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Abstract

Crack-free and high efficiency III-V multi-junction 

solar cell grown on vicinal Si(100) substrate

Sewoung Oh

Department of Materials Science and Engineering

College of Engineering

Seoul National University

The primary goal of this research is to fabricate crack-free and high efficiency III-V 

multi-junction solar cells on Si. In order to achieve the final goals, this research has been 

focused on three parts: growth of GaAs on Si using LP-MOCVD, investigation of impacts 

of crack formation on the solar cell device, and the fabrication of crack-free device.

First, the device structures were grown on Si using LP-MOCVD using two-step growth 

modes, InGaAs/GaAs superlattice structure, and cycle annealing. By using two-step 

method, pure GaAs with flat surfaces were successfully grown on Si suppressing SK 

growth modes. In order to reduce the threading dislocation density (TDD) in GaAs layer, 

the in-situ cycle-annealing was performed in MOCVD chamber followed by 

In0.1Ga0.9As/GaAs structure. During the in-situ annealing, the AsH3 gas was introduced to 

prevent the evaporation of As from the GaAs layer. As the annealing-temperature increased 

from 700 to 820 oC, crystal quality was improved. The final GaAs buffer layer showed 6.0 

x 10cm-7 value of TDD, and 146 arc sec FWHM of (004) rocking curves.

On the top of buffer layer, the III-V GaAs solar cell epitaxial layers were grown. The 

device performance were measured under AM 1.5G condition, the conversion efficiency 

was 10.14, and 15.47 %, for the device on the buffer layer grown with only two-step 

growth modes, and for the device on the buffer layer grown on two-step growth modes, and 

InGaAs/GaAs structure, and cycle annealing, respectively. The improvement of efficiency

was due to the enhancement of short-circuit current density and open-circuit voltage. Based 

on the analysis of time resolved photoluminescence and external quantum efficiency 
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measurements, these enhancements were due to the increase of minority carrier lifetime 

from 0.096 to 0.9 ns. The total thickness of epitaxial layer was 5.8 mm including 2.4 mm 

GaAs buffer layer on Si substrate, which was above the critical thickness of crack 

formation. All of devices contained the crack arrays, where the crack linear density was 

varied from 4 to 126 cm-1.

The impacts of crack formations on the device performance was investigated using 

TCAD simulations. Simulation results predicted that crack formations have the significant 

impacts on conversion efficiency especially due to reduction of open-circuit voltage in 

photovoltaic cells. At crack linear density with 200 cm-1, open-circuit voltage can be 

degraded to 86 % resulting in reduction of conversion efficiency from 24 % to 17% at 

1´105 cm-2 value of TDD. Based on the properties of recombination process at the GaAs 

surface, I assumed that the cleaved {110} surfaces have high surface recombination 

velocity as high as 3´106 cm/s. This approach predicted reasonable the efficiency of GaAs 

photovoltaic cells on Si substrate.

Finally, the control of crack propagation was investigated using stress concentrators in 

order to obtain crack-free III-V compound solar cells on Si. The notch type patterns 

introduced into the Si substrate were found to successfully generate the crack-free areas of 

a 2 mm × 2 mm size separated by the cracks for the 5.8 mm-thick III-V compound 

semiconductor layers on it. The population of crack arrays was investigated in the wafer 

scale. The crack linear density in the individual cell was significantly reduced from 22.25 

cm-1 to 1.10 cm-1 by controlling crack arrays. The value of 1.10 cm-1 crack density was due 

to unintentional crack arrays, which were generated with surface defects or particles

underlying before growth.

By measuring dark I-V curves between adjacent cells, the individual solar cells on the 

crack-free areas were confirmed to be electrically isolated one another with the well-

defined crack array, replacing conventional Mesa isolation process, which has undercut 

issue and area loss. The best cell efficiency was increased from 16.44 % for the device 

containing 16.8 cm-1 crack linear density, to 18.17 % for the device with crack-free 

conditions under AM 1.5G condition. The maximum efficiency under concentration was 

19.8, 18.5, and 23.5 % for crack-free device, the device containing 16.8 cm-1 crack linear 

density, and the reference GaAs/GaAs cell, respectively. Above 10 suns of concentration 

level, cell efficiency reduced with the reduction of fill factor. The J-V curves showed that 
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the reduction of fill factor was due to the parasitic resistance in the device. Based on 

analysis of dark J-V curves, the parasitic resistance was 0.43 W. In order to increase 

maximum efficiency, the parasitic resistance should be reduced with the optimized metal 

grid design and the metal deposition process for the centration operation.

KEYWORDS:      

Multi-junction solar cell, metal organic chemical vapor deposition (MOCVD), 

GaInP, GaAs, Ge, Si substrate, crack, threading dislocation, and TCAD simulations.
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Chapter 1. Introduction and Motivation

1.1 Solar energy

Solar energy is the source of nearly all energy on the earth. Solar energy could be 

harnessed by both direct method (such as solar heating, photovoltaics, and thermos-

photovoltaics) and indirect method (such as wind, hydropower, and artificial 

photosynthesis of biomass). Therefore, solar energy has an outstanding potential compared 

to all other energy sources.

Fig. 1.1 illustrates the global energy potential with a comparison of renewable and 

conventional planetary energy reserves and source [1]. Renewable energies display their 

annual power potential in terawatts (TW), while conventional sources display their total 

recoverable energy reserves in terawatt-years (TW-yr). The volume of the spheres 

proportionally represents the amount of energy. Global solar energy with an average 

power of 23,000 TW excluding oceanic surfaces, taking atmospheric losses, while the 

world energy consumption amounted to 16 TW in 2009 [1]. Due to the outstanding 

potential, solar power could be a highly attractive energy source of electricity.
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Fig. 1.1. Outstanding solar potential compared to all other energy sources
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1.2 Solar cells

Solar cells, it is able to convert sunlight into electricity directly so, it is an 

important alternative terrestrial energy source. In addition, the solar cells having an 

excellent conversion efficiency supply an almost permanent power at a low 

operating costs with pollution-free.

The solar radiation is attenuated during its passage through the Earth’s 

atmosphere. The absorption for infrared region of solar spectrum is mainly due to 

the gases of water vapor, carbon dioxide, laughing gas, and methane, for ultraviolet 

region of the spectrum due to ozone and oxygen [2]. Attenuation mainly depends 

on the length or mass of air which the sunlight traveled through the atmosphere. Air 

mass (AM) defines the direct optical travel length through the atmosphere, 

expressing as 1/cosφ, where φ the angle between the vertical direction and the sun 

position.

Figure 1.2 shows three of the curve associated with the solar spectral 

irradiance. AM0 of the curve represents the atmosphere outside the solar spectrum 

of the Earth. AM0 spectrum is related to the satellite and space vehicle applications. 

Performance of terrestrial solar cells are specified with reference to the air mass 1.5 

(AM1.5) spectrum. This spectrum of AM1.5 corresponds to an angle of 48o

between the vertical direction the sunlight at the Earth's surface. AM1.5 direct (AM 

1.5D) represents the spectrum from light rays coming directly from the sun on the 

ground. AM1.5 global (AM1.5G) includes both direct and diffuse radiation: the 

light that is scattered on the ground or atmosphere [2].

Photovoltaic energy conversion comes from the generation of charged carriers 

by absorbing the solar spectrum. In order to attribute the current source, photo-

generated carriers under the illumination, must be separated and transported to the

outside of the circuit before recombination. The driving force has a main role and it 

must be built in the device. In principle, there are many ways to provide a 

mechanism charge separation. In the semiconductor device of the crystalline, the 

junction between two electronic distinct materials provide an electrostatic force. In 
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the photovoltaic device, the light will cause the separation of charge. In other words, 

the charge separation will cause a light current or photovoltaic power in the 

subsequent. Power generation from solar cell can be caused from the driving force 

to separate the charge. The current at a point can be represented as below

            FppFnnpn EpEnJJJ Ñ+Ñ=+= mm           [1.1]

,where EFN, EFP are fermi-level in n-type and b-type semiconductor. In the

equilibrium state, EFN and EFP are equal and constant. Thus, total current J should 

be zero. In order to achieve a power generation from the device, it is required to 

have a gradient in the quasi-Fermi level. Using the drift-diffusion form for Jn and Jp, 

they can be expressed as,

      )ln)(()0( 0 cnnn NkTqFnnnnqDJ Ñ-Ñ--+-Ñ= cm       [1.2]

and

)ln)(()( 00 Vppp NkTEgqFppppqDJ Ñ+Ñ-Ñ--+-Ñ-= cm    [1.3]

,where n0, p0 represents the carrier density in the equilibrium state. In any of the 

formulas, the first term represents the diffusion current due to compositional 

gradient, and the second term represents the drift current due to the electric field. In 

the equilibrium condition, net current are zero. Under illumination, however, carrier 

density becomes n > n0 and p > p0. When the electric field is none-zero, then, net of 

drift current will occur. Electric field is zero and there is gradient in the carrier 

densities, net diffusion current may occur.

Fig .1.3 (a) shows the schematic diagram of semiconductor based solar cell 

structure. It is composed of p and n type semiconductors. Front and backside 

Ohmic contact should be formed. For absorbing the incident light and collected 

photo-generated carriers, the front metal grid deposited on the surface of device. 

The photon that has less energy than the band gap (Eg) of semiconductor can not be 
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absorbed. One that has greater energy than the Eg is absorbed within the device. In 

order to cause the conversion efficiency, the energy band diagram should be 

considered as expressed in Fig. 1.3 (b).

The I-V characteristics of p/n diode are given by

                  L
kTqV

S IeII --= )1( /                 [1.4]
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where A is the device area. A plot of Eq. [1.4] given in Fig. 1.4(a). Under 

illumination, the curve is positioned in the fourth quadrant. Thus, power can be 

extracted from the device. The I-V curve of photovoltaic cells is commonly

expressed as Fig. 1.4(b), which is upside-down of Fig. 1.4(a). The JSC is the short 

circuit current density and VOC is the open-circuit voltage of the cell. The shaded 

area of the figure is the maximum power at the Jm and Vm. As defined in Fig. 1.4(b),

Jm and Vm are correspond to the current and voltage, respectively, for the maximum 

power output Pm (=Jm × Vm). From Eq. [1.4], the Voc can be expressed as,
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Therefore, VOC increases logarithmically with decreasing saturation current (Is) for 

a given IL and increase of IL for a given Is. Thus, the output power from the device 

can be expressed as,

                  .)1( / VIeVIIVP L
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S --==              [1.7]
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The condition for maximum power (Pm) from the device can be obtained using 

dP/dV=0,
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Then, the Pm is,
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The conversion efficiency of a solar cell is given by
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The fill factor is the ratio of the maximum power rectangle to the rectangle of ISC ×

VOC as shown in Fig. 1.3(b).
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Fig 1.2 Solar spectrum under AM0, AM1.5G and AM1.5D condition.

l
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(a)

(b)

Fig. 1.3. Schematic illustrations of (a) a solar cell structure and (b) a cross sectional view of the band 
diagram for a p-n junction solar cell.
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(a)

(b)
Fig. 1.4. (a) I-V characteristics of p-n diode in the dark and under illumination and (b) an illuminated 

I-V characteristic for solar cell with parameters of interest.
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1.3 Materials for multi-junction solar cell

In order to maximize, the generated power from the solar cell, it is required 

to reduce energy loss while solar cells absorb the as many photon from the solar 

spectrum as possible. The material that has small Eg, is advantageous to capture 

the photons within the material, avoiding pass through the material due to low 

absorption coefficient at long-wave length region. However, the small bandgap 

causes thermalization-loss when the photons with higher energy than Eg is 

absorbed. Alternatively, the use of wide bandgap materials can results in the 

reduction of current of device because the photon that has lower energy than Eg

cannot be absorbed within the material.

The simplest way not only to reduce thermalization-loss, and but also to 

increase capturing the photons in the material, is to stack the different materials 

that have different band gaps. The highest Eg should be placed uppermost. The 

lowest Eg should be placed downer most in the device structure. The multi-

junction solar cells have such structure. Figure 1.5(a) is the schematic diagram of 

the triple junction solar cell structure with III-V compound semiconductor 

materials. It commonly is composed of GaInP, GaAs and Ge materials for 

absorbing wide range of solar spectrum as illustrated in Fig. 1.5(b). These 

structures, called “tandem solar cell” or “multi-junction solar cell”, are practical 

approach to increase cell efficiency [3-8].

Besides bandgap energy, lattice constant of material is also important issue 

on the formation of crystal defects. The large difference of lattice constant causes 

the large density of dislocations in the material, degrading device performance. 

Thus, the relation between the bandgap energy and lattice constant of the various 

III-V materials should be also considered. As shown in Fig. 1.6, the typical 

materials for multi-junction solar cells are GaInP, GaAs and Ge and they show 

similar lattice constants about 5.65 Å, and also their bandgaps are positioned in 

the region of high energy density of solar spectrum. Since the bandgap energy of 

each material is suitable for the multi-junction solar cells. The solar cell with 

these materials shows more than 30% conversion efficiency under 1 sun 

condition [3, 4, 6, 8] showing the highest conversion efficiency as shown in Fig. 

