Chapter 4 High efficiency Al Ga, As/Si (x=0~0.22)
two-terminal monolithic tandem solar cells

4-1 Introduction

For the practical use of solar cells, a two-terminal
configuration is preferable. The theoretical analysis
indicates that tandem solar cell with preferred bandgap
structure configuration has conversion efficiency over 30%.
Some tandem solar cells have been investigated for more than a
decade in the search for a system capable of achieving
high-efficiency. Such as, Al Ga, As/GaAs,” GaInP/Gaas,”
InP/GaIn, As," and GaAs/Ge tandem solar cells.” From the
development of GaInP/GaAs (29.5%, AM1.5) tandem solar cell
recently,® it is expected that efficiency over 30% with a
novel tandem solar cell configuration will be realized in near
future.

The AlGaAs top cell has already been shown to have

7 ®  and it is important for

excellent radiation resistance,
space application. When Si is considered as a bottom cell
material, AlGaAs is a very attractive candidate for top cell
material, of which bandgap is varied by changing the Al
composition easily. So, the photocurrent of the top cell and
the bottom cell can be matched by varying the Al composition.
For two-terminal tandem solar cell, the photocurrent in the
two cells must be equal for optimal operation, i.e., the top
cell material should have a bandgap of 1.75 to 1.80 eV, in
which range of x is about 0.2. In the chapter 2 of this

dissertation, the theoretical calculation shows the optimal

value of x is 0.21 for the photocurrent matching of the top
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cell and the bottom cell.

Al, ,Ga, [As/Si mechanically-stacked cascade solar cells
have been studied.” 1 sun, AMO, 17 % (active-area) efficient
p'-n Al, ,Ga, ,As solar cell grown on GAAS substrate was obtained
by low-pressure MOCVD, and the Voc of 1.22 V and fill-factor
of 0.865 are close to ideal, the AMO conversion efficiency
could be increased further (to~ 20%) through improvement in
Jsc values. The efficiency of the Al ,Ga, ,As/Si stacked tandem
solar cell reached to 21% under AM1.5 conditions.!®  This
tandem solar cell has a lower efficient Si bottom cell in
comparison with that of the monolithic Al, ,,Ga, [As/Si tandem
solar cell in our study.

However, for the monolithic tandem solar cell, the
AlGaAs top cell is grown on Si substrate with a p-n Jjunction
directly. There are significant lattice mismatch (~—4%) and
the thermal expansion coefficient mismatch between AlGaAs and
Si, and the performance of AlGaAs/Si solar cell is poor
because of the existence of high dislocation density in AlGaAs
heteroepitaxial layer and the difficulty in the photocurrent
mismatching between the top and the bottom cells. These have
limited the efficiency of the tandem solar cell or
single-junction solar cell to raise up to the theoretical
efficiency. On the other hand, AlGaAs is sensitive to

oxygen-related defects. 'V

The quality of AlGaAs layer is also
effected by moisture and oxygen in the growth ambient and
source gases (AsH,, and dopant) and organometallic sources
(trimethylgallium and trimethylaluminum).'® With increase of

Al composition, the minority carrier lifetime of AlGaAs layer
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decreases rapidly.'”

In this dissertation, we demonstrate the improvements
of AlGaAs/Si (x=0.1~ 0.22) monolithic tandem solar cells
fabricated by MOCVD. The improvements are performed using the
suitable thermal cycle annealing (TCA) procedure and suitable
growth temperature, and utilizing the back surface field (BSF)
structure. The measured AM0 efficiency (active-area) of 19.0
% has been obtained by using the Al, Ga, ., As/Si tandem solar

cell under AMO condition in two-terminal configuration.
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Chapter 4-2 Sample fabrication

4-2-1 Si bottom cell

Prior to the growth of the Al Ga, As top cell on Si, the
thermal diffusion method with spin-coating of the diffusion
sources was adopted to fabricate p'-n-n’ Si solar cells. First,
n-type Si substrates oriented (100) 2° off toward [011] (P
doped, 8x10"” cm™) were cleaned in the organic solution with
the ultro sonic waves method, following the chemical etching
with the acid solution (H,SO+H,0,+H,0=4:1:1; HF+H,0=1:10).
Next, after the spin-coating of the B diffusion source, the
pre-baking process were carried out at 60 °C for 30 min in the
air and at 600 °C in O, atmosphere for 20 min, respectively.
Thermal diffusion of B was done at 1000 °C for 10 min. in N,
atmosphere. The carrier concentration and the thickness of the

