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Tandem Solar Cells Based on High-Efficiency
c-Si Bottom Cells: Top Cell Requirements
for >30% Efficiency
Thomas P. White, Niraj N. Lal, and Kylie R. Catchpole

Abstract—Tandem solar cells based on crystalline silicon present
a practical route toward low-cost cells with efficiencies above 30%.
Here, we evaluate a dual-junction tandem configuration consisting
of a high-efficiency c-Si bottom cell and a thin-film top cell based
on low-cost materials. We show that the minimum top cell efficiency required to reach 30% tandem efficiency ranges from 22%
for a bandgap of 1.5 eV to 14% for a bandgap of 2 eV. We investigate these limits using a simple model for a four-terminal tandem
to identify the material requirements for the top cell in terms of
optical absorption, electronic bandgap, carrier transport, and luminescence efficiency. In particular, we show that even relatively
low-quality earth-abundant semiconductor materials with luminescence efficiencies of 10−5 and diffusion lengths below 100 nm
are compatible with tandem cell efficiencies above 30%. Introducing light trapping in the top cell can increase the efficiency beyond
32% and reduce the required diffusion length below 50 nm. This
analysis establishes clear research targets for high-bandgap semiconductor materials and novel thin-film solar cell concepts that
can be combined with existing c-Si technology. Such tandem approaches could enable the rapid development of a new generation
of low-cost high-efficiency cells.
Index Terms—Earth-abundant semiconductors, multijunction
solar cells, photovoltaics, tandem solar cells, thin-film solar cells.

I. INTRODUCTION
HE cost of silicon photovoltaics has decreased dramatically in recent years due to higher module efficiencies and
reduced material and manufacturing costs. However, singlejunction crystalline silicon (c-Si) solar cells are rapidly approaching practical and theoretical efficiency limits. Industrialscale processes are now capable of producing large-area cells
with efficiencies exceeding 24% [1], while the research efficiency record of 25% has stood for almost 15 years [2], [3].
As commercial production approaches these limits, further cost
reductions will only be possible through more economical manufacturing unless a practical solution can be found to push efficiencies toward 30% and beyond.

T

Manuscript received June 17, 2013; revised September 6, 2013; accepted
September 19, 2013. Date of publication October 9, 2013; date of current version December 16, 2013. This work was funded by the Australian Renewable
Energy Agency and the Australian Research Council.
The authors are with the Centre for Sustainable Energy Systems,
Research School of Engineering, Australian National University, Canberra, A.C.T. 0200, Australia (e-mail: thomas.white@ anu.edu.au; niraj.
lal@anu.edu.au; kylie.catchpole@anu.edu.au).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JPHOTOV.2013.2283342

Multijunction solar cells that combine low- and high-bandgap
materials tailored to the incident solar spectrum have theoretical efficiencies of 44% for two junctions and up to 65% for
an infinite stack of junctions under 1-sun illumination [4]. The
additional complexity and cost of fabricating tandem solar cells
has so far limited their use in terrestrial applications, but they are
likely to become more competitive as single-junction module efficiencies plateau. Tandem cell approaches that exploit existing
high-efficiency c-Si technology will benefit directly from recent
global investment in c-Si manufacturing.
Despite the dominance of c-Si solar cells, research into their
use in tandem modules has been limited. Si top cells combined with low-bandgap Ge bottom cells have been predicted
to yield absolute efficiency gains of 2.9% for 1-sun concentration, and 5.8% for 50 suns, compared with an optimized Si
cell [5]. Si cells have also been proposed as one of six cells in
high-efficiency tandem modules capable of efficiencies above
50% [6]. Tandems based on amorphous and microcrystalline or
nanocrystalline Si (sometimes referred to as micromorph cells)
have also been widely studied [7]–[9], however, their efficiency
is presently only ∼12%. With the exception of micromorph
cells, tandem cell development has focused on high electronic
quality direct bandgap semiconductors such as the III–V group
of compounds [10], [11]. These materials are expensive and
have limited abundance to support a global-scale photovoltaic
market.
Here, we propose a tandem cell concept that combines lowcost thin-film solar cell technology with existing high-efficiency
c-Si cells in a mechanically stacked configuration. In particular,
we evaluate top cells that are characterized by strong absorption and poor electronic quality; typical characteristics of new
earth-abundant semiconductors being considered as alternative
photovoltaic materials. The potential for such materials has been
evaluated in terms of abundance and cost [12], and for specific
single-junction cell geometries [13], [14], but their application
in multijunction cells has not been explored. While significant
development is still required to make efficient cells based on
these materials, it is important to establish general material and
cell performance targets in order to identify the most promising materials and focus the research effort. For this reason, we
develop here a simple model to calculate the power conversion
efficiency of the tandem cell in terms of bandgap, absorption coefficient, carrier diffusion length, and luminescence efficiency
of the top cell. We use this model to evaluate the theoretical efficiency limits for a range of material parameters and determine
the requirements to achieve efficiencies in excess of 30%. We
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flux transmitted through the top cell, including an effective collection probability based on the short-circuit current at standard
test conditions. The resulting decrease in voltage from the bottom cell is taken into account via the diode equation. The bottom
cell fill factor is treated as a constant, independent of Jsc and
Vo c .
A. Top Cell

