
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


  
 

공학박사 학위논문 

 

 
Designing Transparent Electrodes Materials 

Toward Broadband Light Trapping 

 

 

광대역 광포획을 위한 투명 전극 물질 개발 
 
 
 

 

 

 

2015년 8월 

 
 

서울대학교 대학원 

재료공학부 

이 우 진 
  



 

 

Designing Transparent Electrodes Materials 

Toward Broadband Light Trapping 

광대역 광포획을 위한 투명 전극 물질 개발 
 
 
 

지도교수 박 병 우 
 

이 논문을 공학박사 학위논문으로 제출함. 

2015년 4월 

 
서울대학교 대학원 

재료공학부 

이 우 진 

 
이우진의 공학박사 학위논문을 인준함. 

 
2015년 6월 

 
 

위 원 장        유 상 임     (인) 

부위원장        박 병 우     (인) 

위    원        남 기 태     (인) 

위    원        신 병 하     (인) 

     위    원        문 태 호     (인) 

 



  i  Abstract 

Abstract 

Transparent conducting oxides (TCOs) have been used for various 

optoelectronic applications, such as flat-panel displays and thin-film solar cells.  

Especially for a-Si thin-films solar cells, light-scattering capability of TCOs via 

surface texturing is one of the most important characteristics due to effective 

scattering enhances power-conversion efficiency.  Among various TCOs, ZnO:Al 

has received strong attention because of its larger feature size by wet-chemical 

etching.  Basically, textured morphology by wet etching depends on the 

nanostructure of TCOs due to the anisotropy of etching rates.  However, 

nanostructural control of TCOs in mass manufacturing is pretty limited with 

consideration of electrical conductivity and high throughput.  Therefore, surface 

texturing by simple etching for the given TCO nanostructures offers a great merit 

for the strategy of TCO development. 

In this thesis, the novel etching system by organic acid for the surface-textured 

ZnO:Al films is investigated.  The Chap. 1 describes the general scientific context 

and the research field in which this thesis is included.  First, a brief overview of 

the photovoltaic technologies and the current issues of the Si thin-film solar cells.  

Second, the TCOs are introduced and their use as a front electrode in Si thin-film 

solar cells is explained.  Finally, the motivation and objectives of this work are 

summarized. 



  ii  Abstract 

In Chap. 2, an organic acid for the surface texturing of ZnO:Al is introduced 

as an alternative to conventional HCl.  The texturing behavior by oxalic acid is 

investigated in terms of vertical roughness, lateral correlation length, and thickness 

change according to the crater evolution.  Etching with oxalic acid results in 

superior light-scattering performance (by ~8% increase at λ = 1000 nm) with 

maintaining transparency and resistance, compared to etching with HCl.  This 

fascinating behavior is understood by crater evolution with the difference in relative 

etching rates.  Significantly, this simple and reproducible texturing tactic extends 

tunability for desirable TCO morphology, enabling efficient light trapping, and 

therefore appears potentially applicable for large-scale photovoltaic devices in 

industry.  Lastly, all results and conclusion of the thesis are summarized in Chap. 

3. 
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Chapter 1. Overview 

 

1.1. General Introduction to Solar Cells 

1.1.1. Basic operation principle of the Solar Cells 

Solar energy is the most promising candidate for renewable energy resources.  

The biggest advantage over the conventional power generation systems is that the 

sunlight can be directly converted into solar energy with the help of solar cells.  

This type of electrical energy generation is cost-effective, non-toxic, and follows 

green approach.  The basic operation principle of the solar cells is shown in Fig. 

1-1.  Each cell consists of two different semiconductor layers i.e. p-type material 

and n-type material, and electron-hole pairs will be generated when the incident 

photon has an energy greater than the band gap of this combination of materials.  

In the second step, the generated carriers are separated by the electric field existing 

at the p-n junction, and the final step is the collection of the light-generated carriers 

flow through the external circuit. 

Figure 1-2 shows the photocurrent-voltage characteristics of a typical solar cell 

in the dark and light illuminated condition.  The short-circuit current density (Jsc) 

is the current through the solar cell when voltage across the solar cell is zero.  The 

open-circuit voltage (Voc) is defined as the maximum voltage available from the 

solar cell and this occurs at zero.  The maximum power point (Pmax) is the 
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condition under which the solar cell generates its maximum power; the current and 

voltage in this condition are defined as Jmax and Vmax, respectively.  The fill factor 

(FF) and the power conversion efficiency (η) are factors used to characterize the 

performance of the solar cell.  The fill factor is defined as the ratio of Pmax divided 

by the product of Jsc and Voc.  The conversion efficiency is determined as the 

fraction of incident power which is converted to electricity and is defined as: 

Pmax = Voc Jsc FF 

 

 

The Voc is limited by bandgap energy, cannot exceed Egap/q, and it has lower values 

than bandgap energy because of the charge recombination.  At the Voc, all the 

photo-carriers recombine within the solar cell diode.  In case of the cell with the 

minimized recombination characteristics, the Voc can be more closely approach the 

limit value (Egap/q).  In ideal case, p-n junction solar cell follows diode 

characteristics.  However, the presence of series resistance and parallel resistance, 

fill factor exhibits lower value than ideal case.  The series resistance comes from 

transport resistance, contact resistance, and so on.  And the parallel (or shunt) 

resistance is related with unwanted recombination.  To achieve highly efficient 

solar cell, the series resistance must be minimized, and the parallel resistance must 

be maximized.  Figure 1-3 shows effect of the resistance parameter on the I-V 

Pin 

Voc Jsc FF 
ƞ = 
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characteristics of solar cells. 

Figure 1-1 also shows a loss mechanisms that limit the efficiency of in p-n 

junction solar cells.  The two most significant loss mechanisms in single bandgap 

cells are the inability to absorb photons with energy less than the bandgap (process 

1), and lattice thermalisation of photon energy exceeding the bandgap (process 2).  

Shockley and Queisser demonstrated that the one-Sun efficiency limit for a 

single-material cell is around 31% with and optimal band gap of 1.3 eV [1].  This 

assumes that the unavoidable losses from the device are the emission of photons 

produced by radiative recombination, and includes voltage drops across the contacts 

and junction, denoted by process 3 and 4.  Process 5 shows the recombination of 

electron-hole pairs, and this loss process can be minimized through maintaining 

long minority carrier lifetimes in the semiconductor materials.  
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Fig. 1-1. (Color) Schematic drawing of photovoltaic process and loss process in 

p-n junction solar cell: (1) non absorption of below bandgap photons, (2) 

lattice thermalization loss, (3) junction loss, (4) contact voltage loss, (5) 

recombination loss.  From Ref. [2]. 
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Fig. 1-2. (Color) Photocurrent-voltage characteristics of a typical solar cell in the 

dark and light illuminated condition.  
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Fig. 1-3. (Color) The effect of series (a) and parallel resistance (b).  The outer 

curve in each case represents Rs = 0 and Rsh = ∞, From Ref. [3].  

 

  

(a) (b)
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1.1.2. Classification of Solar Cells 

The solar cells could be divided into two parts, organic and non-organic solar 

cells, by the type of active materials as shown in Fig. 1-4.  The organic types have 

polymer solar cell, dye-sensitized solar cell (DSSCs), and perovskite solar cells 

which is taking advantages of manufacturing costs and applicability to flexible 

substrates.  However, these types of solar cells show lower power conversion 

efficiency and compare to other types. 

Non-organic types could be classified by silicon and compound semiconductor 

solar cells.  Silicon is one of the most abundant elements in the earth’s crust and it 

has a suitable energy band gap of 1.1 eV for photovoltaic applications.  Silicon 

solar cells are categorized as their crystallinity and also divided into bulk types or 

thin film types by their thickness.  Crystalline silicon is the material most 

commonly used in the photovoltaic (PV) industry, and wafer-based c-Si solar cells 

and modules dominate the current solar market.   Multi-crystalline silicon cells 

have a more disordered atomic structure that leads to lower efficiencies.  However, 

they are less expensive and more resistant to degradation due to irradiation.  

