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Abstract—sSi-based double-junction tandem solar cells have
become a popular research topic because of the advantages of low
manufacturing cost and high energy conversion efficiency. However,
there is no set of calculations to select the appropriate top cell
materials. Therefore, this paper will propose a simple but practical
selection method. First of all, we calculate the S-Q limit and explain
the reasons for developing tandem solar cells. Secondly, we calculate
the theoretical energy conversion efficiency of the double-junction
tandem solar cells while combining the commercial monocrystalline
Si and materials' practical efficiency to consider the actual situation.
Finally, we conservatively conclude that if considering 75%
performance of the theoretical energy conversion efficiency of the top
cell, the suitable bandgap energy range will fall between 1.38 eV to0 2.5
eV. Besides, we also briefly describe some improvements of several
proper materials, CZTS, CdSe, Cu20, ZnTe, and CdS, hoping that
future research can select and manufacture high-efficiency Si-based
tandem solar cells based on this paper successfully. Most importantly,
our calculation method is not limited to silicon solely. If other
materials’ performances match or surpass silicon's ability in the future,
researchers can also apply this set of deduction processes.

Keywords—High-efficiency solar cells, material selection, Si-
based double-junction solar cells, tandem solar cells, photovoltaics.

1. INTRODUCTION

INCE the energy crisis and environmental contamination

happened these days, significant studies have concentrated
on developing renewable energy sternly to decrease non-
renewable energy such as petroleum and natural gas.
Specifically, among all kinds of renewable energy, solar cells
that can convert solar energy into electrical energy are the
subjects many people keep researching to create a promising
future with sustainable energy and low environmental
pollution. Also, to boost the competitiveness of the photovoltaic
industry, lowering the Levelized Cost of Electricity (LCOE), is
a critical indicator. Despite the high fabrication cost, if we
successfully increase solar cells' energy conversion efficiency,
people can reduce LCOE dramatically. Thus, to increase energy
conversion efficiency, n, scientists are committed to research
various methods and suitable materials to approach or exceed
the S-Q limit, which was calculated by Shockley and Queisser
[1].

One of the effective technologies is to build a tandem solar
cell. By utilizing different bandgap widths, we can increase the
absorption ratio of the solar spectrum, therefore achieving high
energy conversion efficiency. For example, the energy
conversion efficiency of a GalnP/GaAs/Si triple-junction
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tandem solar cell based on crystalline silicon can reach 35.9%
[2]. Another triple-junction tandem solar cell, InGaP/GaAs/
InGaAs, can also approach its energy conversion efficiency as
high as 37.9% [2]. Therefore, we can realize that why tandem
solar cells have tremendous potential for further development.

Generally speaking, there are two schemes of tandem solar
cells. One is the design of a splitting spectrum; the other is
based on stacking cells [3]. The first one utilizes several filters
to separate different wavelengths of the solar spectrum. The
benefit of such a structure is that every cell can perform
independently that the current output of every cell will not
influence others. Thus, theoretically, each cell's efficiency can
reach close to the S-Q limit. However, due to the complex light
path design, it is not easy to fabricate. The other approach
exploits stacking materials as bottom cells with narrower
bandgap width than the top ones through the whole solar cells,
automatically splitting the solar spectrum to lower fabrication
costs. Still, we can see from the research that though cell-
stacking tandem solar cells can enhance energy conversion
efficiency, with the increasing number of stacking cells, the
improvement of efficiency would reduce [4]. Thus, under
consideration to boost solar cells' efficiency while minimizing
fabrication cost, this paper will focus specifically on cell-
stacking double-junction tandem solar cells.

