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Abstract

The Si tandem solar cells are very attractive for realizing high efficiency and
low cost. This paper overviews current status of III-V/Si tandem solar cells
including our results. The analytical results for efficiency potential of Si tan-
dem solar cells and loss analysis of Si bottom cells as well as bandgap energy
optimization of sub-cells are presented. The 2-junction and 3-junction Si
tandem solar cells have potential efficiencies of 36% and 42%, respectively.
ERE (external radiative efficiency) analysis for Si solar cells is analyzed in or-
der to clarify properties of Si bottom solar cells. Properties of single-crystalline
Si heterojunction solar cell fabricated in this study were analyzed. The current
status of efficiencies of our Si bottom cell, upper III-V 2-junction solar cell
and III-V/Si 3-junction tandem solar cell was shown to be 5.2% and 28.6%
and 33.8%. Achievement of /. of 12 mA/cm® for Si bottom cell is necessary
to realize high-efficiency 3-junction Si tandem solar cells with an efficiency
of more than 37%. In addition, this paper presents ERE analysis of III-V
2-junction upper solar cells for improving III-V/Si 3-junction tandem solar
cells. Several ways to improve efficiency of III-V/Si 3-junction tandem solar
cells by reducing non-radiative recombination, optical and resistance losses
are shown.
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1. Introduction

The development of high-performance solar cells offers a promising pathway

toward achieving high power per unit cost for many applications. Especially,
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photovoltaic-powered vehicles [1] [2] [3] are very useful for reducing CO, emis-
sion of vehicles. The authors have shown that vehicles powered by high-efficiency
solar cell modules with an efficiency of more than 35% have potential of driving
distance of more than 30 km/day on average and more than 50 km/day on a
clear day [3]. In addition, the authors have shown that vehicles powered by
high-efficiency solar cell modules are very effective for reduction in CO, emis-
sion of vehicles and charging cost saving of electric vehicles [3].

However, as state-of-the-art single-junction solar cells are approaching the
Shockley-Queisser limit [4], so-called multi-junction [5] approach can efficient
photon absorption. Although 39.5% efficiency has been achieved with GalnP/
GaAs-multi-quantum well/GalnAs 3-junction solar cell by NREL [6], significant
cost reduction is necessary. According to our [1] [7] and NREL’s [8] [9] cost
analysis for III-V compound tandem solar cells, the Si tandem solar cells are
shown to have possible way for cost reduction of III-V compound tandem solar
cells in addition to high-speed growth method and concentrator operation. The
Si tandem solar cells [9]-[14] by integration of Si with III-V, II-VI, chalcopyrite
and perovskite are very attractive for realizing high-efficiency and low-cost. Al-
though high-efficiency Si tandem solar cells with an efficiency of 35.9% have
been demonstrated by Essig et al [9] and Schygulla et al [14], loss analysis of
sub-cells is very important in order to realize further higher efficiency Si tandem
solar cells.

This paper shows analytical results for efficiency potential of Si tandem solar
cells and loss analysis of Si bottom cells as well as bandgap energy optimization
of sub-cells. The 2-junction and 3-junction Si tandem solar cells have potential
efficiencies of 36% and 42%, respectively. The ways to realize such high-efficiency
Si tandem solar cells are presented. For Si bottom solar cells, improving external
radiative efficiency (ERE) of Si solar cells is shown to be very important. The ef-
fects of illumination intensity upon the properties of Si solar cells are analyzed in
order to clarify properties of Si bottom solar cells. Achievement of /. of 12
mA/cm’ for Si bottom cell is necessary to realize high-efficiency 3-junction Si
tandem solar cells with an efficiency of more than 37%. In addition, this paper
suggests that improvements in saturation current density and shunt resistance of
Si bottom cells, optimization of bandgap energy of sub-cells are essential for de-
veloping high-efficiency Si tandem solar cells. For upper III-V 2-junction solar
cells, improving ERE by reducing non-radiative recombination is shown to be
very important. Several ways to improve efficiency of III-V/Si 3-junctuon tan-
dem solar cells are shown. Finally, The III-V/Si 3-junction tandem solar cells are
shown to have practically achievable efficiency of more than 40% by improving
properties of Si bottom cell and III-V 2-junction solar cell.

In Section 3, approaches for realizing high-efficiency III-V/Si tandem solar
cells are shown based on analytical procedure for estimating efficiency potential
of Si tandem solar cells described in Section 2. In Section 4, ways for efficiency

improvements of ITI-V/Si 3-junction solar cells are discussed.