Amorphous silicon solar cell is the most developed and widely known for thin-film 

solar cells.  It can be deposited on cheap and very large substrates based on 

continuous deposition techniques, thus considerably reduce the manufacturing 

costs.  The main disadvantage of this type of solar cells is that they suffer from a 
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significant reduction in power output over time (35% to 15%), as the sun degrades 

their performance [4].  A notable variant of amorphous Si thin-film solar cells is 

the multi-junction thin film silicon (a-Si/μ-Si) which consist of a-Si cell with 

additional layer of a-Si and micro-crystalline silicon (μc-Si) applied onto the 

substrate.  The advantage of the μc-Si layer is that it absorb more light from the 

red and near infrared part of the light spectrum, thus increases the efficiency by up 

to 10%.  The thickness of the μc-Si layer is approximately 3 μm and makes the 

cells thicker and more stable. 

The other part of thin film solar cell is the compound semiconductor solar cells.  

CdTe cells are a type of II-VI semiconductor thin film that has a relatively simple 

production process, which allows the lower production costs.  Thus, CdTe the 

technology has achieved the highest production level of all the thin film 

technologies.  Cu-In-Se (CIS) and Copper-Indium-Gallium-Diselenide (CIGS) 

cells offer the highest efficiencies of all thin-film PV technologies.  Current 

module efficiencies of compound semiconductor solar cells up to 23.3% have been 

achieved, close to that of c-Si cells (Fig. 1-5).  However, these compound 

semiconductor materials are toxic and less abundant than silicon. 
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Fig. 1-4. (Color)  Solar cells classification: silicon type, compound semiconductor 

type, and organics. 
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Fig. 1-5. (Color) Best research-cell efficiency from National Renewable Energy 

Laboratory (NREL).  From Ref. [5].  
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1.2. Si Thin-Film Solar Cells. 

1.2.1. Introduction of Si Thin Film Solar Cells. 

There are two types of Si thin-film solar cell structures: the amorphous Si (a-

Si) single-junction structure and the multi-junction (double- and triple-junction).  

Amorphous Si single-junction solar cells basically are comprised of a glass 

substrate, a transparent conducting oxide (TCO) layer with a p-i-n structure, and a 

backside reflection layer, and an electrode.  The conversion efficiencies of the 

above a-Si solar cells are 9-10% for small-area and large-area single-junction cells, 

respectively.  To apply a-Si solar cells to residential PV systems, a higher module 

conversion efficiency (at least 10%) is required.  With the aim of developing high-

efficiency devices, the focus of development has been shifting to a-Si/μc-Si 

double-junction or a-Si/μc-Si-based triple-junction solar cells. 

Figure 1-6 shows the technological developments necessary to achieve 

triple-junction  solar cells.  In order to achieve the goals of both increased 

conversion efficiency and reduced manufacturing costs simultaneously, material 

development and performance improvement are required [6-10].   
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Fig. 1-6. (Color) Current issues in development of triple-junction Si thin film 

solar cells. 
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1.2.2. Light Management Technology in Si Thin-Film Solar 

Cells. 

Light management is one of the key issues for improving the performance of 

Si thin film solar cells and decreasing the production costs by shortening deposition 

times and using less material.  In particular, light management can be divided into 

two parts; (i) efficient trapping and enhanced absorption of incident light inside 

absorber layers and (ii) minimization of reflection losses at the front interfaces and 

absorption losses in the solar cell outside the absorber layers (Fig. 1-7). 

For the efficient light utilization, front TCO plays an important role in light 

trapping by transmitting and scattering light into the absorber layer.  TCO layers 

are required to have a high conductivity of 1  104 S/cm and a high transmittance 

at long wavelengths, and an appropriately textured surface.  Low resistivity is 

necessary to increase the collection efficiency at long-wavelength light.  Because 

the transmittance at long wavelengths depends on the amount of photons absorbed 

by free carriers, the development of TCO materials with low carrier concentrations 

and high carrier mobility is desired.  Surface texturing is crucial for confining light.  

However, an excessively textured surface causes cracks to develop from the 

concave base during the deposition of a-Si thin film, decreasing the open voltage 

and fill factor. 

Minimization of reflection and absorption losses outside the absorber layers 
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relates to the implementation of properly designed anti-reflecting layers and 

reduction of optical losses in the supporting layers, such as contacts and p- and n-

doped layers in p-i-n devices (Fig. 1-8).  To decrease optical losses in doped layers 

a continuous attention is paid to the development the wide band gap doped 

semiconductors based on a-Si:H and μc-Si:H such as hydrogenated 

amorphous/microcrystalline silicon carbide (a-SiC:H/μc-SiC:H) and hydrogenated 

amorphous/microcrystalline silicon oxide (a-SiO:H/μc-SiO:H) [11-13]. 

In order to suppress the reflection by the TCO/Si interface, anti-reflecting (AR) 

layer are also incorporated.  An effective way to control the AR effect directly is 

by inserting a transparent material with higher refractive index than SnO2 or ZnO, 

such as TiO2 or Ta2O5 [10].  When applying such materials to the TCO/Si interface 

in thin film Si solar cells, one must consider not only their refractive indices but 

also their conductivity (i.e., the series resistance of the interface) and durability to 

reductive plasmas. 

For effective light trapping, a highly reflective back contact (BR) is necessary 

when the average photon is reflected many times at the back side of the solar cell.  

To satisfy this optical condition together with sufficient electrical conductivity of 

the back contact, aluminum and silver are commonly used materials as metal back 

reflectors [14].  Often aluminum is preferred in an industrial module production 

due to its lower price and better adhesion properties. 
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Fig. 1-7. (Color) Schematic sketch of the cross section of a Si thin film solar cell.  

The arrows representing incoming and scattered light.  From Ref. [15]. 
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Fig. 1-8. (Color) Optical losses by non-absorber layer in Si thin film solar cells.  

From Ref. [16]. 
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1.3. Overview of Transparent Conducting Oxide in Si Thin Film 

Solar Cells. 

The efficiency of a superstrate-type Si thin-film solar cell strongly depends on 

the quality of the textured TCO layer uses for the front electrode material.  To 

improve the cell efficiency, it is necessary to prepare a TCO layer with following 

two conditions; strong scattering of the incoming light into the silicon absorber 

layer and favorable physico-chemical properties for the growth of the silicon.  For 

instance, the TCO has to be inert to hydrogen-rich plasmas or act as a good 

nucleation layer for growth of nanocrystalline material. 

For all silicon thin-film solar cells, scattering at interfaces between 

neighboring layers with different refractive indices and subsequent trapping of the 

incident light within the silicon absorber layers is crucial to gain a high efficiency.  

However, absorption coefficients of silicon (about 1.8 eV for standard a-Si:H and 

1.1 eV for μc-Si:H, [17]) are quite lower than that of the other absorber materials 

(as shown in Fig. 1-9).  As a result, in a thin film of not more than several microns 

thickness incoming light will not be completely absorbed during one single pass.  

On the other hand, to minimize process time and reduce light-induced degradation 

of amorphous Si, the absorber layer thickness should be as thin as possible.  Hence, 

for all absorber materials optical absorption inside the silicon layers has to be 

enhanced by increasing the optical path of solar radiation. 
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 Figure 1-10 show that the enhanced performance by surface-textured ZnO 

layer.  When the rough ZnO film is used as a front layer, light-trapping lengthens 

the traveling path of photon in the cells such that the absorption ability of the solar 

cells can be effectively increased.  Thus, the resultant quantum efficiency of the 

cells also increased in the case of using textured ZnO films. 
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Fig. 1-9. (Color) Absorption coefficient of the different absorber layers in solar 

cells  From Ref. [17] 
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Fig. 1-10. (Color) (a) Absorbance of a smooth (solid line) and textured ZnO layer 

(dashed line) as a function of wavelength.  From Ref. [17]  (b) 

Quantum efficiency of two identically deposited p-i-n cells on smooth 

and etch-textured ZnO.  From Ref. [18]. 

  

(a) 

(b) 
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1.3.1. The Factors determining Textured Morphology 

As aforementioned, a textured TCO plays an important role in the effective 

light trapping by transmitting and scattering light into the Si absorber layers.  

Among the TCOs, the sputtered ZnO:Al films is the representative of front layer in 

Si thin film solar cell, due to the easy formation of textured morphology and good 

electrical conductivity [19].  In general, such an adapted surface texture can be 

obtained by control of sputtering deposition parameters and post wet-chemical 

etching step in diluted acids or bases.  There are 3 major factors determining the 

textured morphology of ZnO:Al films: (i) deposition pressure, (ii) deposition 

temperature, (iii) target aluminum concentration. 

