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Enhanced Photon Harvesting in Wedge Tandem Solar Cell

Sandeep Kumar Chamoli, Subhash Singh,* Chunlei Guo,* and Wei Li*

Light-trapping elements play an important role in solar cells to enhance their
light-harvesting efficiency. Pyramidal-shaped nano-microstructures and
gradient metasurfaces are mostly used as light-trapping elements in solar
cells. There is, however, one major concern with nanostructured solar cells: a
larger surface area resulting in a larger surface recombination loss. In this
article, a novel thin-film wedge tandem-solar cell made of perovskites and
silicon is designed where the bottom cell itself works as a light-trapping
element. Optical and electrical simulations are performed to estimate
performance metrics of the wedge tandem-solar cell and compare with
typically used unpatterned planar tandem-solar cell. In terms of optical and
electrical performance, wedge geometry outperforms planar geometry and
shows 17.18% higher efficiency. Compared to a typical planar tandem cell,
such a design can lead to thin and low-weight tandem solar cells, which can
be very useful in space applications. The proposed design can be fabricated
using an optimized electrospray deposition process.

1. Introduction

Solar energy is a promising low-cost alternative to fossil fuels that
has the potential to meet the ever-increasing global energy de-
mands. The total annual solar energy reaching the earth’s sur-
face is about 7500-fold of the annual global energy consumption
of about 125 petawatt-hours.[1,2] Solar photovoltaic (PV) is the
most efficient and popular way that directly converts solar energy
into useful electricity. Silicon (Si), cadmium telluride (CdTe), gal-
lium arsenide (GaAs), copper indium gallium selenide (CIGS),
and perovskites are commonly used PV materials. Due to the
huge abundance of silicon, its nontoxic nature, low cost, strong
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photostability, long lifetime, and mature
fabrication technology, single-junction sili-
con PV cells dominate over others and cap-
ture ≈90% of the current PV solar cells
market.[2] Among all emerging PV materi-
als, perovskites have recently demonstrated
fast growth and achieved up to 25.2% ef-
ficiency in a short period.[3] The optimal
thickness of a given PV material is a trade-
off between high optical absorption and an
efficient photocarrier collection. For exam-
ple, optical absorption increases with the
thickness of the material, but a thicker
PV material possesses larger carrier recom-
bination. Therefore, theoretical efficiency
for a single-junction solar cell is limited
to Shockley–Queisser (SQ) limit which is
about 33.7%.[4]

Thin-film solar cells are comparatively
lightweight, low-cost, and easily z.[5] These
cells even could have a higher efficiency

if an efficient light-trapping mechanism is realized. Therefore,
various light-trapping strategies are developed to push the effi-
ciency of single-junction thin-filmPV cells toward the SQ limit.[6]

These light-trapping schemes restrict light to oscillate multiple
rounds in a thin active medium. Yablonovitch and Cody demon-
strated the versatility of light trapping in a thin film using sta-
tistical mechanics and ray optics.[7] The analysis reveals that the
intensity of confined light in a non-absorbing active medium can
be even larger than the intensity of incident light itself. Light-
trapping strategies enhance optical absorption in a broad spec-
tral region resulting in highly efficient, thinner, and low-cost solar
cells and photodetectors.[8] Nano-photonic structures and diffrac-
tive gratings are efficient light-trapping elements that effectively
reduce surface reflection by minimizing the refractive index mis-
match and increasing the optical path length through oscilla-
tions of light in the cavity.[9–11] Multi-junction and tandem PV
cells are developed to overcome the single-junction SQ limit.[12]

Spectral splitting is the key to achieving high conversion efficien-
cies in these cells.[8,10,13] In a typical tandem solar cell, the inci-
dent light is spectrally split between the upper and lower cells.
The upper cell, typically made of a relatively wider bandgap ma-
terial, absorbs higher energy photons and allows transmission
of the lower energy photons to the bottom cell made of a nar-
row bandgap material. Through an intelligent selection of ma-
terials, the number of layers, and the design of an efficient op-
tical cavity, photons from the entire solar spectrum can be effi-
ciently harvested. This strategy can also reduce thermalization
losses, increase the lifetime of the solar cell, and leads to relatively
higher PV conversion efficiency in tandem ormultijunction solar
cells as compared to single junction cells.[14] Splitting and exploit-
ing incident light spectrum using tandem or multijunction solar
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cell, spectral splitting inside the cell, is more practical than using
grating-like optical elements or filters to split the solar spectrum
into different cells.[15–17]