DOI: 10.4236/epe.2021.1312029

414 Energy and Power Engineering


https://doi.org/10.4236/epe.2021.1312029

M. Yamaguchi et al.

2. Analysis for High-Efficiency Potential of Si Tandem Solar
Cells

In order to clarify high-efficiency potential of Si tandem solar cells, efficiency
potential of Si tandem solar cells was calculated by estimating the ERE (external

radiative efficiency) of solar cells from open-circuit voltage V,.[15]-[20]:

Vye =Vieg +(KT/Q)In(ERE), (1)

oc Of

In the case of multi-junction tandem solar cells, we defined average ERE
(ERE,,.) by using average V,_loss:

Z( ocn_ oc,rad n)/n kT/q In EREave)) (2)

The resistance loss of a solar cell was estimated solely from the measured fill
factor and the ideal fill factor FF, [21]:

FF~FF, (L-1,)(1-1,}) = FR, (11, -1, ) = FF, (L-1) , 3

Details of analytical procedure are shown in our previous papers [18] [19]
[20].

Figure 1 shows calculated and obtained efficiencies [9] [10] [11] [14] [22] [23]
[24] [25] [26] of Si tandem solar cells as a function of average external radiative
efficiency (ERE) and resistance loss (r, + 1/r,), in comparison with those of III-V

3-junction [6] [26] and 2-junction [22] solar cells. 28.1% and 33% efficiencies
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Figure 1. Calculated and obtained efficiencies [9] [10] [11] [14] [22] [23] [24] [25] of Si
tandem solar cells as a function of average ERE and resistance loss (r, + 1/r,;), in compar-
ison with those of III-V 3-junction [6] [26] and 2-junction [22] solar cells.
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have been reported with III-V/Si 3-junction tandem solar cells by authors [10]
[11] and 29.5% efficiency has been demonstrated with perovskite/Si 2-junction
tandem solar cell by Oxford PV [22]. Although the state-of-the-art efficiency of
III-V/Si 2-juction and 3-junction tandem solar cells are 32.8% [9] and 35.9% [9]
[14], respectively, the 2-junction and 3-junctions solar cells have potential effi-
ciencies of 36% and 42%, respectively. Loss analysis of sub-cells is very impor-

tant in order to realize such a higher efficiency Si tandem solar cell.

3. Approaches for Realizing High-Efficiency III-V/Si
Tandem Solar Cells

3.1. Analysis of High-Efficiency Potential of III-V 2-Junction Solar
Cells as Upper Sub-Cells of Si Tandem Solar Cells

Current status of upper III-V 2-junction solar cells was analysed by using the
same analytical procedure described in Section 2. Figure 2 shows calculated and
observed efficiency values [9] [10] [11] [14] [22] [27] of III-V 2-junction solar
cells as a function of average external radiative efficiency (ERE). Although au-
thors’ current status of InGaP/GaAs 2-junction solar cells is 28.56%, 30.3% effi-
ciency has been demonstrated with InGaP/GaAs 2-junction solar cell in 1997 by
the authors [27]. Around 30% efficiency III-V 2-junction solar cells are used as
upper sub-cells for III-V/Si 3-junction tandem solar cells [11] [14]. Although
32.9% [22] is the highest efficiency for III-V 2-junction solar cell at present, 36%
will be realized with III-V 2-junction solar cells by improving ERE of more than

10% and reducing resistance loss as shown in Figure 2.
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Figure 2. Calculated and observed efficiency values [9] [10] [11] [14] [22] [27] of III-V
2-junction solar cells as a function of average external radiative efficiency (ERE).
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3.2. Analysis of High-Efficiency Potential of Si Bottom Solar Cells

In the Si tandem solar cells, properties of Si bottom cells are thought to be de-
pendent upon bandgap combination and thickness of upper cells and structure
and quality of Si bottom cells. The short-circuit current density of sub-cells was

estimated from external quantum efficiency Q(£):
J. =a4(E)Q(E)dE, (4)

where E the photon energy, ¢(E) the photon flux. Figure 3 shows calculated
J,. of sub-cells of III-V/Si 3-junction solar cells in comparison with actual /. val-
ues [9] [10] [11] of sub-cells. High /.. of more than 12 mA/cm® for Si bottom
cells is necessary in order to realize high-efficiency III-V/Si 3-junction tandem
cells with an efficiency of more than 37%.