Kluth et al. related the influence of pressure and substrate temperature during 

radio frequency (rf) sputter deposition of ZnO:Al at a fixed alumina content of 

2 wt. %  in the sputter target to structural properties and post-etching surface 

topography in a modified Thornton model [20].  They showed that, depending on 

sputter parameters, crater-like surface topography with typical lateral length scales 

of 1 - 2 μm and depths of about 200 - 400 nm develops in a self-organized fashion.  

This etching behavior is affected very sensitively by structural properties of ZnO:Al.  

The influence of the target aluminum concentration (TAC) and the substrate 

temperature on the post-etching surface texture of ZnO:Al films was reported by  

Berginski et al. [21].  Depending on Al concentration in the target and deposition 
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temperature, three different regimes of etching behavior have been identified, as 

shown in Fig. 1-12.  At low TAC and low substrate temperatures during sputtering, 

the post-etching surface topography typically comprises a rough surface with small 

lateral feature sizes of ~300 nm and relatively steep edges.  At high TAC and high 

substrate temperatures, after etching we find a rather flat surface with plenty of 

shallow craters with depths of up to about 100 nm and a few large craters with 

lateral diameters of up to about 3 μm and depths limited by film thickness.  

Between these two parameter regimes, textured surface morphologies are found 

almost uniformly covered by craters of approximately the same sizes (diameters of 

about 1 - 3 μm and depths of about 150 - 400 nm). 

With increasing temperature the growth changes from type I and II to III.  The 

transition temperature for changing the regimes shifts to higher values if TAC is 

reduced.  Consequently, it is suggested that increasing substrate temperature and 

increasing TAC both similar effects on changing growth conditions.  A possible 

physical explanation relates to the relaxation of built-in stress.  Since the ionic 

radii of Zn2+ and Al3+ are 0.075 and 0.053 nm, respectively, the addition of Al to 

ZnO is expected to shorten the c-axis length, having an effect on the releasing the 

residual stress in the as-deposited film.  On the other hand, when the Al 

incorporation is above the critical concentration, excess Al atoms are located at 

interstitial sites or formed Al-O leading to the enhanced stress in films, as shown in 
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Fig. 1-13(a) [22].  This stress-release mechanism by doping is close to the 

substrate temperature effect.  During the deposition, the high-energy ions have 

sufficient energies to bombard the growing films and can be sub-implanted, which 

lead to the residual stress.  With higher substrate temperature, the atoms can easily 

diffuse to relax the built-in stress (Fig. 1-13(b)) [23,24]. 
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Fig. 1-11. (Color) The modified Thornton model showing the correlation between 

deposition parameters, structural film properties, and etching behavior 

of sputtered ZnO:Al films on glass substrates.  From Ref. [20]. 
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Fig. 1-12. (Color) Schematic illustrations of etching behavior types in a matrix of 

parameter substrate temperatures and TAC (target Al concentration).  

From Ref. [21].  
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Fig. 1-13. (Color) Residual stress of ZnO:Al films as a function of (a) Al contents 

and (b) substrate temperature.  From Ref. [22] and [23].  

(a) (b) 
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1.3.2. The Wet Chemical Etching of ZnO:Al films 

For sputtered ZnO:Al films, the surface texture is realized by the combination 

of an optimized deposition condition and a post deposition wet-chemical etching in 

diluted acid or bases.  Kluth et al. reported that textured ZnO:Al films by 0.5 wt. % 

hydrochloric acid (HCl) showed that a crater-like surface morphology with a typical 

lateral length scale of 1 - 2 µm and depth of 200 - 400 nm [20].  Berginski et al. 

and Hupkes et al. once reported individually that a well-textured ZnO:Al film is 

able to be performed by 0.5 wt. % HCl solution [21,25].  On the other hands, there 

has been an attempt to use other etchants for the effective light scattering.  Gao et 

al. and Sun et al. performed the texturing of ZnO:Al films by NH4Cl [26].  Owen 

et al. demonstrated etching features by using KOH [27], and Hupkes et al. proposed 

the etching model by comparing of HCl with HF etching [28].  However, these 

experimental results showed that textured morphology by other etchants show a few 

craters or smaller size of craters (less than 1 µm), as compared to HCl etching 

system (Fig. 1-14).  Thus, they proposed two step etching method by using both 

other etchants and HCl which is not adaptable for large-scale manufacturablilty. 
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Fig. 1-14. (Color) SEM images of textured Morphology for ZnO:Al films by 

various etching agents.  (a) Etching by 0.1 M HCl for 40 s, (b) by 

0.5 M NH4Cl for 270 s, (c) by 0.3 M HF for 70 s, and (d) by 0.5 M 

KOH, respectively.  From Ref. [26-28].  

(b)(a)

(c) (d) 



  29  Chapter 1. 

Chemical etching is widely applied to texturing of sputter-deposited ZnO:Al 

for light scattering in Si thin film solar cells and therefore, it is necessary to 

understand the mechanism of structure formation upon etching of polycrystalline 

ZnO films.  ZnO has a wurtzite crystal structure along the c-axis, and the (001) 

and (00-1) planes are Zn- and O-terminated, respectively.  The Zn-O bond is 

primarily ionic, these polar bonds lead to planes of positively charged zinc and 

negatively charged oxygen atoms perpendicular to the c-axis.  The etching of 

single ZnO crystals was reported decades ago, and can be explained on the basis of 

a dangling bond model [29].  The chemically induced conversion of ZnO into 

soluble complexes, has been investigated early by Fruhwirth and proceeds 

according to Eq. 1 in acidic media:  

ZnO + 2 H+ → Zn2+ + H2O                  (1) 

the hydronium ions in acidic solutions readily etching the O-terminated side, while 

etching only occurs at defects on the Zn-terminated side, as shown in Fig. 1-15. 

In the case of a polycrystalline ZnO etching, the deposition conditions of the 

ZnO films determine the material properties that are modeled by mainly 

Zn-terminate grains, which are surrounded by grain boundaries of different etch 

potentials.  These potentials depend on the degree of disorder between adjacent 

grains.  The etching agent then defines a threshold by its effective size and 

mobility.  If the etch potential of the grain boundary exceeds this threshold vertical 
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etching along the grain boundary occurs and craters are formed.  Lateral etching 

is related to the wurtzite structure of ZnO, and its relation to the vertical etch rate 

defines the shape of craters.  The details of etching model for polycrystalline ZnO 

thin films by J. Hupkes is as follows [30]. 

Firstly, sputter-deposited polycrystalline ZnO:Al is grown Zn-terminated, and 

like Zn-terminated single crystals, this (001) crystal plane does not etch in acidic 

solution, but every grain boundary has a certain potential to be etched.  This 

etching potential describes that the probability of a specific site for crater formation 

upon etching is attributed to the compactness of the grain boundary.  Thus, craters 

are formed at grain boundaries with less order, having higher potentials for etching 

than those with more order, as shown in Fig. 1-16(a).  The primarily Zn-terminated 

polycrystalline ZnO surface can be etched only if the etching agent can access a 

disordered grain boundary to attack other crystal planes. 

Secondly, the wet etching of ZnO film in an acidic aqueous solution occurs 

through the reaction between hydronium ion (H3O+) from etchant molecule and 

oxygen atom from ZnO film surface.  This etching reaction will be 

crystallographic orientation-dependent.  The (002) planes of columnar-structured 

ZnO film with c-axis perpendicular to the substrate made up with alternating O and 

Zn planes, and thus vertical etching reaction is limited by the Zn planes between O 

planes [29].  On the other hand, lateral etching reaction occurs at the planes, e.g., 
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(110), (100), and (200), containing both O and Zn atoms, thus making the etching 

more facile. 

Thirdly, the etchant solution and conditions define an etching threshold.  

Grain boundaries with etching potentials above the threshold are more actively 

etched.  This threshold depends on the size of etchant complex, as shown in Fig. 

1-16(b).  Owen et al. insists that increasing temperature lowers the threshold, 

allowing grain boundaries with lower etch potentials to be etched [31].  This is 

due to the size of the ionic complexes formed by the hydronium ion together with 

the polar water molecules.  At lower temperatures, large complexes are formed 

with the surrounding water molecules to delocalize the positive charge, as shown 

in Fig. 1-17 [32,33].  As the solution temperature is increased, the weak hydrogen 

bonds are broken, effectively making a smaller ion.  The smaller water-hydronium 

complexes are then able to penetrate smaller and thus more grain boundaries or 

defects than the larger water-hydronium complexes, leading to a higher density of 

craters. 