-3

p'-type layer are 6X10” cm” and 0.5 um, respectively. Then,
after etching off the oxide film on the Si front and rear
surfaces, the back-surface-field (BSF) structure was formed
with P-thermal diffusion at 900 °C for 30 min. using the
procedure similar to the B diffusion method. The carrier
concentration and the thickness of the n'-type layer are 4X
10 cm™ and 0.8 um, respectively. And then, this p'-n-n" Si

solar cell was used as a substrate for growing the AlGaAs top

cell on it.
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4-2-2 Al Ga, As top cell

Al Ga,_As top cell on Si for the two-terminal tandem
solar cell consists of GaAs buffer layer, n'-AlGaAs back
surface field (BSF) layer, n-AlGaAs base layer, p'-AlGaAs
emitter layer, p'-Al,,Ga,,As window layer and p'-GaAs contact
layer. In the case of Al composition x=0, the GaAs top cell
consists of GaAs buffer layer, nf—Al“GaMAs spacer, n'-GaAs
BSF layer, n-GaAs base layer, p'-GaAs emitter layer,
p'-Al,Ga, As graded bandgap layer and p -GaAs contact layer. In
order to improve the cfystallinity of the heteroepitaxial
layer, two-kinds of growth sequences were employed. Sequence
(a) is same as the sequence (a) described in Chapter 3-2-2.
Sequence (b) is shown in Fig. 4-1. The growth temperature of
the AlGaAs top cell s'tructure are 750 °C for sequence (a) and
800 °C for sequence (b),’respectively. The AlGaAs top cell
was grown on the Si substrate with the p'-n-n° structure by an
RF-heated hoi‘iz’ontal metal-organic chemical vapor deposition
(MOCVD) apparatus using the two-step growth technique. TCA
was carried out 5 times during the growth process of the n'
-Al Ga, As buffer layer. The defect density of the Al Ga, As
solar cell on Si was evaluated by the electron-beam-induced

current (EBIC) image.
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Fig. 4-1 The growth sequence of the AlGaAs top cell on Si.

750 °C growth for the AlGaAs buffer layer,

800 °C growth for the structure of the AlGaAs top cell.
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Au-Zn/Au AR coating ( ZnS : 50 nm / MgF2: 70 nm)

1%10'% em™ 50 nm

p-Al Gaj As  1X10°cm® 03 um

n -Al,Ga | As 2%10"7 em® 1.0 um

nt- Al xGax As 110" cm” 1.7 ym

n*- GaAs 20 nm
GaAs (Buffer Layer) 10 nm
p*-Si 110 ecm?® 1.0um
n-Si 8X10" cm-3 350 pm

Au-Sb/Au

Fig. 4-2 Schematic cross-sectional structure of the
AlGaAs/Si tandem solar cell.
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4-2-3 Structure of the tandem solar cell

After the growth, the electrodes for the p’ -GaAs layer,
p’-Si layer and n' -Si layer were formed by evaporating
AuZn/Au, Au and AuSb/Au, respectively. The antireflection
films were formed by evaporating znS (50 nm) and MgF, (70 nm)
double layers. The characteristics of the 2-terminal tandem
solar cell were measured between AuZn/Au and AuSb/Au
electrodes. The Au electrode on the p'-Si layer was used to
measure the individual characteristics of the top cell and the
bottom cell. Fig. 4-2 shows the schematic cross-sectional
structure of the Al  Ga, ,As two-terminal tandem solar cell.
The total area of the top cell and the bottom cell are both 5
X5 mm‘’. The conversion efficiency (1) and the short-circuit
current density (Jsc) are the active area values. The
current-voltage (I-V) characteristics were measured under AMO,
135.3 mW/cm’ illumination (lsun) at 27 °C with a solar

simulator.
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Chapter 4-3 Photovoltaic properties
4-3-1. Si bottom cell, Al Ga, As top cell and their connection

4-3-1-1. Si bottom cell

A Si solar cell with BSF structure was fabricated to
improve the quantum efficiency of the Si bottom cell in the
long—wavelength.region, which is important for the AlGaAs/Si
tandem solar cell. Fig. 4-3 shows the quantum efficiencies of
the Si solar cells with and without BSF. The spectral response
shifts toward the long-wavelength side with use of the BSF
structure. The conversion efficiency of the Si cell without
BSF is 10.1%; on the other hand, that of the Si solar cell
with BSF is up to 11.3 % (without passivation or AR film).