Because the Si bottom solar cells operate under lower illumination intensity
condition compared to Si solar cells under 1-sun illumination, illumination in-
tensity properties of solar cells were analyzed in this study. The short-circuit
current density /. is linearly dependent on illumination intensity 7. Illumina-

tion intensity properties of open-circuit voltage V. is given by using /.
V,. =(KT/q)log(J, /3, +1), (5)

where J, is the saturation current density. The steady-state /— 1 characteristics
of a p — n junction solar cells are described based on one-diode model [28] [29]
[30] [31] [32] as

3 =35 o[ exp{a(V +RI)/nkT}-1]-(V +RJ)/Ry, , (6)

where /,, is the light generated current density, J, is the reverse saturation cur-
rent density of the cell, R, is the series resistance and R, is the shunt resistance.
[lumination intensity properties of fill factor FF was analyzed by using Equation
(6) Jio Voo Jo Riand Ry,
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Figure 3. Calculated /. of sub-cells of III-V/Si 3-junction solar cells in comparison with
actual J_values [9] [10] [11] of sub-cells.
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Nlumination intensity properties of single crystalline heterojunction solar cell
fabricated in our laboratory were analysed as reported by our previous paper
[33]. The fabricated Si hetero-junction (SHJ) solar cell, which is composed of an
intrinsic (i-type) a-Si layer and a p-type a-Si layer deposited on a randomly tex-
tured phosphorous-doped n-type Czochralski (CZ) crystalline silicon wafer (re-
sistivity 5.2 Q-cm, thickness 180 um) to form a p-n heterojunction and i-type
and n-type a-Si layers deposited on the opposite side of the wafer to obtain a
back surface field structure. Deposition of a-Si layers was made by using plasma
chemical vapour deposition. On both sides of the doped a-Si layers, transparent
conductive oxide (IWO) layers and metal grid electrodes were fabricated. All of
the processes described previously were done at low temperature (<220°C) to
avoid any thermal damage to the components of the cell.

The heterojunction solar cell with an area of 48 mm x 48 mm shows 22.4% ef-
ficiency (J,. = 38.46 mA/cm?, V, = 0.726 V, FF = 0.804) under AM1.5G illumi-
nation condition.

Figure 4 shows calculated and measured /,, V,.and FF of our heterojunction
Si (SHJ) solar cell as a function of illumination intensity. Calculation was made
by using Equations (7) and (8). As shown in Figure 4(a), J,. is linearly depen-
dent on illumination intensity. Illumination intensity dependence of V. shown
in Figure 4(b) was calculated by using saturation current density of J, = 3.1 x
107 A/cm? In Figure 4(b), estimated illumination intensity dependence of V.
for Kaneka’s 26.3% efficiency heterojunction back contact (HBC) solar cell in
comparison with data [34] for illumination intensity dependence of V,_ is also
shown. Estimation was made by using J,. of 42.3 mA/cm® and J, of 3 x 107"
Alem?.

Figure 4(b) suggests that improvements in /.. due to improvement in internal
quantum efficiency and due to reduction in optical loss and improvements in
V,. by improving j, due to reduction in non-radiative recombination loss are
very important for improvement in solar cell properties under low illumination
intensity condition.

Ilumination intensity dependence of FF shown in Figure 4(c) was calculated
by using series resistance R, of 0.05 Q-cm?, shunt resistance R, of 700 Q-cm” and
saturation current density J, of 3 x 10™* A/cm®. In Figure 4(c), illumination in-
tensity dependence of FF estimated in the cases of shunt resistance R, of 2500
Q-cm’ and o are also shown. In Figure 4(c), estimated illumination intensity
dependence of FF for AIST’s Si solar cell in comparison with data [35] for illu-
mination intensity dependence of FF is also shown. Estimation was made by us-
ing R, of 250 Q-cm” and J, of 2.5 x 107> A/cm’. Figure 4(c) suggests that im-
provement in FF by improving /, due to reduction in non-radiative recombina-
tion loss and by improving shunt resistance R is very important for improve-
ment in solar cell properties under low illumination intensity condition.

