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Using 3-FeSij as the bottom absorber of triple-junction thin-film solar cells is investigated by a numerical method for
widening the long-wave spectral response. The presented results show that the 3-FeSi; subcell can contribute 0.273 V of
open-circuit voltage to the a-Si/pic-Si/B-FeSi, triple-junction thin-film solar cell. The optimized absorber thicknesses for a-
Si, pe-Si, and B-FeSi; subcells are 260 nm, 900 nm, and 40 nm, respectively. In addition, the temperature coefficient of the
conversion efficiency of the a-Si/pc-Si/-FeSi, cell is -0.308 %/K, whose absolute value is only greater than that of the a-Si
subcell. This result indicates that the a-Si/pc-Si/-FeSi, triple-junction solar cell has a good temperature coefficient. As a
result, using 3-FeSi; as the bottom absorber can improve the thin-film solar cell performance, and the a-Si/uc-Si/f3-FeSi;
triple-junction solar cell is a promising structure configuration for improving the solar cell efficiency.
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1. Introduction

Semiconducting iron disilicide (-FeSiy) has attracted
considerable attention due to its remarkable optical and elec-

g [1-4] B-FeSi, has a very high optical absorp-

trical propertie
tion coefficient (o > 10° cm™! ), which is at least two orders of
magnitude larger than that of crystalline silicon at 1.5 eV.>-61 Tt
is also compatible with the silicon-process technology. More-
over, 3-FeSi, is an ecofriendly material because its element
resources (Fe and Si) are non-toxic and abundant in the earth’s
crust. Thus, B-FeSi; is one of the most promising absorber
materials for thin-film solar cells.

Recently, photovoltaics employing 3-FeSi, have already
been reported.!”~1?! However, there are limited studies on the
single-junction solar cells. In this paper, we propose an a-
Si/uc-Si/B-FeSi, triple-junction thin-film solar cell in which
B-FeSi, is used as the absorber material of the bottom cell, the
long-wave spectral response will be widened from 1100 nm
in the a-Si/pc-Si tandem structure to above 1400 nm in this
triple-junction solar cell. Higher efficiencies are expected for
triple-junction thin-film solar cells. The a-Si/pc-Si/B-FeSi,
triple-junction solar cell is particularly attractive since there
is no need for lattice matching. The tunnel junctions of this
triple-junction solar cell can also be efficiently made by a-Si

13,14

and pc-Si materials.!!?!4l Moreover, this triple-junction solar
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cell possesses a good thermal property due to the compatibility
of the preparation process and their similar thermal expansion

coefficients.[15-10

! In this paper, a theoretical study of the a-
Si/uc-Si/B-FeSi, triple-junction thin-film solar cell is carried
out by using the device simulator AMPS-1D.['”] The influ-
ences of the subcell thickness and the operating temperature
on the cell performance are investigated. The potential con-
version efficiency of the triple-junction thin-film solar cell is

discussed.

2. Methodologies

We introduce computer program AMPS-1D,!7! which is
based on the Poisson equation and the hole and electron con-
tinuity equations, to perform the numerical analysis of the a-
Si/uc-Si/B-FeSi, triple-junction thin-film solar cell. The a-
Si/uc-Si/B-FeSi, triple-junction solar cell is constituted by p—
i-n type a-Si, pc-Si, and B-FeSi, subcells and its structural
configuration is shown in Fig. 1. The density of localized
states in the mobility bandgap of a-Si is assumed to be both
acceptor-like states and donor-like states modeled by expo-
nential band tails (Urbach tails) and Gaussian mid-gap states
(associated with silicon dangling bonds). For pic-Si, the den-
sity of localized states in the mobility bandgap is assumed
to be both acceptor-like states and donor-like states modeled
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by exponential band tails and flat mid-gap states. The ma-
terial parameters of a-Si, pc-Si, and B-FeSi, are taken from
Refs. [18]-[20], [20] and [21], and [9] and [10], respectively,
and some basic material parameters are listed in Tables 1-3.
The light absorption coefficients of a-Si and pc-Si are taken
from Refs. [22] and [23], respectively. The light absorption
coefficient of B-FeSi, has been given in our previous work."!
The temperature coefficients of the bandgaps of a-Si, pc-Si,
and B-FeSi, are 4.7x10™* eV/K,?*1 4.2x107* eV/K,*! and
3.1x107* eV/K,?® respectively. The Yunaz model(>’28] of
the tunnel-recombination junction for simulating the triple-
junction solar cell is employed. The simulated illumination is
AM 1.5G, 100 mW/cm?. The reflection indices for the forward
and the reverse directions are set to 0.1 and 0.6, respectively.
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TCO 0 2 4 6 8 10
1400
a-Si cell
e
0 J
= 1800
pc-Si cell Q
<
@ >
B-FeSiy cell 3 = 200
—— %
substrate 1

Wavelength/nm

Fig. 1. (color online) Schematic structure of a-Si/pc-Si/B-FeSi, triple-
junction thin-film solar cell and the cut-off wavelengths of the spectral
responses of a-Si, pc-Si, and B-FeSi, subcells.

