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Abstract 

III-V top absorber integrated on active Si substrate is a promising structure for realizing high energy 

conversion efficiency solar cells with low production cost. However, there are still remaining challenges to 

integrate III-V material on Si substrate by epitaxial growth due to its property mismatches between III-V 

material and Si such as lattice constant, thermal expansion coefficient and polarization.  

In the III-V on Si structures, GaAs/Si(1 0 0) is the most widely targeted for optical devices and CMOS 

uses as well as two-terminal multi-junction solar cell. Heteroepitaxy by metal-organic vapor phase epitaxy 

(MOVPE) is regarded as the most suitable method for industrial fabrication because the epitaxy process is 

simple comparing to mechanical bonding, and it has large scale epitaxial chamber than molecular beam 

epitaxy. For these backgrounds, in this research aims at fabrication of GaAs(P)/Si by MOVPE for solar cell 

application. 

The major challenge for GaAs(P) heteroepitaxy on Si(1 0 0) is reducing the threading dislocation 

density (TDD) on the epitaxial layer. The threading dislocations in the grown epitaxial layer causes the 

degradation of open circuit voltage of the cell, so that degrades the energy conversion efficiency. To suppress 

performance degradation of the cell due to TDD, it should be 106 cm-2 or less in the epitaxial layer. However, 

to obtain high quality of GaAs(P) heteroepitaxial layer on Si is very difficult due to the material property 

differences between GaAs(P) and Si.  

In this study, a new concept for reducing the burden for GaAsP heteroepitaxy on Si(1 0 0) by introducing 

the multi-quantum wells to the top absorber is proposed. In order to realize a band gap of 1.73 eV, which is 

the current matching with the Si bottom cell, with a GaAsP compound semiconductor, an As content of 75% 

is required. As the content of As increases, the lattice mismatch becomes larger and the burden on crystal 

growth becomes greater. Here, we propose a new structure for a two terminal III-V/Si tandem solar cell 

which bases on strain-balanced multi-quantum wells (MQWs) embedded in a GaAsP top cell. Strain-

balanced MQWs extend the absorption edge to a longer wavelength and enable a reduction of the arsenic 

contents in the GaAsP metamorphic top cell matrix. The accumulation of carriers in MQWs favors radiative 

recombination, which is beneficial for high efficiency while deep quantum well lowering the carrier 

collection efficiency. In chapter 4, efficiency of the MQWs-GaAsP/Si tandem cell is predicted with 

considering about carrier dynamics in low-dimensional quantum well. The solar energy conversion 

efficiencies over 42.6% with an entire MQW as thin as 500 nm is predicted by theoretical calculation. The 

applied model takes into account the drawbacks of MQWs, such as limited light absorption and the 

bottleneck of carrier collection from the confinement in the wells. 
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Chapter 5 introduces a series of studies for heteroepitaxy by MOVPE. In the heteroepitaxy of Ⅲ-Ⅴ 

materials on a Si substrate, antiphase domains, which induces threading dislocations and degrade the device 

performances, need to be suppressed in order to obtain high quality epitaxial layers. For reducing the 

antiphase domains, Si surfaces should be prepared to have double-layer steps. In contrast to the initial 

achievements of double-layer step formation by high-temperature annealing (>1000°C) under H2 ambience, 

exposure of Si surface to an As precursor can reduce the annealing temperature and make the process 

relatively robust. In this study, the relationship between surface reconstruction parameters and surface state 

under arsenic ambience is verified with in-situ measurement by reflectance anisotropy spectroscopy (RAS) 

in the MOVPE reactor. In the succeeding growth of thin GaP film on double-layer stepped Si(1 0 0) surface, 

the clear RA peak for the P-rich (2×2)/c(4×2) surface was observed and XRD measurement suggested non-

relaxed single-crystalline GaP. 

This work was specifically aimed at generalizing the manufacturing process, that is, making conditions 

applicable to any reactor. The later part of chapter 5 introduce the results tested on two types of reactors, 

regrowth of Ga(As)P layer subsequent to GaP growth. 
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Chapter 1   Introduction 

1.1   Photovoltaics: sustainable energy resource for future 

Global energy consumption has become increasing since 1800s, industrial revolution. As shown in fig. 

1-1, in the 20th century, its energy consumption was sharply increased due to expansion of global economy 

scale (1400%) and population (400%). The energy consumption still has been increasing continuously, and 

the primary energy consumption reached to 150,000TWh at 2017 [1]-[2]. Furthermore, it is expected to reach 

205,000TWh, increased 30% from 2017, at 2040 [3]-[5]. 

 

Fig. 1-1 Primary energy consumption trend: energy demands has increasing continuously, and the 

energy supply is relying on the fossil fuels over 85%. 

The main reason for the increase in energy consumption is analyzed as the expansion of economies of 

non-OECD countries and the increase of population [1]-[5]. As shown in fig. 1-2, the energy consumption 

in non-OECD countries has been increasing rapidly since 2007, while it is quite stable in OECD countries. 

About the energy resources, both of non-OECD countries and OECD countries use mainly fossil fuels, and 

it is 81% and 88% respectively (fig. 1-3). It means that the pollution of the air as well as the exhaustion of 

fossil fuels is considered as a serious problem in coming decades. From these backgrounds, the sustainable 

energy resources are getting focus of recent international attention. 

Sustainable energy is a form of energy that meets today's energy demands without being expired or 
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exhausted and can be used over and again. Sustainable energy should be widely recommended because it is 

environmentally friendly and free of cost to get the resources. All renewable energy sources, such as solar, 

wind, geothermal, hydro and marine energy are stable, well secured and sustainable. Photovoltaic (PV), 

among these energy resources, has large potential in many countries as alternative energy source for future. 

There are three main advantages of using solar power. 

 

Fig. 1-2 Primary energy consumption trend: energy consumption in non-OECD countries have 

been increasing rapidly, while energy consumption in OECD countries are stable. 

 

Fig. 1-3   Primary energy consumption in 2017: global energy consumption is relying on fossil fuels, 

especially in non-OECD countries, it is reached 89%. 

1) Clean energy 

The primary energy consumption will be increase 30% from 2017, and it is expected to increase 60% 

in non-OECD countries due to its economic growth and population increase [1]. As the consumption of fossil 

fuels is largely increased, emission of carbon dioxide (CO2) and other greenhouse gases (GHGs) are expected 

to increase significantly. The most primary cause of emitting the CO2 is combustion of fossil fuels [6], and 
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CO2 affect to the global warming. In the case of photovoltaics power generation, it can be a clean energy 

resource, since it does not emit CO2 and any harmful substances when the power generation. 

2) Safe energy 

Safety problem of power generation system has become important issue in last decades from several 

experiences such as Chernobyl disaster and Fukushima accident in nuclear power plants, and the accident 

from Sayano–Shushenskaya hydroelectric power station. From a safety point of view, PV systems do not 

include any elements that could cause unexpected accidents. Solar cells do not emit any hazardous materials 

during the power generation, and there is no risk of explosion. 

3) Energy security 

Energy is an indispensable part of supporting the national economy and is deeply associated with the 

security of the nation, which means that it is important to provide a stable and rational supply of energy. 

However, many countries depending on energy import. Japan highly depends on imports for most of the 

essential energy of the national economy, and the energy supply rate in 2017 is only 7%. Sustainable energies, 

including solar cells, are regarded as an important alternative from the viewpoint of energy security, because 

they use nature resources wherever they are, regardless of region, such as the sun light, the wind. 

1.2   Levelized cost of electricity (LCOE) of solar photovoltaics 

Levelized cost of electricity (LCOE) is index of electricity production costs. The LCOE, also known as 

levelized energy cost (LEC), is the net present value of the unit-cost of electricity over the lifetime of a 

energy generator. LCOE is the first-order economical index of an electricity generating system that includes 

all costs over its lifetime: initial investment, operations and maintenance, cost of fuel, cost of capital. 

This can be roughly calculated as the net present value of all costs over the lifetime of the asset divided 

by the total electrical energy output of the asset as given in eq. (1.1). 

𝐿𝐶𝑂𝐸 =
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑜𝑠𝑡𝑠 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑆𝑢𝑚 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
                                           (1.1) 

Some caution must be taken when using formulas for the levelized cost, as they often embody unseen 

assumptions, neglect effects like taxes, and may be specified in real or nominal levelized cost. For example, 

other versions of the above formula do not discount the electricity stream. Here, LCOE modeling by IRENA 

[7]-[8] is used for all LCOE values in this section as shown in eq. (1.2). 

𝐿𝐶𝑂𝐸 =
∑ (𝐼𝑡 +𝑀𝑡 + 𝐹𝑡) × (1 + 𝑟)

−𝑡𝑛
𝑡=1

∑ 𝐸𝑡(1 + 𝑟)
−𝑡𝑛

𝑡=1

                                                             (1.2) 
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Where, It, Mt, Ft, and Et is investment expenditures, operations and maintenance expenditures, fuel 

expenditures, and electricity generation in the year t. r represents discount rate and n is life of the system. 

Typically, the unit of LCOE is given in the form of currency / mega- or kilo-watt-hour. Care should be 

taken when comparing LCOE in different study, since it is highly dependent on the assumptions, and 

financing terms. 

Almost all solar cell research aims to reduce this LCOE as following approaches. 

✓ Enhance energy conversion efficiency: By enhancing the energy conversion efficiency of solar cells, 

amount of generated electricity over the life time can be increased. 

✓ Reduce the cell fabrication cost: Strategies to reduce the manufacturing cost of solar cells include 1) 

mass production of large size cells, 2) increase in manufacturing speed, and 3) cost reduction of 

materials such as substrate. 

1.3   Photovoltaics and solar cells  

Solar cell is a device which generates electrical energy from light energy of sun. In this section, the 

characteristics of solar irradiation and basic operating principles of semiconductor based solar cells is 

discussed. 

1.3.1   Solar spectrum and photon flux 

Blackbody radiation and air mass 

All light sources, such as sun and light bulb, are work as a blackbody emitter. Blackbody absorbs all 

the radiation incident on its surface and emits radiation according to the temperature. Its spectral irradiance, 

F(λ,T) per unit wavelength, from the blackbody can be written as eq. (3.1) by Planck’s law [12]. 

𝐹(𝜆, 𝑇) =
2ℎ𝑐2

𝜆5(𝑒ℎ𝑐 𝑘𝐵𝜆𝑇⁄ − 1)
                                                         (1.3) 

Where, λ and T are the wavelength of the radiation and temperature of the blackbody respectively, and 

other parameters h, c and kB are the constants (Planck’s constant, speed of light in vacuum and Boltzmann’s 

constant). Spectral intensity irradiated from blackbody by its temperature is shown in fig. 1-4 (a). The sun 

also works as a blackbody. The temperature at the core of the sun is very high, over 20,000,000K and even 

at the surface, its temperature is reach to 5760K. The energy density of solar irradiation at 5760K is 6.2×107 
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W/m2 and the peak wavelength is 503 nm. 

 

Fig. 1-4 (a) Spectral intensity emitted from blackbody: log-log scale. (b) Solar irradiance from 

sun: extra-terrestrial (AM0), standard terrestrial (AM1.5). 

Calculating from the radius of sun and earth, and the distance between the sun and earth, solar irradiance 

at the outside of the earth’s atmosphere is 1.35 kW/m2 so called air mass 0 (AM0) [13]. The air mass is 

defined as eq. (1.4). 

𝑛𝑎𝑖𝑟 𝑚𝑎𝑠𝑠 =
𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝑠𝑢𝑛

𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑓 𝑠𝑢𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑙𝑦 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑
=

1

sin 𝜃𝑠
                   (1.4) 

Where, θs is the angle of elevation of the sun. The standard spectrum on the earth is AM1.5 which the 

angle of elevation of the sun is 42° and the mean irradiance is ~970 W/m2. For the convenience, however, 

the standard terrestrial solar spectrum is normalized, so that the integrated irradiance is 1000 W/m2 [14]. The 

solar irradiance of AM0 and standard terrestrial AM1.5 is shown in fig. 1-4 (spectral data for the graphs is 

taken from ref. [15], and modified in this paper).  

  Photon flux 

The photon flux, defined as the number of photons per unit time and unit area, is important in 

determining the number of electrons which are generated, and hence the current produced from a solar cell. 

The irradiance of the light can be converted to photon flux as below. The radiation irradiance from the 

blackbody F(λ,T) in wavelength range of λ ~ Δλ, can be written as the function of photon energy E as eq. 

(1.5). 

𝐹(𝜆, 𝑇)𝑑𝜆 = 𝐹(𝐸, 𝑇)
𝜆2

ℎ𝑐
𝑑𝐸 =

2

ℎ3𝑐2
(

𝐸3

𝑒𝐸 𝑘𝐵𝑇⁄ − 1
)𝑑𝐸                                       (1.5) 

From the eq. (1.5), the spectral photon flux β(E,s,θ,ϕ), at a point s on the surface of the black body the 
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number of photons with energy in the range of E ~ E + dE emitted through per unit area per unit solid angle 

per unit time, can be converted as eq. (1.6). 

𝛽(𝐸, 𝒔, 𝜃, 𝜙)𝑑𝛺𝑑𝒔𝑑𝐸 =
2

ℎ3𝑐2
(

𝐸2

𝑒𝐸 𝑘𝐵𝑇⁄ − 1
)𝑑𝛺𝑑𝒔𝑑𝐸                                     (1.6) 

The photon flux b(E) issued normal to the surface is given by integrating β over solid angle and surface 

area, is given by eq. (1.7). 

𝑏(𝐸) =
2𝐹

ℎ3𝑐2
(

𝐸2

𝑒𝐸 𝑘𝐵𝑇⁄ − 1
)                                                          (1.7) 

Where, F is a geometrical factor which arises from integrating over the relevant angular range is given 

by πsin2θ. The θ is the half angle subtended by the radiating body to the flux measurement point. For the sun 

as seen from the earth θ is 0.26°. 

 

Fig. 1-5 (a) Spectral intensity and (b) photon flux emitted from the sun with describing as function 

of photon energy. 

The visible light range (380~770 nm) occupies the largest part of sunlight reaching to the earth’s surface. 

Therefore, it is an important point that use visible light efficiently in the use of sunlight as energy. 

1.3.2   Principles of solar cells 

p-n junction 

The semiconductor-based p-n junction structure, which is formed by joining n-type and p-type 

semiconductor materials, is the most common model of solar cell. The absorbed photons with energy above 

the band gap Eg in the p-n junction area generate electron-hole pairs. The photo-exited electrons (holes) 
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transport from the p-type (n-type) to n-type by the electric field, and those carriers are extracted to the 

external circuit as the photocurrent. A schematic of p-n junction and equivalent circuit of ideal solar cell is 

shown in fig. 1-6. 

 

Fig. 1-6 (a) Band diagram of a p-n junction solar cell, and (b) equivalent circuit of ideal solar cells.  

Where, the applied voltage V is the potential difference between the quasi-Fermi levels of the holes in 

the p-type region (Efp) and that of the electrons in the n-type region (Efn). 

Photocurrent and quantum efficiency 

The photocurrent generated by a solar cell under solar irradiation at short circuit is dependent on the 

incident light intensity. The photocurrent density at short circuit (Jsc) can be described as eq. (1.8). 

𝐽𝑠𝑐 = 𝑞∫𝑏𝑠(𝐸)𝑄𝐸(𝐸)𝑑𝐸                                                (1.8) 

Where, q is the electronic charge, bs(E) and QE(E) are the photon flux and quantum efficiency (QE) of 

the incident photon energy in the range of E ~ E+dE.  

The quantum efficiency (QE) is the ratio of the number of carriers collected by the solar cell to the 

number of incident photons on the solar cell and it is also called as external quantum efficiency (EQE). QE 

depends on the absorption coefficient of the cell materials, the efficiency of charge separation and the 

efficiency of charge collection in the solar cell but does not depend on the incident light spectrum. 

When a load is present, a potential difference is generated between the terminals of the cell because the 

structure of solar cell is identical with a diode in principle. This generates the reverse current to the 

photocurrent which usually called the dark current. Therefore, the net current J(V) by light absorption for an 

ideal diode can be written as eq. (1.9). 
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𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽0 (𝑒
𝑞𝑉

𝑘𝐵𝑇
⁄

− 1)                                                (1.9) 

Where, J(V), V, Jsc and J0 are density of output photocurrent, applied bias, density of photogenerated 

current and saturation current of the diode. Other parameters, q, k, and T are the electronic charge, Boltzmann 

constant, and temperature. 

When the terminals are isolated (when J(V) = 0), the potential difference has its maximum value which 

is called open circuit voltage Voc. 

 

Fig. 1-7 (a) Voltage-current characteristics of solar cell, and (b) the maximum power point Pmax 

and Jmax, Vmax. 

Energy conversion efficiency 

The efficiency (η) of solar cell is the probability of energy conversion from the sunlight to electrical 

energy via photovoltaic cells. The energy conversion efficiency is the most commonly used parameter to 

compare the performance of solar cells. Efficiency is defined as the ratio of output power density from the 

solar cell to input power density from the sun. The output power density P reaches a maximum at the 

operating point (or maximum power point). This occurs at the voltage Vmax and with a corresponding current 

density Jmax as shown in fig. 1-7. The efficiency of a solar cell η is determined as the fraction of incident 

power which is converted to electricity and is defined as eq. (1.9). 

𝜂 =
𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥
𝑃𝑖𝑛

=
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
                                                           (1.9) 

Where, Pin is total input power density, and Jmax and Vmax are the current and voltage at maximum power 

point (fig. 1-7). The Jsc and Voc are the short circuit current and open circuit voltage respectively. The FF is 

the fill factor. In addition to reflecting the performance of the solar cell, the efficiency depends on the 

spectrum and intensity of the incident sunlight and the temperature of the solar cell. Therefore, conditions 
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under which efficiency is measured must be carefully controlled in order to compare the performance of one 

device to another. Terrestrial solar cells are measured under AM1.5 conditions and at a temperature of 25°C. 

Solar cells intended for space use are measured under AM0 conditions. 

The fill factor is a parameter which determines the maximum power from a solar cell in conjunction 

with Voc and Jsc. The FF is defined as the ratio of the maximum power density from the solar cell to the 

product of Voc and Jsc, and the FF describes the "squareness" of the J-V curve.  

The four quantities introduced in this section, Jsc, Voc, FF and η, are the key parameters characteristics 

of solar cells.  

1.4   Multi-junction solar cell for high efficiency 

The solar spectrum has a wide range of photon energy from 0 eV to 4 eV. When the light, which has 

energy E, is incident to the tow band photoconverter shown in fig. 1-8, photon is act as below by its photon 

energy.  

 

Fig. 1-8 A schematic of carrier excitation, loss and collection by the light radiation. 

1) E < Eg: Transmission loss 

Photons with energy less than the band gap Eg can not promote the electron from the ground state, 

so the light is not absorbed. 

2) E = Eg: Ideal photon energy for solar cell 

Photons with energy same as band gap Eg are absorbed and extracted as photocurrent. 

3) E > Eg: Thermalization loss 

Photons with energy larger than band gap Eg can promote the electron to excited state, but the 
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excess energy is quickly lost as heat by the carrier relax to the band edge. This process takes place on 

a pico-second scale [16], while the excited electrons remain in the excited state for a relatively long 

time. The absorbed photons achieve the same result as a photon with case 2).  

The transmission loss and thermalization loss is the major factor to reduce the solar cell efficiency [17]. 

To reduce these losses, multiple band gap strategy is suggested such as multi-junction solar cell, intermediate 

band cell [18]-[20] and hot carrier solar cell [21]-[22].  

In multiple band gap solar cell strategy, multi-junction is the most widely researched due to its simple 

structure and high efficiency. In this section, basic concept and advantages of multi-junction solar cell is 

introduced.  

1.4.1   Multi-junction solar cells 

One method to increase the efficiency of a solar cell is to split the spectrum and use a solar cell that is 

optimized to each section of the spectrum to reduce the thermalization and transmission losses. Series 

connected multi-junction solar cell, adding more subcell allows for each cell to be optimized to a narrower 

spectrum providing a higher efficiency. 

Multi-junction solar cell is a promising structure for realizing high energy conversion efficiency by 

integrating subcells that have different absorption range of light, that is different band gap materials. The 

multi-junction cell is to stack difference band gap junctions in optical series and allow the wider band gap 

materials at the top to filter out most of the high energy photons, while less energetic photons pass through 

to smaller band gap materials as described in fig. 1-9. 

 

Fig. 1-9 Schematics of multi-junction solar cell: example of triple-junction solar cell. (a) Band 

diagram and (b) light absorption edges of each subcells. 
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Multi-junction solar cells can be individual cells, so called subcells, or also be connected in series. 

Series connected cells are simpler to fabricate but the current is the same though each cell so this restricts 

the bandgaps that can be used.  

The maximum efficiency for a two-junction tandem under the AM1.5G spectrum under non-

concentrated light is 47 % in theoretical calculation with the top cell has a band gap of 1.63 eV and the 

bottom cell has a band gap of 0.96 eV. As the number of band gaps increases the efficiency of the tandem 

cell also increases. Multi-junction solar cells consider each layer as one solar cell, and can output the 

maximum power when the current generated in each layer is constant. In such an optimized multijunction 

solar cell, the conversion efficiency of 69% under non-concentrated irradiation condition, and 86% under 

full concentration condition is obtained theoretically [13],[23]-[24].  

1.4.2   Current matching in multi-junction solar cells 

Current matching is a critical design limitation in 2-terminal multi-junction solar cells connected in 

series. When the amount of generated photocurrent differs from in each subcell, the extracted output current 

of the serially connected multijunction solar cell is limited to the smallest current of the subcell. Therefore, 

the subcells that generate the excess photocurrent is operated under non-optimized condition due to losses 

by recombination. To solve these problems, amount of photocurrent generated in each subcell has to be 

matched which is so called "current matching". Therefore, when designing a multi-junction solar cell, it is 

necessary to select appropriate bandgap materials that matches the amount of photocurrent generated in each 

subcell. However, it is very difficult to find a combination of semiconductor materials satisfying this 

requirement. To overcome this problem, multi-quantum well structure is proposed which will be discussed 

in chapter 2. The multi-quantum well structure is expected to achieve high efficiency of the multi-junction 

solar cell by tuning the bandgap of the semiconductor material. 

1.4.3   III-V/Si tandem solar cells: cost reduction and efficiency enhancement 

While the efficiency of Si based solar cell is saturated in last few decades the energy conversion 

efficiency of III-V based multi-junction solar cell has increasing continuously (fig. 1-8). III-V compound 

semiconductor based multi-junction solar cell recorded the highest energy conversion efficiency, in the all 

reported data, and now widely used in space application. However, it has not come into wide use for 

terrestrial use due to its high cost. 

One of the most significant cost contributors in photovoltaic system is the cost of substrate. Solar panel 
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cost share 60% in the whole system of photovoltaics, and wafer cost is 50% of the total panel cost even in 

crystalline Si solar cell. In the case of GaAs, which is most common material as the epitaxial start layer for 

multi-junction cell, the cost of the substrate is higher than Si over 10 times. 

 

Fig. 1-10 Research cell record efficiency chart by NERL, 2018 [25] 

From this background, in recent years, researches about III-V on Si multi-junction solar cells, using the 

merits of Si and III-V based multi-junction solar cells, are being studied variously [26]-[29]. 

✓ Advantages of the Si substrate 

→ Large diameter substrate with low cost. 

→ The manufacturing process is stable and suitable for mass production. 

✓ Advantages of the III-V based multi-junction solar cell 

→ Advantageous for fabricating multi-junction solar cells, therefore high efficiency can achievable. 

By integrating III-V material on Si substrate, as well asthe cost reduction and high energy conversion 

efficiency are expected to be achieved in photovoltaic system. 
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1.5   III-V material integration approaches on Si 

The techniques to integrate the III-V material on the SI substrate is categorized into two approaches 

[30]: 1) mechanical stacking (here, only 2-terminal structure is dealt with, therefore only the wafer bonding 

is introduced as a mechanical staking technique), and 2) heteroepitaxial growth (or monolithic). In this 

section, methods for integrating III-V material on Si substrate is briefly introduced.  

1.5.1   Mechanical stacking methods 

The biggest advantage of integration the III-V material on Si substrate by wafer bonding is that it does 

not depend much on the lattice mismatch. Therefore, wafer bonding enables ideal bandgap combination and 

material integration without the lattice mismatch constraint unlike the heteroepitaxial growth approach. 

From this attractive advantage, many studies have reported on III-V wafers bonded to Si structures using 

direct wafer bonding for solar cell application [31]-[37]. The most critical challenges for mechanical stacking 

for solar cell application are as below. 

→ Post-growth bonding: wafer bonding is done first after growing on a III-V substrate. 

→ The bonding temperature should be compatible with the III-V material and the Si substrate. 

→ Electrically conductive bond layer is required to reduce the series resistance which degraded the 

cell performance. 

→ The bonding layer has to be optically transparent to the active Si substrate. 

→ Smooth bonding interface is required. 

In the mechanical stacking approach, however, very critical demerit for solar cell application, which it 

requires III-V substrate, therefore the fabrication cost is not much reduced. Recently, to overcome this 

drawback, research on the reuse of III-V substrates is drawing attention [38]-[41].  

1.5.2   Heteroepitaxial growth on Si substrates 

The direct growth III-V material on Si substrate is a promising method for integrating high efficiency 

III-V based multi-junction solar cell on Si substrate due to utilization of single substrate and single epitaxial 

growth process.  

For III-V based multi-junction solar cells, GaAs is the most used substrate as the growth start material. 
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Therefore, integration of GaAs on Si substrate is regardes as the initial for subsequent III-V top absorber 

stacking [42]-[44]. More recently, metamorphic buffer layer such as GaAsP or SiGe, for relaxing the stress 

from lattice mismatch between GaAs and Si, have got a lot of attention for GaAs heteroepitaxy on Si 

substrate [45]-[49]. 

The details about the heteroepitaxial growth of III-V material (mainly GaAs) is discussed in the next 

section.  

1.6   III-V material heteroepitaxy on Si substrate: challenges for heteroepitaxy  

Threading dislocations come from the property difference between III-V and Si causes degradation of 

the performance of solar cell especially owing to the open-circuit voltage decrease [50]-[53]. The difference 

of expansion coefficient causes micro cracks into the epitaxial layer, and it can be influence on the lifetime 

of solar cells [54]-[55]. For suppressing the performance degradation comes from the defects, the threading 

dislocation density (TDD) has to be lower than 106 cm-2 [56]-[57]. 

In this section, challenges in III/V heteroepitaxy on Si(1 0 0) substrates are introduced and the solutions 

for each problem are discussed. 

1.6.1   Lattice mismatch 

In epitaxial growth, lattice constant difference of epitaxial layer and substrate, called lattice mismatch, 

results in the accumulation of strain energy up to the point that the total strain energy exceeds the energy 

associated with some structural transformation in the film, and this causes misfit dislocations on grown 

epitaxial layer.  

In the heteroepitaxy study of III-V material on Si substrate, GaAs is mainly studied because it is used 

mostly as a substrate of tandem solar cell. Therefore, in the following description GaAs is cited as III-V 

group material integrating on Si. 

In the case of GaAs/Si crystal growth, there are large lattice mismatch of 4.1%, between GaAs (5.43Å) 

and Si (5.65Å) at 300K. The 4.1% lattice-mismatch between GaAs and Si makes the direct epitaxy of GaAs 

on Si extremely challenging, resulting in the formation of defects and dislocations such as threading 

dislocations and misfit dislocations. Such defects and dislocations have a detrimental impact on the minority 

carrier lifetime and hence the solar cell performance. 
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Fig. 1-11 Schematic of epitaxial layer: (a) lattice matched condition, (b) small lattice mismatch 

(under 0.1%), and (c) lattice mismatched. 

Metamorphic buffer layer 

To obtain high quality III-V epitaxial layer such as GaAs on Si substrate, metamorphic buffer layer is 

important for suppressing the dislocations. An appropriate buffer selection is extremely critical for the 

success of III-V material integration on Si by direct growth. Figure 1-12 describes the buffer structures for 

GaAs growth on Si. 

 

Fig. 1-12 Metamorphic buffer layer for GaAs on Si(1 0 0) heteroepitaxy: (a) GaAs buffer layer, (b) 

supperlattice layer in GaAs buffer layer, (c) SiGe graded buffer layer, and (d) GaAsP graded 

buffer layer on GaP/Si. 

There are four major types of metamorphic buffer structures for relaxing the strain from the lattice 

mismatch between GaAs and Si as below. 

1) GaAs bulk buffer layer [58]-[59] 

Thick, enough to relax the strain from the large lattice mismatch, GaAs bulk layer is used for 

buffer layer. 
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2) GaAs buffer layer with superlattice [60]-[63] 

InGaAs/GaAs or AlGaAs/GaAs supperlattice for blocking the threading dislocations from the 

GaAs/Si is inserted in GaAs bulk buffer layer. 