Recently, silicon/perovskite tandem solar cells are investigated
to surpass the single-cell QS limit.[3] The adopted approach sta-
bilizes the perovskite material and leads to a record efficiency of
29.15%.[3,18–21] Despite the competitive photovoltaic efficiency, a
major challenge is the poor material stability, which remains an
obstacle in the development of commercially viable CH3NH3PbI3
solar cells.[22–24] Therefore, perovskite crystal growth, solar cell
fabrication, and their testing all need to be performed in a con-
trolled environment in a glove box. In order to facilitate scien-
tific progress toward commercial applications, PSC degradation
mechanisms have been studied under vacuum and in nitrogen
atmospheres to investigate their microscopic and macroscopical
behavior.[25] However, PSCs need to operate in ambient outdoor
conditions, therefore, their performance testing in a controlled
environment is not practical. To address stability and degrada-
tion issues, commercial PSCs are vacuum encapsulated between
transparent and environment-proof sheets. A recent study exam-
ined grain surface passivation as a solution to stability issues
in all-perovskites tandem solar cells.[26] It has been shown that
crystalline silicon and perovskites are a good match, particularly
CH3NH3PbI3, the best-studied material out of the group of per-
ovskites, which has a band gap of ≈1.6 eV. The energy conver-
sion efficiency of a tandem solar cell can be maximized with a
combination of top and bottom panels with matching bandgaps.
Two-terminal tandem solar cells can reach energy conversion ef-
ficiencies equivalent to four-terminal tandem solar cells if the
bandgaps of the top and bottom solar cells are matched and the
short-circuit current of the two-terminal tandem solar cells is
matched.[27] For the top cell to be the most efficient, the bandgap
must be equal to EG_top = 0.5 × EG_bottom + 1.5 eV.[27] The rela-
tionship is valid if the bandgap of the bottom cell stays in a range
from 0.85 to 1.2 eV. Hence a variety of material combinations
can be selected. Crystalline silicon with a bandgap of 1.15 eV
is well suited as a bottom solar cell. Hence, a lot of research
has been devoted to the development of tandem solar cells us-
ing a crystalline silicon bottom solar cell.[27] For this combina-
tion, the highest energy conversion efficiency could be achieved
if the bandgap of the top cell material is equal to ≈1.7 eV. So,
for tandem solar cells with crystalline silicon as bottom cells, the
energy conversion efficiency is maximized when the bandgap
of the top diode is 1.725 eV. The maximum conversion effi-
ciency of 43% is achieved using the perovskite (MAPbI3) absorber
with a bandgap of 1.6 eV.[27] Additionally, few studies have fo-
cused on tandem solutions of all perovskites.[28] Several studies
have addressed perovskite solar cells’ electronic[29–32] and optical
properties[33–35] for the purpose of understanding and optimiz-
ing conversion efficiency and photon management in the per-
ovskite solar cell.[36,37] A high extinction coefficient and a large
diffusion length of perovskite make them suitable materials for
solar cells with a large short-circuit current density and high en-
ergy conversion efficiency.[38–40] Thin-film solar cells enable an
efficient charge carrier collection with fewer constraints on dif-
fusion lengths.[41,42] Due to shorter path lengths, these cells of-
fer low conversion efficiency. Adding an efficient light-trapping
cavity to a thin-film solar cell could lead to large power conver-
sion efficiency.[10,27,43] Nanostructured solar cells are nevertheless

concerned about surface recombination losses caused by the in-
creased surface area of the nanostructured cells.[44] Generally, a
planner arrangement is used in conventional tandem solar cells
resulting in the escape of light after a few oscillations.[27] Design-
ing an efficient cavity that can trap light for many oscillations in
tandem solar cells to enhance their efficiencies remains under-
explored.
In this work, we introduce a novel wedge-shaped tandem so-

