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Abstract—Bifacial technology aims to boost power conversion
efficiency of solar cells by effectively harvesting the albedo sun-
light reflected from the earth, which is typically uncollected in
conventional solar cells.We propose an innovative three-terminal
(3-T), four-junction perovskite/silicon bifacial tandem solar cell
that leverages albedo to surpass the theoretical limits of the tradi-
tional monofacial tandem structures. The cell stacks two identical
series-connected double-junction perovskite/silicon tandem cells
with a common (middle) terminal such that the bottom tandem
cell is integrated upside down to effectively harvest albedo. The
albedo absorption in the bottom tandem cell linearly enhances
the short-circuit current of the double-tandem structure; hence, it
overcomes the classical current-matching limit in series-connected
tandem solar cells. We use self-consistent optical/device simulations
to investigate the design optimizations of the cell and compare its
performance with a conventional tandem structure. With an opti-
mal design, the cell exhibits a remarkable efficiency of 30%–36%
(bifacial gain of 10%–30%) for the albedo range of 15%–45%. The
3-T cell design works optimally for any range of albedo that is in
contrast with 2-T series-connected cell for which the optimal top
cell thickness changes with the value of albedo. Moreover, the pro-
posed cell is relatively less sensitive to the process variations in the
perovskite layer thickness. With its remarkable efficiency, which
increases linearly with albedo, the proposed cell can be highly at-
tractive for emerging high-efficiency photovoltaic applications.

Index Terms—Albedo, bifacial gain (BG), current-matching,
heterojunction with intrinsic thin layer (HIT), optical simulations,
perovksite, tandem.

I. INTRODUCTION

SUSTAINABLE and cost-effective energy generation from
environment-friendly sources has been established as one
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of the biggest global needs in the international energy road
map [1]. Photovoltaic technology has become one of the key
contributors to world’s sustainable energy generation with a
rapidly growing market and decreasing costs [2]. While the
market-dominant crystalline silicon solar cells [3] have recently
demonstrated more than 26% record efficiency [4] approaching
closer to the Auger recombination restricted Shockley–Queisser
limit of ∼29% [5], researchers have been actively pursuing in-
novations in cell structures and materials that could go beyond
the limits of single-junction solar cells while simultaneously
minimizing the cost per kW·h. One such approach is to use a tan-
dem cell structure that stacks multiple p-n junctions with higher
bandgap materials on top to reduce thermal losses associated
with the photoabsorption in the solar spectrum. Efficiencies up
to ∼35% [6] and 46.5% [7] have been demonstrated with four-
junction III–V tandem solar cells without and with light concen-
tration, respectively. While the conventional tandem solar cells
have primarily focused on III–V compound materials because
of the requirement of lattice matching [8], higher fabrication
costs have so far limited their market share for the terrestrial
use. Emerging organic/inorganic materials, such as perovskites
(PVKs), colloidal quantum dots, nanocrystals, etc., are however
not subject to the constraint of lattice matching, which, along
with their lower fabrication cost, make them ideally suitable to
be integrated with industry standard silicon in a tandem struc-
ture. In particular, organic–inorganic mixed lead-halide PVK
single-junction cell has recently demonstrated a remarkable
efficiency (∼22%), which, in addition to its tunable bandgap
(1.5–2.3 eV) and low fabrication cost, makes it a promising can-
didate to be a top cell in a perovskite/silicon tandem solar cell. A
thin layer (≤500 nm [9]) of PVK can be stacked mechanically
or monolithically on a silicon solar cell in two-terminal (2-T),
3-T, and 4-T device configurations [10]. Efficiency of∼30% has
been forecasted for practical two-junction perovskite/silicon so-
lar cells with 2-T and 4-T device configurations with optimized
layer thicknesses and surface texturing [11], whereas the theoret-
ical limits for an ideal bandgap PVK material in a two-junction
perovskite/silicon cell approaches to ∼41% [12].