Figure 5 shows changes in efficiencies of Si bottom solar cells [9] [10] [11]
[14] and estimated values of Kaneka’s HBC cell [34] analysed as Si bottom cell as

a function of short-circuit current density /. and external radiative efficiency
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Figure 4. Calculated and measured /., V,.and FF of our heterojunction Si (SHJ) solar cell
as a function of illumination intensity in comparison with those of Kaneka’s HBC [34]
and AIST’s Si [35] solar cells.
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Figure 5. Changes in efficiencies of Si bottom solar cells [9] [10] [11] [14] as a function of
short-circuit current density /. and external radiative efficiency (ERE) in comparison
with analytical results.

(ERE) in comparison with analytical results calculated by analytical procedure
presented in the Section 2. In this study, Si SHJ solar cell shows 5.26% efficiency
measured under InGaP/GaAs cell filter as shown as TTI SHJ-2 in Figure 5. Be-
cause ERE value (0.164%) of our SHJ bottom solar cell is the similar with those
(0.146% and 0.187%) of NREL’s SHJ [9] and FhG-ISE’s TOPCon (Tunnel Oxide
Passivated Contact) [14] Si bottom cells of 35.9% efficiency III-V/Si 3-junction
tandem solar cells, /. improvement from 9.4 - 9.8 mA/cm’ to 11 mA/cm’ by im-
proving internal quantum efficiency and reducing optical loss is necessary. In
addition, optimization of bandgap energy £, of middle cell layer is very effective
for increasing /. of Si bottom cell as demonstrated by FHG-ISE [14]. Higher /.
value of 13 mA/cm® of Si bottom cell has been demonstrated by optimizing E,
from 1.42 eV to 1.5 eV. Detail of bandgap energy optimization of sub-cells is
presented in Section 4. Efficiency improvements of Si bottom cells with 0.5%
and 1% by improving ERE from about 0.15% to 1% and 5% are expected as

shown in Figure 5.

4. Discussion about Efficiency Improvement of I1I-V/Si
3-Junction Tandem Solar Cells

The efficiency of Si tandem solar cells in radiative limit was calculated by as-
suming ERE of 100%, optical loss of 5% and resistance loss of 2%. Figure 6

shows calculated efficiency [14] [36] in radiative limit of Si tandem solar cells as
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Figure 6. Calculated efficiency in radiative limit of Si tandem solar cells as a function of
number of junctions.

a function of number of junctions. Because optimum bandgap energy combina-
tion of 2-junction and 3-junction Si tandem solar cells is 1.73 eV/Si and 2.01
eV/1.50 eV/Si, optimization of bandgap energy for top and middle cells is also
necessary. Really, AlGaAs and InGaAsP with an bandgap energy of 1.5 eV have
been used as middle cell absorber materials [37] for wafer-bonded III-V/Si
3-junction soar cell. Recently, 35.9% efficiency has been demonstrated with In-
GaP/InGaAsP/Si 3-junction solar cell by the FhG-ISE [14].

Figure 7 shows calculated of potential efficiencies of III-V/Si 3-junction tan-
dem solar cells as a function of average external radiative efficiency (ERE) in
comparison with realized efficiencies for III-V/Si 3-junction tandem solar cells
by authors [10], FhG-ISE [14] and NRE [9] and 39.5% III-V 3-juncttion solar
cell [6]. The current status of efficiencies of our Si bottom cell, upper III-V
2-junction solar cell and III-V/Si 3-junction tandem solar cell is 5.2% and 28.6%
[10] and 33.8%. Several ways for improving efficiencies of III-V/Si 3-junction
tandem solar cells were considered by analysing potential efficiencies of III-V
2-junction cells shown in Figure 2 and Si bottom cells shown in Figure 5.

As shown in Figure 7, several ways for improvement in efficiencies of Si bot-
tom, upper III-V 2-junction solar cells and III-V/Si 3-junction tandem solar cells
are shown:

Way-1: Because 30.3% efficiency has been demonstrated with InGaP/GaAs
2-junction solar cell by the authors [27], high-efficiency 35.5% (30.3% + 5.2%) is
expected to be fabricated.

Way-2: By improving J,. from 9.4 - 9.8 mA/cm’ to 11 mA/cm’® of Si bottom
cell as a result of improving internal quantum efficiency by using high minori-
ty-carrier lifetime wafer and reducing optical loss by effective anti-reflection
coating and photon recycling [38], efficiency improvement of Si bottom cell can
be improved from 5.2% to more than 5.9% and high-efficiency 36.2% (30.3% +
5.9%) is expected to be realized.
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Figure 7. Calculated of potential efficiencies of III-V/Si 3-junction tandem solar cells as a
function of average external radiative efficiency (ERE) in comparison with realized effi-
ciencies by authors [10], FhG-ISE [14] and NREL [9] and 39.5% III-V 3-junction solar
cell [6].