3) SixGe1-x graded buffer layer [64]-[67] 

Gradually increase the proportion of Ge from the Si and finally bring to Ge. Ge which has very 

small lattice mismatch (0.13% at 300K) with GaAs, is used as seed layer for GaAs heteroepitaxy. 

4) GaAs1-xPx graded buffer layer [68]-[71] 

Gradually increase the proportion of As from the GaP and finally bring to GaAs. GaP which has 

small lattice mismatch (0.35% at 300K) with Si is used as seed layer for GaAsP graded buffer 

growth. 

Table. 1-1 Comparison of buffer layer structures. 

 GaAs bulk Supperlattice SixGe1-x graded GaAs1-xPx graded 

Thickness Thick (x)* Thin (o)* Thick ( )* Thick ( ) 

Optical transparency 

to Si 
Transparent (o) Transparent (o) 

Non-transparent 

(x) 
Transparent (o) 

Simplicity of 

process and design 
Simple (o) Complex (x) Simple (o) Simple ( ) 

* (o) and (x) represents pros and cons. ( ) is the neutral. 

Graded buffer layer 

Graded buffer layer is widely used in the metamorphic buffer layer for GaAs heteroepitaxy on Si 

substrate due to its simple structure, and comparably thin thickness comparing to GaAs bulk buffer layer. 

There are two approaches to obtain GaAs epitaxial layer on Si substrate by introducing graded buffer layer 

(fig. 1-13). 
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Fig.1-13 Strategies for graded metamorphic buffer layer: 1) GaAs1-xPx from GaP/Si seed layer to 

GaAs, and 2) SiyGe1-y from Si to Ge. 

The first approach is using SixGe1-x graded buffer layer which is increasing the proportion of Ge 

gradually and finally bring to Ge which has small lattice mismatch with GaAs (0.13% at 300K). One of the 

inherent benefits of using graded SixGe1-x buffer is the ability to realize high-quality, low TDD and relaxed 

Ge layers on Si substrate providing a Ge seed layer for subsequent GaAs growth. However, the band gap of 

Ge (0.66 eV at 300K) is smaller than Si (1.12 eV at 300K). Therefore, if SixGe1-x buffer layer is applied, Si 

substrate can not be used as a active bottom cell. 

The second approach is using GaAs1-xPx graded buffer layer, from GaP/Si seed layer as the growth 

start layer. GaAs layer can be obtained by gradually increasing of the proportion of arsenic in GaAsP buffer. 

The lattice constant of GaP is 5.45Å at 300K, and it has small lattice mismatch with Si substrate about 0.35%. 

The large band gap of GaAs1-xPx buffer provides light transmission to the bottom Si subcell unlike the graded 

SiGe buffer approach. For these reasons, in this research, GaAs1-xPx graded buffer layer on GaP/Si template 

is used for GaAsP top cell heteroepitaxy. 

1.6.2   Antiphase domain 

In addition to lattice mismatch, antiphase domain (APD) arising from the difference in polarization is 

also considered to be the major cause of dislocations. Si is a diamond cubic crystal which is consist of one 

kind of atom Si, so the crystal has no polarization. In III-V materials, on the other hand, the crystal is the 

zincblende cubic crystal which is consist of two (or more) kinds of atoms group-III and group-V, and the 

polarization is exist. This polarization difference between Si and III-V materials causes antiphase domain 

which is a type of defect. The atoms in the antiphase domain of a crystal are configured in the opposite order 

to the lattice system. In other words, an APD is a region formed from anti-site defects of a lattice and that's 

boundary is called antiphase domain boundary. A schematic of the antiphase domain boundary is shown in 
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fig. 1-14 (a). 

 

Fig. 1-14 Side view of III-V material on Si(1 0 0): III-V layer on (a) single-layer step surface and 

(b) double-layer step surface. 

When the Si(1 0 0) surface has single-layer step which is monoatomic scale step, inappropriate binding 

of III-III (or V-V) is appeared along the step edge (fig. 1-14(a)). The APDs originated from polarization 

difference between Ⅲ-Ⅴ materials and Si is known as one of the biggest factors contributing to threading 

dislocations in Ⅲ-Ⅴ heteroepitaxial layers integrated on Si [72]-[73] and those dislocations degrade the 

solar cell performance [74]-[75]. 

To suppress such APDs, double-layer stepped (diatomic scale step) Si(1 0 0) surfaces shown in      

fig. 1-14(b) have to be prepared before heteroepitaxial growth of III-V layers on Si. From previous study, it 

is known that double-layer step is comparably easy to be formed on Si(1 0 0) surface with offcut surface of 

2.5° or more [76]. Utilization of offcut Si substrates (4˚ - 6˚) is a good choice for forming the double-layer 

step surface and minimizing the formation of APDs , so the offcut substrate is widely used as the substrate 

for III-V material growth [77]. 

1.6.3   Thermal expansion coefficient 

The inherent difference in the thermal expansion characteristics between GaAs(P) and Si lead to 

residual strain in the epitaxial films and also in the Si substrate such as microcrack and substrate bowing 

which could result in poor crystalline quality. In particular, the microcracks caused by difference of this 

thermal expansion properties is considered as the major fact for degrading the reliability of solar cells [78]-
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[80] and this limit the device size and performance as well as the life time. 

All objects have the property of being stretched or bulky as heat is applied. This is referred to as thermal 

expansion and the change rate of expansion by 1 K in temperature rise is represented as a thermal expansion 

coefficient. For the lattice constant of crystals, the thermal expansion coefficient (αth) can be written as eq. 

(1.10) 

𝛼𝑡ℎ =
𝑎𝑇+∆𝑇 − 𝑎𝑇
𝑎𝑇 ∆𝑇

                                                                      (1.10) 

Where, aT and aT+ΔT are the lattice constant at temperature T and T+ΔT. The thermal expansion 

coefficient is the ratio of the lattice expansion by the temperature. The thermal expansion coefficient of GaAs 

is 6.4×10-6 K-1, GaP is 4.7×10-6 K-1 [81] and of Si is 2.6×10-6 K-1 [82] at 300K, and those value increase with 

temperature increasing.  

In the III-V crystal growth, the growth temperature is quite high 600 K - 800 K. To suppress the 

microcracks or other dislocations comes from the thermal expansion mismatch, it is extremely important to 

control the cooling step after the epitaxial growth. Another approach for reducing the thermal expansion 

coefficient mismatch impact on epitaxial layer, low temperature growth is highly preferred. To understand 

the correlation between thermal expansion mismatch and solar cell characteristics would be essential to 

validate the reliability and long-term robustness for III-V/Si solar cells. 

1.6.4   GaP/Si template for heteroepitaxy seed layer 

If the (Ge)/SiGe/Si template is used as a seed layer for GaAs epitaxy, Si substrates can not be used as 

bottom cell of multi-junction solar cell since the band gap of (Si)Ge is smaller than Si. To use active Si 

substrate as a bottom cell of III-V/Si multi-junction solar cell, large band gap material is required for the 

heteroepitaxy seed layer. From this point of view, GaP/Si template is a good choice as seed layer for III-V 

heteroepitaxial growth for multi-junction photovoltaic cell application. 

GaP/Si template has benefits for using seed layer as below. 

1) GaP is optically transparent to the Si 

✓ The band gap of GaP (2.45 eV at 300K) is larger than Si (1.12 eV at 300K), therefore the 

Si can be used as a bottom cell. 

2) Small lattice mismatch with Si 

✓ 0.35% of lattice mismatch between GaP and Si at 300K. 
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3) Simple design for graded buffer 

✓ Simple GaAs1-xPx graded buffer layer can be used for relaxing the strain caused by lattice 

mismatch. 

In this research, the GaP/Si template is used as seed layer for GaAsP heteroepitaxial growth on Si 

substrate for application to GaAsP/Si two-junction solar cell. 

1.7   Outline of research 

Main purpose of this research is that fabricate GaAsP heteroepitaxial layer on Si(1 0 0) substrates for 

low cost and high efficiency solar cell application by metal-organic vapor phase epitaxy. 

Milestones in this research are, 

1) Cell design 

✓ Design the GaAsP top subcell with multi-quantum well structure for reducing the fabrication 

burden  

✓ Predict the energy conversion efficiency with realistic carrier dynamic model for multi-

quantum well layer. 

2) Si(1 0 0) surface reconstruction 

✓ Form the double-layer step on Si(1 0 0) surface in arsenic ambience. 

✓ Clarify the relationship between process conditions (partial pressure of arsenic and hydrogen, 

surface reconstruction temperature and time, effect of Ga residuals) and surface anisotropy. 

✓ Decide the surface preparation condition for succeeding GaP heteroepitaxy. 

3) GaP/Si template fabrication 

✓ Thin GaP epitaxial layer grown on double-layer stepped Si(1 0 0) surface. 

✓ Verify the reproductivity by different types of reactors. 

4) Metamorphic buffer layer design 

✓ Design the number of steps and thickness for fully relaxed buffer layer. 

5) GaAsP heteroepitaxy on GaP/Si template  

In the main context, the fundamental theories related this research are explained chapter 2, and 
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experimental equipment and their principle is introduced in chapter 3. 

In chapter 4, the method of designing for GaAsP top cell with multi-quantum well on Si bottom cell is 

explained. In this chapter, the carrier dynamics in multi-quantum wells (MQWs) is introduced, and the 

realistic energy conversion efficiency for MQWs-GaAsP/Si tandem solar cell is calculated. From the 

calculation results, the target structure for fabrication is determined. 

In chapter 5, the fabrication methods and the results are discussed. At first, double-layer step formation 

on Si(1 0 0) surface in arsenic ambience is introduced. The relationship between process parameters, such 

as annealing time, temperature and partial pressure of H2 and As, and surface states is verified. The second 

step is fabrication of GaP/Si template on double-layer stepped Si(1 0 0) surface. In next, before MQW-

GaAsP heteroepitaxy on GaP/Si template, the GaAs1-xPx graded buffer layer is designed by calculating the 

stress comes from lattice constant and thermal expansion coefficient mismatch. Then finally, GaAsP 

heteroepitaxial layer is integrated on Si(1 0 0) substrate. 
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Chapter 2   Theoretical background 

2.1   Fundamental theory of solar cells 

In chapter 1, basic principles of solar cells were introduced. In this section, more details about 

theoretical backgrounds for solar cells are reviewed.  

There are two main theories for explaining current-voltage characteristics of solar cells: 1) detailed 

balance theory, and 2) drift and diffusion theory. Both of theories can derive the photo generated current 

described in chapter 1. 

2.1.1   Detailed balance theory 

One of the fundamental physical limitations on the performance of a solar cell arises from the detailed 

balance theory. When considering the micro state changing in the thermal equilibrium, the detailed balance 

theory in the photovoltaics refers that the probability balance between absorption and emission of photons. 

In the other words, the rate of emission of photons by solar cell has to be perfectly matched by the rate of 

photon absorption.  

1) In equilibrium 

 

 Fig. 2-1 Non-illumination system: a flat plate solar cell at the ambient temperature Ta. 

In the dark (non-illumination) system, the photon flux from the ambience at the energy E, ba(E), is 

given by eq. (2.1). 
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𝑏𝑎(𝐸) =  
2𝐹𝑎
ℎ3𝑐2

(
𝐸2

𝑒𝐸 𝑘𝐵𝑇𝑎⁄ − 1
)                                                                 (2.1) 

Where, Ta is the temperature of ambience, and kB, h, c are the constants [1]-[2]. The geometrical factor 

Fa = π , when assuming that ambient radiation is received over a hemisphere as shown in fig 2-1. The 

equivalent current density of absorption from the ambience, jabs(E) can be written as eq. (2.2), and it has to 

be balanced with emission current density jemit(E).  

𝑗𝑎𝑏𝑠(𝐸) = 𝑞(1 − 𝑅(𝐸)) 𝑎(𝐸) 𝑏𝑎(𝐸) = 𝑗𝑒𝑚𝑖𝑡(𝐸)                                               (2.2) 

𝑗𝑒𝑚𝑖𝑡(𝐸) = 𝑞(1 − 𝑅(𝐸)) 𝜀(𝐸) 𝑏𝑎(𝐸)                                                              (2.3) 

Where, R(E) and a(E) represent the probability of reflection and absorption of photon energy E 

respectively. ε(E) is the probability of photon emission and ε(E) = a(E) in the detailed balance theory. 

2) Under illumination 

 

 Fig. 2-2 Under illumination system: a flat plate solar cell irradiated by the sun light. 

When the light from the sun at temperature Ts is irradiated to the flat plate solar cell as shown in      

fig. 2-2, the photon flux bs(E) from the sun is given by eq. (2.4).  

𝑏𝑠(𝐸) =  
2𝐹𝑠
ℎ3𝑐2

(
𝐸2

𝑒𝐸 𝑘𝐵𝑇𝑠⁄ − 1
)                                                              (2.4) 

Where, Fs is the geometrical factor by given as πsinθs
2. The equivalent current density by photon 

absorption under illumination can be written as eq. (2.5). 
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𝑗𝑎𝑏𝑠(𝐸) = 𝑞(1 − 𝑅(𝐸)) 𝑎(𝐸) [𝑏𝑠(𝐸) + (1 −
𝐹𝑠
𝐹𝑒
)𝑏𝑎(𝐸)]                                         (2.5) 

The spontaneous emission photon flux from the cell, be(E,Δμ), is given by eq. (2.6) [3]-[4]. 

𝑏𝑒(𝐸, Δ𝜇) =  
2𝐹𝑒𝑛𝑠

2

ℎ3𝑐2
(

𝐸2

𝑒(𝐸−Δ𝜇) 𝑘𝐵𝑇𝑎⁄ − 1
)                                                  (2.6) 

The cell is assumed to possess a uniform chemical potential, Δμ > 0, as a result of the illumination, and 

to be in thermal equilibrium with the ambient at Ta. When the photon flux emitted from the cell (from a 

medium of refractive index ns to the air n0) with the angle within which emission is allowed as θc, the 

geometrical factor Fe can be written as eq. (2.7).   

𝐹𝑒  =   𝜋 sin
2𝜃𝑐  =  𝜋

𝑛0
2

𝑛𝑠2
                                                                (2.7) 

The equivalent current density of emission is given as eq. (2.8). 

𝑗𝑒𝑚𝑖𝑡(𝐸) = 𝑞(1 − 𝑅(𝐸)) 𝜀(𝐸) 𝑏𝑒(𝐸, ∆𝜇)                                                (2.8) 

It can be seen that eq. (2.8) is in the same form as eq. (2.3) for the cell in equilibrium that has no 

chemical potential elevated by light irradiation (that is, ba(E) = be(E,0)). The probability of photon absorption 

a(E) and photon emission ε(E) has to be balanced. Therefore, the total equivalent current density jtotal(E) can 

be written as eq. (2.9). 

𝑗𝑡𝑜𝑡𝑎𝑙(𝐸) = 𝑗𝑎𝑏𝑠(𝐸) − 𝑗𝑒𝑚𝑖𝑡(𝐸) = 𝑞(1 − 𝑅(𝐸))𝑎(𝐸) [𝑏𝑠(𝐸) + (1 −
𝐹𝑠
𝐹𝑒
)𝑏𝑎(𝐸) − 𝑏𝑒(𝐸, ∆𝜇)]     (2.10) 

The total current density can be divided into the net equivalent current density for photon absorption 

and emission as expressed in eq. (2.11) and eq. (2.12). 

𝑗𝑎𝑏𝑠(𝑛𝑒𝑡)(𝐸) = 𝑞(1 − 𝑅(𝐸)) 𝑎(𝐸) [𝑏𝑠(𝐸) −
𝐹𝑠
𝐹𝑒
𝑏𝑎(𝐸)]                                 (2.11) 

𝑗𝑒𝑚𝑖𝑡(𝑛𝑒𝑡)(𝐸) = 𝑞(1 − 𝑅(𝐸)) 𝑎(𝐸) [𝑏𝑒(𝐸, ∆𝜇) − 𝑏𝑒(𝐸, 0)]                            (2.12) 

This jemit represents the radiative recombination which is the unavoidable loss for solar cells.  

 3) Theoretical efficiency limitation 

Detailed balance theory, reviewed in above, provides a method for calculating the maximum efficiency 

of photovoltaic devices. Originally the method was proposed by Shockley and Queisser in 1961 [5]. An 
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extended version was published in 1984 by Tiedje et al [6],[7]. A detailed explanation for theoretical 

limitation of energy conversion efficiency of solar cell will be given below. 

The following assumptions are needed to obtain the theoretical efficiency limit of the solar cells with 

the detailed balance theory [1].  

✓ For maximum photocurrent, the light absorption is assumed as following. The incident photons 

which have the energy over energy band gap of photoconverter (Eg) are perfectly absorbed in the 

cell. That is the external quantum efficiency QE(E) of the cell is set as below. 

{
𝑄𝐸(𝐸) = 1,      𝐸 ≥ 𝐸𝑔
𝑄𝐸(𝐸) = 0,      𝐸 < 𝐸𝑔

 

✓ Each absorbed photon generates one electron-hole pair. 

✓ There is no potential loss between photon absorption and charge collection to external circuit. 

The chemical potential is constant and equal to q times the applied bias V (Δμ = qV) [8]. 

Short circuit current Jsc 

When the θs is very small compared to the ambient, second term in eq. (2.11) can be neglected, and the 

photocurrent can be expressed in eq. (2.13). 

𝐽𝑠𝑐 = ∫ 𝜂𝑐(𝐸)𝑗𝑎𝑏𝑠(𝑛𝑒𝑡) 𝑑𝐸 
∞

0

 ≈ ∫ 𝑞𝜂𝑐(𝐸)(1 − 𝑅(𝐸))𝑎(𝐸)𝑏𝑠(𝐸) 𝑑𝐸
∞

0

                   (2.13) 

Where, the ηc is the carrier collection efficiency, and in the ideal case, it has a value of 1. In the ideal 

photoconverter, the reflection at the surface is assumed as 0, so a(E) is equal to QE(E). From this, eq. (2.13) 

can be written as eq. (2.14). 

𝐽𝑠𝑐 = 𝑞∫ 𝑄𝐸(𝐸)𝑏𝑠(𝐸)
∞

0

 𝑑𝐸 = 𝑞∫ 𝑏𝑠(𝐸) 𝑑𝐸
∞

𝐸𝑔

                                   (2.14) 

As it can be seen clearly from the eq. (2.14), the photocurrent is the function of only energy band gap 

of solar cell.  

Dark current Jdark 

Dark current Jdark is the flowing current through the cell in the dark with applied voltage V. Dark current 

is given by eq. (2.15). 
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𝐽𝑑𝑎𝑟𝑘(𝑉) = ∫ 𝑗𝑒𝑚𝑖𝑡(𝑛𝑒𝑡) 𝑑𝐸
∞

0

= ∫ 𝑞(𝑏𝑒(𝐸, 𝑞𝑉) − 𝑏𝑒(𝐸, 0)) 𝑑𝐸
∞

𝐸𝑔

                             (2.15) 

Theoretical efficiency limit of solar cells 

From eq. (2.14) and eq. (2.15), the net photocurrent density J(V) can be written as below. 

𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽𝑑𝑎𝑟𝑘(𝑉) = ∫ 𝑞 [𝑏𝑠(𝐸) − (𝑏𝑒(𝐸, 𝑞𝑉) − 𝑏𝑒(𝐸, 0))] 𝑑𝐸
∞

𝐸𝑔

                          (2.16) 

The J(V) has the approximate form as described in eq. (2.17), which is same as explained in chapter 1, 

eq. (1-9) for ideal diode. 

𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽0(𝑒
𝑞𝑉 𝑘𝐵𝑇⁄ − 1)                                                           (2.17) 

Where, J0 is the constant for the material which has dependence on the temperature [1]. As it can be 

seen in eq. (2.17), the photocurrent is dependent on the applied bias V. As V increases, the Jdark increases and 

net photocurrent decreases. At the open circuit voltage Voc, the emission photon flux is exactly balanced with 

the absorption photon flux and the net photocurrent is zero. 

The incident power density, Ps, from the sun is given by eq. (2.18). 

𝑃𝑠 = ∫ 𝐸𝑏𝑠(𝐸𝑠)𝑑𝐸
∞

0

                                                                      (2.18) 

The energy conversion efficiency of the photovoltaic cell is the ratio of the extracted power to supplied 

power as expressed in eq. (2.19). 

η =
𝑉 × 𝐽(𝑉)

𝑃𝑠
=
∫ 𝐸𝑔𝑏𝑠(𝐸) 𝑑𝐸
∞

𝐸𝑔

∫ 𝐸𝑏𝑠(𝐸) 𝑑𝐸
∞

0

                                                        (2.19) 

The maximum efficiency can be achieved when the V satisfy the eq. (2.20). 

𝑑(𝐽(𝑉) × 𝑉)

𝑑𝑉
= 0                                                                         (2.20) 

If the incident power is fixed, the efficiency is only depending on the energy band gap of cell materials. 

Assuming that the sun is the blackbody of 6000 K, the theoretical maximum efficiency of a single 

junction solar cell based on detailed balance theory is 31% at the energy band gap of 1.3 eV, reported by the 

Shockley-Queisser [5]. In the discussion above, the solar spectrum is described as the blackbody radiation 

spectrum at the temperature of particular Ts, but it can be replaced by arbitrary photon flux spectrum. The 
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calculated efficiency limit for the AM1.5 spectrum is up to 33% in the 1.4 eV band gap from 1-sun (non-

concentrated solar irradiance). 

2.1.2   Drift-diffusion model for solar cells 

The detailed balance theory is simply a theory of the balance of photons, and it derives properties that 

do not depend on the structure of the device. In this section, current-voltage characteristics of semiconductor 

solar cells are discussed based on carrier drift and diffusion processes which take account of carrier dynamics 

within the cell. 

The basic structure of semiconductor solar cells with p-n junction is shown at fig. 2-3.  

 

 Fig. 2-3 A schematic layer structure of p-n junction solar cell. 

For simplicity, all dynamics are considered in 1-dimension structure along the x axis as shown in the 

fig. 2-3, where the interface of p-region (x < 0) and n-region (x > 0) semiconductor is defined as x = 0. The 

xp and xn are the thickness of p-type and n-type semiconductor layer, and the junction is completely free of 

majority carriers for a depth wp into p-region and wn into n-region. About the doping concentration, Na is the 

acceptor concentration in p-region and Nd is the donor concentration in n-region respectively. 

The current-voltage characteristics of solar cells can be obtained by solving the semiconductor transport 

equations and Poisson's equation (eq. (2.21)-(2.25)) with boundary conditions at the p and n contacts and 

appropriate forms for the generation rate G(x), recombination rates U(x) and the electron and hole currents. 
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✓ Poisson’s equation 

According to Poisson’s equation, the relation between the electrical potential ϕ(x) and carrier densities 

can be obtained as eq. (2.21). 

𝑑2𝜙(𝑥)

𝑑𝑥2
= −

𝑞

𝜀𝑠
(𝑁𝑑(𝑥) − 𝑁𝑎(𝑥) + 𝑝(𝑥) − 𝑛(𝑥))                                      (2.21) 

Where, εs is the permittivity of semiconductor, q is the electronic charge, and p(x) and n(x) are the hole 

and electron density. 

✓ Transport equation 

The transport equations describe how carrier moves in the cell. 

𝐽𝑛 = 𝑞𝜇𝑛𝑛(𝑥)𝐹 + 𝑞𝐷𝑛
𝑑𝑛(𝑥)

𝑑𝑥
                                                                 (2.22) 

𝐽𝑝 = 𝑞𝜇𝑝𝑝(𝑥)𝐹 − 𝑞𝐷𝑝
𝑑𝑝(𝑥)

𝑑𝑥
                                                                 (2.23) 

Where, F is the electric field, Jn is the electron current density, μn is the electron mobility and Dn is the 

electron diffusivity. Similarly, Jp is the hole current density, μp is the hole mobility and Dp is the hole 

diffusivity. 

The first term is for drift current density (which means that carriers are driven by and electric field) and 

the second term is for diffusion current density (which means that carrier are driven by carrier concentration 

gradient). 

✓ Continuity equation 

The continuity equations describe the recombination, generation and transport of all carriers. 

𝜕𝑛

𝜕𝑡
=
1

𝑞

𝜕𝐽𝑛
𝜕𝑥

+ 𝐺𝑛(𝑥) − 𝑈𝑛(𝑥)                                                             (2.24) 

𝜕𝑝

𝜕𝑡
= −

1

𝑞

𝜕𝐽𝑝

𝜕𝑥
+ 𝐺𝑝(𝑥) − 𝑈𝑝(𝑥)                                                         (2.25) 

Where, Un(x) (Up(x)) is the recombination rate and Gn(x) (Gp(x)) is the generation rate for electron (hole) 

at the point. For band-to-band generation and recombination process, the rates for electron and hole are equal, 

therefore Gn(x) = Gp(x) = G(x) and Un(x) = Up(x) = U(x). The generation rate and recombination rate are 

given by eq. (2.26)-(2.27). 
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𝐺(𝐸, 𝑥) = (1 − 𝑅(𝐸))𝑎(𝐸)𝑏𝑠(E)𝑒
−∫ 𝑎(𝐸,𝑥′) 𝑑𝑥′

𝑥

−𝑥𝑝                                    (2.26) 

Where, R(E) and a(E) are probability of reflection and absorption of the photon flux, and bs(E) is the 

incident photon flux. 

{

   𝑈(𝑥) =
𝑛 − 𝑛0
𝜏𝑛

                  for  𝑥 <  0

  𝑈(𝑥) =
𝑝 − 𝑝0
𝜏𝑝

                    for  0 <  𝑥
                                           (2.27) 

Where, n0 (p0) is the electron (hole) concentration in the n-region (p-region), and τn and τp are the 

minority carrier lifetime in each region. 

The equations listed above are difficult to solve without several simplifying assumptions, in addition to 

the assumption of a 1-dimensional layer structure as below [7]. 

Depletion approximation 

1) The electric field is localized to the junction region and the electric field in the neutral region 

(x < wn or x < -wp) is negligible. 

2) There are no free carriers in depletion region (n(x) = p(x) = 0 for -wp < x < wn). 

1

𝑞

𝜕𝐽𝑛/𝑝

𝜕𝑥
= ±(𝑈 − 𝐺) = 0 

3) Quasi-Fermi levels are approximately constant in the depletion region and split by applied 

voltage V. 

4) Majority carrier density (Na and Nd) are constant in the respective n- / p-regions and much more 

than minority carrier density. 

Depletion region (Space charge region (SCR)) width wscr 

Depletion width can be obtained by solving the Poisson’s equation with the boundary conditions are 

given as eq. (2.28). 

{
𝜙 = 0          for   𝑥 = −𝑤𝑝
𝜙 = 𝑉𝑏𝑖           for   𝑥 = 𝑤𝑛

                                                           (2.28) 

Where, Vbi is the built-in voltage across the p-n junction (difference in Fermi-levels between the n and 

p-type semiconductor). 
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      Fig. 2-4 Potential variation across the p-n junction, assuming that the voltage on the p-type side 

is zero. 

Obtained potential ϕ is, 

{
 

 𝜙 =
𝑞𝑁𝑎
2𝜀𝑠

(𝑥 + 𝑤𝑝)
2
          for   − 𝑤𝑝 < 𝑥 < 0   

𝜙 = −
𝑞𝑁𝑑
2𝜀𝑠

(𝑥 − 𝑤𝑛)
2          for   0 < 𝑥 < 𝑤𝑛    .

                                             (2.29) 

From these, the depletion region width wscr is,  

𝑤𝑠𝑐𝑟 = 𝑤𝑛 +𝑤𝑝 = √
2𝜀𝑠
𝑞
(
1

𝑁𝑑
+
1

𝑁𝑎
) 𝑉𝑏𝑖   .                                           (2.30) 

The depletion region width becomes thinner as p-doping or n-doping is increasing. 

Current in neutral region  

✓ Current in n-region (x > wn) 

The minority carrier population in the n-region follows eq. (2.31) from the continuity equation and 

transport equation. 

𝑑2𝑝

𝑑𝑥2
−
𝑝 − 𝑝0

𝐿𝑝
2 +

𝐺(𝐸, 𝑥)

𝐷𝑝
= 0                                                       (2.31) 

Where, Lp is the hole diffusion length given by 𝐿𝑝 = √𝜏𝑝𝐷𝑝 . 

At the boundary, n(x) satisfies following equations. The first boundary condition 
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𝑝 − 𝑝0 =
𝑛𝑖
2

𝑁𝑑
(𝑒

𝑞𝑉
𝑘𝐵𝑇 − 1)              at   𝑥 = 𝑤𝑛                                  (2.32) 

and second boundary condition 

−𝐷𝑝
𝑑𝑝

𝑑𝑥
= 𝑆𝑝(𝑝(𝑥𝑛) − 𝑝0)             at   𝑥 = 𝑤𝑛  .                                 (2.33) 

Where, ni is the intrinsic carrier density and p0 is the equilibrium hole density in the n-region given by 

p0 = ni
2 / Nd , and Sp is the surface recombination rate of holes. 