Lastly, the vertical and horizontal etching rates are also defined by the solution. 

The vertical etch rate progresses along grain boundaries with etching potentials 

above the threshold of the solution and is limited by the nature of the grain 

boundary, as well as the mobility and size of the etching agents.  The horizontal 

etching rate is limited by the concentration of etchants and the crystal structure, 
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and the etch process stops at the (101) plane.  Hupkes et al. proposed the etching 

model by comparing of HCl with HF etching [28], since dissociated HCl and HF 

molecules will both form large hydrated clusters, the etching behaviors do not only 

depend on the size of etchant, but also on the tendency of these molecules to 

dissociate.  HCl and HF have acidic dissociation constant of << 0 and 3.2, 

respectively, thus in HCl solution practically all of the dissolved HCl molecules 

from large water hydronium complexes.  On the other hand, in an HF many of 

the molecules are not dissociated at a given time and remain relatively small, 

compared to the water complexes.  These small molecules can penetrate defects 

with even lower etch potential. 

Yang’s group describes the etching behavior of organic acid [34].  They 

suggested that due to the bulky, complex structure of organic acids, the movement 

of water-hydronium complexes is disturbed by the presence of deprotonated organic 

ligands and thus their accessibility onto the ZnO surface is also limited, in terms of 

the vertically limited etching characteristics (Fig. 1-18).  In addition, unlike 

monoprotic acid, diprotic oxalic acid in aqueous solution is partially dissociated 

into hydrogen ion and partially deprotonated oxalic acid species (HC2O4
-), thus the 

incompletely deprotonated species that enter the pore formed would produce 

additional hydronium ions, causing a rapid lateral etching reaction and 

consequently widening pores aggressively [35]. 
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In contrast, Q. Jiang et al. suggested that the etching reaction and product 

diffusion co-dominate the process to form craters [36].  Due to accumulated 

defects and loos characteristics in the grain boundary, it exhibits weakness for the 

bombardment by H+ and OH-, leading to be etched easily in etching agents.  

However, the columnar grain crystals present a strong resistance due to its few 

defects and dense characteristics.  In this case, the etching reaction dominates the 

etching process.  As a result, the hole will be generated at the initial stage, as 

illustrated in Fig. 1-19.  In the hole, the reaction products cannot diffuse quickly, 

which prevents the further etching.  In this case, the product diffusion dominates 

the etching process in this hole, which will lower the etching speed of the grain 

boundary.  However, the chemical etching still continues for the grain crystals.  

As a result, the hole will be wider and wider, and the columnar crystal will be 

sharper and sharper.  With further increasing the etching time, the appearance will 

become crater-like structure, which is a typical morphology to enhance the light 

trapping for solar cells. 
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Fig. 1-15. (Color) Schematic illustration of (a) ZnO 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. [29].  

(a)

(b) 
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Fig. 1-16. (Color) Schematic illustrations of etching model describing three 

postulates.  a) planar (left) and cross-sectional (right) views of the 

different etching potentials of the grain boundaries for a ZnO film.  (b) 

interaction of the etchants with the ZnO film depending on the etchant 

size: large (left) and small etchant (right), at different etching potentials.  

(c) resulting crater morphologies with vertically (left) and laterally (right) 

limited etching rates. 

(a)

(c) 

(b) 
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Fig. 1-17. (Color) A proposed structures of water-hydronium complex, H(H2O)n
+, 

produced when an acid ionizes in water.  In case of the value of n in 

H(H2O)n
+ is 6.  From Ref. [32]. 
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Fig. 1-18. (Color) Schematic representations of etching progress with a period of 

etching time for oxalic and formic acids.  From Ref. [34]. 
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Fig. 1-19. (Color) Schematic illustrations of diagrams of an etching model to 

illustrate the etching process.  The etching reaction and product 

diffusion co-dominate the process to form crater-like structures.  From 

Ref. [36] 
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Chapter 2. 

*Organic Acid Texturing of Transparent Electrodes Toward 

Broadband Light Trapping in Thin Film Solar Cells 

 

2.1. Introduction 

The key challenges for the solar-cell developments lie in the improvement of 

power-conversion efficiency and reduction of fabrication cost [1-3].  For 

enhancing the power-conversion efficiency, much research has been focused on 

light trapping to fully utilize broadband light with minimum optical losses [4-6].  

Novel light-trapping methods using photonic structures or plasmonic effects are 

being continuously reported [7,8].  However, these methods require additional 

steps or materials inducing cost concerns inevitably questioning the possibility of 

the large-scale manufacturability. 

Especially for Si thin-film solar cells with a superstrate configuration, light-

trapping capability is mainly determined by the surface texturing of the front TCO 

[9-13].  The scattering by the rough surface increases the optical-path lengths, 

leading to high absorption in the active semiconductor layers, thereby enhancing 

                                          
*The work presented in Chapter 2 currently in preparation entitled, 

“Organic Acid Texturing of Transparent Electrodes Toward Broadband Light Trapping in Thin Film Solar Cells,” 

Woojin Lee, Taehyun Hwang, Sangheon Lee, Seung-Yoon Lee, Joonhyeon Kang, Byungho Lee, Jinhyun 

Kim, Taeho Moon,* and Byungwoo Park.* 
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the power-conversion efficiency [14,15].  Compared to the conventional SnO2:F, 

ZnO-based TCOs have received strong attention because of the large feature size 

from surface texturing by wet-chemical etching, enabling more efficient light 

scattering [15-21]. 

The surface morphology by wet etching depends on the nanostructures of TCO 

[22,23].  In manufacturing, however, the nanostructural control of TCO is pretty 

limited due to the consideration of electrical conductivity and high throughput.  

Therefore, the tunability of surface texturing by simple etching for the synthesized 

TCO nanostructures offers a great merit for the strategy of TCO development with 

superior light-scattering performance. 

In this chapter, an organic acid for the surface texturing of ZnO-based TCO is 

introduced as an alternative to conventional HCl.  The enhancement of light 

scattering by oxalic acid is demonstrated without any deterioration of transparency 

or resistance.  We believe that the organic-acid texturing can be easily adopted in 

manufacturing process via simple substitution of the wet etchant, which is a cost 

effective light-trapping technique toward high efficiency solar cells.  A 

light-scattering  model can be easily optimized with the control of etching 

anisotropy for texturing of the TCO. 
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2.2. Experimental Section  

The ZnO:Al films of 1.8 μm thickness were deposited on glass substrate 

(Corning 1737) by rf magnetron sputtering using a ZnO:Al target (1 wt. % Al2O3).  

Sputtering was performed at 400°C under an Ar atmosphere with an operating 

pressure of 5 mTorr and rf power of 75 W.  As-grown ZnO:Al films showed the 

resistivity of ~8 × 10-4 Ω cm.  Surface texturing was performed by means of 

wet-chemical  etching using oxalic acid (0.02 M) and HCl (0.1 M) at room 

temperature in order to compare the light-scattering properties. 

The electrical properties of the films were measured by 4-point probe, and the 

morphologies of etched ZnO:Al films were evaluated over a scan area of 10 × 10 

μm2 by atomic force microscopy (AFM, SPA-400: Seiko Instrument).  The normal 

incidence and total transmission spectra of surface-textured thin films were carried 

out with a UV-Vis spectrometer (Lambda 35: Perkin Elmer) equipped with an 

integrating sphere.  From these measurements, the transmission haze parameter 

was determined by the ratio of diffused to total transmittance (Tdiffused/Ttotal). 