lar cell that acts as a light-trapping element. The designed wedge
cell significantly reduces the cell thickness, and thus, material
requirement, and achieves 17.18% higher conversion efficiency
over a planner cell of the same thickness of ≈2 μm. The cell con-
sists of two active layers in a wedge fashion: a wide bandgap
CH3NH3PbI3 as the upper cell and a narrow bandgap Si as the
bottom cell. Due to the wedge shape of the bottom cell, the nor-
mally incident light gets refracted and trapped into the cell lead-
ing to multiple bounces before leaving the cell. Optical and elec-
trical simulations are performed to analyze, characterize, and
compare the performances of the wedge tandem cell with a con-
ventional planar tandem cell of the same thickness. It is inter-
esting to note that the wedge tandem cells absorb up to 10%
larger solar power than flat tandem cells of the same thickness.
The wedge tandem cells have a stronger light-trapping effect in a
longer wavelength region of the solar spectrum. The geometry of
the wedge tandem cell is optimized tomaximize its performance.
Additionally, we numerically characterize the I–V andP–V curves
of the wedge and planner tandem cells with considering funda-
mental loss mechanisms. For simplicity, we used a four-terminal
(4T) tandem cell configuration where the upper and lower cells
are electrically independent but optically connected in series.[45]

In this configuration, current matching between sub-cells is not
required. Therefore, the efficiency of 4T-configuration tandem
cells has far less dependency on the bandgap of the top cell ma-
terial over similar two-terminal (2T) cells. In our 4T-tandem cell
design, the perovskite top cell is placed on top of the silicon bot-
tom cell with an air gap in between. Many designs and meth-
ods have been proposed such as the Bragg reflector,[46] photonics
crystal,[47,48] nanoscale back contacts,[49] and a stack of perovskite
and bifacial c-Si solar cells.[50] The wedge geometry provides a
better charge collection efficiency and a lower recombination rate
over the corresponding planner cell. One of the possible advan-
tages of the proposed wedge cavity tandem cell is better spectral
management to overcome the tradeoff in a nanostructure-based
light-trapping system.[51] The wedge-shaped tandem cells can be
fabricated with ease using an optimized electrospray (ES) depo-
sition process[52] or glancing angle deposition,[53,54] with a cer-
tain deposition rate. Translating the substrate in the 2D plane
would enable large surface area deposition for the proposed
wedge-shaped solar panel. Other applications, such as polariza-
tion switches and linear color variable filters, can also benefit
from our design.

2. Proposed Design and Methods

Schematics of the proposed wedge cavity tandem solar cell and a
typical planar tandem cell are shown in Figure 1. The cell con-
sists of an infinite number of wedges and planar arrays (unit
cell) as shown in the zoomed portion of the schematic. The top
contact layer is made of a transparent conducting oxide (TCO),
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Figure 1. a) Schematics of the proposed wedge tandem cell and a planar tandem cell. The cell is an array of unit cells shown in the zoomed view. MAPbI3
and Si are the active materials for the upper and lower cells, respectively. L is the length of the unit cell and H is the total cell thickness. The top layer is
a transparent conducting oxide (TCO)/anti-reflection (AR) coating such as ITO or FTO. In the case of the wedge cell: 𝛼 is the angle that decides the role
of the upper and lower cells, for example, 𝛼 = 45° (i.e., L =H) represents an equal contribution of the upper and lower wedge cells. b) Planar and wedge
type cells ray tracing cartoon. In wedge cells, light experiences multiple bounces before leaving the cell, resulting in an increase in absorption, which is
illustrated in detail in Figure S2, Supporting Information, with the aid of ray tracing simulations.

which also helps to reduce the reflection losses. A typical exam-
ple is ZnO, which exhibits a comparable refractive index to the
perovskite layer, indicating that light is not reflected from the
ZnO/perovskite interface. The upper cell is made of MAPbI3 per-
ovskite and the bottom cell is made of crystalline Si. The total
thickness (H = h1+h2) of the unit cell is the same for the wedge
and planar tandem cells. L is the length of a single-unit cell.
Aluminum due to its high reflection in the visible and near IR
and low-cost material is chosen as a bottom reflector or metallic
contact.[55,56] An experimental consideration would be the inter-
mediate layer substrate and the crystalline Si, for example, using
amorphous Si.[57,58] 𝛼 is the wedge angle and a defining param-
eter that needs to be optimized to understand the contributions
from the upper and lower wedge cell. An illustration of the effec-
tiveness of a wedge cavity in terms of the index as a function of
transverse direction can be found in Figure S1, Supporting In-
formation. A feature like this can be useful in applications such
as linear color variable filters.[53] We used a finite difference time
domain (FDTD) simulation to investigate the optical properties
of the tandem solar cells. FDTD is accepted as a very effective
strategy to systematically simulate the photoelectric performance
of SCs.[59–61] With FDTD simulation, we optimized the thickness
and compared the absorption of the wedge and planar cells. Con-
sidering plane wave propagating in the z-direction with wave-
length ranging from 400 to 1200 nm that covers the majority of
AM 1.5G solar spectrum (Figure 2a). A perfectly matched layer
(PML) is used in the z-direction while periodic boundary condi-
tions are chosen in the x–y directions. Refractive index data for