1.7.
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(a)

(b)

Fig. 1.5. Schematic illustrations of (a) a multi-junction solar cell structure consists of GaInP, 
GaAs and Ge sub-cells and (b) a spectrum utilization for a series-connected GaInP/GaAs/Ge 

triple junction solar cell.
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Fig. 1.6. Semiconductor energy bandgap versus lattice constant. The red circle indicates the 
materials for the typical triple junction solar cell. The right side of the figure shows the solar 

spectrum with respect to the energy.
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Fig. 1.7 Progress of the world best solar cell efficiencies

1.4 Space and terrestrial applications

Using high efficiency and the endurance to the ionized radiation in space, the 

III-V multi-junction solar cells have been used for space applications [9]. Most of 

solar panels for the satellites are consisted of conventional GaInP/GaAs/Ge triple 

junction solar cells showing conversion efficiency around 29 % under AM0 

illumination condition. Fig 1.8 (Emcore Cor. [10]) show the examples of the 

commercial space solar cells. The reliability of the devices has been proven by the 

heritage of over 2.6 and 1.0 million flight, respectively. However, III-V multi-

junction solar cells are basically too expansive to apply for the terrestrial 

application, comparing to Si based solar cells. In order to reduce system cost, 

concentrator photovoltaics (CPV) system has been developed with optics to 

concentrate incident light to very small area of cell and tracking systems to make 

optics right angle with the solar spectrum. Fig. 1.9 A schematic diagram of the 

CPV concept (left) and examples of the CPV systems using Fresnel lenses 

(middle: FLATCON®) and mirrors (right: University of Arizona) to concentrate 

sunlight [11]. CPV systems has main advantages for III-V multi-junction solar 

cells. First, the total system cost can be significantly reduced using cheaper 

materials such as glass or transparent plastics than PV materials. It is because that 

CPV system makes PV area much smaller than that of non-concentrator 

photovoltaics to generate the same amount of power. Second, the solar cell 

efficiency can be increased under high level of concentrated illumination. If 

incident light is concentrated with optics, the photo-generated current from the 

device proportionally increases to the concentration level. Thus, concentrates the

Jsc (���
	�	����) can be expressed as,

���
	�	���� 	= �	���

	�	��� (1.12)

,where x is the concentrated level. Since the ���
	�	���� is proportional to the x, the 

ratio of output power (Pout) from the device to input power (Pin) is constant. The 

enhance of the efficiency is caused by the increase of VOC which is increasing 
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logarithmically with the ratio of the JSC to the constant dark current (J0). As 

mentioned, the VOC can be written as,

��� =	
��

�
ln�

��� 	

��	
+ 1� 	≈ 	

��

�
ln �

��� 	

��	
�. (1.13)

The simplification of the equation is possible due to ��� ≫ �� in practically.

From Eq. (1.6) and Eq. (1.9), the VOC at x suns can be express as:

���
	�	���� =	���

	�	��� +	
��

�
ln � (1.14)

This equation represents the increase of VOC under concentrated illuminations.   

Furthermore, the FF also increases due to the increase of VOC under concentrated 

illuminations [12]. An empirical expression for the FF is

�� =	
��� −

��
� ��	 �

����
�� + 0.72�

��� +
��
�

(1.15)

which is a function of VOC [9]. Finally, from Eq. (1.1) and Eq. (1.4), the power 

conversion efficiency (PCE) of the concentrator solar cell is given as:

���	�	����

= 	���	�	��� 	�
���
		�	����

���
		�	��� �	�

��	�	����

�� 	�	���
�	

(1.16)

which means that the PCE x suns only depends on the changes of VOC and FF [9]. It 

is clearly seen that the efficiency is improved by the increases of VOC and FF. 

However, at high concentrations over 200 suns, the FF would decrease again due 

to the parasitic series resistance [9, 12, 13]. Besides to the degradation of FF 

under high concentrated level, the concentrator solar cells also suffer from high

device temperature. It is because that the J0 is increased with the increase of 
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temperature which can be expressed as

�� ∝	�
(��

�
�
)	��	

��
�� 	 (1.17)

where Eg is the band gap and γ is the ratio of the diffusion coefficient to the 

minority carrier life time [9, 12]. Therefore, proper heat sink systems are required 

for the concentrator solar cells.

Fig. 1.8 An example of the commercial space solar cell (Emcore Cor.)
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Fig. 1.9 A schematic diagram of the CPV concept (left) and examples of the CPV systems using 

Fresnel lenses (middle: FLATCON®) and mirrors (right: University of Arizona) to concentrate 

sunlight.
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1.5 Integration of III-V based multi-junction solar cell on Si

A significant barrier to the application of multi-junction solar cells (MJSC) to

terrestrial system is the cost. The MJSC cell costs range from $6/cm2 to $11/cm2, 

while Si based flat place cell costs range from $ 0.02/cm2 to $0.04/cm2. Although 

the expansive cell cost can be mitigated by using CPV systems which is particular 

advantage for III-V materials, the additional reduction of cell cost is still necessary 

to be competitive with the Si based solar cells.

The biggest cost drives among the fabrication cost is the substrate. For triple 

junction solar cells using 6 inch Ge substrate, the contribution of substrate in cost is 

about 79 % as shown in Fig. 1.10 [14]. Thus, the replacing Ge/GaAs substrate to Si 

substrate has been suggested repeatedly [15]. Due to the larger diameter and 

relatively lower cost of substrate than Ge/GaAs, the cell cost reduction can be 

achieved as large as 70 % of current values [16]. In addition, the multi-junction 

solar cell on the Si substrate has a number of potential advantages related to the Si 

material itself as shown in Table 1.1. The higher thermal conductivity allows for 

higher concentration level for the given cooling system. In space application, 

$306,000 cost reduction for 20 kW Low Earth Orbit (LEO) mission with lower 

density and higher hardness of Si than Ge/GaAs as indicated in Table 1.2 [17]. In 

unmanned aerial vehicle (UAV) application, multi junction solar cells on Si is much 

advantageous in terms of power to weight ratio as shown in Fig. 1.11.
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Fig. 1.10 Cost drivers in multi-junction solar cells
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Table 1.1. Comparison of various material properties of Si, Ge and GaAs.

Si Ge GaAs

Density (g/cm
3
) 2.328 5.3267 5.32

Hardness (mohs) 7 6.3 4-5

Thermal conductivity 
(W/m∙k)

1.5 0.6 0.46

Substrate diameter 8-12 2-6 2-6

Relative substrate cost Low High Mid
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Table 1.2. Projection of launch-cost for commercially available specrolab 

UTJ and III-V multi-junction solar cells built on Si substrate

Spectrolab

UTJ
Si

Power Needed (kW) 20 20

PV area Required (cm2) 523,000 523,000

Substrate thickness (mm) 140 110

Volume (cm3) 7322 5753

Mass density (g/cm3) 5.32 2.33

Weight (kg) 38.95 13.4

Cost (12 k$/kg) 467,400 160,800
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Fig. 1.11 Solar powered unmanned aerial vehicle (Alta Devices)
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1.6 Impacts of cell cost reduction on CPV module price

The truly interesting outcome of cell cost reduction is realized in the system 

cost. The CPV module cost can be formulated using the following equation,

ú
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ê
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é
+==
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ff

h
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/$
Eq. 1.1

,where f
s
, h

s
, f

x
, h

x
, C, P

x
are cell cost, cell efficiency, optics price, throughput 

efficiency of the concentrator, concentration level (1000 suns), and incident solar 

resource (1,000 W/m
2
), respectively. Assuming the optic price is $ 203/m2, and 

concentration level is 1000 [14], throughput efficiency of the concentrator is 93% 

[18]. The CPV module price can be shown in the respects with the cell efficiency 

as shown in Fig.1.12. The black line indicates the reference case of triple junction 

solar cells on Ge substrate, assuming cell cost is $ 11/cm2. The blue line represents 

the module price of III-V on Si, assuming cell cost is 2.28/cm2 [16]. By transition 

Ge to Si substrate, the module price can be reduced from $ 0.65/Wp to $0.47/Wp,

when the efficiency is 50 %, a rather possible future for MJ CPV. When I consider 

the additional cost down for optics by 22 percent [14], module price can be even 

achieved to $ 0.38/Wp.
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Fig. 1.12 CPV module price versus cell efficiency
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1.7 Technical issues related to multi-junction solar cells on Si

However, the biggest challenge is growing the high quality of III-V materials on 

the Si substrate. Because of 4% lattice mismatch, high order of dislocation density is 

generated in the epitaxial layers, degrading solar cell performance [19]. Thermal 

expansion coefficient between III-V compound semiconductors and Si have inhibited 

the growth of their high quality epitaxial layers on Si substrates. The mismatch in  

thermal expansion coefficient induced extensive tensile stress in the III-V layers after 

the cooling from the growth temperature to room temperature, leading to wafer 

bowing and crack formation [5][9]. Many solutions have been suggested to reduce 

dislocation density such as using SiGe buffer layers on Si substrate (Fig.1.14 (a)) and 

thermal annealing treatments (Fig. 1.14(b)) [20, 21], showing promising results of 

1x106 cm-2 threading dislocation density (TDD). The current efficiency of multi-

junction solar cells monolithically grown on Si is range from 16 to 20 % under AM 

1.5 G condition as shown in Fig. 1.13. Figure 1.15 is schematic representation of an 

optimized device structure for triple junction solar cell (Fig. 15(a)), and double 

junction solar cell (Fig. 15(b)). Figure 1.14. showed the efficiency of double and 

triple junction solar cells for AM 1.5G condition as shown in Fig. 1.16 (a), and for 

concentrated illumination condition as shown in fig 1.16(b) [22]. The efficiency of 

GaInP/GaAs/Ge triple junction solar cells can be achieved over 35.5 % at the value 

of 1x106 cm-2 TDD based on TCAD simulations.
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Fig. 1.13 The status of multi junction solar cells moronically grown on Si
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(a)

(b)

Fig. 1.14 (a) SiGe grade buffer layers and (b) thermal cycle annealing to reduce dislocation 

density



28

(a)

(b)

Fig. 1.15 Candidate structures of multi junction solar cells monolithically grown on Si substrate (a) 

triple-junctions solar cells, and (b) double-junctions solar cells
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(a)

(b)

Fig. 1.16 Solar cell efficiency (a) for AM 1.5 G condition, and (b) for the concentrated illuminations 

for triple junction on Si and double junctions on Si
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1.8 Crack formations in multi-junction solar cells

For hetero-epitaxial growth, not only threading dislocations in film must be 

considered, but also the crack formation due to thermal mismatch effect must be 

addressed. High thermal mismatches between GaAs and Si can lead to high density 

crack arrays in the film after cooling from the growth temperature as shown in Fig. 

1.15. When film thickness (h) is greater than critical thickness (hc), the crack 

formation occurred. Critical thickness (hc) is determined by growth temperature 

[23, 24]. The hc can be calculated as a function of growth temperature as shown in 

Fig. 1.18. The hc is in the range from 2.9 to 3.9 mm for the conventional GaAs 

growth temperature range (600 ~ 800 oC). Fig.1.19 shows the efficiency and 

current density from double junction solar cells on Si including 1mm thick-GaAs 

buffer layer. To absorb the sufficiency spectrum in GaAs base layer, the total 

thickness of epitaxial layer should be above 4.5 mm. For triple-junction solar cells 

on Si case, epitaxial layer should be thicker than double junction solar cells. Thus, 

the crack formations in multi-junction solar cells monolithically grown on Si can 

be easily observed. The cracks were known to behave as degrading factors for 

device performance. In order to prevent the crack formation, several approaches 

such as the insertion of a strain compensated buffer layer and the use of a porous Si 

layer were proposed as shown in Fig.1.20 [25, 26].
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Fig. 1.17 A schematic diagram of crack formation after cooling from the growth temperature
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Fig. 1.18 A Critical thickness for GaAs on Si versus growth temperature
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Fig. 1.19 Efficiency and current density from double junction solar cells on Si substrate including 1 

mm thick-GaAs buffer layer
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(a)

(b)

Fig. 1.20. (a) Insertion of compensated buffer layer, and (b) using of porous Si substrate to reduce 

biaxial tensile stress due to the difference thermal expansion coefficient between Si and GaAs
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1.9 Research objective

The primary goal of this research is to fabricate crack-free and high efficiency 

III-V multi-junction solar cells on Si. In order to achieve the final goals, this 

research has been focused on three parts: Growth of GaAs on Si using LP-

MOCVD, investigation of impacts of crack formation on the solar cell device, and 

the control propagation of crack.