Fig. 1. Schematic of the two-cell tandem configuration considered. Cell 1
(absorber thickness W ), is made from a direct bandgap semiconductor material,
characterized by its bandgap E g , absorption coefficient α 0 , carrier diffusion
length L d , and luminescence efficiency Φ. Cell 2 is a high-efficiency c-Si cell
with an efficiency of 25% under standard conditions [2]. Inset: distribution of
incident energy absorbed in an idealized tandem cell.

also evaluate the benefit of light trapping in the top cell as a
function of the material properties.
II. TANDEM CELL MODEL
Fig. 1 illustrates the tandem cell configuration consisting of
a thin top cell (cell 1) of thickness W and a high-efficiency cSi bottom cell (cell 2), with independent electrical connections.
We consider a four-terminal mechanically stacked tandem as this
allows greater flexibility in the choice of bandgap and absorption
distribution between the two cells, since current matching is not
required. This configuration is also easier to fabricate, especially
when combining different material systems.
The maximum power produced by each cell is calculated as
the product of short-circuit current Jsc , open-circuit voltage Vo c ,
and the fill-factor. We choose this macro-approach rather than a
more detailed model of the current–voltage response, since the
latter requires assumptions about equivalent circuits, recombination mechanisms, and cell resistances. Such an approach
loses generality; therefore, here, these additional contributions
are included implicitly in the fill-factor.
In the following analysis, we consider 1-sun AM1.5G illumination with incident intensity of 1000 W/m2 . We assume no
reflectance loss from the cell surfaces and no parasitic optical
loss. In this case, the light reaching the bottom cell is simply a
function of the top cell’s absorption properties, which are given
by the cell thickness and absorption coefficient.
In Section II-A, we first derive an expression for the shortcircuit current of the top cell based on the absorbed flux and the
collection probability. The open-circuit voltage is derived as a
function of the cell’s luminescence efficiency, which sets a maximum achievable voltage based on thermodynamic arguments.
Finally, the fill-factor is included as a performance parameter;
the effect of which we explore in more detail in Section III-D.
The model for the bottom cell is described in Section II-B,
with parameters based on the world-record c-Si PERL cell [2],
[3]. The generated photocurrent is calculated from the photon

Cell 1 is modeled as a p-i-n heterojunction cell with a thin
intrinsic absorbing layer sandwiched between transparent hole
and electron conducting layers. This is the most versatile cell
geometry for thin-film absorbers as it does not require doping of the absorber layer and it offers higher carrier collection
efficiencies than equivalent cells with a p-n junction [15].
The absorbing layer is modeled as a direct bandgap semiconductor with bandgap Eg , and absorption coefficient α given by
the analytic approximation

1/2
Eϕ (λ) − Eg
(1)
α(λ) = α0
kT
where α0 is the characteristic absorption coefficient for the material, Eϕ (λ) = hc/λ is the incident photon energy at wavelength λ, k is the Boltzmann constant, and T = 298 K is the cell
temperature.
We consider two cases for light absorption in the top cell.
The first case is single-pass absorption, given by A(1) = 1 –
exp(–αW), where the superscript (1) refers to the top cell. In the
second case, we consider the conventional light trapping limit
for Lambertian scattering in the top cell [16]
A(1) =

1 − exp(−2αWop )
1 − (1 − 1/n2 ) exp(−2αWop )

