Chapter 2. Theory and design of high efficiency AlGaAs/Si

tandem solar cells

2-1. Introduction

The radiative energy from the sun is emitted primarily
as electromagnetic radiation from the ultraviolet to infrared
and radio spectral region (0.2 to 3um). The intensity of solar
radiation in free space at the average distance of the earth
from the sun is defined as the solar constant with a value of
135.3 mW/cm’. The atmosphere attenuates the sunlight when it
reaches the earth's surface, mainly due to water-vapor
absorption in the infrared, ozone absorption in ultraviolet,
and scattering by airborne dust and aerosols. The degree to
which the atmosphere affects the sunlight received at the
earth's surface is defined by the "air mass". The secant of
the angle between the sun and zenith (sec®) is called the air
mass and the atmosphere path length related to the minimum
path length when the sun is directly overhead.

Air mass 1.5 condition (sun at 48.2° above the horizon)
represents a satisfactory energy-weighted average for
terrestrial applications. The total incident power for AM1.5
is 84.4 mW/cm’. In this study, the AMO is used to evaluate
the solar cells, which represents the solar spectrum outside
the earth's atmosphere. The AMO spectrum is the relevant one
for satellite and space-vehicle applications, and this
spectrum can be also approximated by a 5800K black body
radiation. Figure 2-1 shows three curves related to the solar

spectral irradiation .
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Fig.2-1 Spectral distribution of light outside the earth's atmosphere (AMO), on the surface
(AM1.5) and the radiation distribution of a black body at a temperature of 5800K.




A single junction solar cell can convert only a fraction
of the incident sunlight into electricity. Such a cell can be
designed to be optimally efficient in a limited energy range.
Dividing the solar spectrum incident upon an appropriately
designed cell would result in great improvement in overall
conversion efficiency. The principles of this approach were
suggested in 1955 . Tandem solar cell has a wider
photovoltaic spectral response, which are stacked in tandem
with the solar cells of the different energy gaps. In
principle, any number of cells can be used in tandem. Method
of monolithic connect for tandem solar_cell is more convenient
to application in comparison with mechanical stack.

In this dissertation, two cells monolithically connected
in tandem are involved. The solar cell facing the sun has
largest energy gap. This top cell absorbs all the incident
photons above its energy gap, and the small energetic photons
are transmitted to the cell below. The next cell in the stack
absorbs all the transmitted photons with energies equal to or
greater than its energy gap. There are three kinds of
configurations for two-cell tandem system. In general,
two-terminal and three-terminal configuration are usually used

3, 4)

in monolithic tandem cells , and four-terminal configuration

is often employed in mechanical-stack tandem solar cell * .
Although there is a potential for large increase in conversion
efficiency, designing énd fabrication of tandem solar cell are
more complex than that of a single-junction cell. For example,

the top cell must transmit efficiently the photons with less

energy than its bandgap. The contacts on the backs of the



upper cell must be transparent to these photons, therefore,
cannot be made of usual bulk metal layers. If the cells are
connected in series, the thickness and bandgap of individual
cell in the stack must be adjusted, so that the photocurrents
in all the cells are equal. We prefer to call it as
"photocurrent matching condition". For monolithic tandem solar
cell, there are effects of growth of the top cell on the
characteristics of the bottom cell, and there is the existence
of high dislocation density due to the heterocepitaxial growth,
which seriously degrades the properties of the top cell.
Despite these difficulties, the high efficiency tandem solar
cells have been achieved in Al,,Ga,.As/GaAs '’ and InGaP/GaAs

®), GaAs substrate is expansive and fragile

tandem solar cells
with high-mass-density in comparison with Si substrate. If
III-V compounds semiconductor can be successfully grown on Si
for solar cell application, it is promising to get high
efficiency, large area, low cost tandem solar cells.

In this chapter, the theoretical analyses on Al Ga, As/Si
(x=0~0.22) tandem solar cells are carried out. The device
parameters such as the impurity doping concentration, the
minority carrier lifetime, the minority carrier diffusion
coefficient and the surface recombination velocity are
influenced by the device structure and not be independent. The
performances of GaAs/Si tandem solar cell in three-terminal
configuration and AlGaAs/Si tandem cell in two-terminal
configuration are calculated by using device-makeup-dependent

parameters determined from experimental observation or from

physical judgment based on available information.



Chapter 2-2 Material properties and parameters

2-2-1 Properties and parameters of Si, GaAs and AlGaAs

2-2-1-1 Properties and parameters of Si

2-2-1-1-a) General physical properties of Si

Silicon 1is the most important material exploited by
mankind, and it is the most widely researched and applied
semiconductor. Life as we know in the modern world is built
around the integrated circuit in our communications, our
entertainment, and so on.

Density and lattice parameter of silicon single crystal
has been accurately measured. The density is given to be
2.3290028 g/cm’ at 25 °C ®. At 1 atm. condition, the lattice
constant of Si is 0.543106 nm'’’, The room temperature hardness
of silicon is usually quoted as being around 1000 kg/mm’ for
all types of indenter profile. The hardness of silicon is
found to vary little with temperature up to about 400 °C, and
the modeling mechanism has been suggested as to be the
reversible stress-induced phase transformations . The
thermal expansion coefficient Alpha of Si has the relationship
with temperature T (K) from 120 K to 1500 K, which is proposed

as

-10

Alpha=3.725X10"°[1-exp{-5.88X107°(T-124)}1+5.548X107"°T (K™")

(2-1)



The thermal conductivity of single crystal silicon
exhibits a temperature dependent characteristics of crystal -
dielectric materials. Representative data from 200 K to the
melting point of silicon has been presented '»’. The thermal
diffusivity of single crystal silicon is measured in the
temperature range 300~ 1400 K. The data shows that the
thermal conductivity continues to decrease with temperature up
to almost the melting point '*’.

Silicon has an indirect energy gap (Eg) and it is
affected by the temperature, pressure and doping

concentration. The temperature dependence of Eg(T) was

proposed by a semi-empirical formula'’:
Eg(T)=E,-AT */(T +B) (ev) (2-2)

where E, is the energy gap at 0 K, A and B are
constants, which are strongly interdependent. E=1.1557,
A=7.021X10", B=1108.

The index of refraction (n) and +the extinction

119 The complex

coefficient (k) are given in the references
dielectric function N is expressed as N=n+ikx. The absorption
coefficient o(A) can be calculated from extinction coefficient

K, o=4nx/A, where A is the wavelength.

2-2-v1-1—b) Minority carrier transport properties of Si
(a) p-type Si:

20-23)

In high purity Si, the measurements indicate that pu,

is independent of the acceptor concentration (N,). As the

._26_._



acceptor concentration increases above 1X10'/cm’, pu_ starts
to decrease. Up to the doping level of about 5X 10'/cm,?® K,
coincides within the scattering of the available experimental
data. A fit to the measured data was given in the reference

24)

H, = 232+1180/{1+[N,/(8X10%)]""} (cm’/V-s) (2-3)

with N, in cm™. However, g, in the n'/p junction increases by

25)

as much as four times its bulk value . The minority-carrier

diffusion coefficient (D,) can be written as: 2%
D, = 1350 (KT/q)/[1+81N,/(N,+3.2X10")1°° (cm’/s) (2-4)

where K is the Boltzmann constant, T is the absolute
temperature and q is the electron charge. In high purity
p-type Si, the electron lifetime is also independent of the
acceptor concentration but is sensitive to other impurities
(O, Fe, or C), the degree of crystal perfection, the
cleanliness and thermal history of the fabrication procedures.
Beyond an acceptor impurity concentration of about 1X10'° cm’,
the electron 1lifetime begins to decrease as the acceptor
density (N,) increases. The electron lifetime (7,) is fitted

from the obtained data®’’:

T,= 12/(1+N,/5.0X10%) (us) (2-5)

The electron diffusion length is the average distance



that an excess electron travels in a field-free p-type
semiconductor before .recombining. The electron diffusion
length I, can be expressed as JD,x7, . When N>10" cm’,
minority-carrier transport parameters reported by Swirhun et
al. ) should be used. An approximate fit for doping level

over 1X10" em™ is *’:

L= 7.13X10" N,©"% (cm) (2-6)

After processing, L, is usually much smaller than before
processing procedure due to the sensitivity to contaminants
-and crystal defects.

(b) n-type Si:
In high purity n-type Si, the mobility of minority
carrier holes (U,) is experimentally found to be independent

of donor doping, N, cm’) and the material preparation
p p

D

technique *¥' *” . As the donor doping level increases, it

starts to decrease. At high doping level, [, saturates with

doping. The saturation value is, however, about 130cm’/V.s. A

fit to all the available experimental data was given *" ' :

M, = 130+370/{1+[N,/(8X10")]1"*} (cm’/V.s) (2-7)
The diffusion coefficient (D,) can be written as:*’
D,= 480 (KT/q)/[1+350N,/(N+1.05X107)1°" (cm’/s) (2-8)

In lightly doped n-type silicon, the hole 1lifetime is



experimentally found +to be independent on the donor
concentration and very sensitive to the quality of the crystal
and cleanliness of the device fabrication process. The
highest values of hole lifetime reported in unprocessed n-type

%), As the donor concentration

Si are of the order of 30 ms
increases 'beyond about 1x10/cm’, the hole 1lifetime is
observed to start to decrease. A fit to the available
experimental data for donor concentration, N, , higher than

1x10"/cm’, hole lifetime 7, was given®’:
1/T, = [(7.8X107° N, )+(1.8X107" N, ?)] (s™) (2-9)

However, when the concentration is lower than 1x10'/cm®, the
experimental data of the lifetimes varies widely from
reference to reference.

As similar as minority carriers in n-type, therefore, the
hole diffusion length L, can be written through following
equation: L,=yD,XT,. The hole diffusion length L, decreases
very fast as the doping level increases. When the

concentration N, is higher than 1x10"” cm™®, the parameters

34)

reported by Wang et al. should be used. A fit of I, to the

data was given *:

L=2.77X10" N (cm) (2-10)
(c) Application to solar cells:

The properties of Si material make it very suitable for

solar cell application, such as the proper band-gap energy



(l.1lev), the 1low cost, 1lower density, large diameter,
mechanical strength, high thermal conductivity and abundance
of material. Si solar cells began the modern photovoltaic era.
Up to today, Si have been highly developed and widely used for
solar cells including amorphous Si, poly-Si and crystalline Si

in photovoltaic power systems.



2-2-1-2. Properties and parameters of GaAs

2-2-1-2-a) General physical properties of GaAs

*®), The lattice parameter and

GaAs is a fragile material
density of crystal GaAs were measured accurately by x-ray °°.
The respective values are 5.6553 A and 5.3165 g/cm’. The
stiffness constant of GaAs changes quite few with variety of
doping concentration. Properties of the variation in the

' are

thermal expansion coefficient with temperature
different from that of Si. Above 75 K, the thermal
conductivity (C) of GaAs decreases with temperature due to

free-carrier scattering, ¢ =A/T '?, where A is a constant

which depends on the doping level **. GaAs has a direct band
gap and its absorption coefficient is so large that the
incident light can be almost absorbed by only 5 um-thick Gaas
for the wavelength shorter than the energy band gap edge of
GaAs. The band gap of GaAs at room temperature is given in the
references 39-41). The absorption coefficient of Gaas

. . . 42
decreases with increasing temperature ‘*':

E(T) = E,~aT 2/(T +b) (eV) (2-11)
where E=1.517 eV, a=5.5X10" (ev.K™'), b=225.
2-2-1-2-b) Minority carrier transport properties of GaAs:
Transport properties of minority carrier in GaAs as a

function of temperature, doping level and dislocation density

can be considered independently of the growth technique used.



For p-type GaAs, the related datareviews of electron mobility

(1) with respect to the doping density are given in the

reference ‘. The mobility decreases with increase of the

doping 1level. Electron mobility at 300 K ranges from 1150

em/V.s for p=3.6X10"* /cm® ** to 3500 cm’/V.s at for p=10" /cm’

*). Hole diffusion constants (D,) in n-type GaAs were measured
-3  46)

from 7X 10"~ 1.4X 10" cm . A rough estimate for D, is

provided by the ref.47):
D,=(KT/q)/[2.5X107+4 X 107N, ] (cm’/s) (2-12)

So, the hole mobility can be got from the relationship
D,/M=KT/q.