MAPbI3 and Si are taken from the following references and ex-
trapolated till 1200 nm.[62,63] The FDTD solver calculates the elec-
tric field profiles by solving Maxwell’s equations and then the ob-
tained electric field is used to calculate the optical power absorbed
per unit volume in the cell using Pabs = − 0.5 𝜔|E|2Im(𝜀), where
𝜔, |E|2, and Im(𝜀) are the angular frequency, electric field inten-
sity, and imaginary part of the permittivity, respectively. After cal-
culating Pabs, JSC that corresponds to the integrated photon flux of
the AM 1.5G with the respective absorbance can be calculated as
follows: JSC = e ∫ 𝜆2

𝜆1
∅AM1.5G(𝜆) Pabs(𝜆) d𝜆, where ∅AM1.5G(𝜆) is the

incident photon flux and e is the elementary electron charge. Ray
tracing cartoon in the case of wedge versus planar cell is shown in
Figure 1b, in planar cell light just reflects back, however, in wedge
geometry, light is refracted into the bottom cell due to the inci-
dent angle coming from wedge angle. In Figure S2, Supporting
Information, the light-trapping effect in the wedge cell is shown
with the help of ray tracing simulation at different locations of
the cell and compared with the planar cell. It is evident that light
gets bounced multiple times before leaving wedge cells and this
results in increased absorption.

3. Results and Discussion

3.1. Optical Simulations

Figure 2a shows spectral irradiance at global air mass 1.5
(AM1.5G), showing a major contribution from the sun in the
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Figure 2. Optimization for the wedge and planar tandem cell. a) The spectral irradiance at global air mass 1.5 (AM1.5G), showing a major contribution
in the range of 400 to 1200 nm, b) absorption coefficient of crystalline silicon and MAPBI3, c) absorption spectra from H = 2 μm thick planar tandem
cell for different thickness combinations of MAPbI3 (the upper cell) and Si (the bottom cell): 25–75 corresponds to 500 nm MAPbI3 and 1500 nm Si,
50–50 corresponds to 1000 nm MAPbI3 and 1000 nm Si, 75–25 corresponds to 1500 nm MAPbI3 and 500 nm Si, d) Power absorbed by different planar
tandem cells and the wedge cell with 𝛼 = 45° andH = 2 μm (h1 = 1800 nm and h2 = 200 nm, blue horizontal dotted line), e) power absorbed by a wedge
tandem cell as a function of wedge angle 𝛼, and f) absorption spectra from the wedge cell with 𝛼 = 45° and the planar cell 75–25 with the same total
thickness of 2 μm.

range of 400 to 1200 nm. MAPbI3 has a high optical absorption
coefficient and a low penetration depth. Opposite to this, crys-
talline Si has comparatively a lower absorption coefficient and a
higher penetration depth as depicted in Figure 2b. In addition,
MAPbI3 has a diffusion length that is greater than its penetra-
tion depth. Thus, light trapping is not necessary for increasing
solar cell short-circuit currents or quantum efficiency. As Si is an
indirect semiconductor, its penetration depth is greater than the
thickness of most solar cells. This is why light trapping is applied
to increase short-circuit efficiency. We begin our study by calcu-
lating optical absorption from the wedge and planar tandem cells
for a fixed value of H = 2 μm. Noticeably, the thicknesses of the
wedge and planar geometries can have any value, however, we are
interested in comparing the absorption of the wedge and planar
cells for the same thickness, and if it is less thick, it is computa-
tionally easy to calculate. In the case of the planar tandem cell,