By solving the continuity equation with the boundary conditions described above, the hole current 

density jp (E, wn) in n-region can be derived as equation (2.34). 

     𝑗𝑝(𝐸,𝑤𝑛) = −
𝑞(1 − 𝑅(𝐸))𝑏𝑠(𝐸)𝑎(𝐸)𝐿𝑝

𝑎(𝐸)2𝐿𝑝
2 − 1

 𝑒−𝑎(𝐸)(𝑥𝑝+𝑤𝑛) 

                             ×

[
 
 
 
  

(
𝑆𝑝𝐿𝑝
𝐷𝑝

cosh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

+ sinh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

) − (
𝑆𝑝𝐿𝑝
𝐷𝑝

− 𝑎(𝐸)𝐿𝑝) 𝑒
−𝑎(𝐸)(𝑥𝑛−𝑤𝑛)

𝑆𝑝𝐿𝑝
𝐷𝑝

sinh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

+ cosh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

− 𝑎(𝐸)𝐿𝑝

]
 
 
 
 

                            +
𝑞𝐷𝑝𝑝0(𝑒

𝑞𝑉 𝑘𝐵𝑇⁄ − 1)

𝐿𝑝
 

[
 
 
 

  

𝑆𝑝𝐿𝑝
𝐷𝑝

cosh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

+ sinh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

𝑆𝑝𝐿𝑝
𝐷𝑝

sinh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

+ cosh
𝑥𝑛 −𝑤𝑛
𝐿𝑝

  

]
 
 
 

                                      (2.34) 

This can be expressed as, 

𝑗𝑝(𝐸, 𝑤𝑛) = 𝑗𝑝ℎ,𝑝(𝐸,𝑤𝑛) + 𝑗𝑑𝑎𝑟𝑘,𝑝(𝐸, 𝑤𝑛),                               (2.35) 

where, jph,p is the photo-generated current and jdark,p is the dark current in n-region. From these, the 

current density at x = wn can be obtained as eq. (2.36). 

𝐽𝑝(𝑤𝑛) = ∫ 𝑗𝑝ℎ,𝑝(𝐸, 𝑤𝑛)
∞

0

𝑑𝐸 + 𝑗𝑑𝑎𝑟𝑘,𝑝(𝑉,𝑤𝑛)                              (2.36) 

✓ Current in p-region (x < -wp) 

The minority carrier population in the p-region follows eq. (2.37) from the continuity equation and 

transport equation. 

𝑑2𝑛

𝑑𝑥2
−
𝑛 − 𝑛0

𝐿𝑛
2 +

𝐺(𝐸, 𝑥)

𝐷𝑛
= 0                                                       (2.37) 
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Where, Ln is the electron diffusion length given by 𝐿𝑛 = √𝜏𝑛𝐷𝑛 . 

At the boundary, n(x) satisfies following boundary conditions. The first boundary condition 

𝑛 − 𝑛0 =
𝑛𝑖
2

𝑁𝑎
(𝑒

𝑞𝑉
𝑘𝐵𝑇 − 1)              at   𝑥 = −𝑤𝑝                                  (2.38) 

and second boundary condition 

𝐷𝑛
𝑑𝑛

𝑑𝑥
= 𝑆𝑛(𝑛(−𝑥𝑝) − 𝑛0)             at   𝑥 = −𝑤𝑝  .                                 (2.39) 

Where, ni is the intrinsic carrier density and n0 is the equilibrium electron density in the p-region given 

by n0 = ni
2 / Na , and Sn is the surface recombination rate of electrons. 

By solving the continuity equation with the boundary conditions described above, the electron current 

density jn (E, -wp) in p-region can be derived as equation (2.40). 

𝑗𝑛(𝐸, −𝑤𝑝) = −
𝑞(1 − 𝑅(𝐸))𝑏𝑠(𝐸)𝑎(𝐸)𝐿𝑛

𝑎(𝐸)2𝐿𝑛
2 − 1

  

     × [  
(
𝑆𝑛𝐿𝑛
𝐷𝑛

cosh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

+ sinh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

) 𝑒−𝑎(𝐸)(𝑥𝑝−𝑤𝑝) − (
𝑆𝑛𝐿𝑛
𝐷𝑛

− 𝑎(𝐸)𝐿𝑛)

𝑆𝑛𝐿𝑛
𝐷𝑛

sinh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

+ cosh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

+ 𝑎(𝐸)𝐿𝑛𝑒
−𝑎(𝐸)(𝑥𝑝−𝑤𝑝)] 

        +
𝑞𝐷𝑛𝑛0(𝑒

𝑞𝑉 𝑘𝐵𝑇⁄ − 1)

𝐿𝑛
 [  

𝑆𝑛𝐿𝑛
𝐷𝑛

cosh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

+ sinh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

𝑆𝑛𝐿𝑛
𝐷𝑛

sinh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

+ cosh
𝑥𝑝 −𝑤𝑝
𝐿𝑛

  ]                                                         (2.40) 

This can be expressed as, 

𝑗𝑛(𝐸, −𝑤𝑝) = 𝑗𝑝ℎ,𝑛(𝐸,−𝑤𝑝) + 𝑗𝑑𝑎𝑟𝑘,𝑛(𝐸,−𝑤𝑝),                               (2.41) 

where, jph,n is the photo-generated current and jdark,n is the dark current in p-region. From these, the 

current density at x = -wp can be obtained as eq. (2.42). 

𝐽𝑛(−𝑤𝑝) = ∫ 𝑗𝑝ℎ,𝑛(𝐸, −𝑤𝑝)
∞

0

𝑑𝐸 + 𝑗𝑑𝑎𝑟𝑘,𝑛(𝑉,−𝑤𝑝)                              (2.42) 

Current in depletion region  

The current density in depletion region, Jscr , can be obtained by integrating the eq. (2.24)-(2.25) as 

below [1].  
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𝐽𝑠𝑐𝑟 = ∫ 𝑞 (𝑈 − 𝐺) 𝑑𝑥
𝑤𝑛

−𝑤𝑝

                                                           (2.43) 

The depletion region current can be divided into recombination due to applied bias V, and generation 

due to light irradiation. There are two types of recombination processes: radiative recombination, and non-

radiative recombination including Shockely Read Hall (SRH) and Auger recombination process. Current 

density of radiative recombination, Jrec,rad, and of non-radiative recombination mainly caused by SRH 

process, Jrec,SRH, are shown in equations (2.44) and (2.45). 

𝐽𝑟𝑒𝑐,𝑟𝑎𝑑(V) = ∫ 𝑞𝑈𝑟𝑎𝑑(𝑥) 𝑑𝑥
𝑤𝑛

−𝑤𝑝

                                                                                                                     

= 𝑞∫
2𝜋

ℎ3𝑐2
 [ ∫

𝑎(𝐸)𝐸2

𝑒(𝐸−𝑞𝑉) 𝑘𝐵𝑇⁄ − 1
𝑑𝐸

∞

0

−∫
𝑎(𝐸)𝐸2

𝑒𝐸 𝑘𝐵𝑇⁄ − 1
𝑑𝐸

∞

0

 ] 𝑑𝑥
𝑤𝑛

−𝑤𝑝

                               

≈ 𝑞∫ 𝐵𝑟𝑎𝑑𝑛𝑖
2(𝑒𝑞𝑉 𝑘𝐵𝑇⁄ − 1) 𝑑𝑥

𝑤𝑛

−𝑤𝑝

                                                                           (2.44) 

Where, the recombination constant, Brad, is a material-specific property that does not depend on the 

carrier density.  

𝐽𝑟𝑒𝑐,𝑆𝑅𝐻(V) = ∫ 𝑞𝑈𝑆𝑅𝐻(𝑥) 𝑑𝑥
𝑤𝑛

−𝑤𝑝

                                                                                          

= 𝑞∫
𝑛𝑝 − 𝑛𝑖

2

𝜏𝑛,𝑆𝑅𝐻(𝑝 + 𝑝𝑡) + 𝜏𝑝,𝑆𝑅𝐻(𝑛 + 𝑛𝑡)
 𝑑𝑥

𝑤𝑛

−𝑤𝑝

                                           

≈
𝑞𝑛𝑖(𝑤𝑛 +𝑤𝑝)

√𝜏𝑛,𝑆𝑅𝐻𝜏𝑝,𝑆𝑅𝐻

𝜋𝑘𝐵𝑇 sinh
𝑞𝑉
2𝑘𝐵𝑇

𝑞(𝑉𝑏𝑖 − 𝑉)
                                                  (2.45) 

Where, nt (pt) is the value of the electron (hole) density when the electron (hole) Fermi level Efn (Efp) is 

equal to the carrier trap level Et, and can be written as eq. (2.46)-(2.47). 

𝑛𝑡 = 𝑛𝑖𝑒
𝐸𝑡−𝐸𝑖
𝑘𝐵𝑇                                                                  (2.46) 

𝑝𝑡 = 𝑛𝑖𝑒
𝐸𝑖−𝐸𝑡
𝑘𝐵𝑇                                                                  (2.47) 

Where, Ei is the junction of x, given by eq. (2.29). The generation term in Jscr in eq. (2.43) can be 

written as eq. (2.48) by eq. (2.26). 

 



Chapter2   Theoretical background 

40 

 

𝑗𝑠𝑐𝑟,𝑔𝑒𝑛(𝐸) = −𝑞∫ 𝐺(𝐸, 𝑥) 𝑑𝑥
𝑤𝑛

−𝑤𝑝

                                                                                                      

= −𝑞∫ (1 − 𝑅(𝐸))𝑎(𝐸)𝑏𝑠(E)𝑒
−∫ 𝑎(𝐸,𝑥′) 𝑑𝑥′

𝑥

−𝑥𝑝   𝑑𝑥
𝑤𝑛

−𝑤𝑝

                                           

= 𝑞𝑏𝑠(𝐸)(1 − R(E))𝑒
−𝑎(𝐸)(𝑥𝑝−𝑤𝑝)(1 − 𝑒−𝑎(𝐸)(𝑤𝑝+𝑤𝑛))                          (2.48) 

From above equations, total current density in depletion region Jscr(V) can be obtained as eq. (2.49). 

𝐽𝑠𝑐𝑟(V) =
𝑞𝑛𝑖(𝑤𝑛 +𝑤𝑝)

√𝜏𝑛,𝑆𝑅𝐻𝜏𝑝,𝑆𝑅𝐻

𝜋𝑘𝐵𝑇 sinh
𝑞𝑉
2𝑘𝐵𝑇

𝑞(𝑉𝑏𝑖 − 𝑉)
+ 𝑞∫ 𝐵𝑟𝑎𝑑𝑛𝑖

2(𝑒𝑞𝑉 𝑘𝐵𝑇⁄ − 1) 𝑑𝑥
𝑤𝑛

−𝑤𝑝

                             

 −𝑞∫ 𝑏𝑠(𝐸)(1 − R(E))𝑒
−𝑎(𝐸)(𝑥𝑝−𝑤𝑝)(1 − 𝑒−𝑎(𝐸)(𝑤𝑝+𝑤𝑛)) 𝑑𝐸

∞

0

                 (2.49) 

 

Total current density  

The net current is given by the sum of Jp(wn), Jn(-wp) and Jscr described in above (eq. (2.36), (2.42), and 

(2.49)). 

𝐽(𝑉) = −𝐽𝑝(𝑤𝑛) − 𝐽𝑛(−𝑤𝑝) − 𝐽𝑠𝑐𝑟(V)                                                       (2.50) 

Dark current Jdark(V) 

In the dark, bs(E) = 0 for all energy rage E, therefore the first term of eq. (2. 34), (2.40) and the third 

term of eq. (2.49) are zero. The dark current can be expressed as approximated form shown in eq. (2.51). 

𝐽𝑑𝑎𝑟𝑘(𝑉) = (
𝑞𝑛𝑖

2𝐷𝑛
𝑁𝑎𝐿𝑛

+
𝑞𝑛𝑖

2𝐷𝑝

𝑁𝑑𝐿𝑝
)(𝑒𝑞𝑉 𝑘𝐵𝑇⁄ − 1) +

𝑞𝑛𝑖(𝑤𝑛 +𝑤𝑝)

√𝜏𝑛𝜏𝑝
(𝑒𝑞𝑉 2𝑘𝐵𝑇⁄ − 1)                       

+𝑞𝐵𝑟𝑎𝑑𝑛𝑖
2(𝑤𝑛 +𝑤𝑝)(𝑒

𝑞𝑉 𝑘𝐵𝑇⁄ − 1)                                                                              

= 𝐽𝑑𝑖𝑓𝑓,0(𝑒
𝑞𝑉 𝑘𝐵𝑇⁄ − 1) + 𝐽𝑆𝑅𝐻,0(𝑒

𝑞𝑉 2𝑘𝐵𝑇⁄ − 1) + 𝐽𝑟𝑎𝑑,0(𝑒
𝑞𝑉 𝑘𝐵𝑇⁄ − 1)                         

= 𝐽1(𝑒
𝑞𝑉 𝑘𝐵𝑇⁄ − 1) + 𝐽2(𝑒

𝑞𝑉 2𝑘𝐵𝑇⁄ − 1)                                                                     (2.51) 

Short circuit current Jsc 

Under illumination, V = 0 therefore the second term of eq. (2. 34), (2.40) are zero. For the depletion 

region current, there is no recombination in this condition, therefore Jscr = Jgen. The photocurrent Jsc can be 
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written as eq. (2.52). 

𝐽𝑠𝑐 = ∫ 𝑗𝑠𝑐(𝐸)  𝑑𝐸
∞

0

= −∫ (𝑗𝑛(𝐸, −𝑤𝑝) + 𝑗𝑝(𝐸,𝑤𝑛) + 𝑗𝑔𝑒𝑛(𝐸))𝑑𝐸
∞

0

                (2.52) 

From the equations discussed in above, the net current of photovoltaic cell can be obtained as below. 

𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽𝑑𝑎𝑟𝑘(𝑉) =  𝐽𝑠𝑐 − 𝐽1(𝑒
𝑞𝑉 𝑘𝐵𝑇⁄ − 1) − 𝐽2(𝑒

𝑞𝑉 2𝑘𝐵𝑇⁄ − 1)                 (2.53) 

In the case of ideal cell, non-radiative recombination does not occur, therefore the dark current is 

considered as only caused by diffusion of minority carrier, 𝐽𝑑𝑖𝑓𝑓,0(𝑒
𝑞𝑉 𝑘𝐵𝑇⁄ − 1) . The net current density in 

the ideal photoconverter, can be described as eq. (2.54). 

𝐽(𝑉) =  𝐽𝑠𝑐 − 𝐽𝑑𝑖𝑓𝑓,0(𝑒
𝑞𝑉 𝑘𝐵𝑇⁄ − 1) = 𝐽𝑠𝑐 − 𝐽0(𝑒

𝑞𝑉 𝑘𝐵𝑇⁄ − 1)                            (2.54) 

2.2 Fundamental physics of multi-quantum wells 

As introduced briefly in chapter 1, multi-quantum wells (MQWs) layer in i-region between the p-n 

junction in the photovoltaic cell is a promising structure for tuning the bandgap of cell materials. However, 

carrier dynamics in the low dimensional quantum wells structure show different characteristics form 

compare to the bulk matrix. In this section, several important physics related to MQWs solar cell are 

introduced.  

2.2.1 Characteristics of strain-balanced MQW solar cells 

The new types of solar cells with multi-quantum wells (MQWs) are proposed for current matching of 

multi-junction solar cells [10]-[12]. MQWs solar cell was proposed by Barnman in 1990 [10] to increase the 

efficiency of multi-junction solar cells, and then MQWs structures made of various III-V materials such as 

InGaAs/GaAsP, GaAs/AlAsP, and InGaAsP/InP have been studied. 

The strain-balanced MQWs structure is a technique of alternately stacking well-layer (large lattice 

constant mateiral) and barrier-layer (small lattice constant material) on a bulk matrix with ~nm scale, thereby 

compensate the stress comes from lattice mismatch. It is an idea to fabricate the MQWs layer without causing 

lattice relaxation, and application to solar cell was proposed by Ekins-Daukes [12]. The strain-balancing 

condition in MQWs layer is satisfied when the average lattice constant in the MQWs region, aave , is equal 

to the lattice constant of bulk material, abulk , as shown in eq (2.55).  



Chapter2   Theoretical background 

42 

 

𝑎𝑎𝑣𝑒 =
𝑡𝑤𝑒𝑙𝑙𝑎𝑤𝑒𝑙𝑙 + 𝑡𝑏𝑎𝑟𝑟𝑖𝑒𝑟𝑎𝑏𝑎𝑟𝑟𝑖𝑒𝑟

𝑡𝑤𝑒𝑙𝑙 + 𝑡𝑏𝑎𝑟𝑟𝑖𝑒𝑟
= 𝑎𝑏𝑢𝑙𝑘                                   (2.55) 

Where, twell (tbarrier) is the thickness of well-layer (barrier-layer), and awell (abarrier) is the lattice constant 

of the well-layer (barrier-layer) material. 

The typical current-voltage characteristics and quantum efficiency of solar cell with InGaAs/GaAsP 

MQWs with various number of QW layers is shown in fig. 2-5. 

 

      Fig. 2-5 Current-voltage curve and quantum efficiency spectra of InGaAs/GaAsP MQWs solar 

cells with various period numbers [13]. 

Spectral response of light absorption beyond the band edge of the bulk matrix material (here, the GaAs, 

having the light absorption edge at ~890 nm) and be obtained due to absorption of low energy photons in the 

MQWs layer. As the period number of MQWs increasing, Jsc is enhanced by the additional photocurrent , 

but carrier collection at forward bias that weaken the built-in potential. As a result, photocurrent decreases 

as the forward bias increasing, therefore the FF is degraded. However, it has been reported that the 

recombination current, caused by a high carrier concentration in a well-layer due to carrier confinement, is 

increased, so that the open-circuit voltage is lowered as compared with a single-junction cell of a bulk 

material [14]-[15]. In other hand, MQWs facilitate the radiative recombination of carriers by concentrating 

carriers in narrow-gap wells [16], which in turn suppresses non-radiative recombination and thus heat 

dissipation. In multi-junction cells, radiative recombination enhances luminescence coupling and makes a 

cell more tolerant against current mismatch induced by spectrum fluctuations of the solar irradiation [17]. 

From these reasons, the MQW is considered as a promising structure for tuning the energy bandgap of 

a subcell in the multi-junction solar cells and enhancing the efficiency.  
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In the next section, the carrier dynamics in the quantum well is discussed. 

2.2.2 Band gap in quantum wells 

When a material having a lattice constant different from that of the substrate is grown, the growth layer 

is crystal-grown while undergoing strain on the substrate. When strain-balancing MQWs is grown on the 

bulk material, well-layer material having a smaller lattice constant than bulk matrix is under tensile strain 

and barrier-layer material having large lattice constant is under compressive strain as shown in fig. 2-6. 

 

      Fig. 2-6 Schematics of illustration for bulk material with two lattice mismatched materials which 

are for well and barrier layer. (a) is for unstrained condition and (b) is for strained situation. 

The strain in the epitaxial layers, well and barrier, acts to change the crystal lattice geometry, therefore 

the electronic structure is also changed. In this section, the modified band gap by strain is discussed with the 

strain impact on the band edge profiles [9]. 

2.2.2.1  Strain in quantum wells 

The strain tensor ϵ and the stress tensor σ are the tensor amounts which connected by Hooke’s law, and 

can be expressed by the following equations (eq. (2.56)-(2.57)) using the elastic compliance constant S and 

elastic stiffness coefficient C. 
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ϵ𝑖𝑗 =∑∑𝑆𝑖𝑗𝑘𝑙𝜎𝑘𝑙

3

𝑙=1

3

𝑘=1

 .                                                                (2.56) 

σ𝑖𝑗 =∑∑𝐶𝑖𝑗𝑘𝑙𝜖𝑘𝑙

3

𝑙=1

3

𝑘=1

                                                                 (2.57) 

 

      Fig. 2-7 Schematics illustration of (a) the strain components (ϵ11, ϵ22, ϵ33), and (b) stress 

components σij on the crystal. 

These can be concisely represented by the following matrix notation as in eq. (2.58)-(2.59). 

ϵ = (

𝜖11 𝜖12 𝜖13
𝜖21 𝜖22 𝜖23
𝜖31 𝜖32 𝜖33

) =

(

 
 
𝜖1

1

2
 𝜖6

1

2
 𝜖5

1

2
 𝜖6 𝜖2

1

2
 𝜖4

1

2
 𝜖5

1

2
 𝜖4 𝜖3

)

 
 
                                       (2.58) 

σ = (

𝜎11 𝜎12 𝜎13
𝜎21 𝜎22 𝜎23
𝜎31 𝜎32 𝜎33

) = (

𝜎1 𝜎6 𝜎5
𝜎6 𝜎2 𝜎4
𝜎5 𝜎4 𝜎3

)                                               (2.59) 

The elastic stiffness coefficient Cij is the (6x6) matrix that having 36 independent constants for defining 

elastic properties of the crystals. However, crystal lattices generally exhibit specific symmetry, reducing the 

number of constants needed to account for elastic behavior of the crystals. In the case of cubic crystals 

including diamond (Si, Ge, etc.) and zincblende crystals (GaAs, GaP, InP, etc.), the number of independent 

matrix components required are 3, due to its high symmetric property.  
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[
 
 
 
 
 
 𝜎1 
 𝜎2 
𝜎3
𝜎4
𝜎5
𝜎6 ]
 
 
 
 
 

=

[
 
 
 
 
 
 𝐶11 𝐶12 𝐶12
 𝐶12 𝐶11 𝐶12
 𝐶12 𝐶12 𝐶11
 0     0    0
 0     0    0
 0     0    0

 0   0   0 
 0   0   0 
 0   0   0 
𝐶44   0  0    
0 𝐶44 0
   0   0  𝐶44 ]

 
 
 
 
 

 

[
 
 
 
 
 
 𝜖1 
𝜖2
𝜖3
𝜖4
𝜖5
𝜖6 ]
 
 
 
 
 

                                          (2.60) 

Strain in very thin zinc blende crystals such as QW layer on thick bulk matrix can be described with 

biaxial stresses. Therefore, the stress has only two diagonal components, σ1 and σ2, while the z-direction 

(which is the direction of epitaxial growth) component σ3 and other shear components are zero. The stress 

in the grown quantum well layer can be expressed as eq. (2.61). 

σ = (
𝜎1 0 0
0 𝜎2 0
0 0 0

).                                                             (2.61) 

The existence of biaxial stress results in the appearance of an in-plane strain, and such the in-plane 

deformation can be calculated by eq. (2.62). 

ϵ𝑖𝑛 =
𝑎𝑏𝑢𝑙𝑘 − 𝑎𝑄𝑊

𝑎𝑄𝑊
= 𝛥𝑎                                                             (2.62) 

Where, ϵin is the in-plane strain tensor, and abulk and aQW is the lattice constant of bulk material and 

grown QW material. When the lattice constant of grown layer is larger than bulk material, ϵin have negative 

value and this represents the compressive strain, and vice versa for tensile strain. 

The strain tensor ϵ1, ϵ2, and ϵ3 can be obtained as eq. (2.63)-(2.64) from eq. (2.60)-(2.61). 

ϵ1 = ϵ2 = ϵ𝑖𝑛                                                                               (2.63) 

ϵ3 = −νϵ1 = −2
𝐶12
𝐶11

ϵ1                                                             (2.64) 

There is no stress component in the z-direction, but the lattice constant is forced to change due to 

Poisson effect. Therefore, the perpendicular strain is induced due to the in-plane stress, and the ratio of lattice 

constant change in z-direction is called Poisson’s ratio which is written as ν in eq. (2.64).  

From above equations, the complete strain tensor matrix for quantum well can be written as eq. (2.65). 

ϵ = (

𝜖1 0 0
0 𝜖1 0

0 0 −2 
𝐶12
𝐶11
𝜖1

)                                                             (2.65) 
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2.2.2.2  Band profiles in quantum wells 

Band edge shift induced by strain can be derived by k.p perturbation theory using Pikus-Bir 

Hamiltonian [9] and model solid approximation [18]-[19]. Here, the modified band edge profile by strain is 

discussed with model solid method. 

✓ Conduction band edge Ec 

Conduction band shift ΔEc is given by eq. (2.66) [9]. 

Δ𝐸𝑐 = 𝑎𝑐
Δ𝑉

𝑉
= 𝑎𝑐(𝜖1 + 𝜖2 + 𝜖3) = 2𝑎𝑐 (1 −

𝐶12
𝐶11

)𝜖1                                     (2.66) 

Where, ac is the conduction band deformation potential. The band edge for conduction band can be 

obtained as, 

𝐸𝑐 = 𝐸𝑐0 + Δ𝐸𝑐  .                                                                        (2.67) 

Where, Ec0 is the conduction band edge under unstrained condition. 

✓ Valence band edge Ev 

The band edge shift for three valence bands (for heavy hole band, light hole band and spin orbit splitting 

band) at Γ (k = 0) point respect to average of three uppermost valence bands Ev,av is given by eq (2.68). 

Δ𝐸𝑣,𝐻𝐻 =
Δ0
3
−
1

2
δ𝐸𝑣                                                                                                        

Δ𝐸𝑣,𝐿𝐻 = −
Δ0
6
+
1

4
δ𝐸𝑣 −

1

2
√Δ0

2 + Δ0𝛿𝐸𝑣 +
9

4
𝛿𝐸𝑣

2                                              

Δ𝐸𝑣,𝑆𝑂 = −
Δ0
6
+
1

4
δ𝐸𝑣 +

1

2
√Δ0

2 + Δ0𝛿𝐸𝑣 +
9

4
𝛿𝐸𝑣

2                                 (2.68) 

Where the deformation factor δEv alone the [001] is given by eq. (2.69) with the shear deformation 

potential b for a tetragonal symmetry in cubic crystal. 

δ𝐸𝑣 = 2𝑏(𝜖3 − 𝜖1) = −2𝑏 (1 +
2𝐶12
𝐶11

)𝜖1                                                (2.69) 

✓ Band gap Eg in strained quantum well 
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The modified band gap by strain can be obtained by finding the difference between the conduction band 

edge and the upmost valence band edge (usually for heavy hole). The valence band edge for heavy hole Ev,HH 

is given as eq. (2.70).  

𝐸𝑣,𝐻𝐻 = 𝐸𝑣,𝑎𝑣 + Δ𝐸𝑣,𝐻𝐻                                                                            (2.70) 

From above equations, the modified band gap can be calculated as eq. (2.71). 

𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣                                                                                                        

= (𝐸𝑐0 + Δ𝐸𝑐) − (𝐸𝑣,𝑎𝑣 + Δ𝐸𝑣,𝐻𝐻)                                                           

= 𝐸𝑔0 + Δ𝐸𝑐 − Δ𝐸𝑣,𝐻𝐻                                                                    (2.71) 

Where, Eg0 is the band gap under unstrained crystal. 
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Chapter 3   Experimental equipment 

3.1 Metal-organic vapor phase epitaxy (MOVPE) 

Epitaxial growth, also called epitaxy, refers to the deposition of a crystal layer having the same 

orientation relationship over a substrate crystal [1]-[2]. Epitaxial growth is widely used not only in the 

production of various semiconductor devices but also in the growth of polymers, and recently is being 

utilized in a wide range of fields from inorganic materials to organic materials. There are several techniques 

for epitaxy of III-V materials: liquid phase epitaxy (LPE), vapor phase epitaxy (VPE) and molecular beam 

epitaxy (MBE) which are classified according to the transportation phase of precursors. VPE is also divided 

into metal-organic vapor phase epitaxy (MOVPE) and chloride vapor phase epitaxy (ClVPE) depending on 

the type of precursors. Among these techniques, MOVPE is the most promising method for industrial use 

for epitaxial growth of III-V materials due to its large scale reactor. 

MOVPE is the epitaxial growth method in which a thin film is deposited on a substrate by introducing 

metal organic source gases into a crystal growth reactor. In the MOVPE, the pressure of the epitaxial growth 

reactor is set higher than that in the MBE chamber, and the metal organic source gases are introduced into 

the carrier gas (mainly hydrogen is used) flow to reach the vicinity of the substrate. The precursor molecules 

are decomposed by chemical reaction in the gas flow region or on the surface of the substrate and attached 

on the crystal as an atom which is composing epitaxial layer. In this research, a horizontal reactor (AIX200/4, 

AIXTRON) is used as shown in fig. 3-1.  