In a bid to boost efficiency of two-junction perovskite/silicon
tandem cells well above 30%, bifacial solar cells have recently
been explored [13]. Bifacial light absorption is one of the ef-
fective techniques to enhance the solar cell efficiency through
harvesting the reflected (albedo) part of sunlight [14]. Albedo
varies for different ground surfaces: maximum is ∼90% for
snow, whereas the average albedo of earth is ∼30% [15].
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Fig. 1. 2-D schematics of solar cells modeled in this paper. (a) Bifacial per-
ovksite/silicon double-tandem solar cell. (b) Standalone bifacial single-tandem
(PSST) solar cell. (c) PVK solar cell. (d) Silicon heterojunction with intrinsic
thin layer (HIT) solar cell.

In practice, the bifacial gain (BG) (percentage increase in
energy output relative to a monofacial cell) is typically be-
tween 10%–30% for various ground surfaces [16] and elevation
heights. Although a series-connected two-junction bifacial per-
ovskite/silicon tandem solar cell structure can outperform the
bifacial single-junction silicon solar cell, its efficiency gets lim-
ited to ∼33% even at high albedo (>50%) [13]. The maximum
additional efficiency that could be obtained for this structure
at any albedo is limited (∼8%) because of the fundamental re-
quirement of current-matching in series-connected tandem solar
cells [13]. In this paper, we propose a 3-T, four-junction per-
ovskite/silicon double-tandem (PSDT) solar cell structure that
can efficiently harvest light in all ranges of albedo by stacking
two tandem perovskite/silicon cells in a flipped configuration
with a common (middle) terminal. The BG of this structure is
linearly proportional to the rear collection of albedo and does
not saturate unlike the series-connected 2-T tandem cell. Using
self-consistent device simulations, we establish the quantitative
improvements expected from the PSDT cell as compared with
standard bifacial silicon solar cells and the two-junction bifa-
cial perovskite/silicon tandem solar cell. In addition, we explore
the detailed design space for this cell along with addressing the
following key questions: first, what are the optimal material
thicknesses for PVK and silicon subcells? and second, what are
the potential benefits of the proposed cell at reasonable/practical
BGs expected in the field operation?

This paper is divided into five sections. Sections II and III
describe the proposed cell structure and modeling approach,
respectively. Section IV discusses the results and the conclusions
are provided in Section V.

II. PEROVSKITE/SILICON DOUBLE-TANDEM CELL STRUCTURE

A two-dimensional (2–D) schematic diagram of bifacial
PSDT solar cell is shown in Fig. 1(a). The cell is implemented
by integrating two identical perovskite/silicon single-tandem
(PSST) cells monolithically or mechanically in a parallel twin-
solar-cell structure. Each of the PSST cells consists of top PVK

subcell connected in series with the bottom HIT subcell with
indium-tin-oxide (ITO) layer used as the transparent contact.
High-energy photons are absorbed in the PVK subcell because
of its higher bandgap, whereas the low-energy photons pass
through top cell and get absorbed in the bottom HIT subcell
because of its relatively lower bandgap and large thickness. The
two PSST cells are connected together via a middle ITO contact
forming the third (common) terminal for the parallel configura-
tion. The whole structure forms a bifacial PSDT cell with the top
PSST cell facing the direct light, whereas the bottom PSST cell
faces the albedo light. It should be noted that although the gen-
eral concept of series/parallel combination has been proposed
before [17], [18] to maximize spectral robustness for tandem
cells, the approach used here is uniquely designed to maximize
the bifacial performance.

The 2-D schematic of a standalone bifacial PSST cell is shown
in Fig. 1(b) with PVK as the top subcell and HIT as the bottom
subcell. In this case, albedo is incident on the HIT subcell, which
is connected in series with the PVK subcell.