(2)

b

W)
where Wop = W 2+a(α
, a = 0.935 and b = 0.67.
1+a(α W ) b
While this limit is strictly valid only when W  λ, it still
provides a useful benchmark for thin absorbers, where light
trapping can exceed the conventional limits [17]. Equation (2)
holds when the back surface of the cell is an ideal reflector of
above-bandgap photons. This could be achieved in a tandem
cell using a wavelength-selective Bragg mirror between the top
and bottom cells. We also assume that all nonabsorbed light
is transmitted to the bottom cell. We use n = 3 in (2) as a
typical refractive index for a semiconductor absorbing layer
and note that the results depend weakly on this choice when
2.5 < n < 3.5. The light transmitted through the top cell and
incident on the bottom cell is given by T (1) = 1−A(1) .
The electrical properties of the top cell are characterized by
the carrier diffusion length Ld , luminescence efficiency Φ, and
the cell fill factor F F (1) . The carrier diffusion length is taken
to be equal for holes and electrons. The short-circuit current
is determined by the absorption of incident light and carrier
collection probability fc
 ∞
(1)
Jsc
= fc q
φAM 1.5G (λ)A(1) (λ)dλ
(3)
0

where φAM 1.5G (λ) is the incident photon flux, and q is the
electron charge. Carrier collection in a p-i-n cell is assisted by
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the built-in voltage, Vbi across the intrinsic absorbing layer, and
can be calculated using the analytic expressions provided in [15]
and [18]
exp(λ02 /2) − 1
λ02 /2

fc =

(4)

where


qVbi
λ02 =
−
2kT

W
Ld



2
+

qVbi
2kT

2
.

(5)

Following [18], we make the approximation Vbi = Eg . Evaluation of (4) and (5) shows that efficient carrier collection is
possible in thin absorbers, even when the W > Ld [15]. In
practice, the collection efficiency may be reduced by the presence of defects and grain boundaries in the absorbing layer, but
these contributions are not considered here.
The maximum top cell voltage depends on the absorber
bandgap and carrier recombination. Here, we characterize recombination by a single parameter, the photoluminescence efficiency Φ, defined as the ratio of radiative recombination to
total recombination. The radiative properties of a solar cell are
closely related to its electrical performance and the radiative
efficiency of the absorbing layer provides an estimate of the
maximum open-circuit voltage Vo c . We use the relationship derived in [19] to calculate Vo c of the top cell as a function of Φ
and the absorption properties of the thin film


(1)
J
kT
kT
sc
ln
ln (Φ)
(6)
+
Vo(1)
c ≈
(1)
q
q
J
0

(1)

=

2πn2
h3 c2


0

The bottom cell of the tandem is modeled on the 25% efficient
c-Si PERL cell reported in [2], with revised performance parameters Vo c = 0.706 V, Jsc = 42.7 mA/cm2 , and FF = 82.8% under
standard test conditions [3]. In the tandem configuration, cell 2
only receives light that is transmitted through cell 1; therefore,
(2)
(2)
Vo c and Jsc must be modified accordingly. We assume that
the fill factor does not change significantly, and therefore use a
fixed value of F F (2) = 82.8% for the following calculations.
To estimate the short-circuit current in cell 2 under nonstandard illumination, we first calculate the photocurrent generated
in a 400-μm c-Si wafer with Lambertian light trapping and no
reflection loss under AM1.5G illumination (43.7 mA/cm2 ), and
compare this with the measured value to derive an effective collection probability of 0.978. The short-circuit current from cell
2 is then evaluated using

(2)
= 0.978q φAM 1.5G (λ)T (1) (λ)A(2) (λ)dλ
(9)
Jsc
where φAM 1.5G (λ)T (1) (λ) is the photon flux transmitted
through cell 1. A(2) (λ) is calculated using an equivalent expression to (2), but with the optical properties of c-Si [21] and
an absorber thickness of 400 μm. Equation (9) does not include
the wavelength dependence of the internal quantum efficiency,
but it is sufficiently accurate for the purposes of this study.
The open-circuit voltage is calculated from the current in (9)
using the diode equation