First, the III-V layers are grown on Si substrate with the two-step growth 

mode, thermal annealing treatment, and strained buffer layer. The structural and 

optical properties of the growth layer on Si is characterized and compared to 

those on GaAs substrate. In addition, the performance of solar cell on Si substrate 

is characterized and its operation properties are investigated focusing on the 

existence of threading dislocations.

Second, I investigated the effects of crack formations in the solar cell 

structure. The material incompatibility, such as thermal expansion coefficient 

between GaAs Si causes wafer bowing and even crack formation. The impacts of 

crack formations in device performance are characterized with various analysis.

Finally, I proposed a new scheme, using notch patterns on a Si substrate to 

control crack formation of epitaxially grown GaAs on Si. I could obtain the 

crack-free areas separated by the crack array by controlling the crack formation 

into a regular array on the epitaxial layer. In this way III-V compound 

semiconductor photovoltaic structures can be obtained on a Si substrate, where 

high efficiency solar cells can be fabricated in crack-free areas separated by the 

cracks.

This work contains basic materials and device studies about the III-V solar 

cell structure grown on the Si substrate. Instead of growth of III-V layers on Si 

substrate directly, I use GaAs buffer layer grown by two-step method, 

InGaAs/GaAs superlattice structure, and cycle annealing. I investigate the 

possibility of III-V solar cell structure on Si substrate by obtaining crack-free 
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condition and suggest the guideline for efficient solar cell.
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Chapter 2. Experiments and Analysis

2.1 Epitaxial growth using MOCVD

The epitaxial layers were grown by a low pressure metal-organic chemical

vapor deposition (MOCVD) systems (AIXTRON: AIX200/4 RF) as shown in Fig. 

2.1. The MOCVD is composed of electrical cabinet, gas mixing cabinet, 

operation terminal, reactor cabinet and RF generator cabinet. The glove box 

located in the reactor cabinet is used for the loading/unloading substrates. It is 

filled with nitrogen and helps to protest from the contamination. Substrates for 

loading/unloading are transported into the glove box via the load lock chamber. 

The load lock chamber comprises two doors. The outer door is used to load and 

unload substrates and the inner door is used to transfer substrates between load 

lock chamber and glove box.

The reactor pressure is kept at 100 mbar, which is controlled, by vacuum 

pump and throttle valve. Substrates are loaded on a susceptor equipped with a 

special rotating system for uniform temperature during the growth. The susceptor 

consists of a rotating planetary disk (main rotation) which is driven by an electric 

motor and satellite disks. The satellite disks which hold the substrates are 

arranged concentrically on the planetary disk. It is designed for loading 12 

substrates of 2 or 4 in. simultaneously. The satellite rotation is based on the Gas 

Foil Rotation® technology. The rotational speed can be adjusted by means of the 

gas flow. An RF inductor is used to heat the reactor. It is mounted on a height 

adjustable ceramic holder, below the susceptor in the reactor housing.

The MOCVD is equipped run and vent manifold system for rapid exchange 

of reacting gases and prevention of gas flow fluctuation. The pressures and gas 

flows are controlled by pressure controllers (PCs) and MFCs. The group III 

precursors to grow the epitaxial layers are Trimethylgallium (TMGa, (CH3)3Ga), 

Trimethylindium (TMIn, (CH3)3In), and Trimethylaluminium (TMAl, (CH3)3Al) 

as the sources of Ga, In and Al, respectively. The group V hydride gases are the 



39

Arsine (AsH3) and Phosphine (PH3). Diethylzinc (DEZn, (C2H5)2Zn) and 

Tetrabromomethane (CBr4) are used for p-type dopant and Silane (SiH4) and 

Diethyltelluride (DETe, (C2H5)2Te) are used for n-type dopant, respectively.     
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Fig. 2.1. Low pressure-metal organic chemical vapor deposition (AIX200/4 RF)
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2.2 Sample preparation

Si substrates were all n-type and the resistivity of the substrates was in the 

range of 0.005 Ω∙cm. The Si substrates were cleaned by SPM cleaning with 

H2SO4:H2O2=4:1 solution at 120 oC for elimination of organic contaminants. For 

removal of native oxide on the substrate and termination of surface with 

hydrogen, 10:1 HF solution diluted by DI water was used. DI water rinsing was 

omitted to maintain hydrogen-terminated status of surface.

2.3 Analysis tools

Analysis tools for characterization of epitaxial layers are shown in Fig. 2.2. To 

investigate the crystal properties, 2Theta–Omega (2θ/ω) and rocking curve scans 

around the (004) diffraction order are performed on a high resolution X-ray 

diffraction (HR-XRD) measurement system (Bruker: D8 discover) with 3 kW X-

ray generator with Cu target. The angle divergence is less than 12 arcsec which 

can be obtained by 4 bounce Ge 022 channel cut monochromator. The peak 

information of epi-layers, such as composition, strain, relaxation, and full width 

half maximum (FWHM), is characterized by a simulation program (Bruker: 

LETOS). Carrier concentration and mobility are investigated by a Hall effect 

measurement system (Accent: HL5500PC) at room temperature. Doping profiles

as a function of depth are investigated by an electrochemical capacitance-voltage 

(ECV) measurement system (Accent: ECVpro). A well defined electrochemical 

dissolution reaction is used for the characterization. The surface morphology of 

epi-layers is investigated with an atomic force microscope (AFM) system (Park 

systems: XE100) in an atmospheric ambient. The Au-coated Si tips (Seiko: SPA-

400) are used for the measurement. A field emission scanning electron microscope 

(SEM) system (Hitachi : S-4800) is used to investigate the structural properties. 

Especially, the layer thickness is determined by the cross sectional SEM 

measurement. A transmission electron microscope (TEM) system with a Cs 

corrector (JEOL: JEM-2100F) is used for cross sectional visualization of 

dislocation defects with an operating voltage of 200 kV. The TEM specimen is 
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prepared by a focused ion beam (FIB) system (FEI: Quanta 3D FEG). Before Ga 

ion milling processes, first and second Pt protection layers are deposited on the 

surface using an electron beam and an ion beam evaporation, respectively. Time-

correlated single-photon counting (TCSPC, FluoTime200(Picoquant) is used to 

measure the minority carrier lifetime in GaAs. It works with a Ti:Sa laser-based 

broadband excitation source (spectral range : 265~1550nm), lifetime resolution is 

≤ 10 ps for UV/VIS and ≤ 100ps for NIR

2.4. Photovoltaic device characterization

The photovoltaic characteristics of the fabricated solar cells are investigated 

with current density-voltage (J-V) curve, external quantum efficiency (EQE), and 

surface reflectance measurements. Fig. 2.3 shows the photographs of the 

equipment for investigation of photovoltaic device characteristics. The 

photovoltaic J-V characteristics are measured by a class AAA solar simulator 

(Wacom: WXS-220S-L2). By using a xenon lamp and three halogen lamps, the 

artificial sunlight from the solar simulator is higher in precision than that from 

usual solar simulators containing only one xenon lamp. The artificial spectral 

irradiance is satisfied ASTM G-173-03 (international standard ISO 9845-1, 1992). 

To make sure AM1.5G (1000 W/m2) illuminations, the lamp intensity is 

calibrated for every measurement by using a Si reference cell, which was 

certificated by VLSI Standards, Incorporated (S/N: 10510-0591). The stage 

temperature is kept at 25 °C by using a chiller. On the other hand, EQE 

characteristics are measured by a solar cell quantum efficiency measurement 

system (PV measurements: QEX7). Surface reflectance at the interface between 

the air and the top surface of the solar cell is investigated with a UV-VIS-NIR 

spectrophotometer (Varian: Cary 5000).
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Fig. 2.2. Photographs of the analysis tools for epitaxy.
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Fig. 2.3. Photographs of the equipment for investigation of photovoltaic device characteristics.
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2.4 Fabrication process

The solar cell devices are fabricated by photolithography, metal evaporation, 

rapid thermal annealing, wet chemical etching, and back-end processes. All the 

fabrication processes were performed at Korea Advanced Nano Fab Center 

(KANC). The equipment which were used for the device fabrication process, are 

shown in Fig. 2.4. Schematic diagrams of the fabrication process flow for solar 

cells are shown in Fig. 2.5. First, III-V solar cell structures are epitaxially grown 

by MOCVD on Si substrate. After the epitaxial growth, a back n-type contact of 

Al and a front p-type contact of Ti/Pt/Au layers were deposited on the Si 

substrate and on the p+-GaAs ohmic-contact layer, respectively, by using an 

electron-beam evaporator, followed by rapid thermal annealing at 350 oC for 30 s 

for the ohmic metallization. The width and height of front metal contact grid 

were 5.0 mm and 1.25 mm, respectively. The front metal pad size was 0.78 and 

0.28 mm2, corresponding to a 2.84 mm2 size of active area for the 80 mm grid 

spacing. are used as selective etchants for GaAs and InGaP layers. The 

shadowing loss due to the front metal grid was 5.3 %. After metallization, the 

GaAs cap layer on aperture area is etched by using selective etchants, such as 

NH4OH:H2O2:DI (2:1:10), CA:H2O2:H2O (25:1:75), and H3PO4:H2O2:DI (2:1:5), 

to avoid unwanted optical losses. Each solar cell is isolated by a conventional 

mesa isolation process using photolithography and wet etching processes.

H3PO4:H2O2:DI (1:6:3), H3PO4:H2O2:DI (2:1:5), and HCl:DI (3:1). After mesa 

isolation process, an anti-reflective coating of MgF2 (110 nm) and ZnS (50 nm) 

double layers was deposited on top of the window layer using an electron beam 

evaporator. The deposition rate was 0.2 nm/s and the pressures was 5 × 10-3

mTorr. Each device is separated by using a dicing saw system (Disco: DAD3350). 

Finally, the solar cells are mounted on metal printed circuit board (PCB) by using 

silver paste (CANS: P-100). Thin gold wires using a wedge wire bonder connect 

the top contact (West Bond: 7476D).
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Fig. 2.4. Photographs of the equipment for device fabrication.
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Fig. 2.5. Schematic diagrams of the fabrication process flow for solar cells
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Chapter 3. Growth of GaAs buffer layer on the Si substrate for 
solar cell operation

3.1 Growth method of GaAs on Si substrate

The material incompatibilities such as different lattice constants and thermal 

expansion coefficient between GaAs and Si caused the very poor crystal quality 

and surface morphology. The Fig. 3.1 showed the rough surface of GaAs layer 

grown on Si substrate, comparing to the GaAs layer on the GaAs substrate. The 

surface roughness was due to the 3D growth mode. The early study of the GaAs 

growth on Si substrate were performed by growing GaAs directly on Si. The main 

techniques for the growing pure GaAs mainly focused on reducing the density of 

threading dislocations (TDs). The most noteworthy technique is the employment of 

low temperatures and low GaAs growth rates at the initial stage, the so-called two-

step growth as shown in Fig. 3.2 (a) [1]. The first step refers to producing several 

nanometers (or several dozen nanometers) of low-temperature-grown GaAs. It is 

aimed suppress 3D growth mode due to the lattice mismatched condition between 

GaAs and Si. The pure GaAs epitaxial layer can be grown on the tope of low 

temperature GaAs layer at high temperature, enhancing the GaAs quality and the 

growth rate. Super thin layers of strained material (Si, InGaAs) can be inserted into 

the bulk of the GaAs layer as shown in Fig. 3.2 (b) [2, 3]. It actively initiates the 

annihilation of TDs. Thermal cycling annealing is also effective method to reduce 

TDs as shown in Fig. 3.2 (c) [4]. What makes thermal cycling so effective is that, 

because of the large difference between the thermal conductivity coefficients of the 

GaAs and substrate, a GaAs film subjected to large temperature oscillations will 

periodically switch between the compressed and extended states, thus reversing the 

motion of TDs. When encountering one another in various combinations, TDs with 

opposite Burgers vectors actively annihilate [5].
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(a)

(b)

Fig. 3.1. The surface morphology of (a) GaAs on GaAs, and (b) GaAs on Si.
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(a)

(b)

(c)

Fig. 3.2 The growth method of GaAs on Si (a): two-steps growth, (b) insertion superlattice 

structures, and (c) thermal cycle annealing
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3.2 Two-step GaAs growth on Si (100) substrates

3.2.1 Experimental details

All GaAs layers were grown on As-doped Si(001) wafers (10 cm in diameter, 

resistivity < 0.005 W∙cm) by horizontal type low pressure metal-organic chemical 

vapor deposition (LP MOCVD). The Si substrates were cleaned by SPM cleaning 

with H2SO4:H2O2=4:1 solution at 120 oC for elimination of organic contaminants. 

For removal of native oxide on the substrate and termination of surface with 

hydrogen, 100:1 HF solution diluted by DI water was used. DI water rinsing was 

omitted to maintain hydrogen-terminated status of surface. Thermal cleaning was 

performed at 760 oC for 5 mins, following by lowering the temperature for the 

growth of the low temperature GaAs layer. Before introduction TMGa sources into 

the chamber, AsH3 sources was firstly introduced during the ramp down of heater 

to low temperature growth. Passivating such a surface with arsenic, i.e., coating an 

Si surface with a monolayer of As, is the necessary initial stage for the growth of a 

polar compound on a nonpolar substrate [6]. The growth proceeded in a two-step. 