The 2-D schematic of the PVK subcell is shown in Fig. 1(c).
PVK is used as photoabsorbing material, whereas hole transport
material (HTM) and electron transport material (ETM) are used
to realize carrier-selective contacts. We use PCBM as ETM and
CuSCN as HTM [19]. For comparison, results are also obtained
for PEDOT:PSS as HTM. The 2-D schematic of the HIT sub-
cell is shown in Fig. 1(d). Crystalline silicon (c-Si) is used as
photoabsorbing material, whereas thin layers of amorphous sil-
icon (a-Si) are used for carrier-selective contacts at the top and
bottom.

III. MODELING APPROACH

The photoelectrical characteristics of the cell are simulated
using a 1-D device simulation tool Automat FOR Simulation
of HETero structures (AFORS-HET)[20]. The tool solves the
coupled set of cell electrostatics and carrier continuity equa-
tions self-consistently. Poisson equation is solved for electro-
statics and current transport simulation is implemented using
drift-diffusion approximation [21]. The physical parameters for
carrier recombination, mobility, and lifetime for cell materials
are obtained from published experimental results and are listed
in Table I. To account for the intrinsic nonidealities, such as self-
shading, we assume that the rear-side collection (Rrear) at the cell
is two-third of the albedo (RA) in all simulations (Rrear = γRA;
γ = 2/3). With design optimization, such as panel orientation,
ground elevation, etc., this value of rear collection has been
reported to be practically achievable [16], [22]. In general, we
assumed that RA has the same spectrum as that of AM1.5G.
Results are also compared by using the real spectrum of various
ground surfaces, such as grass, sand etc.

A. Absorption of Solar Spectrum

For the optical modeling of the solar cell, a boundary value
problem is solved. A rigorous full-wave method is adopted to
find the electromagnetic fields in all the layers of the cell by
taking into account all the internal fields arising because of the
reflections from the interfaces [23, Sec. 2.3.1.1]. In this method,
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TABLE I
PARAMETERS USED FOR SOLAR CELL SIMULATIONS

the solar cell is divided into planar sublayers and the total elec-
tric field in each sublayer is written as a sum of waves going
into opposite directions with unknown amplitudes. By requiring
that the fields satisfy Maxwell equations and the boundary con-
ditions on the interface, the unknown amplitudes of the fields
inside each layer are determined using recursive relations in
addition to determining total transmission and total reflection
amplitude [23, Sec. 2.3.1.1]. For this purpose, a linearly polar-
ized planewave is taken to be normally incident upon the solar
cell and each layer is divided into electrically small sublayers
of equal thickness that is much smaller than the wavelengths of
the incident light. Assuming that the total number of sublayers
in the solar cells is N with the nth sublayer bounded by pla-
nar interfaces zn−1 and zn , n ∈ [1, N ], Δz = zn − zn−1 is the
thickness of sublayers, z0 = 0, and zN is the total thickness of
the solar cell, the electric field phasor of the incident planewave
can be written as follows:

Einc(r) = ax̂eik0z (1)

where a is the incidence amplitude, and k0 = 2π
λ0

is the free-
space wave number. The field phasor of the reflected planewave
can be written as follows:

Eref(r) = rx̂e−ik0z (2)

where r is the reflection amplitude. The field phasor of the
transmitted light can be written as follows:

Etrans(r) = tx̂eik0(z−zN ) (3)

where t is the transmission amplitude.
For the computation of total electric field phasor En (r) in the

nth sublayer, the electric field phasor can be written in terms of

upward and downward going waves as follows:

En (r) = E
up
n (r) + E

dn
n (r) , zn−1 < z < zn , n ∈ [1, N ]

(4)
where

E
up
n (r) = a(n) x̂eik0nn (z−zn −1)

E
dn
n (r) = b(n) x̂e−ik0nn (z−zn −1)

}
(5)

with coefficients a(n) and b(n) to be determined using the recur-
sive method [23, Sec. 2.3.1.1]. The coefficients a(n) and b(n)

are the reflected and transmitted amplitudes in each sublayer, re-
spectively. Absorption in each sublayer of the cell can be found
by [24]

Qn = k0ΔzIm(n2
n ) |En (z )|2

|a|2 , n ∈ [1, N ] (6)

where Im(·) represents the imaginary part, Δz = 0.5 nm is the
spacing between the adjacent sublayers, nn is the refractive
index of the nth sublayer and En (z) is the sum of electric fields
for the upward and downward going waves in each sublayer.

