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Abstract 

    Photovoltaic devices are clean energy technologies that can generate electric power with 

suppressing the consumption of limited resources for increasing electric demand. Greatly 

increased demand of photovoltaic devices requires next generation photovoltaic material that 

fulfills various application and mass production. Iron pyrite (cubic FeS2) is a candidate for thin 

film photovoltaic device material because of its high light absorption coefficient ( > 105 cm-1 

for h > 1.3 eV), earth-abundance and low cost material. However, previous reports show poor 

performance of iron pyrite photovoltaic devices, and it is essential to understand the reason for 

the poor performance. In this thesis, an inversion layer at iron pyrite surface is focused as cause 

which can reduce the conversion efficiency. To reveal an effect of the inversion layer, device 

simulation of iron pyrite thin film photovoltaic device and characteristics evaluation of iron 

pyrite single crystal are performed. 

In Chapter 2, a two-dimensional (2D) device simulator, ATLAS, was utilized to investigate 

the device structure toward high performance iron pyrite thin film photovoltaic device. In 

addition, an effect of the inversion layer at the surface region of iron pyrite was investigated to 

carry out the numerical simulation and design of an iron pyrite photovoltaic device by 

combining the density of states in surface layer and bulk layers of iron pyrite. It was founded 

that the following factors allow iron pyrite thin film photovoltaic device efficiency as high as 

around 13.5% to be achieved: a p-Cu2O/n-FeS2 hetero-junction, a density of states in the bulk 

layer of less than 11015 cm-3, and carrier lifetime in the bulk of longer than 1 s. To realize 

higher efficiency iron pyrite thin film photovoltaic device, it is necessary to remove the surface 

layer and reduce the density of states of the deep donor level during the fabrication of the bulk 

layer. 

In Chapter 3, the chemical-bonding state and phase purity at the surface region of iron 

pyrite single crystal wafers treated by alcohol washing and aqua regia etching were evaluated 
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by micro-Raman spectroscopy and XPS. From these measurements, it was found that phase 

purity at iron pyrite surface was improved and oxidation productions were removed by aqua 

regia treatment. However, oxide absorption at iron pyrite surface was confirmed because the 

oxide and water in air immediately reacts with the surface of iron pyrite and Fe3+−OH− species 

were created. Therefore, it was difficult to completely remove the oxidation productions at iron 

pyrite surface. 

In Chapter 4, band structure and electrical transport characteristics of iron pyrite single 

crystal were evaluated to investigate the effect of oxidation production at iron pyrite surface for 

band bending. From these results of PYS, KFM and optical measurements, it was suggested 

that an inversion layer at the surface region of iron pyrite single crystal might be formed 

although oxidation productions were removed. This result indicated that the formation of the 

inversion layer at iron pyrite surface might contribute to defect levels based on LFT model 

rather than oxidation layer. In addition, the formation of localized states below conduction band 

of iron pyrite was estimated from optical characteristic evaluations such as ellipsometry and 

Micro-PL. The formation of localized states was supposed by also Hall effect measurement 

because Mott-VRH conduction at low temperature was observed. Therefore, it was revealed 

that not only the inversion layer but also the intrinsic defect levels in the bulk contributed to 

poor performance of photovoltaic device. To improve photovoltaic characteristics, it is 

necessary to reduce the intrinsic defect levels in the bulk because the intrinsic defect levels lead 

to the formation of localized states below conduction band which reduces band gap and 

encourage the carrier recombination through the defects. 

In Chapter 5, the conclusions of this study and future plan are summarized. In addition, 

problems relating to the proposed method are highlighted, and suggestions for future work to 

solve these problems are provided. 
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Chapter 1 

Introduction 
 

1.1 Background 

Production of modern electric energy is highly dependent on thermal power generation 

using fossil fuel and nuclear power generation using radioactive elements. Since these consume 

resources to produce electric energy, exhaustion of limited resources is a concern with an 

increase in demand and population. Furthermore, it becomes a factor in the further increase of 

CO2 emission, which is a cause of global warming problem in recent years. In contrast, sunlight, 

solar heat, hydraulic power, wave power and wind power generation are clean energy 

technologies that convert natural energy into electric energy, and are indispensable technologies 

for building a sustainable society. In particular, photovoltaic generation is a technology that 

utilizes the enormous amount of solar energy, and as it can simply obtain power from anywhere 

on the earth without developing large scale infrastructure, it is anticipated as a technology to 

suppress the consumption of limited resources. However, photovoltaic generation depends on 

solar radiation, which is difficult to supply stably. As the grid interconnection system backed 

up by the electric power system was established, the range of solar power generation to be used 

is widely expanded, and various measures were introduced by government such as fixed price 

purchase and tax deduction as a technology to cope with global warming. The current 

cumulative introduction amount of the world is going to be 400 GW. Due to the increase in the 

introduction amount of photovoltaic power generation, the problem of securing consistency 

between power generation and electric power demand and installation site problems has 

developed to a situation where constraints are introduced in the future introduction. For this, it 

is important to stabilize power supply by introducing power storage function etc. In addition to 
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its role as a simple power supply technology from the past, it is strongly required to contribute 

to social structural change that makes full use of the characteristics of solar power generation 

toward the construction of a sustainable society. Production volume of solar cell modules in the 

world. Figure 1.1 shows that production volume reaches 75 GW in 2016 and 100 GW in 2017 

[1]. Crystalline silicon solar cells occupy 90% or more of these. In the production of solar cell 

modules Japan, the United States and Europe, have led the technology development until the 

first half of the 2000s, when the main production base moved to the East Asian region such as 

China and Taiwan. Production volume in China in 2016 is about 53 GW, or about 70% of the 

world market share. 
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Fig. 1.1 Production volume of solar cells [1]. 
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1.2 Solar Cells 

1.2.1 Category of solar cells 

When semiconductor p-n junction is irradiated with light having energy larger than the 

forbidden band width of the semiconductor, electron-hole pairs are generated in the 

semiconductor. The generated electron-hole pair is separated by the internal electric field 

present at the junction, and holes are collected on the p-side and electrons are collected at the 

n-side, and an electromotive force is generated outside. A device that converts sunlight into 

electric energy with such a principle is called a solar cell. Table I.I shows the classification of 

solar cells [2]. Currently, semiconductor materials used for commercialized solar cells are 

roughly classified into silicon type and compound semiconductor type. 

For silicon type, there are crystalline silicon types using a bulk crystal, thin film silicon 

types using a thin film, and a hetero junction type of a bulk crystal and a thin film. Crystalline 

silicon is the most widely used semiconductor material for solar cells. Among crystalline silicon, 

single crystal systems of non-concentration type records 26.1% and this record is close to the 

theoretical limit value. However, it is costly and disadvantageous. On the other hand, the 

polycrystalline system has an efficiency of 22.3%, which is slightly lower than that of the single 

crystal system. However polycrystalline silicon is made by silicon chloride, which has the 

advantage that the manufacturing process enable to fabricate productions with saving resources 

and cost. Silicon thin film utilizing amorphous silicon enables to fabricate productions in a low 
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temperature process and save resources and cost due to thin film. However reported highest 

efficiency of amorphous silicon thin film solar cell remains 14.0% and cell performance 

degrades due to photodegradation. Recently, the heterojunction with intrinsic thin-layer (HIT) 

solar cell is developed and records 26.6%. This cell is fabricated by combining amorphous 

silicon and crystalline silicon.  

Compound semiconductor type includes compound thin film systems such as multi-

junction type using III-V compounds, CdTe type and CuInGa(Se,S)2 (CIGS) type. III-V solar 

cells are fabricated by depositing various III-V compound semiconductors to form multilayer 

structure on GaAs single crystal substrate. It is an ultra-high performance solar cell that 

demonstrates high conversion efficiency such as 46.0% of 4 junction type concentrating solar 

cells. Concentration is the order of 500-1000. However III-V solar cells are expensive and 

utilized for space solar cells and concentrator solar cells. On the other hand, other compound 

thin film solar cells such as CdTe type and CIGS type record conversion efficiency exceeding 

20%. Especially, these thin film solar cells is fabricated in large area size and enable to save 

resources and cost because light absorption layer is only a few micron thickness. However the 

module efficiency remains about 14%.  

In addition, dye sensitized solar cells and organic thin film solar cells are at the research 

phase. Especially, perovskite solar cells are rapidly developing and have already exceeded 20% 

of conversion efficiency. 
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Table I.I Category of solar cells [2] 

Category Type Cell Eff. (%) Characteristics 

 Single crystal 26.1 High performance 

Crystalline Si cell Multi crystal 22.3 Low cost than single crystal 

 Hetero-

junction 

26.6 High performance, High cost 

 CIGS 22.9 High performance, Flexible, 

Low cost, Including rare metal 

Thin film CdTe 22.1 High performance, Flexible, 

Low cost, Including Cd 

 a-Si:H 14.0 Low cell performance, 

Low cost, Light degradation 

 

Multi-junction cell 

 

III-V 

 

46.0 

Highest performance, High cost, 

Application for space technology 

Concentration : Order of 500-1000 

 Dye-sensitize 11.9 Research phase, Indoor applications 

Emerging PV Organic 12.6 Research phase, Flexible, Low cost 

 Perovskite 23.3 Research phase, High performance, 

Flexible, Low cost, Including Pb 
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1.2.2 Ideal band gap for material of photovoltaic device 

The band gap (Eg) of the semiconductor is greatly related to the conversion efficiency of 

the solar cell. Figure 1.2 shows an equivalent circuit diagram of the solar cell. From Fig. 1.2, 

the solar cell can be regarded as a current source having a short-circuit current ISC in which 

diodes are connected in parallel. The total current-voltage (I-V) characteristics of such a device 

under illumination is simply calculated by the dark current and the photocurrent, given as from 

Eq. (1.1): 

𝑰𝐒𝐂 = 𝑰𝟎 (𝒆
𝒒𝑽
𝒌𝑻 − 𝟏) − 𝑰𝑳 (𝟏. 𝟏) 

The open-circuit voltage (VOC) is obtained by setting IL = 0: 

 

𝑽𝐎𝐂 =
𝒌𝑻

𝒒
𝐥𝐧 (

𝑰𝐒𝐂

𝑰𝟎
+ 𝟏) ≅

𝒌𝑻

𝒒
𝐥𝐧 (

𝑰𝐒𝐂

𝑰𝟎
) (𝟏. 𝟐) 

Hence for a given IL, the VOC increases logarithmically with decreasing saturation current I0. 

For a regular p-n junction, the ideal saturation current is given by Eq. (1.3): 

𝑰𝟎 = 𝑨𝒒𝑵𝑪𝑵𝑽 (
𝟏

𝑵𝑨
√

𝑫𝒏

𝝉𝒏
+

𝟏

𝑵𝑫
√

𝑫𝒑

𝝉𝒑
)𝒆𝒙𝒑(

−𝑬𝒈

𝒌𝑻
) (𝟏. 𝟑) 

As seen, I0 decreases exponentially with Eg. Therefore a large Eg is required to obtain a large 

VOC. The maximum VOC corresponds to the built-in potential of the junction, and the maximum 

built-in potential is close to the energy gap. Equation (1.1) is plotted in Fig. 1.3. The curve of 

I-V characteristic passes through the fourth quadrant after solar cell is illuminated by sunlight, 

which shifts from black line to red line in Fig. 1.3. By properly choosing a load, close to 80% 

of the product can be extracted. Here, the short-circuit current ISC is equal to the photocurrent. 

The colored area in Fig. 1.3 corresponds to the maximum power output, and each volume of 

current, voltage and power is Im, Vm and Pm, respectively. To derive the maximum-power 

operation point, the output power is given by Eq. (1.4): 
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𝐏 = 𝑽𝑰𝑳 = 𝑽{𝑰𝐒𝐂 − 𝑰𝟎 (𝒆
𝒒𝑽
𝒌𝑻 − 𝟏)} (𝟏. 𝟒) 

The condition for maximum power can be obtained when dP/dV = 0 by Eq. (1.5). In addition, 

Vm and Im are written by Eq. (1.6) and Eq. (1.7). Moreover, the maximum power output Vm is 

then by Eq. (1.8). 

𝒅𝑷

𝒅𝑽
= 𝑰𝐒𝐂 + 𝑰𝟎 − 𝑰𝟎 (

𝒒𝑽

𝒌𝑻
+ 𝟏)𝒆

𝒒𝑽
𝒌𝑻 = 𝟎 (𝟏. 𝟓) 

𝑽𝒎 =
𝒌𝑻

𝒒
𝐥𝐧 [

𝟏 + (
𝑰𝐒𝐂

𝑰𝟎
)

𝟏 + (
𝒒𝑽𝒎

𝒌𝑻
)
] ≅ 𝑽𝐎𝐂 −

𝒌𝑻

𝒒
𝐥𝐧 (𝟏 +

𝒒𝑽𝒎

𝒌𝑻
) (𝟏. 𝟔) 

𝑰𝒎 = 𝑰𝟎 (
𝒒𝑽𝒎

𝒌𝑻
) 𝒆

𝒒𝑽𝒎
𝒌𝑻 ≡ 𝑰𝐒𝐂 (𝟏 −

𝟏

𝒒𝑽𝒎

𝒌𝑻

) (𝟏. 𝟕) 

𝑷𝒎 = 𝑰𝒎𝑽𝒎 ≅ 𝑰𝐒𝐂 [𝑽𝐎𝐂 −
𝒌𝑻

𝒒
𝒍𝒏 (𝟏 +

𝒒𝑽𝒎

𝒌𝑻
) −

𝒌𝑻

𝒒
] (𝟏. 𝟖) 

Here, the ideal conversion efficiency is the ratio of the maximum power output to the incident 

power Pin. 

 =
𝑷𝒎

𝑷𝒊𝒏

(𝟏. 𝟗) 

On the other hand, ISC is written by Eq. (1.10). Q is carrier collection efficiency,  is optical 

absorptions, l is thickness, and nph(Eg) is photon number. When Eg increases, ISC decreases 

because light on long wavelength is not absorbed. 

𝑰𝐒𝐂 = 𝑸[𝟏 − 𝐞𝐱𝐩(−𝜶𝒍)]𝒒𝒏𝒑𝒉(𝑬𝒈) (𝟏. 𝟏𝟎) 

As seen in Eq. (1.2) and (1.3), the VOC decreases as the Eg decreases. On the other hand, the ISC 

increases as the Eg increases as written by Eq. (1.10). Therefore, the theoretical limit conversion 

efficiency which is also known as a Shockley-Queisser limit depends on the Eg as shown in Fig. 

1.4 [3]. From Fig. 1.4, the theoretical limit conversion efficiency is the maximum at 1.4 eV. 

Therefore, Fig. 1.4 shows that the conversion efficiency of the silicon solar cell is close to the 
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theoretical limit. On the other hand, CIGS solar cell and CdTe solar cell can still improve the 

photovoltaic performance.  
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Fig. 1.2 Idealized equivalent circuit of solar cell under illumination. 

 

Fig. 1.3 I-V characteristics of solar cell under illumination. Determination of maximum 

power output is indicated. 

 

Fig. 1.4 Theoretical limit conversion efficiency vs band gap (Eg). Each dot of Si, CIGS, 

CdTe and a-Si:H corresponds to the highest conversion efficiency from Table I.I [3]. 
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1.2.3 Optical absorption of semiconductor material 

The absorption coefficient in some materials is shown in Fig. 1.5 [4]. Vertical axis plots 

the light absorption coefficient  (cm- 1) and horizontal axis plots the photon energy E (eV). 

The relation of E = 1239.8/ holds between the photon energy E and the wavelength  (nm). 

Comparing some materials, compound materials such as CuIn(Se,S) (CIS), CdTe and GaAs 

show strong light absorption. Since the penetration depth into light is the reciprocal of the light 

absorption coefficient , the penetration depth of the light for CIS, CdTe and GaAs is short 

even on the longer wavelength side, which enables to utilize the device as thin film solar cell. 

Thin film solar cell can save cost because a small of amount of material can fabricate the device. 

In addition, thin film solar cell enables to fabricate flexible cell, which leads to develop various 

application. However, CIGS and CdTe are not suitable to realize mass production because these 

materials contain toxic elements such as Cd and rare metals such as In and Ga. Ideally, the 

material consisted of non-toxic elements and rare metal free is essential to realize mass 

production of thin film solar cell. 
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Fig. 1.5 Optical absorption coefficient  of some materials [4]. 
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1.3 Rare Metal Free and Non-toxic Materials 

Various materials are studied as an alternative material for CIGS and CdTe. Table I.II 

shows the best record of photovoltaic characteristics using rare-metal free and non-toxic 

materials [5-10]. Cu2ZnSnSxSe4-x (CZTS) is the material with the highest conversion efficiency 

among the materials composed of rare metal-free and nontoxic elements. It has recorded 12.6% 

as the highest efficiency so far [7]. CZTS is a quaternary compound semiconductor of I2-II-IV-

VI4, in which In and Ga of group III of chalcopyrite Cu(In, Ga)(S, Se)2 are divided by Zn of 

group II and Sn of group IV. It is a substituted material. CZTS is also being developed as a 

submodule, which reached 11.38% [11]. In contrast, as a material other than CZTS, various 

materials such as Cu2SnS, SnS, Cu2O, CuSbS2, ZnSnP2 and the like are studied as a next 

generation compound thin film material which is a rare-metal free and nontoxic element, but 

the conversion efficiency is 3-5%. Currently, materials exceeding CZTS are not found, and 

exploration of new materials is required. 