The low temperature GaAs buffer layers were grown at 395, 425, 450 oC. 

Subsequently, GaAs layers were grown at the raised growth temperature of 680 oC. 

The growth time for low temperature GaAs layer was also changed from 10 to 25 

minute. The GaAs layers was prepared to analyze with the thicknesses of 1 mm. 

The process pressure was set to 160 mTorr. Source hydride AsH3 gas was 

introduced continuously during the temperature ramp. The surface morphology and 

roughness of all samples were characterized by non-contact mode AFM in air. The 

degree of relaxation and the quality of GaAs layers were determined by HR-XRD. 

Cross-sectional TEM was performed to analyze defect in GaAs layer.

3.2.2 Experimental results

As mentioned in Chap. 3.1, two-step growth is advantageous in GaAs

growth with flat surface. Figure 3.3 shows the surface morphologies of low 

temperature (LT) GaAs buffer layer grown on Si. By lowering growth 

temperature to 680 to 395 oC, formation of islands was successfully 
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suppressed, leading to 2-dimmensional growth although thickness of GaAs 

layer was 20 nm. LT growth was advantageous to obtain flat surface in that 

diffusion length of adatom was reduced at lower temperature[1, 7]. When the 

growth temperature from 395 to 450 oC, the root mean square (RMS) surface 

roughness of LT GaAs buffer layer was increased from 1.25 to 4.05 nm, 

indicating 3D growth mode was enhancing as the temperature increased. As 

the growth time was increased from 10 to 25 mins at growth temperature 395 

oC, the surface roughness was also increased from 1.2 to 3.5 nm. When high 

temperature (HT) GaAs layer was grown on flat, 2-dimensional LT GaAs

buffer layer, GaAs was grown like homoepitaxy. Thus, by using two-step 

growth, flat GaAs layers could be obtained with low RMS roughness of 3.3

nm, comparing to one-step growth of GaAs as shown in Fig. 3.5.

The structure and quality of two-step grown GaAs layer were characterized 

by HR-XRD. Figure 3.6 showed full width at half maximum (FWHM) of HR-

XRD rocking curves of two-step grown 1mm thick-GaAs layers on Si. The 

optimized growth condition was 395 oC growth temperature and 13 mins 

growth time at 160 mbar growth pressure. As shown in Fig. 3.7, full width at 

half maximum (FWHM) of GaAs layer was reduced from 1124 to 547 arc-sec 

by employing the two-step growth method. In HR-XRD, the narrower FWHM 

mean the better crystal quality, inferring that crystal quality of GaAs layer was 

improved with two-step growth method.
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(a)

(b)

Fig. 3.3 Surface morphology of low temperature GaAs (a) grown at 395 oC, and (b) grown 

at 450 oC for 13 mins
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Fig. 3.4 Root mean square (RMS) surface roughness with variation of growth 

temperature and growth time
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(a)

(b)

Fig. 3.5 (a) SEM image of one step growth of GaAs, and (b) AFM images of LT GaAs 

grown at 395 oC for 13 mins and HT GaAs grown on LT GaAs for 10 mins at 680 oC
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Fig. 3.6 FWHM of (004) rocking curves of GaAs on Si with variation of LT growth time
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Fig. 3.7 FWHM of (004) rocking curves of GaAs on Si for the reference sample with one-

step growth and the GaAs sample with 395 oC and 13 mins.
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3.3 Multi-annealing steps with the insertion of strained superlattice

The threading dislocations in GaAs layer affect the device performance. In 

multi-junction solar cells fabricated on Si substrates, threading dislocation 

density (TDD) on the order of 108 cm-2 resulted in significant drop of Voc in 

illuminated J-V characteristics [8, 9]. Therefore, TDD in GaAs layer should be 

more lowered for the fabrication of devices with better performance. As 

mentioned in Chapter 3.1, the insertion of strained layers and applying the 

annealing process can significantly reduce TDD. In this study, the strained 

InGaAs layers were inserted intermediately during multi-annealing steps.

3.3.1 Experimental details

On the top of two-step 370 nm thick GaAs buffer layer on Si, the multi-

annealing was performed while InGaAs strained layers were inserted 

intermediately each annealing step. The strained layer superlattice consists of 

InxGa(1-x)As layers with variation of thickness 20, 40 nm, and In composition (x) 

was also given variation from 8 ~ 15 %, while the growth temperature was fixed 

at 615 oC. Annealing temperature was varied from 700 to 820 oC, and annealing

time was also given at 60 and 120 sec. During annealing process, AsH3 gas was 

constantly introduced. Cycle times was varied from 5 to 20 times. The surface 

morphology and roughness of all samples were characterized by non-contact 

mode atomic force microscopy (AFM) in air. The structure and the quality of 

GaAs layers were determined by high-resolution X-ray diffraction (HR-XRD). 

Threading dislocation densities were measured by plan-view transmission 

electron microscopy (TEM).

3.3.2 Results and discussion

In order to find optimal growth condition of InGaAs, TMIn source flow was 

changed before thermal annealing process was performned. Figure 3.8 showed 

the FWHM and RMS roughness of 1 mm thick GaAs layer on the two-step 370 

nm thick-GaAs layer. When TMIn sources flow was 90 sccm, the lowest FWHM 

was observed, and flattest surfaces could be obtained, indicating improvement of 

crystal quality. It indicated that the increase of TMIn sources above 90 sccm 
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caused the additional strain during the growth, leading to generation of additional 

dislocations in SLs structure and the surface roughening. Under 90 sccm of 

TMIn source flow, the RMS roughness was still constant comparing to 90 sccm, 

while FWHM value was decreased. It indicated that the insufficient strain to 

bend dislocations at the interfaces of SLs structure The thickness of 20 nm 

showed more narrow rocking curves as shown in Fig. 3.10. [10]. Finally, the 

FWHM values of 1 mm thick GaAs layer was changed from 547 to 337 arc sec 

with SLs structure. In order to further reduce FWHM values, thermal annealing

was performed. The growth sequence was multiple combination of 

In0.1Ga0.9As/GaAs structure growth at 615 oC with 20 nm thickness and the 

following in-situ annealing as shown in Fig. 3.10 (a). While Ti was fixed at 400 

oC, Ta was varied from 700 to 820 oC as shown in Fig. 3.10 (a). The higher DT 

(Ta-Ti) increased, the shorter FWHM could be achieved. FWHM of (004) 

rocking curve was reduced from 337 to 146 arc sec. During thermal annealing at 

high temperature, dislocations annihilate each other by gliding and interaction. 

The dislocation velocity at any temperatures can be explained by equation of 

temperature and stress. Yamaguchi et al. reported that dislocation velocity 

increases as both temperature and stress increase [11]. The GaAs layer grown on 

Si was under tensile stress at room temperature due to the difference of thermal 

expansion coefficient between GaAs and Si. In my experiment, GaAs layers 

were grown at 680 oC and the annealing temperature was higher than growth 

temperature. Therefore, compressive stress was induced into GaAs layer during 

annealing. The stress within GaAs layer during RTA was calculated by using 

Stoney’s equation [12]. The compressive stress within GaAs increases from 61.3 

to 121.1 MPa, leading to dislocation velocity increment as the temperature 

increases from 700 to 820 oC. Higher annealing temperature with more stress 

admitted dislocations to more easily glide and annihilate [5]. Thus, less FWHM 

value could be obtained with increasing annealing temperature.
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Fig. 3.8 FWHM of (004) rocking curves and RMS roughness of GaAs on Si for the 

reference sample with two-step growth and the GaAs sample with strained SLs structure
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(a)

(b)

Fig. 3.9 Cross section of TEM image of (a) the two-step growth GaAs on Si for the 

reference sample, and (b) the GaAs sample with strained SLs structure
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Fig. 3.10 HR-XRD (004) rocking curves of GaAs on Si with variation of individual 

InGaAs layer (20/40 nm thick)
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(a)

(b)

Fig. 3.11 (a) the schematic diagram of multi-annealing process with combinations of 

In0.1Ga0.9GaAs/GaAs surperlattice structures (b) FWHM values of HR-XRD (004) rocking 

curves of GaAs on Si with multi-annealing steps with strained InGaAs/GaAs sutructres
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3.4 Final GaAs buffer layer grown on Si (100)

In this study, GaAs layer was grown on Si with a multi-step annealing and 

InGaAs strained layers. The FWHM of (004) corking curves improved from 

1124 to 146 arc sec as indicated Fig. 3.12. The surface roughness was also 

improved from 53 to 3 nm as shown in Fig 3.13. Based on plan view TEM, final 

GaAs buffer layer shows 6.0 x 107 cm-2 value of TDD as shown in Fig. 3.14.
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Fig. 3.12 Comparison of FWHM values of GaAs with other’s groups
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Fig. 3.13 AFM images of final GaAs surface grown on Si substrate with multi-annealing 

process and InGaAs strained layers.
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Fig. 3.14 Cross section of TEM image of GaAs grown on Si with cycle annealing process 

with multiple combinations of In01Ga0.9As/GaAs superlattice structures. Inset image 

indicated Plan view TEM
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Chapter 4. Solar cell operation on the GaAs buffer on Si

4.1 Introduction

The ability to produce high efficiency III-V compound solar cell structures 

on the Si substrates strongly depends on the minority carrier lifetime in the base 

region. The minority carrier lifetime can be reduced by defects, especially 

threading dislocations, in the solar cell on Si substrates. Therefore, understanding 

the impact of threading dislocations on the minority carrier lifetime is crucial to 

device modeling and device design. The minority carrier lifetime of holes and 

electrons in GaAs on Si substrate has been studied for the estimation of solar cell 

performance. The work by M. Yamaguchi et al., calculated a dislocation-limited 

diffusion length first as shown in Fig. 4.1 [1]. Based on this model, a decrease in 

carrier lifetime (τ) is expected with increasing TDD. S. A. Ringel, et al., also 

calculated a spacing of parallel threading dislocations as a function of TDD and 

shown it with minority carrier lifetime as shown in Fig. 3.5 [2-5]. They can 

divide the results with TDD- and non TDD-limited regions at 1 × 106 #/cm2 TDD. 

The minority carrier lifetimes achieved for GaAs double heterostructures (DHs) 

grown on Si substrates via direct epitaxy using III-V strained-layer superlattices 

as interlayers have been reported to be up to 2 ns in n-type GaAs. These lifetimes 

are believed to be defect-limited due to the high residual TDDs (> 7 × 106 cm-2) 

and the fact that these lifetimes are much lower than homoepitaxial lifetimes (τmax) 

achieved at the same dopant concentrations. More recent work done in the 

research group at the Ohio State University has shown that an interlayer 

consisting of compositionally graded Si1-xGex up to 100% Ge results in TDDs in 

GaAs on Si of ~1 × 106 #/cm2, which translates to minority carrier hole lifetimes 

of up to 10 ns [4]. The minority carrier lifetime depending on the carrier types are 

also investigated in the GaAs with TDD. As shown in Fig. 3.5, the carrier 

lifetime of hole in n-GaAs is longer than that of electrons in p-type GaAs. The 

lower lifetime of electrons, which has been revealed by both the experimental 

data and the modeled results, is understood by noting the difference in minority 

carrier diffusion coefficients (D0) or equivalently the minority carrier mobilities 

(μ) for electrons and holes in GaAs. Since the τn and τp in the low TDD regime 
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(less than 1 × 103 cm-2) are comparable, the higher mobility of electrons reduces 

the average time for carrier dislocation interaction. Therefore, τn is more sensitive 

to TDD than τp for GaAs, resulting in the observed shorter electron 

recombination lifetimes. Based on the modeled result, a TDD of ~ 1 × 105 cm-2

would be necessary for electron to achieve 10 ns of carrier lifetime. This result is 

significant for GaAs devices grown on Si-based substrates since differences in 

minority carrier lifetimes can significantly impact device design and performance. 

Recent work on p+/n and n+/p GaAs solar cells grown on Si-based substrates 

have shown that n+/p solar cells have lower open-circuit voltages at a given TDD 

due to the enhanced recombination of electrons compared to holes as shown in 

Fig. 4.3.