The total reflectance, total transmittance, and total absorp-
tance of the whole solar cell can be found as follows:

R = |r/a|2 (7)

T = |t/a|2 (8)

and

A = 1 − (R + T ) =
N∑

n=1

Qn (9)

respectively. The last result follows because of the conservation
of energy, and was verified by us to validate the optical model
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Fig. 2. (a) Absorptance (A) of light incident from top in different layers of
the PSDT cell. Photons of shorter wavelength (λ0) are absorbed in 170-nm
top PVK layer because of its high absorption coefficient [25]. The remaining
photons are transmitted to the HIT subcell of the top PSST cell where these are
partially absorbed in 200-μm c-Si layer. The rest of the lower energy photons
are penetrated into the HIT subcell of the bottom PSST cell where most of these
get absorbed. (b) Total absorptance (A), reflectance (R), and transmittance (T)
of the incident light of the PSDT cell as a function of wavelength (λ0).

Fig. 3. Energy band diagram of the PSST solar cell under short-circuit con-
dition showing different layers of each subcell. The diagram is not drawn to
scale.

by checking that the total absorption of the solar cell computed
using (6) is the same as 1 − (R + T ).

Fig. 2(a) shows the absorptance of different layers of the
bifacial PSDT cell as a function of wavelength (λ0) for PVK
thickness (tPVK) of 170 nm and silicon thickness (tSi) of 200 μm.
High-energy photons of direct (albedo) sunlight are absorbed in
the top (bottom) PVK subcell, whereas most of the low-energy
photons are absorbed in silicon of the top (bottom) HIT subcell.
A part of low-energy photons is penetrated into the HIT subcell
of the bottom (top) PSST cell and absorbed there. Fig. 2(b)
shows the total absorptance, reflectance, and transmittance of the
PSDT cell as a function of wavelength (λ0) for tPVK = 170 nm
and tSi = 200 μm.

IV. RESULTS AND DISCUSSION

A. Cell Electrostatics

The energy band diagram of the PSST cell under short-circuit
condition is shown in Fig. 3. The light (AM1.5G or albedo) is
incident on the PVK subcell and absorbed in both PVK and
HIT subcells. The drift-diffusion flux of photogenerated carri-
ers move toward their respective contacts. A perfect recombi-
nation interface is considered between the two subcells to allow
an ideal series connection for the photocurrent. ITO/a-Si inter-
faces are considered ohmic, which implies a strong trap-assisted
tunneling through the Schottky barriers at these interfaces.

Fig. 4. J–V characteristic of (a) top PSST cell and (b) bottom PSST cell
along with PVK and HIT subcells for 30% albedo. tPVK and tSi are kept at 170
nm and 200 μm at which Jsc,PVK and Jsc,HIT are matched and the overall Jsc
(Jsc,PSST) remains same because of the series-connected configuration. Note that
the efficiency of the bottom PSST cell is calculated with respect to the AM1.5G
solar input although it actually receives a lower power intensity mainly because
of the bottom albedo incidence.