 

 

 

 

 

 

 

 

 



 

14 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Table I.II Photovoltaic characteristics of thin film devices utilizing rare metal free and non-

toxic materials [5-10] 

Material Cell Eff. (%) FF VOC (V) JSC (mA/cm2) Ref. 

Cu2O 5.38 0.67 0.80 9.99 [5] 

CuSbS2 3.13 0.44 0.49 14.7 [6] 

Cu2ZnSnSxSe4-x 12.6 0.69 0.51 35.2 [7] 

SnS 4.36 0.58 0.37 20.2 [8] 

Cu2SnS3 4.63 0.44 0.28 37.3 [9] 

ZnSnP2 3.44 0.59 0.47 12.3 [10] 

 FF : Fill factor. 

 JSC : Short-circuit current density 
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1.4 Iron Pyrite 

1.4.1 Iron pyrite thin film 

A different alternative material is iron pyrite. Iron pyrite is recognized as a semiconductor 

having outstanding possibilities as a solar cell material. Iron pyrite has a band gap of about 0.95 

eV, and has particularly remarkable optical absorption characteristic (  105 cm-1 above 1.2 - 

1.4 eV) [12, 13]. This optical absorption characteristic indicates that the film thickness of about 

100 nm can absorb 90% or more of sunlight. Bulk n-type iron pyrite single crystals can have 

high majority carrier diffusion lengths (L  0.11 m) [12, 14-16]. Furthermore, iron pyrite is 

composed of iron and sulfur which are rare metal free and non-toxic elements. Figure 1.6 shows 

the theoretical material cost ratio [17]. Wadia, et al. simulated each material cost assuming each 

material has reached the theoretical limit conversion efficiency. As shown in Fig. 1.6, pyrite is 

sufficiently lower than other solar cell materials. Some characteristics of iron pyrite such as 

earth abundant and high optical absorption has the advantage that these characteristics are able 

to fabricate thin film solar cell at low cost.  

Since iron pyrite materials have these promising properties, this material is synthesized by 

using a wide range of methods including chemical vapor transport [18], chemical vapor 

deposition [19-21], thermal sulfurization of various precursor materials [22-27], nanowires [28], 

and colloidal nanocrystals [29-31]. Despite the widespread progress of extensive efforts and 

synthesis, iron pyrite thin film photovoltaic devices have not yet obtained the conversion 

efficiency as shown in Table I.III [31-33]. In Table I.III, iron pyrite thin film are nanocrystals, 

nanocrystalline film or polycrystalline films. However, a lack of important synthetic details and 

specific discussion of the factors controlling the performance of these solar devices has limited 

the understanding of iron pyrite.  

Poor performance of iron pyrite thin film photovoltaic devices include some problems. For 

example, (i) Controlling of quality, phase purity, stoichiometry to prepare iron pyrite films is 
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insufficient, (ii) Understanding the doping in iron pyrite to control carrier concentration and 

carrier type is insufficient, and (iii) Understanding the surface phenomena that has affected iron 

pyrite photovoltaic devices is not sufficiently achieved. Considering phase purity and 

stoichiometry, non-negligible phase fractions of the FeS2 marcasite and Fe1−δS pyrrhotite phases 

have long been cited as potential causes for poor photovoltaic device performance in iron pyrite 

[12, 34, 35]. Recent studies of iron pyrite crystals and films including phase pure and near 

stoichiometry are reported by various characterization techniques, such as x-ray diffraction[21, 

25, 28, 29, 31, 36-42], synchrotron x-ray diffraction [21, 38, 43], Raman spectroscopy [21, 28-

31, 36, 37, 39, 42-45], magnetometry [21, 31, 39, 42, 45], and x-ray photoelectron spectroscopy 

[21, 38, 39, 44]. In particular, magnetometry is possible that all compounds except diamagnetic 

FeS2 include magnetic property [39, 42]. Therefore, while phase purity and homogeneity are 

concerns in iron pyrite, they are likely not the fundamental origin of poor iron pyrite 

photovoltaic device performance. 

Next, the doping in iron pyrite is described. Table I.IV shows the conductivity type and 

carrier properties of majority carriers of thin films and bulk crystals prepared by various 

methods [20, 21, 23-26, 29, 31, 37, 38, 43, 45-50]. As shown in Table I.IV [45], these 

evaluations by thermoelectric property measurements, hot-point probe measurements and Hall 

effect measurements show that iron pyrite thin films which have low mobility have p-type 

properties. On the other hand, high purity and unintentionally doped iron pyrite single crystals 

are obviously n-type conditions because of S vacancies (Vs) as the suspected dopants. Figure 

1.7(a) shows the magnitude of the Hall coefficient RH at room temperature as a function of the 

carrier mobility from previous reports of thin films and bulk crystals [24, 30, 31, 37, 43, 46-50]. 

On this plot in Fig. 1.7(a), blue symbols are for electron-like behavior and red symbols are for 

hole-like behavior. These bulk crystals have high mobility in Fig. 1.7(a) and these behaviors 

indicate n-type conduction. The small number of counterexamples often occur in naturally 
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occurring crystals, where impurities are a concern, or in cases where the Hall effect disagrees 

with the other methods such as thermopower to determine the sign of majority carriers. The 

complexity arises when considering unintentionally doped iron pyrite thin films. 

Furthermore, the mobility of iron pyrite thin film is highly variable. These films have 

200280 cm2 V-1 s-1, which are prepared by spray pyrolysis [49] and chemical vapor deposition 

[51], with an additional handful of other values in 280 cm2 V-1 s-1 range [24, 29, 47, 48, 50]. 

In the great majority of cases, iron pyrite thin films have low mobility and cannot be determined 

exactly from Hall effect measurements. Some ubiquitous uncontrolled impurities are often 

hypothesized as cause that leads to high carrier concentrations and low mobility in iron pyrite 

thin films, although a high defect density from S vacancies also seems feasible [22, 27, 30, 52, 

53]. This situation explains the modest number of thin film data points in Fig. 1.7(a), 

exacerbated by the fact that raw data are often not reported. The data of thin film clearly 

suggests p-type behavior in contrast to bulk crystals. As shown in Fig. 1.7(a), the Hall effect 

results have been reported to indicate either n-type [24] or p-type [30, 31, 47-50] majority 

carriers in iron pyrite thin films. However, p-type behavior obviously dominates. 

    Evaluation of carrier type by thermopower or Seebeck coefficient (S) measurements also 

forms similar conclusions. As shown in Fig. 1.7(b), n-type behavior in bulk crystals is 

confirmed from thermopower or Seebeck coefficient (S) measurements [46]. On the other hand, 

thin films show p-type behavior [24, 48]. However, the number of data points in Fig. 1.7(b) are 

not impressive because some measurements record only the sign of seebeck coefficient not 

value. As shown in Table IV, these measurements by thermopower and hot point probe methods 

are in almost universal support of p-type conduction in low mobility iron pyrite thin films. In 

conclusion, the observations summarized in Table I.IV and Fig. 1.7 have led to the notion that 

unintentionally doped iron pyrite single crystals show n-type behavior, whereas unintentionally 

doped iron pyrite thin films show p-type behavior [45]. While some ubiquitous impurities and 
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detects might be unintentionally introduced in iron pyrite thin films, the fundamental 

understanding has not obtained yet. 

    Finally, the effect of surface phenomena for iron pyrite photovoltaic devices is explained 

in section 1.4.2. 
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Fig. 1.6 Material cost for inorganic photovoltaic materials. Component cost contribution in 

cent/W is a strong indicator of value for future deployment [17]. 

Table I.III Previous reports of Iron pyrite (FeS2) thin film solar cells and conversion 

efficiencies [32-34]. 

Eff. (%) Device structure Ref. 

0 IZO/AZO/n-CdS/p-FeS2/Mo [32] 

0 ITO/n-ZnO/n-CdS/p-FeS2/Au [33] 

0 ITO/n-ZnO/n-CdS/p-FeS2/n-MoO3/Al [34] 

 



 

20 

 

 

 

Table I.IV Literature review of carrier types in unintentionally doped FeS2 from Hall effect 

and thermopower [45]. This table was drawn from [21, 22, 24-27, 30, 32, 38, 39, 44, 47-51] 

FeS2 Synthesis method Majority carrier Properties Ref. 

Thin film Sulfidation of Fe Electron (300K) = 0.1 cm 

S(300K) = 6.7 VK-1 

[25] 

Thin film Sulfidation of Fe Hall S(300K) = 70-80 VK-1 [24] 

Thin film Sulfidation of Fe Hall (300K) = 0.50-0.58 cm [26] 

Thin film Plasma-assisted 

sulfidation of Fe 

Hall (300K) = 1 cm [27] 

Thin film Annealing of 

Fe(acac)3 ink 

Hall (300K) = 1.35 cm [39] 

Thin film FeS2 nanocrystal 

coating 

Hall H(300K) = 80 cm2V-1s-1 [30] 

Thin film FeS2 nanocrystal 

coating 

Hall (300K) = 11.2 cm 

H(300K) = 0.1 cm2V-1s-1 

[32] 

Thin film Spray pyrolysis Hall (300K) = 0.59 cm 

H(300K) = 2.12 cm2V-1s-1 

[51] 

Thin film Spray pyrolysis Hall (300K) = 0.425 cm 

H(300K) = 210 cm2V-1s-1 

[50] 

Thin film Reactive sputtering 

(Fe target) 

Hall (300K) = 0.003 cm 

S(300K) = 10 VK-1 

H(300K) = 25 cm2V-1s-1 

[49] 

Thin film Reactive sputtering 

(FeS2 target) 

Hall (300K) = 0.25 cm 

H(300K) = 5 cm2V-1s-1 

[48] 

Thin film CVD Hall (300K) = 1 cm 

S(300K) = 50 VK-1 

[21] 

Thin film CVD Hall (300K) = 1.5 cm [22] 

Syn. crystal CVT Electron (300K) = 2.1 cm 

S(300K) = 320 VK-1 

H(300K) = 172 cm2V-1s-1 

[47] 

Syn. crystal CVT Hall (300K) = 142 cm 

H(300K) = 5.3 cm2V-1s-1 

[47] 

Syn. crystal CVT Electron (300K) = 114 cm 

H(300K) = 50 cm2V-1s-1 

[38] 

Syn. crystal Flux Electron (300K) = 5.1 cm 

H(300K) = 245 cm2V-1s-1 

[44] 
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Fig. 1.7 Summary of the literature on carrier type in unintentionally doped iron pyrite from 

Hall effect and thermopower [45]. (a)The room temperature Hall coefficient (RH) [25, 31, 

32, 38, 44, 47-51] (b) Seebeck coefficient (S) vs Hall carrier mobility () for the 

polycrystalline films and synthetic single crystals [25, 47, 49]. 
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1.4.2 Iron pyrite bulk crystal 

Iron pyrite thin films are prepared by various methods, however they yield poor properties 

as a photovoltaic device. Therefore, iron pyrite bulk crystals including high pure phase are 

suitable to understand and improve some properties for fabricating photovoltaic devices. Iron 

pyrite photovoltaic device using single crystal has already been reported as low as 2.8% of the 

solar energy conversion efficiency [12]. This efficiency was reported for a 

photoelectrochemical (PEC) solar cell using a CVT grown, unintentionally doped n-type pyrite 

single crystal and an iodine/iodide aqueous electrolyte with little experimental detail [12]. The 

photoanode reached an outstanding photocurrent of 42 mA/cm2 at short-circuit current density 

(JSC), however its efficiency was ultimately limited by a low open-circuit voltage (VOC ≤ 187 

mV) and moderate fill factor (FF∼50%) [12]. The highest efficiency of iron pyrite photovoltaic 

device has remained 2.8% since the beginning of the 1990s. Therefore, understanding the 

reason for the low performance is essential to improve iron pyrite photovoltaic devices. 

Low VOC of iron pyrite photovoltaic devices include some problems. For example, (i) 

Decreasing band gap at surface region of iron pyrite bulk crystals, (ii) Fermi level pinning and 

band bending based on ligand field theory (LFT), and (iii) Inversion layer at surface region.  

As the first explanation of the low VOC of iron pyrite photovoltaic device, scanning 

tunneling spectroscopy (STS) measurements were taken on 100-faced iron pyrite single 

crystals synthesized by chemical vapor transport in closed quartz ampoules [54]. This report 

suggests that the band gap at surface can be as small as 0.4 eV although the band gap in bulk 

corresponds 0.95 eV [54]. This surface gap has also been indicated from density functional 

calculations, where the band gap was found to be a function of stoichiometry [55, 56]. Low 

density states resulting in an ill-defined conduction band onset are an issue even in bulk pyrite 

[57, 58]. In fact, this general area of research clearly warrants further work.  

As the second explanation for the low VOC of iron pyrite, the existence of intrinsic defect 
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states at surface region are hypothesized as cause that leads to Fermi level pinning and surface 

recombination. X-ray photoelectron spectroscopy for UHV cleaved 100-faced n-type pyrite 

single crystals and natural bulk crystals revealed pinning of the Femi level near the valence 

band edge at surface or iron pyrite [59, 60]. These surface conditions are modeled by ligand 

field theory (LFT) modeling based on Fe-S coordination [61]. Reducing Fe coordination at 

surface region forms the intrinsic defect states at the valence band edge, which leads to Fermi 

level pinning and subsequent band bending [12, 61, 62]. LFT modeling are accounted for the 

low photovoltages of metaln-FeS2 junctions which create the leaky tunnel barriers [12, 61, 62]. 

However, experimental evidence for LFT modeling has not been confirmed yet. 

As the third explanation for the low VOC of iron pyrite, the inversion layer at surface region 

is suggested as the cause of low VOC [43]. This inversion layer was reported as the impact of 

surface phenomena on bulk electronic transport. As shown in Fig. 1.8, Limpinsel et al. observed 

surface dominated conduction at low temperature in polished flux-grown n-type iron pyrite 

single crystals [43]. Based on Ultraviolet photoelectron spectroscopy and Hall effect 

measurements, they concluded that Fermi level was pinned above the valence band maximum 

in iron pyrite single crystal and formed p-type surface conductive layer decreased the low VOC 

in iron pyrite photovoltaic devices shown in Fig. 1.9. Although the evidence for surface 

conduction presented is strong, there are still some uncertainties as to whether the surface layer 

is definitely p-type. As shown in Fig. 1.8, the sign of Hall coefficient fluctuate between small 

positive and negative values at low temperature. This phenomenon is different from two-

channel conduction model based on an inversion layer at surface region which Limpinsel et al. 

supposed. In addition, they could not obtain foundation that the Mott variable range hopping 

(Mott-VRH) conduction did not occur. Therefore, further verification is necessary. 

As described above, while various problems about low VOC in iron pyrite photovoltaic 

device have been pointed out, suitable solutions have not been founded yet. However, iron 
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pyrite single crystals still provide the most well-defined platform to characterize and understand 

the physical and electrical characteristics, which can then serve as a foundation to evaluate their 

impacts on different iron pyrite materials. 
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Fig. 1.8 The Hall coefficient data for an iron pyrite single crystal wafer depending 

temperature [44]. 

 

Fig. 1.9 Calculated equilibrium band diagram of the iron pyrite based on data of Hall effect 

measurement [44]. 
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1.5 Purpose of This Dissertation 

As described above, there are many problems about poor performances of iron pyrite 

photovoltaic devices. In particular, an inversion layer at the surface region of iron pyrite has the 

potential to cause poor photovoltaic performance. In this thesis, the inversion layer at the 

surface of iron pyrite has been studied to understand and improve the cause of the poor device 

performance as shown in Fig. 1.10. 

In Chapter 2, an effect of the inversion layer of iron pyrite surface for iron pyrite thin film 

photovoltaic performance is investigated by utilizing the two-dimensional (2D) device 

simulator, ATLAS. Photovoltaic device including the inversion layer of iron pyrite layer is 

modeled and photovoltaic characteristics of the device is calculated. Based on the results 

obtained, not only the improvement of an inversion layer at surface of iron pyrite but also 

decreasing bulk defects are essential to fabricate high performance iron pyrite thin film 

photovoltaic devices. In Chapter 2, my documents which already have been published are 

quoted [63]. 

    In Chapter 3, iron pyrite single crystal is synthesized by flux method and surface 

conditions of grown iron pyrite single crystal are evaluated to establish a method of removing 

oxidation layer at surface region of iron pyrite single crystal. In this chapter, iron pyrite single 

crystal instead of iron pyrite thin film is utilized for evaluation of the surface conditions because 

unstable phase purity and poor film quality in iron pyrite thin film might affect evaluations of 

band structure and electrical characteristic. To evaluate the surface conditions of iron pyrite 

single crystal, Micro-Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) are 

performed. From analysis of XPS, chemical-bonding state at iron pyrite surface is discussed. 

    In Chapter 4, band structure is evaluated by utilizing Photoelectron yield spectroscopy 

(PYS), Kelvin Force Microscope (KFM) and optical characteristic measurements. In addition, 

electrical transport characteristics are evaluated by Hall effect measurement. From the 
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evaluations of band structure and electrical transport characteristic, problems for improvement 

of characteristics are discussed toward realizing high performance iron pyrite photovoltaic 

device.  