(2)
J
kT
sc
ln
+1
(10)
Vo(2)
c =
(2)
q
J
0

= 4.9 × 10−11 A/cm2 gives the reported perforwhere
mance under standard illumination. We can therefore calculate
the power from cell 2 as a function of the absorption properties
of cell 1 using (9) and (10)
(2)
J0

where
J0

B. Bottom Cell

∞

A(1) (Eϕ ) Eϕ2
dEϕ
exp (Eϕ /kT ) − 1

(7)

is the background blackbody flux at ambient temperature [19].
The first term in (6) is the same as that derived by Shockley
and Queisser [20] in the thermodynamic limit, while the second term provides a correction for nonunity photoluminescence
efficiency.
We note that the diffusion length and the luminescence efficiency are related via carrier lifetime and mobility. To include
this relationship explicitly in the model would require additional assumptions about specific material properties. Hence,
we instead treat Ld and Φ as independent parameters that can
be experimentally determined to assess the potential of new
photovoltaic materials.
Equations (1)–(7) are used to calculate the short-circuit current and open-circuit voltage for the top cell as a function of
W, Eg , α0 , Ld , and Φ. The maximum output power per unit
area from the top cell is then given by
(1)
(1)
P (1) = P (1) (W, Eg , α0 , Ld , Φ) = Jsc
× Vo(1)
.
c × FF
(8)
The fill-factor, F F (1) , is treated as a cell performance parameter, the impact of which is discussed in Section III-D.

(2)
(2)
× Vo(2)
.
P (2) = P (2) (W, Eg , α0 ) = Jsc
c × FF

(11)

Finally, assuming lossless power addition, the overall efficiency of the tandem configuration in Fig. 1 is
η=

P (1) (W, Eg , α0 , Ld , Φ) + P (2) (W, Eg , α0 )
.
1000 W/m2

(12)

III. RESULTS
The model that is described in Section II provides an efficient
way to identify performance requirements for a thin-film top
cell in tandem with a high-efficiency silicon bottom cell. In this
section, we first calculate the minimum efficiency requirements
for a top cell based only on the reduced current and voltage
in the bottom cell (see Section III-A). This provides very clear
targets for top cell development. Then, in Sections III-B and
III-D, we consider in more detail the top cell properties that
would allow these efficiency targets to be reached. We evaluate
the conversion efficiency of the two-junction tandem cell as a
function of bandgap, luminescence efficiency, diffusion length,
absorption, and fill factor of the top cell. For each combination
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(a)

Fig. 2. Top cell conversion efficiency required for a c-Si based tandem cell
to reach a conversion efficiency of η = 25% (blue solid curve), 27.5% (greendashed curve), and 30% (red solid curve). The shaded area indicates areas where
η < 25%. Dots indicate experimental cell efficiencies reported for several highbandgap materials. Inset: output power of the bottom cell when the top cell
absorbs all photons with energy above the bandgap.

of these parameters, we optimize the top cell thickness W to
maximize the tandem cell efficiency.1
The choice of material properties is intended to cover a wide
range of possible top cell materials, with a particular focus on
earth-abundant inorganic semiconductors [12]. For this reason,
we consider materials with relatively strong absorption coefficients (α0 = 104 cm−1 ) and short diffusion lengths (Ld <
200 nm), which are representative of many such materials.
The results in Sections III-B and III-C are calculated for a top
cell fill factor F F (1) = 0.8. This is chosen as a practical future
performance target, and is higher than the reported experimental
results for most novel earth-abundant material systems. The
value is consistent with the upper limits for single-junction cells
based on thermodynamic and semiempirical arguments [7]. The
dependence on fill factor is studied in Section III-D.
A. Minimum Efficiency Requirements for the Top Cell
The top cell in a tandem is illuminated by the full solar photon flux, therefore, the power it produces is related directly to
its conversion efficiency under standard test conditions. The
bottom cell receives a filtered photon flux and produces a correspondingly lower power than it would under AM1.5G illumination. Thus, for the tandem cell to reach an overall conversion
efficiency of 30% (300 W/m2 output under standard test conditions), the top cell must compensate for the reduced power in
the c-Si bottom cell, and produce an extra 50 W/m2 .
It is straightforward to estimate the efficiency requirements
of the top cell by considering the power produced by the bottom
cell. If the top cell absorbs all incident photons with energy
above its bandgap Eg , we can evaluate (9) by setting T (1) (λ) =
0 for λ < hc/Eg , and T (1) (λ) = 1 otherwise. P (2) can then
be calculated from (10) and (11). The inset in Fig. 2 shows
the bottom cell power as a function of the top cell bandgap in
this case. When Eg is large, the top cell only absorbs a small
(1 )

(2 )

1 For some combinations of top cell parameters, V
o c < V o c for all W . In
this case, the top cell provides no benefit, and the maximum efficiency is η =
25% when W = 0.