The I-V characteristic data are shown in Table 4-1.

Table 4-1
Current-voltage data of the Si solar cells with and
without BSF.

Si solar cell Jsc(mA/cmz ) Voc(V) FF (%) 1N (%)

Without BSF 30.6 0.579 77.9 10.2
With BSF 327 0.591 79.1 11.3

The quantum efficiencies of the Si bottom cells with BSF
and without BSF after the growth of the Al, .Ga, ., As top cell
are evaluated with the formation of AR coating. The result is
shown in Fig. 4-4. It is clear that the quantum efficiency in
the long-wavelength region has been improved by BSF even in

the tandem solar cell structure.
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Fig. 4-3 The quantum efficiencies of the Si solar
cells with and without BSF.
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Fig. 4-4 The quantum efficiencies of the Si bottom cells
with BSF and without BSF under the Alg 15Gag_ gsAs top cell..
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4-3-1-2. Al Ga, As top cell

Table 4-2 shows the photovoltaic properties of the
Al, ,Ga, As and Al ,.Ga,.,,As solar cells on the Si substrate and
DSD (dark spot density) of the EBIC image grown under sequence
(a) and sequence (b). The conversion efficiencies of the
Al, ,Ga, ;As and Al, ,,Ga, ., ,As solar cells are increésed from 10.2%
to 11.5% and from 7.68% to 8.33%, respectively, by changing
the growth sequence from (a) to (b). These improvements are
due to the reduction of the dislocation density since the DSD
is reduced. It is clear that high growth temperature (800°C)
and high annealing temperature (300~ 900°C) are effective in

increasing the efficiency.

Table 4-2

Photovoltaic characteristics of the Alg jGag_ gAs and
Alg _92Gag 7gAs solar cell on Si under the growth
sequences (a) and (b) (n: the active-area efficiency).

Jsc » Voc FF n DSD

mAlem®) (V) (%) (%) (em B  ocduence
213 095 716 102 16X107 (a)
Al 0 1Ga 09 As
' ' 245 0918 698 115 1.1 X107 (b)
13.3 1.02 759 768 2.5X107 (a)
Al 5,62 4gAs
. . .
15.6 1.02 70.6 833 2.0XI10 (b)

4-3-1-3. Connector between the top cell and the bottom cell

For the Al Ga, As/Si two-terminal tandem solar cell, it

is necessary to provide an n'-GaAs/p’-Si tunnel heterojunction
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connecting the AlGaAs top cell and the Si bottom cell. Because
there is 4% difference in the lattice constants between GaAs
and Si, the state density at the interface of GaAs/Si should

Y These

be high, which is similar to the interface of Ge/si.’
boundary states not only bend the part of energy band at the
interface, but also cause the recombination in the boundary
region. Fig. 4-5 shows a schematic band structure of the
n'-GaAs/p’-Si tunnel heterojunction. The properties of
n'-GaAs/p'-Si are dominated by the interface states. The I-V
characteristic of the heterojunction would not be a standard
tunnel Jjunction behavior. In fact, the | n'-GaAs/p’-Si
heterojunction does not show diode characteristics but has a
resistance-like characteristics in our experiments. Although
it increases the series resistance and decreases the fill
factor (FF) of the tandem solar cell slightly, it does not

cause a serious effect on the performance of the tandem solar

cell.