In Chapter 5, the conclusion of this study and future outlook are summarized. In addition, 

the limit of the proposed method are described, and suggestions for future work to solve these 

problems are proved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.10 Outline of this thesis. 
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Chapter 2 

Investigation on the Effect of Inversion 

Layer at Iron Pyrite Surface on 

Photovoltaic Device by Two-dimensional 

Device Simulation 
 

2.1 Introduction 

Iron pyrite is a candidate photovoltaic device material because of its strong optical 

absorption ( > 105 cm-1 for h > 1.3 eV), earth-abundance and low cost [1, 2]. Moreover, bulk 

n-type iron pyrite single crystal has high majority carrier mobility (> 300 cm2V-1s-1) and long 

minority carrier diffusion length (0.1 – 1 m) [2, 3]. Therefore, iron pyrite thin films have been 

prepared by various methods such as chemical vapor deposition [4-6], thermal sulfurization of 

some precursor materials [7-12], nanowires [13], and nanocrystals [14-16]. While these iron 

pyrite thin film photovoltaic devices are fabricated, these photovoltaic devices have not become 

commercially available because of poor conversion efficiency [16-18]. 

In this Chapter, device simulation was performed to investigate the cause of poor 

performance of iron pyrite thin film photovoltaic devices which have been fabricated in the past, 

and to understand the effects of the density of states at the deep donor level and the inversion 

layer on the iron pyrite photovoltaic devices. To clarify the problems in realizing iron pyrite 

photovoltaic devices, device simulation considering the density of states in iron pyrite was 

performed. In this Chapter, a two-dimensional (2D) device simulator, ATLAS (Silvaco), was 

utilized to carry out the numerical simulation and design of an iron pyrite photovoltaic device 
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on the basis of the drift-diffusion transport model, which consists of a set of fundamental 

equations including Poisson’s equation. Poisson’s equation relates variations in electrostatic 

potential to local charge densities. 

 

2.2 Fundamental Equations 

Poisson’s Equation relates the electrostatic potential to the space charge density as shown 

in Eq. (2.1): 

𝐝𝐢𝐯(𝛆𝛁𝛙) = −𝛒 (𝟐. 𝟏) 

As seen, is the electrostatic potential, is the local permittivity, and is the local space 

charge density. The continuity equations for electrons and holes are defined by Eq. (2.2) and 

(2.3): 

𝝏𝒏

𝝏𝒕
=

𝟏

𝒒
𝒅𝒊𝒗𝑱𝒏

⃗⃗  ⃗ + 𝑮𝒏 − 𝑹𝒏 (𝟐. 𝟐) 

𝝏𝒑

𝝏𝒕
= −

𝟏

𝒒
𝒅𝒊𝒗𝑱𝒑

⃗⃗  ⃗ + 𝑮𝒑 − 𝑹𝒑 (𝟐. 𝟑) 

Here, n and p are the electron and hole concentration, and 𝐽𝑛⃗⃗  ⃗ and 𝐽𝑝⃗⃗  ⃗ are the electron and hole 

current densities, Gn and Gp are the generation rates for electrons and holes, Rn and Rp are the 

recombination rates for electrons and holes, and q is the magnitude of the charge on an electron. 

Derivations based upon the Boltzmann transport theory have shown that the current densities 

in the continuity equations may be approximated by a drift-diffusion model. In this case, the 

more conventional formulation of drift-diffusion equations to be written by Eq. (2.4) and (2.5). 

𝑱𝒏
⃗⃗  ⃗ = 𝒒𝒏𝝁𝒏𝑬𝒏

⃗⃗⃗⃗  ⃗ + 𝒒𝑫𝒏𝛁𝒏 (𝟐. 𝟒) 

𝑱𝒑
⃗⃗  ⃗ = 𝒒𝒑𝝁𝒑𝑬𝒑

⃗⃗ ⃗⃗  − 𝒒𝑫𝒑𝛁𝒑 (𝟐. 𝟓) 

Here, n and p are the electron and hole mobilities, Dn and Dp are the diffusion coefficients for 

electron and hole, and effective fields are normally defined by Eq. (2.6) and (2.7). 
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𝑬𝒏
⃗⃗⃗⃗  ⃗ = −𝛁(𝝍 +

𝒌𝑻𝑳

𝒒
𝒍𝒏𝒏𝒊𝒆) (𝟐. 𝟔) 

𝑬𝒑
⃗⃗ ⃗⃗  = −𝛁(𝝍 −

𝒌𝑻𝑳

𝒒
𝒍𝒏𝒏𝒊𝒆) (𝟐. 𝟕) 

Here, nie is the effective intrinsic concentration and TL is the lattice temperature. 

From Eq. (2.2) and (2.3), Gn and Gp are the generation rates for electrons and holes. In 

case of Photo-generation rate, it is possible to generate electron-hole pairs inside the device by 

exposing a photovoltaic device to light. The relationship between the photo-generation and the 

absorption of irradiation light is given by Eq. (2.8). 

𝐆(𝐱) = ∫𝑮(𝒙, 𝝀)𝒅𝝀 = ∫
𝝀

𝒉𝒄
𝑰𝒏𝒕. (𝝀)𝜶(𝝀) 𝐞𝐱𝐩(−𝜶(𝝀)𝒙)𝒅𝝀 (𝟐. 𝟖) 

Where G(x) is a total photo-generation rate at a distance x from the front surface,  is the 

wavelength of the incident light, Int.() is the intensity of the light, (hc/) is the energy of the 

absorbed photon, and () is the absorption coefficient.  

From Eq. (2.2) and (2.3), Rn and Rp are the recombination rates for electrons and holes. In 

the ATALS device simulator, the Shockley-Read-Hall (SRH) recombination model was utilized 

to calculate carrier recombination rates. In this time, density of states are applied to each layer 

in the device. To model an inversion layer at the surface of iron pyrite, I divided the pyrite layer 

into two components, bulk and the surface, which is the inversion layer, and this model utilized 

the density of states. Here, Eq. (2.9) shows the SRH recombination model utilizing the density 

of states in the band gap. 

𝑹𝒏,𝒑 = ∫ {
𝒗𝒏𝒗𝒑𝒏𝑨𝒑𝑨(𝒏𝒑 − 𝒏𝒊

𝟐)𝒈𝑮𝑨(𝑬)

𝒗𝒏𝒏𝑨 [𝒏 + 𝒏𝒊𝒆𝒙𝒑 (
𝑬 − 𝑬𝒊

𝒌𝑻
)] + 𝒗𝒑𝒑𝑨 [𝒑 + 𝒏𝒊𝒆𝒙𝒑(

𝑬𝒊 − 𝑬
𝒌𝑻

)]
}𝒅𝑬

𝑬𝑪

𝑬𝑽

+∫ {
𝒗𝒏𝒗𝒑𝒏𝑫𝒑𝑫(𝒏𝒑 − 𝒏𝒊

𝟐)𝒈𝑮𝑫(𝑬)

𝒗𝒏𝒏𝑫 [𝒏 + 𝒏𝒊𝒆𝒙𝒑 (
𝑬 − 𝑬𝒊

𝒌𝑻
)] + 𝒗𝒑𝒑𝑫 [𝒑 + 𝒏𝒊𝒆𝒙𝒑 (

𝑬𝒊 − 𝑬
𝒌𝑻

)]
}𝒅𝑬

𝑬𝑪

𝑬𝑽

(𝟐. 𝟗)

 

At a steady state, ideal recombination of electrons and holes occurs. n and p are the electron 
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and hole concentrations, respectively, ni is the intrinsic carrier density, Ei is the Fermi level, k is 

the Boltzmann constant, and T is the absolute temperature. The gGA(E) and gGD(E), which are 

corresponds to Gaussian distributions, are described as deep defect levels of the acceptor and 

donor. Eqs. (2.10) and (2.11) are the density of states was modeled with a Gaussian distribution 

at a localized energy level of the acceptor and donor defect distributions. 

𝒈𝑮𝑨(𝐄) = 𝑵𝑮𝑨𝐞𝐱𝐩 [−(
𝑬𝑮𝑨 − 𝑬

𝑾𝑮𝑨
)
𝟐

] (𝟐. 𝟏𝟎) 

𝒈𝑮𝑫(𝐄) = 𝑵𝑮𝑫𝐞𝐱𝐩 [−(
𝑬 − 𝑬𝑮𝑫

𝑾𝑮𝑫
)
𝟐

] (𝟐. 𝟏𝟏) 

Here, defect energy is E, and the subscripts G, A, and D stand for Gaussian, acceptor, and donor 

defect states, respectively. The density of states is characterized by the acceptor and donor levels 

of density of states NGA and NGD, the decay energies WGA and WGD, and the peak energy positions 

EGA and EGD. 

From Eq. (2.9), the capture cross sections n and p are calculated from the carrier 

lifetimes p and n as below in Eqs. (2.12) and (2.13). p and n are the carrier lifetimes, and vth 

is the thermal velocity of the carriers and Nt is the concentration of the defect level. 

𝒏 =
𝟏

𝒏𝒗𝒕𝒉𝑵𝒕
(𝟐. 𝟏𝟐) 

𝒑 =
𝟏

𝒑𝒗𝒕𝒉𝑵𝒕
(𝟐. 𝟏𝟑) 
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2.3 Simulation Parameters 

FeS2 (Iron pyrite) 

    To model the inversion layer at iron pyrite surface, the simulation parameters were defined 

for bulk region and surface region of iron pyrite as FeS2 bulk layer and FeS2 surface layer, 

respectively. The simulation parameters of FeS2 bulk and FeS2 surface were defined using 

previously reported values [19, 20]. Table II.I shows the material parameters or FeS2 bulk layer 

and FeS2 surface layer. The parameters of the defect levels in FeS2 bulk and FeS2 surface were 

determined in a previous study, and they were obtained by density functional theory (DFT) 

calculation [20]. Table II.I shows the parameters of defect levels of FeS2 bulk layer and FeS2 

surface layer. The DFT calculation reflects the model of the inversion layer at iron pyrite surface 

shown in Fig. 1.9. The optical properties such as fefractive index n() and extinction coefficient 

k() of FeS2 bulk layer and FeS2 surface layer are defined from previously reported values [21]. 

 

ZnO, CdS and MoO3 (ITO/ZnO/CdS/FeS2/MoO3/Al device) 

    To demonstrate the previously reported results in simulation model, an 

ITO/ZnO/CdS/FeS2/MoO3/Al photovoltaic device had been fabricated in the past [18] was 

modeled and calculated by ATLAS. In some previous reports, n-CdS/p-FeS2 hetero-junction 

photovoltaic devices were fabricated because the carrier type of FeS2 thin film was regarded as 

p-type and p-FeS2 photovoltaic devices were considered to an alternative devices for 

Cu(In,Ga)(Se,S)2 photovoltaic devices [16-18]. In this time, an ITO/ZnO/CdS/FeS2/MoO3/Al 

photovoltaic device was utilized because device structure and IV characteristics were detailed 

in comparison with other reports [16-18]. This modeling utilized the n-FeS2 bulk layer and p-

FeS2 surface layer as optical absorption layer. While previous report considered that the carrier 

type of FeS2 thin film was p-type, this modeling regard that the carrier type of n-FeS2 was 

recognized as p-type due to the inversion layer. In this device, In-doped SnO2 (ITO), ZnO, 
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MoO3, and Al were utilized as transparent conductive film, window layer, hole-transporting 

layer, and back electrode, respectively [18]. All the parameters of ZnO and CdS were defined 

using material data in ATLAS, except for the electron and hole mobility of ZnO [22, 23]. In 

addition, some parameters of MoO3 were defined from material data of previous reports and 

ATLAS [23-27]. Table II.III shows the material parameters of ZnO, CdS and MoO3. On the 

other hand, the density of states without peak energy positions of ZnO, CdS, and MoO3 are all 

default parameters of ATLAS, while the peak energy positions of the defect level are defined 

from the reported defect level; EGD of ZnO, CdS, and MoO3 are 3.1, 2.2, and 2.7 eV, respectively 

[23, 28-30]. Table II.IV shows the parameters of defect levels of ZnO, CdS and MoO3. Defect 

levels of MoO3 was obtained by DFT calculation, that of CdS by photoinduced current transient 

spectroscopy, and that of ZnO by deep level transient spectroscopy. Furthermore, the optical 

properties of ZnO, and CdS were defined from material data in ATLAS. 

 

Cu2O (ITO/Cu2O/FeS2/Al device) 

    To examine the effect of inversion layer at iron pyrite surface for iron pyrite photovoltaic 

characteristics, ITO/Cu2O/FeS2/Al photovoltaic device was modeled. In this modeling, both n-

FeS2 bulk layer and p-FeS2 surface layer were utilized as optical absorption layer like 

ITO/ZnO/CdS/FeS2/MoO3/Al device. On the other hand, the p-Cu2O was utilized as window 

layer toward formation of p-Cu2O/n-FeS2 hetero-junction because the band gap of Cu2O was 

2.1 eV. Cu2O, NiO, and SnO are well-known p-type semiconductors with wide band gaps. In 

this modeling, Cu2O is utilized because the data for Cu2O, such as density of states, has been 

extensively studied allowing the incorporation of the material properties in device simulation 

[31]. Cu2O were defined from material data of previous reports and ATLAS shown as Table 

II.V [23, 32-35]. In addition, Table II.VI shows the parameters of the defect levels of Cu2O. 

The density of states without peak energy positions of Cu2O are all default parameters of 
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ATLAS, while the peak energy positions of the defect level are defined from the reported defect 

level; EGA of Cu2O is 1.65 eV [23, 31]. Defect level of Cu2O was obtained by DFT calculation 

 

Electrode 

    The resistivity and work function of ITO are 540 cm and 5.15 eV, and the resistivity 

and work function of Al are 2.65 cm and 4.2 eV, respectively. Optical properties of ITO 

were defined from material data in ATLAS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

41 

 

 

 

 

 

 

 

 

Table II.I.  Material parameters of FeS2 bulk layer and FeS2 surface layer utilized 

in the simulation [19, 20] 

Layer properties FeS2 Bulk FeS2 Surface 

Band gap : Eg (eV) 0.8 0.8 

Electron affinity : e (eV) 4.45 4.45 

Relative permittivity : r (F cm-1) 11 11 

Electron mobility : n (cm2/V s) 245 1 

Hole mobility : p (cm2/V s) 82 1 

Conduction band effective density 

of states : NC (cm-3) 
3.0  1018 3.0  1018 

Valence band effective density 

of states : NV (cm-3) 
8.5  1019 8.5  1019 

 

Table II.II. Parameters of defect levels of FeS2 bulk layer and FeS2 surface layer 

utilized in the simulation [20] 

Gaussian defect states FeS2 Bulk FeS2 Surface 

Gaussian defect density (cm-3) NGD : 6.3  1018 NGA : 1.0  1019 

Peak energy position (eV) EGD : 0.56 EGA : 0.75 

Decay energy (eV) WGD : 0.05 WGA : 0.01 

n (cm2) 3.0  10-15 1.9  10-15 

p (cm2) 3.0  10-15 1.9  10-15 

 

Table II.III.  Material parameters utilized in the simulation [22-27] 

Layer properties ZnO CdS MoO3 

Band gap : Eg (eV) 3.37 2.48 3.0 

Electron affinity : e (eV) 4.5 4.18 5.5 

Relative permittivity : r (F cm-1) 2 10 12 

Electron mobility : n (cm2/V s) 100 340 170 

Hole mobility : p (cm2/V s) 100 50 170 

Conduction band effective density 

of states : NC (cm-3) 
2.2  1018 2.4  1018 2.8  1019 

Valence band effective density 

of states : NV (cm-3) 
1.8  1019 2.57  1019 1.04  1019 
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Table II.IV. Parameters of defect levels utilized in the simulation [23, 28-30] 

Gaussian defect states ZnO, , CdS MoO3 

Gaussian defect density 

(cm-3) 
NGD : 1.5  1018 NGD : 1.5  1018 NGD : 1.5  1018 

Peak energy position (eV) EGD : 3.1 EGD : 2.2 EGD : 2.7 

Decay energy (eV) WGD : 0.1 WGD : 0.1 WGD : 0.1 

n (cm2) 1.0  10-14 1.0  10-14 1.0  10-14 

p (cm2) 1.0  10-16 1.0  10-16 1.0  10-16 

 

Table II.V.  Material parameters utilized in the simulation [23, 31-34] 

Layer properties Cu2O 

Band gap : Eg (eV) 2.1 

Electron affinity : e (eV) 3.3 

Relative permittivity : r (F cm-1) 12 

Electron mobility : n (cm2/V s) 40 

Hole mobility : p (cm2/V s) 40 

Conduction band effective density 

of states : NC (cm-3) 
2.2  1018 

Valence band effective density 

of states : NV (cm-3) 
1.8  1019 

 

Table II.VI. Parameters of defect levels utilized in the simulation [23, 35] 

Gaussian defect states Cu2O 

Gaussian defect density (cm-3) NGA : 5.0  1017 

Peak energy position (eV) EGA : 1.65 

Decay energy (eV) WGA : 0.1 

n (cm2) 1.0  10-16 

p (cm2) 1.0  10-14 
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2.4 Modeling the ITO/ZnO/CdS/FeS2/MoO3/Al Device to 

Examine the Validity of the Simualtion 

Firstly, the ITO/ZnO/CdS/FeS2/MoO3/Al device was modeled to determine whether these 

parameters were suitable. In addition, the previously reported results in simulation model was 

demonstrated to examine why this device did not obtain satisfactory conversion efficiency. 