(b)

Fig. 3. Total efficiency of the tandem cell configuration shown in Fig. 1, calculated as a function of the bandgap and luminescence efficiency of cell 1.
(a) Single-pass absorption. (b) Lambertian light trapping. Results were calculated with α 0 = 1 × 104 cm−1 and L d = 100 nm.

fraction of the incident photons, and the bottom cell produces
the maximum power. As Eg decreases toward the bandgap of
the bottom cell, fewer photons reach the bottom cell and the
power decreases.
The main axis in Fig. 2 shows the top cell efficiency required
for tandem cell efficiencies of η = 25%, 27.5%, and 30%. The
curves are calculated from the difference between the desired
output power and the bottom cell power. These results illustrate
the need for a relatively high-efficiency top cell. For example,
if Eg = 1.5 eV, a top cell efficiency of 17% is required just to
recover the power lost from the bottom cell, and a 22% efficient
cell would be needed to achieve a tandem efficiency of η = 30%.
The top cell efficiency reduces as Eg increases, but at the same
time the absorbed photon flux decreases. For Eg = 2 eV, a 9%
efficient top cell would yield η = 25%, and a 14% efficient top
cell would yield η = 30%.
Fig. 2 also shows the highest experimental cell efficiencies
reported in the literature for several high-bandgap semiconductors. At present, none of these has reached a high enough
conversion efficiency to compensate the power loss in the bottom cell. We can see, however, that the Cu(In,Ga)S2 (CIGS)
compound semiconductors appear to be the most promising of
those developed to date. There may be alternative high-bandgap
semiconductors that are less well developed, but that also have
potential in tandem cells. The analysis in the following sections
helps identify specific material requirements that such materials
would have to meet in order to achieve the required efficiency.
We compare several of the materials shown in Fig. 2 in more
detail in Section IV.
B. Dependence on Bandgap and Luminescence Efficiency
Following from Section IIIA, we next consider the specific
properties required by a top cell to reach conversion efficiencies above 30%. Fig. 3 shows the maximum efficiency of the
tandem stack as a function of the bandgap and luminescence
efficiency for α0 = 104 cm−1 , and Ld = 100 nm. These plots
illustrate a number of important results. First, it can be seen
that light trapping provides significant benefits for this combination of α0 and Ld , offering absolute efficiency increases of up
to 3% for materials with high luminescent efficiency. Second,
the optimum top cell bandgap increases as the luminescence
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efficiency decreases. In the limit of pure radiative recombination, Φ = 1, the optimum bandgap is Eg ∼ 1.7 eV, which is consistent with ultimate efficiency limits derived for two-junction
tandem cells [4], [7]. In this case, the optimum bandgap is
the same for series-connected and four-terminal tandems. As
nonradiative recombination increases, the optimum bandgap increases. This can be understood from (6): as Φ decreases, the
voltage drop due to nonradiative recombination increases, and
thus, the voltage benefit provided by the top cell is reduced.
Increasing the top cell bandgap can partially compensate this
voltage drop, but at the expense of current, and thus, the optimum bandgap increases gradually from Eg ∼ 1.7 eV at Φ =
1 to Eg ∼ 2.25 eV at Φ = 10−10 . Similar trends were recently
identified for multijunction series-connected cells in [28].
Fig. 3 shows the total efficiency calculated for a wide range
of luminescence efficiencies, and clearly illustrates the strong
dependence of efficiency limits on recombination in the top
cell. While photoluminescence and electroluminescence are
both widely used to characterize solar cells, absolute values
of Φ are rarely reported in the literature. We can, however,
use (6) to infer lower limits for Φ based on experimental Vo c
values reported for different PV materials. For example, highperformance GaAs (Eg ∼ 1.4 eV) cells have been reported with
Vo c = 1.12 V [29], indicating Φ > 0.5. Similarly, high-efficiency
c-Si (Eg ∼ 1.12 eV) cells achieve Vo c > 0.7 V, corresponding
to Φ > 10−3 . More relevant to this study is amorphous Si (Eg ∼
1.6 eV), which is representative of a well-studied and optimized
semiconductor with relatively poor electronic quality. Opencircuit voltages as high as 1.04 V have been reported for a-Si
cells [30], corresponding to Φ ∼ 10−5 . Similar luminescent efficiency values were calculated by Green in a recent analysis of
experimental cell performance [31].
Considering a material with Φ = 10−5 , Fig. 3 shows an optimum Eg ∼ 1.95 eV for which the maximum efficiency is
η = 30.6% for the single-pass absorption case and 32.6% with
light trapping. The optimum absorber thicknesses are 464 and
166 nm, respectively. Fig. 3 also shows that the total power
output is a relatively weak function of the top cell bandgap.
Considering Φ = 10−5 again, efficiencies >30% are predicted
for 1.5 < Eg < 2.5 eV with light trapping. This provides significant flexibility in the choice of top cell absorber material, and
is another major advantage of the four-port tandem compared
with series-connected cells.
C. Dependence on Diffusion Length
and Luminescence Efficiency
We next consider the influence of carrier diffusion length in
the top cell. Fig. 4 shows the maximum efficiency as a function
of Ld and Φ for α0 = 1 × 104 cm−1 (as in Fig. 3), and Eg =
1.95 eV, corresponding to the optimum bandgap for Φ = 10−5 .
Not surprisingly, in both Fig. 4(a) and (b) the efficiency increases with diffusion length as a result of improved collection
efficiency. In the light-trapping case [see Fig. 4(b)], however,
there is little increase in efficiency once Ld > 100 nm, indicating that for this combination of α0 and Eg , the absorption
and collection efficiencies are almost unity. For the single-pass
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(a)