4-3-2. Al Ga, As/Si tandem solar cells

Fig.4-6 shows the efficiency contour graphics for
Al Ga, As/Si tandem solar cells. The theoretical optimal value
(x) of Al composition in Al _Ga, As top cell is about 0.2, but
the quality of the AlGaAs layer was degraded with increase of
x rapidly in fact. Using growth sequence (b), we fabricated
an AlGa, As/Si tandem solar cell in the two-terminal
configuration for various x. Table 4-3 summarizes the

characteristics of the Al,,Ga,,As/Si and Al,, Ga,,As/Si
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Fig. 4-5 A schematic band structure of the
n*-GaAs/p*-Si tunnel heterojunction for the
Al,Ga;_,As/Si tandem solar cell.
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Fig. 4-6 The AMO calculated efficiency contour graphics
for Al,Ga;_,As/Si two-terminal tandem solar cells.
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tandem solar cells. Voc increases with x of Al composition,
but Jsc decreases because the band-gap energy of Al Ga, As
increases with Al composition. The conversion efficiency of
the top cell decreases with increasing x, and inversely, that
of the Si bottom cell increases. In the case of the
two-terminal configuration, Voc of the tandem cell is equal
to the sum of that of the top cell and the bottom cell, Jsc of
the tandem cell takes a smaller one as the top cell and the
bottom cell are connected in series.

Jsc of the Al ,,Ga,,,As has a lower value than that of
the Si bottom cell, it resulted in low efficiency for the
two-terminal configuration (13.3%) than the four-terminal
configuration (17.7%). The efficiency of the Al,,Ga,.,As top
cell on Si is much lower than that grown on GaAs substrate.’’”
' There are mismatches in the lattice constants and thermal
expansion coefficients of the two materials. These cause a
high density of dislocations, which act as recombination
centers and degenerate the crystalline quality of the AlGaAs
layer seriously.

Ffom Table 4-3, it can been seen that Jsc of the
Al, Ga, ,;As top cell is close to that of the bottom cell on
the point of current matching. Therefore, the Al  .Ga, . ,As/Si
tandem solar cell appears to have the highest efficiency among
the Al Ga, As/Si tandem solar cells. Fig. 4-7 shows the gquantum

efficiency of the Al .Ga, ,As/Si tandem cell.
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Fig. 4-7 The quantum efficiency of the Alg 15Gag, 75As/Si
two~terminal tandem solar cell.
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Table 4-3
Photovoltaic characteristics of the Al .22Ga0_78As/Si
and Al, 15Gag_gsAs/Si tandem solar celfs.

Solar cells Jsc2 voce FE N
__ (mA/cm” ) (V) gig (%L
top cell 218 0.960 71.8 11.1
bottom cell 253 0.580 82.1 8.92
Al, ;5Ga, gsAs/Si
tandem cell 2-term.
tandem cell 22.0 1.51 773 19.0
4-~-term.
tandem cell 20.0
top cell 14.6 1.02 72.9 8.05
.bottom cell 284 0.579 79.7 9.69
Al ;,Ga 7¢AS/S1 :
tandem cell 2-term.
tandem cell 14.8 1.55 75.7 13.3

tandem cell

Figure 4-8 shows the I-V characteristics of the
Al, .Ga, ,;As/Si tandem solar cell. It is clear that the Jsc of
the two-terminal tandem cell is still limited to that of the
top cell because the Jsc of the top cell is slightly smaller
than that of the bottom cell. The active-area efficiency of
19.0% for +the two-terminal configuratioh was achieved
(Jsc=22.0 mA/cm’, Voc=1.51 V, FF=77.3%). In the four-terminal
configuration, the total conversion efficiency (the active
area efficiency) of the Al .Ga,,As/Si tandem cell is as high

as 20.0%.
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Fig. 4-8 Current-voltage characterics of the
Alg 15Gag_ 75As/Si two-terminal tandem solar cell.
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Chapter 4-4 Conclusion

The AlGa, As/Si tandem solar cells were designed and
fabricated in a two-terminal configuration.

The quantum efficiency of the Si bottom cell was
improved clearly by the BSF structure in the long-wavelength
region, and the conversion efficiency of the Si bottom cell is
increased.