Figure 2.1 shows the device structure and the corresponding film thickness and the doping 

concentrations in this simulation model. Since the doping concentrations of FeS2 thin film were 

higher (1018  1020 cm-3) than whose of FeS2 bulk crystal (1015  1016 cm-3), this model utilized 

the doping concentrations of FeS2 thin film to compare the calculation result with previous dark 

current-voltage (IV) characteristic data [6, 36]. 

MoO3 thin film can also act as an effective hole-transporting or electron-blocking layer to 

reduce the recombination of electrons and holes [37]. Figure 2.2 shows the band structure of 

the semiconductor layer. It suggests high potential barriers were formed at the CdS/FeS2 

interface and the FeS2/MoO3 interface. The potential barrier height at both the CdS/FeS2 

interface and the FeS2/MoO3 interface were about 0.9 eV. Since FeS2 was reported as an n-type 

semiconductor, CdS/FeS2 did not form a p-n junction. Figure 2.2 also shows that the Fermi 

level of FeS2 was located at a position above the conduction band minimum (CBM). Electrons 

in the CdS layer moved to the FeS2 layer by band bending at the FeS2/MoO3 interface, which 

made the position of the Fermi level higher than the CBM. 

The electrical characteristics was calculated by applying a voltage from -1 to 2 V under a 

dark condition using the modeled ITO/ZnO/CdS/FeS2/MoO3/Al structure, as shown in Fig. 2.3. 

The calculated and reported IV characteristics are similar [18], especially below the onset 

voltage, indicating that this simulation modeling reasonably demonstrates the electrical 

performance. Although the IV curves show a large difference above 1.5 V, the difference may 
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be caused by the difference in the series resistances of the actual and simulated cells. 

The onset voltage of each IV characteristic was around 1.4 eV from Fig. 2.3. This result 

did not correspond well with the built-in potential formed at the p-n junction by ZnO/CdS/FeS2 

in this device because the band gap of FeS2 was 0.8 eV, indicating that identifying the origin of 

this high onset voltage is necessary. By performed a simulation under an illumination condition, 

it is found that there is no photovoltage generation, which is consistent with the reported results 

[18]. This suggests the parameters utilized for the device simulation are suitable for modeling 

the previously reported FeS2 thin film photovoltaic devices. 

Here, the band structure after voltage application was investigated to consider the origin 

of the high onset voltage. Figure 2.4(a) and 2.4(b) show the changes in the band structures at 

the front and rear sides, respectively. The CBM and the valence band maximum (VBM) in CdS, 

FeS2, and MoO3 decrease with increasing applied voltage, while the CBM and VBM in ZnO 

were constant. In particular, the potential barrier at the FeS2/MoO3 interface in the region of 

740750 nm from the ITO markedly decreased with applied voltage, suggesting that the origin 

of high onset voltage is related to the potential barrier at the FeS2/MoO3 interface. It was 

confirmed that the depletion layer was not formed at the ZnO/CdS/FeS2 layer, so it was difficult 

to obtain photovoltaic characteristics because of the inversion layer on the iron pyrite surface. 
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Fig. 2.1 Device structure of ITO/ZnO/CdS/FeS2/MoO3/Al. The surface layer of FeS2 is set 

on both sides of the bulk layer of FeS2 to model the inversion layer. 
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Fig. 2.2 Band structure of ZnO/CdS/FeS2/MoO3 layer at thermal equilibrium with the 

inversion layer of FeS2. 
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Fig. 2.3 IV characteristics of the ITO/ZnO/CdS/FeS2/MoO3/Al device under the dark 

condition. 
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Fig. 2.4(a) Change in band structure after applying voltage of 0.5, 1.0, and 1.5 V. This figure 

shows the ZnO/CdS/FeS2 region. 

 

Fig. 2.4(b) Change in band structure after applying voltage of 0.5, 1.0, and 1.5 V. This figure 

shows the FeS2/MoO3 region. 
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2.5 Modeling the ITO/Cu2O/FeS2/Al Device to Examine the 

Effect of Inversion Layer at Iron Pyrite Surface for 

Photovoltaic Characteristics 

From section 2.4, device modeling indicated that n-CdS/p-FeS2 hetero-junction of 

ITO/ZnO/CdS/FeS2/MoO3/Al device reported in previous study was not formed and n-FeS2 

might be regarded as p-type semiconductor due to inversion layer at iron pyrite surface. 

Therefore, fabrication of p-window layer/n-FeS2 hetero-junction is desirable toward high 

performance FeS2 photovoltaic device. Here, Cu2O was utilized as a p-type window layer to 

model p-Cu2O/n-FeS2 hetero-junction photovoltaic device. In this section, ITO/Cu2O/FeS2/Al 

device including the inversion layer of FeS2 was modeled by utilizing both parameters of FeS2 

bulk layer and surface layer like section 2.4. In addition, an ITO/Cu2O/FeS2/Al device without 

the FeS2 inversion layer was modeled to study the improvement in photovoltaic characteristics 

achieved by removing the inversion layer. It is expected that the modification of the potential 

barrier formed at the interface of Cu2O/FeS2 by removing the inversion layer.  

Figure 2.5(a) shows the device structure that includes the inversion layer of FeS2, and Fig. 

2.6(a) shows the band structure of the p-Cu2O/n-FeS2 region at thermal equilibrium calculated 

using the parameters shown in Tables of section 2.3. Figure 2.7(a) shows an enlargement of the 

graph around the interface of p-Cu2O/n-FeS2. On the other hand, Fig. 2.5(b) shows the device 

structure of Cu2O/FeS2 without the inversion layer and Fig. 2.6(b) shows its band structure at 

thermal equilibrium. The FeS2 device film thickness is set so that it will be the same as the FeS2 

thickness with an inversion layer, as shown in Fig. 2.5(a). Figure 2.7(b) shows an enlargement 

of the graph at the interface of Cu2O/FeS2.  

In Figs. 2.6(a) and 2.7(a), a notch at the VBM was observed, formed owing to the FeS2 

inversion layer. This notch was formed as a result of the difference in ionization potentials 
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between Cu2O and the hole-rich layer of FeS2. The ionization potentials of FeS2 and Cu2O are 

5.25 and 5.4 eV, respectively, which is a difference (EV) of 0.15 eV. While a high potential 

barrier was not found at the interface of the Cu2O/FeS2 region, as shown in Figs. 2.6(b) and 

2.7(b), a slight spike remained on the VBM at the interface of the Cu2O/FeS2 region. Next, the 

current density was calculated by applying a voltage from -1 to 1 V under dark and illumination 

conditions and obtained the photovoltaic characteristics. 

The obtained result are shown in Figs. 2.8 and 2.9. In Figs. 2.8(a) and (b), IV 

characteristics under both dark and illumination condition show overlap because the current 

density sharply increases by applying a positive voltage. On the other hand, Fig. 2.9 shows the 

enlargement figure of Fig. 2.8. In Fig. 2.9(a), the IV curve under the illumination condition 

was shifted downward from that under the dark condition, indicating that this device structure 

shows a photovoltaic effect, although the conversion efficiency was 0.8%, which is very low. 

The conversion efficiency of the ITO/Cu2O/FeS2/Al device that included an inversion layer of 

FeS2 was 0.8%. However, it was founded that the device structure of p-Cu2O/n-FeS2 hetero-

junction showed a photovoltaic effect. Similarly, the IV characteristic was calculated by 

applying a voltage from -1 to 1 V under both dark and illumination conditions for the device 

without the inversion layer, as shown in Fig. 2.9(b). The IV characteristics under the 

illumination condition produced higher photovoltage. Owing to the removal of the inversion 

layer, the conversion efficiency was improved from 0.8 to 1.2%, VOC increased from 0.09 to 

0.26 V, and JSC decreased from 19.49 to 7.51 mA/cm2. 

The cause of the decrease in JSC is assumed to be the recombination of photogenerated 

carriers owing to the spike in the VBM at the interface of Cu2O/FeS2. The calculated 

recombination rate of the device with the inversion layer was 81021 cm-3s-1 at the interface of 

Cu2O/FeS2 whereas the rate of the device without the inversion layer was 1.21023 cm-3s-1, 

suggesting that the spike in the VBM at the interface of Cu2O/FeS2 markedly decreased JSC by 
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increasing carrier recombination owing to the prevention of hole transport. On the other hand, 

VOC was increased by removing the inversion layer. The shunt resistance of the Cu2O/FeS2 

photovoltaic device with the inversion layer was 148 cm2, and that of the Cu2O/FeS2 

photovoltaic device without an inversion layer was 763 cm2. Therefore, the shunt resistance 

was increased by removing the inversion layer, suggesting that the leakage current was 

prevented and charge separation was promoted. 
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Fig. 2.5(a) Device structure of ITO/Cu2O/FeS2/Al. Surface layers of FeS2 are set on both 

sides of the bulk layer of FeS2 to model the inversion layer. 
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Fig. 2.5(b) Device structure of ITO/Cu2O/FeS2/Al without inversion layers. 
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Fig. 2.6(a) Band structure of the Cu2O/FeS2 layer at thermal equilibrium with the inversion 

layer of FeS2 and (b) without the inversion layer of FeS2.  

 

Fig. 2.7(a) Band structure of the Cu2O/FeS2 layer between 50 and 150 nm with the inversion 

layer of FeS2 and (b) without the inversion layer of FeS2. 
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Fig. 2.8(a) IV characteristics of ITO/Cu2O/FeS2/Al device by applying a voltage from -1 

to 1 V under both dark and illumination condition. This device includes the inversion layer 

of FeS2. (b) This device does not include the inversion layer of FeS2. In both figures, IV 

characteristics under both dark and illumination condition show overlap because the current 

density sharply increases by applying a positive voltage. 

 

Fig. 2.9(a) The enlargement figure of Fig. 2.8(a). This device includes the inversion layer 

of FeS2. (b) The enlargement figure of Fig. 2.8(b). This device does not include the 

inversion layer of FeS2. 
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2.6 Influence by Changing Parameters 

Removing the inversion layer had little effect on improving conversion efficiency. It is 

essential to consider other factors such as the effect of a high deep donor level in the bulk on 

the photovoltaic device performance. In this section, the results of changing the defect level 

density in the bulk layer from 11013 to 11019 cm-3 are presented. 

Figure 2.10(a) shows the obtained photovoltaic device characteristics. JSC of about 30 

mA/cm2 was achieved when the density of states was decreased to less than 11017 cm-3. On 

the other hand, VOC remained at around 0.3 V until the defect density was decreased to 11015 

cm-3, and VOC reached 0.54 V when the defect density was less than 11014 cm-3. In addition, 

FF was enhanced when the defect level density in the bulk layer was 11019 cm-3. The 

enhancement of FF is related to increasing VOC, and VOC was increased by increasing the built-

in potential through increasing the defect density in the bulk layer. Figure 2.10(b) shows the 

change in the band structure caused by changing the deep donor level defect density of states. 

The change in the IV characteristics under the dark condition in the bulk layer shows that the 

onset voltage increased from 0.3 to 0.4 V on increasing the defect density from 11017 to 11019 

cm-3.  

When the defect density was reduced to less than 11015 cm-3, the recombination rate was 

also reduced. As a result, the conversion efficiency increased greatly and saturated. 

Consequently, the conversion efficiency was about 13.4% when the defect density was 

decreased to around 11014 cm-3. Although decreasing the recombination rate leads to an 

improvement in the conversion efficiency, carrier lifetime also affects cell performance. Thus, 

it is necessary to investigate the effect of carrier lifetime in the bulk layer. 

Next, the carrier lifetimes of electrons and holes were changed from 100 ps to 100 s, and 

photovoltaic characteristics were calculated to investigate the influence the effect of carrier 
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lifetime on photovoltaic performance. The density of states of the deep donor level was set at 

11015 and 11018 cm-3. Figure 2.11(a) shows the calculated results of the Cu2O/FeS2 hetero-

junction photovoltaic device including the inversion layer of FeS2. In this model, only the 

carrier lifetime in the FeS2 bulk layer was changed while the carrier lifetime in the surface layer 

was not changed in order to check the effect of carrier lifetime on the cell with the inversion 

layer. The device structure was the same as in Fig. 2.5(a). Figure 2.11(b) shows the results of 

the Cu2O/FeS2 hetero-junction photovoltaic device without the inversion layer of FeS2, where 

the device structure was the same as in Fig. 2.5(b). In Fig. 2.11(a), JSC was about 27 mA/cm2 

and VOC was 0.35 V; consequently, the conversion efficiency reached 7% when the donor level 

density was 11015 cm-3 and the carrier lifetime was longer than 100 ns. However, conversion 

efficiency was saturated when the carrier lifetime increased to more than 100 ns because VOC 

was saturated at 0.35 V. 

Figure 2.11(b) shows that the conversion efficiency, JSC, VOC, and FF reached 13.4%, 

30.94 mA/cm2, 0.54 V, and 0.8, respectively, when the donor level density was 11015 cm-3 and 

the carrier lifetime was 100 s. Conversion efficiency exceeded 10% when the carrier lifetime 

was more than 100 ns. The results shown in Figs. 2.11(a) and 2.11(b) suggest that the inversion 

layer tends to prevent charge separation at the interface of Cu2O/FeS2, although the 

recombination rate decreases in the FeS2 bulk layer. In addition, the variation in JSC with 

increasing lifetime is different with the presence of the inversion layer.  

When the donor defect density was 11018 cm-3 and the inversion layer was not included, 

JSC was enhanced with increasing carrier lifetime. Since the Cu2O/FeS2 photovoltaic device 

without the inversion layer had a spike in the VBM, the hole recombination at the interface of 

Cu2O/FeS2 was affected when the carrier lifetime was short and donor defect density was high. 

On the other hand, the Cu2O/FeS2 photovoltaic device with the inversion layer was not affected 

by hole recombination at the spike. As a result, these calculations suggest that it is necessary to 
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improve not only the defect density in the FeS2 bulk layer but also that in the surface layer 

because the inversion layer prevents charge separation at the interface of the hetero-junction.  

Recently, it was reported that a polysulfide layer was formed on the surface of FeS2 crystal 

during the formation of FeS2 crystal and affected its electrical properties [20, 38], indicating 

that a technique for removing the polysulfide layer also can open the door to the development 

of high-efficiency FeS2 photovoltaic devices. The ideal limit of conversion efficiency predicted 

by the Shockley-Queisser limit is about 16% since the band gap of FeS2 is 0.8 eV in this study 

[39]. In this device simulation, optimization of the thickness of each film, such as the 

transparent conductive film or a window layer that can decrease the reflectance of light at the 

surface, was not considered, so the conversion efficiency was lower than the ideal limit of 

conversion efficiency. It is assumed that by decreasing the density of states to about 11015 cm-

3 and increasing the lifetime to over 100 ns, it is possible to reach the ideal limit of conversion 

efficiency, which would indicate that this simulation has produced qualitative guidelines for the 

development of FeS2 photovoltaic devices. The deep donor level defects in the bulk are caused 

by the intrinsic sulfur vacancies [36]. To avoid a high deep donor density, sulfur annealing and 

synthesis of iron chalcogenide may be effective [14]. 
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Fig. 2.10(a) Change in the solar cell properties on changing the defect density of states of 

the deep donor level. This device does not include the inversion layer of FeS2. 

 

Fig. 2.10(b) Change in band structure on changing the defect density of states of the deep 

donor level. The band structure of the Cu2O/FeS2 layer at thermal equilibrium does not 

include the inversion layer of FeS2. 
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Fig. 2.11(a) Photovoltaic characteristic dependence on the carrier lifetime in bulk FeS2 layer 

with the inversion layer of FeS2.  
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Fig. 2.11(b) Photovoltaic characteristic dependence on the carrier lifetime in bulk FeS2 layer 

without the inversion layer of FeS2.  
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2.7 Summary 

Through combing the density of states in the surface and bulk layers of iron pyrite (FeS2), 

the photovoltaic characteristics of FeS2 photovoltaic devices toward higher efficiency were 

calculated by 2D device simulation. It was founded that the following factors allow an FeS2 

photovoltaic device efficiency as high as around 13.5% to be achieved: a p-Cu2O/n-FeS2 hetero-

junction, a density of states in the bulk layer of less than 11015 cm-3, and carrier lifetime in the 

bulk of longer than 1 s. To realize higher efficiency FeS2 photovoltaic device, it is necessary 

to remove the surface layer and reduce the density of states of the deep donor level during the 

fabrication of the FeS2 bulk layer. 
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Chapter 3 

Evaluation on Surface Condition of Iron 

Pyrite Single Crystal to Establish a 

Method of Oxidation Layer Removing at 

Iron Pyrite Surface 

 

3.1 Introduction 

  In Chapter 2, two-dimensional device simulation, ATLAS (Silvaco), was utilized to 

demonstrate the effect of an inversion layer at the surface of iron pyrite for the photovoltaic 

characteristics of iron pyrite thin film photovoltaic devices. Numerical analysis suggested that 

the inversion layer formed at surface degraded the photovoltaic performance of iron pyrite thin 

film photovoltaic devices and it was essential to improve the inversion layer for enhancement 

of the performance of these devices. 