In order to realize more than 37% efficiency, development of Si bottom solar
cells with /.. of more than 12 mA/cm’ is necessary. Effective anti-reflection coat-
ing in long wavelength region and photon recycling [38] are thought to be very
useful.

Way-3: By using optimum bandgap (1.5 eV) absorber as middle solar cell [14]
[37], high J,. with 13.1 mA/cm® and high efficiency with 7.2% of Si bottom cell
can be realized as shown in reference 16 and high-efficiency 37.5% (30.3% +
7.2%) III-V/Si 3-junction tandem solar cell is expected to be realized.

Way-4: By developing high-efficiency 32.8% with upper III-V 2-junction solar
cell as shown in Figure 1, 40% efficiency (32.8% + 7.2%) III-V/Si 3-junction
tandem solar cell is expected to be realized.

For Way-3 and Way-4, optimization of bandgap energies of top and middle
cells is thought to be very useful.

Way-5: By improving average ERE with 5% for III-V/Si 3-junction tandem
solar cells as shown in Figure 7, 41.5% efficiency III-V/Si 3-junction tandem so-
lar cell is expected to be realized.

In order to improve average ERE of III-V/Si 3-junction solar cells, reduction
in non-radiative recombination loss of sub-cells by reducing bulk recombination
by high quality epitaxial growth and reduction in interface recombination by
considering lattice matching of each layers is necessary.

Development of high-efficiency Si tandem solar cell modules with an efficien-

cy of more than 35% will provide the vehicles longer driving distance with more
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than 30 km/day average and more than 50 km/day on a clear day by using solar
energy [3]. Although high-efficiency potential of III-V/Si 3-junction tandem so-
lar cells is presented in this paper, there are the other environmental parameters
that affect on solar cell module performance and driving distance of PV-powered
vehicles. In order to develop high performance VIPV (vehicle-integrated PV),
further understanding and decreasing some losses of solar cell modules are ne-
cessary. Development of high performance solar cell modules with good tem-
perature coefficient, installation and connection of solar cell modules to reduce
partial shading, curved surface, thermal and optical losses, the MPPT (maximum
power point tracking) algorism and so forth. Reliability of VIPV under extreme
conditions is also very important for developing high performance of PV-powered

vehicles.

5. S ummary

This paper presented analytical results for efficiency potential of Si tandem solar
cells and loss analysis of Si bottom cells as well as bandgap energy optimization
of sub-cells. The 2-junction and 3-junction Si tandem solar cells have potential
efficiencies of 36% and 42%, respectively. Properties of single-crystalline Si he-
terojunction solar cell fabricated in this study were analyzed. The current status
of efficiencies of our Si bottom cell, upper III-V 2-junction solar cell and III-V/Si
3-junction tandem solar cell was shown to be 5.2% and 28.6% and 33.8%.

In order to attain high-efficiency III-V/Si 3-junction tandem solar cells, ne-
cessity of reducing non-recombination, optical and resistance losses of sub-cells
was shown. Several ways to improve efficiency of III-V/Si 3-junctuon tandem
solar cells were shown in this study. Achievement of /.. of 12 mA/cm? for Si bot-
tom cell by improving internal quantum efficiency and reducing optical loss is
necessary to realize high-efficiency 3-junction Si tandem solar cells with an effi-
ciency of more than 37%. In addition, this paper suggests that improvements in
saturation current density and shunt resistance of Si bottom cells, optimization
of bandgap energy of sub-cells are essential for developing high-efficiency Si
tandem solar cells. By developing high-efficiency 32.8% III-V 2-junction solar
cell as upper layer by improving ERE with more than 1%, high-efficiency
III-V/Si 3-junction tandem solar cells with an efficiency of more than 40% are
expected to be realized. Development of high-efficiency III-V/Si tandem solar
cell modules with an efficiency of more than 35% will provide the vehicles with
longer driving distance with more than 30 km/day average and more than 50
km/day on a clear day by using solar energy.

The effects of the other parameters upon output power generation of vehicle
integrated PV modules were also briefly shown. The results provide common
information for development of the other Si tandem solar cells such as II-VI/Si,

chalcogenide/Si and perovskite/Si tandem solar cells.
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