B. J–V Characteristics of Perovskite/Silicon Single-Tandem
and Perovskite/Silicon Double-Tandem Cells

The individual current–voltage (J–V) characteristics of top
and bottom PSST cells within a bifacial PSDT cell along with
their PVK and HIT subcells are shown in Fig. 4(a) and (b),
respectively, for 30% albedo. The two subcells within a PSST
cell are connected in series, as shown in Fig. 1(b). For the
selected subcell thicknesses (tPVK = 170 nm, tSi = 200 μm),
Jsc of the PVK subcell (Jsc,PVK) is matched with that of the
HIT subcell (Jsc,HIT) (see Fig. 6) and the overall Jsc (Jsc,PSST)
of the series-connected PSST cell remains the same, whereas
Voc adds up. The top PSST cell absorbs most of the direct
sunlight and shows an efficiency of 27.7%, with PVK and HIT
subcells having 16.5% and 11.2% efficiencies, respectively. The
bottom PSST cell, on the other hand, mostly absorbs the albedo
(RA = 30%) and shows an efficiency of 5.4%, with PVK and
HIT subcells having 3.2% and 2.2% efficiencies, respectively.
It should be noted that the efficiency for the bottom PSST cell
is calculated here with respect to the standard AM1.5G.

The J–V characteristics of the bifacial PSDT cell along with
top and bottom PSST cells are shown in Fig. 5. For the PSDT
cell, Jsc of both PSST cells adds up while Voc follows the min-
imum of the two. The bifacial double-tandem solar cell shows
33.1% efficiency for 30% albedo. This is a significant improve-
ment as compared with the single bifacial PSST cell that has an
efficiency limit of ∼31.5% for all albedos greater than ∼30%
([13] and Fig. 7). For higher albedo, the contribution of the
bottom PSST cell further increases as we elaborate more in the
discussion hereinafter.

C. Effect of Perovskite Thickness

PVK thickness plays an important role in optimizing the cell
performance. Here, we show that bifacial PSDT and standalone
bifacial PSST cells have their own unique requirements for op-
timizing tPVK for the best efficiency. For the PSDT cell, the top
PSST cell absorbs almost all of the direct sunlight, whereas
the bottom PSST cell absorbs almost all of the albedos. Since
the incident light on individual PSST cells is monofacial, the
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Fig. 5. J–V characteristics of the bifacial PSDT solar cell along with parallel-
connected top and bottom PSST solar cells. The bifacial PSDT cell exhibits
33.1% efficiency for 30% albedo (RA).

Fig. 6. Short-circuit current (Jsc) in PVK and HIT subcells as a function
of PVK thickness (tPVK). Current-matching is achieved at tPVK = 170 nm
and tPVK = 250 nm for RA = 0% and RA = 30%, respectively. The current-
matching for RA = 0% defines the optimal tPVK for the PSDT cell, whereas for
RA = 30% defines the optimal tPVK for the standalone bifacial PSST cell.

optimization of tPVK for the PSDT cell is therefore similar to that
of a monofacial PSST cell that corresponds to RA = 0%. Fig. 6
shows that how Jsc in series-connected subcells of PSST cell are
matched by varying tPVK while keeping tSi constant at 200 μm.
In the absence of albedo (RA = 0%), Jsc for subcells match at
tPVK ≈ 170 nm, which is hence the optimal tPVK for the PSDT
cell. When an individual PSST cell is used as a standalone bifa-
cial cell, tPVK optimization becomes a function of albedo. This
is because the albedo is incident directly on the bottom HIT sub-
cell of the PSST cell in the standalone bifacial configuration,
which increases Jsc of the HIT subcell. The current-matching in
the subcells of the PSST cell occurs at a higher tPVK as albedo is
increased. For example, Fig. 6 shows that the current-matching
occurs at tPVK = 250 nm at RA = 30%. Fig. 7 elaborates the
role of RA for the bifacial PSST cell while varying tPVK and
keeping tSi = 200 μm. For tPVK ≤ 170 nm, Jsc,PVK ≤ Jsc,HIT,
even at RA = 0% (see Fig. 6). In this case, increasing RA (or
equivalently, absorption in the HIT subcell) has no effect on η
as Jsc,PSST remains limited to Jsc,PVK. As tPVK is increased to
200 nm, Jsc,PVK increases and currents in the two subcells now
match at RA ≈ 15%, which results in an increase in η relative

Fig. 7. Efficiency (η) of the standalone bifacial PSST cell as a function of RA
for tSi = 200 μm. As albedo is incident to the HIT subcell, RA mainly affects
Jsc,HIT. η is hence independent of RA whenever Jsc,PSST is limited by Jsc,PVK.