Using a grdwth sequence with a high growth temperature
(800°C ) and thermal cycle annealing process of high
temperature (300~ 900 °C ), the dislocation density of the
Al Ga, As top cell was decreased, resulting in the improvement
of the conversion efficiency. When x of the Al composition of
the AlGaAs top cell is 0.15, Jsc of the top cell is
approximately close to that of +the Si bottom cell. The
active-area efficiencies of 19.0% and 20.0% for Al, . Ga,,As/Si
tandem solar cells (Jsc=22.0 mA/cm’, Voc=1.51 V, FF=77.3%)
with two-terminal and four-terminal coﬁfiguration,
respectively, have been obtained at 1lsun, and AM0 measurement
conditions. This is the highest efficiency for a monolithic
AlGaAs/Si tandem solar cell ever reported.‘

The characteristics of the connector between the top
cell and the bottom cell are also analyzed. The n-GaAs/p-Si
heterojunction has tunnel junction properties in the

experiment.
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Chapter 5.Application to integrated wavelength division sensor

5-1. Introduction

In recent years, the hetero-epitaxial growth technology
of GaAs on Si has received a great attention for the possible
monolithic integration of GaAs optoelectronic devices on Si
VLSI.' In this chapter, we demonstrate a new application of
GaAs/Si to a sensor that can indicate the wavelength of
monochromatic light directly. This kind of sensor is required
to monitor or control the tunable laser e.g. Ti: sapphire
laser; The sensor consists of two photodiodes; i.e., the Gaas
top photodiode and the Si bottom photodiode. A GaAs p-n
junction photodiode was grown on a Si p-n junction photodiode
by MOCVD technique. GaAs and the intermediate layer between
the GaAs layer and the Si layer play a role of a short-
wavelength cut filter for the bottom Si photodiode. The
spectral response of the top photodiode decreases and the
light that penetrates to the bottom Si photodiode increases as
the wavelength of the input 1light increases toward the
absorption edge of GaAs. In this wavelength region,
photocurrents of the top photodiode and the bottom photodiode
depend on the wavelength of the input 1light. This
characteristic can be used to measure the wavelength of the
incident monochromatic light without using any exterhal filter
or dispersive elements.” As the sensor is integrated
monolithically on Si wafer, the size of the sensor can be made
small and the Si electronic circuit to process the data could

be integrated monolithically, too.
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5-2. Design and Structure of the sensor

The crystal quality of GaAs is poor near the hetero-
interface because of the existence of thermal expansion
coefficient and lattice mismatch between GaAs and Si. A thick
- GaAs epitaxial layer makes the crystal quality better, but the
light with wavelength shorter than the absorption edge is
little able to penetrate to the bottom photodiode. This
problem can be solved by using a wide-band-gap intermediate
layer between GaAs and Si.

In order to make the incident 1light of wavelength from
600 nm to 900 nm penetrate through the top photodiode and the
intermediate layer between the top sensor and the bottom
sensor, we have designed a GaAs photodiode with a very thin
GaAs active layer for the top sensor and an Al ,, Ga ,, As
intermediate layer as shown in Fig. 5-1. An AljzGaj_xAs layer
with the Al content varying from 0.25 to 0.05 was grown
between the active layer of top GaAs sensor and Al ,, Ga ,, As
layer. P ' - AlyGaj_xAs graded-band-gap layer with Al content
varying from 0.05 to 0.25 was also grown between Al  .Ga,,.As
window layer and the GaAs active layer. The electric field
produced by the graded-band-gap layer reduces the
recombination of photo-carriers at the interface between the
Alg gsGap,15As window layer and the p-GaAs active layer, and
increase the collection efficiency of the photo-carriers in

the top photodiode.
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Fig. 5-1. The schematic cross-sectional structure of integrated
wavelength-division sensor using GaAs on Si.
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5-3. Sample fabrication