The minority-carrier lifetime in GaAs is affected by
recombination at point defects, surface or interface
dislocations, and bulk radiative recombination processes.
Nelson et al. carried out systematic study of minority-carrier
lifetime in near ideal material ‘°. The measured data shows
that the 1lifetime degenerates rapidly with doping 1level.
Determining the minority-carrier lifetime in GaAs is difficult
but important for GaAs solar cells. In general the lifetime is
governed by the Shockley-Read-Hall (SRH) recombination, the

band-band radiative recombination, and the Auger recombination

processes:
1/T =1/Tsw + BN + CN 2 (s™) (2-13)

where 7T is the effective minority-carrier lifetime, 7Tsry is the



SRH lifetime, B is the coefficient for band-band
recombination, C is the coefficient for Auger recombination
and N is the doping concentration (N, or N,). It has been

suggested that 7Tsrs is of the order of 1~2 pus and 0.25-0.5 us

49)

in lightly doped GaAs grown by MOCVD and MBE, respectively .

In practice, however, considerably 1lifetime deterioration

49)

arises during device processing . Furthermore, as the doping

concentration is increased beyond 10 cm™, 7T will decrease in

2

proportional to 1/N ° due to the dominance of the Auger

0)

recombination.’ So, incorporating the above information, the

empirical formula can be suggested that for N <10 cm™ :

T, =7, = 0.1 (Ls) (2-14)
For N>10" cm™:
T= 0.1/[(N - 10°)/10°1°®  (us) (2-15)

where Nis N, or N,, T is T or T, + respectively.

GaAs is a very attractive material for solar cells.
(1) GaAs solar cell has the highest theoretical efficiency
limit of about 30% for single junction solar cell under one
sun illumination *" .
(2) It can be fabricated as thin film cell because 100%
optical absorption is achieved in 5 um-thick GaAs.
(3) GaAs solar cell shows advantage in severe radiation
environments.

(4) GaAs solar cell shows distinct advantage over silicon at

rather high concentration illuminations.



(5) Higher temperature operation than Si solar cell is
possible because of its higher bandgap.

However, major disadvantages of GaAs solar cells are
expensive, high mass density and fragile compared to silicon
solar cells. Combining the advantages of the GaAs and Si
material, GaAs/Si technology will provides desired high
efficiency, low cost, high performance solar cells to space

and terrestrial applications.

2-2-1-3 Properties and parameters of Al Ga, As

General properties and parameters of ternary compounds
Al Ga, As (0<x<l) vary with alloy composition, x. An
interpolation scheme provides a useful tool for estimating

52=37) Some

some physical parameters of Al Ga, As compound
material parameters, such as lattice constant, crystal
density, thermal expansion coefficient, dielectric constant,
and elastic constant obey Vegard's rule well. The linear

interpolation of the ternary material parameter Taleca, As(X) can

be written:
Tal Ga, As(X) = a + bx (2-16)

where, a and b are binary parameters (B's) and  a=Beaas,
b=Balas-Bcaas. On the other hand, some kinds of material
parameters, e.g., electronic-band energy, 1lattice wvibration
energy, Debye temperature and i.mpurify ionization energy
exhibit quadratic dependence upon composition, x, which can be

very efficiently approximated by the relationship:

_34_



Talca as(X) = a, + bx + ¢,;x * (2-17)

where, a,, b, and c¢, are binary parameters, and a,=Bgaas,
b,=Balrs-Bears+Cal-ca, C,=-Cal-Ga, Cal<a is a contribution arising
from the lattice ‘disorder generated in ternary system
Al,Ga, As. ¢, is called "nonlinear parameter". Some of them areb

tabulated in Table 2-1 in comparison with GaAs and Si.



Table 2-1 Properties of Si, GaAs and AlGaAs

(eV)
(300K)

properties Si GaAs Al Gaj_xAs
Lattice constance (&) Diamond Zincblend Zincblend
Ccrystal structure 5.431  5.653 5.6533+0.0078x
Crystal density 2.329  5.360 5.36-1.6%
(g/cm3 )
Thermal expansion 2.33 6.4 6.4-1.2x
coeff}cient\
(X10° /°C )
2
Thermal conductivity 1.5 0.54 0.44-1.79+42.26X
(W/cm .K)
(300K)
Electron affinity 4.01 4.07 4.07-1.1x (0=x=0.45)

3.64-0.14x (0.45<x=1)

Band gap energy 1.12 1.42 1.424+41.247x (0=x=0.45)
(eVv) '
(300K) 1.90040.125x+0.143x2
(0.45<x=1)
Mobility (300K) electronl.12 0.86
(f /vs)y  hole  0.135  0.040

Band Structure

mechanical strength

Wafer size (inch)

Price

indirect direct direct (x=0.4)

indirect (x>0.4)

strong fragile
6~8 2~3
cheap expensive




However, minority-carrier  transport properties in
Al.Ga,_As have been hampered to date by a lack of definite
knowledge of many basic material parameters. The room
temperature electron mobility M, in high purity AlGaAs
presents three different types of behavior depending on the
alloy concentration ***:

(1) The U, deceases as the alloy concentration, x, in the
direct gap material. The main mechanism limiting the Y, is the
optical phonon scattering and the increase in the electron
effective mass.

(2) In the crossover region, between direct gap and indirect
gap material, the transfer of electron to adjacent 1low
mobility minima causes a sharp decrease in the mobility with
increasing x. The minimum value of [/, is attained for x =0.45.

(3) In the indirect gap region, the mobilities are low and of
the order of the pure AlAs mobility.

Datareview of [ dependent on the Al composition, x, and the
carrier concentration at 300 K are carried out by the
reference 61). However, the modeling of the scattering
mechanisms responsible for the observed hole mobility (i) is
very difficult due to the simultaneous presence of
two-interacting bands of carriers (light and heavy hole bands)
and the nonspherical symmetric nature of the hole wave
functions. The dependence of mobility on the carrier-

concentration are given by the following empirical formulas:

W, = W, /[1+(n /n)"] (2-18)



K, = oo /[1+(P /D))’] (2-19)

where, h=0.4, n=10"/cm’, j=0.45, p;=6X10"/cm’ . n and p are
densities of electron and hole, respectively.

The minority-carrier lifetimes in crystalline Al Ga, As
are strongly dependent on the growth technique and the growth

conditions. Summary of Al Ga, As minority-carrier lifetime data

. with MOCVD method versus aluminum concentration are done in

the reference 62).

In general, the deep level concentration is higher than
GaAs. It is considered that the higher concentration of other
deep states in Al Ga, As is due to higher activity of aluminum
rather than to the fundamental thermodynamic properties of the
ternary. The presence of oxygen or water vapor in the growth
environment has the effect of dramatically increasing the
state concentration in Al Ga, As in contrast to GaAs, where the
effects are negligible *’.

There are very few measurements of Al Ga, As diffusion
length in the 1literature. The diffusion length may be
estimated by combining minority-carrier lifetime data with the
estimated minority-carrier diffusivity. The latter is usually
obtained by extrapolation from the majority-carrier mobility
described above and the Einstein relationship. Then the
diffusion length is given by square root of the
lifetime-diffusivity product.

The minority-carrier 1lifetime of AlGa, As is very
structure sensitive. Defects such as deep level impurities,

dislocations and surface or interface defects may change



lifetime values by order of magnitude. The measured data ¥

indicated similar lifetimes for material grown by either
method (MOCVD, LPE, MBE). All data indicate that minority-
carrier lifetime decreases dramatically with increase of
aluminum content, x. Unlike the case of GaAs, the lifetime
does not vary with the inverse of the doping density °.  The
lifetime has a weak dependence on majority-carrier density
(N,-N.). The lack of doping dependence suggests the
Shockley-Read-Hall (SRH) recombination mainly controls the
lifetime in Al Ga, As, which can be proved also by the fact
that the PL 1lifetime of Al Ga, As increases with increasing
power of the excited 1light generally. SRH recombination
mechanism is based on minority-carrier capture at near
mid-gap energy levels. The deep energy levels are formed by
various types of impurities and mechanical defects including
surface and interface.

In general, epitaxially-grown Al Ga, As have been
successfully used to application of solar cell, such as,

65,66)

Al Ga, As top cell for tandem solar cell + graded-band-

67)

emitter-layer (GBEL) and window layer for surface

passivation of Gaas.

_39_



2-2-2 Properties of GaAs grown on Si by MOCVD

The presence of high dislocation density (10°~10°/cm’ )
and the biaxial tensile stress (about lkbar at 300K) degrades
the crystallinity of GaAs epitaxial layer grown on Si due to
the lattice mismatch and the different thermal expansion
coefficient between GaAs and Si. The material parameters,
especially in minority carrier transport properties have been
changed relative to growth on GaAs substrate. It is very
important to understand the performance and physical
parameteré of GaAs heteroepitaxial layer on Si in designing
and fabricating the GaAs/Si devices.

1) Surface morphology

A careful choice of Si crystal orientation (usually
(100) 2° to 4° degrees off towards [011]), suppresses
anti-phase domain and reduces the density of threading
dislocations °*’. Normally, specular surface morphology can be
obtained for high quality material. But in fact, the surface
of GaAs film grown on Si has an orange peel like texture which
can only been in high magnification Nomarski phase contrast
images due to deviation from the 3D-like nucleation growth.
When GaAs is grown on oxide free Si surface at a substrate
temperature about 400°C , the surface always looks very smooth
irrespective of the other growth conditions, but the material
is optically and electrically inactive. With the two-step
growth technique (400°C and 750°C), this problem can be resolved
easily. The variation of the thickness is less than +5%.

2) Structure properties



In general, structure properties improve with increasing
thickness‘of GaAs *7’V. However, when the epitaxial layer is
thicker than 4 um, thin cracks will be caused. During the
initial nucleation, RHEED shows a spotty pattern indicating
the formation of islands. After a growth of approximately 50
nm thick GaAs, the islands coalescence occurs, the GaAs film
is continuous and the RHEED pattern becomes streaky with an
excellent 2X 4 As-stabilized surface, that indicates high
structural quality of the GaAs-on-Si. The Rutherford back
scattering spectra (RBS) shows that at 1.5 pum away from the
GaAs/Si interface the structural quality of GaAs-on-Si is as
good as the bulk GaAs approximately '*’. As the GaAs thickness
increase from 2.1 to 3.5 um, values of FWHM of double crystal
x-ray rocking curves using (400) reflection of GaAs on Si
decreases from 290 to 158 arc sec. The FWHM decreases further
by post-growth thermal annealing at 850 °C for 5 min *°.

3) Optical properties:

Optical properties of GaAs-on-Si have been studied by
photo luminescence (PL). The biaxial tensile stress shifts
the center of gravity of the valence and conduction bands and
splits the valence band into my =*3/2 heavy-hole and m, =+1/2

73-75)
-

light-hole subband With improved crystal of the

GaAs-on-Si film, such as thermal cycle annealing (TCA), the
stress in GaAs film increases “'. Commensurating with the
annealing temperature and the shifts of the emission spectra
to longer wavelength are even larger and PL intensity
71),75)

increases with GaAs thickness and thermal annealing

4) Deep level and Defects



The type of defects in GaAs depends on crystal growth
technique used. From the study of Schottky diodes and
photo-response of avalanche photo-diodes, it has been found
that all defects in GaAs-on-Si are not electrically active.
Thus GaAs-on-Si with higher crystalline quality and lower
defect density may not necessarily have better electrical
properties if the defects are more electrically active.
Adopting AlGaAs/GaAs superlattices, the dislocation density is
reduced to 1X 10° cm? '®. Use of InGaAs/GaAs .strained layer

superlattices and thermal cycle annealing, the dislocation

density of 3-um-thick GaAs on Si is decreased to 3.8X10° cm”

77)

5) Transport properties:

By Hall measurement, in both epitaxial GaAs and
modulation doped AlGaAs/GaAs hetero-structure on Si, electron
mobilities have been measured which are similar to those on
GaAs substrate®®’. But the dislocations degrade minority-
carrier +transport properties seriously in GaAs-on-Si. The
dislocations act as recombination center, so that,
minority-carrier devices appear relatively poor performance
compared to epitaxial GaAs grown on GaAs substrate. Using
Al, ,Ga, ,As/GaAs/Al, ,Ga, ,As double hetero-structure (DH) with 8
um-thick GaAs buffer layer, the photo-luminescence lifetime T,
=1.75 ns was obtained '*’. Here, 1/7,, =1/7,+2S/d, T, is the bulk
minority-carrier lifetime, S 1is the interface recombination
velocity and d is the active layer thickness. When 10 pairs
of 1In,,Ga, As/GaAs strained layer superlattice (SLS) was

inserted in the GaAs grown on Si and the in-situ thermal cycle

_42__



annealing was used, 3um—thick n-type GaAs epitaxial layer has
the minority-carrier lifetime of 0.38 ns ' .