 

2.3. Results and Discussion 

Texturing morphologies etched by conventional HCl and oxalic acid were 

compared by SEM, as shown in Fig. 2-1(a) and (b).  Notably, the difference on 

crater shape is shown between two etching systems.  In the case of HCl, sharp 
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craters are shown as reported by many researchers [23-26].  Meanwhile, in the 

case of oxalic acid, the craters of round morphologies are observed.  Basically, 

texturing morphology formed by wet etching is determined by the difference of 

etching rates between grain and grain boundary, thus the crater-shape difference 

indicates that relative etching rates for grain and grain boundary are changed 

between two etching systems.  From the round morphology, we can know that 

oxalic acid has faster lateral etching rate for grain (for pore widening) compared to 

the vertical etching rate through grain boundary.  The exact comparison of the 

crater dimensions between two etching systems was difficult by SEM imaging, due 

to the distribution of crater sizes.  Therefore, surface roughness was characterized 

by AFM in order to statistically quantify the crater morphologies.  A rough surface 

can be two-dimensionally characterized by RMS value (vertical roughness) and 

correlation length (lateral roughness) [24,25].  The RMS roughness     is 

defined as: 

222 ),(),(  yxzyxzrms                        (1) 

where z(x,y) is surface-height distribution and < > represents an average value.  

The lateral correlation from rough surfaces can be obtained by the autocorrelation 

function [24-27]: 
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where Lx and Ly are the scanning lengths for the z(x,y) profile.  After fitting the 

autocorrelation function with a Gaussian function, C(τ)               where     

c          , the lateral correlation length acorr can be extracted [24].  Figures 

2-2(a) - (c) show a typical procedure for the extraction of    , C(τ), and acorr and 

the AFM data. the AFM data (8 × 8 μm2) are scanned at three different areas for 

each textured film. 

  

 rms
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Fig. 2-1. (Color) SEM images of the ZnO:Al thin films textured by (a) HCl and 

(b) oxalic acid.   
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Fig. 2-2. (Color) (a) AFM image of a ZnO:Al thin film textured by oxalic acid.  

(b) Sectioned surface profile from the AFM image. (c) Normalized 

autocorrelation function from the surface profile.  
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The etching-morphology evolution was investigated through the extraction of   

c   and acorr values for the films textured at different etching times, and the 

obtained parameters with corresponding cross-sectional profiles and normalized 

autocorrelation functions are presented in Fig. 2-3, 2-4 and 2-5.  Notably, two 

distinctive features are shown by oxalic acid, compared to HCl.  First, much 

slower etching rate is found.  Second, larger correlation length at the similar RMS 

value (e.g. Figs. 2-3(c) and 2-4(e)) is observed, indicating the overall increase of 

lateral feature size.   As expected by the crater shape from SEM imaging, the 

increase of lateral feature size clearly confirms that oxalic acid has faster lateral 

etching rate for grain (or slower vertical etching rate for grain boundary).  The 

reasons why oxalic acid (H2C2O4) exhibits different etching behavior can be 

understood by the bulky structure of deprotonated species (HC2O4
-) inhibiting the 

accessibility of water-hydronium complexes onto the grain boundary of ZnO, which 

results in slower vertical etching rate for grain boundary, and lateral feature size 

with round morphology is attributed that partially deprotonated species (HC2O4
-) 

can enter the pore formed would produce additional hydronium ions, causing a 

rapid lateral etching [28]. 

  

 rms
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Fig. 2-3. (Color) Extraction of vertical roughness (   ) and lateral correlation 

length (acorr) from AFM data.  Etching time dependency by HCl (a-c).  

For each panel, AFM image (left), 2-D contour plot of autocorrelation 

function (center), and the autocorrelation function averaged over the 

azimuth angle             with the Gaussian fitting (right). 
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Fig. 2-4. (Color) Extraction of vertical roughness (   ) and lateral correlation 

length (acorr) from AFM data.  Etching time dependency by oxalic acid 

(a-c).  For each panel, AFM image (left), 2-D contour plot of 

autocorrelation function (center), and the autocorrelation function 

averaged over the azimuth angle             with the Gaussian 

fitting (right).  
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Fig. 2-5. (Color) Cross-sectional AFM images of the textured ZnO:Al films.  

(a-c)  Etching-time dependence by HCl.  (d-f) Etching-time 

dependence by oxalic acid. 
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The optical and electrical properties were investigated for various samples, 

and were correlated with the surface-morphology information, as shown in 

Fig. 2-6.   Figures 2-6(a) and 2-6(b) show the total transmittance and haze 

characteristics for the films textured by HCl and oxalic acid, respectively, at 

different etching times.  The haze is determined from the ratio of diffuse to total 

transmittance (Tdiffused/Ttotal).  Even though no significant differences in the total 

transmittances are observed, the haze values increase with the etching time due to 

the crater evolution.  Interestingly, the textured ZnO:Al films by oxalic acid show 

higher haze over the whole wavelength range compared to those by HCl.  

Particularly at the long wavelength region, the haze increase becomes more 

significant.  Electrical performance (sheet resistance) also change by etching, 

therefore the performances of TCOs textured by different etchants should be 

considered in the aspects of both optical and electrical properties.  Figure 2-6(c) 

shows haze (at λ = 1000 nm) vs. sheet resistance for two systems.  The clear trend 

showing superior light-scattering performance by oxalic acid is confirmed, and the 

absolute haze increase of ~8% is observed at the given sheet resistance. 

The light-scattering behavior of textured films can be theoretically understood 

by the coupling between the rough surface and light.  Modified scalar scattering 

theory as a function of vertical roughness (   ) and lateral correlation length (acorr) 

by Lin’s group is used to understand the light-scattering performance [24]: 

 rms
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where λ and n are the wavelength of light and the index of refraction of TCO, 

respectively.  For the index of refraction of ZnO films, we used the experimental 

results by Washington et al. [29].  For the validity of this formula, 

wavelength-dependent haze curves were fitted, as shown in Figs. 2-7(a).  It is 

found that the surface-roughness parameters by the fitting are in good agreement 

with those extracted from the AFM data, as summarized in Table 2-1, and small 

discrepancies are understood by the difference in the scan size of two measurement 

systems. 

To have a better insight into the effect of crater morphology on the light 

scattering, haze contour (Eq. (3)) is plotted as a function of two surface parameters,    

c   and acorr, at various wavelengths (Fig. 2-8), and are compared with the surface 

parameters obtained from AFM.  At the short wavelength λ = 400 nm, vertical 

roughness is the factor affecting the haze values, while the effect by the lateral 

correlation length looks negligible.  The contribution of lateral correlation on haze 

becomes stronger with the increase of wavelength, and the superior haze at λ = 1000 

nm by oxalic acid can be explained by the crater-size effect (i.e., increase of lateral 

feature size). 

  

 rms
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Fig. 2-6. (Color) Optical and electrical properties for the textured ZnO:Al films.  

(a-b) Total transmission and haze curves by (a) HCl and (b) oxalic acid.  

(c) A plot of haze (at λ = 1000 nm) vs. sheet resistance. 
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Fig. 2-7 (Color) (a) Haze curves etching by HCl (90 s) and oxalic acid (15 min).  

The solid lines are represented the fitting by Eq. (3).  (b) Comparison 

of surface roughness parameters from AFM and haze. 
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Table. 2-1. Comparison of the surface parameters obtained from the AFM and haze 

data. 

 
 

 

 

  

      Vertical Roughness 
    (σrms) 

   Autocorrelation Length 
   (acorr) 

   AFM  Haze    AFM    Haze 

HCl 
60 s 77  4 nm  84  9 nm  360  3 nm  260  8 nm  

90 s 91  4 nm  95  7 nm  387  2 nm  332  9 nm  

120 s 107  6 nm  111  5 nm  426  3 nm  399  7 nm  

Oxalic Acid 
10 min 94  5 nm  88  7 nm   421  2 nm  375  7 nm  

15 min 103  5 nm  102  7 nm  460  3 nm  451  9 nm  

20 min 111  4 nm  114  6 nm  506  2 nm  547  8 nm  
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Fig. 2-8. (Color) Haze-contour plot as a function of    and acorr at different 

wavelengths (from Eq. (3)).  

 rms
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Based on the surface parameter analyses, we concluded that oxalic acid has 

the higher lateral to vertical etching ratio than HCl.  Regarding the crater 

formation mechanisms, it is generally believed that grain boundaries having the 

highest etching potential (the highest grain-boundary interfacial energy) are first 

etched.  Then, diffusion of etching reactants and byproducts is allowed through 

the vertical opening, followed by lateral etching into grains [30,31].  Repetitive 

processes lead to the evolution of crater morphology with continuous Zn2+ 

dissolution, and competition between two etching speeds will determine the crater 

shape of the textured TCO films.  Based on these assumptions, a 

phenomenological model is suggested to explain the distinctive crater evolution 

mechanisms in oxalic acid (Fig. 4).  If sufficient electrolyte can continue to be 

supplied into the pores produced by the etching of weak grain boundaries, ZnO can 

be effectively dissolved along the various grain boundaries, leading to fast vertical 

etching.  While, if it is hard for the reactants to reach the narrow grain-boundary 

pores, etching reaction will be limited by the mass transport, which retards the 

vertical etching.  In the acidic environment, etching reaction by oxalic acid 

(H2C2O4) and HCl, respectively, can be expressed as: 

 

                                            (3) 

                                            (4) 

             (4) 
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It is expected that diffusion issue of oxalic acid (H2C2O4) or deprotonated 

species (HC2O4
- and C2O4

2-) into the etched grain-boundary pores is crucial, 

compared to the HCl etching having relatively smaller size of reactants (Cl-).  