Fig. 8. Efficiency (η) of the bifacial PSDT cell and the standalone bifacial
PSST cell as a function of tPVK for RA = 30% and tSi = 200 μm. The bifacial
PSDT and PSST cells are relatively less sensitive to tPVK as performance of the
bifacial PSDT cell decreases by only∼1.2% for±25 nm deviation from optimal
tPVK, whereas the performance of the bifacial PSST cell decreases by only
∼0.9% for ±25 nm deviation from optimal tPVK. The bifacial PSDT and PSST
cells show η = 33.1% and η = 31.5% for tPVK = 170 nm and tPVK = 250 nm,
respectively.

to that of tPVK = 170 nm. Further increasing RA for this case al-
though increases Jsc,HIT but Jsc,PVK limits the cell current, which
makes η independent of RA. As tPVK is increased up to 250 nm,
there is a corresponding increase in Jsc,PVK that allows current-
matching between the subcells at a higher RA ≈ 30% (and at a
higher current) resulting in an improved η (≈31.5%). A similar
trend can be seen when tPVK is increased above 250 nm. The
maximum η at higher RA, however, tends to saturate when tPVK

is increased to ∼550 nm. This is consistent with Jsc,PVK versus
tPVK trend, as shown in Fig. 6, which illustrates a saturating be-
havior for tPVK > 550 nm. The inset of Fig. 7 shows Jsc,PSST for
tPVK = 250 nm and tSi = 200 μm as a function of RA. Jsc,PVK

is constant but Jsc,HIT linearly increases with RA. Once current-
matching is achieved (RA ∼ 30%), Jsc,PSST remains limited to
Jsc,PVK because of series connection.

Fig. 8 compares η of the bifacial PSST (standalone) cell and
the bifacial PSDT cell as a function of tPVK for RA = 30%.
The optimal η under this condition for PSST and PSDT solar
cells is ∼31.5% and 33.1%, respectively, at tPVK of 250 nm
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Fig. 9. Combined effect of tSi and tPVK on η of the bifacial PSDT cell.
(a) RA = 15%. (b) RA = 30%. (c) RA = 45%. (d) RA = 75%.

and 170 nm, respectively. The optimal tPVK for the PSST cell
corresponds to the current-matching conditions for RA ≥ 30%,
as shown in Fig. 6. For the PSDT cell, albedo is mainly absorbed
in PVK and HIT subcells of the bottom PSST cell. Optimal tPVK

for the PSDT cell is therefore similar to that of a nonbifacial
PSST cell (i.e., RA = 0%), as discussed previously. The η for
standard (nonbifacial) tandem perovskite/silicon is reported to
be highly sensitive to tPVK (∼1 mA/cm2 variation in Jsc for
deviation of ∼20 nm in tPVK) [13]. In contrast, Fig. 8 shows
that the performance of the bifacial PSDT cell decreases by only
∼1.2% for ±25 nm deviation from optimal tPVK, whereas the
performance of the bifacial PSST cell decreases by only ∼0.9%
for ±25 nm deviation from optimal tPVK. This advantage of the
bifacial PSST cell was also reported in [13].