Evidences about an origin of the inversion layer at surface of iron pyrite has not been 

reported yet. One of some hypothesis was suggested that the existence of intrinsic surface states 

which formed band bending and Fermi level pinning. This surface condition was modeled by 

ligand field theory (LFT) [1, 2]. The symmetry reduction of the Fe coordination sphere was 

broken at surface and forms the acceptor level which leaded to band bending and Fermi level 

pinning [1, 3, 4]. However, an absence of experimental evidence about acceptor level has not 

been confirmed. 

Other hypothesis was suggested that existing of an oxidation layer such as iron hematite 

at the surface region forms band bending [5]. Figure 3.1 shows the potential difference between 
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iron pyrite and iron hematite. If oxide such as iron hematite is formed, the surface states in Fig. 

3.2(a) appear. Fermi level of n-type iron pyrite was placed at mid gap, and Fermi level of 

hematite was placed at the top of its band gap in anticipation of n-type conduction in the oxide 

productions. As shown in Fig. 3.2(b), formation of the oxidation production created an empty 

band into which these electrons could be transferred, which resulted in forming band bending. 

This was related to Fermi level pinning by surface states and resulted from equilibration of bulk 

and surface Fermi level. In addition, the band bending might lead to the formation of the hole 

accumulation layer (inversion layer). 

In this Chapter, iron pyrite single crystals were grown and the surface conditions of the 

crystals were evaluated to establish a method of removing oxidation layer at iron pyrite surface 

because the oxidation layer might encourage the formation of band bending as shown in Fig. 

3.2(b). Band structure and electrical transport evaluations of iron pyrite after establishing a 

method of removing oxidation layer were described in Chapter 4. Iron pyrite single crystal 

instead of iron pyrite thin film was utilized for evaluation of the surface conditions because 

unstable phase purity and poor film quality in iron pyrite thin film might affect evaluation such 

as Hall effect measurement [6]. At first time, iron pyrite single crystals were grown by utilizing 

the flux method, and grown single crystals were sliced and polished to make wafers. These 

wafers are treated by alcohol solution and aqua regia solution. Aqua regia solution was utilized 

as a candidate of removing oxidation layer at the surface region. To evaluate surface conditions, 

Micro-Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and atomic force 

microscopy (AFM) were performed. 
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Fig. 3.1 Band edges of iron pyrite and iron hematite [4]. 

 

Fig. 3.2 (A) Band structure of the bulk and suraface of iron pyrite, given the formation of an 

oxide (hematite-like) surface state. (B) Band bending resulting from equilibration between 

the iron pyrite bulk and surface, including the hematite-like surface states [4].  
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3.2 Growth of Iron Pyrite Bulk Crystal 

3.2.1 Flux method 

The flux method is a technique for growing a high quality single crystal at a temperature 

much lower than the melting point of a material. Single crystals are regularly arranged three-

dimensionally and are very important for basic research to evaluate the structure and physical 

properties of substances.  

Crystal growth methods are classified into liquid phase method, gas phase method and 

solid phase method. The method utilizing the liquid phase is better to make large scale crystals 

because it is easy to restructure the constituent element. Methods of crystal growth using the 

liquid phase are divided into a melting process and a solution process. Melting processes such 

as Czochralski process and vertical Bridgeman method are crystal growth methods that utilizes 

same composition as that of the target. Melting processes is necessary to heat sample at a 

temperature above the melting point. Super-cooling in process is driving force of crystallization. 

An advantage of this process is that large crystals ban be grown in a short time.  

On the other hand, the solution process corresponds to solution growth method, 

hydrothermal growth method and flux method. Supersaturation by slow cooling and 

evaporation of solvent in process is driving force of crystallization. In the solution growth 

method, crystal is grown by utilizing water as solvent at room temperature. In the hydrothermal 

growth method, crystal is grown by utilizing water which is heated over 100 C. The solution 

growth method and the hydrothermal growth method is essential to solve the sample and grow 

crystal in water under certain conditions. In the flux method, inorganic materials and metals 

melting at high temperature region are utilized as solvent, and this solvent is called flux. In the 

crystal growth by the flux method, the liquidus line of the state diagram is utilized. Figure 3.3 

shows the crystal-flux binary phase diagram. The flux (B) decrease the melting point of crystal 

(A) in the range from crystal (A) to eutectic composition (XE). When the composition (X) is 
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heated to the temperature (T1), X reaches to point (a) in liquid phase. After vaporing flux in the 

solution and reaching the point (b) by concentrating solute, growth of crystal is started. Growth 

of crystal continues with vaporing flux. As another process, the liquid phase at point (a) is 

cooled slowly and reached to the point (c) at the temperature (T2), growth of crystal is started. 

Growth of crystal continues at the temperature (T3) and this growth continues until the 

temperature (TE). Therefore, since crystal (A) is formed at lower temperature than the melting 

point (TA), flux method enables growth of various materials including high melting point and 

polymorphous transition.  

    The flux method has several advantages. For example, (i) the crystal is grown at much 

lower temperature than the melting point of the material, (ii) flat crystal reflecting the crystal 

structure is formed, (iii) an equipment for crystal growth is simple and operation is easy. On the 

other hand, disadvantages of the flux method are suggested that impurities are mixed into the 

grown crystal, size of grown crystal is small, and time for growth is long. 
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Fig. 3.3 Crystal-Flux binary phase diagram. 
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3.2.2 Experimental detail 

Iron powder (99.9%, Kojundo Chemical Lab.) was loaded on a quartz boat and set in a 

quartz tube furnace, and the powder was heated in a flow a 5% H2/ 95% Ar at 300 C for 15 h 

to remove water and surface oxides. Sulfur powder (99%, FUJIFILM Wako Pure Chemical) 

was degassed and dried in a borosilicate glass flask under a vacuum at 130 C for 3 h. 

Na2S9H2O (99%, FUJIFILM Wako Pure Chemical) was dried and degassed in a teflon beaker 

at 320 C for 5 h, resulting in a mixture of fine colorless and yellow powder which includes 

Na2S and polysulfides. After the pre-treatment, these materials were loaded in alumina crucibles 

and sealed in evacuated quartz ampoules under a pressure of 4  10-3 Pa. 0.51 g of iron powder 

(9.13 mmol), 0.98 g of Na2S (12.56 mmol) and 1.21 g of sulfur powder (37.71 mmol) were 

loaded in alumina crucibles. This rate was referred to two diagrams of the Na-S binary phase 

and Fe-S binary phase shown in Fig. 3.4(a) and (b) [6, 7]. As shown in Fig. 3.4 (a), mixtures of 

Na2S and S have eutectics as low as 240°C, which suggest that Na-S liquid at low temperature 

prevents the burst of quartz ampoule due to an increase of sulfur vapor pressure. Next, the 

ampoule was placed in a muffle furnace and held vertically to entire time to avoid mixing or 

spilling the contents of the crucible. Figure 3.5 presents a typical procedure for crystal growth 

of iron pyrite used in this study. The ampoule was raised to 810 C at a heating rate of 50 C/h. 

When heating temperature reached to each 300 C and 400 C, the ampoule was held for 3 h at 

each temperature to avoid burst of quartz ampoule. After reaching to 810 C, the ampoule was 

held for 6 h to react materials in alumina crucible. Next, the ampoule was cooled to 600 C in 

240 h, and finally cooled to room temperature in 24 h. The crucible was then removed from the 

ampoule and placed in beaker of Millipore water several hours to dissolve the flux. After 

removing crystal from the crucible, the crystal was rinsed with Millipore water and dried. 

Consequently, iron pyrite ingots with the diameter of about 7 mm were obtained as shown in 

Fig. 3.6(a). The ingots were then sliced utilizing SiC wheel saw and polished with a series of 



 

71 

 

emery papers (#100, #400, #800, #1200, #200, Maruto Instrument), and mirror-finished with a 

slurry containing diamond particles with an average particle size of 1.0 m (Aqua diamond 

solution, Maruto Instrument) on a buff sheet (Hard type of polishing cloth, Maruto Instrument). 

Figure 3.6(b) shows the photograph of a wafer after polishing. 
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Fig. 3.4(a) The Na-S binary phase diagram [5]. 

 

Fig. 3.4(b) The Fe-S binary phase diagram [6]. 
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Fig. 3.5 Typical procedure for crystal growth of iron pyrite used in this study. 

 

Fig. 3.6 Typical photographs of (a) grown crystal and (b) as-cut and polished wafer of grown 

crystal. 
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3.3 Characterization of crystal structure 

  The grown crystal was analyzed using X-ray diffraction (XRD) for phase identification. 

The XRD measurement was performed using Rigaku RINT-TTR III with Cu K radiation 

diffracted from a Graphite monochromator was used as an incident X-ray. The tube voltage and 

the tube current were 50kV and 300 mA, respectively.  

Figure 3.7(a) shows the XRD profile of the powder of grown crystal. The strong peaks in 

the profile were assigned to the reference pattern of FeS2 pyrite (ICDD#00-042-1340). On the 

other hand, Fig. 3.7(b) shows the XRD profile of crystal face of the grown crystal shown in Fig. 

3.6(a). Two peaks were assigned to the reference pattern of FeS2 pyrite (ICDD#00-042-1340). 

It is evident from Fig. 3.7(b) that grown crystal corresponds to iron pyrite single crystal. 

However, the XRD profiles of the wafers after slicing and polishing grown crystals are not 

detected because crystal face is not controlled in the experiment of crystal growth. 

    In addition, structure determination by micro crystal X-ray diffraction was performed on 

a Rigaku R-AXIS RAPID diffractometer using filtered Mo-K radiation at 103 K. Diffraction 

data was collected on a CCD area detector using Mo K radiation. A full sphere of data was 

collected for each crystal. 

    Figure 3.8 shows the view of the experimentally determined iron pyrite unit cell by micro 

crystal X-ray diffraction. Brown spheres are iron ions, and yellow spheres are sulfur ions. Table 

III.I shows crystal data of iron pyrite single crystal calculated by the micro crystal X-ray 

diffraction. 
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Fig. 3.7(a) XRD profile of powder made by crushing grown crystal.  

 

Fig. 3.7(b) XRD profile of grown crystal.  
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Fig. 3.8 A view of the experimentally determined iron pyrite unit cell by micro crystal X-

ray diffraction. Brown spheres are iron ions, and yellow spheres are sulfur ions. 

Table III.I Crystal data of iron pyrite single crystal by micro crystal X-ray diffraction 

Crystal and structure data  

Empirical formula FeS2 

Formula weight 119.97 

Temperature 103 K 

Crystal system Cubic 

Lattice type Primitive 

Space group Pa-3 

Unit cell dimensions  a = 5.40875(19) Å 

Unit cell volume V = 158.231(10) Å3 

Density  5.036 g/cm3 

F(000) 232.00 

Absorption of coefficient (MoK) 115.027 cm-1 

Lengths of Fe-S 2.2610(9) Å 

Lengths of S-S 2.1502(13) Å 

Angles of S-Fe-S 85.68(3), 94.32(3) 

Angles of S-S-Fe 102.42(4) 

Angles of Fe-S-Fe 115.51(4) 
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3.4 Evaluation of Composition Ratio in Iron Pyrite Single 

Crystal by Electron Probe Micro Analyzer 

    To evaluate composition ratio of iron pyrite single crystal wafers, electron probe micro 

analyzer (EPMA) was performed with SHIMADZU EPMA-1610. Samples were treated by 

aqua regia solution for 1 min before measurement. Table III.II shows the results of quantitative 

analysis for Fe and S. In this time, three points were measured per one sample. In Table III.II, 

molar ratios are shown. As shown in Table III.II, molar ratios of Fe and S were 

33.34933.574 % and 66.42666.651 %, respectively. Therefore, it was found that sulfur in 

iron pyrite single crystal wafers is less than stoichiometric ratio of Fe : S  1 : 2. 

In addition, qualitative analysis were performed on these samples, however no other 

elements than Fe and S are detected. 
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Table III.II Molar ratio (%) of Fe and S in iron pyrite single crystal 

 Molar ratio (%) Sample1 Sample2 Sample3 Sample4 Sample5 

1 Fe 33.692 33.202 33.811 33.562 33.553 

 S 66.308 66.798 66.189 66.438 66.447 

2 Fe 32.824 33.696 33.262 33.329 33.527 

 S 67.176 66.304 66.738 66.671 66.473 

3 Fe 33.532 33.746 33.648 33.475 33.544 

 S 66.468 66.254 66.352 66.525 66.456 

Ave. Fe 33.349 33.548 33.574 33.455 33.541 

 S 66.651 66.452 66.426 66.545 66.459 
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3.5 Surface treatment by aqua regia etching 

3.5.1 Experimental detail 

Iron pyrite single crystal wafers were made by mechanical processing such as slicing the 

samples with SiC wheel saw and polishing the samples with a series of emery papers and buff 

sheet. For cleaning particles on wafers, wafers were washed by ultrasonic cleaning in acetone 

for 10 min. After that, the wafers were washed by ultrasonic cleaning in ethanol for 10 min. In 

addition, the wafers were etched in aqua regia diluted double with acetic acid for 1min, and 

immediately rinsed in ethanol. 

In this section, Micro-Raman spectroscopy, XPS and AFM were performed, respectively. 

To compare the surface condition of iron pyrite single crystal, the samples only treated by 

alcohol washing and the samples treated by both alcohol washing and aqua regia etching were 

measured, respectively. 

 

3.5.2 Micro-Raman spectroscopy 

Micro-Raman spectroscopy were performed to evaluate the phase purity at surface of iron 

pyrite single crystal wafer. The samples only treated by alcohol washing and the samples treated 

by both alcohol washing and aqua regia etching were utilized, respectively. Micro-Raman 

spectroscopy utilized JASCO NRS-4100 with a 50 objective lens and a 532 nm excitation 

laser operating. Samples were measured in air. 

Figure 3.9(a) shows the Raman spectrum of iron pyrite single crystal treated by alcohol 

washing. Three peaks are detected at 348 cm-1, 383 cm-1 and 433 cm-1, and each peak is shifted 

to high wavenumbers with comparing some references [9-11]. In previous reports, Raman 

spectra of iron pyrite have shown three peaks corresponding to the characteristic active modes 

for iron pyrite of S2 vibration (Ege) mode at 343 cm-1, S-S in-phase stretch (Age) mode at 377 
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cm-1, and coupled vibration and stretch (Tge(3)) mode at 430 cm-1 [9-11]. Therefore, mechanical 

process such as slicing and polishing might have applied compressive stress to the sample 

because all peaks were shifted to high wavenumbers of reference data and the line width of the 

peaks became thick. 

In contrast, Fig. 3.9(b) shows the Raman spectra of iron pyrite single crystal treated by 

both alcohol washing and aqua regia etching. As shown in Fig. 3.9(b), three sharp peaks are 

confirmed at 343 cm-1, 377 cm-1 and 430 cm-1. Since these peaks corresponds to reference data, 

other phase such as FeS2 marcasite and pyrrhotite are never detected. In addition, compressive 

stress at surface region has been improved by aqua regia etching.  
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Fig. 3.9(a) Typical Raman spectra of iron pyrite single crystal treated by alcohol washing. 

Each peak position is different with previous data [7-9]. 

 

Fig. 3.9(b) Typical Raman spectra of iron pyrite single crystal treated by both alcohol 

washing and aqua regia etching. After aqua regia etching, each peak position corresponds to 

previous data [7-9]. 
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3.5.3 X-ray photoelectron spectroscopy 

XPS was performed by ULVAC-PHI PHI5000 VersaProbe II. Collected XPS spectra were 

analyzed by utilizing ULVAC-PHI MultiPak software. All spectra were calibrated with C 1s 

peak with a fixed value of 284.8 eV. After calibration, the background from each spectrum was 

subtracted by using a Shirley type background to remove most of the extrinsic loss structure. 

All survey scans were analyzed to determine the stoichiometry of the compound by using the 

appropriate sensitivity factors. 

Figure 3.10(a) shows O 1s spectrum of iron pyrite single crystal treated by alcohol washing, 

and Fig. 3.10(b) shows O 1s spectrum of the sample treated by both alcohol washing and aqua 

regia etching. In Fig. 3.10(a), three bands at 530.2 eV, 531.6 eV and 532.8 eV are obtained in 

O 1s spectrum, and these bands are likely due to oxide (O
2-

), hydroxide (OH
-
) and other oxide 

(contaminant) [11]. Such oxide and hydroxide are formed by reaction with water due to 

mechanical processing such as cutting and polishing. O 1s spectrum in Fig. 3.10(b) also shows 

three bands at 530.4 eV, 531.9 eV and 533.1 eV, and these peaks corresponds to oxide (O
2-

), 

hydroxide (OH
-
) and other oxide (contaminant). However, the intensity of O 1s spectrum in 

Fig. 3.10(b) is smaller than the spectrum in Fig. 3.10(a). This result suggests that aqua regia 

reacts with surface of iron pyrite single crystal and removes oxide compounds. However, weak 

O 1s spectrum in Fig. 3.10(b) is detected although the sample was treated by aqua regia solution. 

These oxides should be formed by reaction with moisture in the air [11].  