In summary, the mihority—carrier properties of GaAs
heteroepitaxial layer on Si is strongly dependent on the
growth technique, the device structure, the thickness of the

buffer layer, the doping concentration of the active layer,

the condition of thermal cycle annealing and so on.



2-3 Design and calculation

2-3-1. Theoretical development
2-3-1-1. Calcﬁlated model of Al Ga, As tandem solar cell
Considerable imprbvements in si and GaAs solar cell have
been made in the last several years. A crystalline Si solar

79)

cell of the efficiency of 23% and a AlGaAs/GaAs

¥) have been demonstrated

homojunction solar cell of 25.7%
under one sun AM1.5 condition. Most of the improvement in Si
cells has originated from the pyramidical textured»surface for
light trapping, the front and rear surface passivation to
reduce the the surface recombination velocity and
point-contact for rear electrode. The high efficiency Gaas
cells are achieved from the use of InGaP window layer instead
of AlGaAs to reduce the surface recombination velocity and the
improved GaAs quality using either MBE or MOCVD. J. C. C. Fan
et al. proposed two-cell tandem solar cell using GaAs-AlAs/Si

or GaAs-GaP/Si systems.’’ Their computer analysis indicates

that practical efficiency of about 30% at one sun and over 30%

at multiple suns are expected. In other words, GaAs-AlAs/Si

system tandem solar cells are very attractive candidates to
achieve an inexpensive and efficient solar cell.

This study aims toward providing physical insights into
designing the device parameters and optimizing the performance
of AleaL«As/Si tandem solar cell. Analyses are concentrated on
three-terminal configuration for GaAs/Si tandem solar cell and
two-terminal configuration for AlGaAs/Si tandem solar cell,

respectively, as the band-gap of Al Ga, As is changed easily to
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meet the photocurrent matching between the top cell and bottom
cell. General device physics and equations governing solar
cells can be found in refs.82) and 83).

Fig. 2-2. shows a calculated model of GaAs/Si three-
terminal tandem solar cell. It consists of a p'-n GaAs top
cell and a n'-p- p' .Si bottom cell. The calculation is based on
the assumption that the reflection of the solar cell is zero
and AlGaAs window layer has no photo-absorption losses. 1In
general, the device parameters like minority-carrier diffusion
coefficient and minority-carrier lifetime depend strongly on
the material as well as the impurity doping concentration. A
successful model describing the minority-carrier lifetime of
GaAs-on-Si with relative to the dislocations was proposed by
M. Yamaguchi °, and other model indicating effects of the
dislocations on the dark-current density of GaAs-on-Si p-n
junction was also suggested by John C. Zolper.™®’

The parameters adopted in the calculation are as follow:
For the Al Ga, As (x=0~0.22) top cell, the front and back
interface recombination velocity (S, and 5,):

S, = 10° ; S, =10° (cm/s) (2-20)

The minority-carrier diffusion coefficients (D, and D, )
were used as the expressions:‘’

D= 200 (cm’/s) (2-21)

n

D, = (KT/q)(2.5X107° + 4X10™ N,) (em’/s) (2-22)
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The minority-carrier diffusion length is expressed as **

1/L 2

n

1/(10X10™)* + 1X10¥ p + n° N, /4 (cm™) (2-23)

1/L°

P

1/(6X107%)* + 1X10™ n + n* N, /4 (cm™) (2-24)

Where N, is the dislocation density in GaAs-on-Si. For the Si
bottom cell, the parameters described in Chapter 2-2-1-1-b)
were used for the calculation. It should be pointed out that
the difference of the empirical expressions between

nondegraded materials and degraded material (when Si is doped .

-3

beyond 10" cm™). The back surface recombination velocity for

the Si bottom cell can be approximated as: °"’

S, = 500 Log N'- 7500 (cm/s) (2-25)
where N' is the base surface doping concentration. For the
front surface recombination velocity (S,), S, = 10° (cm/s) is

assumed in the calculation.

Fig.2-3 shows the calculated model of the AlGaAs/Si
two-terminal tandem solar cell. It consists of a p'-n AlGaAs
top cell and a p'-n-n’ Si bottom cell. In this calculation, we
assume that AlGaAs-on-Si material quality is good as AlGaAs-
on-GaAs. The minority-carrier parameters of GaAs were used as
that of AlGaAs,® but the empirical expressions fitted from the
experimental data were wused in the calculation. Other
parameters and the assumptions were similar to that of the

GaAs/Si three-terminal tandem cell.
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Fig.2-3 The structure of AlGaAs/Si two-terminal tandem solar cell used in the calculation.




Table 2-2. List of symbols

F | photon flux density (AMO)

D, (D,) electron (hole) diffusion coefficiént
L, (L,) electron (hole) diffusion length

T, (T,) electron (hole) lifetime

n; intrinsic free-carrier concentration

N, (N,) acceptor (donor) doping concentration

N, dislocation density

K Boltzmann constant

T absolute temperature

q magnitude of electronic charge

o absorption coefficient

A photon wavelength

S, front surface recombination velocity of the top cell
S, front surface recombination velocity of the bottom cell
Sa back surface recombination velocity of the top cell
S, back surface recombination of the bottom cell

X;,(X,;) junction depth of the tOp (bottom) cell

J current density at the maximum output

m

v voltage at the maximum output

m

J,,mn(J,,.n) Photocurrent density collected from p-type (n-type)

layer
J,. Photocurrent density collected from the space-charge layer
Ton total photocurrent density
J,. short-circuit current density
V.. open-circuit voltage

FF fill factor

n__conversion efficiency




2-3~1-2. Formula and equations

1) Short-circuit current density
The photon flux density F (photons cm™”.s™ nm’) under
AMO condition is used from the measured data.’”” The total
photocurrent density J, (A/cm’) at a given wavelength A

collected from the single-junction solar cell is given by
J, = J ,+ J + J, (2-26)

The three current densities can be modeled as (considering

a uniform p/n junction)®

K
Jp.on = —Ki0L, exp(—=0X,) + 57— :
7/ Aﬂ)smh(Xl/Ln)+cosh(Xl/L")
S.L, S.L, o
x{( f Al+aL,,)—exp(—aXl)[( s A)cosh(Xl/L,,Hsmh(Xl/L,,)]} (2-27)
K
oo =KoL, - 2

(o84 ysinh( W,/ L)+ cosh(W, L)

x{( SbL%)p)[cosh( W,/ L,)—exp(—aW,/ L+ sinh( W, IL,)+ oL, exp(-aW,)}

(2-28)
J, = qF (1- R)exp(—0X,)[1 - exp(—cW)] | (2-29)
K, =qF(1-Rd, I(o* % -1) (2-30)
K, =qF(1-Ryod, i(oc*L} — 1)exp(~0X,) (2-31)

R is the fraction of photon reflected from the front surface



at given wavelength, Wb=Xg-X2, for the top cell (W, =X_-X, for
the bottom cell) and W=X,-X, (Wy,=X,-X; for the bottom cell).
When there is constant electric field in the emitter

layer, the photocurrent from the emitter region is then:®

K,
S Lon .
/ b A +E, L, )sinh(X, /L _)+cosh(X, /L)

x{(ax+E,)L, exp(E, X)—exp(X,/L,)exp(—aX,)+
(Sfl.an

Jopon =~ K (la+ E,) L, —1]exp(—0X,) +

PP

nn-nn

D,y + Eu L) [exp(E,, X)) — exp(X, / L, ) exp(—aX, )]} (2-32)

K, = qF(1- Ryad,, (o + E, )*I*, - 1] (2-33)

where E, is the normalized electric field in the emitter
region

E_ = gE /2KT (2-34)

and L is the effective diffusion length

1L, =B, +(1/ L) (2-35)

E is an electric field produced by gradient of the sloped

energy edges.

E=(-1/gXdE,! o) (2-36)

We assumed that the graded band-gap emitter layer in the

GaAs top cell only provides a constant drift field and the

varieties of the absorption coefficients were neglected. For



n/p Jjunction cell, all of these equations from (2-26) to
(2-34) can be transformed from their present form for p/n
cells to equivalents by interchanging L, D,, 7, and S, with L,

D, 7, and S,, respectively.

The short-circuit current density Jsc can be written as

Ag

JscAIxGal_,As = J Jph dl

2000m) (2-37)
f
JscSi = J hdA’
200(nm)p (2-38)
where, XG=1240/EgAlea1_xAs(ngéo.22) and ?»Si=1240/EgSi' (nm).

2). open-circuit voltage
In general, when the series resistance R, of solar cell

is neglected,the dark current density J; in a cell is given by

82)

T=T Ty, (2-39)
2 n? :
J, =17, (explgV/KT]1~1) = (gD, ——+ gD, ——)(explqV !/ KT]-1)
PLq q N.L q *N,L, PLq 240
J, =J,,(explqV/ 2KT]-1) = gn WD /21 (explqV | 2KT]—1) (2-41)

where, D and L are the diffusion coefficient and the diffusion
length, J, is the injection current from p-type and n-type

region and J, is the recombination current in the space-charge.



region. For crystal Si solar cells, the injection current
density component Joo 1s assumed to be dominant in the diode
saturation current. For the thin-film GaAs cell, the
space-charge layer recombination current density component
J4ro 1S preferred to be dominant in the saturation component.
So, the open-circuit voltage Voc is given by

Voc=(KT/q)1n[Jsc/J_+1] (2-42)
however, for the GaAs cell and the AlGaAs cell

Voc=(2KT/q)1n[Jsc/ T, +1] (2-43)

3). Fill factor and conversion efficiency

The output power P (mW/cmz) of a solar cell is:
P=JV=(J,-J,)V (2-44)
The maximum output power P, can be derived using dp/dv=0
P,=J, V. _ (2-45)
where J, and V, are the current and voltage at the maximum
output point, and V, can be calculated numerically from the
interpolation method easily. The £fill factor FF and the

conversion efficiency n of the solar cell are defined as

FF=J, V, /Jsc Voc _ (2-46)



n=p, / By, (2-47)

where P, =135.3mW/cm’ is the incident power at AMO.
For three-terminal configuration, the total conversion

efficiency 7),.,..,; of the tandem solar cell is

ntbtal = (Jsctop Voctop FFtop + Jscboi:tom Vocbottom FFbott:om )/ P,

in

(2-48)

For two-terminal configuration, the Jsc value used for
tandem solar cell is the smaller value of Jsc,, and JSC, ...
For the total conversion efficiency M., ©f the tandem solar
cell is

ntotal = Jsc FF (Voctop + Vocbottom )/ Pin (2-49)

where Jsc and FF are the short-circuit current and the fill

factor of two-terminal tandem solar cell.