The liquid state metal organic sources are kept in bubblers, and gas state sources at the saturated vapor 

pressure are extracted by bubbling with high purity hydrogen carrier gas. The saturated vapor pressure p 

(Torr) is dependent on the holding temperature, following the Antoine eq. (equation 3.1). 

log10 𝑝 = 𝐴 −
𝐵

𝐶 + 𝑇
                                                           (3.1) 

Where, T (K) is bubbler temperature and A, B and C are Antoine constants. For simplicity, C is set to 

zero. 
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Fig. 3-1 A schematic of MOVPE system and a picture of MOVPE reactor (AIX200/4, AIXTRON) 

used in this research. 

Tertiary-butyl arsine (TBA: (CH3)3CAsH2), tertiary-butyl phosphine (TBP: (CH3)3CPH2), and trimethyl 

gallium (TMGa: (CH3)3Ga) are used as a precursor of group-V and group-III (fig. 3-2) and hydrogen gas is 

used for carrier gas in this study. The Antoine parameters A, B and melting points TM, boiling points TB, 

holding temperatures (Tbubbler) and pressures (Pbubbler) of each bubbler are listed in the table 3.1 (ref. [3]). 

 Table 3.1 Properties of metal organic precursors used in this research. 

Source A B TM (°C) TB (°C) Tbubbler (°C) Pbubbler (mbar) 

TMGa 8.07 1703 -15.8 55.8 17 1000 

TBA 7.243 1509 -1 69 17 1000 

TBP 7.586 1539 4 56.1 17 1000 
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Fig. 3-2 Schematic diagrams of precursor molecules for TMGa and TBA 

Sources extracted from bubblers are diluted by carrier gas, and then either injected to the epitaxial 

reactor through the run-line or discarded to vent-line. When the precursor inject line is opened and closed, 

dummy H2 line is simultaneously closed and opened for suppressing the effect of gas flow rate changing 

during the growth which can cause laminar flow in the reactor. The mass flow controller and pneumatic 

valves control the gas flow in MOVPE system.  

 

 Fig. 3-3 A schematic of crystal growth dynamics in MOVPE. 
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The schematic of epitaxial growth dynamics in MOVPE is shown in fig. 3-3. In the MOVPE technique, 

the pressure of the reactor is set higher than MBE, and the gas phase precursors are introduced to the reactor 

mixed in the carrier gases. The gas flow rate in the reactor gradually increases from the completely stopped 

state on the substrate surface toward the main gas flow. The region where this flow velocity changes is called 

boundary layer. Since precursor molecules are consumed in the vicinity of the substrate, the source molecules 

diffuse through the boundary layer using the difference in concentration between the main flow and the 

substrate surface as a driving force. The precursors themselves and radicals generated by pyrolysis reach the 

substrate surface and adsorb. Thereafter, the diffuses on the substrate surface, and the radicals are 

decomposed at the step edge and the periphery of the island-like growth part which are rich in reactivity , 

and as a result, the crystal enters the crystal lattice position and the crystal grows. Among the radicals that 

have reached the surface, desorption may occur in the unreacted state even if it reaches the crystal. These 

reactions competitively occur in MOVPE growth. 

3.2 Reflectance anisotropic spectroscopy (RAS) 

3.2.1 Surface anisotropy and RAS 

In MOVPE environment, hydrogen gas is flowing during the process as a carrier gas. Therefore, in-situ 

measurement such as XPS, LEED and STM for observing the surface states at ultra-high vacuum condition 

is not available. Reflectance anisotropy spectroscopy (RAS), however, is not required a vacuum state during 

the measurement, so it is considered as a in-situ measurement method for MOVPE process.  

RAS is the optical measurement technique for the difference in reflectance of two beams of light that 

are shone in normal incident on a surface with different linear polarizations [4] as in eq. (3.2). It is also 

known as reflectance difference spectroscopy (RDS) [5]. The method was first introduced in 1985 for 

studying optical properties of the cubic semiconductors, silicon and germanium [6]. 

∆𝑟

𝑟
= 𝑅𝑒 (

∆𝑟

𝑟
) + 𝐼𝑚 (

∆𝑟

𝑟
) = 2

𝑟[01̅1] − 𝑟[011]

𝑟[01̅1] + 𝑟[011]
                                                  (3.2) 

For a cubic crystal, the bulk is usually isotropic and the reflectance does not have polarization 

dependence. At the surface, however, there are a lot of dangling bonds and thus the atomic arrangement can 

be arranged as anisotropic, and it can be detected by the in-situ RAS measurement. The RAS is sensitive to 

surface of the cubic crystal, so it is used to analysis for the crystal surface study especially in surface 

recombination [6]-[15]. 
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Fig. 3-4 RAS setup used in this research: (a) polarization of the light toward the sample, and (b) 

RAS system (EpiR-M TT, Laytec) 

In this research, RAS system (EpiR-M TT, Laytec) is used as in-situ measurement for surface states of 

GaP/Si as well as Si(1 0 0) during MOVPE process as shown in fig. 3-4 (b). The incident light is 

perpendicular to the wafer surface and allows measurement of the surface reflectance for photon energies 

between 1.5 eV and 4.5 eV. 

3.2.2 RAS of Si(1 0 0) surfaces 

The surface morphology including not only the roughness but also the step structure, of the Si(1 0 0) 

substrate affects on the subsequent III-V material growth. The Si atoms on the (1 0 0) surface have two 

dangling bonds, and the surface atoms are re-arranged for reducing the number of dangling bonds on the 

surface [16], so reducing the surface energy [17]-[18].  

In the MOVPE reactor, Since the hydrogen is always flowing in the MOVPE reactor during the growth, 

the chemical potential of hydrogen plays an important role in surface reconstruction process [18]-[23]. The 

monohydride-terminated Si dimer, which is a symmetrical structure in which each Si atom is bonded to one 

hydrogen atom, can be formed through thermal annealing under H2 ambience. This process is depending on 
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the adsorption and desorption rates of the hydrogen atoms and the partial pressure of H2 and temperature 

[19]-[23]. 

Figure 3-5 depicts different monohydride-terminated Si(1 0 0) surfaces, which differ in dimer 

orientation with reference to the step edges.  

 

     Fig. 3-5 Surface states of Si(1 0 0): top view and side view of (a), (c) single layer-step, (b) A-type 

double-layer step and (d) B-type double-layer step surfaces. 

The surface with Si dimers whose dimer direction is formed in the perpendicular to the step edge is 

generally referred to as A-type surface as shown in fig 3-5 (a),(b). The B-type surface as shown in fig. 3-5 

(c),(d) refers that the dimer direction on the surface is formed in parallel direction to step edge. In the case 

of single-layer step surface as shown in fig. 3-5 (a) and (c), both of A- and B-type surface exist, and these 

surfaces are called mixed surface in this study. For double-layer step surface depicted in fig. 3-5 (b) and (d), 

the dimer direction is arranged in one direction, that is, the anisotropy of the surface becomes maximum in 

these cases. 

The RA signal reflects surface anisotropy, therefore the intensity of the RA signal increases as the 

surface is in a double-layer step state. The example of RA spectra for Si surfaces is shown in fig. 3-6. 
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Fig. 3-6 Examples of RA spectra for Si surfaces: RA peak is appeared when the double-layer steps 

are formed on the surface. 

Normalization factor in this research 

The RA intensity is affected by lamp’s emission and distortion of mirror or other misalignment of the 

system. Therefore, the RA intensity shows different value in difference measurement systems. In this 

research, in all the RA intensity is discussed with normalized value. The scaling factor is driven by comparing 

of the measurement of oxidized Si(1 1 0) surface reported in ref. [6]. 

3.3 Low energy electron diffraction (LEED) 

Low Energy Electron Diffraction (LEED) is an analytical method of diffraction phenomenon of 

electrons with low energy of several hundred eV or less (20-200 eV) or material structure using it, and is 

most common in the study of the structure of single crystal surface [27]. In the LEED apparatus, an electron 

beam generated from an electron gun is irradiated perpendicularly to a sample and an interference pattern of 

electrons backscattered from the sample is detected by a hemispherical fluorescent screen installed on the 

same side as the electron gun It is structured. A schematic diagram of the device is shown in fig. 3-7. 
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 Fig. 3-7 A schematic of LEED system. 

It is the basic principle of LEED to investigate the crystal structure of a substance by observing the 

diffraction caused by electron scattering from the crystal lattice of the sample. The wave length of low 

energetic electron can be expressed as eq. (3.3) from de Broglie’s matter wave. 

𝜆 =
ℎ

𝑝
=

ℎ

√2𝑚𝑒𝑉
≃ √

150.412

𝑉 [𝑒𝑉]
[Å]                                                 (3.3) 

Where λ is the wavelength of electrons, h is Planck's constant, p is the momentum of electrons, m is the 

mass of electrons, e is the elementary charge, and V is the acceleration voltage of the electron beam. It is 

understood that the electron beam accelerated at 20 to 200 eV has a wavelength of about 0.87 - 2.74 Å. Since 

electrons with low energy can penetrate only a few atomic layers in a crystal, the perpendicular direction to 

the surface of the crystal can be neglected, and only the surface atoms are handled as a two-dimensional 

lattice. 

The main reason for the high surface sensitivity of LEED is that the interaction between crystal and 

electrons is strong for low energy electrons. When the electrons penetrating the crystal, the primary electrons 

lose kinetic energy due to inelastic scattering processes such as plasmon and phonon excitation as well as 

electron-electron interaction. If the detailed properties of the inelastic process are not important, they are 
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generally treated assuming an exponential attenuation of the primary electron beam intensity I0 in the 

propagation direction as expressed in eq. (3.4). 

𝐼(𝑑) = 𝐼0 × 𝑒
−𝑑 Λ(𝐸)⁄

                                                               (3.4) 

Where d is the penetration depth and Λ(E) is the inelastic mean free path (IMFP), defined as the distance 

an electron can travel before its intensity has decreased by the factor e-1. The inelastic scattering process and 

the electron mean free path depend on the energy of the electrons but are relatively independent of the 

material. The mean free path is 5-10 Å in the energy range of electrons 20-200 eV [28].  

In order to keep the sample clean and free from absorbing unwanted contaminants, LEED measurement 

is performed in an ultra-high vacuum (UHV) environment chamber (< 10-9 mbar). 

Reciprocal space 

Since the observation target of LEED is reciprocal space information of the crystal surface, in order to 

obtain information on the crystal structure of the sample from LEED, it is necessary to understand the relation 

between the reciprocal space and the real space. 

 

 Fig. 3-8 A schematic representation of Bragg's Law. 

As shown in fig. 3-8, when a wave of wavelength λ incident to the crystal surface of interplanar lattice 

spacing d at an angle of θ, if the optical path difference satisfies the condition of Bragg's reflection (eq. (3.5)), 

strong scattering is occurred due to diffraction interference. 

𝑛𝜆 = 2𝑑 sin 𝜃                                                                      (3.5) 
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When the plane wave is incident on the sample surface and is uni-scattered from it, its path can be 

described as fig. 3-9. 

 

 Fig. 3-9 Schematics of scattering vector, incident wave and scattered wave. 

Where, S is the scattering vector defined by the wave vector of the incident wave and the scattered 

wave. When a plane wave traveling in the k0 direction is incident on the scattering source, the magnitude of 

k0 is, 

|𝒌𝟎| =
2𝜋

𝜆
 .                                                                   (3.6) 

Ewald construction is usually used for visually determining the scattering vector S. 

When considering a scattering surface such that incidence angle and reflection angle are same, S is 

obtained by eq. (3.7). 

|𝑺| = 2|𝒌| sin 𝜃 =
4𝜋

𝜆
sin 𝜃 =

2𝜋

𝑑
𝑛                                                    (3.7) 

The S is 2π times the reciprocal of the lattice plane distance d, and the direction is perpendicular to the 

plane of the real space. That is, if the reciprocal lattice point is on the Ewald sphere, it means that the 

reciprocal lattice vector and the scattering vector coincide. 
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 Fig. 3-10 A schematic of Ewald construction. 

Since the hemispherical fluorescent screen used in LEED can be said to be an enlarged Ewald sphere, 

the pattern of the reciprocal lattice of the two-dimensional lattice of the crystal surface is observed on the 

screen. 

3.4 X-ray photoelectron spectroscopy (XPS) 

When a substance such absorbs an electromagnetic wave having a wavelength shorter than a specific 

wavelength (and therefore has a high energy), the phenomenon of emitting electrons is called a photoelectric 

effect, and the electrons emitted at this time are called photoelectrons. Photoemission Spectroscopy (PES) 

is a method of measuring the energy of photoelectrons emitted outside a sample (solid or gas) with a certain 

energy by utilizing a photoelectric effect, and analyzing the electronic state of the sample. There are X-ray 

Photoemission Spectroscopy (XPS) using X-rays and ultraviolet photoemission spectroscopy (UPS) using 

ultraviolet rays according to the irradiation light source in the PES. XPS is used to observe the electron state 

of core level and UPS to investigate the electron state in the valence band. In this research, XPS was used 

for analyzing surface chemical composition of the Si samples. 

XPS also known as electron spectroscopy for chemical analysis (ESCA) enables observation of 

chemical compositions on the surfaces [29]-[31]. XPS is a surface-sensitive quantitative spectroscopic 

technique that measures the elemental composition on the surface. The XPS spectrum is obtained by 

simultaneously measuring the kinetic energy and the number of electrons from the sample surface (0 to 

several tens of nm on the top) while X-ray beam is irradiated on the sample. In order to keep the sample 
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clean and free from absorbing unwanted contaminants, XPS measurement requires HV (~ 10-8 mbar) or 

UHV (< 10-9 mbar) conditions. 

 

 Fig. 3-11 Principle of photoelectron spectroscopy. 

By the energy of incident X-ray beam and the kinetic energy of emitted photoelectrons, it is possible to 

investigate the electronic state in the solid as shown in fig. 3-11. When X-ray beam is incident on a solid 

surface, electrons having binding energy in the substance lose energy by the binding energy and work 

function from the energy received from the incident photon and are emitted from the solid surface (eq. (3.8)). 

𝐸𝑘𝑖𝑛 = ℎ𝑣 −𝑊𝑓 − 𝐸𝐵                                                                (3.8) 

Where, EB is the binding energy of the electron, hv is the energy of the X-ray photons being used, Ekin 

is the kinetic energy of the electron as measured by the instrument and Wf is the work function dependent on 

both the spectrometer and the material. 

Because the energy of an X-ray beam and the wavelength are known (in this research, monochromatic 

Al Kα X-ray, hv = 1486.7 eV was used), and because the kinetic energies of emitted electrons are measured, 

the electron binding energy of each emitted electrons can be determined based on the work of Ernest 



Chapter3   Experimental equipment 

61 

 

Rutherford (1914). This equation is a conservation of energy equation. The work function term is an 

adjustable instrumental correction factor that accounts for the few eV of kinetic energy given up by the 

photoelectron as it becomes absorbed by the detector, but it is a constant that rarely needs to be adjusted in 

practice. 

3.5 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) also called as force microscopy (SFM) is a one of the scanning prove 

microscopy (SPM) most widely used, which has a high resolution on the order of fractions of a nm. 

The surface morphology by the AFM is obtained a 3-dimensional image by recording the change in the 

force using the contact force between the sample and the probe using a probe mounted on the AFM, rather 

than forming the image using a lens. AFM can be operated in vacuum, air and solution, unlike the case of 

STM, so its application range is wide. A schematic of principle for AFM is shown in fig. 3-12. 

 

 Fig. 3-12 A schematic of AFM measurement on the sample surface. 

AFM uses a small rod called cantilever, which is made of micromachining instead of tungsten needles. 

By utilizing the interaction forces between atoms, both conductors and non-conductors can be observed, 

regardless of the electrical properties of the sample. 

When the probe approaches to the sample surface, an interaction force is generated between the atoms 

at the tip of the probe and the atoms on the surface of the sample, and the sample results in deformation of 

the cantilever according to the law of the hook [32]. At this time, the angle of reflection of the laser beam on 
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the cantilever surface is measured by Photodiode to find out the surface curvature. 

There are two types of measurement categorized into contact mode and non-contact mode. 

✓ Contact mode 

The AFM of the contact mode uses the repulsive force, and the distance and the force (1 ~ 10nN) are 

very fine. This force causes the probe bending and its degree of deformation is measured by reflecting the 

laser onto the probe and detecting it using a photodiode. 

✓ Non-contact mode 

Non-contact mode AFM is a method suitable for measuring materials that are susceptible to scratches 

due to their low force (0.01 to 0.1nN) as low as 1/100 of contact mode. In the non-contact mode, when the 

probe is forced to vibrate near the natural frequency and then brought close to the surface of the material, 

this natural frequency changes due to the influence of the force, and the change in amplitude and phase 

caused by the vibration is measured. 

3.6 X-ray diffraction (XRD) 

The incident x-ray vibrates the atoms in crystal, and some of x-ray diffracted, and their diffraction 

angles and intensities reflect the inherent material properties. By using this x-ray diffraction, information 

relating to the components and thickness of the crystalline material contained in the sample can be obtained. 

This analytical method for obtaining information on the structure of the crystalline material is x-ray 

diffraction (XRD). 

✓ Principle of x-ray diffraction 

If the sample has a lattice structure with an atomic spacing d as shown in fig. 3-13(b), when an x-ray 

having a wavelength λ is irradiated with an incident angle θ, the x-ray is scattered in all directions by the 

atom. When the light path difference of the scattered x-ray is an integer multiple of the wavelength of the 

incident x-ray, it is strengthened by the coherent effect. This phenomenon is referred to as a "diffraction", 

and the x-ray thus generated is referred to as a diffraction x-ray. The relationship between the wavelength of 

the incident x-ray and the incident angle and the lattice plane spacing is following the Bragg's law as 

described in eq. (3.5). From the Bragg's law, when the x-ray incident angle θ is determined, the lattice spacing 

d can be obtained. 

✓ XRD measurement 

A schematic of typical diffractometer for XRD measurement is shown in fig. 3-13(a). For XRD, the 
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angle 2θ, which reflects the geometry of the measurement system, is used rather than θ, which is the angle 

between the incident x-ray and the sample surface. When the intensity of the diffracted x-ray is recorded 

while changing the angle of the incident x-ray continuously, a plurality of diffraction peaks having different 

intensities appear, and a specific diffraction pattern can be obtained therefrom. The crystal structure of the 

crystalline material atoms differs depending on the material, and therefore the diffraction pattern can be 

regarded as a material-specific property. 

 

Fig. 3-13 (a) A schematic of typical diffractometer for XRD measurement, and (b) principle of X-

ray diffraction by crystal with lattice plane distance of d. 

The XRD diffractometer consists of an x-ray generator, a goniometer, which is an angle 2θ detector, a 

detector that measures diffracted x-rays, and control arithmetic units. The measurement methods are as below. 

In the XRD measurement system, rotate the sample to scan the ω-axis, since the x-ray tube is always fixed 

in all measurements. 

→ ω-2θ scan: the most commonly used axis, rotate the sample (ω) and the detector (2θ). 

→ 2θ scan: sample is fixed (fixed ω), and only rotate the detector (2θ). It is used to increase the 

amount of incident x-ray to the sample when measuring thin film, but the information about the 

direction is not obtained. 

→ ω scan: detector is fixed (fixed 2θ), and only rotate the sample (ω). 
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Chapter 4   Device design of MQW based  

GaAsP/Si tandem solar cell 

III-V top absorber integrated on active Si substrate is a promising structure for realizing high energy 

conversion efficiency solar cells with low production cost. However, there are still remaining challenges to 

integrate III-V material on Si substrate by epitaxial growth due to its differences of material properties such 

as lattice constant, thermal expansion coefficient and polarization. To suppress the cell performance 

degradation, the threading dislocation density (TDD) has to be lower than 106 cm-2 in the epitaxial layer for 

top absorber [1]-[4].  

In this research, GaAs0.5P0.5 matrix top subcell with multi-quantum well (MQW) layers is proposed as 

a new approach for mitigating the stress for heteroepitaxial growth on Si(1 0 0) surfaces and extending the 

photon absorption range. In addition, the concept of effective mobility [5] is introduced for representing 

carrier dynamics in the quantum well layer, and the realistic efficiency of GaAsP/Si tandem solar cell is 

calculated with effective mobility and carrier collection model [6] in the MQWs layer. 

4.1 Concept of MQW based GaAsP/Si tandem solar cells 

The theoretical efficiency of ideal two-junction solar cell with active Si substrate is 45% when it has 

the top absorber with band gap of 1.73 eV material under nonconcentrated AM1.5 irradiance (in the idealized 

detailed balance limit) [7]. When it comes to the GaAs1-xPx compound semiconductors, which can be grown 

on GaP/Si template with simple GaAsP graded metamorphic buffer layer, the band gap of 1.73 eV can be 

achieved with GaAs0.75P0.25. Current matched top subcell, GaAs0.75P0.25, contains arsenic as 75%. High 

arsenic proportion in the top absorber causes not only large lattice mismatch of 3.1% with GaP/Si template 

but also large expansion coefficient [8], therefore more challenging to heteroepitaxy on Si. 
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Fig. 4-1 Theoretical energy conversion efficiency for III-V/Si two-junction solar cells. 

In this research, a new concept for III-V/Si two-terminal multi junction solar cell with inserting strain-

balanced multi-quantum well in the GaAsP matrix is suggested. A device concept for this multi-quantum 

well based top absorber should be considered following contents. 

1) Top absorbers have direct band gaps in the range of 1.65 to 1.8 eV which can yield high energy 

conversion efficiency when it is integrated on active Si of 1.12 eV. 

2) Designed GaAsP matrix with low arsenic component: reducing the lattice mismatch and expansion 

coefficient with Si substrate. 

3) Current matching in GaAsP/Si tandem solar cell: strain-balancing multi-quantum wells are applied 

for extending light absorption in top absorber. 

4) High internal quantum efficiency. 

5) Reduced material consumption. 

The optimum top absorber band gap of 1.73 eV [9] could, for example, be achieved with GaAsP alloys 

containing 75% of As [10]-[11]. However, 75% of As translates to a large lattice mismatch of 3.1% between 

the top cell and a GaP/Si seed layer (even in the fully relaxed GaP on Si, the lattice mismatch is 2.8%), which 

requires a thick graded buffer layer (4~5 μm) [11].  

Incorporation of less As component would decrease the lattice mismatch and thermal mismatch by that 

the minimum buffer thickness. However, it would also increase the absorption edge energy of the GaAsP top 

cell and by that reduce the device efficiency due to increased current mismatch to the Si subcell. To overcome 

this trade-off limitation, a GaAsP/Si two-junction solar cell with MQWs in the top absorber, as shown in  

fig. 4-2, is proposed as a new structure. As an example, GaAs0.5P0.5 is adopted as matrix of the top cell. The 

corresponding band gap of 2.05 eV is not suitable for high efficiency solar energy conversion due to current 

mismatch with Si bottom cell. However, by inserting MQWs layer in the top cell, the absorption edge can 

be shifted to longer wavelengths [12]-[14] and thus the current mismatch with regard to the Si cell can be 



Chapter4   Device design of MQW based GaAsP/Si tandem solar cell 

69 

 

mitigated. GaAs0.5P0.5 can reduce the lattice mismatch to GaP/Si to about 1.8% compared with 2.8% for 

GaAs0.75P0.25. Moreover, the thermal expansion coefficient decreases about 4.3×10-7 K-1 at 300K so that there 

will be more gain in the high growth temperature. By these, the thickness of the metamorphic buffer layer 

can be substantially decreased. In addition, MQWs facilitate the radiative recombination of carriers by 

concentrating carriers in narrow-gap wells [15], which in turn suppresses non-radiative recombination and 

thus heat dissipation. In multi-junction cells, radiative recombination enhances luminescence coupling and 

makes a cell more tolerant against current mismatch induced by spectrum fluctuations of the solar irradiation 

[16]. For on-Si cells, in which the crystal quality of III-V layers tends to be worse than the layers on native 

substrates, the efficiency of radiative recombination tends to be degraded significantly and the ability of 

MQWs to enhance radiative recombination will be quite vital for achieving high efficiencies with III-V on 

Si tandem solar cells. 

 

Fig. 4-2 A schematic of GaAsP/Si tandem solar cells: (a) GaAs0.75P0.25 on Si bottom cell which 

can achieve the theoretical maximum energy conversion efficiency, and (b) MQWs based 

GaAs0.5P0.5/Si tandem solar cell model which can reduce lattice mismatch between GaAsP top cell 

and Si bottom cell. (c) A schematic of multi-quantum well inserted in top cell [7]. 

In this research, the new structure of GaAs0.5P0.5/Si two-junction solar cell with MQWs in the top 

absorber is presented and estimated obtainable efficiency. To be specific, the energy conversion efficiency 

of such a tandem cell is predicted as a function of the structure of MQWs, such as the atomic content, 

thickness and stacking number. The model applied in this research is realistic in the sense that it takes the 

drawbacks of MQWs, such as limited light absorption and the bottleneck of carrier collection from the 

confinement states, into account. 

4.2 Carrier collection process in multi-quantum well solar cells 

Carrier dynamics in low dimensional multi-quantum well layers are different from the characteristics 
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in the bulk matrix. Effective mobility model in the quantum wells [5] is introduced for reflecting the realistic 

carrier behavior in MQWs-GaAs0.5P0.5 top subcell. In this section, the details about concept for effective 

mobility and carrier collection efficiency in MQWs layer [6] is explained. 

4.2.1 Effective mobility for multi-quantum well 

The carrier effective mobility in the quantum well layer is the concept for simplifying the carrier 

dynamics in periodic quantum well layers as shown in fig. 4-3. The effective carrier mobility μeff is obtained 

by formulating cascaded carrier escape events in periodic MQWs, and the rate of carrier escape from a well 

incorporates both thermionic and direct, thermionic assisted tunneling processes [5]. 

 

Fig. 4-3 A concept for effective mobility: simplify the carrier transport in low dimensional 

quantum well structure as a transport in quasi-bulk. 

Figure 4-4 shows a schematic of the carrier transport in a quantum well to adjacent quantum well. The 

carrier escape rate from ith quantum well to adjacent well can be written in eq. (4.1). 

 

Fig. 4-4 A schematic of carrier transport in quantum well. Where, 1/τesc is the carrier escape rate 

and ←, → represent the direction of escape. The 1/τrec is the carrier recombination rate. 

𝑑𝑛𝑖
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−
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−

𝑛𝑖
𝜏𝑒𝑠𝑐,→

−
𝑛𝑖
𝜏𝑟𝑒𝑐

+
𝑛𝑖+1
𝜏𝑒𝑠𝑐,←

                                  (4.1) 



Chapter4   Device design of MQW based GaAsP/Si tandem solar cell 

71 

 

Where, ni is the carrier density in ith quantum well. By using Fokker-Plank approximation, the averaged 

carrier velocity in the quantum well layers can be obtained as eq. (4.2) [17]-[18]. 

υ = 𝐿 (
1

𝜏𝑒𝑠𝑐,→
−

1

𝜏𝑒𝑠𝑐,←
 )                                                               (4.2) 

Where L is the thickness of a periodic quantum well which is the summation of well thickness Lw and 

barrier thickness Lb. This averaged carrier velocity is regraded as a carrier effective mobility in the MQWs 

layer. 

The carriers in the quantum well can escape from the well by three processes which are thermionic 

escape, direct tunneling escape and thermionic assisted tunneling process as depicted in fig. 4-5.  

 

Fig. 4-5 Schematics band edge diagrams: (a) band parameters and thermionic escape process, (b) 

effective barrier height for ground state and direct tunneling escape process, and (c) effective 

barrier height for excited state (i=2) and thermal assisted tunneling escape process. 

Where the E0 is the band edge energy and qVb is the band-offset or barrier height. The εi represents the 

ground state and excited states and F is the applied electrical field. In this scheme, the effective barrier height 

𝑞�̃�𝑏 is given in eq. (4.3). 

𝑞�̃�𝑏 = 𝑞𝑉𝑏 − 𝜀1                                                              (4.3) 

The details about deriving the equations of carrier effective mobility for each escape processes are 

explained in ref.[5]. In this section, only simple scheme of each mobilities and equations is introduced. 

1) Effective mobility by thermionic escape: μth 

To escape from the well by thermionic process, the total energy over 𝐸0 + 𝑞𝑉𝑏 + (
1

2
𝐿𝑤 + 𝐿𝑏)𝑞𝐹 is 

required. The effective mobility by thermionic escape process can be derived from the distribution function, 

and photocurrent density which is generated by thermionic escape. 
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𝜇𝑡ℎ =
𝑚3𝐷
∗

𝑚𝑖𝑛,1
∗

𝑞𝐿2

ℎ
(1 + 𝜇3𝐷√

8𝑚3𝐷
∗ 𝑉𝑏
𝑞𝐿2

)𝑒
−𝑞�̃�𝑏

𝑘𝐵𝑇
⁄

                                         (4.4) 

Where, 𝑚3𝐷
∗   and 𝑚𝑖𝑛,1

∗   are the effective mass of carriers in the continuum levels and in-plain 

effective mass for ground state. 