71

Fig. 4.1. The minority carrier lifetime of electron and hole as a function of threading dislocation 
density in GaAs. 
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Fig.4.2. Theoretical dependence of carrier diffusion length on the threading dislocation density.
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Fig. 4.3. Open circuit voltage for n+/p and p+/n configuration in GaAs as a function of threading 
dislocation density

10
3

10
4

10
5

10
6

10
7

10
8

10
9

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

 n+/p configuration

 p+/n configuration

 C. L. Andre, et al.

 J. C. C. Fan, et al.

 C. L. Andre, et al.

 S. M. Vernon, et al. (1)

 M. Yamaguchi, et al.

 S. M. Vernon, et al. (2)

O
p

e
n

-c
ir

c
u

it
 v

o
lt

a
g

e
 (

V
o

c
)

Threading dislocation density (cm-2)



74

4.2 Experimental details

The epitaxial layer of GaAs solar cell was grown on the buffer layer by 

MOCVD. The thickness and doping concentration was shown in Fig. 4.4. The 

condition of buffer layer was indicated in Table 4.1. The performance of GaAs 

solar cell was investigated with different GaAs buffer conditions. The device 

fabrication process was performed as mentioned in chapter 2.2 and also shown in 

Fig. 4.5. The performance for GaAs solar cell on the Si substrate was measured 

with WACOM solar simulator calibrated for the AM1.5 spectrum. The TRPL 

measurements were performed with different buffer layer conditions. In order to 

investigate the carrier collection in conjunction with TRPL measurement, the 

external quantum efficiency was also measured.

           

Fig. 4.4. Schematic diagram of p+n GaAs single junction solar cells on Si substrate
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(a)

(b)

Fig.4.5. Schematic diagram of device fabrications for (a) metal contacts and (b) for cap layer etching 
metal isolation etching, deposition of ARC.
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Table 4.1.  The buffer layer conditions for the fabrication of III-V GaAs solar cell

ID Conditions

A Two steps

B
Two steps + InGaAs/GaAs supperlattice + thermal cycle 
annealing
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4.3 Performance of GaAs single junction solar cell on Si

Fig. 4.4 showed the J-V characteristic curves under 1 sun condition. The 

solar cell performance parameters for device was also summarized in Table 4.1.

The conversion efficiency of the solar cell which showed the best results were 

10.14 % for the sample A and 15.47 % for the sample B. The Voc was increased 

from 0.68 to 0.81 V and the Jsc was increased from 21.08 to 24.96 mA/cm2 by 

using superlattice structure and the cycle annealing.

As pointed C. Andre, et al., threading dislocations in the GaAs propagated 

from the GaAs buffer layer was attributed to the Voc and Jsc since they limited the 

carrier diffusion length. Fig. 4.7 shows the measured minority carrier lifetime by 

time-resolved PL (TRPL) for the GaAs on the sample A and B. The experimental 

data were fitted by a single exponential decay model to observe the carrier 

lifetime in both samples. Calculated results show that the carrier lifetime was

affected with threading dislocation density above 106#/cm2. In comparison to 

11.9 ns from the GaAs on Ge substrate, the measured results represent that the 

carrier lifetime in GaAs on the Si substrate was 0.9 ns. Based on the calculated 

results, both of the carrier lifetime from the GaAs on Si substrate were limited by 

threading dislocations. In conclusion, the carrier lifetime in the GaAs was 

degraded by the threading dislocations propagated from the GaAs buffer layer, 

and this is a main reason for low Voc. Therefore, researches for reducing the 

threading dislocation density below 106 #/cm2 is needed to increase the open-

circuit voltage of the GaAs solar cell on the Si substrate.
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Fig. 4.6. Illuminated J-V curves for the sample A and B.
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Table 4.2. The figure of merits of solar cells for the different growth condition of buffer layer

Cell  
ID Efficiency

J
sc

(mA/cm2)

V
oc

(V)
F.F

A 10.14 % 21.08 0.68 0.703

B 15.47 % 24.96 0.81 0.762



80

Fig.4.7. The measurement of TRPL for the analysis of minority carrier lifetime in GaAs layers of the 
sample A and B.
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Fig.4.8. External quantum efficiency for the sample A and B
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4.4 Crack formations in GaAs solar cells on Si

Until the thickness of 2.7 mm of GaAs buffer layer, the crack was not 

observed in the epitaxial layer. After the growth of solar cell epitaxial layers on 

the GaAs buffer layer, the cracks were observed in the sample A and B. At the 

edge of sample, the crack linear density (Dc) was 126 cm-1. All of devices 

contained crack arrays as shown in Fig 4.8. It was due to the mismatch of thermal 

expansion coefficient (GaAs > Si), tensile stress was induced in the GaAs layer.

The crack formation occurred when the epitaxial layer was above the critical 

thickness. The critical thickness of crack formations can be expressed as [6, 7]

2s×

×G
=
Z

E
t f
c

, where t
c

is critical thickness, s is stress, E
f
is biaxial modulus, Z is dimension less 

driving force, and G is fracture resistance respectively. As shown in Fig 4.9, the 

crack formations occurred when the epitaxial layer thickness (t) was above the 

critical thickness (tc). Corresponding to the eq. 4.1, the critical thickness could be 

calculated as a function of growth temperature which determined the stress factors 

in the Eq. 4.1, as shown in Fig. 4.10. The range of tc was from 2.9 to 3.9 mm at the 

conventional growth temperature (600 ~ 700 oC). Total thickness of epitaxial 

layers including GaAs buffer layers was 5.7 mm which was above the tc. Thus, the 

crack formations were occurred.

Eq. (5.3)
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Fig.4.9. Nomarski micrograph of crack arrays in GaAs solar cells.
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Fig.4.10. Schematic diagram of wafer bowing and crack formations with the biaxial 
tensile stress
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Fig. 4.11. Critical thickness for crack formations as a function of growth temperature
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4.5 Summary

III-V GaAs epitaxial layers were grown on the different GaAs buffer layers. 

The device on the GaAs buffer layer with only two-step growth methods showed 

10.14 % and the device on the GaAs buffer layer with two-step growth, 

InGaAs/GaAs superlattice and thermal annealing showed 15.47 %. The 

improvement of efficiency was due to the increase of Voc and Jsc. By measuring 

the TRPL, the minority carrier lifetime was increased from (). Thus, the increase 

of Voc and Jsc was mainly due to the increase of minority carrier lifetime. The 

external quantum efficiency were measured for the devices on the sample A and 

B, EQE showed the increased carrier collections for whole range of GaAs 

absorption spectrum. The crack formations were also observed in III-V GaAs 

epitaxial layers. After the growth III-V GaAs solar cell epitaxial layers, the total 

thickness of epitaxial was above the critical thickness which results in the crack 

formations in all of devices.
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Chapter 5. Impacts of crack formation on the device

5.1 Introduction

In photovoltaic device applications, active layer is necessarily thick enough 

to absorb solar spectrum. Thus the GaAs photovoltaic cell monolithically grown 

on Si is also subjected to crack formations in their epitaxial layers as shown in 

Fig 5.1 [1]. Crack formation has considered being detrimental for device 

operation [1, 2]. Yoshio Itoh et al. mentioned that electrically and mechanically 

isolated regions by crack formations caused cell efficiency drop. S. M. Vernon et 

al. also suggested that the cracks could act as the penetrating path for oxidizing 

species [3], and consequently inhibited device performance. Contrary to these 

suggestions, Carrie L. Andre et al. suggested that total number of cracks per cell 

did not have significant degradation mechanism on device performance [4]. The 

main question is whether or not crack formations in GaAs photovoltaics solar 

cells on Si have impact on the performance. Whereas the effects of threading 

dislocations on the device performance are well described and modeled [5, 6], 

effects of cracks are not well defined in terms of device operation. This study 

investigated the effects of crack formations on the GaAs photovoltaic cells 

grown on Si substrate.
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Fig 5.1. Normarski micrograph of GaAs surface with crack arrays, and (b) SEM image of FIB cross 

section image of p+/n GaAs single junction solar cells on Si with crack surfaces generated by crack 

channeling
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5.2 Finite element method for the analysis

The modeling process for optimizing III-V multi-junction solar cell designs 

was performed using the APSYS simulator, a general-purpose 2D/3D finite 

element analysis and modeling software for semiconductor devices. Finite 

element method (FEM) combines many simple element equations over many 

small boundary conditions. Finite element analysis is one of the preferred 

modeling approach for solar cells as this method allows the flexibility to vary 

multiple parameters simultaneously, namely – lifetime, surface recombination 

velocities, band-gaps, anti-reflective coating design, material compositions, 

doping-type, doping concentration, layer thicknesses etc.

In this study, all important generation and recombination mechanisms, such 

as spontaneous and Auger recombination Shockley-Reed-Hall recombination 

(SRH), were considered. The most important equations are the Poisson’s 

equation and the continuity equation for electrons and holes. The Poisson’s 

equation is as follows,

where V is the electric potential, εo vacuum dielectric constant, εdc relative 

DC or low frequency dielectric constant, q electronic charge, n electron 

concentration, p hole concentration, ND the shallow donor density, NA the 

shallow acceptor density, fD occupancy of the donor level, fA occupancy of the 

acceptor level, Ntj the density of the fth deep trap, ftj the occupancy of the fth deep 

trap level, δj is 1 for donor-like traps and 0 for acceptor-like traps. The current 

continuity equation for electrons and holes are respectively expressed as,

−� ∙ �
�����

�
�� � = −n + p + N� (1 − ��) − ���� +∑ ���� 	(�� − ���)

� ∙ �� −� ��
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where Jn and Jp are electron and hole current flux density respectively. ��
��

and	��
�� are the electron and hole recombination rates per unit volume through 

the fth deep trap, respectively. Gt is the optic generation rate, Rsp, Rst, and Rau are 

the spontaneous recombination rate, the stimulated recombination rate and the 

Auger recombination rate per unit volume, respectively.

5.3 Proposed model and back ground of simulations

The induced tensile stress due to difference thermal expansion coefficient 

between GaAs and Si causes wafer bowing, even crack formations in the 

epitaxial layer. Figure 5.2 (a) shows the one crack channel in 6 mm thick GaAs 

layer on Si and newly generated {110} surfaces by channeling of crack 

formations. In this study, it was assumed that such {110} surfaces, which will be 

hereinafter referred to as crack surfaces, can suffer high surface recombination 

velocity as high as 3ｘ106 even higher than 1ｘ107 cm/s. Although the crack 

surfaces have not been experimentally verified to have such high recombination 

velocity, it is commonly accepted that the cleaved surfaces or etched surfaces are 

regions of intense non-radiative electron-hole recombination. The naturally 

oxidized GaAs surfaces show Sv with the value of ~3x106 cm/s, and the GaAs 

surface with HCl wet etching process undergo Sv even higher than 1ｘ107 cm/s 

[7]. When we consider wet etching process during cell fabrication process, Sv at 

crack surfaces can be even higher than 1ｘ107 cm/s. And also the crack surfaces 

are mechanically cleaved surface and usually open to the air during cell 

fabrication. Therefore, it is reasonable to assume that crack surfaces will also 

have surface recombination velocity in that level of value if there is no addition 

surface treatment as shown in Fig.5.2 (b). Besides, I have to also consider the 

recombination process by the presence of threading dislocations. For the 

applications of III-V GaAs based solar cells on Si, threading dislocations are 

generated with lattice mismatch condition between GaAs and Si. The theoretical 

� ∙ �� −� ��
��

�
− ��� − ��� + ��� + ��(�) = −

��

��
+ ��

���
��
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model for recombination process due to threading dislocations has been well 

described with limited carrier lifetime which can be written by [8]

, where tTD, to, Do, TDD are threading dislocations limited minority carrier 

lifetime, bulk minority carrier lifetime, and threading dislocation density. The 

effective limited minority carrier lifetime was used in TCAD simulations, 

corresponding to TDD with Eq (1). Diffusion coefficient Do and bulk minority 

carrier lifetime to were used as reported in previous research [9-11] as indicated 

Table I. The effective carrier lifetime versus dislocation density was shown in Fig. 

5.3.

�

���
=

�

��
+

��∙��∙���

�
			Ep. (1)
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(a)

(b)

Fig 5.2. (a) SEM image of FIB cross section crack channeling in 6 mm thick GaAs on Si, cleaved 

GaAs surfaces was etched with H2PO3 solution for 90 sec., and (b) schematic diagram of the 

recombination of photo-generated carriers at the crack surface.
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Fig 5.3. The dislocation limited carrier lifetime as a function of dislocation density for the minority 

carriers of hole and electron.
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Table. 5.1. Main parameters for determining minority carrier lifetime in TCAD simulations

Symbol Parameters, (units) Value

Do,e Electron diffusion coefficient (cm2/Vs) 66.98 [12]

Do,h Hole diffusion coefficient (cm2/Vs) 5.85 [12]

to Bulk carrier lifetime, (ns) 76.9 [11]
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5.4 Simulation parameters and conditions

Crack formation was from the heterogeneous material structure, which 

could be easily initiated with flaws in the material. The crack liner density (Dc)

was not easily determined because it depended not only on the density of 

material flaws, but also on the stress and film thickness of epitaxial layers which 

decided the nucleation and propagation of cracks [2, 13]. Surface recombination 

velocity (Sv) at the crack surface was also dependent on the surface treatments. 