A typical cell-stacking double-junction tandem solar cell
mainly uses materials with wide bandgap as the top cells to
absorb short-wavelength sunlight. In contrast, materials with
narrow bandgap are used as the bottom cells to absorb long-
wavelength sunlight. Monocrystalline silicon (c-Si) is the one
that occupies the current photovoltaic industry with low
manufacturing cost, high energy conversion efficiency, and
high stability. In addition, research had found that silicon is an
ideal material for the bottom cell [5]. Still, when selecting
appropriate materials for the top cells in Si-based tandem solar
cells, researchers can only choose several possible materials
based on theoretical energy conversion efficiency [6]. In a
practical situation, these materials selected may not exert ideal
effects. Thus, we exploit simple but effective equations to
deduce how to choose suitable materials, in an actual
circumstance, for the top cells of Si-based tandem solar cells
according to bandgap width and making the overall energy
conversion efficiency exceed 30%.

First, we briefly derive the S-Q limit and use it as a
theoretical basis to confirm Si single-junction solar cell's ideal
energy conversion efficiency. Secondly, the theoretical energy
conversion efficiency of all kinds of tandem solar cells,
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including Si-based tandem solar cells, will be calculated. Last
but not least, we will consider the practical situation and select
materials from suitable bandgap energy as the top cells of Si-
based tandem solar cells while discussing some improvements.

II. CALCULATIONS

A. Shockley-Queisser Limit

When calculating the energy conversion efficiency of single-
junction solar cells, we first assume that all photons with energy
more significant than the bandgap energy of materials are all
absorbed. Therefore, we can obtain the maximum short-circuit
current density:

Jsomax = A f; ¥ dA)dA (1)
where ®(A) is the photon flux under the AM1.5G spectrum
[38], and q is the basic charge.

The open-circuit voltage, V,, is the maximum output voltage
of a solar cell. For an ideal solar cell, we can describe its
photoelectric curve:

J=Jee=Jo[exp (155) ~ 1] * e ~Joen (35) @

where V is the magnitude of the bias voltage, and kg is the
Boltzmann constant. When the current density ] = 0, we have
V = V,.. Then we can express V. as:

V,. = k‘fTTln (]]—0 + 1) 3)
where ], is the saturation current density. To calculate the limit
value of ], we assume that a solar cell has a radiation behavior
similar to that of a black body [1], which we call Jyy,,, or
luminous flux of a black background body. The calculation
method of ]y, can be derived from the concept of quantum
physics, and the integral formula is expanded through Taylor

expansion to obtain an equation related to the bandgap energy
E, [7]:
8

o = () 2 oo () @

The fill factor, FF, is defined as the ratio of the maximum
output power, Py, of a solar cell to the product of the short-
circuit current density, Js., and the open-circuit voltage, V..
Green also proposed an empirical formula of the fill factor
expressed in the open-circuit voltage, V, [8]:

Voc—In[vec+0.72]

= ®)

Voct1

FF = Pmax

" JscVoc
where vy = (qQVye/kgT).

Finally, we can calculate the energy conversion efficiency of
a solar cell [9]:

Pmax — ]SC\]OCFF

Pin,AM1.5G

n(%) = x 100% (©6)

Pin,AM1.56G
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where Py am1sq = 1KW/m? by integrating the AMI.5G
spectrum [38]. According to (6), we can draw the theoretical
energy conversion efficiency corresponding to different

bandgap energy under the AM1.5G spectrum, as shown in Fig.
1.
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Fig. 1 Theoretical energy conversion efficiency limit for different
bandgap widths. Only c-Si and GaAs can achieve close to the limit,
with others merely laying under 75% of the theoretical value [2], [25]