2) Effective mobility by direct tunneling escape: μtun 

The effective mobility by tunneling escape can be derived by semiclassical analyzing [19]-[20] and 

assumption that the tunneling transport is dominated by the sequential tunneling [21]. 

𝜇𝑡𝑢𝑛 = √
𝑚3𝐷
∗

𝑚𝑝𝑒𝑟,1
∗ √

𝜀1

𝑞�̃�𝑏

𝑞𝐿𝑏𝐿
2

𝐿𝑤ℏ
𝑒
−
2𝐿𝑏
ℏ
√2𝑚𝑏

∗𝑞�̃�𝑏
                                             (4.5) 

Where, 𝑚𝑝𝑒𝑟,1
∗  and 𝑚𝑏

∗  are the perpendicular effective mass in the ground state and effective mobility 

in the barrier layer, and ℏ is the reduced Plank’s constant. 

3) Effective mobility by thermionic assisted tunneling escape: μthtun 

Thermionic assisted tunneling is the tunneling escape for the carriers which are in the excited states 

(i≥2) as shown in fig. 4-5(c). 
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∗

𝑚𝑝𝑒𝑟,𝑖
∗

𝑚𝑖𝑛,𝑖
∗

𝑚𝑖𝑛,1
∗ √

𝜀𝑖

𝑞�̃�𝑏,𝑖

𝑞𝐿𝑏𝐿
2

𝐿𝑤ℏ
𝑒
−
(𝜀𝑖−𝜀1)
𝑘𝐵𝑇 𝑒

−
2𝐿𝑏
ℏ
√2𝑚𝑏

∗𝑞�̃�𝑏,𝑖
   

𝑖≥2

                        (4.6) 

Where, 𝑚𝑝𝑒𝑟,𝑖
∗  / 𝑚𝑖𝑛,𝑖

∗  are the perpendicular / in-plain effective mobility in the ith state, and 𝑞�̃�𝑏,𝑖 is 

the effective barrier height for the carrier in the ith state 

The total carrier effective mobility can be expressed as the summation of effective mobility by entire 

escape processes. 

𝜇𝑒𝑓𝑓 = 𝜇𝑡ℎ + 𝜇𝑡𝑢𝑛 +∑ 𝜇𝑡ℎ𝑡𝑢𝑛,𝑖
𝑖≥2

                                                  (4.7) 

4.2.2 Carrier collection efficiency in quantum well layer 

The carrier collection efficiency (CCE) describes the probability that a carrier generated by light 
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absorption in a certain region of the cell will be collected by the p-n junction and therefore contribute to the 

light-generated current (CCE = Jout/Jgenerated). By applying multi-quantum well in the absorber, the effective 

band gap can be reduced and the absorption energy range can be extended.  

However, it is difficult to collect the carrier through the MQWs layer due to its potential barrier. The 

confined carriers in the quantum well layer recombines and do not contribute to photocurrent. For dealing 

with this problem, the theoretical model for the carrier collection mechanism in the quantum well layer is 

proposed in ref. [6] by experimental and simulation method.  

1) Carrier collection: Transport crossing the MQWs layer 

Carrier density increases in the MQW layer due to the flow of photocurrent penetrating through the 

MQW layer, and decreases due to the Shockly Read Hall (SRH) recombination. When there is the hole-rich 

and electron-rich region in the MQWs layer, the carrier collection efficiency for minority carrier can be 

written as eq. (4.8) by considering these carrier density change. 

𝐶𝐶𝐸𝑛 (𝑜𝑟 𝑝) = 𝑒𝑥𝑝 (−
𝐿𝑚𝑖𝑛𝑜𝑟
𝐿𝑑

)                                                  (4.8) 

Where, 𝐿𝑚𝑖𝑛𝑜𝑟 is the length of minority carrier region and 𝐿𝑑 is the drift length of minority carrier in 

the MQWs layer. 

2) Carrier collection: Collection efficiency for carriers generated in MQWs layer 

The CCE for carriers which are generated in the MQWs is given by eq. (4.9). 

𝐶𝐶𝐸𝑑𝑖𝑟𝑒𝑐𝑡 =
𝐿𝑝>𝑛
𝐿𝑀𝑄𝑊

𝑒𝑥𝑝(−
𝐿𝑝>𝑛
2𝐿𝑑,𝑛

) +
𝐿𝑛>𝑝
𝐿𝑀𝑄𝑊

𝑒𝑥𝑝(−
𝐿𝑛>𝑝
2𝐿𝑑,𝑝

)                                     (4.9) 

Where, 𝐿𝑀𝑄𝑊 represents the total thickness of MQWs, 𝐿𝑝>𝑛 and 𝐿𝑛>𝑝 are the length of hole-rich 

and electron-rich region. The 𝐿𝑑,𝑛 and 𝐿𝑑,𝑝 are the drift length for electron and hole respectively. 

The carrier collection efficiency of the absorber with MQWs has the maximum value when the 

distribution is symmetric, that is 𝐿𝑝>𝑛 = 𝐿𝑛>𝑝 =
1

2
𝐿𝑀𝑄𝑊. 

4.3 Realistic efficiency prediction of MQW based GaAsP/Si tandem solar cell 

Based on the structure which is suggested in section 4.1, a realistic efficiency for MQW-GaAs0.5P0.5/Si 
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tandem solar cell can be calculated by introducing effective mobility model and carrier collection efficiency 

in the MQWs layer. The details about calculation methods for efficiency prediction and calculated results is 

discussed in this section. 

4.3.1 Calculation method: structure of the GaAsP top cell with quantum wells 

As mentioned in the previous section, GaAs0.75P0.25 top absorbers are required for GaAsP/Si current-

matched dual junction solar cell. The As content can be significantly reduced by applying MQWs layer 

embedded in the GaAsP matrix. The amount of As incorporated into the host matrix is an important structural 

parameter for the overall efficiency. In this research, GaAs0.5P0.5 is adopted as bulk host material of the top 

absorber, which is arbitrarily chosen as a simple example. The efficiency predicted in this study, therefore, 

is not the maximum efficiency as a result of global optimization, which needs to be pursued in future work. 

Strain-balanced multi-quantum well 

For the MQWs, the content of wells and barriers are set to GaAs1-xPx and GaAs1-yPy, respectively, and 

the thicknesses of well and barrier were set to Lw and Lb, respectively. Here, x < 0.5 < y for strain balancing, 

and the P content for the barrier, y, is determined from the strain-balance condition shown in eq. (4.10), with 

the given P content in the well, x, and barrier thickness, Lb. 

𝐴𝑀𝑄𝑊 =
𝐴𝑤𝐿𝑤 + 𝐴𝑏𝐿𝑏
𝐿𝑤 + 𝐿𝑏

= 𝐴𝑏𝑢𝑙𝑘                                                  (4.10) 

Where Abulk is the lattice constant of the host GaAs0.5P0.5 layer. In this research, the thickness of a well 

Lw, is fixed at 5 nm for simplicity although it is also an important structural parameter and its optimization 

is subject to future survey. The barrier thickness, Lb, is set as a variable because it significantly affects the 

efficiency of carrier collection and the total thickness of MQWs layer. Aw and Ab represent the lattice 

constants of well and barrier, respectively, which are obtained according to x and y on the basis of Vegard’s 

law between GaAs and GaP. The P contents in barrier calculated by the strain-balance condition is depicted 

in fig. 4-6. 
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Fig. 4-6 P content in barrier that satisfies strain balancing of MQWs. For the white region, strain 

balancing is impossible for GaAs1-xPx well / GaAs1-yPy barrier system in the GaAs0.5P0.5 matrix. 

It must be emphasized that Lw has only a small impact on the light absorption in the entire MQW 

structure. Although it is counterintuitive, the absorption coefficient in a well with significant carrier 

confinement is almost independent of its thickness for a photon energy range adjacent to its absorption edge, 

which is the functional energy range of quantum wells for our purpose. This physical principle implies that 

the light absorption near the absorption edge energy is almost proportional to the number of quantum wells, 

but not to their total thickness. Several experiments and theory supported this important design principle 

[22]-[24]. If multiple confinement states are included in a well, similar light absorption which is dependent 

on the number of wells takes place for each light absorption between the excited states. From the perspective 

of cost reduction, the thinner the MQW structure is, the less material is consumed. We thus focus on thinner 

quantum wells as long as strong quantum confinement never prevents the absorption edge energy of MQWs 

from reaching the desired value for current matching in tandem configuration. 
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4.3.2 Calculation method: assumption for evaluating light absorption and photocurrent in 

quantum well layers 

The band gaps of the well and barrier were calculated taking into account the impact of strain, such as 

elastic stiffness, shear modulus and deformation potential. The band-edge energies were calculated following 

the method and parameters by Van de Walle [25], and all the parameters are indicated in Table. A-1. The 

absorption edge of the MQWs was obtained from the transition energies between the ground states and the 

nth excited states of the electrons and holes in a well. The quantum confinement energies were calculated 

using an effective-mass approximation for a rectangular confinement potential field, with an effective mass 

obtained using Vegard’s law between GaAs and GaP. 

There are several additional assumptions in the calculation. 

(1) There is no optical loss in the metamorphic buffer layer and the GaP seed layer, so that there is no 

performance degradation due to these layers. 

(2) 100% of light is absorbed in Si bottom cell and GaAs0.5P0.5 matrix, for the photon energy larger than 

the band gap. 

(3) The absorption coefficient corresponding to the transition between the ground states of the electrons 

and holes in a well was set to 3.2×104 cm-1, a value taken from the experimental result for InGaAs 

quantum wells [26], corresponding to 1.6% light absorption per a 5-nm-thick well and approximately 

80% absorption in 100-period MQWs. 

(4) The absorption between the excited states was considered up to the 6th excited state, which is the 

highest excited state that can be included in a well within the structural parameters assumed in this 

survey. The absorption coefficient for the photon energy below the absorption edge of GaAs0.5P0.5 

takes staircase-like shape with the steps existing at the transition energies between the nth states. All 

the step height was assumed to be 3.2x104 cm-1, a value taken for the ground-state transition, that is 

the absorption was set to 3.2×104×n for nth energy state.  

(5) A vertical single light path in the MQWs and AM1.5 global solar spectrum was set as the incident 

light condition.  

Here, we only consider about direct bandedges, i.e., only Γ point in the band dispersion was considered, 

even though GaAsP with P content over 45% can be an indirect-band gap semiconductor. In the framework 

of the efficiency prediction, this is rationalized as the following.  

1) As for light absorption, it is assumed that the photons with the energy larger than the absorption 

edge of GaAs0.5P0.5 host is 100% while the absorption by the GaAs1-yPy barriers are neglected for 

simplification. Therefore, the indirect nature of GaAsP never affects the estimation of light 

absorption. 



Chapter4   Device design of MQW based GaAsP/Si tandem solar cell 

77 

 

2) As for carrier transport, the band gap at Γ point is larger than the band gap at X point for an indirect-

band gap GaAs1-yPy, i.e., the actual barrier height is lower than assumption was set in this research 

if Γ to X valley transition of carriers takes place. This means that the result from this survey may 

underestimate the effective mobility for the MQWs with indirect-band gap GaAs1-yPy barriers, 

resulting in the prediction of lower efficiency.  

These are potential source of uncertainties in the efficiency prediction, but we believe the impact is not 

large enough to sway the conclusion. 

4.3.3 Estimaion of photovoltaic properties with realistic carrier collection efficiency 

Photovoltaic properties were estimated on the basis of detailed balance theory incorporating limited 

light absorption. Here, the radiative limit of cell operation is considered in order to estimate the maximum 

efficiency that can be obtainable. For the silicon bottom cell, the flux of carriers to an external circuit is 

simply determined by the balance between light absorption and the radiative recombination of carriers at a 

given bias applied to the cell. For the top cell including MQWs, this assumption is inadequate since quantum 

confinement of carriers in the wells imposes a significant bottleneck of carrier extraction to an external 

circuit as explained at section 4.2. Such carrier collection can be assisted by the electric field applied over 

the MQW because the field makes the carrier escape from a well asymmetric, favoring the escape rate 

towards the downstream of the electric field [17],[25]. Degradation of carrier collection as a function of the 

bias voltage applied to a cell containing MQWs has been discussed quantitatively in terms of carrier 

collection efficiency (CCE) [6], which is a ratio of net photocurrent under a given bias Jph(V) with respect to 

the total light absorption in the active region (Iabs): 

𝐽𝑝ℎ(𝑉) = 𝐶𝐶𝐸(𝑉) × 𝐼𝑎𝑏𝑠                                                          (4.11) 

Here, the photocurrent is estimated by this scheme for the property of the top cell. 

In principle, CCE in a cell with MQWs can be obtained by cascaded escape and trap processes of a 

carrier. But numerical simulation including all the carrier transport processes is time consuming and is not 

suitable for the efficient structural optimization. Here, the MQWs are approximated as a quasi-bulk material 

and introduced a concept of effective carrier mobility μeff for the entire MQWs [18],[27]. As introduced in 

the previous section, the CCE is maximum when the distribution is symmetric, so the eq. (4.9) can be written 

as eq. (4.12). 

𝐶𝐶𝐸(𝑉) = 𝑒𝑥𝑝 (−
𝐿𝑀𝑄𝑊
4𝐿𝑑(𝑉)

)                                                      (4.12) 
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where LMQW is the total thickness of MQWs, and Ld is the average drift length of electrons and holes in 

the MQW region. The averaged drift length of carriers is expressed as eq. (4.13). 

𝐿𝑑 =
1

2
[𝜇𝑒𝑓𝑓,𝑛𝜏𝑟𝑒𝑐,𝑛𝐸(𝑉) + 𝜇𝑒𝑓𝑓,𝑝𝜏𝑟𝑒𝑐,𝑝𝐸(𝑉)]                                         (4.13) 

where, τrec is the carrier recombination lifetime and E(V) is the electric field at a bias voltage V, the 

subscripts n and p indicate electrons and holes respectively. In this calculation, τrec is set to 100 ns for both 

electrons and holes, an experimental value for a InGaAs-based MQW system [28]. 

The effective carrier mobility μeff is obtained by formulating cascaded carrier escape events in MQWs, 

and the rate of carrier escape from a well incorporates both thermionic and tunneling (direct and thermionic 

assisted) processes. 

𝜇𝑡ℎ = 𝜇𝑡ℎ0 (
(1 𝜏𝑒𝑠𝑐→⁄ − 1 𝜏𝑒𝑠𝑐←⁄ )𝐿𝑝𝑒𝑟𝑖𝑜𝑑

𝐸
)                                        (4.13) 

Where, τesc is the time constant of carrier escape, Lperiod is the period width of MQWs, the right arrow 

indicates the escape toward the downstream of the electric field and the left arrow toward the upstream. 

Considering the model for the escape time constant derived in section 4.2.1, the effective mobilities for the 

thermionic (μth) and tunneling processes (μtun) are expressed as following. 

𝜇𝑡ℎ = 𝜇𝑡ℎ0𝑒𝑥𝑝 (
−𝑞𝑉𝑏
𝑘𝐵𝑇

)                                                           (4.14) 

𝜇𝑡𝑢𝑛 = 𝜇𝑡𝑢𝑛0𝑒𝑥𝑝 (
−2𝐿𝑏√2𝑚𝑏

∗𝑞𝑉𝑏
ℏ

)                                             (4.15) 

Where, Vb is the barrier height, i.e. the energy difference between the ground confinement state in the 

well and the band edge of the barrier, mb
* is the effective mass for carriers in the barrier, q is the elementary 

charge, kB is Boltzmann’s constant, T is the temperature, ħ is reduced Planck’s constant, μth0 and μtun0 are the 

constants with weak dependency on the quantum well structure. Using the model in [5] within the parameter 

space in this survey, μth0 ranged 1-10 cm2/Vs and μtun0 ranged 102-104 cm2/Vs. The net effective mobility 

can be obtained as the summation of the effective mobilities for these processes. 
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4.4 Calculation results: efficiency of MQWs-GaAsP/Si tandem solar cell 

4.4.1 Barrier height for strain-balanced MQW 

The P contents in the barrier is decreasing with thicker barrier, when the thickness and P content for 

well layer is fixed as described in fig. 4-6. It means that a smaller P content in a well implies that the well is 

deeper. It is clear that a larger barrier P content, and hence a smaller lattice constant, is necessary to keep 

strain balancing for a thinner barrier. As a result, the band offset becomes larger for the combination of a 

small P content of the well and a small thickness of the barrier, as shown in fig.4-7. 

 

Fig. 4-7 (a) The conduction band offset ΔEc and (b) the valence band offset ΔEv for the strain-

balanced MQWs composed of GaAs1-xPx wells and GaAs1-yPy barriers. 

The energy barrier for the electrons and holes confined in a well is the energy difference between the 

ground-state confinement energy and the band edge energy of the GaAs1-yPy barrier as shown in fig. 4-5. 

The value is slightly smaller than the conduction band offset for electrons and it is almost the same as the 

valence band offset for holes, as shown in fig. 4-8. 
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Fig. 4-8 Energy barrier height for (a) the electrons (Vbe) and (b) the heavy holes (Vbhh) which are 

confined in a well. 

4.4.2 Effective mobility of carriers in quantum well 

The effective mobilities for electrons and holes can be obtained by according the model described in 

section 4.3. Figure 4-9 shows the calculated carrier effective mobility values considering the contributions 

of the thermionic and tunneling escape from the wells.  

 

Fig. 4-9 Effective mobility for electrons and holes across the MQWs 

The effective mobility takes the value below 1 cm2/Vs due to cascaded escape/trap processes, and the 

value is in the range for bulk materials with inferior carrier transport such as amorphous silicon [29]. The 

value of effective mobility smaller than 1 cm2/Vs has been observed in the time-of-flight measurement of 
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both electrons and holes in strain-balanced InGaAs / GaAsP quantum wells [30], which supports the 

reliability of our prediction. From eq. (4.14) and (4.15), the effective carrier mobility is particularly sensitive 

to the confinement barrier height in fig. 4-8. Therefore, the mobility value is larger for a P content in a well, 

a situation with shallower wells. As for the impact of the barrier thickness, the mobility takes larger values 

with thick barriers. This is a result of low P content in the barrier (fig. 4-6) which reduces the barrier height 

and facilitates thermionic escape of both electrons and holes and well agree with the tendency of barrier 

height as shown in fig. 4-9. For electrons alone, however, mobility gets larger with thinner barriers as well. 

This is brought about by the contribution of tunneling transport and is not effective for holes with larger 

effective mass than electrons. 
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4.4.3 CCE in quantum well and prediction of energy conversion efficiency 

The carrier collection efficiency can be estimated by the carrier effective mobility values. The CCE is 

obtained by eq. (4.12) and (4.13), and realistic estimation of the photocurrent for the top cell with MQWs is 

possible on the basis of eq. (4.11). 

 

Fig. 4-10 Predicted efficiency of the two-junction cell consisting of a GaAs0.5P0.5 top absorber with 

GaAsP MQWs and a Si bottom cell for the cases with (a) 30, (b) 50, (c) 70 and (d) 100 periods 

of MQWs. The region filled with grey has no advantage over the theoretical efficiency limit of 

33% for a Si single-junction solar cell 

The predicted efficiency is plotted in fig. 4-10 as a function of both P content of the wells and the barrier 

thickness. In the contour plot of fig. 4-10, the region filled with grey has no advantage over the theoretical 

efficiency limit of 33% for a Si single-junction solar cell [31]. As for the impact of the barrier thickness, high 

efficiency can be achieved with either very thin barriers (under 4 nm with high P content) or very thick 
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barriers (approaching 30 nm with low P content). For the case of thin and high barriers, electron transport 

by tunneling contributes efficient carrier collection. For thick and low barriers, on the other hand, thermal 

escape is the mechanism of carrier collection.  

The maximum efficiency is 44.22% for 100-period MQWs with 30-nm-thick barriers, while it is 42.62% 

for 70-period MQWs with 3-nm-thick barriers. The difference in the optimum barrier thickness originates 

from CCE limited by the MQWs layer.  

 

Fig. 4-11 Predicted efficiency of the two-junction cell consisting of a GaAs0.5P0.5 top cell with 

GaAsP MQWs and a Si bottom cell for the cases with 3-nm-thick barriers (a) and 30-nm-thick 

barriers (c). The corresponding values of carrier collection efficiency (CCE) are also shown at the 

maximum-power operation point of MQWs top cell in (b) and (d), respectively. 
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Figure 4-11 shows the predicted efficiency and the value of CCE for the MQW cells with the barrier 

thickness of 3 nm and 30 nm, which are the condition to obtain high efficiency. In the regime of deep wells, 

which is the region with P content in a well smaller than 0.3 for 3-nm-thick barriers, 0.15 for 30-nm-thick 

barriers, CCE is degraded with increasing the number of wells as described in fig. 4-11 (b) and (d). In this 

regime, the cell efficiency decreases with increasing number of wells due to its carrier trapping in the wells. 

In the regime of shallow wells, CCE is high enough to photocurrent extraction, with P content in a well larger 

than 0.4 for 3-nm-thick barriers and 0.2 for 30-nm-thick barriers. Therefore, the efficiency increases with 

the number of wells owing to enhanced light absorption. The same tendency is observed also for deep wells 

with a period smaller than 30. The discontinuity in fig. 4-11 (c) comes from the different number of excited 

states included in a well. The predicted efficiency takes the maximum (42.6 %) with 60-period MQWs for 

the barrier thickness of 3 nm, while the maximum of 44.22% was obtained with 200-period MQWs for the 

barrier thickness of 30 nm. The efficiency which can be achieved with 30-nm-thick barriers is higher than in 

the case of with 3-nm-thick barriers. However, the total thickness of MQWs reaches 7 µm to get the 

maximum efficiency for the former case, which does not satisfy our motivation of reducing the thickness of 

an entire III-V layers for cost reduction. 

The recommended MQW structure is a 60-period stack consisting of 5-nm-thick GaAs0.8P0.2 wells and 

3-nm-thick GaP barriers, resulting in the total thickness of 480 nm. The efficiency predicted for this structure 

(42.6%) is slightly inferior to a value (45.0%) predicted for a current-matched GaAs0.75P0.25/Si two-junction 

cell in our modeling framework. However, considering the advantage of the cell with MQWs to reduce the 

total thickness of III-V layers including the metamorphic buffer layers, the predicted efficiency as large as 

42.6% is still attractive. It would be a good structure to balance the requirements of high efficiency, small 

material consumption, reduced time of the growth (since MQWs normally need lower growth rate than bulk 

layers) and the good crystal quality of MQWs (since larger number of stacking in MQWs can induce lattice 

relaxation due to both a slight deviation from strain balancing and inadequate interface treatment). 

Furthermore, our calculation found that the efficiency of GaAs0.75P0.25/Si cell will drop significantly to 

39.1% when the internal luminescence efficiency is as low as 0.1%, which is a reasonable value for a 

GaAs0.75P0.25 bulk cell with defects induced by the metamorphic growth on Si. Although the photocurrent 

from III-V/Si two-junction solar cell is limited by the III-V top subcell in the ideal case, Si subcell would 

generate still low current in actual devices, leaving a room for efficiency gain owing to the luminescence 

coupling from the top cell to the bottom cell. MQWs have the advantage of keeping the luminescence 

efficiency relatively high owing to the concentration of carriers in the wells. Inclusion of realistic values for 

internal luminescence efficiency is a target of future survey and we must note that no luminescence coupling 

effect is considered in the present work.  
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Quantum efficiency and current-voltage characteristics 

Figure 4-12 shows the predicted external quantum efficiency (EQE) and current-voltage curve of 

GaAs0.5P0.5/Si dual junction solar cell with the above-mentioned 60-period GaAs0.8P0.2 (5 nm) / GaP (3 nm) 

MQWs, which yields 42.6% energy conversion efficiency, short circuit current of 20.7 mA/cm2, open circuit 

voltage of 2.3V and fill factor of 89.3%. In the QE plot (a), the staircase-like absorption appears up to the 

4th excited state in a well. This is a good example rationalizing the assumption of up to the 6th excited states 

in a well as explained in section 4.3.2. The energy spacing between higher excited states, such as the 5th and 

the 6th, is very close the absorption edge energy of GaAs0.5P0.5 matrix and the higher excited states than the 

6th state do not contribute to the absorption spectrum in the photon energy range below the absorption edge 

of GaAs0.5P0.5 bulk layer. 

 

Fig. 4-12 (a) External quantum efficiency (EQE) and (b) current-voltage curve predicted for the 

GaAs0.5P0.5/Si two-junction cell with 60-period GaAs0.8P0.2 (5 nm) / GaP (3 nm) MQWs 
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Quantum efficiency and current-voltage characteristics by the number of QW layer 

Figure 4-13 shows the predicted external quantum efficiency (EQE) and current-voltage curve of 

GaAs0.5P0.5/Si dual junction solar cell with the 10-period and 200-period GaAs0.8P0.2 (5 nm) / GaP (3 nm) 

MQWs. 

 

Fig. 4-13 (a) External quantum efficiency, and (b) current-voltage curve predicted for 

GaAs0.5P0.5/Si two-junction cell with 10-period GaAs0.8P0.2 (5 nm) / GaP (3 nm) MQWs. (c) 

External quantum efficiency, and (d) current-voltage curve predicted for GaAs0.5P0.5/Si two-

junction cell with 200-period GaAs0.8P0.2 (5 nm) / GaP (3 nm) MQWs. 

As explained in the previous section, as shown in fig. 4-11, CCE is high at thin (under 30-period MQWs) 

and is decreasing with the number of well layers in the deep well scheme. In 10-period MQWs, the fill factor 

is very high 93% due to its high carrier collection efficiency. However, the QE in the MQWs layer is low 

due to its short light absorption length. For the less energy absorption in MQWs, the current in the top 

absorber becomes small and the efficiency decreases (35.3%) owing to the current mismatch. In 200-period 

MQW, the light absorption in MQWs layer is increased due to the thick absorption length. However, the 

CCE is low as 30% in the 200-period MQWs. Therefore, it is hard to extract the photocurrent generated in 
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the top cell due to decrease of CCE for both of crossing and direct as introduced in section 4.2.2. From these, 

the fill factor is degraded to 71% and also the efficiency is degraded to 32.4%. 

The predicted efficiency as described above provides a strong motivation to implement III-V on Si two-

junction cells with a top GaAs0.5P0.5 cell that include MQWs consisting of GaAsP with different P contents. 

The structure potentially reduces the thickness of a metamorphic layer between Si and GaAs0.5P0.5 compared 

with the case with a bulk GaAs0.75P0.25 top cell, which would make it easier to implement III-V on Si cells 

by hetero-epitaxial growth. The efficiency might be further increased by the optimization of the P content of 

the GaAsP host and of the thickness of single well. 

4.4.4 Feasibility of epitaxial growth for MQWs layer 

Here, the feasibility of fabrication for designed MQWs is discussed. 

 

Fig. 4-14 Critical thickness by Matthews-Blakeslee model [32] for (a) a well and (b) a barrier with 

GaAs0.5P0.5 bulk matrix. The ratio of the designed layer thickness versus the calculated critical 

thickness is also shown for (c) a well and (d) a barrier. 
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The growth of strain-balanced MQWs needs to manage following things. 

1) The strain accumulation both in an individual component layer and in the MQWs as a whole.  

2) The hetero-interfaces between wells and barriers.  

Here, all the MQWs are designed to keep strain balancing and we need to take care of the strain in an 

individual layer alone. Figure 4-14 shows the critical thickness for the well and barrier layers on the basis of 

Matthews-Blakeslee model [32]. The panels (a) and (b) indicate the values of critical thickness for the well 

and the barrier, respectively, and (c) and (d) show the the ratios of the designed layer thickness of the well 

(5 nm) and the barrier (a variable in the vertical axis) versus the corresponding critical thicknesses. Note that 

the P content in a well affects the critical thickness of the well layer itself, while the critical thickness of a 

barrier layer is determined by the P content in the barrier which depends on both the P content in a well and 

the thickness of the barrier, according to the strain-balancing criterion in eq. (4.10). As shown in fig. 4-14 (c) 

and (d), even in the most aggressive MQW structure, the thicknesses of the wells and the barriers are smaller 

than 71.4% of the corresponding critical thicknesses. The result suggests no possibility of crystal relaxation 

during the growth of the component layers in the MQWs. 

As for the management of hetero-interfaces during the epitaxial growth by metal-organic vapor-phase 

epitaxy (MOVPE), the MQW structure under consideration just necessitates the content change of As and P. 

The exchange of As/P at hetero-interfaces has been explored for decades and it can be controlled by using 

optimized gas switching sequence on the basis of in-situ observation [33]-[34]. 