Table 1. Basic parameters of a-Si at 300 K used in this study.

Parameter a-SiC (p) a-Si (i) a-Si (n)
Layer thickness/nm 10 varied 10
Relative dielectric constant 11.9 11.9 11.9
Electron affinity/eV 3.7 3.8 3.8
Mobility bandgap/eV 1.96 1.82 1.82
Optical bandgap/eV 1.80 1.72 1.72
Effective conduction band density/cm 3 2.5%10%° 2.5%10%° 2.5%10%°
Effective valence band density/cm > 2.5%10%° 2.5%10%° 2.5%10%°
Donor/acceptor concentration/cm ™3 3%x10" - 3%x10"
Electron mobility/cm?-V~—1.s~! 10 20 20
Hole mobility/cm?- V1.5~ 1 2 2
Table 2. Basic parameters of pc-Si at 300 K used in this study.
Parameters and units pe-Si (p) pe-Si (i) ue-Si (n)
Layer thickness/nm 10 varied 10
Relative dielectric constant 11.9 11.9 11.9
Electron affinity/eV 4.0 4.0 4.0
Mobility bandgap/eV 1.30 1.30 1.30
Optical bandgap/eV 1.12 1.12 1.12
Effective conduction band density/cm 3 3x10" 3%10Y 3%10"
Effective valence band density/cm™> 2x10" 2x10" 2x10"
Donor/acceptor concentration/cm > 1x10"° - 1101
Electron mobility/cm?-V~1.s~! 40 40 40
Hole mobility/cm?-V~1.s~! 4 4 4
Table 3. Basic parameters of 3-FeSi, at 300 K used in this study.
Parameters and units B-FeSi, (p) B-FeSi, (i) B-FeSi, (n)
Layer thickness/nm 10 varied 10
Relative dielectric constant 31 31 31
Electron affinity/eV 3.86 3.86 3.86
Mobility bandgap/eV 0.87 0.87 0.87
Optical bandgap/eV 0.87 0.87 0.87
Effective conduction band density/cm ™3 2.5x10% 2.5x101 2.5x10Y
Effective valence band density/cm ™3 2.5x10% 2.5x10" 2.5%10"
Donor/acceptor concentration/cm ™3 5%x10'8 1x10'6 3x10'8
Electron mobility/cm?-V~—!.s~! 70 70 70
Hole mobility/cm?.V~1.s~! 20 20 20
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3. Results and discussion
3.1. Effect of subcell absorber thickness

A design principle of multi-junction cells is that the ab-
sorption spectral distribution of each subcell is reasonable to
make each subcell having the same photocurrent. The pho-
tocurrent of each subcell is related to the absorber (i layer)
thickness. The absorber thickness for each subcell should be
optimized. We calculate the short-circuit current density (Js)
for each subcell after the absorber thicknesses for the subcells
are set to certain values. If the short-circuit current density
for a subcell is at minimum, its absorber thickness will be ad-
justed. In this way, the optimal absorber thicknesses for a-
Si, pe-Si and B-FeSi; are found to be 260 nm, 900 nm, and
40 nm, respectively. Figure 2 shows the short-circuit current
density of each subcell when three subcells have the same pho-
tocurrent (current matching condition). Figure 3 shows the
current-voltage characteristics of a-Si/pc-Si/B-FeSi, solar cell
after optimizing the cell absorber thicknesses. The conversion
efficiency 1, the short-circuit current density, the open-circuit
voltage V,,, and the fill factor (FF) are 19.80%, 13.31 mA/cm?,
1.962 V, and 0.762, respectively. It should be mentioned that
the optimized a-Si/pc-Si tandem solar cell has a lab efficiency
of 11.04%.1>°1 The world record for the highest efficiency of
the a-Si/pc-Si tandem solar cell is 12.3%.13%1 So, the B-FeSi,
subcell can give much contribution to the cell efficiency.
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Fig. 2. (color online) Short-circuit current density of each subcell under
current matching condition.