As seen in Fig. 1, we can find out that the curve does not
show as smooth as the one calculated by Shockley and Queisser
[1] because the sunlight is affected by atmospheric absorption.
Furthermore, we can notice that the value of the curve as a
whole is bigger than the one expressed by Singh and Ravindra
in 2012 [9] since the Jo they had calculated was taken into
account the collection efficiency of carriers in the solar cells.
Nevertheless, when calculating the theoretical solar cell's
efficiency, the mobility of carriers should be assumed to
approach infinity, which means that the carrier collection
efficiency is 100% [1]. Thus, the result we calculated will be
much closer to the theoretical value. Also, according to Fig. 1,
we can obtain the highest energy conversion efficiency, 33%,
falling at the position where the bandgap energy equals 1.34 eV.
In comparison, the highest energy conversion efficiency
calculated by Riihle in 2016 is 33.7%, with the bandgap energy
equals 1.34 eV [10]. Therefore, we consider that his value is
close to our result, except with a slight discordance caused by
the different settings of the solar cell's temperature. Riihle [10]
assumed the cell's temperature to be 298 K, while we consider
the temperature is 300 K. Furthermore, it can be seen from Fig.
1 that silicon (Eg= 1.11 eV), most commonly used material in
the photovoltaic industry, corresponds to the ideal energy
conversion efficiency of 32.35%. In addition, in the figure, we
also draw the efficiency boundary curves of materials used in
solar cells (n =50%, 75% of n_ideal) [11], and the reference
efficiency used while selecting materials in the last part of the
content (1 = 60% of n_ideal). For all the data points in Fig. 1,
only c-Si and GaAs, III-V compound semiconductors, are the
closest materials to the S-Q limit. In contrast, others including
CIGS, perovskite, CZTS, etc., are still far from the theoretical
limit. Most of them lie between 50% and 75% of the theoretical
efficiency.
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B. The Theoretical Efficiency of Tandem Cells

We use a simple formula to calculate the theoretical energy
conversion efficiency of constrained double-junction tandem
solar cells and further explore Si-based solar cells in the actual
situation.

Under the S-Q limit assumption, when sunlight enters a solar
cell, photons in the short-wavelength range can be absorbed
entirely by the top cell to generate photocurrent at the top,
which is called Js¢1op, and the calculation method remains the
same as (1). On the other hand, the photons in the long-
wavelength range are absorbed by the bottom cell to generate
photocurrent at the bottom, which is called Jgc pot. It should be
noted that we cannot directly calculate the photocurrent
generated by the bottom cell via (1) because the photon energy
absorbed by the bottom cell is leftover which the top cell cannot
absorb; therefore, (1) must be revised slightly as:

Jscbot = @ e ooy @A)AA ™

Most importantly, we neglect photons generated from top
and bottom cells when calculating Jsc top and Jscpor because the
photocurrent generated by such a mechanism is ignorable [4].
Besides, due to constrained output mode, the overall short-
circuit current of tandem solar cells will depend on the cells
with insufficient output current. Accordingly, the smaller one
of Jsc,top OF Jscpor Will become the final output current, Jg,

namely min(]sc,top' Jsebot) [12].
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Fig. 2 A contour map of theoretical energy conversion efficiency of
double-junction tandem solar cells. The maximum efficiency (n =
45.84%) occurs when the top cell acquires 1.6 eV bandgap energy,
and the bottom cell obtains 0.9 eV, respectively

Bottem cell band gap energy (eV)

Top cell band gap energy (eV)

The open-circuit voltage, V., of the top and bottom cells can
each be expressed as:

— kB_T Jsc
VOC'tOP - q ln (]O,bb—top + 1) (8)
kgT Jsc
Vocor = “E0n (he—11) ©)
q Jo,bb-bot
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Moreover, since the output mode is constrained, the total open-
circuit voltage of the solar cell can be expressed as [12]:
Voc,overall = Voc,top + Voc,bot (10)
Besides, because this is the calculation of ideal tandem solar
cells, the recombination mechanism of both the top and bottom
cells is still dominated by the light-emitting recombination
mechanism. Thus, the Jo pb—top and Jopb—bot i (8) and (9) can
be directly calculated by (4).