4.5 Summary of device design 

In this research, a new structure for high-efficiency and low-cost III-V-on-Si dual junction solar cell 

with MQWs layer is proposed. The suggested GaAs0.5P0.5 top cell includes strain-balanced MQWs to 

facilitate sufficient light absorption while reducing the lattice mismatch between III-V layers and Si, and this 

allows to reduce the thickness of the metamorphic buffer layer compared to conventional GaAs0.75P0.25/Si 

solar cells. 

Degradation of carrier collection efficiency (CCE) from the MQWs layer due to carrier confinement in 

the wells was incorporated in the efficiency prediction for the first time. According to the calculation in this 

research, either very thin (below 4nm) or very thick (over 30 nm) barriers are suitable for enhancing CCE, 

and the optimum stacking periods exists because increasing periods results in both the enhancement in light 

absorption and the degradation of CCE. By applying the calculated optimum MQWs in top absorber, the 

conversion efficiency can reach 42.6% if 60-periods MQWs composed of GaAs0.8P0.2 5-nm-thick wells and 

3-nm-thick GaP barriers are implemented as a QW structure. The total thickness of the MQWs is as small as 
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480 nm, in accordance with our motivation of thickness reduction, and no significant bottleneck is expected 

in the crystal growth. The structure is subject to further optimization regarding P content in the GaAsP host 

and the thickness of the wells. 
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Chapter 5 GaAsP on Si heteroepitaxy 

III-Ⅴ top cell integrated on active Si substrate is a promising structure for realizing a high efficiency 

solar cell with cost reduction [7]. Direct growth of III-V epitaxial layer on Si substrate by metal-organic 

vapor phase epitaxy (MOVPE) is a one of the favorable method for its process simplicity and productivity. 

Integration on Si substrate, however, have several challenges coming from the characteristic differences such 

as lattice constant, thermal expansion coefficient and polarization. GaP film is a good candidate as a starting 

layer for direct growth of III-V top absorber on an active Si substrate due to its optical transparency and 

lattice matching with Si [8]-[9]. 

Antiphase domains (APDs) originated from polarization difference between III-V and group-IV 

material is known as one of the biggest factors contributing to threading dislocations in III-Ⅴ 

heteroepitaxial layers integrated on Si [10]-[11] and those dislocations degrade the solar cell performance 

[12]-[13]. Double-stepped Si surfaces have to be prepared before heteroepitaxial growth of III-V layers on 

Si to suppress such APDs. 

Double-stepped Si surfaces can be achieved at comparatively low-temperature annealing under arsenic 

ambience in MOVPE chambers and subsequent GaP epitaxial layer could be grown on that surface [14]-

[18]. Here, the surface state of Si substrate and grown GaP was analyzed by in-situ reflectance anisotropy 

spectroscopy (RAS) measurement in the MOVPE chamber during the processes. In the following sections, 

the experimental details and results for double-layer step formation and succeeding GaAsP/GaP/Si 

heteroepitaxy are discussed.  

5.1 Double-layer step formation on Si(1 0 0)  

To suppress dislocations comes from the antiphase domain, Si(1 0 0) surfaces have to be formed as 

double-layer step, before GaP heteroepitaxy on Si substrates. In the MOVPE reactor, different from the MBE 

process, it is difficult to make double-layer step on Si(1 0 0) surface even in using vicinal substrate due to 

the carrier gases in the reactor.  

Double-layer step can be formed in the MOVPE with either hydrogen ambience [19]-[21] and arsenic 

ambience [22]-[23]. Among these techniques, what was mainly studied in the conventional surface 

reconstruction method was the double-layer step formation under pure H2 ambience which is used for carrier 

gases. However, it requires high temperature around 1000 °C for removing the oxide layer on Si surface in 

H2 process, which induces unintentional impurity diffusion on Si substrate and it results the degradation of 
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carrier lifetime in Si bulk [24]-[27]. To avoid unintentional impurity diffusion, lower process temperature is 

required than in H2 ambience process. For this reason, in recent years, low temperature processes in As 

ambience have attracted attention. However, the relationship between the conditions for pretreatment of the 

Si surface under As ambience and the surface state has not been clarified yet. 

The purpose of this research is clarifying the relationship between process parameters and surface 

reconstruction for optimizing the process conditions with As ambience MOVPE reactor. The experimental 

details and results are discussed in section 5.1.2-3. 

5.1.1 Double-layer step formation in hydrogen ambience 

Before discussing about As ambience process, the conventional H2 ambience reconstruction is 

introduced in this section. Figure 5-1 shows a schematic of process flow for Si surface reconstruction under 

H2 ambience under reactor pressure of 950 mbar. 

 

Fig. 5-1 A example schematic of process flow for Si(1 0 0) surface reconstruction with hydrogen 

ambience in MOVPE reactor [20], [28]. 

The conventional Si surface reconstruction process with H2 is following the steps as below. 

Step1) Thermal deoxidation on Si surface with high temperature (over 950 °C). 

Step2) Si buffer layer growth. 

Step3) Surface atom re-ordering. 

In H2 process, Si buffer layer is usually used for getting smooth surface after deoxidation step with high 

temperature. The precursor for Si growth is silane (SiH4) which can be used as dopant for subsequent III-V 

heteroepitaxy.  
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The best surface reconstruction result for Si(1 0 0) double-layer step has reported was by the process 

under H2 ambience with high temperature. However, mentioned in above, there are two concerning problems 

which need to be avoided. From these reasons, the As ambience Si surface reconstruction with lower 

temperature is preferred for solar cell application. 

In following sections, the details of experimental conditions and results studied with As ambience in 

this research are discussed. 

5.1.2 Arsenic modified Si surface 

Surface reconstruction scheme: vacancy diffusion 

Si dimers on the surface are moving by surface vacancy generation, diffusion, and annihilation at step 

edges, which may account for the formation of double-layer step structure. Figure 5-2 depicts a schematic 

for anisotropic Si vacancies diffusion. 

 

Fig. 5-2 A schematic for movement of vacancies: vacancies move fast along dimer direction. 

Where, the line direction corresponds to the dimer direction. 

The vacancies diffuse to adjacent dimer, and annihilation at the end of the dimer rows. The vacancies 

preferred to move along the dimer rows, so the moving direction which are described as red arrow line in 

fig. 5-2 is faster than blue line. 

In arsenic process, supply of arsenic precursors such as tertiary-butyl arsine (TBA) or arsine (AsH3) 

during thermal deoxidation of the Si surface was known to decrease the required temperature below 900 °C 

[16], [29]-[30], due to its etching effect on oxide layer of As. In As ambience process, following steps are 

required. 

1) As absorption on the Si surface: breaking the Si dimer and forming As terminated surface. 

2) As desorption and surface re-ordering: generating the vacancies by As desorption and re-ordering the 
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surface atoms by vacancies diffusion. 

The As is applied as etchant for SiOx on Si surface so the process temperature for deoxidation can be 

lowered, however, it has to be considered about the roughened surface by etching. In the double-layer step 

formation with As ambience, it is crucial to control the process parameters for obtaining clear surface 

anisotropy.   

Experimental method and results 

Samples were prepared in a horizontal MOVPE reactor (AIX-200/4 and AIX-200 from Aixtron, AIX-

200 reactor has an MOVPE-to-UHV transfer system [31]) and the whole process was monitored with in-situ 

RAS measurement (EpiR-M TT and EpiRAS-200 from Laytec). As precursors, tertiary-butyl arsine (TBA) 

is used with purified hydrogen carrier gases. P-type doped Si (100) substrates with 4° off cut towards the 

[111] direction were used in all process in this work. The Si substrate was loaded into the MOVPE chamber 

after wet-chemical processes as following. 

1) Ultrasonic bath with isopropanol for 10 min. 

2) Soaking in sulfuric acid-hydrogen peroxide mixture (SPM) solution at 180 °C for 10 min. 

3) Dipping in 0.5 % HF solution at room temperature for 1 min. 

The initial process condition for double-layer step was set by benchmarking ref.[17] which is the 

proposed condition from our co-worker group (TU Ilmenau, Thomas Hannappel Lab.).  

Figure 5-3 shows the schematic of process flow for As modified double-layer step Si(1 0 0) surface 

formation. 

 

Fig 5-3 A schematic of process flow for Si(1 0 0) surface reconstruction process with As 

ambience. 
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The reactor pressure is 750 mbar, and partial pressure of arsenic is 0.896 mbar in this process. 670 °C 

which is slightly higher than the pyrolysis temperature [32] of TBA, but comparable to the decomposition 

temperature of arsine (AsH3) which was used for As coating step. The TBA source is provided at 420 °C, 

and raise up to coating temperature, then kept at 670 °C for 10 min. The surface annealing temperature is as 

high as 850 °C (not the real surface temperature but the reactor temperature), and the surface reconstruction 

time is controlled by in-situ RA signal (the sample start to cool down when the peak at 3.2 eV has maximum 

value, and in this condition, it was 2min). 

 

Fig 5-4 In-situ measured transient RA signal during the process: (a) color plot for whole range of 

energy, and (b) Transient RA for 3.2 eV. Where, the Transient RA for 3.2 eV is calculated value 

for subtracting the baseline. The dashed line in (b) is the time transient RA signal and solid line 

is the interval mean value of four measurement points. 

Figure 5-4 shows the in-situ Transient RA. The dimer peak of Si-Si at 3.2 eV [33] appears after closing 

the TBA supply, and the peak intensity is increasing with annealing due to As desorption and surface re-
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ordering by vacancies diffusion. Figure 5-5 shows the surface anisotropy measured by RA signal at room 

temperature.  

 

Fig 5-5 RA spectra measured at room temperature. 

There is a clear anisotropic peak at 3.4 eV of Si E1 energy level is [33] observed, and A-type double-

layer step Si(1 0 0) surface is formed. In this section, the basic scheme of As ambience Si surface 

pretreatment and the experimental method are introduced. 

In the following section, more detailed information about Si(1 0 0) surface reconstruction with As is 

discussed by using not only RAS but also XPS and LEED for clarifying the relationship between process 

parameters and surface states. 

5.1.3 Si(1 0 0) surface preparation: process parameters and surface states  

In this section, the relationship between process parameters and Si(1 0 0) surface states is discussed.  

5.1.3.1  Robust process with arsenic 

In many researches for Si surface treatment, it is concerned about the Si surface oxidation after 

removing the oxide layer on Si by wet-chemical etching, because the Si surface is easy to oxidize [34] in the 

air. Especially, in the surface reconstruction process, deoxidation is very important to subsequent III-V 

growth. From this concern, after the wet-chemical etching process, many researchers try to load samples into 

the MOVPE reactor in a short time so as not to be exposed to the air as much as possible.  

Since As has an effect of etching the Si surface, differently from the H2 ambience process, it can be 

considered that As ambience process is not much sensitive to the very thin oxide film produced by exposure 
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to air. In this work, we demonstrate the robustness of the Si deoxygenation and surface reconstruction process 

using As. 

Here, two samples is prepared as following. 

✓ Sample 1: The sample loaded into MOVPE chamber as soon after wet-chemical etching. (but even 

in this case, it takes about 20 min)  

✓ Sample 2: The sample loaded into the pre-chamber of the MOVPE at the same time with sample1. 

However, it was stocked at a pre-chamber (filled with N2 and O2 < 0.1ppm) a day before load into 

reactor. 

All process conditions including reactor pressure (750 mbar), temperature (As coating at 670 °C and 

surface reconstruction at 850 °C), process time (As coating 10 min and surface annealing 2 min) and partial 

pressure of As (0.896 mbar) is same as introduced in previous section. 

 

Fig. 5-6 In-situ Transient RA: 1) sample 1: sample loaded into reactor as soon as loading into the 

MOVPE pre-chamber, and sample 2: sample loaded into reactor after 1day kept in the pre-

chamber. 

Figure 5-6 shows the in-situ time transient RA during the process. Figure 5-7 describes the Transient 

RA for 3.1 eV, and RA spectra measured at room temperature. 

From the above results, it is clear that the obtained anisotropic properties for Si surfaces from the two 

samples are identical. As expected for As etching effect on SiOx on Si surface, As ambience process is not 

much sensitive to the very thin oxide film produced by exposure to air. However, the pre-chamber is not so 

oxygen rich environment, so additional exploration is needed for long exposure to atmospheric conditions. 
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Fig. 5-7 In-situ measured transient RA signal during the process: (a) Transient RA for 3.1 eV, and 

(b) RA spectrum measured at room temperature. Where, the dashed line in is the time transient 

RA signal and solid line is the interval mean value of four measurement points. 

5.1.3.2  Annealing condition and Si surface reconstruction 

The thermal treatment condition is crucial for surface reconstruction [35], but the relationship between 

the thermal process condition and surface states has not been much investigated about As ambience process. 

Here, the following experiment was designed to investigate the process conditions of surface reconstruction. 

 

Fig. 5-8 A schematic of process flow: process parameters are verified in the range of 1) annealing 

temperature from 800 °C to 850 C°, and 2) annealing time from 2 min to 30 min. The other 

conditions such as the partial pressure of As, As coating temperature and time, and the reactor 

pressure are the same. 
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✓ The process conditions except thermal annealing conditions are same in all experiments. 

→ Reactor pressure: 750 mbar / As partial pressure: 0.896 mbar / As coating temperature: 

670 °C / As coating duration: 10 min / Temperature raising time (total time for 

temperature ramp up form 670 °C to annealing temperature): 5 min. 

✓ Total 13 samples are prepared in MOVPE reactor. 

→ Reactor temperature for annealing step: 800 °C / 825 °C / 850 °C 

→ Annealing time: 2 / 5 / 10 / 15 / 30 min 

✓ RA signal is measured in rotation system for comparison. 

→ The RA signal measured in the rotation system represents the absolute value of the 

anisotropic signal. In the non-rotation system, the RA signal intensity depends on the 

sample input direction, so exact comparison is difficult. Therefore, for comparing every 

sample in same measurement condition, the rotation system is applied. However, when 

measuring the RA signal in a rotating environment, the intensity of the value may vary 

depending on the setting of the rotation speed, and the rotating speed is changing by 

reactor temperature and pressure. Therefore, this should be noted. 

Figure 5-11 shows the RA intensity at 3.3 eV measured at 200 °C for each sample. 

 

Fig. 5-9 Anisotropic signal intensity comparison: RA intensity at 3.3 eV measured at 200 °C, 750-

mbar. 

In fig. 5-9, the RA intensity shows clear dependency to the thermal treatment condition. 

1) Annealing time can be shorten at high temperature. 

2) Even in low temperature process of 825 °C, surface anisotropic signal intensity can be 
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obtained to the same level as 850 °C, but it requires longer time. 

3) There is lower limit on annealing temperature: under 825 °C (expected sample surface 

temperature is lower than 800 °C), high RA intensity can not be obtained even with long time 

annealing. 

4) The double-layer step surface that has been once formed disordered with long time annealing. 

This can be clearly seen in fig. 5-10 which shows RA signal measured during 30 min annealing 

at 850 °C. 

 

Fig. 5-10 (a) A schematic of process flow and correspondence time transient RA. (b) Time transient 

RA at 3.1 eV. 

As shown in Figure 5-10, the RA intensity at 3.1 eV, indicating Si-Si dimer anisotropy, increases at the 

beginning of annealing and gradually decreases after 8 minutes. The Si surface eventually stabilizes in the 
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form of random state, since the process of surface reconstruction is the process by which atoms move to 

minimize surface free energy. 

From the above results, it is verified that the thermal treatment condition and the surface states for Si 

surface reconstruction are strongly related. From the correlation, it is possible to deduce the optimal 

annealing time according to each annealing temperature. The results of the Si surface reconstruction using 

the thermal treatment conditions deduced from the above results are shown in fig. 5-11. 

 

Fig. 5-11 RA spectra measured at 150 °C. 

Two samples are prepared for demonstrating. 

✓ Sample 1 (red line in fig. 5-11): Annealing at 850 °C during 2 min. 

✓ Sample 2 (blue line in fig. 5-11): Annealing at 830 °C during 10 min. 

These two samples, process was done in the totally same condition (reactor pressure: 750 mbar / partial 

pressure of As: 0.845 mbar) except the annealing thermal condition. The RA anisotropic signals measured 

in non-rotation system (in this experiment, the susceptor and sample are stationary and the sample is always 

tilted at 45 ° to the light direction) shows identical intensity of anisotropy spectrum for these two samples. 

This study has revealed the relationship between thermal annealing condition and double-layer 

formation on Si(1 0 0) surface, and has proved its validity. 

5.1.3.3  Partial pressure of arsenic and surface deoxidation 

Surface oxide removal is another important process for double-layer step formation on the Si surface. 

In this section, the relationship between the partial pressure of As and oxide removal is discussed. Here, the 
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following experiment was designed to investigate the process conditions of surface reconstruction. 

→ Sample 1: Reactor pressure: 750 mbar / partial pressure of As: 0.78 mbar 

→ Sample 2: Reactor pressure: 950 mbar / partial pressure of As: 0.35 mbar 

Except the above conditions, all the process conditions are same in the two experiments. Figure 5-12 

shows a schematic for process flow in the experiments. 

 

Fig. 5-12 A schematic of process flow: As coating at 670 °C during 10 min, and surface annealing 

at 830 °C during 14 min. 

 

Fig 5-13 A schematic of process flow for Si(1 0 0) surface reconstruction process (left), and 

correspondence in-situ measured transient RA for sample 2. 
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Figure 5-13 shows the schematic of process flow and correspondence time transient RA for sample 2. 

The TBA source is supplied at 420 °C, and raise up to coating temperature, then keep 670 °C 10 min. 

The surface annealing temperature is as high as 830 °C (not the real surface temperature but the reactor 

temperature), and the surface reconstruction time is controlled by in-situ RA signal (the sample start to cool 

down when the peak at 3.1-3.2 eV has maximum value, and in this condition, it was ~14min in both two 

conditions). In As coating step, the weak peak is appeared at 3.58 eV, which comes from the As terminated 

Si surface (As-Si or As-As [35]). More details about time transient RA spectrum for 3.18 eV (for Si dimer 

anisotropy at 830 °C) and 3.58 eV (for As terminated Si surface anisotropic peak at 830 °C) are described in 

fig. 5-14. 

 

Fig 5-14 A schematic of process flow for Si(1 0 0) surface reconstruction process for sample 2, 

and correspondence with time transient RA of 3.18 eV (red line) and 3.58 eV (blue line). Where, 

the dashed line is the time transient RA signal and solid line is the interval mean value of three 

measurement points. 

The dimer peak of Si-Si at 3.18 eV appears after closing the TBA supply, and the peak intensity is 
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increasing with annealing due to As desorption and surface re-ordering by vacancies diffusion. Figure 5-15 

shows the comparison between sample 1 and sample 2 for the time transient RA at 3.18 eV. 

 

Fig 5-15 A schematic of process flow for Si(1 0 0) surface reconstruction process, and 

correspondence with time transient RA of 3.18 eV (red line) and 3.58 eV (blue line). Where, the 

dashed line is the time transient RA signal and solid line is the interval mean value of three 

measurement points. 

It can be seen at fig. 5-15, RA intensity is increasing after stoping the TBA supply in both samples, but 

the increasing slopes are different in each condition. More details about this difference is discussed in 

following section, but the difference in the peak intensity is as a result of the difference in reactor pressure 

rather than due to differences in As partial pressures.  

 

Fig 5-16 RA spectra measured at 420 °C. 
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Figure 5-16 shows the surface anisotropy measured by RA signal at 420 °C, and fig. 5-17 shows LEED 

images for prepared samples. 

 

Fig 5-17 LEED image for prepared Si(1 0 0) surfaces for (a) sample 1, and (b) sample 2. Where, 

yellow and dashed circles mark spots at half order. 

 

Fig 5-18 XPS spectrum: black line is for the sample before the surface preparation (loaded into 

XPS measurement chamber after wet-chemical etching), and red line is for the sample 1 and 

blue line is for the sample 2 after the surface treatment with As ambience. 
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Figure 5-16 shows anisotropic peak for Si-Si dimer and As terminated surface for A-type Si(1x2) 

surface, and LEED image shows the major spots for (1x2) structure but with weak (2x1) spots also. In the 

LEED images, sharp spots are clearly visible, and the minor peak for B-type surface is more clear at sample 

1 than at sample 2. Quantitative comparison from LEED image and RA intensity is difficult, but it can be 

considered that sample 1 has larger domain region of B-type surface than sample 2. 

 

Fig. 5-19 XPS spectrum: (a) O 1s for 90° direction, (b) O 1s for 30° tilted direction, (c) C 1s, and 

(d) As 3d measurement for 30° tilted direction. 

Figure 5-18 and 5-19 shows the XPS data for these samples to identifying the chemical components on 

the surface. When comparing the XPS data for before-process and after-process, the main focus is the 

presence of oxygen and carbon which affect surface reconstruction as well as subsequent crystal growth. 

The carbon was removed successfully in both samples, but still weak oxygen peak is remaining after As 

process in sample 2. The peak for oxygen for sample 2 is more clear at the 30° tilted measurement which 

can measure surface dominant data (fig. 5-20).  

From these results, it was found that the complete removal of oxide film was difficult at low arsenic 
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partial pressure. Here, one more experiment is implemented for clarify the deoxidation condition by As, as 

shown in fig. 5-21. 

 

Fig. 5-20 Schematics of XPS measurement: (a) 90° and (b) 30° tilted measurement. 

 

Fig 5-21 A schematic of process flow sample 3: all the conditions are same as sample 2, except As 

supplying temperature. 

The sample 3 prepared with the same condition as sample 2 (reactor pressure: 950 mbar / partial 

pressure of As: 0.35 mbar / surface annealing temperature: 830 °C) except TBA supply temperature. For 

sample 3, unlike the previous process, the TBA supply was continued until the reactor temperature reached 

830 °C. However, the entire exposure time to TBA is controlled as comparable to other samples (from 420 °C 

to 830 °C: ~14 min). This condition is intended to investigate the effect of etching temperature on the same 

arsenic partial pressure. However, it should be noted that long time exposure to TBA at high temperature 

roughen the Si surface [36], so it is considered in experimental design. 

Figure 5-22 shows the RA spectrum measured at 420 °C and the LEED image for sample 3, and fig. 5-
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23 shows XPS measurement data. The surface anisotropic signals measured from RAS and LEED are show 

totally same results for sample 2 and sample 3. From the viewpoint of double-layer formation, both process 

conditions can form A-type reconstructed surfaces with an RMS roughness ~1 Å. 

 

Fig 5-22 (a) RA spectra measured at 420 °C for sample 2 and sample 3, and (b) LEED image for 

sample 3. 
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Fig 5-23 XPS spectrum: (a) O 1s and (b) C 1s measured at 90° direction, and (c) As 3d 

measurement for 30° tilted direction. 

Figure 5-22 shows the XPS data for sample 2 and 3 for identifying the chemical components on the 

surface. The carbon was removed successfully in both samples. For the oxygen in Sample 3, the lower XPS 

peak intensity compared to Sample 2 can be observed, but still very weak peak is remaining.  

From these results, it was verified that the partial pressure of As is an important factor in the removal 

of surface oxide film on Si, and the As treatment temperature also plays an important role on deoxidation 

process.  

5.1.3.4  Partial pressure of hydrogen and surface reconstruction 

As mentioned in the result of the previous part, the pressure of the reactor, which is almost same as the 

partial pressure of H2, also plays an important role. Here, the effect of H2 partial pressure on double-layer 

step formation is discussed.  

Figure 5-24 shows a schematic of process flow. 
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Fig 5-24 A schematic of process flow: Si(1 0 0) surface reconstruction in the reactor pressure of 

750 mbar, 500 mbar, and 300 mbar with partial pressure of arsenic 0.846 mbar in all process. 

Here, the As partial pressure for all conditions was 0.846 mbar which is enough high to remove the 

surface oxide as verified in previous works, and total As coating time was controlled about 14 min. 

 

Fig. 5-25 RA spectrum measured at 150°C. 

Surface anisotropic signal measured at 150 °C is shown in fig. 5-25. In all samples, RA peak is observed 

at 3.4 eV which is for Si dimer on the surface, but their intensity is different by each reactor pressure 

condition. From this tendency, it is clear that higher reactor pressure is required for single domain surface 

formation on Si(1 0 0). However, strictly speaking, this experimental design has two different conditions 

which is the pressure at As absorption step and the pressure at desorption + surface reconstruction step. 
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Fig. 5-26 A schematic of process flow: different reactor pressure (300 mbar and 750 mbar with the 

partial pressure of arsenic 0.846 mbar in each reactor conditions) is applied during As coating 

step. Then, after closing TBA supply, refill the reactor to 750 mbar, and surface annealed at 

850 °C, 3 min. 

To clarify the exact effect of reactor pressure on surface reconstruction, additional experiment was 

implemented as shown in fig. 5-27. In the As coating step, different reactor pressure but the same As partial 

pressure is applied as depicted in fig. 5-27. After stoping the TBA supply, reactor is refilled to 750 mbar with 

H2. 

 

Fig. 5-27 RA spectrum measured at 150°C. 
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Surface anisotropic signal, measured at 150 °C as shown in fig. 5-27, shows identical intensity of 

anisotropy spectrum for these two samples. 

From the above results, it can be seen that the partial pressure of arsenic greatly affects the removal of 

the oxide film on the surface, but does not affect the surface reconstruction. About the surface reconstruction 

process, it can be seen that the surface re-ordering by vacancies generation and diffusion, is strongly depends 

on the partial pressure of H2 in the reactor.  

5.1.4 Summary of Si(1 0 0) surface preparation conditions  

In this research, the relationship between the process parameters and Si(1 0 0) surface reconstruction is 

verified. The results are summarized as below. 

1) Annealing temperature and time 

There is strong relationship between annealing time, temperature and surface anisotropy intensity.  

✓ Lower temperature requires longer time to get strong surface anisotropic signal on Si(1 0 0). 

✓ There is lower limit on annealing temperature. In this study, the maximum anisotropic signal 

intensity is decreased at low surface annealing below 825 °C (expected sample surface 

temperature is lower than 800 °C). 

✓ Once formed double-layer step surface disordered with long time annealing. 

2) Partial pressure of arsenic 

Partial pressure of As and the As coating temperature are important parameters for removing oxide film 

on the Si(1 0 0) surface. In this research, 0.78mbar and 0.35mbar of As partial pressure, and 420 °C-670 °C 

/ 420 °C-830 °C As supply condition are verified. In this work, it is verified that high As partial pressure and 

supply temperature is effective to remove the oxide layer. 

Remaining oxide is not detected by RA signal which is the only in-situ measurement method in AIX-

200/4 reactor or other MOVPE which has no transfer system (MOVPE-to-UHV). From these reasons, rather 

high As partial pressure and high temperature is used in this following experiments. 

3) Partial pressure of hydrogen 

Partial pressure of hydrogen is important parameter for As desorption and surface reconstruction. In 

this research, 300mbar, 500mbar, and 750mbar is verified. The RA intensity of the As terminated Si surface 

is very well correlated with the hydrogen pressure.  
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In order to obtain a strong anisotropic signal, it is advisable to carry out the process under the highest 

possible reactor pressure. The for the MOVPE reactors used in this research, the maximum available reactor 

pressure at 850 °C is, 1) AIX-200/4: 750 mbar, 2) AIX-2000HT: 750 mbar, and 3) AIX-200: 950 mbar (this 

reactor is not located in Tokyo Univ. but located in our co-work group TU Ilmenau, Germany). 

From these results, a new condition for double-layer step formation on Si(1 0 0) is decided as below. 

1) Rector pressure: 750 mbar 

2) As partial pressure: 0.84 mbar 

3) As supply temperature: 300 °C-850 °C (entire time is controlled as ~14 min) 

4) Surface annealing temperature: 850 °C 

5) Surface annealing time: 3 min 

The RA data for above process condition is depicted in fig. 5-28 and 5-29. 

 

Fig. 5-28 A schematic of process flow and correspondence time transient RA. 
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Fig. 5-29 Time transient RA at 3.1 eV. 

The A-type Si(1 0 0) surface is successfully obtained by this process condition. In following sections, 

this surface reconstruction process condition is used for double-layer step formation on Si(1 0 0) for 

subsequent GaP growth. 

5.2 GaP heteroepitaxy on Si(1 0 0) surface 

GaP/Si template is a good candidate as a seed layer for subsequent GaAsP heteroepitaxy. In this research, 

the surface state of GaP(1 0 0) grown on double-layer stepped Si(1 0 0) surface is used as in-situ reference. 

The measured RA spectra of GaP/Si(1 0 0) surfaces have been established and benchmarked to surface 

science techniques in previous studies [37]. 