Figure 4 illustrates the influence of the a-Si absorber
thickness on the cell performance when the absorber thick-
nesses of pc-Si and B-FeSi, are 900 nm and 40 nm, re-
spectively. It is found that the short-circuit current density
increases when the a-Si absorber thickness increases from
220 nm to 260 nm. As the a-Si absorber thickness increases,
more photocarriers can be produced to contribute to the cur-
rent. When the a-Si absorber is thicker than 260 nm, J. de-
creases with increasing a-Si absorber thickness since the col-
lection efficiency of the photocarriers decreases due to the
thicker absorber. The V,. decreases slowly when the a-Si ab-

sorber thickness increases from 220 nm to 480 nm. The de-
crease of V. should come from the increase of recombination.
The FF reaches the lowest value when the a-Si absorber thick-
ness is 260 nm. The FF of the triple cell depends sensitively
on the FF of the limiting subcell and the limiting subcell has
a low FE.I'4' A large mismatch of subcell currents can lead to
a higher triple-cell FF. So, the FF has a minimum value at the
optimized thickness. According to the above tendencies of J,
Ve, and FF, the cell conversion efficiency increases first and
then decreases with increasing a-Si absorber thickness. The 1
is maximum when the a-Si absorber thickness is 260 nm.
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Fig. 3. (color online) Current-voltage characteristics of a-Si/pc-Si/f3-
FeSi, solar cell after optimizing the cell absorber thicknesses.
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Fig. 4. (color online) Influence of a-Si absorber thickness on the cell
performance when the absorber thicknesses of pc-Si and $-FeSi, are
900 nm and 40 nm, respectively.

Figure 5 shows the effect of the pc-Si absorber thickness
on the cell property when the absorber thicknesses of a-Si and
B-FeSi, are 260 nm and 40 nm, respectively. It is found that n
and Jg increase when the pic-Si absorber thickness increases
from 500 nm to 900 nm, and they decrease when the pc-Si
absorber thickness increases from 900 nm to 2000 nm. The
Voc decreases slowly with increasing pc-Si absorber thickness.
The FF has the lowest value when the ic-Si absorber thickness
is 900 nm. The cause of the changing tendency of Jy, Vi, and
FF of pc-Si should be same as that of a-Si.
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Fig. 5. (color online) Effect of pc-Si absorber thickness on the cell
property when the absorber thicknesses of a-Si and 3-FeSi, are 260 nm
and 40 nm, respectively.

Figure 6 depicts the cell performance of a-Si/uc-Si/f3-
FeSi, with varying -FeSi, absorber thickness when the ab-
sorber thicknesses of a-Si and pc-Si are 260 nm and 900 nm,
respectively. It is observed that 17 and J. have saturation val-
ues when the -FeSi, absorber thickness increases to 40 nm.
The Vo increases slightly with increasing -FeSi, absorber
thickness from 20 nm to 100 nm. A minimum is obtained for
the FF when the 3-FeSi, absorber thickness is 40 nm.
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Fig. 6. (color online) Cell performance of a-Si/pc-Si/f-FeSi; with
varying 3-FeSi, absorber thickness when the absorber thicknesses of
a-Si and pc-Si are 260 nm and 900 nm, respectively.
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Fig. 7. (color online) Energy band diagram of a-Si/pc-Si/B-FeSi, solar

cell at the thermal equilibrium state when all absorber thicknesses are
optimized.

Figures 7 and 8 describe the energy band diagrams of the
a-Si/pc-Si/B-FeSi, solar cell at the thermal equilibrium state
and under the open-circuit condition when all absorber thick-
nesses are optimized. It is found that the -FeSi, subcell can
contribute 0.273 V of open-circuit voltage to the total V.. This
result demonstrates that using $-FeSi; as the bottom absorber
can improve the thin-film solar cell performance.
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Fig. 8. (color online) Energy band diagram of a-Si/pc-Si/B-FeSi, solar
cell under the open-circuit condition when all absorber thicknesses are
optimized.

3.2. Effect of operating temperature

The performance of solar cells is usually tested under the
conditions of 25 °C, AM1.5, and 100 mW/cm?. However, in
practice, the cell operating temperature varies in a broad range
depending on the region or location where they are installed.
When solar cells are operated outdoors, the module tempera-
ture increases, and sometimes it can reach over 70 °C in the
daylight of a sunny day.[*!! In this section, the effect of the
operating temperature on the a-Si/pc-Si/f-FeSi, cell perfor-
mance is discussed.