TDD also shows the difference value with different epitaxial growth techniques 

and conditions. All of conditions were considered simultaneously, by changing 

Sv, Dc, and TDD in TCAD simulations. The Dc was reported in the range from 0 

to 200 cm-1 in the literature [2]. The TDD was commonly observed in the range 

from 1x105 to 1x108 cm-2 in the literatures [1]. Table II shows the main 

simulation parameters which are given variation during simulations. Firstly, 

simulations conducted without crack formations in the device structures while 

TDD changed from 1x105 cm-2 to 1x108 cm-2 to observe effects of threading 

dislocations with Eq (1). Then crack formation was applied in device structure as 

shown in Fig 5.4 (a). I changed Dc and TDD simultaneously while Sv of crack 

surface was fixed at the value of 3x106 cm/s. I changed Dc by adjusting crack 

spacing Wc in the device structure, because Dc can be defined as the inverse of 

the average crack spacing which can be written by,

where Wc is the average crack spacing. Crack spacing was changed from 10 to 

1000 mm, corresponding to Dc from 200 to 10 cm-1 with Eq. (2). The crack width 

was fixed at 1 mm. The structure of solar cell device, such as doping 

concentration and thickness of individual layers, was fixed during simulations as 

shown in Fig. 5.4 (b). Anti-reflecting coating (ARC) layer was the double layer 

of MgF2/ZnS with 110 nm and 50 nm thickness respectively. I also applied the 

external resistance with the value of ~ 3 Ω, which reflects parasitic resistance of 

�� =
1

��
					Eq. (2)
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solar cell device, originated from metal contact, band offset, and etc. The grid 

metal coverage of active surface area was set 4 %.

Fig 5.4. (a) 3D representation of simulation structure, and (b) thickness and doping concentrations of 

device structure
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5.5 Simulation results and discussions

Figure 5.5 showed the conversion efficiency of GaAs solar cells as a function 

of Dc. Simulation showed that the conversion efficiency of GaAs single junction 

solar cell on Si could be decreased from 24.0 to 17.8 %. The efficiency drop was 

mainly attributed to the drop of Voc as shown in Fig 5.6. The decrease rate of Voc

showed logarithmic function versus Dc. The Voc could be expressed as,

)1ln( +=
o

sc
OC

J

J

q

nkT
V Eq. (5.3)

Based on Eq. (5.3), the saturation current density (Jo) of p/n diode increased 

with the increase of Dc, resulting from the recombination of carriers at the crack 

surfaces. As the recombination area increased with the increase of Dc, the Jo also 

linearly increased. The decrease of Voc was also enhanced with the reduced TDD. 

The performance of GaAs solar cells grown on Si was limited by the trap-related 

recombination with conjunction of high value of Jo showing in the range from 

1x10-8 to 1x10-9 A/cm2. When the crack formations were accounted in the total Jo

and TDD was low, the portion of Jo related to the crack formation became the 

larger, causing to the enhanced decrease of Voc. Detail analysis should be 

performed for determining the increase rate of Jo per a crack line as a function of 

Dc by measuring dark J-V curves and illuminated J-V curves for crack-free devices 

and device including cracks. Based on simulation results, the Voc was decreased up

to 14% when the Dc was 200 cm-1 at 1x105 cm-2 the value of TDD. Jsc also showed

was affected with crack formations as shown in Fig. 5.7. It because that photo-

generated carriers near the crack surfaces were recombined on the crack surfaces, 

and optical loss occurred with the crack width. As the TDD was decreased, the 

diffusion length of carriers was increased, and then the total amount of recombined 

carriers at crack surfaces increased as shown in Fig 5.8 (a). Until 0.2 mm distance 

from the crack surfaces, normalized photo-generated carriers was still above 0.9, 
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showing the detrimental distance from the crack surfaces was about 0.2 mm as 

shown in Fig 5.8 (b). Taking account of 1mm crack width, the carrier loss was 

caused by crack width about 1.2 mm.

Fig 5.5. GaAs solar cell efficiency as a function of crack linear density (Dc).
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Fig 5.6. Normalized Voc as a function of Dc.
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(a)

(b)
Fig 5.8. (a) Normalized carrier concentration near the crack surface as a function of TDD.
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Fig 5.9. The schematic representation of current loss due to optical loss for crack width and 

recombination loss at crack surfaces
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5.6 Summary

Based on simulation results, crack formation showed the significant impacts 

on the GaAs solar cell performance. The conversion efficiency could be

decreased from 24 to 17.8 % when Dc reached to 200 cm-1 linear density at 1x105

cm-2 TDD. The main driving force of drop was due to the degradation of Voc. The 

Voc was decreased up to 14.5% when the Dc was 200 cm-1 at 1x105 cm-2 the 

value of TDD. The origin of reduction could be explained with the trap related 

recombination process at the crack surfaces {110}. Formation of micro crack 

array generates the additional peripheral of recombination area and increase of Jo

in P/n diode characteristic curves. The Jsc degradation was not only due to the 

optical loss for the crack width, but also due to the recombination of photo-

generated carriers near the crack surfaces. The detrimental distance from the 

crack was about 1.2 mm, including 1 mm crack width.
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Chapter 6. Crack-free III-V GaAs solar cells on the Si substrate

6.1 Introduction

The cracks formations have significant impacts on the device performance, 

especially on the open circuit voltage based on TCAD simulations. Theoretically, it 

was known that the cracking occurred when the elastic energy induced in an 

epitaxial GaAs layer on Si due to the mismatch in thermal expansion coefficient 

exceeded that required to generate two {110} surfaces [2]. In order to prevent the 

crack formation, several approaches such as the insertion of a strain compensated 

buffer layer and the use of a porous Si layer were proposed [14-16]. The use of 

controlled crack arrays in a silicon nitride thin film, generated by “V” notch type 

patterns as stress concentrators initiating the cracking, was reported as an 

alternative nanoscale patterning method to replace electron beam lithography 

which is an expensive and slow process [17]. In this study, I proposed a new 

scheme, using notch patterns on a Si substrate to control crack formation of 

epitaxially grown GaAs on Si.

6.2 Making notch patterns and analysis of stress concentration

6.2.1 Fracture strength and biaxial stress in GaAs on Si system

The biaxial stress induced in the GaAs layer after cooling to room temperature is 

theoretically dependent on the growth temperature. It can be calculated by using 

Stoney’s equation [18]. Stoney ‘equation is demonstrated as follows,
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where nSi and nGe are Possion’s ratios, ESi and EGaAs are Young’s modulus and aSi and 

aGaAs are thermal expansion coefficients of Si and GaAs, respectively. The tSi and 

tGaAs are thickness of Si substrate and GaAs layer and R is the radius of curvature. In 

this case, Tg is growth temperature and Troom is room temperature. Because the E and 
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a are the function of temperature, equation can be expressed below, using the elastic

constants included in Table 6.1 ,
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The resulting stress calculated by Stoney’s equation is plotted in Fig. 6.1. The usual 

growth temperature of GaAs is ranged from 600 to 700 oC. The fracture strength of 

GaAs material is 2.7 GPa [19]. 
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Fig. 6.1. Calculated biaxial stress as a function of growth temperature in GaAs on Si system
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Symbol Parameter Value

aSi

Thermal expansion 

coefficient of Si
2.7 + 0.0026T (10-6/K)

aGaAs

Thermal expansion 

coefficient of GaAs

4.24 + (5.82x10-3)T- (2.82x10-6)T2

(10-6/K)

nGaas Poisson's ratio of GaAs 0.31

EGaAs Young modulus of GaAs 85.5 (GPa)

ESi Young modulus of Si 130.2 (GPa)

Table. 6.1. Elastic constants of Si and GaAs
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6.2.2 Design of notch patterns for crack initiation

The biaxial stress is 15.9 times below comparing to the fracture strength. In order 

to initiate crack formation, therefore, stress concentrators in the GaAs material is 

required. The stress concentration factor (Kt) can be defined as,

global

local
tK

s

s
= Eq. 6.3

,where locals and globals are induced stress at the edge of stress concentrators, 

nominal stress induced GaAs layer, respectively. To nucleate crack formations, Kt

must be higher than 15.9. Geometrical feature of notch should be unidirectional in 

the set of <110> direction since cracks propagated in the direction of <110>. Thus, 

two types of patterns can be proposed as shown in Fig.6.2. Due to the proximate 

effect during photolithography, the curvature of pattern (b) is usually sharper than (a). 

The curvature (k) at the edge of notch is the inverse of radius as shown in Fig. [5]. 

The sharper, the higher Kt can be achieved. Therefore, the pattern (b) was selected in 

this study.
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Fig. 6.2. Schematic diagrams of stress concentrators for (a) type and (b) type, and (c) the curvature at 

the edge of the tip
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6.2.3 Fabrication process of notch patters on Si substrate

Notch type patterns were made onto a Si(001) substrate with a misfit cut of 6o off 

towards [111] by deep reactive ion etching (DRIE). The DRIE process was carried 

out at a pressure of 10 mTorr using SF6 and C4F8 gases by an inductively coupled 

plasma etcher (STS, Multiplex ICP). The etching depth on the Si substrate was 7.0 

mm. The curvature of 50 notches were measured as summarized in Table 6.2. The 

curvature of tip was ranged from 0.575 to 1.064 mm-1, while the average was 0.823 

mm-1. Using stress analysis finite element modeling, their effects on stress 

distribution around in GaAs film was investigated. For two-dimensional plain strain 

model, a dimension of 1 cm2 thin film region was created. In addition, the meshing 

was arranged so that finer meshes are used near at the tip of notch. The degrees of 

freedom of the system are constrained so that the result of the simulation is not a 

function of the dimensions of the plane. The systems are then subjected to a 680 °C 

thermal load. Results of the simulation are shown in Fig.6.4. Results showed that 

SCF was above 15.9 in the range of minimum and maximum of curvature of notch 

patterns. After growth of GaAs layer on the patterned Si substrate. SEM image 

showed lateral growth of GaAs along with the edge of pattern as shown in Fig. 6.4 

(a). At the tip of notch, two facets were merged, making a tip of notch even shaper as 

shown in Fin. 6.4(b). The SCF was expected to be much higher than the required 

SCF to nucleated the cracks. Based on the angles between planes and TEM analysis, 

the facet of GaAs was (211) planes as shown in Fig. 6.5. The evolution of GaAs layer 

around the tip with variation of growth temperature and V/III ratio should be 

investigated in more details.
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Fig. 6.3. Schematic diagram of fabrication process of notch patters on Si substrate
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Radius, r (mm) Curvature, K (mm)

Maximum 1.74 1.064

Minimum 0.94 0.575

Average 1.23 0.823

Standard deviation 0.148 0.091

Table. 6.2. Radius and curvature of tip of notches
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(a)

(b)

Fig. 6.4. (a) Stress concentration factor as a function of curvature and (b) stress concentration when 

k=2>
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(a)

(b)

Fig. 6.5. (a) Lateral growth of GaAs along with the edge of notch pattern, and (b) formation sharp tip 

by merging the planes of GaAs after growth of 4.8 mm GaAs
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Fig. 6.6. A schematic diagram and TEM images of lateral growth and evolution of (211) facet during 

the growth
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6.3 Periodic crack arrays

In order to determine a notch spacing to obtain regularly spaced crack-free 

areas on the III-V epitaxial layers/Si substrate, I investigated the relationship 

between the ratio of the number of cracks to the number of notches and the notch 

spacing for different epitaxial layer thicknesses of 3, 4, 5, and 6 mm using a 

configuration shown in Fig. 6.6(a). The notch spacing was defined as a 

horizontal distance between the notches at a fixed vertical distance of 2 mm. In 

Fig 6.6 (b), it was found that the ratio was 1 for the 4,5,6 mm-thick layers, 

indicating that the cracks were generated along all the lines between the notches, 

as shown in the schematic diagram, in the wide range of the notch spacing from 

200 mm to 4 mm.  In this range, we could control the crack formation in a 

uniformly spaced array by incorporating the notch patterns onto the Si substrate. 

For the notch spacing below 200 mm, the ratio was observed to be smaller than 1 

for the 4 mm-thick layer, implying that the cracks were not generated for all the 

lines between the notches. I speculated that compared to the other thicker layers 

of 5 and 6 mm, the elastic energy included in 4 mm-thick layer was smaller, 

resulting in the less number of cracks required to release it. In the case of the 6 

mm-thick layer the ratio was larger than 1 for the wider notch spacing than 4 mm, 

indicating that additional cracks were generated in the area between the notch 

lines, which might be originated with surface defects or material flows. With 3 

mm thick layer, no channeling through the sample was observed. In order to 

make crack lines clear, the sample was etched in H3PO4 solution for 30 secs with 

27 nm/s etching late. At the tip of notch, the crack was initiated and propagated 

18 mm from the tip. Near the tip of notch, concentrated stress helped the 

propagation of crack arrays as shown in Fig. 6.7(a). Once the crack left stress 

concentrated region, crack could not proceed. It could be explained that energy

released for a crack per a unit area was proportional to thickness. Facture 

resistance is 2 x (110) surface energy of GaAs [2, 20, 21]. As shown in Fig. 