As for the fill factor, the difference with (5) is that we use the
ideal fill factor for calculation:

FF. _ (qvoc.overall/kBT)_ln[(qvoc,overall/kBT)+1]
ideal (@Voc,overan/kgT)+1

an

Finally, the energy conversion efficiency of constrained
tandem solar cells can be expressed as [15]:

n(0/0) _ l:’out,overall _ ]scvoc,overallFFideal % 100%
Pin,AM1.5G PinaAM1.5G

(12)

Through (7)-(12), we could use the bandgap width of the top
cells as a horizontal axis and that of the bottom cells as a vertical
axis to draw an efficiency contour map of constrained double-
junction tandem solar cells, as shown in Fig. 2. It should be
noted that the purpose of this calculation is to obtain an
approximate outline of the theoretical efficiency through the
use of simple formulas and derivations. Therefore, we used 0.1
eV as a unit for the magnitude change in the bandgap width of
both top and bottom cells for calculations.

We can see from Fig. 2 that the graph presents a triangular
shape because of a basic assumption: the bandgap energy of the
top cell must be greater than that of the bottom cell. Thus, when
the bandgap energy of the bottom cell is more significant than
that of the top cell, the pattern does not exist. Moreover, when
the top and bottom cells both have the same bandgap width, the
top cell will absorb all the photons that the bottom cell can
absorb, which will cause the photocurrent of the bottom cell to
become zero. Accordingly, due to the constrained output mode,
the overall short-circuit current will become zero, leading to
zero efficiency. In addition, when the bandgap energy of the top
cell is 1.6 eV, and that of the bottom cell is 0.9 eV, the solar cell
will obtain the highest theoretical energy conversion efficiency,
45.84%. This data is very close to the result calculated by
Bremner et al. in 2008. Similarly, they found that when the
bandgap energy of the top cell is 1.6 4 eV, and that of the bottom
cell is 0.9 eV, the double-junction tandem solar cell has the
highest theoretical efficiency of 45.71% [13]. However, our
result is slightly different from the result presented in
PVCDROM. The highest efficiency of the double-junction
tandem solar cell calculated by PVCDROM occurs when the
bandgap energy of the top cell is 1.63 eV, and that of the bottom
cell is 0.96 eV, which has 47% [14]. We believe that this
difference can be eliminated by reducing the magnitude change
in bandgap width to 0.01 eV.
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C.Si-Based Double-Junction Tandem Solar Cells-

Constrained Si-Based Tandem Solar Cells

After calculating the theoretical energy conversion efficiency
of tandem solar cells, we discuss the particular efficiency when
silicon (E; = 1.11 eV) becomes the top and bottom cells,
respectively. We, therefore, extract the data from the red and
blue lines marked in Fig. 2 to draw Fig. 3.
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Fig. 3 The relationship between the energy conversion efficiency of
Si-based tandem solar cells and the bandgap energy of the other
stacking cells. The solid line represents the ideal situation, while the
dotted line represents the circumstance that considers c-Si 24% but
with the other stacking cells remaining ideal. The gray area shows the
bandgap energy range for suitable material selection (1.57~2.05 eV),
where c-Si 24% acts as the bottom cell while assuming the top cell
material performs theoretically

In Fig. 3, the overall efficiency will drop to zero when both
the top and bottom cells are Si, leading to no light absorption in
the bottom cell. In addition, when silicon acts as the top cell,
too many long-wavelength photons will not be absorbed by the
bottom cell to generate enough photocurrent, making the energy
conversion efficiency low. However, when silicon acts as the
bottom cell, such loss is much less. Thus, we can find that the
energy conversion efficiency curve has the highest point. So,
the highest efficiency value happens when the top and bottom
cells’ currents match appropriately. We can also see from Fig.
3 that the theoretical energy conversion efficiency of a tandem
solar cell with silicon as the bottom cell can reach as high as
45% when the bandgap energy of the top cell is 1.7 eV. Such
high efficiency is almost 1.5 times the theoretical energy
conversion efficiency of a silicon single-junction solar cell,
championing the promising potential for tandem solar cells.
However, there is always a gap between theoretical efficiency
and the actual situation. Therefore, to discuss suitable choices
for the top cell materials in Si-based tandem solar cells in
practical applications, we set the efficiency of silicon cells to
the current commercial efficiency c-Si 24% [2]. After
calculation, we can get the dotted line in Fig. 3. To find the ideal
corresponding top cell materials, we used the energy conversion
efficiency, 30%, as a benchmark. The reason for choosing 30%
is that it is the most apparent difference of performance between
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tandem cells and single-junction silicon cells. Specifically, not
many suitable materials can make the energy conversion
efficiency reach 30% in developing single-junction cells.
Currently, GaAs thin-film solar cell has the highest value,
29.1% [2]. Therefore, if there is an ideal top cell material, which
can make the overall tandem solar cells' efficiency exceed 30%,
we will consider such material to have a promising potential.