5.2.1 GaP heteroepitaxy on Si(1 0 0): surface states of GaP/Si  

For GaP/Si(1 0 0) heteroepitaxy, a two-step process [41]-[42] was applied. GaP was nucleated with 

alternating (TBP, TMGa) pulses of 1.5s each (starting with TBP, no pause in between), at 420 °C in reactor 

pressure of 100 mbar with increased V: III ratio of 40, compared to growth. GaP epilayers were grown using 

TBP and TMGa at 595 °C, 50 mbar with V: III=13 during 150 sec. The grown epitaxial layer was analyzed 

by RA and XRD measurement data. The layer thickness of grown GaP was ~50 nm was obtained by 

ellipsometry measurement (growth speed: 20 nm / min). 
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Fig. 5-30 A schematic of process flow for GaP/Si(1 0 0) heteroepitaxy. 

Figure 5-31(a) shows the time transient RA measured during the entire process of GaP heteroepitaxy 

on prepared Si(1 0 0) surface. Figure 5-31(b) and (c) show the in-situ measured RA signals at the surface 

reconstruction step.  

 

Fig. 5-31 (a) Color plot for time transient RA during the GaP growth on double-layer stepped Si 

surface. (b) Time transient RA at 3.1 eV, and (c) RA spectra measured at 420 °C. 
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RA spectra for Si(1 0 0) anisotropy measurement at 420 °C measured immediately before subsequent 

GaP growth on prepared Si(1 0 0) surface is shown in fig. 5-31(c). The clear anisotropic peaks are observed 

at 3.2 eV 3.7 eV which are derived from As terminated A-type Si(1 0 0) surface. From this, it could be 

deemed that the double-layer step surface was successfully formed on Si(1 0 0) surface. 

Figure 5-32 shows the in-situ RA spectrum measured at GaP growth process step. It is the RA signal of 

the same sample as fig. 5-30, but it shows only the part of GaP growth step is picked up. The grey dashed 

lines represent the critical points energies of GaP [38]. 

The main characteristics of the RA signal on the reconstructed P-terminated (2x2)/c(4x2) GaP(1 0 0) 

surface are a minimum peak value at around 2.3 - 2.6 eV and maximum peak at 3.4 – 3.7 eV [37],[39]. The 

minimum peak is considered that comes from the transition of dimerized P atom which is not bound to H 

atom [39], and the maximum peak is associated with a E1 transition [40]. 

 

Fig. 5-32 (a) A schematic of process flow for GaP heteroepitaxy on double-layer stepped Si(1 0 0) 

surface and corresponding time transient RA. (b) RA spectra measured at 150 °C. Time transient 

RA for (c) 2.4 eV and (d) 3.2 eV which comes from P-rich (2x2)/c(4x2) A-type GaP surface 

anisotropy.  
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Fig. 5-33 Top view of surface state: P-rich GaP(1 0 0) (2x2)/c(4x2) surface. 

From the above RAS signal, it was confirmed that A-type P-terminated GaP surface can be obtained 

when GaP is grown on the A-type double-layer step Si (1 0 0) surface. This can be used as an indicator in 

assessing the quality of epitaxial layer. However, since this shows information only about the surface 

morphology, additional analysis with TEM or XRD is necessary to discuss the crystal quality of the epitaxial 

layer. 
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5.2.2 X-ray diffraction of GaP on Si(1 0 0)  

By conducting X-ray diffraction (XRD) measurement on crystals subjected to heteroepitaxial growth, 

it is possible to determine how well the orientations of grown crystals are aligned, how much distortion is 

present in the crystal, whether lattice defects or the like have not occurred Important information on the 

grown crystals can be obtained. 

In this research, XRD measurement was performed as following to observe the characteristics of grown 

epitaxial layer. 

 

Fig. 5-34 Schematics of XRD measurement: (a) symmetrical reflection, and (b) asymmetric 

reflection.  

By measuring the symmetrical reflection, the interplanar spacing / lattice constant in the direction 

perpendicular to the substrate crystal surface can be obtained. In addition to this, if we can measure the 

asymmetric reflection and measure the surface spacing of the surface tilted with respect to the surface, we 

can calculate the lattice constant in the direction parallel to the surface by calculation. The coordinates Qx 

and Qy of the reciprocal lattice space can be obtained from the following equations. 

𝑄𝑥 =
1

𝜆
(cos(𝜔) − cos(2𝜃 − 𝜔))                                              (5.1) 

𝑄𝑦 =
1

𝜆
(sin(𝜔) + sin(2𝜃 − 𝜔))                                              (5.2) 

Where, λ is the wavelength of X-ray. In this research, Cu Kα,1 with wavelength of 1.540598(Å) is used 

for measurement. The theoretical Bragg angle and corresponding for each material is summarized in Table. 

5-1. 
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 Table. 5-1 Calculated Bragg angle and corresponding Qx, Qy. 

Material 

(Lattice constant Å) 

Lattice plane 

(h k l) 
2θ (°) ω (°) Qx × 10000 Qx × 10000 

Si 

(5.43095) 

(0 0 4) 69.1299 34.5649 0 7356.05 

(2 2 4) 88.0300 79.2794 -5201.516 7356.055 

GaP 

(5.4512) 

(0 0 4) 68.8368 35.5284 0 7337.83 

(2 2 4) 87.6194 79.0741 -5188.63 7337.83 

GaAs 

(5.6533) 

(0 0 4) 66.0528 33.0264 0 7075.51 

(2 2 4) 83.7516 77.1402 -5003.14 7075.51 

 

This section provides additional XRD analysis for the samples that have already completed surface 

analysis in the previous section. Figure 5-35 shows the 2θ-ω scan data for (0 0 4) plane (symmetric reflection), 

and reciprocal space mapping (RSM) data for (2̅ 2̅ 4) plane (asymmetric reflection). 

 

Fig. 5-35 (a) 2θ-ω scan data, and (b) RSM image for GaP/Si(1 0 0).  

From fig. 5-35(b), it can be seen that the epitaxially grown GaP layer was obtained which was pseudo-

morphic to Si. To further explain the structure of the epitaxial layer, the lattice plane distance of the grown 
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GaP layer is determined from the following equation.  

𝑑𝑒𝑝𝑖 =
sin(𝜃𝑠𝑢𝑏)

sin(𝜃𝑒𝑝𝑖)
𝑑𝑠𝑢𝑏                                                                   (5.3) 

Where, the depi and dsub are the lattice plane distance of epi-layer and substrate. The θepi and θsub 

represent θ values at which the XRD intensity is maximum for the epi-layer and the substrate. 

The calculated lattice plane distance of GaP epitaxial layer from eq. (5.3) is 1.365 Å for (0 0 4) plane, 

it is slightly increased value comparing to the original GaP (1.3628 Å). The resultant GaP / Si structure is 

shown in fig. 5-36. 

 

Fig. 5-36 The expected GaP epitaxial layer structure grown on Si substrate.  

5.2.3 Effect of residues on GaP epitaxial layer  

Double-stepped Si surfaces can be achieved at comparatively low-temperature annealing under arsenic 

ambient in MOVPE chambers and subsequent GaP epitaxial layer could be grown on that surface. In the 

succeeding growth, however, it is not possible to establish the same ambient condition in the reactor every 

time due to residual atoms (Ga, P and As) on the reactor wall, which was deposited in the preceding growth. 

The impact of residuals on GaP heteroepitaxial layer growth is still unclear because the previous works 

mainly deal with the preparation of double-layer stepped Si surfaces in the MOVPE reactor totally cleaned 

to be free from group-Ⅲ contamination. In this study, we investigate about the impact of residuals on GaP 

film growth on Si(1 0 0) substrate and the method to remove the residuals in the reactor. 

At first, three successive GaP growth experiments were conducted without additional reactor cleaning 

to determine the effect of the residue on GaP heteroepitaxy. The GaP growth conditions for each experiment 
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were exactly same as depicted in fig. 5-30. 

 

Fig. 5-37 RA spectrum measured at 150 °C for GaP/Si(1 0 0) surface.  

The RAS signals measured at 150 °C are shown in fig. 5-37. In fig. 5-37, red line is for GaP surface 

grown in very clean reactor (only As existed on the reactor wall, without any group-III material). Blue line 

and green line show the GaP surface states which are conducted without additional cleaning for the reactor 

after the first growth (Ga, P and As atoms remained in the reactor from previous growth). The surface 

anisotropic peak intensity is drastically dropped in the blue line, and in the third growth, the anisotropic peak 

almost disappeared. It is difficult to predict the exact atomic arrangement of the GaP surface from the RAS 

signal, but it can be seen that at least the P-terminated A-type GaP/Si(1 0 0) surface is disordered. 

 

Fig. 5-38 2θ-ω measurement data for GaP/Si(1 0 0): lattice plane (0 0 4). 
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Fig. 5-39 RSM images for GaP/Si(1 0 0). Lattice plane: (2̅ 2̅ 4)  

XRD measurements were performed to determine the quality of the crystals. The XRD measurement 

results show almost the same results for the GaP epitaxial layers grown in the contaminated reactor. The 

RSM image of the GaP epitaxial layer grown in the contaminated reactor shows a broad and weak peak of 

GaP, while a clear peak without relaxation was obtained in the first sample, and the peak of GaP is spread 

over the complete relaxation line. Assuming that a GaP film of the same thickness is grown for the three 

samples, a broad and weak peak of XRD means that the atom arrangement of the crystal is not somewhat 

regular and thus the quality of the grown epitaxial crystal is not good. 

In addition, although not attached here, about the RA signal for Si double-layer step formation, there 

was no anisotropic signal in both two samples which are grown in contaminated reactor. From these results 

with RAS and also with XRD, it is verified that the residue of the reactor has a significant influence on the 

subsequent growth. 

Removal of the residues 

In the following, three conditions of GaP growth process is discussed: GaP heteroepitaxial layer grown 

in (1) a clean reactor (possible residual is only As), (2) a contaminated reactor (Ga, P and As remained from 

the preceding GaP growth), and (3) a reactor after the removal of residuals (flushing the residuals by baking 

before the process). For the growth condition, almost same as in previous samples but only different from 

the As coating temperature as shown in fig. 5-40. 
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Fig. 5-40 A schematic of process flow for GaP growth on Si(1 0 0).  

As-terminated Si surface was formed during TBA exposure at 670°C. The terminated As atoms 

desorbed during the annealing process at 850°C and surface atoms rearranged to have low surface energy. 

By the optimal annealing condition, the double-layer stepped Si(1 0 0) surface could be obtained. After the 

pretreatment of Si surface, subsequent GaP epitaxial layer was grown by two-step growth process as 

described in the begging of this section. Figure 5-41 shows the transient RA signal of the first sample which 

was prepared in the clean reactor. 

 

Fig. 5-41 (a) In-situ measured transient RA signal during GaP heteroepitaxial layer growth in the 

clean reactor. (b) The enlarged transient RA signal of the white box region in (a) which is for the 

Si(1 0 0) surface reconstruction process. 

Here, the RA signal was measured with sample rotation and the signal shows the absolute value of RA. 

As shown in fig. 5-41, the peaks corresponding to the double-layer stepped Si(1 0 0) surface and the GaP 

layer on Si were observed. RA spectra measured after Si surface reconstruction at 400°C and after GaP 
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heteroepitaxial growth at 200°C are shown in fig. 5-42, respectively. The gray dashed lines indicate the 

critical point energies of Si [44] and GaP [45]. 

 

Fig. 5-42 (a) RA spectrum measured at 400°C after Si reconstruction process. (b) RA spectrum 

measured at 200°C after GaP layer growth. 

RA signal peak corresponding to Si E1 state was observed as shown in fig. 5-42(a). It could be deemed 

that the double-layer step surface was formed on Si (100) surface. In the subsequent GaP growth, GaP was 

grown for 90 sec on that surface after nucleation by pulsed TMGa and TBP. A broad peak at 2.5eV~3eV and 

a sharp peak around 3.4eV originated from the P-terminated (2×2)/c(4×2) reconstructed surface state of GaP 

heteroepitaxial layer was observed as shown in fig. 5-42(b) indicating the successful growth of GaP on 

Si(100) surface without substantial density of antiphase domains because the surface with large antiphase 

domains does not show RA signals due to random dimer direction on the surface. 

Second sample was prepared in the contaminated chamber by using completely the same recipe as the 

first sample without any residue removal process before the growth. In this condition, remaining Ga, P and 

As atoms due to the first sample growth existed. Before moving to the third growth, we bake the reactor at 

850 °C for 30 min under 100 mbar of H2 ambient for flushing the residuals. The third sample was grown by 

using the same recipe as the previous ones except for the extended growth time of GaP from 90 sec to 150 

sec (to sharpen the RA intensity peak [1]). RA spectra of these two samples were measured at 200 °C without 

sample rotation as shown in fig. 5-43. The RA spectra for the first sample was measured with rotation, as 

mentioned above, and the sign of RA signal for the first sample was turned to negative in the photon energy 

range of 2 - 3.15 eV for comparison with the other samples. 

The RA intensity for second sample grown in the contaminated reactor is only 50% compared to the 

other samples in the photon energy range around 3.5 eV, and we could not observe the Si(1 0 0) anisotropy 
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signal during the surface preparation stage after TBA exposure. This degradation in the RA signal indicates 

the failure in the surface preparation of Si and the subsequent growth of GaP seems to be accompanied by a 

lot of antiphase domains. For the third sample growth, high temperature baking of the MOVPE chamber at 

850 °C to flush the residuals was applied before the sample preparation, and the RA signal intensity was 

recovered to the similar level to the first same grown in the fresh reactor. This recovery of the RA signal 

indicates that Ga, P and As residuals could be flushed out with high temperature baking, and the GaP without 

noticeable antiphase domains was obtained. 

 

Fig. 5-43 Comparison of RA spectra for three conditions: GaP grown on Si (100) surface (1) in the 

clean reactor (2) in the contaminated reactor (3) after the MOVPE chamber baking.  

Here, it is investigated about the impact of residuals in a MOVPE reactor on the heteroepitaxial growth 

of GaP on a Si (100) substrate. The existence of antiphase domains in the GaP layer on Si was related to the 

intensity of RA peaks corresponding to the (2×2)/c(4×2) reconstructed GaP surface. Si surface reconstruction 

was hindered even with a small amount of residue that was deposited during the growth of a GaP layer with 

only several tens of nanometers in thickness, as indicated by the degradation in the RA signal. To remove 

the contaminations in the reactor, we baked the reactor at high temperature of 850 °C for 30 min before 

loading a new sample in the MOVPE reactor to flush out residual contaminations. The RA signal was 

recovered to almost the same level as the initial sample grown in the flesh reactor, indicting the effectiveness 

of reactor baking on the growth of GaP without antiphase domains. However, after the growth of a thick GaP 

layer, baking will not be a good method for remove the contaminations in the reactor due to a risk of forming 

Ga metal droplets on the reactor wall, which will act as detrimental source of Ga evaporation in the 

succeeding run of Si surface preparation. More effective method of removing abundant Ga atoms from the 

reactor wall is a target of future study. 
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5.2.4 Regrowth of GaP on GaP/Si template  

1) GaP/Si(1 0 0) template fabrication by AIX-2000HT reactor 

As mentioned in the previous section, the environment in the reactor is very important for Si surface 

reconstruction and growth of subsequent GaP. Therefore, after every GaP growth, the reactor quartz tube 

should be cleaned with aqua regia, and the susceptor also should be cleaned with chlorine at a high 

temperature of over 1000 °C. Here, the fabrication of GaP / Si (1 0 0) template using another reactor (AIX-

2000HT) is introduced. 

 

Fig. 5-44 AIX-2000HT reactor.  

Planetary reactor AIX-2000HT as shown in fig. 5-44 can fabricate the 7 samples of 2-inch wafers in 

one growth, and the reactor can be cleaned by introducing hydrogen chloride to the reactor. The process flow 

of GaP/Si(1 0 0) is as below (the Si surface preparation and GaP growth process are same as fig. 5-30). 

Reactor cleaning by HCl (before loading a sample wafer into the reactor) 

→ Reactor is cleaned by HCl at 800 °C, 750 mbar during 20 min. 

→ After stopping the HCl supply, reactor was baked at 850 °C with hydrogen ambience for 30 min. 

→ Before loading the Si wafer into reactor, one more baking process is done with As at 850 °C for 

30min. 

GaP heteroepitaxy on Si(1 0 0) 

→ Si surface coating with As at 420 °C - 850 °C, 750 mbar. 

→ Si surface annealing at 850 °C, 750 mbar during 3 min. 
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→ GaP was nucleated with alternating (TBP, TMGa) pulses of 1.5s each (starting with TBP, no pause 

in between), at 420 °C in reactor pressure of 100 mbar with increased V: III ratio of 40. 

→ GaP epilayers were grown at 595 °C, 100 mbar with V: III=13 during 150 sec. 

 

Fig. 5-45 (a) 2θ-ω measurement data. (b) Mirror-like surface is obtained. 

2θ-ω measurement results of 2 samples which are prepared in AIX-200/4 and AIX-2000HT are shown 

in fig. 5-45(a), and the picture of the sample surface prepared in AIX-2000HT is shown in fig. 5-45(b). The 

full width at half maximum (FWHM) value of 2θ is 705 arcsec (for Si peak, 57 arcsec) and 820 arcsec (for 

Si peak, 65 arcsec) for AIX-200/4 sample and for AIX-2000HT sample respectively. For both of samples, 

mirror-like surfaces are visually observed, but the XRD measurements show that the GaP peak of the sample 

in the AIX-2000HT reactor is broader. 

More details about crystal quality of GaP grown by AIX-2000HT reactor is discussed with TEM images 

shown in fig. 5-46. Figure 5-46(a), (b) and (c) show the cross-sectional view of grown GaP epitaxial layer. 

It can be seen that dislocations in the direction of 59 ° and 50 ° are generated with respect to the surface of 

Si(1 0 0) which is tilted 4 ° to the <1 1 1> direction. Considering that the angle formed by the (1 1 1) lattice 

plane and the (1 0 0) plane is 54.7 °, it can be considered that these dislocations are generated along the    

(1 1 1) plane. That is, it can be regarded as dislocations due to APD. The grown GaP layer has many antiphase 

boundaries and the thickness distribution is uneven (25 nm ~ 45 nm). About the dislocation density counted 

by plane view of TEM images, over 1010 cm-2 is observed. 

Although the single domain surface was not obtained, it is meaningful that a 2-inch wafer size GaP / Si 

(1 0 0) template was fabricated in a reactor with HCl cleaning treatment at 800 °C. There are still remaining 

studies to optimize the process parameters for Si surface preparation and GaP growth in the AIX-2000HT 

reactor, because there are process conditions differences which comes from the reactor environment (such 
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as the difference between the reactor temperature and the actual sample surface temperature) between these 

two types of reactors. However, if it is possible to fabricate a GaP/Si(1 0 0) template by using this planetary 

reactor, 7 samples can be obtained at one growth and the burden of susceptor cleaning can be reduced. 

 

 

Fig. 5-46 TEM image for GaP/Si(1 0 0) template prepared in AIX-2000HT reactor. (a)-(c) are 

cross-sectional image and (d)-(e) are plane view of the sample. 
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2) GaP/Si(1 0 0) template 

The Ga(As)P growths which are discussed in the following sections are implemented on the GaP/Si(1 

0 0) templates which are fabricated in AIX-2000HT reactor at one growth.  

 

Fig. 5-47 (a) 2θ-ω measurement data for (0 0 4) plane, and (b) RSM image for (2̅ 2̅ 4) plane of 

GaP/Si(1 0 0) template grown in AIX-2000HT reactor.  

2θ-ω measurement data is shown in fig. 5-47(a), and the RSM image is shown in fig. 5-47(b). In 2θ-ω 

measurement, very broad and weak peak of GaP is observed. RSM also shows the broad and weak GaP peak, 

and the peak is broadening to fully relaxation line. About the sample surface, mirror-like surfaces are visually 

observed, but slightly darker than previous sample depicted in fig. 5-45. 

For this samples, the double-layer step is not well formed due to the inherent surface morphology issue 

of the wafer itself (details are introduced in Appendix B), so the fabricated GaP/Si(1 0 0) template does not 

show well-ordered characteristics. However, since the surface of the GaP-coated Si is hard to generate an 

oxide film and can be removed at a low temperature, this has high prospective to application. 
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3) GaP regrowth on the GaP/Si(1 0 0) template 

Here, the results of GaP regrowth on the GaP/Si(1 0 0) template which is expressed in above is discussed. 

Process flow for GaP regrowth on GaP/Si(1 0 0) is depicted in fig. 5-48. 

 

Fig. 5-48 A schematics of process flow and structure of heteroepitaxy: GaP regrowth in the AIX-

200/4 reactor on GaP/Si(1 0 0) template prepared in the AIX-2000HT reactor. 

GaP growth is conducted at AIX-200/4 reactor using GaP/Si(1 0 0) template prepared in AIX-2000HT. 

The experimental details are as below. 

✓ Bake at 650 °C with TBP during 20 min: remove the surface oxide layer. 

✓ GaP epilayers were grown at 700 °C, 100 mbar with V (TBP):III (TMGa) = 8, during 8 min (growth 

rate: 20 nm / min). 

2θ-ω measurement data and RSM image are shown in fig. 5-49 (a) and (b), and the picture of the sample 

surface prepared is shown in fig. 5-49(c).  
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Fig. 5-49 (a) 2θ-ω measurement data for (0 0 4) lattice plane, and (b) RSM image for (2̅ 2̅ 4) plane 

of regrown GaP sample (in AIX-200/4 reactor) on GaP/Si(1 0 0) template (prepared in AIX-

2000HT reactor). (c) A slightly dark (with a purple color), but mirror-like surface was obtained. 

From the XRD measurement data, in the both of 2θ-ω scan and reciprocal space scan, fully relaxed 

GaP epitaxial layer is observed, and the mirror-like surface but slightly dark (not white but slightly purple) 

is also obtained.  

It can be verified that fully related thick (hundreds of nm) GaP epitaxial layer can be grown on the 

GaP/Si(1 0 0) quasi-substrate even though that crystal quality of template is not so high. 
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5.3 GaAsP heteroepitaxy on GaP/Si 

5.3.1 Calculation method for lattice deformation in heteroepitaxy  

Lattice strain originates from mismatch of the substrate lattice, and film surface, and the lattice is 

deformed when materials with different lattice constants are integrated by heteroepitaxy. In deformed lattice, 

the lattice plane distance and direction are different from undeformed lattice, so the XRD characteristics is 

also different. 

In the reciprocal lattice space, the fluctuation of the lattice plane orientation of the crystal is observed 

as the spread of the Bragg point on the spherical surface centering on the origin. On the other hand, the 

change in the lattice spacing of crystals is observed as a change in the radial direction in the reciprocal lattice 

space. In order to observe this change, measurements called ω-2θ measurement are made. 

 In this section, a method of calculation for the lattice parameters, such as lattice constant and 

components, of the epitaxial layer considering the lattice strain from the measured XRD data is introduced. 

 

Fig. 5-50 A schematic of lattice deformation.  

When considering a heteroepitaxy as shown in Figure 5-50, the deformed lattice parameters can be 

estimated as follows. Where, asub and a0 are the lattice constant of substrate and the lattice constant of 

epitaxial film in the absence of strain, and a and c are deformed lattice constant which of in plane direction 

(transverse) and crystal growth direction (longitudinal). 
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In estimating the lattice deformation in heteroepitaxy of GaAs1-xPx on GaP/Si(1 0 0), the elastic stiffness 

constants are used as following values.  

✓ Elastic stiffness for GaP: C11 = 14.39 / C12 = 6.52 

✓ Elastic stiffness for GaAs: C11 = 12.23 / C12 = 5.71 

✓ Elastic stiffness for GaAs1-xPx: C11 = 14.39 × x + 12.23 × (1-x) / C12 = 6.52 × x + 5.71 × (1-x) 

Poisson's ratio ν, which is the ratio between the transverse strain and the longitudinal strain, is expressed 

as eq. (5.4). 

𝜈 =
𝐶12

𝐶11 + 𝐶12
                                                                  (5.4) 

For GaAs1-xPx, the Poisson's ratio has a value of 0.312 – 0.318 in the range from x = 0 to x = 1. Here, 

the average value of Poisson's ratio, 0.315 is used for all estimation. From this, the relation between deformed 

lattice constant, in plane direction a and crystal growth direction c, can be expressed as follows. 

𝑐 = 𝑎 + 
1 + 𝜈

1 − 𝜈
Δ𝑎 = 𝑎 + 

1 + 𝜈

1 − 𝜈
(𝑎0 − 𝑎)                                         (5.5) 

With respect to a crystal growing while undergoing some restraint from a substrate crystal on a substrate 

crystal, it is impossible to know the original lattice constant (when there is no deformation) merely by 

measuring the lattice spacing of one face of the crystal. This is because it is impossible to know how much 

the change in the measured interplanar spacing depends on the change in the lattice constant of the grown 

crystal and how much it is derived from the distortion due to constraint to the substrate crystal. On the other 

hand, if the surface spacings of a plurality of planes which are not parallel to each other are measured, it is 

possible to know how much the grown crystal is distorted and also to estimate the lattice constant in the 

unstrained state. When the crystal axis in the epitaxial growth direction is taken as the c-axis, the interplanar 

spacing in the c-axis direction of the GaAsP layer grown on the GaP/Si(1 0 0) crystal, can be obtained by 

measuring the diffraction of the (0 0 4) lattice plane, and lattice plane distance (d004) can be estimated as eq. 

(5.6). 

𝑑004 =
1

4
𝑐                                                                  (5.6) 

However, from this interplanar spacing, lattice constant of GaAsP can not be decided immediately, so 

additional information is required for estimating. In this case, if asymmetry reflection measurement such as 

d224 is determined by diffraction measurement of the (2 2 4) plane, the transverse lattice constant a and 

longitudinal lattice constant c can be determined as below. 
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𝑑224 =
1

√ 8
𝑎2
+
16
𝑐2

                                                                  (5.7) 

𝑎 =
1

√
1

8𝑑224
2 −

1
8𝑑004

2

                                                                  (5.8) 

From above equations, the a0 can be estimated. 

𝑎0 =
2𝜈

1 + 𝜈
𝑎 +

1 − 𝜈

1 + 𝑣
𝑐                                                              (5.9) 

It is known that the lattice constant of unstrained GaAs1-xPx (aGaAsP) changes linearly from the lattice 

constant of GaP (aGaP) to the lattice constant of GaAs (aGaAs) depending on P composition x (Vegard's law). 

From these calculations, the P composition in grown GaAs1-xPx can be estimated as below. 

𝑥 =
𝑎0 − 𝑎𝐺𝑎𝐴𝑠
𝑎𝐺𝑎𝑃 − 𝑎𝐺𝑎𝐴𝑠

                                                              (5.10) 

5.3.2 GaAsP heteroepitaxy on GaP/Si(1 0 0)  

5.3.2.1  GaAsP growth on GaP/Si(1 0 0) at low reactor temperature 

Figure 5-51 shows the schematic of process and grown GaAsP/GaP/Si structure by AIX-200/4 reactor. 

 

Fig. 5-51 A schematics of process flow and structure of heteroepitaxy: GaAs1-xPx regrowth in the 

AIX-200/4 reactor with prepared GaP/Si(1 0 0) sample in the AIX-2000HT reactor. 
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GaAsP heteroepitaxy is conducted at AIX-200/4 reactor using GaP/Si(1 0 0) template prepared in AIX-

2000HT. The experimental details are as below. 

✓ Bake at 600 °C with TBP during 10 min: remove the surface oxide layer. 

✓ GaAsP epitaxial layers were grown at 650 °C (reactor temperature), 100 mbar with V 

(TBP+TBA):III (TMGa) = 10, during 10 min (growth rate: 20 nm / min) for each layer. 

→ 1st GaAsP epitaxial layer: As proportion in total group V (summation of TBA and TBP) gas 

phase is 2.4 % (TBA/GroupV = 0.024). 

→ 2nd GaAsP epitaxial layer: As proportion in total group V (summation of TBA and TBP) gas 

phase is 4.8 % (TBA/GroupV = 0.048). 

2θ-ω measurement data and RSM image are shown in fig. 5-52 (a) and (b). 

 

Fig. 5-52 (a) 2θ-ω measurement data for (0 0 4) lattice plane, and (b) RSM image for (2̅ 2̅ 4) plane 

of GaAs1-xPx regrowth (in AIX-200/4 reactor) on GaP/Si(1 0 0) template (prepared in AIX-

2000HT reactor).  

From the XRD measurement data, in the both of 2θ-ω scan and reciprocal space scan, fully relaxed 

GaAs1-xPx epitaxial layer is observed. The calculated As component in each layer is described in fig. 5-53. 
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Fig. 5-53 The ratio of As in the crystal phase to the ratio of As in the gas. 

The As content in the crystal and the As content in the gas are not linear. The As content in solid is very 

high even by using low proportion in gas phase under growth at 650 °C. Therefore, in the low temperature 

growth under 650 °C (expected sample surface temperature is 600 °C), it is difficult to design a graded buffer 

layer because low As content of GaAsP can not be fabricated. 