(b)

Fig. 4. Total efficiency of the tandem cell configuration shown in Fig. 1,
calculated as a function of the diffusion length and luminescence efficiency of
cell 1. (a) Single-pass absorption. (b) Lambertian light trapping. Results were
calculated with α 0 = 1 × 104 cm−1 and E g = 1.95 eV.

(a)

(b)

Fig. 5. Minimum top cell fill factor required for 30% conversion efficiency in
the tandem cell with light trapping in the top cell. (a) Minimum FF as a function of the top cell bandgap and luminescence efficiency when L d = 100 nm.
(b) Minimum FF as a function of top cell diffusion length and luminescence efficiency when E g = 1.95 eV. Results were calculated with α 0 = 1 × 104 cm−1 .

absorption case [see Fig. 4 (a)], increasing the diffusion length
beyond 200 nm would still provide significant benefit.
Fig. 4(b) also shows the significant benefit of light trapping
for materials with very poor luminescence efficiency and short
diffusion lengths. For example, efficiencies of 30% can still be
achieved for Φ = 10−8 and Ld = 35 nm, despite the low value
of Φ limiting the top cell qVo c to only 0.6 Eg .
D. Dependence on Top Cell Fill Factor
Finally, we consider the importance of the top cell fill-factor
on the overall tandem cell efficiency. The results in Section III-B
and III-C were calculated for F F (1) = 0.8 which is a relatively
ambitious performance target for a novel thin-film cell. To set
research targets for the fill factor, we evaluate the minimum
top cell fill factor required to reach an efficiency of 30% with
light trapping in the top cell. The results are shown in Fig. 5,
calculated for the same parameter space as Figs. 3(b) and 4(b),
respectively. The results show that F F (1) = 0.8 is not required
unless the luminescence efficiency is very low. Considering the
previous example of a top cell with Φ = 10−5 , Eg = 1.95 eV,
and Ld = 100 nm, we find the minimum fill factor is F F (1) =
0.69 to achieve 30% efficiency. Lower fill factors would require
a higher luminescence efficiency (corresponding to higher Vo c ).
For example, if F F (1) = 0.6, a minimum Φ = 10−2 is required
to pass 30% conversion efficiency.
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(a)

(b)

Fig. 6. Comparison of maximum tandem cell efficiencies for different top cell
absorber materials assuming a top cell fill factor F F (1 ) = 0.8, and luminescence
efficiency Φ = 10−5 . (a) Single-pass absorption (b) Lambertian light trapping.