Chapter　2．　Theory　and　design　of　high　efficiency　AIGaAs／Si　　　　　　　　　　　tandem　solar　cells　2−1．　Introduction　　　　　　The　radiative　energy　from　the　sun　is　e皿itted　primarilyas　electromagnetic　radiation　from　’ヒhe　ultraviole’ヒ　to　infraredand　radio　speρtral　region　（0・2　to　3μ1n）・　The　intensity　of　solarradiati・n　in　free・pace　atヤhe　average　di・tance・f　the　earthfroln　the　sun　is　defined　as　the　solar　constant：with　a　value　of135・3畑／cm2．　The　atm・sphere　attenuates　the　sunlight　when　itreaches　　the　　earth冒s　　surface，　　mainly　　due　　to　　water−vaporabsorption　in　the　infrared，　ozone　absorPヒion　in　ultraviole・ヒ，and　sca’ヒtering　by　airborne　dust　　and　aerosols・　　The　degree　towhich　the　atmosphere　affect：s　the　sunlig1》t　received　at　theearthロs　surface　is　defined　by　the　盟air　mass，1．　　The　secant　ofthe　angle　betweeh　the　sun　and　zenith　（secθ）　is　called　the　airmass　and　the　atmosphere　pa’ヒh　length　related　to　the　minimumpath　length　when　the　sun　is　directly　overhead．　　　　　Air　mass　1．5　condition　｛sun　at　48．2。　above　the　horizon）represents　　a　　satisfac’ヒory　　energy−weighted　　average　　　forterre・tria・apP・icati・n・・Thr七・ta・incident　p・wer　f。r測・・5is　84。4　血阿／cm2．　　In　this　study，　the　AMO　is　used　to　evaluatethe　solar　cells，　which　represen・ヒs　the　solar　spectrum　outsidethe　earth’s　atmosphere．田he測O　spectrum　is　the　relevant　onefor　　satellite　　and　　space−vehicle　　apP：Lications，　　and　　・ヒhisspe『trum　can　be　also　approximated　by　　a　5800K：　black　bodyradiation．　　Figure　2−1　shows　three　curves　related　to　the　solarspect：【a：L　irradiation　1）．一21一一日手Nヨら菖⊆o．＝轟コΩ’＝りωロ二丁眉＞o』ol」」2．52．01．51．00．50．0Black　body　radiation　5800　KAMO　radiationAM　15　radiation1斜1囎卿囎　　　　　　　　　　　0．2　　　　0。4　　　　　0．6　　　　　0．8　　　　　1．0　　　　　1。2　　　　　1．4　　　　　1・6　　　　．1．8　　　　　2．O　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Wavelength（脚）Fig．2−1　Spec2tral　distribution　of　light　outside　the　earth’s　atmosphere　（ハMO）’　on　the　surface（ハM1．5）　and　the　radiation　distribution　of　a　black　body　at　a　temperature　of　5800K．　　　　　　Asingleゴunction　solar　ce］．l　can　convert　only　a　fractionof　the　incident　sunlight　into　e：Lectricity．　　Such　a　cell　can　bedesigned　to　be　optimally　efficient　in　a　limited　energy　：【：’ange．Dividing　the　solar　spectru皿　　inciden’ヒ　upon　an　appropriatelydesigned　cell　would　result　in　great　imL）rovement　in　overallconversion　efficiency．　　The　principles　of　’ヒhis　approach　weresuggested　　in　　1955　　2》．　　Tandem　　solar　　ceユl　　has　　a　　widerphotovoltaic　spectral　response，　which　are　stacked　in　tandemwith　　the　　solar　　c611s　of　　the　　different　　energy　　gaps．　　工nprinciple，　any　number　of　cells　can　be　used　in　’ヒandem．　胚ethodof　monolithic　connect　for　tandeln　solar　cell　is　more　convenientto　apPlication　in　comparison　with　mechanical　stack．　　　　　　工n　this　dissertation，　two　cells　monolithical］．y　connectedin　tandeπL　are　involved．　The　solar　cell　facing　the　sun　haslargest　enerqy　gap．　　This　top　cel＝L　absorbs　a工l　the　inciden・ヒph。t・ns　ab。ve　its　ener虹gap，　and　the　small　energetic　ph。t・nsare　transmitted　to　the　cell　below．　The　next　cel］．　in　the　stackabsorbs　all　the　transπ巳tted　photons　with　energies　equal　to　o：rgreater　　than　　its　　enerqy　　gap．　　　There　　are　　three　　kinds　　ofconfigurations　for　two−cell　tandem　syste皿．　血　general，’ヒwo−te：ロninal　and　three−terminal　configuration　are　usually　usedinゆ・1ithi・tande血cells3’4�dand　f・ur−teminal　c。nfigurati。nis　often　eπ嘔）loyed　in　mechanical−stack　tandeln　so］．ar　cel］．　5’6）．Aユthough　there　is　a　pot；ential　for　la：【ge　increase　in　conversionefficiency，　designing　and　fabrication　of　tandem　solar　cell　aremore　complex　than　that　of　a　single一ゴunction　cell．　For　example，the　top　cell　�o6・ヒ　translnit　efficiently　the　photons　with　lessenergy　than　its　baぬdgap．　The　contacts　on　the　backs　of　the一23一upper　cell　must　be　t：ransparent　to　these　photons，　therefore，canngt　be　made　of　usual　bulk　metal　layers「．　　If　the　cells　areconnected　in　series，　the　thickness　and　bandgap　of　individualcell　in　the　stack　must　be　adjusted，　　so　that　the　photocurrentsin　　all　　the　　cells　　are．　equa1．　　We　　prefer　　to　　ca1：L　　it　　as四photocurrent　matching　condition”．　For　monolithic　tande耳n　s．olarcell，　there　are　effects。f　growヒh　of　the　top　cell　on　thecharacteristics　of　七he　bo’ヒ七〇m　cell，　and　there　is　the　existenceof　high　disloca・ヒion　density　due　to　the　heヒe：【oepi’ヒaxial　qrowLヒh，which　seriously　　degrades　the　prope：【ties　of　the　top　　cell・Despite　these　difficulties，　the　high　efficiency　tandem　solarcell・have　been　achi・ved　in　Al。．37Ga。．，押／G訟s　7’andエnGaP／GaA・tandeln　solar　cells　8｝．　GaAs　substrate　is　expansive　and　fragilewith　high−mass−density　in　co皿parison　with　Si　substrate．　工fエH−V・・血P。unds　se血・・ndurt。r　can　b・・uccessfully　gr・m・n　Sifor　’solar　　cel：L　apPlication，　it　　is　　promising　　to　　get　　highefficiency，　1arge　area，　ユow　cost　tandem　solar　celユs・　　　　　　In　’ヒhis　chapter，　the　theoretical　analyses．on　AlxGaエーxAs／Si（x＝0〜0．22》t。idem・。lar．モ?ｌｌ・are　carried。ut．　The　deviceparameters　　such　　as　the　　impuriセy　　doping　　concentration，　themino：rity　ca：rrier　lifetime，’　the　minority．　car：rier　　di：Efusioncoefficient　　and　　the　　surface　　recombination　　velocity　　areinfluenced　by七he　deセice・tructure．　and　n。t　be　independent・・Theperfo：mances　of　GaAs／Si　tandem　solar　ceユl　in　three−terminalconfigura’ヒion　　and　　AlGaAs／Si　　tandem　　cell　　in　　two−terminal・。nfigurati。・are　calculated　b￥・・ing　device−makeup−depende批parame’ヒers　de『ヒennined　from　experimen七al　obse：【vatiOn　or　fromphysica1　ゴudgment　based　on　available　in：〔orma・ヒion．一24一　Chapter　2−2　Haterial　properties　and　parameters　2−2−1　Properties　and　parameters　of　Si，　GaAs　and　AIGaAs　2−2−1−1　Properties　and　parameters　of　si　2−2−1−1−a）　General　physicaユ　properties　of　Si　　　　　　Silicon　is　the　most　　impor’ヒant　ma七erial　　exploited　　bymankind，　and　it　is　the　most　widely　researched　and　appliedselniconductor．　：Life　as　we　know　in　the　modern　world　is　builtaround　the　in七egrated　circuit　in　our　co�ounications，　ourentertainment，　and　so　on．　　　　　　Density　and　lattice　parameter　of　silicon　single　crystalhas　been　accurately　measured。　The　densi七y　　is　given　to　be2．3290028　g／cm3　at　25　℃　9）．　　At　l　atm．　condition，　the　latticeconstant　of　Si　is　O．543106　n皿1。｝．　The　room　temperature　hardness・f・ili・。n　i・u・ually　qu・ted　a・being　ar。und　1000　kgイ�o2　f。rall　types　of　indenter　profiユe．　The　hardn6ss　of　silicon　　isfound　to　vary　little　with　temperature　up　to　about　400　℃，　andthe　　lnodeling　mechanis皿　　has　been　　suggested　　as　　to　　be　　thereversible　　st：【’ess−induced　　phase　　’ヒransformations　　11）．　　　　Thethermal　expansion　coefficient　AエPねa　of　Si　has　the　relationshipwi’ヒh　tempera’ヒure　『（K）from　120　K　to　1500　K，　which　is　proposedas　12）3祖pha＝3．725×10’‘［1−exp｛一5．88×10−3（τ一124）｝1＋5．548×10−1。r（K’1》　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2−1）一25一　　　　　　The　　thermal　　conductivi・ヒy　　of　　single　　crystal　　siliconexhibit・atemperature母epend・・t・haracte士i・ti・・。f　cry・ta・dielectric　materials．　Representative　data　from　200　K　to　’ヒhemelting　P・int。f　silic・n　ha・been　presen七ed　13’・The　thermaldiffusivity　　of　　single　crystal　　silicon　　is　　measured　　in　　thetempera＃ure　range　300〜1400　K・　The　data　sh。ws　that　thetherlnal　conductivity　continues　to　decrease　with　temperature　upto　almos七’七he　melting　poin・ヒ　14）．　　　　　　Silicon　　has　　an　　indirect　　energy　　gap　　（Eg）　　and　　it　　isaffec’ヒed　　　by　　　the　　　tempera’ヒure，　　　pressure　　　and　　　dopingconcen’ヒra’ヒion．　　lrhe　　temperature　　dependence　　of　　Eg　r　r／　　wasproposed　by　a　semi−empirical　fo：rmula15）3E9‘τ♪＝E。一A�c2／（T＋B》（eV）（2−2）　　　　　　where　E。　is　the　　　energy　gap　at　O　K，　A　and　B　arec。nstants，　which　are　str。ngly　interdependentl　E。＝1．1557，A＝7．021×10囎4，B＝1108．　　　　　The　　index　　of　　re：Eraction　　（n）　　and　　the　　　extinctionc・efficient（k）are　given　in　the　references　16口19�dThe　c・mplexdielectric　function　N　is　expressed　as　N＝n＋i1く．　The　absorptioncoefficient　α（λ）　can　be　calculated　f：〔om　extinction　coefficient1（，　α＝4π1（／λ，whereλis　the　wavelenqth．