We can find out that when considering the practical
efficiency of c-Si, the theoretical bandgap energy range for
selecting top cell materials lies between 1.57 eV and 2.05 eV.
However, the bandgap range is relatively small. Furthermore, if
we consider the actual situation of the top cells, the range will
reduce further. Assuming that we expect to have more choices,
we need to ease the change of energy conversion efficiency
versus bandgap energy in Fig. 3 while increasing the overall
efficiency. Accordingly, we decide to use unconstrained
tandem solar cells to repeat our calculations.

D.Si-Based Double-Junction Tandem  Solar
Unconstrained Si-Based Tandem Solar Cells

Cells-

The energy conversion efficiency calculation for the
unconstrained tandem solar cells is quite similar to that of the
constrained ones. The current and voltage are the same as (7)-
(9). The difference is that due to the unconstrained output mode,
the output current of the top and bottom cells does not affect
each other; thus, there is no need for current matching. Besides,
because cells are not connected in series, we cannot directly add
the voltage of the top and bottom cells together to get the total
output voltage. Instead, we have to calculate the overall
efficiency by separately calculating the energy conversion
efficiency of the top and bottom cells via (12), then adding them
together [15]. We can rewrite (12) as:

Pout,toptPout,bot
n(0%) = DeuttoptPouthot o 4000,
PinaM15G

13)

Subsequently, we can draw Fig. 4 based on Fig. 3. The solid
gray line in Fig. 4 is the theoretical energy conversion
efficiency of the overall solar cells obtained after considering
that silicon and other materials are ideal. We can find that the
solid gray line is much gentler than the solid blue line in Fig. 3.

In theory, all materials in the bandgap range 1.12 eV to 4 eV
can make the efficiency of Si-based tandem solar cells exceed
30%, significantly increasing the opportunity of material
selection. In addition, the highest theoretical energy conversion
efficiency can reach 44.3%, which shows the capacity of the
unconstrained output mode for developing Si-based tandem
solar cells in the future.

To get closer to the actual situation, we again consider the
commercial ¢-Si (n = 24%) as mentioned above. Besides, we
use 100%, 75%, and 60% of the ideal energy conversion
efficiency of the other stacking cells as principles to draw the
overall efficiency individually shown as blue, red, and green
solid lines. The dotted lines are the energy conversion
efficiency of the other stacking cells alone.
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Fig. 4 The relationship between the energy conversion efficiency of unconstrained Si-based tandem solar cells and the bandgap energy of the
other stacking cells. The solid gray line represents the overall theoretical efficiency. Others colored solid lines show the overall efficiency when
considering commercial c-Si with 100%, 75%, and 60% of the ideal efficiency of the other stacking cells, respectively. The dotted lines are the

energy conversion efficiency of the different stacking cells alone. The purple area offers the suitable range of bandgap energy of the top cells

that can make high-efficiency tandem solar cells

III. RESULTS AND DISCUSSION

A.Bandgap Range Determination

Observing the solid blue line in Fig. 4, we find that compared
with the blue dashed line in Fig. 3, the efficiency curve of the
overall tandem solar cell changes more slowly with the bandgap
energy because of the different output mode. Besides, seeing
from the red and green solid lines, the energy conversion
efficiency is also lower than that in Fig. 3 because we reduced
the efficiency performance of the top cells. However, the same
thing is that when using silicon as the top cell, the energy
conversion efficiency of the overall solar cell is relatively low.
Therefore, we can also view silicon as the bottom cell as usual.