To analyze the temperature dependence of the solar cells,
the operating temperature of the solar cells is varied from
298 K to 368 K. In our calculations, the temperature depen-
dences of the bandgap and the absorption coefficient of each
layer are also considered. The absorption coefficient of each
layer is calculated using the Tauc model.*?! The bandgaps of
a-Si, pe-Si, and B-FeSi; are calculated according to the equa-
tion

Eg(T):Eg(3OOK)+%(T—3OOK)7 (1)

where dE,/dT is the bandgap temperature coefficient. The
absorber thicknesses of a-Si, pc-Si, and 3-FeSiy are 260 nm,
900 nm, and 40 nm, respectively.

The temperature coefficient of the conversion efficiency
can be defined as

1 d
Cr=— T 00%, @)

n(T =298 K) dT
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where Cr is the temperature coefficient in units of %/K. The
normalizing temperature is chosen to be 298 K because it cor-
responds to the standard reference condition for the solar cell
performance.

Figure 9 shows the temperature coefficients of the con-
version efficiencies of the a-Si/pc-Si/B-FeSi; cell and all sub-
cells. It can be seen that the temperature coefficient of the con-
version efficiency of the a-Si subcell is —0.254 %/K, whose
absolute value is the smallest; that of the pc-Si subcell is
—0.350 %/K; and that of B-FeSi, is —0.766 %/K, whose
absolute value is the largest. The temperature coefficient
of the conversion efficiency of the a-Si/pc-Si/B-FeSi, cell is
—0.308 %/K, whose absolute value is only greater than that
of the a-Si subcell. This result indicates that the a-Si/uc-Si/-
FeSi, triple-junction solar cell has a good temperature coeffi-
cient and it is a good structure for use in high-temperature or

tropical regions.
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Fig. 9. (color online) Temperature coefficients of the conversion effi-
ciencies of the a-Si/pc-Si/f-FeSi; cell and all subcells.

3.3. Evaluation of potential efficiency

The cut-off wavelengths of the spectral responses of a-
Si, pc-Si, and B-FeSiy subcells are 720 nm, 1100 nm, and
1420 nm, respectively, as shown in Fig. 1. The whole range
of the spectral response is very wide, spanning from the ul-
traviolet region to the near infrared waveband. It is expected
that the a-Si/pc-Si/-FeSi, triple-junction solar cell can reach
a very high conversion efficiency. According to Ref. [33], the
maximum theoretical efficiency for this triple-junction solar
cell can achieve about 50% under AM1.5 direct normal irra-
diance, 1 sun. In Subsection 3.1, the conversion efficiency for
the optimized cell is only 19.80%, far below the theoretical
value. The low efficiency is attributed to the high density of
localized states of a-Si and pc-Si. The density of localized
states set in this calculation is taken from Ref. [20], in which
the data are in agreement with the present experimental values.
Obviously, these values would be improved with a better tech-

nological process. If we can minimize the density of localized

states of a-Si and pc-Si by an advanced fabrication technol-
ogy, the conversion efficiency of this triple-junction solar cell
would reach a very high value. Also, the preparation of the 3-
FeSi, films on non-silicon substrates should be improved for
fabricating a low-cost and high-efficiency a-Si/pc-Si/f3-FeSi,
triple-junction thin-film solar cell.

4. Conclusion

B-FeSi, has been employed as the bottom absorber of
triple-junction thin-film solar cells. It is found that a conver-
sion efficiency of 19.80% for the a-Si/pc-Si/3-FeSi, solar cell
can be obtained and an increase of 0.273 V in open-circuit
voltage can be realized by adding the -FeSi, subcell. The
optimized absorber thicknesses for a-Si, pc-Si, and -FeSi,
subcells are 260 nm, 900 nm, and 40 nm, respectively. The
a-Si/uc-Si/B-FeSiy cell has a good temperature coefficient of
the conversion efficiency (-0.308 %/K). A very high conver-
sion efficiency of the a-Si/pc-Si/B-FeSi, thin-film cell may be
achieved if we can further improve the preparation technology
of a-Si, pc-Si, and B-FeSi, films. The results indicate that the
a-Si/pc-Si/B-FeSiy structure is a promising configuration for
high-efficient solar cells.
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