D. Effect of Silicon Thickness

The combined effect of tSi and tPVK on η of the bifacial PSDT
cell is shown in Fig. 9 for RA = 15%−75%. For tPVK ≥ 170 nm,
η increases linearly when tSi is increased from 75 to 200 μm at
all values of albedo. At tPVK ≥ 170 nm, current-matching be-
tween PVK and HIT subcells occurs at tSi = 200 μm. Reducing
tSi below 200 μm, therefore, decreases η. For RA = 30% and
tPVK = 170 nm, η is increased from ∼30.8% to ∼33.1% when
tSi is varied form 75 to 200 μm. For tPVK < 170 nm, on the other
hand, maximum η is achieved for smaller tSi. For this range of
tPVK, the current-matching occurs at tSi < 200 μm. At a constant
tSi, varying tPVK by ±25 nm around its optimal value changes
η by ∼1.2%. Similar trend can be seen with tPVK and tSi for
RA > 30%, which indicates that an optimal performance can be
achieved with the bifacial PSDT cell for a broad range of tPVK

even for thinner silicon wafers.
To compare the performance of the proposed bifacial PSDT

cell with bifacial HIT and bifacial PSST cells, η as a func-
tion of RA is shown in Fig. 10 keeping tSi = 200 μm. Optimal
tPVK = 170 and 250 nm are chosen for PSDT and PSST cells,
respectively. For the bifacial HIT cell, Jsc,HIT increases almost
linearly with RA and η reaches ∼27.8% for RA = 30%. On
the other hand, η for the bifacial PSST cell first increases with

Fig. 10. Efficiency (η) as a function of RA for different bifacial cells for a
constant tSi at 200 μm. The PSDT cell outperforms both HIT and PSST cells
with the relative benefit increasing with higher albedo. The inset shows η as a
function of RA for moderate efficiency subcells.

RA and then saturates at 31.5% as already explained previously
in Fig. 7. For the bifacial PSDT cell, η increases almost linearly
with RA for its whole range since the bottom PSST cell keeps
adding more current to the PSDT cell with increasing RA be-
cause of the parallel configuration. The bifacial PSDT cell out-
performs the bifacial PSST cell for whole range of RA, reaching
the milestone of η ∼ 33.1% at around RA ≈ 30% and exceeding
η = 46% for RA = 100%. BG for the PSDT cell at RA = 30%
and RA = 50% is 20% and 34%, respectively. For the PSST
cell, BG is limited to 32% for the same values of RA. The inset
shows η for bifacial HIT, bifacial PSST, and PSDT cells as a
function of RA with moderate efficiency subcells (ηHIT = 20.5%
and ηPVK = 17.5% for standalone cells). The PSDT cell exhibits
η ∼ 29% for RA ≈ 30%. The cell parameters for moderate effi-
ciency subcells are also given in Table I.

Table II shows the performance of bifacial PSST and PSDT
cells simulated using different HTMs and compares these with
experimentally reported data in [19]. tPVK is kept constant at
250 nm and the PSST cell is configured in a 4-T configuration.
The simulated results for Jsc and Voc match remarkably with
that of experiment. Fill factor (FF) in simulations is however
better as compared with that in experiment possibly because
of the effect of nonideal contact resistance in the experimental
cells. The experiment and simulations both show that by using
CuSCN as HTM in the PVK subcell, efficiencies for PVK and
PSST cells are enhanced by ∼4%–6% as compared with that
when PEDOT:PSS is used as HTM. With optimized tPVK for
RA = 30%, bifacial PSST and PSDT cells with CuSCN exhibit
η of 31.5% and 33.1%, respectively. In comparison, PSST and
PSDT cells with PEDOT:PSS exhibit η of 26.4% and 26.8%,
respectively.