5.3.2.2  Thick GaAsP growth on GaP/Si(1 0 0) 

Figure 5-54 shows the schematic of process and grown GaAsP/GaP/Si structure by AIX-2000HT reactor. 

 

Fig. 5-54 A schematics of process flow and structure of heteroepitaxial layer: GaAs1-xPx on the 

GaP/Si(1 0 0) sample prepared in the AIX-2000HT reactor. 



Chapter5   GaAsP on Si heteroepitaxy 

139 

 

Thick GaAsP heteroepitaxy is conducted at AIX-2000HT reactor using GaP/Si(1 0 0) template prepared 

in AIX-2000HT. The experimental details are as below. 

✓ Bake at 600 °C with TBP during 10 min: remove the surface oxide layer. 

✓ GaAsP epitaxial layers were grown at surface temperature of 680 °C with V (TBP+TBA):III 

(TMGa) = 10, As proportion in total group V (summation of TBA and TBP) gas phase is 20 % 

(TBA/GroupV = 0.2). 

→ 1st sample for GaAsP/GaP/Si(1 0 0): reactor pressure is 100 mbar. Sample surface 

temperature is 680 °C (reactor temperature: ~780 °C), and thickness of grown GaAsP layer is 

1 μm (growth rate: 20 nm / min). 

→ 2nd sample for GaAsP/GaP/Si(1 0 0): reactor pressure is 750 mbar. Sample surface 

temperature is 680 °C (reactor temperature: ~750 °C), and thickness of grown GaAsP layer is 

~200 nm (growth rate: 17.5 nm / min). 

The 2θ-ω measurement data for (0 0 4) lattice plane and RSM images for (2̅ 2̅ 4) lattice plane are shown 

in fig. 5-56, and the in-situ measured reflectance is shown in fig. 5-55. From the XRD measurement data, in 

the both of 2θ-ω scan and reciprocal space scan, fully relaxed GaAs1-xPx epitaxial layer is observed. In both 

of samples, the peak of GaAs1-xPx epitaxial layer is located in same point, and the calculated As component 

in grown GaAs1-xPx is 27 % in both samples. The peak intensity is relying on the thickness of grown GaAsP, 

so the peak for 100 mbar condition is higher than 750 mbar condition sample. 

 

Fig. 5-55 In-situ measured reflectance during the growth. 
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Fig. 5-56 (a) 2θ-ω measurement data for (0 0 4) lattice plane, and RSM image for (2̅ 2̅ 4) plane of 

GaAs1-xPx on GaP/Si(1 0 0) template (prepared in AIX-2000HT reactor) grown at the reactor 

pressure of (b) 100 mbar and (c) 750 mbar.  

As the epitaxial layer grew, the in-situ reflectance decreased in both conditions, but there was a 

difference in the drop rate. Under the growth conditions of 750 mbar, vibration in the reflectance caused by 

the epitaxial growth was identified, and under the conditions of 2.4 eV the reflectance dropped by 0.15, 

whereas under the conditions of 100 mbar, reflectance dropped very quickly, and the vibration is not 

observed.  
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5.3.2.3  Graded GaAsP layer growth on GaP/Si(1 0 0) 

Figure 5-57 shows the schematic of process and grown graded-GaAsP/GaP/Si structure by AIX-

2000HT reactor. 

 

Fig. 5-57 A schematics of process flow and structure of heteroepitaxy: graded-GaAs1-xPx on the 

GaP/Si(1 0 0) sample prepared in the AIX-2000HT reactor. 

Graded GaAsP heteroepitaxy is conducted at AIX-2000HT reactor using GaP/Si(1 0 0) template 

prepared in AIX-2000HT. The experimental details are as below. 

✓ Bake at 600 °C with TBP during 10 min: remove the surface oxide layer. 

✓ GaAsP epitaxial layers were grown at surface temperature of 680 °C with V (TBP+TBA):III 

(TMGa) = 10, during 10 min for each layer (growth rate in 100 mbar: 20 nm / min, in 750 mbar: 

17.5 nm / min). 

→ 1st GaAsP layer: As proportion in total group V (summation of TBA and TBP) gas phase is 

1.1 % (TBA/GroupV = 0.011). 

→ 2nd GaAsP layer: As proportion in total group V (summation of TBA and TBP) gas phase is 

2.4 % (TBA/GroupV = 0.024). 
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→ 3rd GaAsP layer: As proportion in total group V (summation of TBA and TBP) gas phase is 

8 % (TBA/GroupV = 0.08). 

→ 4th GaAsP layer: As proportion in total group V (summation of TBA and TBP) gas phase is 

11.2 % (TBA/GroupV = 0.112). 

→ 5th GaAsP layer: As proportion in total group V (summation of TBA and TBP) gas phase is 

20 % (TBA/GroupV = 0.2). 

✓ Two samples are prepared in different reactor pressure of 100 mbar and 750 mbar. 

 

Fig. 5-58 (a) 2θ-ω measurement data for (0 0 4) lattice plane, and RSM image for (2̅ 2̅ 4) plane of 

graded-GaAs1-xPx on GaP/Si(1 0 0) template (prepared in AIX-2000HT reactor) grown at the 

reactor pressure of (b) 100 mbar and (c) 750 mbar.  
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Fig. 5-59 In-situ measured reflectance during the growth. 

The 2θ-ω measurement data for (0 0 4) lattice plane and RSM images for (2̅ 2̅ 4) lattice plane are shown 

in fig. 5-58, and the in-situ measured reflectance is shown in fig. 5-59. From the XRD measurement data, in 

the both of 2θ-ω scan and reciprocal space scan, partially relaxed graded-GaAs1-xPx epitaxial layers are 

observed. In both of samples, the peaks of GaAs1-xPx epitaxial layers are located in same points, and the 

calculated As component in grown graded-GaAs1-xPx layers are shown in fig. 5-60. 

 

Fig. 5-60 The ratio of As in the crystal phase to the ratio of As in the gas. 

The layer distinction between 1st and 2nd GaAsP is not observed. However, it can be seen that the As 

content in the crystal and the As partial pressure in the gas phase are close to linear in the growth of the As 

partial pressure at over 8%. 
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For the peak for each layer, the peak positions are same in both of reactor pressure conditions. However, 

the peak sharpness is different in two conditions. This result is same as the result from previous experiment 

of GaAsP/GaP/Si(1 0 0) heteroepitaxy.  

In summary of GaAsP heteroepitaxy on GaP/Si(1 0 0) template,  

1) High growth temperature (the sample surface temperature of 680 °C) is required to fabricate 

low As content GaAsP layer. 

2) High reactor pressure (750 mbar) shows better quality of epitaxial layer than low reactor 

pressure (100 mbar). 

 

 

Fig. 5-61 The expected ratio of As content in the crystal phase to the As in the gas phase which are 

represented in blue dots. 

Figure 5-61 shows the expected As content to be obtained in solid phase, when GaAsP was grown at a 

surface temperature of 680 °C. From this estimation, graded buffer layer for GaAs0.5P0.5 heteroepitaxy on 

GaP/Si(1 0 0) surface can be designed. 

As can be seen from the above results, As has a high rate of incorporation into grown crystals even at 

very low partial pressures compare to the P even in the high temperature growth. Therefore, in the fabrication 

of the proposed structure in chapter 4, gas changing process at the interface between the barrier (GaP) and 

the well (GaAs0.8P0.2) should be done carefully to form a abrupt GaP barrier. Several possible strategies are 

suggested as below, from the results of this study. 

1) Adopting high growth temperature. 
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2) Stabilizing the surface with TBP a long time before opening the Ga source to minimize the 

influence of As remaining in the reactor at the gas changing stage. 

3) It is conceivable to increase the partial pressure of P during barrier layer, GaP growth and to lower 

the partial pressure of As remaining in the reactor to a negligible level. 
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Chapter 6 Conclusion 

Cell design with MQWs 

A new GaAsP/Si tandem cell structure including multi-quantum wells (MQWs) layer is proposed. 

✓ Concept for the MQWs-GaAsP/Si tandem solar cell 

1) Current matching with active Si substrate: effective band gap of top absorber with MQWs is 

in the range of 1.65 eV ~ 1.8 eV. 

2) Reduce the lattice mismatch between top absorber and Si: the bulk matrix of the top subcell 

is fixed GaAs0.5P0.5. 

With the above concept, it is possible to obtain a current-matched top absorber with Si even by reducing 

the arsenic contents in the bulk matrix by extending the photon absorption region by introducing the MQWs. 

The most important advantage of this concept of structure is to reduce costs and burden of crystal growth. 

By reducing the As contents in the bulk matrix while maintaining high energy conversion efficiency, it is 

possible to reduce the lattice mismatch and thermal mismatch with Si, thereby reducing the thickness of the 

metamorphic buffer layer. 

In theoretical calculation for efficiency of MQWs-GaAsP/Si tandem solar cell, the carrier dynamics 

(effective mobility and carrier collection efficiency (CCE)) in low-dimensional quantum well are considered, 

therefore more realistic prediction is possible.  

According to the calculation, either very thin (below 4nm) or very thick (over 30 nm) barriers are 

suitable for enhancing CCE, the optimum stacking periods exists because increasing periods results in both 

the enhancement in light absorption and the degradation of CCE, and the conversion efficiency can reach 

42.6% if we implement 60-periods MQWs composed of GaAs0.8P0.2 wells (5 nm) and GaP barriers (3 nm). 

Generalization of manufacturing process conditions 

In this study, we focused on generalization of the fabrication process condition for GaAsP heteroepitaxy 

on Si(1 0 0) by MOVPE. Therefore, in order to find the conditions applicable to any MOVPE reactor, a 

series of experiments were designed focusing on clarifying the relationship between process parameters and 

surface conditions. 
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1) Surface preparation 

In chapter 5, the relationship between the Si(1 0 0) surface preparation for forming double-layer step 

on the surface is verified. 

✓ Annealing temperature and time 

There is strong relationship between annealing temperature and annealing time. For annealing 

temperature, it should be discussed with the surface temperature, not with the reactor temperature 

because the difference between temperature on the wafer surface and the reactor temperature is 

different from reactor to reactor. In this study, IR-heater heating system was applied for the reactor, 

therefore the following discussed temperatures are the estimated surface temperature. 

→ Lower temperature requires longer time to form double-layer step on Si(1 0 0). 

→ There is lower limit on annealing temperature: ~790°C 

→ Optimized condition: ~820°C for 2~5 min  /  ~790°C for 10~15 min. 

✓ Partial pressure of arsenic 

Partial pressure of As and exposure temperature are important parameters for deoxidation on Si 

surface. It is obvious that, high partial pressure of As can reliably remove the oxide film on Si. 

However, too high partial pressure or exposure temperature can undesirably roughen the surface and 

increase material consumption. Therefore, the following conditions are proposed in this study.  

→ Partial pressure of As: 0.8 mbar 

→ TBA exposure temperature: 420°C~annealing temperature (Open the TBA source line at 

420°C, and close it when it reaches the annealing temperature point.) 

✓ Partial pressure of hydrogen 

Surface reconstruction by atomic scale desorption and adsorption in the MOVPE highly depends 

on the chemical potential of hydrogen which is flowing as a carrier gas during the process. In this 

study, the impact of the partial pressure of the hydrogen is verified. The surface anisotropy of the Si(1 

0 0) substrate is very well correlated with the hydrogen pressure, and it was clear that higher 

anisotropic signal can be obtained in the higher hydrogen pressure. Thus, it is suggested that the 

surface reconstruction process be performed under the highest possible pressure in each reactor. 
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2) Ga(As)P re-growth on GaP/Si(1 0 0) template 

Ga(As)P re-growth conditions were also introduced in chapter 5. Si surface preparation process is very 

sensitive to the remaining group-III material residuals in the reactor from previous growth. Therefore, after 

every growth, the reactor quartz tube and susceptor should be cleaned. This kind of cleaning process causes 

the productivity of the cell to be lowered. In this research, re-growth of Ga(As)P on GaP/Si(1 0 0) template 

by planetary reactor, which can be cleaned by introducing HCl to the reactor and can fabricate 7-samples of 

2-inch wafers in one growth, was investigated. 

As a result, the characteristics of regrown Ga(As)P did not show difference depending on the kind of 

the reactor, but it was different depending on the wafer surface temperature and reactor pressure during 

crystal growth. 

Overview of this research 

This research has been carried out from the design of the III-V / Si tandem solar cell to achieve high 

efficiency at the same time as cost reduction. As for the design of the cell, GaAsP top absorber incorporating 

multi-quantum well structure was proposed, and the structure was optimized by calculating the realistic 

expected efficiency of this structure. Regarding the actual fabrication of the cell, experiments were 

conducted focusing on the generalization of manufacturing process conditions, and proposed process 

conditions applicable to any reactor. 
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Appendix A: Calculation parameters 

Table. A-1 Calculation parameters 

Parameters Value 

Lattice constant [Å] 
GaAs 5.6533 

GaP 5.4508 

Effective mass (𝒎𝟑𝑫
∗ ,𝒎𝒑𝒆𝒓

∗ ) 

GaAs 

Electron 0.067 𝑚0 

Heavy hole 0.5 𝑚0 

Light hole 0.082 𝑚0 

GaP 

Electron 0.17 𝑚0 

Heavy hole 0.86 𝑚0 

Light hole 0.14 𝑚0 

Elastic stiffness 
GaAs 1.223 (a) 

GaP 1.439 (a) 

Deformation potential for valence band 
GaAs 1.16 (a) 

GaP 1.7 (a) 

Deformation potential 
GaAs -1.7 (a) 

GaP -1.5 (a) 

Deformation potential for conduction band 
GaAs -7.17 (a) 

GaP -7.14 (a) 

Spin-orbit splitting 
GaAs 0.34 

GaP 0.08 

Shockley-Read-Hall life time [μsec] 100 

 (a) The values in [1]. 

In-plane effective mass of GaAs and GaP is used as approximate value as below [2]-[6]. 

𝑚𝑖𝑛,𝑒
∗ = 1.2 × 𝑚3𝐷,𝑒

∗                                                        (A. 1) 

𝑚𝑖𝑛,ℎℎ
∗ = 0.4 × 𝑚3𝐷,ℎℎ

∗                                                     (A. 2) 

𝑚𝑖𝑛,𝑙ℎ
∗ = 2.4 × 𝑚3𝐷,𝑙ℎ

∗                                                     (A. 3) 

Where, 𝑚𝑖𝑛,𝑒
∗ , 𝑚𝑖𝑛,ℎℎ

∗ , and 𝑚𝑖𝑛,𝑙ℎ
∗  are in-plane effective mass for electron, heavy hole and light hole 

respectively. 
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Appendix B: Substrate surface morphology and surface 

reconstruction 

Although not covered in the papers, natural Si(1 0 0) surface morphology before the arsenic treatment 

is a one of the most important factor to reconstruct the surface as a double-layer step. In this study, Si 

substrates made by three different companies (unknown and EnM from Japan, SiMat from Germany) were 

used, and except manufacturer all the specs are the same in all wafer. The company of the wafers used in 

early stage of this research is not clear, and it is called “unknown” here. 

 

 

      Fig. A-1 A schematic of process flow. 

The RA spectra for the three samples of different companies is compared in fig. A-2, which are 

conducted by same surface treatment condition as described in fig. A-1.   
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      Fig. A-2 RA spectrum measured at 150 °C (only RA for early sample is measured at RT). 

As shown in fig. A-2, there is a difference in RA peak intensity due to the manufacturer of the Si 

substrate. The anisotropy intensity of the sample made by EnM’s wafer shows lower intensity than the other 

wafers even in totally same process conditions are applied for surface reconstruction.  

The differences in surface properties according to substrate manufacturers are also confirmed by AFM 

(measured after the Si surface preparation) images as shown in fig. A-3. The surface roughness by RMS 

values are not so different from each sample. The RMS value of all the samples are around 1~2Å level. 

However, the surface morphology is quite different. In the case of EnM's wafer, it seems that it is hard to 

make flat terrace area due to bumps on the surface. 

Even with the same surface reconstruction process conditions, the RA peak intensity varies depending 

on the substrate manufacturer. Therefore, when providers of Si substrates are changed, it is advisable to 

conduct the experiment after confirming the surface morphology first. 



Appendix B 

156 

 

 

      Fig. A-3 AFM images for As-modified Si(1 0 0) surface: sample 1-3 are EnM wafers and sample 

4-6 are SiMat wafer. 
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Appendix C: B-type double-layer step formation on    

Si(1 0 0) surface 

Not only the A-type but also the B-type double-layer step surfaces can be formed in the MOVPE reactor 

[1]-[2]. Here, process for the A-type and B-type double-layer step surface formation in the As ambience is 

introduced. The experimental details are as below. 

✓ Thermal deoxidation: oxide layer removal at 1000 °C with background As ambience. 

→ The reactor was coated at 670 °C with As before raising the temperature to 1000 °C. 

✓ Surface annealing at 1000 °C for ~10 min. 

✓ A-type surface formation at 830 °C with cyclic TBA treatment. 

→ TBA supply time was controlled by in-situ RA signal: TBA started to supply when the 

RA of 3.1 eV has maximum value, and TBA supply stopped when the RA of 3.6 eV has 

maximum and RA of 3.1 eV disappeared (not at 0 but at the lowest possible level).  

 

 

      Fig. A-4 A schematic of process flow: thermal deoxidation and double-layer step formation. 
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Figure A-5(a) show the color plot of time transient RA during the surface preparation process. 

 

      Fig. A-5 (a) Time transient RA (base line is not subtracted). (b) B-type double-layer step at 1000 °C 

and A-type double-layer step at 830 °C. (c) Process flow and correspondence time transient RA 

of 3.1 eV (for Si dimer) and 3.6 eV (As modified Si surface). 

As shown in fig. A-5(c), the peaks at 3.1 eV and 3.6 eV is changing with TBA supply caused by As 

absorption and desorption on the Si surface.  
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It is clear that high temperature of 1000 °C can make B-type double-layer step on Si(1 0 0). The majority 

surface domain type (A-type or B-type) is also decided by cooling speed [1], but B-type surface domain can 

not be made with low temperature process at 830 °C.  

References 

[1] S. Bruckner, P. Kleinschmidt, O. Supplie, H. Doscher and T. Hannappel, "Domain-sensitive in situ 

observation of layer-by-layer removal at Si(100) in H2 ambient", New Journal of Physics 15, 

113049, 2013. 

[2] A. Paszuk, O. Supplie, M. Nandy, S. Bruckner, A. Dobrich, P. Kleinschmidt, B. Kim, Y. Nakano, 

M. Sugiyama, T. Hannappel, "Double-layer stepped Si(1 0 0) surfaces prepared in As-rich CVD 

ambience", Appl. Surf. Sci. 462, p.1002-1007, 2018. 

 



Appendix D 

160 

 

Appendix D: Correspondence with the publications 

A portion of the following chapters is taken from the corresponding publications. See List of 

Publications for the full publication details. 

 

Chapter 4. 

Boram Kim, Kasidit Toprasertpong, Agnieszka Paszuk, Oliver Supplie, Yoshiaki Nakano, Thomas 

Hannappel, Masakazu Sugiyama, “GaAsP/Si tandem solar cells: Realistic prediction of efficiency gain by 

applying strain-balanced multi-quantum wells”, Solar Energy Materials and Solar Cells 180, p.303-310, 

2018. 

 

 



Publication list 

161 

 

Publication list 

1. Journal paper 

First author 

[1] Boram Kim, Kasidit Toprasertpong, Agnieszka Paszuk, Oliver Supplie, Yoshiaki Nakano, Thomas 

Hannappel, Masakazu Sugiyama, “GaAsP/Si tandem solar cells: Realistic prediction of efficiency 

gain by applying strain-balanced multi-quantum wells”, Solar Energy Materials and Solar Cells 

180, p.303-310, 2018. 

Co-author 

[1] Kenaroh Watanabe, Boram Kim, Tomoyuki Inoue, Hassanet Sodabanlu, Masakazu Sugiyama, 

Masanao Goto, Shinya Hayashi, Kenjiro Miyano, and Yoshiaki Nakano, “Thin Film InGaAs/GaAsP 

MQWs Solar Cell with Backside Nano-Imprinted Pattern for Light-Trapping”, IEEE J. 

Photovoltaics 4 (4), p1086-1090, 2014. 

[2] Agnieszka Paszuk, Oliver Supplie, Boram Kim, Sebastian Brückner, Alexander Heinisch, Peter 

Kleinschmidt, Yoshiaki Nakano, Masakazu Sugiyama and Thomas Hannappel, "GaAsP/Si tandem 

solar cells: In situ study on GaP/Si:As virtual substrate preparation”, Solar Energy Materials and 

Solar Cells 180, p.343-349, 2018. 

[3] Agnieszka Paszuk, Oliver Supplie, Manali Nandy, Sebastian Bruckner, Anja Dobrich, Peter 

Kleinschmidt, Boram Kim, Yoshiaki Nakano, Masakazu Sugiyama, Thomas Hannappel, "Double-

layer stepped Si(1 0 0) surfaces prepared in As-rich CVD ambience", Applied Surface Science 462, 

p.1002-1007, 2018. 

1. Conference 

1.1  International conference 

First author 

[1] B. Kim, K. Watanabe, H. Sodabanlu, M. Sugiyama, and Y. Nakano, “Drastic QE enhancement by 

light-trapping structure in InGaAs/GaAsP multiple quantum-well solar cells”, PVSEC-22, 

Hangzhou, China, Nov. 2012. 

[2] B. Kim, O. Supplie, T. Watanabe, A. Paszuk, T. Hannappel, Y. Nakano and M. Sugiyama,“Double-

layer step formation on Si (100) surfaces by moderate-temperature annealing coupled with TBA 

exposure”, CSW2017, Berlin, Germany, May 2017. 

[3] Boram Kim, Kasidit Toprasertpong, Oliver Supplie, Agnieszka Paszuk, Thomas Hannappel, 

Yoshiaki Nakano and Masakazu Sugiyama, “Efficiency of GaAs P/Si Two-junction Solar Cells with 



Publication list 

162 

 

Multi-Quantum Wells: a Realistic Modeling with Carrier Collection Efficiency”, PVSC-44, 

Washington D.C., United States of America, June 2017 

[4] Boram Kim, Oliver Supplie, Agnieszuka Pasazuk, Thomas Hannappel, Yoshiaki Nakano and 

Masakazu Sugiyama, "The In-situ observation of reflectance anisotropic signal during GaP growth 

on Si(100) surface by MOVPE", PVSEC-27, Shiga, Japan, Nov. 2017. 

[5] Boram Kim, Tetsuaki Okada, Oliver Supplie, Agnieszka Paszuk, Thomas Hannappel, Yoshiaki 

Nakano and Masakazu Sugiyama, "Impact of process parameters on double-layer step formation of 

Si (100) surface using TBA for Ⅲ-Ⅴ integration on Si by MOVPE", ICMOVPE-XIX, Nara, Japan, 

2018. 

Co-author 

[1] Kasidit Toprasertpong, Boram Kim, Yoshiaki Nakano, and Masakazu Sugiyama, "Carrier Collection 

Model and Design Rule for Quantum Well Solar Cells", PVSC-44, Washington D.C., United States 

of America, June 2017. 

[2] A. Paszuk, O. Supplie, S. Brückner, M. M. May, A. Nägelein, B. Kim, T. Watanabe, Y. Nakano, M. 

Sugiyama, P. Kleinschmid1, T. Hannappel, "In-situ control over dimer orientation on Si(100) 

surfaces in arsenic ambience and its impact on the sublattice orientation of subsequently grown 

GaP", CSW2017, Berlin, Germany, May 2017. 

[3] Agnieszka Paszuk, Oliver Supplie, Sebastian Brückner, Matthias M. May, Anja Dobrich, Andreas 

Nägelein, Boram Kim, Tohma Watanabe, Yoshiaki Nakano, Masakazu Sugiyama, Peter 

Kleinschmidt, and Thomas Hannappel, "In situ control over the sublattice orientation of 

heteroepitaxially grown single-domain GaP/Si:As virtual substrates for tandem absorbers", PVSC-

44, Washington D.C., United States of America, June 2017. 

[4] Agnieszka Paszuk, Oliver Supplie, Sebastian Brückner, Matthias M. May, Anja Dobrich, Andreas 

Nägelein, Boram Kim, Yoshiaki Nakano, Masakazu Sugiyama, Peter Kleinschmidt and Thomas 

Hannappel, "Optical in-situ control over dimer orientation on Si(100) surfaces in arsenic ambience", 

17th European Workshop on Metalorganic Vapour Phase Epitaxy, Grenoble, France, June 2017. 

[5] Agnieszka Paszuk, Oliver Supplie, Manali Nandy, Sebastian Brueckner, Anja Dobrich, Peter 

Kleinschmidt, Boram Kim, Yoshiaki Nakano, Masakazu Sugiyama, Thomas Hannappel, "Arsenic-

modified Si(100) Surfaces for III-V-on-Si Tandem Solar Cells", 7th World Conference on 

Photovoltaic Energy Conversion, Hawaii, United States of America, June 2018. 

1.2  Domestic conference 

First author 

[1] B. Kim, K. Watanabe, H. Sodabanlu, M. Sugiyama, and Y. Nakano, 

“光閉じ込め構造を用いた高効率量子井戸太陽電池の作製”, 2012 年秋季第73 

回応用物理学会学術講演会, September 2012, 愛媛大学・松山大学, Matsuyama, Japan 

[2] Boram Kim, Oliver Supplie, Agnieszka Pasuzuk, Thomas Hannappel, Yoshiaki Nakano and 



Publication list 

163 

 

Masakazu Sugiyama, "MOVPEによるSi(100)基板上のGaP成長: 反射率異方性分光法による 

in-situ 表面観測", March 2018, Waseda University, Tokyo, Japan 

Co-author 

[1] Tetsuaki Okada, Boram Kim, Oliver Supplie, Agnieszka Pasuzuk, Thomas Hannappel, Yoshiaki 

Nakano and Masakazu Sugiyama, "MOVPEによるSi(100)基板上のGaP成長: 

Si表面再構成プロセス条件の検討", March 2018, Waseda University, Tokyo, Japan 

 



Acknowledgements 

164 

 

Acknowledgements 

I would like to express my gratitude to all people who supported my doctoral research. 

First, I am very grateful to Prof. Yoshiaki Nakano for the opportunity to work in NSTL, and for his 

support in my research. I would like to offer my sincere appreciation to my adviser Prof. Masakazu Sugiyama 

for his incalculable supports including supervising the research plan and strategy, data analysis, preparation 

of academic conferences and correction of my papers, and the opportunity for having collaborative research 

with Ilmenau University of Technology for his kindness. Thanks to Prof. Sugiyama’s full support, I could 

complete this dissertation. I would also like to give my thanks to Assoc. Prof. Takuo Tanemura for his support 

in this research. 

My sincere appreciation also goes to Prof. Thomas Hannappel, Dr. Oliver Supplie, Dr. Agnieszka 

Paszuk, Mr. Manali Nandy for their insightful discussion and suggestion for completing my thesis. 

Special thanks to all solar group members (Dr. Kentaroh Watanabe, Dr. Hassanet Sodabanlu, Dr. 

Amaury Delramarre, Dr. Kasidit Toprasertpong, Dr. Warakorn Yanwachirakul, Mr. Hsiang-Hung Huang, Mr. 

Hao Xu, Tetsuaki Okada, Meita Asami) and MOVPE group members (Dr. Masahiro Saito, Dr. Tohma 

Watanabe, Hiroaki Maruyama, Takahiro Suganuma, and Eisaku Kato). 

I would like to gratefully acknowledge Atsumi Foundation for providing me a scholarship and 

encouraging my researches. 

Finally, I would like to express appreciation to my family and friends for their support. 

 

감사의 말씀 

박사학위 논문을 퇴고하며 제 연구생활을 지지해준 모든 분들께 감사의 말씀을 전합니다.  

먼저, 저를 이곳에 있게 해 주시고 저의 모든 활동을 믿고 지지해 주신 부모님께 감사의 

말씀을 드립니다. 두 분의 무한한 사랑으로 오늘의 제가 있을 수 있었습니다. 모든 영광을 두 

분께 드리고 싶습니다. 그리고 일본 생활의 동반자, 고운이 용선이에게 고맙다는 말을 전하고 

싶습니다. 또 한국에서 항상 이 친구의 안부를 걱정하고 연구를 지지해 준 모든 친구들에게 

감사의 말을 전하고 싶습니다. 마지막으로 박사 논문 퇴고까지 3년간의 생활에서 멘탈케어에 

가장 큰 힘이 되어준 엑소, 백현에게 진심으로 감사의 말을 전하고 싶습니다. 

마지막으로 저를 이곳에 있게 해 주신 모든 분들께 감사의 말씀을 드립니다 

 

2018. 11. 30 

Boram Kim 

金 ボラム 