IV. DISCUSSION
The results in Section III provide specific targets for material
and cell development in order to reach tandem efficiencies of
30% and higher. While the calculations neglect optical loss and
explicit surface recombination, they provide upper estimates of
achievable efficiencies. The results can thus be used to quickly
assess the potential of new and existing semiconductor materials
for this application. As an example, here, we select four possible
top cell absorber materials that have already shown promise in
single-junction cells and assess their suitability for a tandem cell
with c-Si.
The four materials we consider are CuInS2 (CIS), Cu2 ZnSnS4
(CZTS), amorphous silicon (a-Si:H), and Sb2 S3 . CIS and CZTS
are both chalcopyrite materials with a bandgap of Eg ∼ 1.5 eV,
which is at the lower end of the range in Figs. 3–6. They have
absorption coefficients on the order of 104 –105 cm−1 . CIS cells
have reached efficiencies of 11.4% [23], and up to 12.9% with
the addition of gallium [24]. CZTS has been proposed as an
earth-abundant alternative to Cu(In,Ga)(S,Se) (CIGS) cells, with
efficiencies of up to 8.4% demonstrated to date [22]. Of the
other two materials, a-Si:H has Eg ∼ 1.6–1.7 eV, and Sb2 S3 has
Eg ∼ 1.7 eV, and thus they are closer to the optimum top cell
bandgap. Sb2 S3 has the largest absorption coefficient of the four
materials; almost twice as large as that of CZTS [32]–[35]. The
record efficiency for an a-Si:H cell is 10.1% [25], while Sb2 S3
has been used as an absorber in nanostructured solar cells with
efficiencies up to 6% [27], [36].
To include the real absorption properties of these materials in
the model, we replace the analytic expression for α(λ) in (1) with
experimental values from the literature [32]–[35] for all above
bandgap wavelengths, and set α = 0 for sub-bandgap light. Fig. 6
shows the calculated tandem cell efficiencies for each material as
a function of Ld . For comparison, the results were all calculated
for Φ = 10−5 , F F (1) = 0.8, and optimal cell thickness, and thus,
the efficiency differences between the materials are due to their
bandgaps and optical absorption characteristics. As expected,
Fig. 6 shows that in the limit of unity collection efficiency (large
Ld and/or large α), the efficiency is determined by the top cell
bandgap. Thus, for the examples considered here, the limiting
efficiency for a tandem with a CIS or CZTS top cell is 29.5%,
while for a-Si:H and Sb2 S3 the maximum efficiency is 31.8%.
The benefits of strong absorption are also clear, particularly

213

in Fig. 6(a) where there is no light trapping. In this case, a
diffusion length of 30 nm would be sufficient to achieve 30%
efficiency with a Sb2 S3 top cell, whereas a diffusion length
of 125 nm and a considerably thicker cell would be required
for the same efficiency using a-Si:H as the absorber. In fact, the
electron diffusion length in Sb2 S3 films is estimated to be 33 nm
in [37], indicating that it may be a good candidate for further
development. The reported diffusion lengths for CZTS and CIS
are considerably larger (∼350 nm for CZTS [22] and ∼1 μm
for CIS [38]), but their suitability for tandem applications with
c-Si is limited given the limit on the efficiency due to the smaller
bandgap. Cu(In,Ga)S2 based cells, two of which are shown in
Fig. 2, may be more promising, as the In/Ga ratio can be varied
to tune the bandgap up to 1.8 eV [26]. However, the long-term
use of relatively rare elements such as In and Ga in photovoltaics
is uncertain.
It is also important to note that of the four materials that are
considered in this section, only a-Si:H and CIS cells have so far
achieved open-circuit voltages higher than the best c-Si cells.
Since this is an essential requirement for a top cell in any tandem
configuration, it clearly indicates the need for further material
and cell development before the c-Si based tandem concept
becomes viable. Nevertheless, our simple model provides a rapid
means of identifying the most promising materials on which to
focus research efforts.
V. CONCLUSION
These results demonstrate the potential for tandem cells that
combine existing high-efficiency c-Si technology with low-cost
cells based on strongly-absorbing earth-abundant semiconductors. We have studied systematically the influence of the top
cell’s bandgap, absorption coefficient, diffusion length, and luminescence efficiency on tandem cell efficiencies. In particular,
our results show that efficiencies greater than 30% are possible
using thin-film absorbers in the top cell with carrier diffusion
lengths on the order of 100 nm and luminescence efficiencies
of 10−5 . Reaching these efficiencies with low-quality semiconductors requires a top cell bandgap approaching 2 eV to compensate for the voltage loss due to recombination. This is likely
to provide a significant advantage to four-port tandem configurations compared with series-connected modules, since current
matching is not required, and thus, choice of bandgaps is more
flexible.
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