Limited mass transport of oxalic acid will lead to the slowing down of vertical 

etching through the high-energy grain boundaries, and lateral etching to grains is 

simultaneously accompanied, which will eventually lead to larger crater formation 

at given etching depth. 
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Fig. 2-9. (Color) X-ray diffraction patterns of the ZnO:Al film.  The peak 

intensities and positions from the hexagonal ZnO (JCPDS #36-1451) are 

shown as solid green bars.  
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Fig. 2-10. (Color) Cross-sectional SEM images of the textured ZnO:Al films.  

(a-c)  Etching-time dependence by HCl.  (d-f) Etching-time 

dependence by oxalic acid.  Average thickness is denoted for each 

panel.  

(a) HCl, 60 s (b) Oxalic Acid, 10 min 

(c) HCl, 90 s (d) Oxalic Acid, 15 min 

(e) HCl, 120 s (f) Oxalic Acid, 20 min 
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Fig. 2-11. (Color) Etching evolution mechanisms.  Schematic illustrations of the 

phenomenological model, showing the vertical etching through grain 

boundaries at the initial etching stage (top), and the resultant crater 

morphologies determined by the competition between vertical etching 

through the high-angle grain boundaries and lateral etching into the 

grains (bottom).  In case of the oxalic acid, mass transport into grain 

boundaries is relatively limited due to the larger size of reactants, 

slowing down the vertical-etching speed compared to that of the lateral 

etching, which in turn induces larger crater formation at the given 

etching depth.  
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In Si thin-film solar cells, oxalic acid, as an alternative to conventional HCl, 

makes a highly scatterable surface morphology of ZnO:Al, especially at long 

wavelengths as shown in Fig. 2-12.  Without lowering the electrical performance, 

the increase of optical paths within the absorber layers by multiple scattering can 

enhance the power-conversion efficiency.  We discussed how organic-acid 

texturing can induce distinctive surface morphology.  Parameters for the surface 

roughness and lateral correlation change with the crater-morphology evolution, and 

superior light-scattering performance was explained by a haze model describing the 

interactions between photons and rough interfaces. 
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Fig. 2-12. (Color) Schematic illustrations showing light-trapping effects by surface 

texturing of the front TCOs in Si thin-film solar cells.  ZnO:Al textured 

by (a) HCl and (b) oxalic acid.  Relative intensities and wavelengths 

for scattered lights are represented while the scattering angle is 

arbitrarily shown.  

(a) HCl (b) Oxalic Acid
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2.4. Conclusions 

The desired morphology for the effective light scattering applicable in thin-

film solar cells was facilely obtained by organic-acid etching.  The texturing 

behavior of ZnO:Al by oxalic acid was well characterized by two simple surface 

parameters:  vertical roughness and lateral correlation length.  Also, a mass 

transport model is developed to explain the etching evolution mechanisms.  The 

oxalic-acid texturing exhibited ~8% higher haze value, while maintaining the same 

transparency and resistance, compared to the HCl etching system.  This is 

straightforwardly explained by using the haze model with the extracted two surface 

parameters of the textured TCO films.  Our results suggest that this novel etching 

system by oxalic acid broadens strategy spectrum for designing high-efficiency and 

low-cost thin-film solar cells.  
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Chapter 3. 

Summary 

In this thesis, an organic acid for the surface texturing of ZnO:Al is 

investigated as an alternative to conventional HCl etching.  The texturing behavior 

by oxalic acid was explained in terms of vertical roughness, lateral correlation 

length, and thickness change with the crater evolution.  The enhancement of light 

scattering by oxalic acid was demonstrated without any deterioration of 

transparency or resistance. 

The round-shape interface formed by oxalic acid would be helpful for the 

quality of semiconductor absorber layers by minimizing defective region formed 

during the oriented-growth collision, suppressing charge-carrier recombination.  

Nowadays, many researchers have reported about complicated photonic or 

plasmonic metallic structures for efficient light trapping methods.  However, 

despite the successful applications in laboratory scale, manufacturability is 

questionable due to concerns with cost and reproducibility.  The organic-acid 

texturing proposed in this study can offer manufacturing-compatible tunability for 

the desirable TCO-texturing morphology, broadening the strategy spectrum for the 

design of solar cells in industry.  Significantly, deeper understanding about the 

correlation between etching characteristics and texturing morphologies can give 

keen insight for the suitable direction of TCO development. 

. 
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Appendix 1. 

*Facile Converstion Synthesis of Densely-Formed Branched 

ZnO Nanowire Arrays for Quantum-Dot-Sensitized Solar 

Cells 

 

A.1.1. Introduction 

The rational design and synthesis of semiconducting nanowire building blocks 

with well-defined structures and compositions are the central tasks for the 

fabrication of nanoelectronic and photovoltaic devices [1-5].  Compared to the 

simple one-dimensional (1-D) nanostructures, sophisticated three-dimensional (3-

D) nanostructures, like branches grown on the nanowire backbones, are considered 

as a promising structure for the nanoscale building blocks in the aspects of an 

increased surface area for light absorption and sensitizers, as well as efficient 

channels for the photogenerated electron transports [6-9]. 

Especially, ZnO with multidimensional structures for photovoltaic devices 

have been intensively investigated owing to its relatively easy synthesis and higher 

                                          
*The work presented in Appendix 1 was published in Electrochim. Acta entitled, 

“Facile Conversion Synthesis of Densely-Formed BranchedZnO-Nanowire Arrays for Quantum-Dot-

Sensitized Solar Cells,” 

Woojin Lee, Suji Kang, Taehyun Hwang, Kunsu Kim, Hyungsub Woo, Byungho Lee, Jaewon Kim, Jinhyun 

Kim, and Byungwoo Park.* 
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electron mobility than TiO2.  Many research groups have synthesized branched 

ZnO nanowires with the expectations to obtain high power conversion efficiency 

(PCE) of semiconductor-sensitized solar cells (SSCs) [10-12].  Cheng et al. and 

Ko et al. have shown that branched treelike hierarchical ZnO photoelectrodes 

prepared via a two-step solvothermal growth have enhanced the PCE of dye-

sensitized solar cells (DSSCs) [11,12].  However, the synthesized 3-D ZnO 

nanostructures have suffered from incomplete coverage of branches on the 

nanowire backbones, leading to the insufficient surface area, which resulted in the 

limited sensitizer-loading capacity [13-15]. 

In this work, densely-formed branched ZnO-nanowire architectures were 

prepared by combining a straightforward conversion reaction and hydrothermal 

growth for the quantum-dot sensitized solar cells (QDSCs).  The factor-of-two 

enhancement by branching is systematically correlated with the light harvesting 

efficiency, charge-transfer resistance, and carrier lifetime.  This simple and 

controllable branch growth for the hierarchical nanostructures provides an 

advanced insight into the design of photoanode with more effective light harvesting 

and charge collection. 
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A.1.2. Experimental Section 

A.1.2.1. Synthesis of 1-D Nanostructures 

Fluorine-doped tin oxide substrates (FTO, TEC 8: Pilkington) were served as 

substrates.  For the TiO2 blocking layer, pure TiCl4 was added to pre-cooled (~0°C) 

deionized H2O to make a 40 mM TiCl4 aqueous solution, and the substrates were 

dipped in the solution for 30 min at 70°C, followed by annealing at 450°C for 30 

min under air.  For hydrothermal ZnO-nanowire growth, the Gao group’s method 

was adopted [5].  First, ZnO seeds were grown on the TiCl4-treated FTO, for 

which 0.5 mM zinc acetate dihydrate (Zn(CH3COO)2 2H2O) ethanol solution of 50 

μL was dropped on the substrate, spin-coated at 3000 rpm for 30 s, and subsequently 

dried on a hot plate at 60°C.  This procedure was repeated for 5 times, and finally 

the zinc acetate dihydrate was thermally decomposed by annealing under air at 

400°C for 1 h to make ZnO.  The seeded substrates were immersed in the aqueous 

solutions consisting of 25 mM of zinc nitrate hexahydrate, 25 mM of 

hexamethylenetetramine (HMTA), ammonium hydroxide (NH4OH), and 3.5 mM 

poly(ethyleneimine) (PEI) in autoclaves.  Hydrothermal syntheses were carried 

out at 95°C for 8 h in the preheated oven.  After the hydrothermal reaction, the 

ZnO-nanowire grown substrates were rinsed with ethanol and then dried at 60°C.  

