fig. 5), the major difference is 

the Rs and FF of the cells, as expected. The cell without n-μc-Si layer exhibited large 
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Rsvalue of 3.32 Ω∙cm2 , low FF of 70.4% with the resulting efficiency of 18.7%.  

However, the cell with n-μc-Si showed Rs of 1.55 Ω∙cm2, FF of 76.4% with 20.5% 

efficiency.  The Jsc of both cells were of similar values (37.5 - 37.7 mA/cm2), whereas 

the Voc slightly increased from 0.702 to 0.716 V.  Interestingly, the insertion of n-μc-Si 

to the actual cell (Fig. A-5) leads to the difference in Rs value (1.77 Ω∙cm2) which is 

almost the same as the estimated difference in Rs (1.80 Ω∙cm2) by the unit-device 

measurements (Table A-II).  This confirms that the methodology used to evaluate the 

resistance of the emitter- and BSF-contact unit-cell measurements is appropriate for the 

prediction of Rs change in the HBC solar cell. 
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Fig. A-5.  I-V measurement curves and parameters of HBC cells with and without n-μc-

Si interface layer between the BSF and TCO contact. 
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A.1.3.3. Discussion on the FF loss by Rs 

By the analytical model described in Ref. [8], FF is affected by Rs in a linear 

relationship: 

)
/

1(0

scoc

s
s

IV

R
FFFF -=

,            (2) 

,where FFs is the fill factor affected by series resistance, FF0 denotes the ideal fill factor 

which is not affected by series resistance.  In Fig. A-6, straight linesare plotted based on 

Eq. (2), and the FF and Rs of the actual cells are marked.  From the theoretical FF-Rs 

relationship in the case of Voc = 0.70 V, the FF improvement was predicted to be 8.2% 

with the Rs difference of 1.77Ω∙cm2 (Fig. A-5) with and without μc-Si interface layer in 

the BSF region, while the actual FF improvement was 6.0%, which is quite close to the 

predicted one.Therefore, we were able to roughly estimate the FF change from the Rs 

change obtainedby the unit-device measurements developed in this study.  Obviously, 

other parameters affecting FF, such as Voc, Rsh, and diode ideality factor [8], should also 

be thoroughly considered. 

Still, the HBC cell has much more room to further improve the higher  efficiency.  

The fact that ~75% of total resistance of the cell with 20.5% efficiency (1.55 Ω∙cm2) 

comes from the emitter- and BSF-contact resistances (1.21 Ω∙cm2) indicates that the 

optimization of a-Si:H and μc-Si deposition processes can further reduce the total 

resistance, hence, enhance the performance of HBC-cell.  The evaluation method used in 

this study will be very helpful to confirm the effects of any newly-developed processes.  

Furthermore, interdigitating emitter- and BSF-contact pitch shall be reduced to further 
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improve the FF [2,22], and both the width of the gap and BSF region should be optimized 

to increase Jsc [2,4].  Novel patterning methods need to be developed to obtain more 

refined emitter-gap-BSF dimensions.  
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Fig. A-6. Theoretical relationship between Rs and FF (line), and the cell results (dots) 

with and without n-μc-Si cases.  At AM 1.5 condition, FF is almost 

proportional to Rs, and FF change can be predicted from the Rs difference. 
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A.1.4. Conclusions 

The emitter- and BSF-contact resistances of the HBC cell were separately evaluated 

by the unit devices and peripheral measurements.  It was shown that the values of 

emitter- and BSF-contact resistances were 0.38 and 0.37 Ω∙cm2, respectively, and the Rs 

contributions to the resulting HBC cell’s by considering contact-area fraction were 

estimated to be 0.54 Ω∙cm2 and 2.47 Ω∙cm2, respectively.  That is to say, Rs in the HBC 

cell has more to do with the BSF-contact than the emitter-contact.  By the insertion of n-