琴一2τ1−1噛b）Mino「ity　ca「「ie「t「anspo「t　p「ope「ties　of　Si　（a》rp−type　si3　　　　　・nhigh　purity　Si，　the　mea・urement・．2。一23’indicate　thatμ．is　independent　of　the　accepto：r　concentration　‘ハ�j♪・　　As　the一26一acceptor　concentrat；ion　increases　above　1×1016！c皿�_　　μロ　startst。decrea・e・Up　t・th・d・ping　lev・1。f　ab。ut　5×1017／・叫3μ．coincides　within　the　scattering　of　the　available　experimentaldata．　A　fit　to　the　measured．　data　was　given　in　the　reference24｝　　3　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　　　　μ。＝232＋1180／｛1＋暇（8×1016）】。’9｝　（c皿2／V・・）　　（2−3）with紘in　cm日3・H・w・v・・，μ。　i・the　n＋／p　juncti・n　increa・e・byas　much　as　four　times　its　bulk　value　25）。　The　minority−carrierdif血si。n　coefficient‘D。ノcan　be　written　as　326｝　　D』＝　1350　（KT／q）／【1＋81紘／（ハ�j＋3．2×1018）］o’5　　（cm2／s）　　　　　　（2−4）　　　　　　where　K　is　the　Boltzmann　constant，　T　is　the　absolutetemperature　　and　　q　　is　　the　　elec七ron　　charge．　　In　　high　　purityp−type　Si，　the　electron　lifetime　is　also　independen’ヒ　of　theacceptor　concentration　but　is　sensitive　to　other　impurities（0，　　Fe，　　or　　C），　　the　　deqree　　of　　crystal　　perfection，　　thecleanliness　and　’ヒherma］．　history　of　the　fabrication　procedures．Beyond　an　acceptor　impurity　concentration　of　abou・ヒ　1×1016　cm學�_the　　electron　　］．ifetime　　begins　　to　　decrease　　as　　the　　acceptordensity　でハ弘ノ　increases．　　The　electron　lifetime　‘τ』ノ　is　fi・ヒtedfrom　the　obtained　dataz”）3　　　　　　　τ』＝　12／（1＋紘／5．0＞く1016）　　　　　　　　　　（μ，s）　　　　　　　　　　　　　　（2−5）　　　　　The　electron　diffusion　length　is　the　average　dist；ance一27一that　　an　　excess　　electron　　travels　　iρ　　a　　fieユd−free　　p−typesemiconductor　　before　　recombining．　　The　　electron　　diffusionlength五。　can　be　expressed　a・函・When紘＞1018　cゴ�_m⊥nority−carrier　transport　parameters　reborted　by　Swirhun　etal・29）sh。uld　be　u・e昌・飢apPr・xi皿ate　fit　f・r　d。ping　lev・lover　1×101ビ。バis　2ビ）3刀。雲7．13×1。14l‘一。0923｝（cm）（2−6）　　　　　After　processing，五．　is　usuaユly　much　smaller　’ヒhan　before　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　コ　　　　　　　processing　procedure　due　to　the　sens＝Lt■v＝L’ヒy　to　con’ヒam二Lnantsand　crystal　de：［ects・（b）n−type　sil　　　　　　　　工n　high　purity　n−type　Si，　the　mobility　　of　πd．nority“arrier　h。・e・‘μ，ノi・experimenta・・y＃。und　t。　be　independen・・fd。n。r　d・ping，馬（cめand七he　mとterial　preparati・ntechnique　28）’30）　．　　As　the　donor　doping　level　increases，　itstarts　to　decreage・　At　high　doping　ユeve1’　μρ　saturates　withd・ping．　The　saturati・n　value　is，　h。wever，　ab。ut　130cm2／V・s・Afit　t。　all　the　available　experimental　data　was　given　31’32）．E　　　　　μρ＝　130＋370／｛1＋［1％／（8×iO17）］1畳25｝　　　（c皿2／V・s）　　　　　　（2−7）Th・diff・・i・n　c。・ffi・ientでD、♪can　be　written　a・・z7’　　D。＝480（KT／q）／［1＋35。場／‘甲・。5×1019》1σ●5（・m2／・》　（2−8）　　　　　In　：Lightly　doped　n−type　silicon，　the　hole　lifetime　is「28一experimentally　　found　　to　　be　　independent　　on　　・ヒhe　　donor・6ncentrati。n　and　very・en・itive　t。　the　quality・f　the　cry・taland　　cleanliness　　of　　the　　dev‡ce　　fabrication　　process．　　　Thehighest　values　of　hole　lifetime　reported　in　unprocessed　n−typeSi　are。f　the。。der。f　30鵬33・．ム。　th。　d。。。r　c。ncen七rati。nincreases　beyond　　about　　lx101。／cm3，　　the　　hole　　life・ヒime　　isobserved　to．star’ヒto　decrease．　A　fit　to　the　availableexperilnental　data　　for　donor　concentration，　祐　，　higher　thanlx1017／・m�_h・le　lif・t�q・い・・given31’・　　1／ち＝【（7・8×10−13場》＋（1・8×10’31ぺ）］　（s−1）　　（2−9）However，　when　the　c。ncentration　is　lower　than　lx1017／cm3，　theexperimental　data　of　the　lifetimes　varies　widely　fromreferenCe　tO　referenCe．　　　　As　similar　as　minority　carriers　in　n−type，　therefore，　thehole　diffusion　length　．Lρ　can　be　written　through　following・quati。n・L，二四・Th・h。・e　diffu・i・n・ength乃，　d・ρrea・e・very　　fast　　as　　’ヒhe　　doping　　level　　increases．　　　　When　　theconcentration　ハ1』　is　higher　than　lx1018　cm「3，　the　　parametersrep・rted　by　Wang　et　a1・3�`h。・ld　be　u・ed・Afit。f　L，　t。　thedata　was　given　31｝3　　　　　　　　　　　　五，＝2・77×1014賜一u3q　　（cm）　　　　（2−10）　（c）ApPlication　to　solar　cells3　　　　　The　properties　of　Si　material　πLake　i・ヒ　very　suitable　forsolar　ce】ユ　　application，　such　as　the　proper　band−gap　energy一29一（1．1eV），　　the　　low　　cost，　　lower　　density，　　large　　diameter，mechanical　st：【ength，　high　therma：L　conductivity　and　abundanceof　material．　Si　soユar　cells　began　the　modern　photovoltaic　era．pp　to　today，　Si　have　been　highly　developed　and　widely　used　forsolar　ce＝Lls　including　amorphous　Si，　poly−Si　and　crystalline　Siin　photovoltaic　power　syste皿s．・一30一2−2−1−2．Properties　and　paralneters　of　GaAs2−2−1−2−a）　General　physical　properties　of　GaAs　　　　　　GaAs　is　a　fragile�oteria135）．　The　lattice　par�peter　anddensity　of　crystal　GaAs　were　measured　accurately　by　x−ray　36）．The　respective　values　are　5．6553　A　　　and　5．3165　q／cm3．　Thestiffness　constant　of　GaAs　changes　quite　few　with　variety　ofdoping　　concentration．　Proper七ies　　of　　the　　variation　　in　　thethermal　　expansion　　coefficient　　with　　te皿perature　　37》　　aredifferen’ヒ　　from　　tha七　　〇f　　Si．　　　Above　　75　　K：，．the　　thermalconductivity　‘σノ　of　GaAs　decrea6es　with　temperature　due　tofree−Carrier　SCatterinq，　¢＝A／7　L2，　Where　A　iS　a　C・nStantwhich　depends　on　the　doping　leve1　38｝．　GaAs　has　a　direct　bandgap　　and　　its　　abso：【ption　coefficien’ヒ　　is　　so　　large　　that　　theincident　light　can　be　almost　absorbed　by　only　5　μ1n−thick　GaAsfor　the　wavelength　shor七er　than　the　energy　band　gap　edge　ofGaAs．　The　band　gap　of　GaAs　at　room’ヒempe：rature　is　given　in　’ヒhereferences　　39−41）．　　The　　absorption　　coefficient　　of　　GaAsdecreases　with　increas　inq　telnperature　42｝3　　　　　　　　　　　　　　　E‘『ノ　＝　Eo−a72／（T＋b》　　　　　　　　　（eV）　　　　　（2−11）　where　Eo＝1．517　eV’a＝5．5×10層4　（eV．K−1》’b＝225．2−2−1−2−b）Min。rity　carrier　tran・p・・t　pr。peτtie・。f　GaA』、　　　　　Transport　properties　of　minority　carrier　in　GaAs　as　afunction　of　temperature，　dopinq　level　and　dis：Location　densitycan　be　cons　idered　independently　of　the　grow七h　technique　used。一31一F。r　p−type　GaA・’the　related“・ta「eviews　of　elect「。n　m。bili�ny‘μ。ノ　with　respect　to　the　dopiIIg　density　are　given　in　the：【eference　43｝．　The　mobility　decreases　with　increase　of　thed。ping　level．　Elect・。・m・bility　at　300　K　range・f士・m　1150cm2^▽．s　for　p＝3．6×1018／cm3　44）’ヒ0　3500　cm2／v．s　at　for　p＝1017　／cm3’”EH。1e　diffusi。n　c。nstantsでらノin　n−type　GaAs　were　measμredfr・m　7×ユ014〜1・4×1018　cゴ346’・Ar・ugh　est�qate　f。rρ，　i・provided　by　the　re　f．47）3　　　　　　　　　　ら＝（KT／q）／［2・5×10−3＋4×10−21陽］　　（・m2／・）　（2−12）So’　the　　hole　　moL｝ili七y　　can　be　got　　from　　the　　relationshipら／μP＝KT／q・　　　　　The　minority−carrier　lifetime　　in　GaAs　is　　af：Eected　　byrec。曲inati・n　at　p。int　defects，　surface。r　ihterfacedislocations，　and　　bu：Lk　　radiative　　recombination　　processes．Nelson　et　a1．　carried　out　sys・ヒematic　study・of　minori’ヒy−carrierlifetilne　in　near　idea］．　material　48）．　The　measured　da・ヒa　showstha’ヒ　‡；he　lifetime　degenerates　rap4dly　with　doping　level．．Dete：rmining　the　minority−carrier　lifetime　in　GaAs　is　difficultbut　i叩r「tant　f。「G崩sola「cells・エn　gene「al　the　lifet堺isgoverned　by　the　Shockley−Read−Hall．　（SRH）　recombination，　theband−band　radiative　recombination；　and　the　Auger　recolnbinationprocesses　3　　　　　　　　　1／τ＝1／’�q＋田＋�p2　　　（・’1）　　　　．（2−13）whereτis　the　effective　minority−carrier　lifetime，τ冨瓢is　the一32一SRH　Iifetime，　B　is　the　cOefficient　for　band−bandrecombination，　C　is　the　coefficient　for　Auger　recombinationand　N　is　the　doping　concentration　　（鑑　　or．　ハも）・　It　　has　beensugges’ヒed　that　’τ言RH　is．o：E　the　order　of　1〜2　F　s　and　O．25−0．5　μsin　lightly　doped　GaAs　grown　by廼！OCVD　and　MBE，　respectively　49｝．In　　prac’ヒice，　　however，　　considerably　　lifetime　　deteriorationarises　during、　device　processing　49｝．　Furthermore，　as　the　dopinqconcentration　is　increased　beyond　1016　cm−3，　τwill　decrease　inproportional　to　l／N　2　due　to　thl∋　　dominance　　　of　the　　　Augerrecombination．50）　So’　incorporating　’ヒhe　above　informaヒion，　theempirical　fo：mula　can　be　sugqested　that　for　N’≦1016　cm−3　3　　　　　　　　　　　　　　　τ』　＝　ろ＝　0。1　　　　　　　　　（μ，s）　　　　　　　　　　　　　　：（2−14）Forハ7＞1016　cm−33　　　　　　　　　　　　　　　　　　　　　　　　　　16　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　むりう　　　　　　　　　　　　　τ＝0．