We assume that the efficiency of the bottom cell, c-Si, is set
to 24%. In that case, we can notice that when the ideal top cell
acquires bandgap energy in the range of 1.12 eV to 2.75 eV, the
efficiency of the overall solar cell can reach more than 30%.
Moreover, when the bandgap energy of the top cell is 1.63 eV,
there will be the highest overall efficiency, 40.08%, as shown
by the solid blue line (Fig. 4). Unfortunately, there is not any
material that can truly achieve 100% of theoretical efficiency.
Therefore, we revised the energy conversion efficiency of the
top cell, as shown by the red and green solid lines. As the
efficiency of the top cell decreases, the bandgap range of
materials that can be selected as the top cell will become
smaller, and the energy conversion efficiency of the overall
solar cell will also decrease. Moreover, when the energy
conversion efficiency of the top cell becomes lower than 60%
of the theoretical efficiency, the overall efficiency will always
be lower than 30%. Thus, we conservatively conclude that if the
solar cell is to achieve high-efficiency performance (n > 30%),
the energy conversion efficiency of the top cell must be greater
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than 75% of the theoretical value. Finally, we will discuss some
suitable materials based on 75% of the theoretical energy
conversion efficiency.

TABLEI
CORRESPONDENCE TABLE OF MATERIALS AND BANDGAP ENERGY [31]-[37]
EleV) 143 149 149~163 1,6 1,7 17~1.8 1,74 1.8
Material GaAs CdTe CZTS AISb Sb,S; a-Si:H CdSe MoS,
Ey(eV) 2,1 2,16 2,17 22 225 226 242 245
Material GaSe AlAs Cu,O SnS, ZnTe  GaP CdS AIP

From the solid red line in Fig. 4 and the purple area below it,
we can notice that under the condition that the top cell has 75%
of the theoretical efficiency, to achieve high efficiency of the
overall tandem solar cell, its bandgap energy must fall between
1.38 ¢V and 2.5 eV. Table I lists some of the corresponding
bandgap widths and types of semiconductor materials. To reach
high efficiency, we also have to consider carrier mobility, direct
bandgap, material dimensions, etc. Accordingly, we selected
some possible materials from Table I that are colored in the blue
area. However, the truth is that in addition to GaAs and CdTe,
which can exceed 75% and 65% of the theoretical energy
conversion efficiency, respectively [2], the current efficiency
performance of other materials is poor. Thus, we propose some
improvements, hoping that researchers will find more suitable
top cell materials soon.

B. Material Improvements

CdSe: The bandgap energy of CdSe is very close to 1.8 eV,
which corresponds to the highest efficiency in the solid red line
in Fig. 4. In addition, CdSe is a direct bandgap material and
owns a high absorption coefficient in the visible wavelength
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range [16], which should have considerable potential. However,
since studies had proposed in 1982 to manufacture CdSe thin-
film solar cells with an energy conversion efficiency of more
than 6% [16], there has not been a significant improvement
these days. Mahawela et al. mentioned in 2005 that the short-
circuit current of a CIGS-based tandem solar cell with CdSe as
the top cell was able to exceed 17 mA/cm?, but with the open-
circuit voltage obtained only 475 mV. They believed that the
energy conversion efficiency could be further increased by
improving the contact surface between materials [17]. In
addition, Patel et al. found in 2019 that when treating CdSe film
with CdCl,, CdSe could acquire higher crystallinity, larger
grain size, and flatter surface [18]. They concluded that this
method could also effectively boost solar cells. Therefore, it is
not doom to enhance the efficiency of CdSe solar cells in the
future.