Figure 3.11(a) shows the depth profiles of O 1s spectrum by Ar ion sputtering. Iron pyrite 

single crystal treated by alcohol washing was measured. From Fig. 3.11(a), while hydroxide 

(OH
-
 ) specie immediately is removed by Ar ion sputtering, oxide (O

2-
 ) specie is even 

confirmed after sputtering. In contrast, Fig. 3.11(b) shows the depth profiles of O 1s spectrum 

of iron pyrite single crystal treated by both alcohol washing and aqua regia etching. As shown 

in Fig. 3.11(b), oxide productions such as hydroxide (OH
-
) specie and oxide (O

2-
) specie are 
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not detected after Ar ion sputtering. 

From these results of Fig. 3.10 and Fig. 3.11, mechanical processing forms oxide layer at 

the surface layer of iron pyrite single crystal due to reaction with water. This layer was removed 

after aqua regia etching, however moisture in the air should be absorbed at surface of iron pyrite 

because of exposure to the atmosphere during preparation for measurement. 

Figure 3.12(a) shows S 2p spectrum of iron pyrite single crystal treated by alcohol washing, 

and Fig. 3.12(b) shows S 2p spectrum of the sample treated by both alcohol washing and aqua 

regia etching. These spectra were fitted with S 2p3/2S 2p1/2 spin orbit doublets with a fixed 2 : 

1 intensity ratio and 1.2 eV separation in both Fig. 3.12(a) and (b), which are due to S2
2-

 anions 

in iron pyrite [12]. Additionally, a high binding energy shoulder features are observed at 

164167 eV, which corresponds to satellite. As other components, monosulfide ( S
2-

 ) at 

161164 eV are also observed in these spectra [12]. Moreover, S 2p spectrum of the sample 

only treated by alcohol washing shows sulphite (SO3
2-

) and sulfate (SO4
2-

) at 166171 eV as 

shown in Fig. 3.12(a) [13]. While these bonds of sulphite and sulfate are also formed by 

mechanical processing, aqua regia solution removes them as shown in Fig. 3.12(b). 

Figure 3.13(a) shows Fe 2p spectrum of iron pyrite single crystal treated by alcohol 

washing, and Fig. 3.13(b) shows Fe 2p spectrum of the sample treated by both alcohol washing 

and aqua regia etching. Photoelectron intensity of Fe 2p3/2 peak in Fig. 3.13(b) is bigger than 

the intensity of Fe 2p3/2 peak in Fig. 3.13(a). To analyze the high resolution Fe 2p spectra, 

Shirley background was utilized for the Fe 2p3/2 envelope. The Fe 2p3/2 envelope from 

compounds containing a high-spin Fe cation was fitted by peaks corresponding to the GS 

multiplets and satellites [2, 11, 13-15]. GS multiplets are patterns calculated by Gupta and Sen 

for free ions of various transition metals [16, 17]. Gupta and Sen remark that the number of 

unpaired electrons determines the number and intensity of the signal related to multiplets 

whereas the binding energy shift is a function of the atomic number [16, 17].  
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Figure 3.14(a) shows the Fe 2p3/2 spectrum of iron pyrite single crystal treated by alcohol 

washing and calculation result by fitting. From Fig. 3.14(a), the Fe 2p3/2 spectrum was fitted by 

many bands such as Fe2+ bulk at 707.15 eV, Fe2+ multiplets at 707711 eV, Fe3+ multiplets at 

709714 eV and satellite peak at 714.0 eV. These bands are explained by LFT [1, 2, 13]. Fe2+ 

in the iron pyrite bulk has six paired electrons at the 3d t2g level and is consequently represented 

by a narrow single peak in the Fe 2p3/2 spectrum with a binding energy of 707.15 eV [2, 13]. In 

contrast, Fe2+ multiplet splitting is associated with high-spin Fe2+ compounds at surface sites of 

iron pyrite [2, 11, 13]. Presence of a Fe–S bond leads to Fe2+ surface states with reduced 

coordination symmetry. As it was shown by Bronold et al. [1], the symmetry changes from an 

octahedral (Oh) to a square pyramidal (C4v) ligand field leads to stabilization of the dz2 orbital 

and destabilization of the dxy orbital as shown in Fig. 3.15 [1]. The energy separating the two 

new states (a1 and b2) above the valence band (0.35 eV) is lower than the electron pairing energy. 

Therefore unpaired electrons leads to high-spin Fe2+ compounds at surface sites and formed 

multiplet splitting in Fe 2p spectra. Since monosulfide (S2-) is observed from S 2p spectra in 

Fig. 3.13, it is considered to reduce Fe coordination at surface region. In addition, Fe3+ multiplet 

splitting of the Fe 2p3/2 signal is associated with high-spin Fe3+ oxide productions such as 

FeOOH, Fe2O3, iron sulphate and hydrogen sulphate [11, 13, 14, 18, 19]. According to results 

of S 2p and O 1s spectra of the sample treated by alcohol washing, various oxide productions 

are formed at the surface of iron pyrite due to the reaction between the surface of iron pyrite 

and water during mechanical processing. Additionally, previous report about XPS Fe 2p spectra 

of iron oxide compounds indicated the single peak between 709715 eV and Fe3+ multiplet 

splitting [11, 13, 14, 18, 19].  

Fe 2p3/2 spectrum of the sample treated by both alcohol washing and aqua regia etching in 

Fig. 3.14(b) is different with Fe 2p3/2 spectrum of the sample only treated by alcohol washing 

in Fig. 3.14(a). The intensity of a narrow single peak in the Fe 2p3/2 spectrum with a binding 
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energy of 707.15 eV increases and different broad single peak between 708716 eV is not 

detected. Instead of broad single peak, tail on the high binding energy side of the main peak are 

detected. This tail also includes Fe2+ and Fe3+ multiplet splitting of the Fe 2p3/2 signal by 

utilizing the GS mulitplet as shown in Fig. 3.14(c). These multiplet corresponds to high-spin 

Fe2+ compounds at surface sites and high-spin Fe3+ oxide productions [11, 13, 14, 18, 19]. 
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Fig. 3.10(a) XPS spectrum of O 1s for iron pyrite single crystal treated by alcohol washing. 

 

Fig. 3.10(b) XPS spectrum of O 1s for iron pyrite single crystal treated by both both alcohol 

washing and aqua regia etching. 
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Fig. 3.11(a) XPS depth profiles of O 1s for iron pyrite single crystal treated by alcohol 

washing. The surface of the crystal was etched with Ar ion gas for 150 min, and XPS 

measurement was performed every 15 min. 

 

Fig. 3.11(b) XPS depth profiles of O 1s for iron pyrite single crystal treated by both both 

alcohol washing and aqua regia etching. The surface of the crystal was etched with Ar ion 

gas for 45 min, and XPS measurement was performed every 15 min. 
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Fig. 3.12(a) XPS spectrum of S 2p for iron pyrite single crystal treated by alcohol washing. 

 

Fig. 3.12(b) XPS spectrum of S 2p for iron pyrite single crystal treated by both both alcohol 

washing and aqua regia etching. 
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Fig. 3.13(a) XPS spectrum of Fe 2p for iron pyrite single crystal treated by alcohol washing. 

 

Fig. 3.13(b) XPS spectrum of Fe 2p for iron pyrite single crystal treated by both both alcohol 

washing and aqua regia etching. 
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Fig. 3.14(a) XPS spectrum of Fe 2p3/2 for iron pyrite single crystal treated by alcohol 

washing. 
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Fig. 3.14(b) XPS spectrum of Fe 2p3/2 for iron pyrite single crystal treated by both both 

alcohol washing and aqua regia etching. 

 

Fig. 3.14(c) Magnified figure at high energy tail region of Fig. 3.12(b). 
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Fig. 3.15 The Fe (3d) ligand field splitting due to reduced coordination resulting from 

fracture. (a) The bulk density of states (DOS) for iron pyrite. (b) The electronic levels for 

Fe2+ in bulk iron pyrite in octahedral coordination (Oh). (c) Electronic levels of surface low-

spin Fe2+ in square pyramidal coordination (C4V). (d) Electronic levels of surface high-spin 

Fe2+ in square pyramidal coordination (C4V) with unpaired electron. (e) Electronic levels of 

surface high-spin Fe3+ in square pyramidal coordination (C4V) with unpaired electron. (f) 

The surface density of states (DOS) for iron pyrite. The ordinate is not drawn to scale. CB 

denotes conduction band and VB denotes the valence band. The energy separating a1 and b2 

in (c), (d) and (e) is 0.35 eV and the electron pairing energy is about 1.6 eV for square 

pyramidal symmetry [1,2]. 
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3.5.4 Atomic force microscope 

AFM in a dynamic mode was performed by SHIMADZU SPM-9600 to measure the 

roughness of iron pyrite single crystal wafer. In a dynamic mode, non-contact scanning of the 

cantilever is performed with vibrating of the cantilever at resonant frequency. In this time, EFM-

50 (NANOWORLD) was utilized as the cantilever of dynamic mode scan. Scan area was 5  5 

m. 

Figure 3.16(a) shows the surface image of iron pyrite single crystal treated by alcohol 

washing. As shown in Fig. 3.16(a), a lot of particles at the surface are observed although the 

sample was treated by alcohol washing. The largest particle size is about 30 nm, and the value 

of room-mean-square height (Rq) is 2.210 nm. Figure 3.16(b) shows the surface image of iron 

pyrite single crystal treated by both alcohol washing and aqua regia etching. As shown in Fig. 

3.16(b), while particles at the surface are not observed after aqua regia etching, Rq increases to 

7.296 nm. It is indicated that aqua regia solution reacts with the surface of iron pyrite single 

crystal, and the surface roughness becomes worse. 
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Fig. 3.16(a) AFM image of iron pyrite single crystal treated by alcohol washing. Scan area 

is 5  5 m. Rq is 2.210 nm. 

 

Fig. 3.16(b) AFM image of iron pyrite single crystal treated by both alcohol washing and 

aqua regia etching. Scan area is 5  5 m. Rq is 7.296 nm. 
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3.5.5 Discussion 

    From the Micro-Raman spectroscopy, stress at surface region of iron pyrite formed by 

mechanical processing was improved by aqua regia etching. After aqua regia etching, Raman 

spectrum showed three modes as S2 vibration (Ege) mode, S-S in-phase stretch (Age) mode and 

coupled vibration and stretch (Tge(3)) mode. 

    From XPS, oxide productions formed at surface of iron pyrite were removed by aqua regia 

etching because the intensity of O 1s spectrum and oxide peaks of Fe 2p3/2 and S 2p spectra 

decreased. However, Fe 2p3/2 spectrum of the sample treated by aqua regia solution showed the 

Fe3+ multiplet corresponding to oxide productions. This result suggests that the surface of iron 

pyrite immediately reacts with moisture in air. In this time, the samples were set in the vacuum 

chamber of XPS within 5 min after etching samples. This phenomena is explained by DFT 

study. DFT study suggests that oxidation at the surface of iron pyrite occurs through reactions 

of the surface with adsorbed O2 and water molecules [21]. Firstly, O2 and water molecules are 

found to adsorb at undercoordinated surface Fe atoms, and it is energetically favorable for 

adsorbed O2 to dissociate. This dissociation leads to the formation of ferryl-oxo, Fe4+=O2− 

species. The presence of undercoorinated Fe atoms at surface is possible because the S2p 

spectrum of the sample etched by aqua regia solution shows the monosulfides. Water molecules 

can form H-bonds with Fe4+=O2− species, and proton-coupled electron transfer through the H-

bond leads to the formation of ferric-hydroxo, Fe3+−OH−, groups. Their calculation indicates 

that these groups are predicted to fully cover the surface of iron pyrite when this is exposed to 

air under normal conditions. Therefore, the results of Fe 2p3/2 spectra and O 1s spectra suggests 

that aqua regia solution can dissolve the oxide at the surface of iron pyrite, however O2 and 

water in air quickly react with the surface of iron pyrite and form Fe3+−OH− species. On the 

other hand, Fe 2p3/2 spectra showed the Fe2+ multiplets. These multiplets are associated with 

the presence of a Fe–S bond which leads to high-spin Fe2+ surface states with reduced 
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coordination symmetry. Reduced coordination symmetry of iron is indicated by monosulfide of 

S 2p spectrum and oxygen dissociative adsorption. High-spin Fe2+ is possible to create acceptor 

level and lead to band bending. 

As discussed above, high-spin Fe2+ and oxide were observed although aqua regia solution 

etched oxidation layer at the surface region of iron pyrite single crystal. To investigate the effect 

of high-spin Fe2+ and oxide, I will evaluate the band structure and electrical transport of iron 

pyrite single crystal and discuss these evaluations in Chapter 4. 

 

3.6 Summary 

    Iron pyrite bulk crystal was grown by flux method and confirmed as single crystal by XRD 

measurement. To evaluate surface condition of iron pyrite single crystal, Micro-Raman 

spectroscopy and XPS were performed. Micro-Raman spectroscopy indicated that the 

crystalline at the surface region of iron pyrite single crystal was improved by aqua regia etching. 

While the surface crystalline degenerated through the mechanical processing, aqua regia 

solution removed poor crystalline layer. Aqua regia solution also removed the oxidation layer 

at surface region of iron pyrite single crystal from results of XPS. While photoelectron intensity 

of O 1s spectrum decreased after aqua regia etching, the intensity of Fe2p3/2 and S 2p spectra 

increased. However, O 1s spectrum and Fe3+ multiplet were observed after aqua regia etching 

although this solution removed the oxide productions. This result suggests the oxide and water 

in air immediately reacts the surface of iron pyrite and creats Fe3+−OH− species. Moreover XPS 

analysis revealed the presence of high-spin Fe2+ which is possible to form acceptor level in 

band gap. Therefore, Fe3+−OH− species and high-spin Fe2+ considered to be a cause of the 

inversion layer at surface region have been observed after aqua regia etching. In Chapter 4, I 

will evaluate and discuss the band structure and electrical transport to investigate the effect by 

aqua regia etching. 
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Chapter 4 

Evaluation on Band Structure of Iron 

Pyrite Single Crystal 

 
4.1 Introduction 

    In Chapter 3, surface conditions were evaluated to investigate the effect of removing 

oxidation layer by aqua regia etching. Aqua regia solution also removed the oxidation layer at 

surface region of iron pyrite single crystal from results of XPS. However, O 1s spectrum and 

Fe3+ multiplets related to oxide productions were observed by XPS after aqua regia etching 

although the surface of iron pyrite was treated by aqua regia solution. This result suggested that 

oxide and water in air immediately reacted the surface of iron pyrite and created Fe3+OH 

species. Based on these results, the evaluation on band structure of iron pyrite single crystal 

was important to examine the effect of inversion layer and the relationship between the surface 

oxidation and band structure. 

    In this Chapter, photoelectron yield spectroscopy, Kelvin force microscopy, spectroscopic 

ellipsometry, Micro-photoluminescence were performed to evaluate the band structure of iron 

pyrite single crystal. In addition, Hall effect measurement was also performed to evaluate 

electronic transport of iron pyrite single crystals which was treated by aqua regia solution. 
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4.2 Evaluation on Band Structure of Iron Pyrite Single 

Crystal 

4.2.1 Pretreatment of iron pyrite single crystal before measurement 

    Iron pyrite single crystal wafers were made by mechanical processing such as slicing the 

samples with SiC wheel saw and polishing the samples with a series of emery papers and buff 

sheet. For cleaning particles on wafers, wafers were washed by ultrasonic cleaning in acetone 

for 10 min. After that, the wafers were washed by ultrasonic cleaning in ethanol for 10 min. In 

addition, the wafers were etched in aqua regia diluted double with acetic acid for 1min, and 

immediately rinsed in ethanol. To compare the surface condition of iron pyrite single crystal, 

the samples only treated by alcohol washing and the samples treated by both alcohol washing 

and aqua regia etching were measured, respectively. 

 

4.2.2 Photoelectron yield spectroscopy 

    Photoelectron yield spectroscopy (PYS) was performed by Riken Keiki AC-3 with 

ultraviolet light from deuterium lamp to evaluate ionization potential of iron pyrite single 

crystal. Measurement range was from 4.0 eV (310 nm) to 7.0 eV (177.1 nm) and measurement 

temperature was room temperature.  

Figure 4.1(a) shows the emission yield plots of iron pyrite single crystal wafer treated by 

alcohol washing. Ionization potential is calculated by fitting the emission yield plots as shown 

in Fig. 4.1(a), and obtained ionization potential is 5.0 eV. In contrast, Fig. 4.1(b) shows the 

emission yield plots of iron pyrite single crystal treated by both alcohol washing and aqua regia 

etching. Calculated ionization potential is also 5.0 eV. Ionization potential corresponds to the 

energy difference between vacuum level and valence band maximum. Therefore, the energy 

difference between vacuum level and valence band maximum was 5.0 eV regardless of surface 
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treatment method. This result was similar with previous result reported as 4.9 eV by ultraviolet 

photoelectron spectroscopy (UPS) [1]. 
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Fig. 4.1(a) Emission yield plot by PYS measurement of iron pyrite single crystal treated by 

alcohol washing. 