1／【（N−10　　　　　　　　　　　　　　　　　　　　　　　　　　　）／10　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（μs》　　　　　　　　　　　　　　（2−15）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　】瞭eN抽紘。r遅』’τお写（江写’趨pe�tively・　　　　　　GaAs　is　a　very　at’ヒractive　皿a’ヒerial　for　solar　cells．（1》　　GaAs　solar　ce：Ll　has　the　highest　theoretical　efficiencylimit　of　about　30亀　for　single　ゴunction　solar　ce：Ll　under　oneSUn　illUminatiOn　51）．（2）　　　工t　can　be　fabricated　as　thin　fiユ1n　cell　because　　100堵optical　absorption　is　achieved　in　　5　芦m−thick　GaAs．（3）　　　GaAs　solar　cell　shows　advantage　　in　severe　：radiationenvユronments．（4）　GaAs　solar　cell　shows　distinc七　advantage　over　silicon　atrather　high　concentration　illuminations・一33一（5）　　Higher　　temperature　　operと＃ion　　than　　Si　　solar　　dell　　ispossible　because　of　its　higher　bandgap．　　　　　　．H。・pver’maj。r　di・advantages。f　G品s　sola「cells　a「eexpensive，　high　mass　density　and　fragile　compared　to　silicon。。・arρe…．C。曲ining　the　advant・g・・。f　the　G爵and　Simaterial，　GaAs／Si　　technology　　will　　provides　　desired　　higheffi・iency’1。w．・g・t’high　perf。rmance　r。la「cellr　to　spaceand．ter：【estrial　apP：Lications。2−2−1−3Pr・pertie・and　para卑・ter・。f　Al．Ga・．声　　　　　General　pr。perties　and　parameters。f　ternary　r。mp。undsA斗・G皐・一み・（0＜x＜1）vary　with・lloy　co叩。sition’x・�q」，n’ヒerpolation　scheme　provides　a　useful　tool　for　estimating・。囎phy・ical　par�peter・・f　Al．G・、．み・c・mp・und　52”57》一．S。memateria1．　parameters，　　such　　as　　lattice　　constant，　　crysta1“ensネty’themal　expansi・n　c。effi・ヰent’dielectdc　c・n・tant’and　eユastic　constant　obey　Vegardロs　rule　well．　　Theヒlinearinterpolation　of　the　ternary　ma’ヒe：【ial　paramete：r　伽πσa、、〜監3でx♪　canbe　written　3　　　　　　　　　　　　　　血zπσ昌、．ノ嬉‘x♪　＝　a　ナ　bx　　　　　　　　　　　　　　　　　　　　　　　《2−16）whe：【e，　a　　and　　b　　are　binary　　para皿eters　　（B璽s）　and　．a＝BGaム5，b＝B曲目BGaム5．　On　　・ヒhe　　o・ヒher　　hand，　　some　　kinds　　of　　materialparameters，　e．g．，　electronic−band　ene：rgy，　lattice　vibra’ヒionene：【gy，　Debye　　te！取perature　　and　　impurity　　ionization　　energyexhibit　quadratic　dependence　upop　co取position，　x，　which　can　bevery　efficiently　approximated　by　the　relationship　8一34一　　　　　　　　　　　　　伽．…一阿幻＝a、＋b、x＋c、x2　　　　（2−17）where’a・’b・and　c、　are　binary　parameters’and　a、＝恥崩，b・＝B祖嗣弛崩紀鵬・・c、＝一C鵬・’C飢一G・is　a　c。ntributi。n　arisingfr。m　the　lattice．dis・rder　generated　in　ternary　systemAlxGa1−xAs・　cl　is　called　盟nonlinear　parameter韓．　Some　of　them　aretabu1⇔ted　in　Table　2−1　in．comparison　with　GaAs　ζnd　Si．一35一Tabユe　　2−1Pr。pe「ties．of　si，　GaAs　and　AユGaA5properちエessiGaASAlxGa1＿xASLatt4ce　6。n写tance（蓋）D手a即nd“岬．，sr▽rture　5・43・、Crysもa1∫d6nsi・ヒy　　　　　　　　2．329．　　　（9／Cln3）Ther］mal　expansion　　　　　　2．33糖まま。差n、Ther皿al　conductivity　　　1・5　　　　　　（W！cm．K）　　　　　　　（300K）E］．ectron　affinity　　　　　　4。01　　　　　　（eV）　　　　　（300K）Band　gap　energy　　　　　　　　1．12　　　　　　（eV）　　　　　（300K）N。bility（300K）elec七r・n　1・12　　　　（�u／V・）　h・1e　O・135Band　Structure　　　　　　　indirectme亡hanica1・tr＄ngth・t・。ngWafer　size（inch）　　6〜8Price　　　　　　　　　　　　　　　cheap・incb手end　2iゆ・end5・65ゴ．15・6533＋1…78x　5．360．　　　　5．36−1．6xヒ　6．4　　　　　　　6．4−1。2xO．54　　0．44−1．79＋2．262　4．07　　4．・07−1・1x　（0≦x≦0・45）　　　　　　　　3．64−O．14x　（O．45〈x≦1）1・421r424＋1・247x（0≦x≦0・45）　　　　　　1．900＋0．125x＋0．143x2　　　　　　　（0・45＜x≦1）　0．86　0．040　　direct　　　　direct　　（x≦0．4）　　　　　　　　　　　　indirect　（x＞0．4）　fragile　　　2〜3　．expensエve一36一　　　　　H。wever’血n。・i七y−caギrier　tran・p・rt　pr。pertie・　inAlxGa1−xAs　have　been　hampered　to　da’ヒe　by　a　lack　of　（lefiniteknowledge　　of　π旧．ny　　bとsic　　ma’ヒerial　　parameter等・　　　The　　roomtempera・ure　e・ectr・n　m・bi・ity角in　high　purity　A1とaA・presents　three　different　types　of　behavior　depending　on　theallOy　COnCentratiOn　四一。Q｝3（1）　The　μ、　deceases　as　’ヒhe　aユloy　concentration，　x，　in　thedirect　gap　mat；erial・The　main　mechanism　li皿iting　the　μ、　is　theoptical　　phonon　scattering　and　・ヒhe　increase　in　the　electroneffective　皿ass．（2）　工n　the．　cros串over　region，　between　direct　gap　and　indirectgap　Inaterial，　the　transfer　　of　electron　tO　　adゴacent　　low皿obility　minima　causes．a　sharp（卑ecrease　in　�nh←　mobネli’ヒy　withincreasing　x・The　mini皿um　value　of　μロis　attained　for　x＝0・45・（3）　工n　the　indirect　qap　region，．the　mob手lities　are　low　and　ofthe　o：rαer　of　the　pu：re　AlAs　mobility．Dat二areview　of　μ、　dependent　on　the　Al　composition，　．x，　and　thecarrier．　c・n俘entrati。n　at　300　K　are　carried。ut　by　thrreference　61）．　　．Ho甲ever，　the　modeling　　　of　the　scatteringmechanisms　responsible　for　the　observed　hole　mobility　rμ，ノ　isvery　　difficult　　due　　to　　lヒ�e1e　　simultaIIeous　　presence　　　oftwo−interacting　bands　of　carrネers　（light　and　heavy　hole　bands）and　　the　．　non＄pherical、　symm臼tric　　nature　　of　　the．　hole．　wave．funσヒions．　　The　　dependence　　of　　mobility　　on　　the　．carrier−concentration　are　given　by　the　folユowing　empirネcal　fρr皿qlas　3　　　　　　　　　　　　　　　　　　　μ。＝μ。。／［1＋（n／n。）h］．　　　．　　〈2−18》一37一凡＝μ，。／［1＋（P．／P』》51（2−19）where，　h＝0．4，　n。＝1017／・血�_」＝0．45，　P。＝6×1017／・m3・ηand．　p　aredensities　of　electron　anα　hole，　respectively．　　　　　The　minority−carrie：r　li：［etimes　in　crys’ヒalline　AlxGa1−xAsare　s・ヒrongly　dependent　on　・ヒhe　growth　technique　and　the　growthconditions．　Su】�oary　of　AlxGa1一ズAs　minority−carrier　lifetimer　da・ヒawith　MOCVD　method　versus　aluminU血　concent；rat；ion　are　done　inthe　reference　62）・　　　　　工n　general，　the　deep　level　concentration　is　higher　thanGaAs．　1七　ig　considered　that　the　higher　concentration　of　otherdedか　s七ates　in　AlxGa1一ズAs　is　due　to　higher　activity　of　aluminu皿rather　than　・ヒ。　the　funαamen・ヒal　thermodyna皿ic　properties　of　theternary．　The　presence　of　oxygen　or　water　vapor　in　the　growt；henviromnen’ヒ　has　the　effect　　o：E　dralhatical］．y　　increasing　　thesta’ヒe　concen『ヒration　in　AlxGa1一押　in　contrast　to　GaAs，　where　theeffe6tきa士e　negligible　63�d　　　　　There　are　ve：【y　：匠ew　measuremen七s　of　AlxGa1−xAs　dif：Eusionlength　ih　the　literature・The　diffu・i・n　le孕qth　may　beestimated　by　combining　minority−carrier　lifetime　data　with　theestima・ヒed　Ininority−carrier　diffusivity．　　The　latter　is　usuallyobヒained　by　extrapolation　froln　the　Inajority−ca：【±rier　mobilitydescribed　　above　　and　　the．　Einstein　　relationship．　　Then　　thediffusi。nユength　i・given　by　squa「e「o。t。f．thelifetime−diffusivity　produc・ヒ．　　　　　The　　mino「ity−carrie：【　　：Lifetime　　of　　A：LxGa1一κAs　　is　　very・七ructurr・en・itiv・r　Defects　such　a・deep　1・vel�qpuritie・’dis：Lo¢ations　　and　　surface　or　　in’ヒerface　．defects　may　　change一38一lifetime　va：Lues　by　order　of　magnitude。　The　measured　data　62）indicated　　similar　　lifetimes　　for　　material　　grown　　by　　ei『ヒhermethod　（逼OCVD，　：［、PE，　M：BE）．　All　data　indicate　that　m⊥nority−carrier　　lifetime　decreases　dramatically　with　increase　　ofa工u皿inum　conten・ヒ，　x．　　Unlike　’ヒhe　case　of　GaAs，　the　lifetimedoes　not　vary　with　the　inverse　of　the　dopinq　density　64）．　　Thelif・t血e　ha・aweak　d・pendence。n　ma」・・ity−carrier　den・ityで呪）一ハ弘ノ。　　　　The　　lack　　of　　doping　　dependence　　suggests　　『ヒheShockley−Read−Hall　1（SRH）　recombina七ion　　mainly　　controls　the］．ifetime　in　AlxGa1−xAs，　which　can　be　proved　also　by　the　facttha七　the　P1」　1ifeti皿e　of　Al、GaエーxAs　increases　wi七h　iIlcreasingP。we「of　the　excited閧奄��?ｔ　gene「aユly・S即rec。曲inati。nmechani・m　i・．ba・ed・n　血n・rity−carrier　capture　at　near皿d−9・pener〜理1Pevel・．　Th・deep　ener〜Ψ1・v・1・are　f。rm・d　byvari。u・type・・f�qpuritie・an4　mechanica・d・fect。．奄獅メEudingsurface　and　in’ヒerface．　　　　　工n　　general，　　epitaxially−grown　　A：LxGa1一とAs　　　have　　　beensuccessfully　used　to　apPlicati。n。f　s。la・cell’・uch　a・ぞAlxGaレxAs　top　cell　for　tandem　solar　cell　65’66》’　graded・一band−e皿itter−layer　　（GBEL）67）　　and　　window　　　layer　　for　　surfacepassivation　of　GaAs．一39一　2−2−2　P：roperties　o：E　GaAs』grown　on　Si　by　HOCVD　　　　　The　pre・ence・f　high　di・1・cati・n　den・ity（106〜ユ08／c皿2）and　the　biaxia1．『ヒensile　stress　（about　lkbar　a’ヒ　300K）．deg：radesthe　crystallinity　of　GaAs　epitaxial　layer　qrown　on　Si　due　to・ヒhe　　lalヒtice　mismatch　and　　the　different　therma工　　expansioncoefficient　between　GaAs　and　　Si．　