To remove any organic residues, heat treatments at 450°C for 1 h under air were 

conducted. 
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A.1.2.2. Branched ZnO Nanowire Growth 

The pristine ZnO nanowires substrates were firstly immersed into 4 mM Na2S 

aqueous solution for 0 - 24 h.  Then, the substrates were rinsed with deionized 

water for several times to remove the residual Na2S and then dried.  These 

substrates were further annealed at 500°C for 3h in air to convert the ZnS into ZnO.  

Subsequently, the annealed samples were used as substrates for the second 

hydrothermal growth of ZnO nanowires under the same experimental conditions 

(with the 3-h annealing at 95°C).  Finally, all the samples were annealed at 450°C 

for 1 h to remove any possible organic residues. 

 

A.1.2.3. Device Fabrication 

In order to improve the solar cell efficiency, the as-prepared samples were 

immersed in 20 mM titanium butoxide (Ti[O(CH2)3CH]4: Aldrich) in 2-propanol at 

room temperature, and the films were post-annealed at 450°C for 30 min.  The 

CdS quantum dots were coated on the branched ZnO nanowires by a successive 

ionic-layer adsorption and reaction (SILAR) [16] with 14-repeated cycles.  

Polysulfide electrolyte was prepared by dissolving 0.5 M Na2S, 1 M S, and 0.02 M 

KCl in methanol/water solutions (7/3 volumetric ratio) [17].  For a counter 

electrode, Ti was deposited on the pre-drilled FTO substrates as adhesion layer, and 

Cu was deposited by rf magnetron sputtering.  The Cu-deposited films were 



  78  Appendix 1. 

sulfurized in a polysulfide solution [18], and thermoplastic foil (60 μm; Dupont) 

was used as a spacer. 

 

A.1.2.3. Characterization 

For the morphology evolution of the branched ZnO nanowires, field-emission 

scanning electron microscopy (FE-SEM, JSM-6330F: JEOL) was used.  X-ray 

diffraction (XRD, M18XHF-SRA: Mac Science) was carried out for the analyses 

of the crystalline phases.  The photocurrent-voltage (J-V) curves were measured 

by the solar cell measurement system (K3000: McScience) with the solar simulator 

(Xenon lamp, air mass (AM 1.5, 100 mW/cm2).  The absorptance and diffused 

reflectance were recorded by a UV/Vis spectrophotometer (Cary 5000: Agilent 

Technologies).  An inductively coupled plasma-atomic emission spectrometer 

(ICP-AES, Optima-4300 DV: Perkin-Elmer) was used to measure the amount of Cd 

atoms loaded onto the ZnO-branched electrode.  An incident photon-to-current 

conversion efficiency (IPCE) measurement system (K3100: McScience) was used 

to obtain the external quantum efficiency, and the electrochemical impedance and 

open-circuit voltage decay were obtained from a potentiostat (CHI 608C: CH 

Instrumental Inc.). 
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A.1.3. Results and Discussion 

Figure A1-1 shows the strategies for the densely-formed branched ZnO-

nanowire photoelectrode.  Vertically oriented ZnO trunks (backbones) were 

grown on the seeded FTO substrate through a hydrothermal method.  In order to 

grow a uniform secondary branching, ZnO seed layers are required [26,27].  By a 

straightforward ion-exchange reaction of ZnS into ZnO, highly-packed ZnO seeds 

are obtained by calcinating ZnS-nanoparticle shells in air, thereby utilizing compact 

ZnO-nanowire branches by the additional hydrothermal process.  After 

passivation of any residual defects, the optimized photoelectrodes are achieved with 

the improved carrier lifetime. 

 From the SEM images (Fig. A1-2), the pristine ZnO nanowires are grown 

vertically well on the FTO substrate with thicknesses up to 10 µm and diameters 

ranging from 100 to 300 nm.  For the secondary-grown nanobranches, the 

nanobranch lengths are in the range of 1 to 2 µm with diameters of 30 - 50 nm.  

The hierarchical nanowire structures are clearly observed with the samples over 1-

h thioacetamide (TAA) treatment (Figs. A1-2(b)-(d)). 

 For the effects of 3-D branched morphologies on the light scattering, Fig. 

A1-3(a) shows the absorptance and diffused reflectance at various conditions.  The 

branched nanowires exhibit higher diffused reflectance (400 - 800 nm), confirming 

higher absorptance by the ZnO branches, due to the increased optical-path lengths 
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[28,29].  The diffused transmittance with CdS sensitization was measured (Fig. 

A1-3 (b)) indicating better light-harvesting efficiency (through A = 1 – R – T where 

A, R, and T are absorptance, diffused reflectance, and diffused transmittance, 

respectively [30]). 
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Fig. A1-1. (Color) Schematic illustration of the nanostructural evolution in 

3-dimensional hierarchical ZnO nanowires with various treatments. 
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Fig. A1-2. (Color) Cross-sectional SEM of densely-formed branches ZnO 

nanowire arrays with various TAA (thioacetamide) treatments: (a) No 

treatment (bare), (b) 1-h, (c) 6-h, and (d) 24-h TAA treatments. 
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Fig. A1-3. (Color) Optical properties of hierarchical ZnO nanostructures at various 

TAA treatment times: (a) Absorptance and diffused reflectance spectra 

before CdS sensitization.  (b) Diffused transmittance spectra after CdS 

sensitization.  
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A quantitative analysis by ICP-AES also revealed that the amount of CdS 

quantum dots is increased by branching.  The Cd/Sn atomic ratios stood at 8.0, 

12.2, 14.4, and 15.7, respectively, for the bare, 1-h, 6-h, and 24-h treated ZnO 

hierarchical structures, though the Cd/Zn ratios were the same in all the samples 

(Table AI).  Especially, the Cd atoms loaded on the 6-h-treated sample increased 

by ~80% compared to the bare photoanode. 

 The effects of the TAA treatments were systematically investigated through 

SEM, TEM, and XRD (Fig. A1-4 – A1-7).  After the ion-exchange reaction in 

Na2S solution for 6 h (TAA treatment), ZnS nanoparticles are formed on the ZnO 

nanowire backbones (lattice spacing of 0.31 nm for ZnS (111) planes in Fig. A1-

4(b) [31]).  For the ZnO/ZnO nanowire/nanoparticle formation, the HRTEM 

images (Fig. A1-4(c)) exhibit many ZnO nanoparticles on the surface of the 

nanowires (with the lattice spacing of 0.26 and 0.28 nm, respectively, for the ZnO 

(002) and (100) planes [32,33]).  Then, after the hydrothermal process, 

hierarchically branched ZnO nanowire arrays are successfully synthesized (Fig. 

A1-4(d)).  Both the branches and backbones are single-crystalline nanowires 

along the [001] growth directions. 

 During the each synthesis procedure, the diffraction data exhibit wurtzite 

ZnO crystalline structure (JCPDS #36-1451) with no impurity peaks.  Overall, the 

strong (002) peaks indicate that the backbone nanowires are oriented more into the 
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c-axis direction [34].  After an ion-exchange reaction, a broader diffraction peak 

located at 28.8° is due to the ZnS (111) peak (JCPDS #05-0566) from the ZnO-core 

(nanowire) / ZnS-shell (nanoparticle) arrays.  It is also worthwhile to notice that 

the branched nanowire arrays show stronger ZnO (100) peak consistently. 
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Fig. A1-4. (Color) Typical SEM and TEM images of ZnO nanostructures during 

each synthesis procedure (with 6-h TAA treatment time):  (a) Bare, (b) 

ZnO/ZnS core/shell nanowires, (c) ZnO/ZnO core/nanoparticle 

nanowires, and (d) Branched ZnO.  
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Table AI.  Atomic ratios measured from the ICP results of CdS sensitizers with 

various TAA treatment times. 