The bottom photodiode was fabricated by the thermal
diffusion of B at 1000 °C in n-type (100) Si wafer with
misorientation of 2° towards [0l11]. After the p-n Jjunction
formation, the Si wafer was slightly etched by the acid
solution (H,S0,:H,0,:H,0= 4:1:1 + HF:H,0=1:1) and followed by
heat treatment at 1000 C in Hjp atmosphere to remove the
oxide on it. On this Si wafer, n' -GaAs buffer layer and the
top photodiode structure were grown by MOCVD using two-step
growth technique. The top photodiode’consists of n' -Gaas
buffer layer, n'-Al, ,Ga,,As intermediate layer, n’ -AljyGaj_xAS
buffer layer, n and p-GaAs active 1ayer,. ;f—Aleal_xAs
graded-band-gap layer, 1\.10.85 Ga, ,As window layer and p'- GaAs
contact layer. After n' -Al  , Ga,,As layer was grown, thermal
cycle annealing treatment from 300 °C to 850 °‘C was carried
out three times in Hy + AsH3 atmosphere. The crystal quality
was evaluated for 2.7 um-thick GaAs grown on Si by the
two-step growth method with the thermal cycle treatment. The
etch pit density revealed by molten KOH etching was 1.5x10’
cm™? and the hole diffusion length measured by the electron
beam induced current (EBIC) was 0.9 um. The Si;N; /SiO, layers
were evaporated for as surface anti-reflection films. Three

electrodes were formed on p° -GaAs, p -Si and n-Si,

respectively.
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5-4. Output properties

The quantum efficiency of the top GaAs photodiode and
the bottom Si photodiode are shown in Fig.5-2. Both
photocurrents of the ‘bottom photodiode I, and the top
photodiode I, are a function of the wavelength of incident
light. If we regard § = ‘(Ib—It)/(Ib+It) as an output, it
has a good linear relationship with wavelength in the region
from 620 nm to 880 nm. This characteristic of the 3-terminal
monolithic GaAs/Si sensor is quite suitable for the
measurement of the wavelength of monochromatic light. 1In this
wavelength region, the wavelength A is expressed by S as

follows:
A (nm) =729+ 1325+ € )

where € is an error and | € | is less than 2 nm. For
wider wavelength region, nonlinear terms must be included. The
output properties. of the GaAs/Si sensor vs. the wavelength of
the incident light is shown in Fig. 5-3. The wavelength of

monochromatic light can be known from the output S.
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Fig. 5-2. Spectral quantum efficiency of integrated
wavelength-division sensor using GaAs photodiode and Si
photodiode.
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Fig. 5-3. Normalized difference spectrum of photocurrents
of integrated sensor using GaAs on Si.
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5-5. Conclusion

A new integrated wavelength-division photo-sensor using
GaAs/Si is proposed and fabricated by MOCVD. It can be
conveniently used to measure the wavelength of monochromatic
light without wusing any filter or dispersive elements.
Normalized differernice of the photocurrents of this sensor is
linearly dependent on the wavelength of +the incident
monochromatic light from 600 nm to 880 nm. Signal processing

circuits can be also integrated on the same Si wafer.
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Chapter 6. Summary

This research work is aimed at systematic experimental
and theoretical study of the high efficiency Al Ga, As/Si
tandem solar cells. The performances of Al Ga, As/Si tandem
solar cells dependent on the device parameters were studied in
detail theoretically, and high conversion efficiency of 20%
for the tandem solar cell has been achieved in 1 sun, AMO
conditions experimentally.

In Chapter 1, the history and developments of the modern
solar cells were reviewed briefly. Heteroepitaxial growth of
GaAs on Si, its application and the purpose of this
dissertation were described. The important results obtained
by experiments up to the present are also summarized in a
table.

In Chapter 2, the material properties and the parameters
of GaAs, AlGaAs, Si and GaAs-on-Si were reviewed in general,
and the empirical expressions used in the calculation were
described in detail. The theoretical calculation and design
for high efficiency Al Ga, As/Si tandem solar cells were
carried out. The structure design and the parameter
optimization are concentrated on GaAs/Si three-terminal tandem
solar cells and AlGaAs/Si two-terminal tandem solar cells,
respectively. The calculations are based on the assumption
that the reflection of solar cells is zero and AlGaAs window
layer has no photo-absorption losses.