 

Fig. 4.1(b) Emission yield plot by PYS measurement of iron pyrite single crystal treated by 

both alcohol washing and aqua regia etching. 
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4.2.3 Kelvin force microscope 

    Kelvin force microscopy (KFM) was performed by SHIMADZU SPM-9600 to measure 

the surface potential of iron pyrite single crystal wafer. Surface potential was obtained by 

detecting electrostatic force between the cantilever and the surface of sample. Surface potential 

is defined as the energy required to draw electrons from the Fermi level and put it into the 

vacuum level. Surface potential depends on the material and its surface condition. Figure 4.2 

shows an energy band diagram between the cantilever and sample for KFM measurements. 

When the cantilever and the sample are independent as shown Fig. 4.2(a), each potential 

difference (P) and (S) is given as from Eq. (4.1) and (4.2): 

(𝑷) =  |𝑬𝑽𝑨𝑪 − 𝑬𝑭(𝑷)| (𝟒. 𝟏) 

(𝑺) =  |𝑬𝑽𝑨𝑪 − 𝑬𝑭(𝑺)| (𝟒. 𝟐) 

After the junction formation of the cantilever and the sample surface as shown in Fig. 4.2(b), 

EF(P) is equal to EF(P), and an electrostatic force occurs between the cantilever and the sample, 

which generates the difference in surface potential VS. VS is given as Eq. (4.3): 

𝑽𝑺  =  |(𝑷) −(𝑺)| (𝟒. 𝟑) 

Next, the cantilever is forcibly vibrated by applying the alternating current voltage VAC to the 

cantilever at the resonant frequency r as shown in Fig. 4.2(c). The r changes due to the 

difference in potential of the sample surface, and this change is canceled out by feedback to 

direct current voltage VDC. In the applying VDC and VAC at m as shown in Fig. 4.2(c), the 

electrostatic force F is defined by the Eq. (4.4): 

𝑭 = −
𝟏

𝟐

𝝏𝑪

𝝏𝒁
(𝑽𝒔 + 𝑽𝑫𝑪 + 𝑽𝑨𝑪𝒄𝒐𝒔𝝎𝒎𝒕)𝟐 (𝟒. 𝟒. 𝟏) 

= −
𝟏

𝟐

𝝏𝑪

𝝏𝒁
{(𝑽𝒔 + 𝑽𝑫𝑪)

𝟐 + 𝟐(𝑽𝒔 + 𝑽𝑫𝑪)𝑽𝑨𝑪𝒄𝒐𝒔𝝎𝒎𝒕 + 𝑽𝑨𝑪
𝟐𝒄𝒐𝒔𝟐𝝎𝒎𝒕} (𝟒. 𝟒. 𝟐) 

= −
𝟏

𝟐

𝝏𝑪

𝝏𝒁
{(𝑽𝒔 + 𝑽𝑫𝑪)

𝟐 + 𝟐(𝑽𝒔 + 𝑽𝑫𝑪)𝑽𝑨𝑪𝒄𝒐𝒔𝝎𝒎𝒕 + 𝑽𝑨𝑪
𝟐 𝒄𝒐𝒔𝟐𝝎𝒎𝒕 + 𝟏

𝟐
} (𝟒. 𝟒. 𝟑) 
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Here, C is capacitance between the cantilever and the sample, and Z is distance between the 

cantilever and the sample. In the Eq. (4.4.3), first term indicates a static attraction force between 

the cantilever and sample. In addition, second term and third term indicate force from 

alternating electric field induced by surface charges and electrostatic force between the 

cantilever and sample generated by VAC, respectively in Eq. (4.4.3). By performing feedback 

control of VDC with the lock-in amplifier to cancel out the surface potential VS, the difference 

in surface potential between the cantilever and the sample surface is calculated as VS = VDC. 

In the KFM measurements, the cantilever does not contact to the sample surface at all times, 

because F does not become 0 if VS + VDC = 0. In this KFM measurement, EFM-50 

(NANOWORLD) was utilized as the cantilever. 

Firstly, surface potential of aluminum plate (99+%, Nilaco) and platinum plate (99.98%, 

Nilaco) were measured to confirm the polar characteristics of contact potential shown in 

measurement images. From Fig. 4.3(a) and 4.3(b), aluminum and platinum show positive and 

negative potential, respectively. Therefore in KFM measurement with SHIMADZU SPM-9600, 

positive VDC is applied to the cantilever when work function of the cantilever is higher than the 

sample, and positive contact potential image shows that potential difference is equal to positive 

VDC as shown Fig. 4.4(a). On the other hand, negative VDC is applied to the cantilever when 

work function of the cantilever is lower than the sample as shown Fig. 4.4(b).  
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Fig. 4.2 Schematic diagram of contact potential difference by KFM measurement. (a) 

Independence between the cantilever and the sample. (b) Electrical contact between the 

cantilever and the sample. (c) Contact potential is canceled by applying bias voltage VDC.  

 

Fig. 4.3 Contact potential image. (a) Aluminum plate. (b) Platinum plate. 
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Fig. 4.4 Schematic diagram of contact potential difference with SHIMADZU SPM-9600. 

(a) Positive VDC is applied to the cantilever when the low work function such as aluminum 

is measured. (b) Negative VDC is applied to the cantilever when the high work function such 

as platinum is measured. 
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To measure the contact potential difference of iron pyrite single crystal wafer, iterative 

measurement was performed between the iron pyrite single crystal wafer and Au thin film on 

same sample holder as shown Fig. 4.5. Au thin film was deposited by thermal deposition on 

non-alkaline glass which was ultrasonically washed in ethanol solutions for 10 min. Deposited 

film thickness was 130 nm. Au thin film was fixed by silver paste on sample holder.  

In this measurement, the contact potential difference of Au thin film was calibrated to 0.00 

eV to evaluate contact potential difference of iron pyrite with Au thin film, which leads to the 

evaluation of Fermi level of iron pyrite. Figure 4.6 shows the calibrated contact potential 

difference and histogram. To compare the contact potential difference, the value of measured 

potential was taken as the median of the histogram. From Fig. 4.6, contact potential of Au thin 

film corresponds to 0.00 eV. In addition, the work function of Au thin film was measured by 

PYS as shown Fig. 4.7, which indicates that work function of Au thin film is 4.85 eV. 

Figure 4.8 shows the result of iterative measurement between iron pyrite treated by alcohol 

washing and Au thin film. On the other hand, Fig. 4.9 shows the result of iterative measurement 

between iron pyrite treated by both alcohol washing and aqua regia etching and Au thin film. 

These measurement were performed under nitrogen atmosphere. Table IV.I summarizes these 

results of Fig. 4.8 and Fig. 4.9. Surface potentials shown in the table IV.I indicates potential 

difference from the work function of Au thin film. In this time, all potentials are positive, which 

results that the work function of iron pyrite is lower than Au thin film. Compared the potential 

difference in Table IV.I, the work function of the sample treated by only alcohol washing is 0.04 

eV lower than the sample treated by both alcohol washing and aqua regia etching. Therefore, 

Fermi level of iron pyrite corresponds to 4.60  4.67 eV. From these results of PYS and KFM, 

energy difference between Fermi level and Valence band maximum was about 0.3  0.4 eV. 
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Fig. 4.5 Schematic illustration of iterative measurement between FeS2 (iron pyrite single 

crystal) and Au thin film on same sample holder. 

 

Fig. 4.6 Contact potential image of Au thin film calibrated to 0.00 eV. Based on potential 

image, the median of the histogram is calculated. This result shows that the median of Au 

thin film corresponds to 0.00 eV. 
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Fig. 4.7 PYS measurement of Au thin film. Work function is 4.85 eV. 

 

Fig. 4.8 Contact potential images of iron pyrite single crystal treated by alcohol washing. 

Iterative measurement of 7 times was performed. 
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Fig. 4.9 Contact potential images of iron pyrite single crystal treated by both alcohol 

washing and aqua regia etching. Iterative measurement of 7 times was performed. 

Table IV.I Summary of Fig. 4.8 and Fig. 4.9. This table shows contact potential difference 

between iron pyrite single crystal and Au thin film. 

 Alcohol washing Aqua regia etching 

1st +0.25 eV +0.21 eV 

2nd +0.26 eV +0.15 eV 

3rd +0.26 eV +0.20 eV 

4th +0.27 eV +0.16 eV 

5th +0.25 eV +0.20 eV 

6th +0.25 eV +0.19 eV 

7th +0.24 eV +0.14 eV 

Average +0.25 eV +0.18 eV 

S.D. 0.01 eV 0.02 eV 
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4.2.4 Spectroscopic ellipsometry 

    Spectroscopic ellipsometry was performed by HORIBA JOBIN YVON UVISEL ER 

AGMS-NSD to measure optical absorption of iron pyrite single crystal wafer. Iron pyrite single 

crystal wafer was treated by both alcohol washing and aqua regia etching. Measurement region 

was from 300 nm to 2100 eV. Figure 4.10(a) shows refractive index n() and extinction 

coefficient k() and Fig. 4.10(b) shows optical absorption calculated from extinction coefficient. 

Optical absorption is calculated by Eq (4.5): 

 =
𝟒𝒌


(𝟒. 𝟓) 

An optical absorption coefficient  > 1  105 cm-1 for h > 0.74 eV is obtained as shown 

in Fig. 4.10(b). From Tauc analysis, intercepts of the liner extrapolations of the different slopes 

on the energy axis could be interpreted as optical transitions corresponding to those specific 

energy levels. The electronic behavior of iron pyrite is governed by these energy level 

transitions. From Fig. 4.11(a), the band gap estimated is 1.0 eV. This result is well within the 

range commonly reported for iron pyrite. However, this band gap value appears to be direct as 

it fits linearly with n = 2 value in the parameter (h)n in the Tauc equation, which shows in 

Fig. 4.11(b). 
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Fig. 4.10 Evaluation of optical characteristics of iron pyrite single crystal treated by aqua 

regia solution. (a) Refractive index n() and extinction coefficient k(). (b) Optical 

absorption coefficient calculated by extinction coefficient k(). 

 

Fig. 4.11 Tauc plot analysis of iron pyrite single crystal. (a) Indirect band edge intercept at 

1.0 eV. (b) Direct band edge intercept at 1.4 eV. 
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4.2.5 Micro-photoluminescence 

The results of spectroscopic ellipsometry suggested direct transition although previous 

report considered electron transition of iron pyrite as indirect transition from band calculation 

[2]. Therefore, Micro-photoluminescence (Micro-PL) was performed to investigate the electron 

transition in band gap of iron pyrite. In addition, the effect of surface recombination by 

oxidation productions at iron pyrite surface was investigated by comparing differences of 

emission intensity and peak position of photoluminescence (PL) spectra between the sample 

only treated by alcohol washing and the sample treated by both alcohol washing and aqua regia 

etching. Micro-PL was performed with 635 nm excitation laser focused with spot size of few 

m on the sample. Spectra were analyzed by a grating monochromator, and detected utilizing 

a Si-CCD detector to investigate measurement region from 750 nm to 1200 nm. Measurement 

temperature was room temperature (RT) and sample were measured in air.  

Figure 4.12 shows PL spectra of iron pyrite single crystal wafers only treated by alcohol 

washing and treated by both alcohol washing and aqua regia etching, respectively. Emission 

intensity and peak position are similar in both spectra, and two peaks are observed in 1.316 eV 

and 1.358 eV. Emission intensity and peak position of spectrum are not changed after aqua regia 

etching, which suggests that the surface recombination is not changed although oxidation layer 

at iron pyrite surface was removed by aqua regia solution. Therefore, the formation of oxidation 

layer at the surface region of iron pyrite don’t contribute to surface recombination. In two peaks 

of PL spectrum, a sharp emission line is detected at 1.358 eV, and the energy difference between 

two peaks is about 0.042 eV.  

Here, variations in the PL spectrum with different excitation light intensity were 

investigated to examine the origin of PL spectrum. In this measurement, ND filter was utilized 

to decrease excitation light intensity. As the number of ND filter increases, the excitation light 

intensity decreases. The excitation light intensity with ND1.0 corresponds to one tenth of the 
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intensity with ND0. As shown in Fig. 4.13, the intensity of PL spectrum decreases with 

increasing the number of ND filter. Comparing each PL spectrum, the peak positions are not 

changed although emission peak intensity decreases. While this phenomena should be consider 

as band-edge emission, it is difficult to determine the origin of emission because the peak 

disappears by a slight decrease of excitation light intensity. 

Therefore, the origin of emission was estimated by two peaks in PL spectrum. By 

calculating wavenumber from the energy difference of 0.042 eV, the wavenumber was 

estimated to 340 cm-1. This wavenumber was similar with the peak of Raman spectrum in 

section 3.5.2 of Chapter 3. From Raman spectrum, S2 vibration (Ege) mode was observed at 343 

cm-1, whose mode should be double degeneracy of TO phonon and LO phonon. Therefore, the 

energy difference of two peaks in PL spectrum corresponds to phonon energy from electron-

phonon interaction, and two peaks are considered as phonon replica derived from donor-

acceptor pair (DAP) emission. 
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Fig. 4.12 Photoluminescence spectra of iron pyrite single crystal. Both spectra were similar 

in intensity and shape, and two peaks were observed at 1.316 eV and 1.358 eV. 

 

Fig. 4.13 Photoluminescence spectra of iron pyrite single crystal in different excitation laser 

intensity. Increasing number of ND filter, excitation laser intensity decreases. The intensity 

of ND1.0 corresponds to one tenth of the intensity of ND0. 
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4.2.6 Discussion 

Energy difference between Fermi level and valence band maximum was 0.3  0.4 eV from 

PYS and KFM. Although iron pyrite single crystal was reported as n-type semiconductor as 

described in Chapter 1, Fermi level was located at acceptor level above valence band. This 

result is considered to the energy difference derived from Fe (3d) spin splitting on LFT as 

described in Chapter 3 [2, 3]. From Fe 2p3/2 spectra by XPS measurement, high-spin Fe2+ 

multiplets and high-spin Fe3+ multiplets were observed, whose high-spin Fe should encourage 

the formation of energy level in band gap. Therefore, Fermi level at iron pyrite surface was 

located at acceptor level above valence band. Energy difference between Fermi level and 

valence band was not much changed after aqua regia etching. In micro-PL measurement, 

intensity and peak position of PL spectrum of iron pyrite single crystal which was treated by 

both alcohol washing aqua regia etching was not different with the PL spectrum of the sample 

only treated by alcohol washing. In Chapter 3, removing oxidation layer at surface region was 

confirmed by XPS measurement. Therefore, defect level formed at iron pyrite surface was 

derived from oxidation layer at surface region. From LFT of Fe (3d) splitting in Fig. 4.14, 

reducing Fe coordination due to sulfur vacancy is suggested as forming high-spin Fe2+. 

Therefore, some techniques such as not only removing oxidation layer but also passivation at 

iron pyrite surface is necessary to improve the reducing Fe coordination. 

From results of ellipsometry, band gap of iron pyrite single crystal was obtained by Tauc 

plot. In the fitting by Tauc plot, 1.0 eV and 1.4 eV were estimated as indirect band gap and 

direct band gap, respectively. In addition, the result of micro-PL indicated that two peaks were 

observed at 1.318 eV and 1.358 eV. These peaks should be derived from phonon replica of DAP 

emission, which results that band gap exceeds 1.358 eV. Such indirect to direct transition in 

iron pyrite nanocube has already been observed by optical pump-probe studies [4]. In this 

research, I observed the electron transition by evaluations of optical absorption and PL for iron 
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pyrite single crystal. Such indirect to direct transition is not unusual in semiconductors with 

high density of detects and disorder, which suggests an indication of the presence of band tail 

below conduction band in like disordered semiconductors [5, 6]. Potential fluctuations derived 

from defects perturb the electronic band edges and should result in broadening of electronic 

states, which leads to band tails below the band edges. Therefore sub-band gap optical 

absorption has been observed by band tails [7].  

 

4.3 Evaluation on Electrical Transport Characteristics of 

Iron Pyrite Single Crystal by Hall Effect Measurement 

4.3.1 Theory 

Conductivity 

Resistivity on irregularly shaped samples is measured by van der Pauw method. Consider 

the flat sample of a conducting material of arbitrary shape, with contacts 1, 2, 3, and 4 along 

the periphery as shown in Fig. 4.14 to satisfy the conditions above. The resistance R12,34 is 

defined by Eq. (4.6): 

𝑹𝟏𝟐,𝟑𝟒 =
𝑽𝟑𝟒

𝑰𝟏𝟐
(𝟒. 𝟔) 

The current I12 enters the sample through contact 1 and leaves thorough contact 2 and V34 is the 

voltage difference between the contacts 3 and 4 (V34  V3  V4). R23,41 is defined similarly. 