The　皿aterial　、parameters，especial：Ly　in　minority　carrie：亡　t：ransport　properties　have　beenchanged　re］．ative　to　growth　on　GaAs　substrate．　工t　　is　very�qP。rtaぬセt。　understand　the　perf。mance　and　physicalparameters　of　GaAs　heteroepitaxial．　layer　on　Si　in　designing．and．fabricating　the　GaAs　lsi　devices。1》Surface　morphology　　　　　　　　　Acareful　choicer　of　Si　crystal　orientation（usually（100》　　2。．　to　　4。　degrees　　off　　towards　　［011］），　　suppressesanti−phase　　domain　』and　　reduces　　the　　density　　of　　threadingdislocations　68）．　　Nor珊ally，　specular　surface　morphology　can　be。btained　f。r　high　quality　material．　But　in　fact，　the　surface、。ξGaA・．fil皿gr。wn・n　Si　ha・an。rang・peel　lik・texture　whi・hcan　only　been　in．1high　magni：Eication　Nomarski　phase　con’ヒrasセimages　due　to　de▽iation　from　the　3D−like．nucleation　growth．When　GaAs　is　grown　on　oxide　free　Si　surface　at　a　substrate．tempera’ヒure　about　400℃，．the　surface　always　looks　very　smoothi：rrespective　of　the　other　growth　conditions，　but　the　materialis　op’ヒically　　and　electric斧lly　　inac’ヒive．　With　‘ヒhe　　two−stepgr・舳technique（400℃anと750℃），　thi・pr。blem　can　be　re・・1v・dea・ily．田he　variati・n・f　th6　thi・kness　i・1ess　than±5堵．2）　Structure　propertユ．es一40一　　　　　　1四ene「al’st「uctu「e　p「。pe「ties　i澱P「。ve　with　incτea・ingthickneSs・f　GaAs　69−71）．　H。wever，　when　the　epitaxial　layer　isthicker　than　．4　μm，　thin　cracks　will　be　caused．　　During　theinitial　nucleation，　RHEED　shows　a　spotty　pattern　indicating’ヒhe　：Eormation　of　islands　6　　Afte：【　a　growth　of．　approximately　50�othick　GaAs，　the　islands　coalescence　occurs，　the　GaAs　filmi・c。ntinu。u・and　th・�oEED　p・ttern　bec・mes　streaky　with　anexce1］．ent　　2×　4　As−s’ヒabilized　　surface，　that　　indicates　　highstructural　　quality　　of　the　　GaAs」on−Si．　The　　Rutherford　　backscattering　spectra　（RBS）　shows　that　at　1・5　Fm　away　from　theGaAs／Si　interface　the　struc’ヒural　quality　of　GaAs−on−Si　is　asqood　as　the　bulk　Ga．As　approximately　72）．　As　the　GaAs　thicknessincrease　from　2．1　to　3。5　μm，　values　of　FWHM　of　doub］．e　crystaix・一ray．・rockinq　curves　using　　（400）　re：〔1ection　of　GaAs．　on　　Sidecreases　from　290　to　158　arc　sec．　The　FWHH　decreases　furtherby　post−growth　thermal　annealing　at　850　℃　：Eor　5　min　69｝．3）　Optical　properties　3　　　　　　0ptical　properties　of　GaAs−on−Si　have　been　studied　byphoto　luminescence　（P：L）．　　The．biaxiaユ　tensile　stress　shiftsthe　cente等・f　gravity　rf　the　valence　and・。nducti。n　band・andsplits　the　valence　band　into　mj＝±3／2　heavy−hole　and　mj＝±1／2：Ligh’ピーhole　　subband　　73−75）．　　　with　　improved　　crystal　　o：E．　theGaAs−on−Si　film，　such　as　thermal　cycle　anneaユ．ing　（TCA》，　thestress　in　G訟s　film　increases”z｝。　Co�oensurating　with　theannealing　temperature　and　the　shifts　of　the　elnission　spectra　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　t。1。nge耳wavelength　are　even　larger　and　PLエntens■tyincreases　with　GaAs　thickness　and　the：ロ磁l　annealing　71）’75｝．．4）　Deep　level　and　Defects一41一　　　　　　The　・ヒype　of　defects　in　GaAs　depends．on　crystal　growLヒhtec麺nique　　used・　　F：【＝om　　the．study　　of　　Schot七ky　　diodes　　andph。t・一re・p・n・e．・fねvalanche．ph。t。一di。de・’it　has　been　foundthat　all　defects　in　GaAs−on−Si　are　noーヒ　electrically　active・．Thus　GaAs−on−Si　with　higher　crystalline　quality　and　lowerdefect　den・ity　may　n。t　pecessarily　hav・better　electricalproperties　　if　　the　　defects　　are　　more　　electrical：Ly　　ac七ive．Adopting　AIGaAs／GaAs．superlattices，　the　dislocation　density　isreduced　’ヒ0　1×106　cm−2　76）．　Use　of　InGaAs／GaAs　lstrained　layersuperlat’ヒices　and　　thermal　cycle　　anneaユing，　the　　dislocationdensity・f　3一μm−thick　GaAs・n　Si　is　decreased　t。3・8×106　cm−2フ7》．5）　Transport　propertユ．es　3　　　　　　By　　Hall　　measurement，　　in　　、bσヒh　　epitaxial　　GaAs　　andmodulation　doped　AIGaAs／GaAs　hetero・一s『ヒruc’ヒure　on　Si，　electronmobilities　have　been　measured　which　are　si皿ilar　to　those　onGaAs　　substrate69）．　　But　　the　　disloca「ヒions　　degrade　　minority−carrier　　transpo：rt　　proper’ヒies　　seriously　　in　　GaAs−on−Si・　　Thedis：Locations　　act　　　as　　　recombination　　center，　　so　　　that，minority−carrier　devices　apPea：r　relatively　poor　performancecompa：red　to　epitaxial　Ga．As．．grown　on　GaAs　substrate．　usingAlo。3Ga。．7As／GaAs／Al。．3Ga。．7As　double　hetero−s’ヒructure　（DH）　with　8ドm−thick　Ga．As　buf：Eer　工ayer，　the‘photo−1uminescence　life・ヒi皿e　τ』L＝1．75　ns　was　obtained　’ビ》．　Here，　1／’ζ』乙＝1／τ』＋25／d，　τL　is　the　bulkminority−carri6：r　lifetilne，　5　is　the　interface　recombinationvelocity　and　d　is　・ヒhe　active　layer　thickness．　　When　10　pairsof　　In。．1Ga。．gAs／GaAs　　strained　　layer　　superlattice　　（SLS）　wasinserted　in　the　GaAs　grown　on　Si　and　the　ih−si’ヒu　the：rlnal　cycle一42一annealing　w・・u・ed，3移m−thi・k　n−type　GaA・epitaxial　layer　ha。the血n。rity−carrier　lif・t�qe。f　O・38　n・．7η・　　　　　　In　　su�oary，　the　minority−carrier　　properties　　o：〔　GaAsheteroepitaxial　layer　　on　　Si　　is　st：【ongly　　dependent　　on　　thegr。wth　technique，　the　device・tructure，　the　thickness。f　tbe『uffe「laye「’the　doping・・ncentrati。n・f　the　active・ayer’the　condition　of　thermal　cycle　annealing　and　so　on．一43一　2−3　　Design　and　calcula七■on　2−3−1．Theo：retical　development．　2−3−1−1．．．Calculated　model　of　AlxGa1−xAs　tandem　solar　cell　　　　　C。nsiderable坤r6vements　in　Si　and　GaAs　s・lar　cell　havebeen皿ade　in　the　la・t・．everal　yea…．Acry・talline　Si・・lar．cell　　of　　the　　efficiency　　of　　23暑　　79）　　and　　a　　AIGaAs／GaAsh。m。juncti。n　s。ユar　cell・f　25．7亀8。l　have　been．dem・nstra七edunder・ne・un測1・5・・nditi。n・M。・t。f　the�qpr。vement　in『i・6・1・h・・。riqinated　fr・m　th・pyra血dical　textured．surfa・e　f。r・ight　t・apP晦t＃e　fr・nt　and　rear・urface　passivati。・t。reduce�nhe　the・urface　rec。曲inati。n　v・・。・ity．．@andpoint−contac・ヒ　for　rear　electrode．　The　high　efficiency　GaAscells　are　achieved　from・ヒhe　use　of　InGaP　window　layer　insteadof　AIGa．As　to　reduce　the　surface　：【ecombina’ヒion　veloci’ヒy　and　theimproved　GaAs　quali’ヒy　using　either　MBE　or　HOCVD．　J．　C」　C．　Fanet　a1．　proposed　two−cell　tandem　solar　cell　usinq　GaAs−AlAs／Sior　GaAs−GaP／Si　systems．81）　　Their　computer　analysis　indicatesthat　practical　e雌ciency・f　ab。ut　30亀at・ne　sun　and・ver　30暑1at　lnultiple　suns　are　expected．　工n　other　words，　GaAs−AlAs／Sisystem　tandem　solar　cells　are　ve：ry　attraq’ヒive　candidates　七〇achieve　an　inexpensive　and　efficient　s・lar．celi．　　　　　This　study　aims　toward　providing　physical　insights　．intodesigning　the　device　parameters　apd　optimizing　the　performance。f凪．Ga、一みs／Si　tandem　s・1ar　ce11・撫1yses　are　c・nc6ntrated・nth：ree−terminal　configuration　for　GaAs／3i　tandem　sola：r　cell　andtwo−terminal　confiqura’ヒion　for　AlGaAs／呂i　tandem　sola：【　cell，respectively．，　as　the　band−gap　of　A二LxGa1＿xAs　is　changed　easily　to「44一meet　the　photocurrent　matching　between　the　top　¢ell　and　bottomcell．　General　device　physics　and　equa・ヒions　governing　　solarcells　can　be　found　in　refs．82）　and　83）．　　　　　　Fig．．2−2．　shows　a　calculated　model　of　GaAs／Si　three−teminal　tandem　s。lar　ce11・エt　c・nsists・f　a　p＋一n　G訟s　t。Pceエl　and　a．紫`P−P＋．Sヰb・tt。m　cell・The　calculati・n　i・based。nthe．assumption　that　the　reflection　of　the　solar　cell　is　zeroand　AIGaA・．翌奄獅пBw　layer　h・・n。　ph。t・一ab・・rpti。d。sse。．血general’七h・d・vice　parameter・lik・血n・rity−carrier　diffu・ibncoefficient　and　minority−carrier　lifetime　depend　strongly　gnthe　material　as　lwell　as　・ヒhe　impurity　doping　concentration．　Asuccessful　model　describing　the　minority−carrier　lifetime　6fGaAs−on−Si　wit摯　r∈『lative　to　the　dislocations　was　proposed　byH・Y�paguchi　8兜and。ther　m・del　indica七ing　effects。f　thedi・1。cati・n・。・the　dark−current　den・ity。f　GaAs一。n−Si　p一ρjunction　was　also　suggested　by　John　C．　Zolper．85）　　　　　The　parameters　adopted　in　the　calcula七ion　are　as　follow3For　the　　　AlxGal＿ズAs　（x＝0〜0．22）　top　cell，　the　front　and　backinterface　rec・曲inati・n　vel・city（5，　and　5φ》・　　　　　　　　　　　　　5．菖10�d　　　5φ＝106　（・m／・）　　（2−20》　　　　　The血n。rity−carrier　diffu・i。n　c。effi・ient・’（軌andρ，）were　used　as　the　expressions　34ノ）D、＝　200ら＝（齋／ql（2・5×．・・’3＋4×・・一21馬）（cm2／S》（cm2／S）（2−21）（2−22）一45一GaAs　TOP　Ce11si　Bottlom　Ce11十一十，＝o蓼…●o●…●＝i掃Ip−GaASn−GaAs�uLsii’c　　　●o−Sエ詫」S“…〉�do…而＝…iH9…■＝1…鱒2…きiO…＝…●＝唱1i口i・r→　　●dmエtterBase　Layer　　・dm：L’ヒter　　…．　　