The performance of bifacial PSST and PSDT cells for albedo
spectrum of various ground surfaces is shown in Fig. 11. Maxi-
mum albedo is ∼95% for snow, whereas albedo of most of the
surfaces vary in the range from 20% to 40%. η for bifacial PSST
cell saturates at 31.5% for albedo of almost all of the surfaces,
whereas η of the bifacial PSDT cell keeps on increasing with
albedo. The inset of Fig. 11 compares the η of the PSDT cell as
a function of RA for two cases: RA has the spectrum identical
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TABLE II
PERFORMANCE COMPARISON OF BIFACIAL PSST AND PSDT SOLAR CELLS WITH DIFFERENT HTMS

Fig. 11. η of standalone bifacial PSST (open symbols) and PSDT (filled
symbols) cells for various ground surfaces by using their actual albedo spectrum
shown in Fig. 13. The integrated reflectance for each surface with respect to the
standard AM1.5G spectrum is also identified. The inset shows η of the bifacial
PSDT cell as function of RA when it is computed using AM1.5G (solid line)
and real spectrum of ground albedo (symbols).

to AM1.5G; and RA has the spectrum calculated using the real
spectral reflectance of the ground taking AM1.5G as the inci-
dent light. A good match between the two approaches can be
observed although the former slightly overestimates η for many
surfaces.

It would be interesting to compare the efficiency of our bi-
facial PSDT cell with that of an ideal bifacial four-junction
tandem solar cell. In [30], Alam and Khan have analytically
shown that ideal bandgaps for the subcells of a four-junction
bifacial tandem cell are in the range 0.85–1.8 eV, capable of
providing ∼58% efficiency at RA = 30%. Although this ideal
efficiency is significantly better than that of the simple symmet-
ric structure of the PSDT cell, suitable materials corresponding
to the ideal bandgaps and their integration in a solar cell tech-
nology are practical challenges that still need to be resolved.
Moreover, the loss of light between albedo and rear-side col-
lection has not been considered in [30]. In contrast, the integra-
tion of perovskite/silicon tandem cells and mechanical stacking
needed in the PSDT cell are relatively simple and has good

prospects to be incorporated in the existing silicon solar cell
technologies.

Although the work presented here is focused on the physi-
cal/structural aspects of the PSDT cell, we would like to mention
that the system level design of bifacial solar cells is also very
important. In particular, special consideration associated with
the ratio of diffuse/global irradiance, optimization of tilt angle,
elevation, and self-shading, etc., needs to be properly addressed
at the system level [31], [32].

V. CONCLUSION

We have proposed and investigated an innovative 3-T, four-
junction bifacial tandem solar cell structure that can effectively
leverage albedo to boost efficiency above the current-matching
limits of the conventional structures. The proposed cell stacks
two perovskite/silicon tandem solar cells by joining their HIT
subcells through an intermediate transparent conducting oxide.
A parallel connection between the two tandem cells enables the
bottom cell to contribute effectively to the overall current by har-
vesting the albedo. The cell shows a steady efficiency for a broad
range of silicon thickness performing best at around 200 μm
with efficiency approaching 33.1% for average earth’s albedo
of 30% assuming rear-side collection of almost two-third of the
albedo. PVK thickness needs to be carefully designed to get
an optimal current-matching within the subcells. Unlike series-
connected 2-T tandem cells, the optimal top cell thickness is
independent of the value of albedo and the BG does not saturate
(increases linearly) with increasing albedo. In contrast with the
conventional perovskite/silicon tandem cells, the proposed cell
is relatively less sensitive to PVK thickness as performance de-
creases by only ∼1.2% for ±25 nm deviation from the optimal
thickness. Although the fabrication of a PSDT cell is expected
to be more expensive as compared with standard two-junction
perovskite/silicon tandem cells, the increased energy output is
likely to offset the increase in cost. The cell therefore exhibits
a promising potential for the locations having modest to high
values of albedo.

APPENDIX

Fig. 12 shows the refractive indices (n) and extinction
coefficients (k) of materials used in this paper [19], [20],
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Fig. 12. Refractive indices (n) and extinction coefficients (k) of materials used
in this paper [19], [20], [26]–[29].

Fig. 13. Albedo of different ground surfaces [33]–[36].

[26]–[29]. Albedo of different ground surfaces [33]–[36] is
shown in Fig. 13.
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