 

Cell   Cd/Sn Zn/Sn Cd/Zn 

Bare   8.0  88 0.091 

1 h 12.2 139 0.088 

6 h 14.4 159 0.092 

24 h 15.7 170 0.091 

 

* Cd from the CdS sensitizer, Sn from the FTO substrates, and Zn from the ZnO 

hierarchical structures. 
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Fig. A1-5. (Color) X-ray diffraction of the nanostructures showing the crystalline-

phase evolution.  
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Fig. A1-6. (Color) X-ray diffraction of 3-D branched ZnO nanostructures with 

various TAA treatment times (after oxidation of ZnS shell and 

hydrothermal growth of ZnO branches).  
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Fig. A1-7. (Color) Grain size of ZnO along the [hkl] directions as a function of TAA 

treatment time. 
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For the fabrication of QDSCs with the densely-formed branched 

nanostructures, the crystallinity of arrays was confirmed by XRD (Fig. A1-6) with 

the grain-size evolution (Fig. A1-7).  The sharper (hkl) peaks for the branched 

ZnO arrays were observed as the TAA treatment time increased, indicating relative 

easy grain growths with the increase of the branch densities [14,35].  The 

photocurrent-voltage curves of the QDSCs under AM 1.5 illumination, shown in 

Fig. A1-8, show the improved short-circuit current with the increase of TAA 

treatment, which is consistent with the diffused transmission (Fig. A1-3(b)) and ICP 

results (Table AI).  Accordingly, the power-conversion efficiencies are also 

enhanced (Table AII).  In contrast, the 24-h treated sample exhibits lower 

efficiency, which is caused by both the reduced diffusivity of polysulfide electrolyte 

[36] and increased reflectance due to the less porous nanostructure [37]. 

 Due to the various types of defects at the surface of ZnO nanowire arrays, 

such as oxygen vacancies, zinc vacancies, oxygen atoms at the zinc position in the 

crystal lattice, donor-acceptor pair, etc. [38,39], the enlarged surface area of the 3-

D ZnO nanostructures provides more charge recombination sites with S- in the 

electrolyte.  Therefore, surface passivation by TiO2 was conducted to suppress 

possible charge recombination.  As expected, the TiO2 coating enhanced both the 

short-circuit current and power-conversion efficiency of QDSC by ~20%, as shown 

in Fig. A1-8 and Table AII. 
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 The incident photon to current conversion efficiency (IPCE) at wavelength 

λ is expressed as [40]: 

IPCE (λ) = LHE (λ) φinj ηcc ,                    (1) 

where LHE (λ), φinj, and ηcc are the light-harvesting efficiency, the electron 

injection quantum yield from QDs to photoelectrode, and charge collection 

efficiency, respectively.  The TiO2-coated sample shows the higher IPCE value 

(Fig. A1-9) with comparable amount of QDs (Fig. A1-12), revealing that the 

increased photocurrent after the TiO2 coating results from the enhancement of both 

ηcc and φinj [40]. 

 The recombination rate at the ZnO / polysulfide electrolyte interface was 

confirmed by the impedance analysis (Fig. A1-10).  By fitting the Nyquist and 

Bode plots based on the equivalent-circuit model, the recombination resistance 

improved with the TiO2 coating from 185 ± 2 to 212 ± 2 Ω (Table AIII).  It can 

be explained by the existence of additional thin TiO2-coating  layer, which 

passivates charge-trapping sites on the nanowire surface and also enhances the 

connectivity between branches and nanowire backbones. 

 For the further investigation of carrier recombination, the open-circuit 

voltage decay (OCVD) measurements were performed, as shown in Fig. A1-11.  

From the OCVD curves, the carrier lifetime (τ) can be obtained as [41-43]: 

                                                    (2) 
1









dt

dV

e

Tk
τ ocB
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where kB, e, and T are the Boltzmann’s constant, the electric charge, and the 

temperature, respectively.  The TiO2-coated sample exhibits a higher carrier 

lifetime compared with the bare sample (the inset of Fig. A1-11).  This result also 

supports the TiO2-passivation effects on the ZnO nanostructures.  It is interesting 

to observe the slower decay response of the QDSCs with branched structures 

compared to the bare ZnO one.  We cautiously consider that it may be caused by 

the core / shell nature of branched nanostructures [44,45], but it needs further 

investigation. 
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Table AII.  Photovoltaic performance of the QDSCs.  Short-circuit current 

density (Jsc), open-circuit voltage (Voc), fill factor (FF), and power-

conversion efficiency (η) of the QDSCs with various TAA treatment 

times. 

 

Cell J
sc

 (mA cm
-2

) V
oc

 (V) FF η 

Bare 3.82 0.59 0.33 0.74% 

1 h 4.50 0.61 0.33 0.91% 

6 h 5.88 0.60 0.34 1.19% 

24 h 5.76 0.56 0.33 1.08% 

6 h + TiO2 6.95 0.61 0.34 1.43% 
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Fig. A1-8. (Color) Photocurrent-voltage curves of the QDSCs based on the 

nanostructured photoanodes with different TAA treatment times. 
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Fig. A1-9. (Color) Incident photon-to-current conversion efficiency (IPCE) spectra. 
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Fig. A1-10. (Color) Electrochemical impedance spectra of Nyquist plot for the 

QDSCs (6 h of TAA treatment time) with and without TiO2 treatment.  

The inset exhibits the Bode plots.  Solid lines are the fitting results 

using the equivalent circuit model in the inset. 
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Fig. A1-11. (Color) Experimental decay curves of Voc for the QDSCs.  The inset 

shows the corresponding electron lifetimes. 

  

0 10 20 30 40
0.0

0.2

0.4

0.6

0.0 0.2 0.4

0.1

1

10

6 h + TiO
2
 Coating

 

 

V
ol

ta
ge

 (V
)

Time (s)

Bare 
1 h

24 h

6 h

6 h + TiO2 Coating

 
(S

)

 

 Bare

1 h
24 h

6 h

Voltage (V)



  99  Appendix 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A1-12. (Color) Diffused transmittance spectra after the CdS sensitization for 

the QDSCs (6-h TAA treatment), with and without TiO2 treatment. 
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Table AIII.  Impedance parameters extracted using the equivalent-circuit model 

for QDSCs. 
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A.1.4. Conclusion 

Three-dimension hierarchically branched ZnO-nanowire arrays were 

straightforwardly synthesized with proper nucleation seed layers for the effective 

branch growth.  The resulting densely-formed branched ZnO-nanowire-array 

photoelectrodes showed enhanced PCE by a factor of two compared to the bare 

ZnO nanowires, by taking advantages of the light harvesting efficiency, charge-

transfer resistance, and carrier lifetime.  This easily controllable branching 

synthesis can be applicable to other photoelectrodes to improve the efficiencies of 

light harvesting and carrier collection. 
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국문 초록 

실리콘 박막 태양전지에 널리 사용되고 있는 아연산화물 기반 박막 

투명 전극에 대하여, 유기산을 이용한 표면 식각 방법에 대한 연구를 

진행하였다.  통계적 및 계산적 기법을 사용하여 식각된 표면 형상을 비교 

분석하였고, 결정립 (grain) 과 결정립 경계 (grain boundary) 의 식각 속도 

차이를 바탕으로 식각 메커니즘을 제안하여, 알루미늄 도핑된 아연산화물 

투명 전극의 광대역 광포획 특성의 원인을 설명하였다. 본 박사학위 

논문에서는 아연산화물 기반 투명전극박막의 식각 메커니즘을 기존의 연구 

결과보다 체계적으로 설명하고 옥살산 (oxalic acid) 을 이용한 새로운 식각 

기술을 제시하였고, 이를 통해 투명 전극 박막과 더 나아가 박막 태양전지의 

광산란 특성 향상을 위한 기반을 마련했다는 점에서 그 학문적 의미를 찾을 

수 있다. 

 

 

주요어:  투명전극, 광 산란, 표면 텍스쳐링, 박막 태양전지, 아연 산화물 
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