Cu,O: This is one of the few studied P-type semiconductor
materials with transition metal oxide and high hole mobility
[19]. In the early days, the efficiency of solar cells made of
ZnO/Cu,O was only 0.88% [20]. Nevertheless, currently,
through high-temperature oxidation of Cu substrate, high-
quality Cu,O is obtained. Besides, adding the number of
stacking cells can also increase the energy conversion
efficiency of CuyO tandem solar cells to 8.1% [21]. Still,
stacking too many materials and undergoing high-temperature
processes will increase the cost. Therefore, Zang proposed a
new method in 2018, utilizing radiation oxidation to get Cu,O
crystals, followed by rapid quenching and annealing to obtain
high-quality Cu,O while enlarging the grain size. Finally, a
Zn0O/Cu,0 solar cell with an efficiency of 3.18% was acquired
[22]. Although the efficiency was slightly insufficient for
applications, it should be improved through additional surface
treatment. Overall, Cu;O is still a material with promising
potential.

ZnTe: This is often used as the buffer layer for CdTe solar
cells [23], but it is rarely used as single-junction solar cells. One
of the main reasons is that P-type ZnTe is easier to make than
N-type ZnTe. Tanaka et al. proposed in 2010 making N-type
ZnTe by thermal diffusion of Al into P-type ZnTe in the same
way as LEDs to construct ZnTe single-junction solar cell;
however, its efficiency was only 0.78% [24]. They speculated
that the reason for low efficiency was due to material defects
caused by Al. Therefore, they believed that by improving the
quality of Al diffusion layers, cell efficiency would be further
promoted in the future. In addition, P-type ZnTe can also be
made by Cr doping with laser pulse deposition [25]. Research
has found that ZnTe doped with Cr had a higher absorption
coefficient and thermal stability. Furthermore, after making into
intermediate band solar cells (IBSC), the short-circuit current
and open-circuit voltage would be enhanced, increasing the
efficiency to 5.9% [25]. In other studies, cell efficiency can also
be improved by adding a back-surface-field (BSF) layer. For
instance, the BSF layer made of PbTe can reduce carrier
recombination and increase carrier collection rate, increasing
the simulated battery efficiency by 4.6% [26]. As mentioned
above, these studies prove that ZnTe is another candidate for
building high-efficiency solar cells.
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CdS: From the research of Shitaya and Sato in 1968, we
know that it is challenging to make P-type CdS with high
conductivity [27]. Because the material structure is very similar,
current research mainly applies CdS to CdS/CdTe or CdS/ZnTe
tandem cells to increase its efficiency to 15.8% [28].
Alternatively, Cds can be used in the form of quantum dots in
the GaAs-based solar cell with an energy conversion efficiency
of 18.9%. [29]. In 2016, Deng et al. further proposed that using
Cu to make P-type CdS would damage the optical properties of
CdS. In addition, they also mentioned that when stacking P-type
Cds made by Cu with CdTe, the fill factor and open-circuit
voltage would decrease significantly [30]. Thus, to obtain high
efficiency, one of the improved directions is to develop new
ways to manufacture P-type CdS.

IV. CONCLUSION

We propose a series of deductions for selecting top cell
materials for the silicon-based tandem solar cells. In the results,
if the bottom cell is the commercial c-Si while the top cell
material remains ideal, to achieve high efficiency, the bandgap
energy of the top cell materials will lie between 1.12 eV and
2.75 eV. However, this range will reduce further in a practical
situation. If we consider 75% of the theoretical energy
conversion efficiency of the top cell, the suitable bandgap
energy range will fall between 1.38 eV to 2.5 eV. If we choose
less than 60% of the theoretical efficiency, the overall
efficiency will always be less than 30%. Finally, based on 75%
of the theoretical efficiency, we briefly discussed some
improvement directions of cell materials, CZTS, CdSe, Cu,O,
ZnTe, and CdS within the specific bandgap range, including
PN-type semiconductor process technology, material quality,
and suitable element replacement. It is expected that these
potential materials will be used in the future to achieve high-
efficiency double-junction Si-based tandem solar cells. Of
course, most importantly, this calculation is not merely limited
to silicon. If other materials’ performances can match or surpass
silicon’s ability in the future, researchers can also apply this
deduction set.
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