6.7(b), in order to control crack arrays in GaAs, the epitaxial thickness should be 

larger than 3 mm so that the energy release rate of crack is greater than the 

fracture resistance of GaAs.
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(a)

  

(b)

Fig. 6.7. (a) Schematic diagram of sample configuration of experiments, and (b) average number of 

cracks per a notch as a function of notch spacing
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(a)

(b)

Fig. 6.8. (a) Initiation and propagation of crack arrays for 3mm thick GaAs on Si, and (b) energy 

release rate as a function of film thickness. Red dotted line indicated the fracture resistance of GaAs
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6.4 Process steps for crack-free solar cells

Based on the results, I determined that the solar cells of 2 mm × 2 mm size 

on the 5.8 mm thickness epitaxial layers/Si. The patterns were maded with DRIE 

process as mentioned. The patterned Si substrate was cleaned using a sulfuric 

peroxide mixture (H2SO4 : H2O2 = 4 : 1) and then diluted HF (HF : DI = 1 : 100). 

After loading the patterned Si substrates into a metalorganic chemical vapor 

deposition system, III-V GaAs based single junction solar cell epitaxial layers 

was deposited on the top of buffer layer: 300 nm-thick p+-GaAs (1 × 1019 cm-3) 

ohmic-contact layer, 50 nm-thick p+-GaInP (2 × 1018 cm-3) window layer, 100 

nm-thick p+-GaAs (5 × 1018 cm-3) emitter layer, 2.9 mm-thick n-GaAs (1 × 1017

cm-3) base layer, and 50 nm-thick n+-GaInP (2 × 1018 cm-3) back surface field 

layer. The total thickness of the epitaxial layers was 5.8 mm. The reactor pressure 

was set to 100 mbar for the growth of all the layers. For comparison, the 

epitaxial layer structure was grown on a Si(001) substrate without the notch 

patterns in the same batch. Trimethylgallium (TMGa), trimethylindium (TMIn), 

arsine (AsH3), and phosphine (PH3) were used as the precursors for Ga, In, As, 

and P, respectively. Silane (SiH4) and diethylzinc (DEZn) were used as an n-type 

and a p-type dopant gases, respectively. I expected the sharp edges of the notch 

pattern, shown in the dot square in Fig. 6.8, behaved as stress concentrators 

initiating the cracking preferentially along the lines between the notch patterns 

during the cooling process from the growth temperature, generating the crack-

free areas separated by the cracks. Self-isolation could be obtained with periodic 

crack arrays, enabling skip the mesa isolation process during fabrication process 

as shown in Fig 6.8.
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Fig. 6.9. A schematic diagram of fabrication of crack-free and self-isolated solar cell with notch 

patterns
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6.5 Results and discussion

`

6.5.1 Control of crack arrays with notches

After following the process shown in Fig. 6.8, I was successful in obtaining the 

crack-free solar cell structure/Si substrate uniformly defined by the cracks, as 

shown in Fig. 6.9 (a). The inset image of Fig. 6.9 (a) revealed that the cracks were 

preferentially generated at the edges of the notch, indicating that they behaved as 

effective stress concentrators and prevented accidental cracking in other locations 

than the notches. In contrast to the uniformly spaced crack array on the patterned 

Si substrate, the epitaxial layer structure on the Si substrate without the notch 

patterns revealed many randomly generated cracks on the surface, as shown in Fig. 

6.9 (b). For the active layers grown on the Si substrates with and without notch 

pattern, the average threading dislocation density (TDD) were measured to be 6.0 x 

107 cm-2 and 7.1 x 107 cm-2, respectively, using plan-view TEM images. This 

indicates that there is no noticeable difference in TDD for both samples. Fig. 6.10

showed the fabricated crack-free GaAs-based solar cells on Si substrate. Solar cells 

were successfully fabricated on the crack free area with well controlled crack 

arrays. In wafer scale, accidental crack arrays were observed. It generated with 

surface defects which act as unintentional stress concentrators. It indicated that 

biaxial stress in GaAs was still residual in the film, even after generating the 

controlled crack arrays. In order to fully release biaxial stress by generation crack 

arrays, the spacing of crack arrays should be lower than 40 mm which was small 

dimension for solar cell device as shown in Fig. 6.11. Without/with notch patterns, 

the population of crack arrays was investigated as shown in Fig 6.12. The crack 

linear density (Dc) was defined as the total length of crack lines per unit area. 

Without notches, average Dc was 22.25 cm-1. With notches, surface defects 

generated unintentional crack arrays, showing the average Dc was 1.10 cm-1 as 

summarized in Table. 6.2. With careful handling and cleaning of wafer, 100 % 

crack-free condition can be obtained.
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(a)

(b)

Fig. 6.10. Comparison of periodic crack arrays with notch patterns (a), and randomly formed crack 

arrays without notch patterns (b)



125

Fig. 6.11. Crack-free solar cells in wafer-scale. White arrow indicates the unintentional crack arrays 

with surface defects, and red arrow indicates the controlled crack arrays. Red dashed lines showed the 

crack-free solar cells with controlled crack arrays.
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Fig. 6.12. Minimum crack spacing for fully relaxation of stress, using Thouls’s model[13]
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Fig. 6.13. Population of crack arrays with/out notches in individual cells.
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Crack linear 

density (cm-1)

(without notch)

Crack linear 

density (cm-1)

(with notch)

Max. 126 15

Min. 4 0

Avg. 22.25 1.10

Std. 22.19 2.96

Table. 6.3. Statistical information of crack linear density with/out notches
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6.5.2 Self-isolation with controlled crack array

The controlled crack formation could replace a mesa etching process for the 

isolation of the cells, solving its problems of the area loss of wafer and the 

undercut as shown in Fig. 6.13. In order to determined electrical isolation using 

controlled crack arrays, dark I-V curves were measured between the adjacent 

cells for the isolation test, as shown in Fig. 6.14(a) ,using a parameter analyzer 

4156C (Agilent). The 5.0 mm width front metal (Ti/Pt/Au) contact grids were 

shown on the surface. On the measurement of 40 pairs of the solar cells biasing 

from 0 to +3 V, the average current flow between the cells was 123.2 nA, 

indicating the resistance between cells was in ~MW range as shown in Fig. 

6.14(b). This implies that the cells surrounded by the controlled crack arrays 

were electrically isolated.
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Fig. 6.14. Comparison of (a) conventional mesa isolation, and (b) self-isolation with controlled crack 

array.
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(a)
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(b)

Fig. 6.15. (a) Measurement configuration for electrical isolation (a), and (b) dark I-V curve between 

adjacent cells

6.5.3 Crack-free solar cell performance

The illuminated J-V curves measured for the crack-free device and the 

devices containing different linear crack density (Dc), fabricated on the Si 

substrate without the notch patterns. The conversion efficiency of the samples 

was measured as shown in Fig. 6.15. The maximum efficiency was 18.17 % 

and 16.44 % for crack-free and containing 16.8 cm-1 Dc, respectively. The 

average efficiency was improved from 12.66 to 14.01 % using notch patterns. 

The statistical information of PV figures of merit was summarized in Table. 

6.3. Note that the statistical information was for all the devices containing 

different Dc with and without notches. I found that the average efficiency of 

solar cell improved from 12.66 to 14.01 % by using notch patterns. The 

standard deviation was 4.71 % and 4.37 % for with and without notches, 

respectively. The efficiency deviation was attributed to abnormally low Voc

and Jsc even in the low crack linear density. These low parameters were caused 

by particles underlining on the wafer before fabrication process and, PR 
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residual or surface damages during the fabrication process. The FWHM of PL 

signal from the GaAs buffer layer grown on Si showed 53.2 nm average value 

while the standard deviation was 7.08 nm (13.35 %). Thus, high standard 

deviation of device performance reflected on the uniformity of buffer layer as 

well.

(a)



134

(b)

Fig. 6.16. Efficiency histogram of solar cell (a) for with notches and (b) without notches.



135

Fig. 6.17. FWHM histogram of PL signal for 4 inch GaAs buffer on Si 

Max. Ave.
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Table. 6.4 Statistical information of devices with/out notches

6.5.4 Crack-free solar cells for terrestrial applications

In practice, concentrator cells use lenses to collect the light and focus it to a 

smaller area solar cell, in this manner more power can be achieved with fewer 

solar cells. For the measurement of concentrated conversion efficiency of the 

device, these isolated solar cells were integrated on the printed circuit board 

(PCB). Proper cutting of these GaAs devices from the Si substrate were 

performed, using a diamond scriber and then they were mounted on the PCB by 

using electrically conducting material forming the backside contact. The front 

Without 
notches

Eff. 16.44 12.66 4.37

V
oc 0.840 0.732 0.196

J
sc 25.83 23.27 4.48

With 
notches

Eff. 18.17 14.01 4.71

V
oc 0.876 0.780 0.194

J
sc 26.50 23.85 3.66
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side metal pad was electrically wired onto the PCB using a wire bonder as shown 

in Fig. 6.17 (a). Concentration measurements on the reference cell using GaAs 

substrate, crack-free cell, device containing 16.8cm-1 crack linear for a

conventional 1-sun grid design measurements were performed. The efficiency as 

a function of concentration level was shown in Fig. 6.17 (b). Maximum 

efficiency showed 23.50 %, 19.78 % and 18.49 % around 10 suns for GaAs 

substrate, crack-free, and device including cracks, respectively. The increase of 

efficiency was due to the increase of Voc as shown in Fig. 6.18. For a linear 

device, a solar concentration of 10 would produce a short circuit current density 

of 10 times the one sun Jsc value. As mentioned in earlier chapters, an increase in 

Jsc should increase Voc resulting in the improvement of efficiency. It was noting 

that the increase rate of the device on Si was steeper than that of GaAs/GaAs 

reference cell. It could be explained that the p/n junctions in GaAs grown on Si 

substrate, dislocations acted as the trap centers, which resulted in the non-

radiative recombination, especially in the space charge region. When the trap 

related recombination was accounted in J-V characteristic curves, the two diode 

model should be used as expressed as,

�	 = 	��,���� ����	[	
��

1��
	] − 1� 	 + 		��,���� ����	 �	

��

2��
	� − 1� 	Eq. 6.4

, where Jo,diff indicated saturation current of diffusion current which ideal factor n 

=1, Jo,trap indicated the saturation current of trap related recombination current 

which ideal factor n=2. Jo,trap can be also expressed as,

��,���� =
� ∙ � ∙ ��

2
∙
1

�
							Eq. 6.5

With the present of dislocations in GaAs layers grown on Si, t was reduced and the 

p/n junction of solar cells was mainly governed with trap related recombination 

term (n=2). Thus, as mentioned earlier chapter, the increase of slope could be 

expressed as,

� (slope) =
���

�
ln � 					Eq. 6.5
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Therefore, higher n caused the steeper increase of Voc at the same concentration 

level x [3]. It could be advantageous for multi-junction solar cells on Si, because 

degradation of Voc due to dislocations can be mitigated under concentrated 

condition. Above 10 Suns, fill factors were significantly reduced, resulting in the 

efficiency drop, while the reference GaAs/GaAs showed the same drop as shown 

in Fig.6.19 (a). The J-V curves of crack-free device showed the reduction of FF 

was due to the parasitic resistance in J-V curve as shown in Fig. 6.19 (b). It 

indicated parasitic resistance in devices limited the fill factor under high current 

level. With analysis of parasitic resistance in J-V curve, the series resistance could 

be obtained as 0.43 W in Fig. 6.20 (a). Figure 6.20 (b) represent the component of 

parasitic resistance in multi-junction solar cells under high concentration level. In 

order to reduce series resistance, metal grid design and fabrication process are 

necessary [3, 22].
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(a)

(b)

Fig. 6.18. Conversion efficiency of crack-free and device containing 16.8 cm-1 Dc, and reference 

GaAs/GaAs cells as a function of concentration level
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Table. 6.5 Figure of merits of crack-free and device containing crack arrays and 

GaAs/GaAs reference cell

Sub. Condition
h 

(%)

Voc

(V)

Jsc

(mA/cm2)

Suns

(a.u)

F.F

(a.u)

Si
Crack-free 19.8 0.98 249.7 9.7 0.79

16.8 cm-1 18.5 0.94 280 11.13 0.78

GaAs reference 23.5 1.09 266.4 10.9 0.81
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Fig. 6.19. Voc as a function of concentration level and the increase slope of Voc
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(a)

(b)

Fig. 6.20 (a) Fill factor as a function of concentration level, and (b) J-V curves of crack-

free device for 1 sun and 99 suns condition
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(a)

(b)

Fig. 6.21. (a) Analysis of parasitic resistance in J-V curve, and (b) a schematic diagram for 

components of parasitic resistance in solar cell device
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6.6 Summary

In this study, I presented how controlling the crack formation with notch type 

patterns resulted in the fabrication of crack-free and self-isolated high efficiency 

GaAs-based solar cells on a Si substrate. Using stress analysis, the notch patterns had 

sufficient stress concentration factor to nucleation the cracks. The fabrication process 

was performed with DRIE process. The notch patterns etched into the Si substrate 

were observed to successfully form the periodic crack arrays, generating the 

uniformly spaced crack-free areas of a 2 mm × 2 mm size for the 5.8 mm-thick GaAs-

based solar cell structure on Si substrate. The population crack arrays showed that the 

average crack linear density was significantly reduced from 2.25 to 1.10 cm-1 by 

using controlling crack arrays. The unintentional crack arrays were observed, which 

were generated with surface defects or underlying particles before growth. The 

individual cells were found to be electrically isolated with well-defined crack arrays. 