μc-Si between a-Si:H BSF and TCO, the resistance of the BSF-contact in the unit device 

was reduced to 0.10 Ω∙cm2, and accordingly the cell-Rs contribution dropped to 0.67 

Ω∙cm2.  The difference of 1.80 Ω∙cm2 in Rs contribution estimated by the BSF-contact 

unit devices by the insertion of n-μc-Si was similar to the actual Rschange of 1.77 Ω∙cm2 

in HBC cells.  Finally, it is shown that the FF change of the HBC solar cell can be 

generally predicted by the Rs change.  The efficiency of the resulting HBC cell with n-

μc-Si was 20.5% with 76.4% FF, which increased from efficiency with 70.4% FF having 

no n-μc-Si interface layer in the BSF region.  In the future research, emitter- and BSF-

contact resistance should be further reduced, and the evaluation method used in this study 

will be helpful to predict the improvements prior to the application into the actual HBC 

solar cell.  
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문  

Si 막 태양 지  가  치  문 는 해  PECVD 착 

실리  막  낮  수 계수  짧  캐리어 산 거리  해 변   

낮다는 것 다. 러한 약  극복하  해 실리  층에  많   

수하도  하는 포집 (Light Trapping) 술  실리  막태양 지에 

극  어 ,  도  산 물  극  그  가  

한   하나 다. 본 학 문에 는, 고  실리  막태양 지  

실 하  한 알루미늄-도핑  아연 산 물 막  나   어에 

하여 심도 게 연 하 다.   

우  1 에 는 본 연  개 , 실리  막태양 지  개  

신  포집 술  개하 , 알루미늄 도핑  산 아연  도  

막  착  식각 공 , 그리고 하 도 커니  리뷰  공한다. 

도  막  능  지 하는 가  주 한 특  막  치 과 

하 동 (carrier mobility)  시 , 는 본 학 문 에 걸친 

주 한 시지 다. 

다  2   3 에 는 향후 생산 공 에   해, 

산 가스  어하여 착한 시드층  하 ,  산 아연 

도  막  나    특 에 주는 향  사하 다. 

생산  사 개  다 나믹 직 원 마그 트  스  (Dynamic 
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DC-magnetron sputter)에 한 산 아연 착시 산  어한 시드층  

통해 300도  상  낮  도에  향상  하 동   실리  

막태양 지에 합한 에칭후 상  보가능하 다. X-   

결과 (002)-결 립  각 포 (angular distribution) 감 가 하 동  

향상  주  원 , 벽한 (002)-결 립 c-  향  막  

보하는 것  습식에칭  통한 스쳐링 공 시 실리  막태양 지  

고 에 리한  양  상  얻는  매우 하다는 사실  

하 다. 마지막  seed층  하여 한 산 아연 극 

극  통해 26 mA/cm2 상  마 크 결 질 실리  태양 지 

 보하 , 는 질/마 크 결 질 실리  층태양 지  

하 시 13% 상   포   나타낸다. 3 에 는 결  

계에 한 하 동  지 (grain boundary limited carrier transport 

model)  통해, 본 실험에  (002) 결 립 각 포에  하 동  

변   한다. 

4 에 는 착  산 아연 막과 에칭후 막  거칠  

어하는 것  태양 지 고  한  과 에  매우 한 

 수  보 다. 타원 (spectroscopic ellipsometry)  통해 

 산 아연 막  거칠   쉽게 착 건   할 

수 , 실리  막에 결함  키지 않도  에칭 가 재하지 

않는 매끄러운   상  보하  해 에칭 시간  해야 
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한다. 게  산 아연 극에 사 지막  한 후 질 

실리  / 질 실리 게 마늄 / 마 크 결 질 실리  삼 합 

태양 지  층한 결과 14% 상   보할 수 었다. 

주 어: 막태양 지,  산 물 극, 알루미늄 도핑  산  아연 

막, 스 링 착, 습식에칭, 하  

학  : 2011-3093
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