●Base　Layeri3Layer…Layer……巳oi　ω●＝i奄…：■●…o巳●…o●iH謄●●●iく●●i　l＝：iΩ」●＝…層o●…■■…●●●o…，曹…■8…Sf…SgbSt…Sb■＝1■「XIxjl　X2XgX3　xj2　×4XS1��寸10Fig．2−2　τhe　structure　of　GaAs！Si　three−teminal　tandem　solar　ce：L：L　used　in　the　caユcu：Lation．The皿inority−ca：rrier　diffusion　length　is　expressed　as　86｝　　1／ゐ。2＝1／（10×10’y＋1×1042P＋π3祐／4　（・m−2》　（2−23）　　1／ち2＝1／（6×1の2＋1×10−11η＋π3妬／4　（・m−2》　（2−24）Where　醜　is　the　disloca・ヒion　density　in　GaAs−on−Si．　For　the　Sib・tt。皿cell，　the　par�peters　described　in　Chapter　2」2−1−1−b）were　used　for　the　6alculation．　工t；should　be　pointed　out　thatthe　　．difference　　of　　the　　empirical　　expressions　　　betweennondegraded　materials　and　degraded　material　（when　Si　is　dopedbey・nd　1018　cm印3j・Th・back・urface　rec。曲inati。n　vel・city　f。rthe．Si　b・tt。m　ce斗1　can　be　apPr・ximated　as・81’　　　　　　　　　　　　5b＝　500　1」og　1Ψ置一　7500　　　　　　　　　　　　（cm／s）　　　　（2−25）where　N’　is　the　base　surface　doping　concentration．　　For　thefr・nt・urface　rec・曲inati。・v・1。・ityで5，ノ・5，＝102（・m／・）i・assumed　in　the　calcula・ヒion．　　　　　Fig．2−3　shows　the　calcu：Lated　model　of　’ヒhe　AユGaAs／Sitw。一teロ虹nal　tandem・。lar　celユ・．・t・・n・i・t・・f　a　p＋一n　AIGaA・top　cell　and　a　p＋一n−n＋’Si　bottom　cell．　In　’ヒhis　caユculation，　weassu珊e　’ヒhat　AIGaAs−on−Si　material　quali’ヒy　is　good　as　AIGaAs−on−GaAs．　The皿inority−carrier　parameters　of　GaAs　were　used　astha『ヒ　of　AIGaAs，88）but　the　empirical　exp：ごessions　fitted　from　theexperimental　data　were　used　in　the　calculation．　Otherparame’ヒers　and　the　assumptions　we：【e　similar　to　that　of　theGaAs／Si　three」term　inal　tandem　ce11．一47一Al　xGa　1＿xAs　口op　Ce1ユsi　Bottom　Ce1ユ十一■：……i　HiΦi＞1；：i邸■iH艶fP−AlGaAn−AlxG斑＿x　As炉si　　　●氏|S■ntsii名i¢：（x＝O〜0・22）：…・H●■…き＝：……＝i　o�@演　　●dm■tter．1Base］』ayer　　●dm■tterBase　Layer奇〜レ．ioiHiくiム：Layer　一：Layer…，●…●1■■…■■…■1o■…●…9＝●…●●…■■■巳…唇9　　　．SfSgbStSb1■●■，XIxjl　X2XgX3　xj2　×4XS1◎◎寸1Fig．2−37ηe　structure　6f箪Gaム・15i　tw。一teminal　tand�p・。1ar　cell　u・edin　the　ca：1．culation．Table　2−2．　］」ist　of　s　皿bolsF　　　　　photon　flux　density　（A⊃征0）Dn　（Dp）　electron　（ho］．e）　diffusion　coefficientL。（■，）electr・血（h・ユe）・diffu・i。n　lengthτ。（τ，）eleCtr。n（h。le》lifetimeni　intrinsic．　free−carrier　concentra七ionN△（ND》．　acceptor　（donor）　doping　concentrationNd　　　　　dislocation　densityK　　　　　BO：1．tzmann　constantT　　　　　absolute　temperatureqmagn■’ヒudeρf　electronic　chargeαabsorption　coefficientλ　　　　　photon　wavelengthSf　　　　fron’ヒ　surfade　recombination　velocity　o：〔　the　t6p　cellSt　　　　fron’ヒ　surface　recombination　velocity　of　the　bottom　cellSgb　　　back　surface　recombination　velocity　of　the　top　cellSb　　　back　surface　recom1）ination　of　the　bottom　ce11　　　　　　　コ　　　　　　　　　　　　　　　コXj1（Xj2）　コunct；Lon　depth　of　the　tOp　（bottom）　cellJ血　　　　current　density　at　the　maxiluum　outputV。　voltage　at　the　maximu皿outputJp，ph（Jn，ph）photocurren’ヒ　density　collected　fro皿P−type　（n−type）　　　　　　　　layerJdrJphこ「5cV◎cFFphotocurrent　density　collected　f：rom　the　space−charge　layer　　total　photocurrent　density　　　short−circuit　current　density　　　open−circuit　voltage　　fill　factorconversion　efficienc一49一孕一3−1−2・F・mula　and・qua七io砕s　1》　Short−circuilヒcurrent　densi’ヒy　　　　　　　　The　phσヒon　flux　densi七y　F　（photons　cm−2．s−1　�o一1）　underlWOρ・nditi。n　i・u・ed　f・・m　the．mea・ured　dat・・89’Th・t・talph。t。current　den・ity　J，h（A／・mz）．at　a　given　wavelengthλcollected　from　the　single−junσヒion　solar　cel］．　is　given　by　　　　　　　　曜ら・＝％功＋�`境．　一‘　（1−26）　　　The　three　current　densities　can　be　modeled　as　．（cons　ideringaunifo：m　p／n　junction》82｝　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　瓦孤・海＝一κ1鴫exp（一α縞）＋i・／・刀j・i血（脚＋、6蝋）×｛（聾し刀B＋彪。）一exp（一・購）［（聾乙広）…h（X、／L。）・・i・h甑）】｝　（2−27）へ・・＝巡αち一i…刀j，i曲（読）＋、。、h（％／五，）×｛（晶％）【・1・h叩・）一・xp（一α脚＋・i岬・）＋叫・xp（一α％）｝（2−28》　　　ゐ．。gF（1．R），xp（一、購）［1．，xp（一αW）】　　　　　『（2−29）　　　　瓦＝gF（1−R）彪。／（α2彦一1）　　　　　　　　　　　（2−30）　　　梅gF（レR）・比ノ（α2牛1）・xp（一点、）　．　　　　　　（2−31）　Ris七he　fraction　of　photon　reflected　from　the　front　surface　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−50一at　given　wavelength’％認9−X2’f・r　the　t・p　cell（珂』rX。一X4　f。rthe　bottoln　cell）and卯≒X2−Xエ　（％brX4−X3　for　the　bottom　cell）．　　　　　　　　When　there　is　constant　electric　field　in　the　emitterlayer，　the　photocurren・ヒ　from　the　e：nitter　region　is　then382｝痂、罵IKα＋一】・xp（一α瓦）＋i甥恥i薫）＋。。＿）　　×｛（α＋E．．）Z物．exp（E．．Xl）一exp（X11傷）exp（一αXl）＋（5ノ％。＋肱）［・xp（4。瓦）一・xp（礁。）・xp（一砥）］｝　　　（2−32）　　　　　瓦1＝gF（1一幻αら。／【（α＋尋。）2Ll。一1）］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2−33）where　1らn　is　the　normalized　electric　　field　in　the　em＝Ltter「eg■on　　　　　　　　　　　　　耳�o　＝　qE　／2KT　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2−34）and　L皿　is　the　effective　diffusion　length　　　　　　　　　　　　　　l！乙。。＝嶢＋（1／功　　　　　　　　　（2−35）E　is　an　e：Lectric　field　produced　py　gradient　of　・ヒhe　slopedenergy　edges・　　　　　　　　　　　　　　　　　　£＝（一1／gX∂4／∂κ）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2−36）　　　　　We　assumed　that　the　graded　band−gap　emitter　：Layer　in　theGaAs　top　ce：Ll　only　provides　a　constant　drift　field　and　thevarieties　of　the　absorption　coefficiepts　were　neglected．　For一51一n／p　junction　cell，‘all　．　of　these　equa・ヒions　from　　（2．一26）　to（2−34）　can　be　transfo：【’皿ed．from　their　．　presen’ヒ1　form　fo：【　p／ncells　to　equivalents　by　inte：rchangingち，　ρp，　’ちand．5p　with　．Ln，ρ』，　τ。and．5η，　respectively・　　　　　The　short−circuit　curre1症density　J5σcan　be　written　as　　　　　　　　　　　　　　　　　λσ　　　　　　　ゐ晦＝詣・4λ　、．．　（2−37）　　　　　　　　　煽＝、。。幕〆λ　　　　　　12−38）where’λG＝1240／EgAエ。G。・．漁。（0≦x≦0・22）andλsi＝1240／Egsi『（nm）・2）．・pen−circuit　v・ltad・　　　　　　　工ngenera1’when　the　series　resistance　Rs　of　sola：【cellis　neg］．ected，the　dark　curren七density　％in　a　cell　is　given　わy82）　　　　　　　　　　　　　　　　　一　　　　　　　　　　　　　　」と＝Jo→’曙dr　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2−39》ゐ＝も（・xp［gV／灯］一1）ニ（畷乞＋畦）（・xp［9町1）．（24。）　　　」、．＝」伽（exp【gV／2κ1］一11＝卿のノ2ガ（，xp［gV／2灯］一1）　　（2−41）where，　D　andエare　the　diff。。i。n　c。efficient　and　the　diffu。i。nlength’　Jo　is　the　inゴection　current　：Erom　　p−type　and　n−typeregion　and」¢is　the　recombination　current　in　the　space−charge一52一regi。n・　F。r　CryStal　Si　S。lar　CelユS，　the　injeCti。n　Currentdensity　component　Jo。　is　assu皿ed　to　be　dominant　in　t尊e　diodesa’ヒuration　　current．　　　For　the　　thin−film　　GaAs　　cell，　　thespace−chargeユayer　rec。曲inati。n　current　dens‡ty　c・mp・neptJdro．is　pre　ferred　to　be　dominant　in　the　saturation　cgmponent．s6，　the・pen−circuit　v・・tage　v・c　i・given　by　　　　　　　　　　　　ワ『σ＝（KT／q）1n［おσ／J』。＋1］　．　　　　　（2一峰2）however，　for　the　GaAs　cell　and　the　AIGaAs　cell　　　　　　　　　　　　Vbσ＝（2KT／q）ln【」5σ／」とτo＋1］　　　　　　　　　　　　　　　　　　（2甲43）　　3）．　Fill　fac’ヒor　and　conversion　efficiency　　　　　The・utp・t　p・wer　P（mW／・皿2）gf　a…ar　ce・・i・・　　　　　　　　　　　　　　　P＝JV：＝で」』h−」とノV　　　　　　　　　　　　　　　　　　　　　　　　　（2−44》　　　　　　The　maximuln　output　power　1�`can　be　derived　using　dP／dv＝0　　　　　　　　　　　　　　　　　　1�`＝」』　V』　　　　　　　　　．　　　　　　　　　　　　　　　　　　（2−45）where　ら　and　V』　are　the　current．and　voltaqe　at　the　maxim亡moutpu’ヒ　poエnt’　and　％．can　be　calculated　nu血erically　from　theinterpolation　　method　　easily．　The　　fill　　factor　　1Ψ　　and　　theconversion　efficiencyη　of　the　solar　cell　are　defined　as　　　　　　　　　　　　　　　　　π＝％％／おσ伽σ　　　　　．　（2−46）一53一　　　　　　　　　　　　　　　　　ηrp皿　／pΣn　　　　　　　　　　　　　　　　　　　　．　　　　（2−47》where　P加零135．3mW／・m2　i・the　inciden七P。wer　at測0．　　　　　　For　three−teminaユconfiguration；the　total　conversionefficiency　η亡。亡aユof　the　t乙ndem　solar　cell　is　　η亡6亡aユ＝　‘」5σ亡。P▽bσ亡。pFF己。P．≠Jβσb◎とと。孤レ。σb◎t亡。m　1叩b◎亡亡。煽ノ／Pまn　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2−48）　　　　　　For　two−t6rπLLnal　cohfiguration，　’ヒhe　Jsc　value　used　fortand6m　solar　cell　is　the　s孤aユ．ler　value　of　Jsc　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　and　Jsc　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　七〇P　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　bo七七〇m。For　『ヒhe　total　conversion　efficiency　η七〇七al　of　the．tandem　solarcell　is　　　η亡。亡aユ＝J3σ1「F‘Voσ亡。P＋ワbσb◎亡t。煽ノ／Pl　n　　　　　　　　　　　　（2−49）where　J3σ　and　1叩　　are　the　short−circuit　current　and　the　fillfact。r。f　tw。一ter血nal　tandem。。lar　cell．一54一