For GaAs/Si three-terminal tandem solar cells, the
minority-carrier parameters used in the calculation are

considered as the functions of the dislocations and the doping
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concentrations. Effects of the dislocation density (N,) in
GaAs-on-Si, the base layer doping concentration (N,), junction '
depth (X;), electric field strength (E) in the emitter 1layer
on photovoltaic properties of the GaAs top cell were analyzed.
From these results, it has been demonstrated that the AMO
efficiency of the GaAs top cell on Si about 25% can be
expected by reducing the dislocation density below 1X10° cm™,
employing a n-GaAs base layer with the carrier concentration

3

of about 1X 10 cm®, using a shallow p-n junction depth about
300 nm and a graded bandgap emitter layer with the strong
electric field (E= 14500 V/cm). It is important to improve
the spectral response of the Si bottom cell in the 1long
wavelength region. Reducing the recombination velocity of back
surface (S,) by passivation, using a Si substrate with high
resistivity (~50 Q-cm) and BSF structure, the efficiency of
the Si bottom cell will be more than 7%. So that, combing the
efficiency of the top cell and the bottom cell, the conversion
efficiency over 31% can be achieved in theory for GaAs/Si
three-terminal tandem solar cell with the optimized parameters
and the improvement of quality of the heteroepitaxial layer on
Si (the dislocation density is lower than 10° cm®). The
performances of Al Ga, As/Si two-terminal tandem solar cells
were analyzed from the point ‘of the photocurrent matching
between the top cell and the bottom cell, assuming that the
AlGaAs-on-Si material quality is good as AlGaAs-on-GaAs. When
Al composition is about 0.21, the photocurrent matching

between the top cell and the bottom cell could be satisfied

(Jsc=30 mA/cn’) and the conversion efficiency (lsun, AMO) of

—150—



32.3% could be obtained in theory.

In Chapter 3, GaAs/Si three-terminal monolithic tandem
solar cells fabricated by MOCVD were studied. The "As auto-
doping effect" and the effects of the GaAs growth on the Si
bottom cells were binvestigated by the SIMS and EBIC. Using a
graded-bandgap-layer of Al Ga, As, the quantum efficiency of
GaAs top cell was considerably improved within wavelength from
460 nm to 860 nm. Short-circuit current of the GaAs top cell
increased from 21.1 mA/cm’ to 30.7 mA/cm’. The performance
of the GaAs top cell has beén improved further when the GBEL
structure of AlGaAs is growth at 800 °C , the conversion
efficiency is up to 16% (AMO, active-area efficiency). And
then, the characteristics of the connector between the top
cell and the bottom cell are analyzed. An isotype n-n/ GaAs-Si
heterojunction connector for the three-terminal GaAs/Si solar
cell behaves as a resistance with very small value. For the
Si bottom cell, the quantum efficiency in the long wavelength
is enhanced by using p-Si substrate with proper resistivity
(10 Q-cm) and BSF structure. The total conversion efficiency
(active-area efficiency) of 19.5% and 19.9% under 1 sun, AMO
measurement conditions have been achieved by the GaAs/Si
three-terminal monolithic tandem solar cell with the GaAs and
the AlGaAs buffer layer, respectively.

In Chapter 4, the characteristics of the Al Ga, As/Si
two-terminal tandem solar cells were studied. The quantum
efficiency of the Si bottom cell was improved clearly by the
BSF structure in the long-wavelength region, and the

conversion efficiency of the Si bottom cell is increased.
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Using a growth sequence with a high growth temperature (800°C)
and thermal cycle annealing process of high temperature (300~
900°C), the dislocation density of the Al Ga, As top cells was
decreased. When x of the Al composition of the AlGaAs top
cell is 0.15, Jsc of the top cell is approximately close to
that of the Si bottom cell. The active-area efficiencies
(1sun, AM0) of 19.0% and 20.0% for Al, ,.Ga, ,As/Si tandem solar
cells have been obtained with two-terminal and four-terminal
configuration, respectively. This is the highest efficiency
for a monolithic AlGaAs/Si tandem solar cell ever reported.
The characteristics of the connector between the top cell and
the bottom cell are also analyzed. The  n-GaAs/p-Si
heterojunction has tunnel junction properties in the
experiment.

In Chapter 5, a new integrated wavelength-division
photo-sensor using GaAs/Si is proposed. It can be conveniently
used to measure the wavelength of monochromatic light without
using any filter or dispersive elemeﬁts. Normalized difference
of the photocurrents of this sensor is linearly dependent on
the wavelength of the incident moﬁochromatic light from 600 nm
to 880 nm. Signal processing circuits can be also integrated

on the same Si wafer.
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