The maximum efficiency for the cells on the crack-free areas were improved to from 

16.44 to 18.17 %. The average efficiency was improved from 12.66 to 14.01 %. The 

concentrated efficiency was 19.8 %, 18. 5 %, and 23.5 % around 10 suns for crack-

free devices, devices containing 16.8 cm-1 Dc, and the reference GaAs/GaAs cell 

respectively. The increase of efficiency was due to the improvement of Voc. The 

increase rate of Voc was steeper than that of GaAs due to highly dominated trap 

related recombination component in J-V curves. The drop of efficiency above 10 

suns, it was due to the reduction of fill factor, which was originated from the 

parasitic resistance in the device. In order to improve concentrated efficiency, the 

metal grid design and process for concentration is required.
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Chapter 7. Conclusions

In order to fabricate high efficiency III-V solar cells on Si, research has been 

focused on the growth of high quality GaAs on Si using LP-MOCVD, investigation 

of impacts of crack formation on the solar cell device, and the fabrication of crack-

free device by controlling crack arrays.

Using LP-MOCVD system, the high quality of GaAs buffer layer was grown on 

the vicinal (100) Si substrate. In order to suppress SK growth modes, two-step 

growth was applied. The low temperature growth mode had a main role in 

determining the quality of GaAs. The optimal condition of low temperature growth 

mode was 390 oC temperature and 13 mins growth time. In order to reduce the 

threading dislocation density (TDD) in GaAs layer, the in-situ cycle-annealing was 

performed in MOCVD chamber followed by In0.1Ga0.9GaAs/GaAs structure. As the 

annealing-temperature increased from 700 to 820 oC, crystal quality was improved. 

The final GaAs buffer layer showed 6.0 x 10cm-7 value of TDD, and 146 arc sec 

FWHM of (004) rocking curves.

On the top of buffer layer, the III-V GaAs solar cell epitaxial layers were grown. 

The device performance were measured under AM 1.5g condition, the efficiency of 

solar cells was 10.14, and 15.47 %, for the device on the buffer layer grown with 

only two-step growth modes, and for the device on the buffer layer grown on two-

step growth modes, InGaAs/GaAs structure, and cycle annealing, respectively. The 

improvement of efficiency was due to the enhancement of short-circuit current 

density and open-circuit voltage. These enhancements could be attributed to the 

increase of minority carrier lifetime from 0.096 to 0.9 ns. The total thickness of 

epitaxial layer was 5.8 mm including 2.4 mm GaAs buffer layer on Si substrate, which 

was above the critical thickness of crack formation. All of devices contained the 

crack arrays, where the crack linear density was varied from 4 to 126 cm-1.

The impacts of crack formations on the device performance were investigated 

using TCAD simulations. Simulation results predicted that crack formations have the 

significant impacts on conversion efficiency especially due to reduction of open-

circuit voltage in photovoltaic cells. At crack linear density with 200 cm-1, open-

circuit voltage can be degraded to 86 % resulting in reduction of conversion 

efficiency from 24 % to 17% at 1x105 cm-2 value of TDD. Based on the properties of 
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recombination process at the GaAs surface, I assumed that the cleaved {110} 

surfaces have high surface recombination velocity as high as 3x106 cm/s. This 

approach predicted reasonable the open-circuit voltage of GaAs photovoltaic cells on 

Si substrate.

In order to obtained crack-free condition, the control of crack arrays in GaAs was 

investigated. The notch type patters was in traduced into the Si substrate with DRIE 

process. Using stress analysis, the notch pattern could be effective to nucleate the 

crack arrays in GaAs epitaxial layers. After growth of III-V epitaxial layers on the 

patterned Si substrate, the crack-free areas of a 2 mm × 2 mm size separated by the 

cracks were successfully generated for the 5.8 mm-thick III-V compound 

semiconductor layers. The population of crack arrays was obtained in the wafer scale. 

The average crack linear density was significantly reduced from 22.25 to 1.10. 

Surface defects and particles underlying before growth acted as un-intentional stress 

concentrators, leading to unintentional crack arrays even with the notch type patters. 

With careful handling and cleaning of wafer, 100 % crack-free wafer can be achieved 

with this scheme. By measuring dark I-V curves between adjacent devices, the 

individual solar cells on the crack-free areas were confirmed to be electrically 

isolated one another by the well-defined crack array, replacing conventional Mesa 

isolation process. Finally, the maximum efficiency was increased from 16.44 to 

18.17 % with crack-free conditions under AM 1.5g condition. Under concentration,

maximum efficiency was 19.8, 18.5, and 23.5 % around 10 suns for crack-free device, 

the device containing 16.8 cm-1 crack linear density, and the reference GaAs/GaAs 

cell, respectively. The efficiency was improved due to the enhancement of open-

circuit voltage. The increase rate of open-circuit voltage was due to the highly 

dominated trap related recombination current in J-V curve in GaAs solar cell. Above 

10 suns, the efficiency was reduced with the parasitic resistance that was 0.43 W for 

crack-free device. In order to achieve additional increase of efficiency, therefore, the 

metal grid design and fabrication process for concentration is required.
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국 문 초 록

본 연구의 목표는 Si 기판 위 고효율 III-V 화합물 반도체 태양전지를 형성

하는 것이다. 목표의 달성을 위하여, 다음과 같은 실험을 진행하였다. 우선, Si 

기판 위에 고품위 GaAs 에피층 형성을 위한 연구를 진행하였다. 그리고, 소자

에피층까지 성장할 경우, 에피층에 균열이 발생하는데, 이러한 균열이 소자에

미치는 영향을 평가하였다. 마지막으로, 이러한 무균열 소자 제작을 위한 공정

설계를 하고 개발하였다.

먼저, LP-MOCVD 를 사용하여 Si 상에 2 단계 성장 공정 조건, InGaAs/GaAs 

초격자 구조 및 사이클 열처리를 방법으로, 고품위 갈륨 비소 완충층 및 화합물

태양전지 에피층을 성장하였다. 우선, 2 단계 성장 방법을 사용하여, Si 상에 SK 

성장 모드를 억제하여, 평탄한 표면을 가진 순수 GaAs 를 성공적으로 성장시켰다. 

GaAs 층의 관통전위 밀도 (TDD) 를 줄이기 위해 MOCVD 챔버 내에서 성장과

동시에 사이클 열처리를 하면서 In0.1Ga0.9As/GaAs 구조 성장을 반복적으로

수행하였다. 주기적인 열처리를 진행할 경우, 반복적인 인장, 압축 응력이 GaAs

에피층에 가해지기 때문에 결함의 이동이 활성화 되어 결함이 지속적으로

감소하게 되는 것이다. 주기적 열처리 방법을 사용함으로써 짧은 시간에

결함밀도를 줄일 수 있었다. 열처리 온도가 700 ℃에서 820 ℃로 증가함에 따라

완충층의 결정 품질이 향상되었다. 최종 GaAs 완충층은 AFM 분석 측정 결과

표면 거칠기 3nm 를 보였고, TEM 분석을 통하여 6.0 x 10cm-7 값의 관통전위

밀도를 확인하였고, XRD 측정에서 146 arc sec 의 XRD (004) 록킹 곡선의

반값폭을 얻을 수 있었다.
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완충층 위에 소자에 해당되는 에피층을 성장하였고, 소자의 특성을

평가하였다. 완충층의 조건은 크게 두 가지로 변화를 주었으며, 2 단계 성장 모드

기법만 적용된 완충층과, 2 단계 성장 모드기법, InGaAs/GaAs 구조 그리고 열처리

기법을 모두 적용한 완충층이 있다. 두 조건에 따라서 태양전지 소자의 효율이

10.14 % 에서 15.47 %까지 향상 시킬 수 있었다. 이러한 소자 효율 향상은

개방전압과 단락전류밀도 향상으로 인한 것으로 TRPL 분석 결과 전송자

수명시간이 0.096 ns 에서 0.9 ns 로 향상되었기 때문이다. 그러나, Si 기판 위 총

에피층의 두께가 5.8 mm 로서, 균열의 임계 두께 이상이므로, 소자가 균열을

포함하게 되었다. 균열의 선밀도 (Dc) 는 최소 4 cm-1 에서 최대 126 cm-1 까지

관찰되었다.

  추가적인 태양전지 효율 향상을 위하여, 균열을 억제 하기 위한 실험을

진행하였다. 우선 소자 내부에 균열의 형성이 소자 특성에 영향을 미치는지 알아

보기 위하여, TCAD simulation 을 진행하였다. 시뮬레이션 결과는 균열 형성이

태양전지에서 개방 회로 전압을 감소시킴으로써 변환 효율에 영향을 미치는

것으로 나타났다. TDD 값이 1 × 105 cm-2 에서 균열 선밀도가 200 cm-1 일 때

태양전지의 개방 회로 전압이 86 %까지 낮아지고 소자 효율은 24 %에서 17 %로

감소된다. 이 때 GaAs 표면에서 재결합 과정의 특성에 기초하여, 균열에 의해

노출된 GaAs {110} 표면이 3 × 106 cm/s 만큼 높은 표면 재결합 속도를 갖는다고

가정했다. 이 접근법으로 Si 기판상의 GaAs 태양전지의 개방회로 전압을

합리적으로 예측할 수 있었다. 

  마지막으로, Si 상에 균열이 없는 소자를 얻기 위해 원하는 위치에 응력을

집중시킬 수 있도록 노치형 패턴에 대한 연구를 진행하였다. DRIE (반응성 이온
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식각) 공정을 통하여 노치형 패턴을 Si 기판에 형성하였다. 노치형 패턴을

이용하여 2 mm x 2 mm 크기의 균열 없는 영역을 성공적으로 형성할 수 있었다.

노치형 패턴을 사용함으로써, 평균 균열 밀도가 22.25 cm-1 에서 1.10 cm-1 로

급격히 감소하였다. 균열을 제어함에도 불구하고 최저 평균 균열 밀도가 1.10 cm-

1 로 제한되는 것은 웨이퍼 표면의 결함이 원인이 되거나 성장 전 또는

성장도중에 mm 단위의 입자가 존재하여 이것들이 의도치 않은 응력 집중을

이루어 나타나는 것으로 평가 된다. 의도치 않은 응력 집중을 방지한다면, 100% 

무균열 조건을 얻을 수 있음을 의미한다. 균열이 없는 영역에서의 개별

태양전지는 잘 정의된 균열 배열에 의하여 서로 전기적으로 고립되어 있는

것으로 Dark J-V 측정을 통하여 확인할 수 있었다. 또한 잘 정의된 균열을 통하여

기존의 메사 고립 (mesa isolation) 공정을 대체하였다. 태양전지의 효율은 AM 

1.5G 조건에서 16.44% 로 부터 18.17 % 로 증가를 보였다. 이는 TCAD simulation 

에서 보여주는 것과 같이 전송자 재결합의 근원지가 되는 균열면을 제거함으로써

얻어지는 효과로 판단된다. 집광조건에서 태양전지 특성을 평가하기 위하여

집광률 1 배에서 100 배까지 측정을 진행하였으며, 균열이 없는 경우, 균열

선밀도 (Dc) 가 16.8 cm-1 인 경우, 기존 GaAs/GaAs 소자의 경우에 대한 집광

효율은 각각 19.8 %, 18.5 %, 23.5 %였다. 태양전지 효율의 증가는 집광에 따른

개방전압의 증가에 인한 것으로, 개방전압의 상승은 Si 기판 위에 형성된 소자가

기존 GaAs/GaAs 소자에 비해 빠르게 나타났다. 이것은 Si 기판 위에 형성된

소자의 J-V 특성곡선이 트랩에 의한 재결합에 좌우되는 것이기 때문인 것으로

판단된다. 효율은 집광배율 10 배를 넘어서면서 하락을 하였는데, 이는 fill factor 

의 감소 때문이며, J-V 특성 곡선의 분석을 통하여 0.43 W 에 해당되는
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기생저항에 의한 것으로 평가할 수 있었다. 따라서 기생저항을 감소시킬 수

있도록 표면 전극 설계 및 금속박막 증착공정 개선이 필요하며, 이를 통해

태양전지의 효율 증가가 예상된다.
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