The resistivity is given by Eq. (4.7): 

𝝆 =
𝝅

𝒍𝒏(𝟐)
𝒕
(𝑹𝟏𝟐,𝟑𝟒 + 𝑹𝟐𝟑,𝟒𝟏)

𝟐
𝑭 (𝟒. 𝟕) 

F is a function only of the ratio Rr  R12,34 / R23,41, satisfying the relation as shown in Eq. (4.8): 
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𝑹𝒓 − 𝟏

𝑹𝒓 + 𝟏
=

𝑭

𝐥𝐧(𝟐)
𝒂𝒓𝒄𝒐𝒔𝒉(

𝒆𝒙𝒑 [
𝐥𝐧(𝟐)

𝑭 ]

𝟐
) (𝟒. 𝟖) 

For a symmetrical sample such as the circle or the square in Fig. 4.15, Rr  1 and F  1. This 

allows Eq. (7) to be simplified as shown in Eq. (4.9): 

𝛒 =
𝝅

𝐥𝐧(𝟐)
𝒕𝑹𝟏𝟐,𝟑𝟒 = 𝟒. 𝟓𝟑𝟐𝒕𝑹𝟏𝟐,𝟑𝟒 (𝟒. 𝟗) 

Therefore the conductivity is calculated by Eq. (4.10): 

 =
𝟏


(𝟒. 𝟏𝟎) 

Hall coefficient 

Hall effect measurement is the ability to determine the carrier density, the carrier type, and 

the mobility. Hall theory predicts the Hall coefficient RH as shown in Eq. (4.11): 

𝑹𝑯 =
𝒓(𝒑 − 𝒃𝟐𝒏)

𝒒(𝒑 + 𝒃𝒏)𝟐
(𝟒. 𝟏𝟏) 

Here, b  n/p and r is the scattering factor whose value lies between 1 and 2, depending on 

the scattering mechanism in the semiconductor. The scattering factor is also a function of 

magnetic field and temperature. In the high magnetic field limit r  1. The scattering factor 

can be determined by measuring RH in the high magnetic field limit, i.e., r  RH(B) / RH(B  ) 

where B is the magnetic field. The high fields necessary for r to approach unity are not 

achievable in most laboratories. Typical is usually not known, it is frequently assumed to be 

unity. The Hall coefficient is determined experimentally by Eq. (4.12): 

𝑹𝑯 =
𝒕𝑽𝑯

𝑩𝑰
(𝟒. 𝟏𝟐) 

Here, t is the sample thickness, VH the Hall voltage, B the magnetic field, and I the current. For 

extrinsic p-type material with p  n, RH is shown by Eq. (4.13): 

𝑹𝑯 =
𝒓

𝒒𝒑
(𝟒. 𝟏𝟑) 
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On the other hand, for extrinsic n-type material with p  n, RH is shown by Eq. (4.14): 

𝑹𝑯 = −
𝒓

𝒒𝒏
(𝟒. 𝟏𝟒) 

From Hall coefficient, Hall mobility is calculated by Eq. (4.15): 

𝝁 = 𝑹𝑯𝝈 (𝟒. 𝟏𝟓) 
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Fig. 4.14 Arbitrarily shaped sample with four contacts. 

 

Fig. 4.15 Typical symmetrical circular and square sample geometries. 
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4.3.2 Experiment 

    Conductivity and Hall coefficient were performed from 50 to 300 K on ResiTest 8300 

(Toyo Corporation) under helium atmosphere. Samples were iron pyrite single crystal wafers 

treated by both alcohol washing and aqua regia etching. To prepare ohmic contacts, Au thin 

film was deposited on samples by electron beam deposition. The thickness of Au thin film was 

200 nm. To measure resistivity and Hall coefficient, the applied current was adjusted from 100 

nA at 50 K to 100 A at 300 K. 

 

4.3.3 Result 

    Figure 4.18 shows results of conductivity and Hall coefficient at a temperature range of 

50300 K. In Fig. 4.18, measurement results are compared with reference data which was the 

result obtained by Hall effect measurement utilizing untreated iron pyrite single crystal [8]. The 

conductivity variation is smaller than reference data as shown in Fig. 4.16(a). Figure 4.16(b) 

shows the Hall coefficient variation. Hopping crossover of Hall coefficient at low temperature 

region is confirmed in the measurement results, whose behavior is also confirmed in reference 

data. In addition, Fig. 4.17 shows the carrier type from the sign of Hall coefficient. Figure 4.17 

shows that p-type is measured at 5085 K and n-type is measured at 90-300K. At low 

temperature region, the sign of Hall coefficient fluctuate between small positive and negative 

values. Thus, the Mott variable range hopping (Mott-VRH) conduction at low temperature 

region was examined and shown in Fig. 4.18(a) to investigate the cause that the sign of Hall 

coefficient fluctuated. Mott-VRH conduction was fitted by Eq. (4.16): 

 = 𝝈𝟎𝒆𝒙𝒑(
𝑻𝟎

𝑻
)

𝟏
𝟒

(𝟒. 𝟏𝟔) 

Here, 0 is a prefactor and T0 is the characteristics temperature, also known as the Mott-VRH 

temperature. The exact temperature dependence of the prefactor 0 is determined by the 
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assumption from the electron-phonon interaction during hopping. From linear fitting of Ln() 

vs 1/T1/4 in Fig. 4.18(a), Mott temperature (T0) is determined as 1.5  107 K. Therefore, Mott-

VRH conduction is confirmed at 50240 K. In previous reports, Mott-VRH conduction was 

confirmed at 40220 K [1, 4, 9-11]. 

    Activation energy was calculated by Eq. (4.17): 

𝝈 = 𝟏𝒆𝒙𝒑(
𝑬𝒂

𝒌𝑩𝑻
) (𝟒. 𝟏𝟕) 

In Eq. (4.17), activation energy Ea is determined by Arrhenius equation. 1 is a temperature 

independent prefactor, kB is Boltzmann constant and T is temperature. Ea was fitted by plots of 

Ln() vs 1/T as shown in Fig. 4.18(b). In Fig. 4.18(b), each activation energy is determined to 

32 meV (50120 K), 64 meV (120240 K) and 250 meV (240300 K). These activation 

energies were much lower than the band gap obtained by evaluation of optical characteristics. 

    Moreover, carrier concentration and Hall mobility obtained by Hall effect measurements 

are shown in Fig. 4.19. 
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Fig. 4.16 Hall effect data of iron pyrite single crystal treated by both alcohol washing and 

aqua regia etching at a temperature range of 50300 K. This result is compared with 

reference data. (a) Conductivity calculated from resistivity. (b) Absolute value of Hall 

coefficient (RH). 

 

Fig. 4.17 Carrier type determination from Hall coefficient data. 
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Fig. 4.18 (a) Low temperature conductivity plotted as Ln() vs T-1/4. This plot was fitted to 

examine Mott-VRH conduction. From fitting the plot, T0 is 1.5  107 K. (b) Conductivity 

plotted as Ln() vs T-1. Activation energy (Ea) is calculated by Arrhenius equation. Each Ea 

is calculated as 32 meV (50120K), 64 meV (120240K) and 250 meV (240300K). 

 

Fig. 4.19 (a) Hall mobility from Hall coefficient data. (b) Carrier concentration from Hall 

coefficient data. 
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4.3.4 Discussion 

    Temperature dependent electrical transport in iron pyrite single crystal was evaluated by 

Hall effect measurement to compare the samples treated by aqua regia solution with previous 

report which utilized untreated iron pyrite single crystal [9]. Behaviors of conductivity and Hall 

coefficient depending on temperature variation were similar with previous report [9]. In Fig. 

4.18(a), Mott-VRH mechanism for charge transport was observed. Such conducting behavior 

is marked by changing transport through the localized states via phonons. The Mott-VRH type 

conduction phenomena in iron pyrite has been reported already [1, 5, 10-12]. Therefore, the 

Mott-VRH conduction was observed although iron pyrite single crystal was treated by aqua 

regia etching, which leaded to the result that oxidation at iron pyrite surface did not contribute 

to the conduction mechanism. 

This hopping mechanism contributes to disorder and intrinsic defects in iron pyrite which 

causes localized states within the band gap and electron hops from one site to another spatially 

separated site. The selection of the site is based on the criteria of minimum activation energy 

which maximizes the hopping probability [13]. Previous study which indicated the presence of 

high density of defect states by optical pump probe measurement suggested that the disorder 

and intrinsic defects in iron pyrite caused the defect states that trapped the charge carriers and 

consequently assisted recombination [5]. In this measurement, hall mobility was about 0.0540 

m2V-1s-1 at the temperature region where Mott-VRH conduction was confirmed in Fig. 4.19(b), 

and majority carrier type was n-type. Therefore, on the origin of Mott-VRH conduction, it is 

considered that the Fermi level is located at near localization states below conduction band 

minimum and hopping transport occurs in the localization states. From Fig. 4.17, the sign of 

Hall coefficient fluctuates between small positive and negative values at low temperature region 

below 85K. Based on the result of Mott-VRH conduction, the carrier type determination of Hall 

effect measurement should not be performed because Mott-VRH conduction is not influenced 
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by Lorentz force [14]. Therefore, it is difficult to determine the inversion layer at iron pyrite 

surface from Hall effect measurement regardless of whether the inversion layer is formed. In 

addition, it is also difficult to consider the value of carrier concentration and Hall mobility at 

low temperature below 240 K as correct value. 

On the origin of the localized states below conduction band minimum, intrinsic sulfur 

vacancy in iron pyrite single crystal should contribute to the formation of localized states 

because the result of EMPA in section 3.4 of Chapter 3 indicated that sulfur in iron pyrite single 

crystal was less than ideal stoichiometric ratio of Fe : S  1 : 2. As an example of the formation 

of localized states in band gap by vacancy, ZnIn2Te4 was reported [15]. The crystal structure of 

ZnIn2Te4 was defect chalcopyrite structure and vacancy was formed in crystal, which leaded to 

the formation of band tail below conduction band and broadened Gaussian level above valence 

band [15]. In iron pyrite at low temperature, the crystals tend to reduce their total energy due to 

sulfur vacancy diffusion into some low energy configurations where exchange coupling of the 

unpaired electrons could occur via the Fe ions [16]. Therefore, it is necessary to improve 

localized states of iron pyrite to eliminate the effect of Mott-VRH to Hall effect measurement 

and determine suitably the change of carrier type depending on temperature. 

 

4.4 Description of band diagram of iron pyrite single crystal 

From evaluation of band structure and electrical transport characteristics, band structures 

are described in Fig. 4.20. As shown in Fig. 4.20(a), Fermi level in bulk region is located near 

indirect conduction band edge and Mott-VRH conduction occurs thorough the localized states 

below direct conduction band edge. On the other hand, Fermi level at surface region is located 

in acceptor level as shown in Fig. 4.20(b) from the results of KFM and PYS. The difference of 

Fermi level between the bulk region and the surface region should form upward band bending 

and lead to the inversion layer. 
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Fig. 4.20 (a) Band diagram in bulk region of iron pyrite single crystal, (b) at surface region. 

EC(Di) : Direct conduction band edge, EC(In) : Indirect conduction band edge, 

EF : Fermi level, EV : Valence band edge 
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4.5 Summary 

    Band structure was evaluated by various methods such as PYS, KFM, ellipsometry, Micro-

PL and Hall effect. Comparing iron pyrite single crystal treated by aqua regia solution with 

alcohol-washed sample, optical and electrical characteristics were not change. Therefore, 

oxidation at iron pyrite surface could not contribute to the conduction mechanism and electrical 

transitions. On the other hand, indirect to direct transition in iron pyrite single crystal was 

observed by evaluation of optical characteristics. In addition, Mott VRH conduction also was 

observed by Hall effect measurement at low temperature, which should contribute to electrical 

transition in localized states. Based on these results, band diagram was described. 
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Chapter 5 

Conclusions 

 
5.1 Conclusions 

   Iron pyrite has a good potential as low cost and earth-abundant photovoltaic device material. 

However, iron pyrite thin film photovoltaic devices have not obtained conversion efficiency yet. 

In this thesis, an inversion layer at iron pyrite surface was focused as the cause of poor 

photovoltaic performance, and device simulation and characteristic evaluation were performed 

toward realizing high performance iron pyrite photovoltaic device. The main conclusions 

obtained in the present study are summarized as follows. 

    In Chapter 2, two-dimensional (2D) device simulation was performed to investigate the 

cause of poor performance of iron pyrite thin film photovoltaic devices which have been 

fabricated in the past, and to understand the effects of the density of states at the deep donor 

level and the inversion layer on the iron pyrite photovoltaic devices. It was founded that the 

following factors allowed FeS2 photovoltaic device efficiency as high as around 13.5% to be 

achieved: a p-Cu2O/n-FeS2 hetero-junction, a density of states in the bulk layer of less than 

11015 cm-3, and carrier lifetime in the bulk of longer than 1 s. To realize higher efficiency 

FeS2 photovoltaic device, it is necessary to remove the surface layer and reduce the density of 

states of the deep donor level during the fabrication of the FeS2 bulk layer. 

    In Chapter 3, the chemical-bonding state and phase purity at the surface region of iron 

pyrite single crystal was evaluated by micro-Raman spectroscopy and XPS. To compare the 

surface condition of iron pyrite single crystal, the samples only treated by alcohol washing and 

the samples treated by both alcohol washing and aqua regia etching were measured, respectively. 
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Micro-Raman spectroscopy indicated that phase purity at the surface region of iron pyrite was 

improved by aqua regia etching, which suggested that aqua regia solution could remove 

contamination and adjust the stress at surface region. From the results of XPS, it was found that 

Fe2+ multiplets and Fe3+ multiplets were observed from the Fe2p3/2 spectra in both treatment 

conditions of alcohol washing and aqua regia etching. These multiples corresponds to high-spin 

Fe2+ and Fe3+, which should result in forming defect level in band gap by spin splitting based 

on LFT. Oxidation productions at the surface region of iron pyrite were removed by aqua regia 

etching because the intensity of O 1s spectrum decreased. However, O 1s spectrum was 

confirmed after aqua regia etching. This result suggests the oxide and water in air immediately 

reacts the surface of iron pyrite and Fe3+−OH− species are created. Therefore, it is difficult to 

completely prevent the oxidation reaction on the surface region. 

In Chapter 4, band structure and electrical transport characteristics of iron pyrite single 

crystal were evaluated. PYS, KFM and ellipsometry to evaluate band structure of iron pyrite. 

The results of PYS and KFM indicated that the energy difference between Fermi level and 

valence band was around 0.35 eV. Furthermore, Tauc plot of indirect type estimated the band 

gap of iron pyrite to be 1.0 eV. Therefore, Fermi level is located at acceptor level although the 

carrier type of iron pyrite single crystal is n-type, which suggests that the surface region of iron 

pyrite single crystal should form an inversion layer. Since these results were not changed after 

aqua regia etching, the formation of the inversion layer at iron pyrite surface should contribute 

to defect levels based on LFT model rather than oxidation layer. In addition, direct transition 

was observed by Tauc plot although iron pyrite was reported as indirect transition from band 

calculation. To evaluate electron transition of iron pyrite single crystal with different optical 

measurement from ellipsometry, Micro-PL was performed. PL spectrum shown two peaks in 

1.316 eV and 1.358 eV, which indicated that electron transition over 1.0 eV occurred in band 

gap. Therefore, it is presumed that localized states below conduction band is formed from 
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optical measurement. From Hall effect measurement, Mott-VRH conduction at low temperature 

below 240K observed. Mott-VRH conduction is phenomena that carriers constrained to 

localized states move between localized levels by thermal excitation. Therefore, Mott-VRH 

conduction should occur in localized states below conduction band. In addition, the sign of Hall 

coefficient fluctuates between small positive and negative values at low temperature region 

below 85K, which suggests that the carrier type determination of Hall effect measurement 

should not be performed because Mott-VRH conduction is not influenced by Lorentz force. 

    As described above, some problems to be improved in iron pyrite were found toward high 

performance iron pyrite thin film photovoltaic device. Especially, it was revealed that not only 

the inversion layer but also the intrinsic defect levels in the bulk contributed to poor 

performance of photovoltaic device. To improve photovoltaic characteristics, it is necessary to 

reduce the intrinsic defect levels in the bulk because the intrinsic defect levels lead to the 

formation of localized states below conduction band which reduces band gap and encourage 

the carrier recombination through the defects. In addition, developing the stabilization method 

of Fe coordination at the surface region is necessary while preventing the reaction of oxygen 

with the surface. 

 

5.2 Future work 

    Through this work, some problems were revealed toward high performance iron pyrite 

thin film photovoltaic device. To improve these problems, it will be essential to develop suitable 

methods as follow, 

Development of surface passivation for improvement of Fe coordination: 

Since it is found that the surface of iron pyrite immediately absorbed oxygen in the air, 

surface treatment in atmosphere without oxygen is essential to prevent the absorption of oxygen 

at the surface of iron pyrite. In addition, surface passivation utilizing sulfur rich compound is 
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necessary to improve the decreasing Fe coordination after removing oxidation layer.  

Development of doping in iron pyrite to form suitable photovoltaic material: 

As already mentioned, band bending, potential fluctuations and Mott-VRH conduction 

might be derived from defects in iron pyrite. Especially, it seems that intrinsic sulfur vacancies 

are the most reasonable and suitable explanation for the origin of the bulk and surface states in 

iron pyrite. To improve intrinsic sulfur vacancies, the development of making bulk crystal and 

thin film while perfectly controlling the sulfur stoichiometry in iron pyrite. However, the 

challenge is difficult to achieve due to thermal instability of iron pyrite [1, 2]. As an alternative 

strategy, the development of doping method in iron pyrite is desirable. Recently, Fe2GeS4 and 

Fe2SiS4 were reported as alternative photovoltaic material of iron pyrite [2]. These materials 

have been reported to present a six-coordinate environment for Fe2+ and replace the disulfide 

S2
2- with simple sulfide S2-. In addition, it was reported that the ternary compounds didn’t 

readily decompose into S-deficient binary phases. Therefore, these materials have good 

potential as next generation photovoltaic material. 
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