there are various possible combinations for h1 and h2. Therefore,
to figure out the best combination of h1 and h2 for maximum ab-
sorption, we vary h1 from 0 nm (0%, i.e., no contribution from the
upper cell) to 2 μm (100%, i.e., the only upper cell is contribut-
ing) simultaneously h2 from 2 μm (100%, i.e., only lower cell is
contributing) to 0 nm (0%, i.e., no contribution from lower cell).
Among all, the following three combinations are chosen and cor-
responding absorption spectra are simulated: i) 500 nmMAPbI3
and 1500 nm Si (25%: the upper cell and 75%: the lower cell), ii)
1500 nm MAPbI3 and 500 nm Si (75%: the upper-cell and 25%:
the lower-cell), and iii) 1000 nm MAPbI3 and 1000 nm Si (50%:
the upper-cell and 50%: the lower-cell). The absorption spectrum
(Figure 2c) exhibits multiple absorption peaks in the interference
(IF) region and effectively contributes to enhanced absorption.
One can observe that in all three cases, the absorption peaks are
shifting in the interference region with almost the same absorp-
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Figure 3. JSC as a function of h1 and h2 for planar tandem cells. The red
dotted line represents the region below which total thickness h1 + h2 = 2
μm, the thickness we are interested in our calculations.

tion in the Beer–Lambert (BL) region. However, the bandwidth
of the absorption peaks is narrow, but these narrow peaks have
significant contributions to the overall optical response and ulti-
mately enhance the performance of the cell. The wedge and pla-
nar Si layers are also compared in Figure S3, Supporting Infor-
mation, and the absorption results show a significant difference.
To figure out the best combination, we calculated the power ab-
sorbed by the cell using: P = ∫ 𝜆2

𝜆1
IAM1.5G(𝜆) × Absorption(𝜆) d𝜆 as

shown in Figure 2d. It is evident that the power absorbed is max-
imum for 75–25 combination, where MAPbI3: the upper and Si:
the bottom cells are 1500 and 500 nm thick, respectively. Simi-
larly, we optimize the wedge cell to pick the best wedge angle, 𝛼,
as shown in Figure 2e. The maximum absorption occurs at 𝛼 =
45° ≈ 684Wm−2. Figure 2f shows absorption spectra for the opti-
mized planar cell (75–25) and a wedge tandem cell with the same
total thickness (H = 2 μm) and the wedge angle 𝛼 = 45°. One can
see a significantly larger absorption in the wedge-shaped tandem
cell over the planer cell due to relatively better light trapping. Con-
sequently, the power absorbed by the wedge cell is ≈10% larger
than the best planar cavity (see blue dotted line in Figure 2d) of
the same total thickness.
Furthermore, we plotted the JSC value as a function of h1 and

h2 to optimize the total thickness and thicknesses of individual
sub-cells (Figure 3). In this figure, the maximum value for the
total cell thickness h1 + h2 is 2.5 μm (h1 = 1.5 μm and h2 = 1 μm).
However, for our purpose, the red dashed line represents the JSC
regions corresponding to total thickness <2 μm. The maximum
JSC value occurs when h1 is 1.5 μm and h2 is 0.5 μm for a 2 μm
thick planar tandem cell.
The physical mechanism behind the light trapping is as fol-

lows: a normally incident light at top of the upper cell is off-
normal at the top of the lower cell and incident at an angle 𝛼

(the wedge angle). That means, for normal incident light at the
top of the upper cell, the angle of incidence at the lower cell is
determined by 𝛼 (see Figure 1a). Following Snell’s law, the light
enters at an angle into the bottom cell and gets trapped inside.
Here, the bottom cell acts as a refractive element. The trapping

effect can be directly visualized by observing the electric field dis-
tribution in the cell. Figure 4 shows the electric field profile for a
wedge (a,c) and planar (b,d) tandem cell. Two distinct regions are
evident: i) the Beer–Lambert (BL) region and ii) the wave IF re-
gion. The BL region appears at a low wavelength range where the
light gets absorbed rapidly by the cell and no light bounces back
from the bottom metal reflector (see Figure 4a,b). However, due
to wedge geometry near the extreme right corner of the wedge
cell, the light penetrates the upper cell and bounces back from the
bottommetallic layer. Therefore, in the wedge tandem cells, even
at low wavelength regions, both the upper and lower cells are in-
volved in the light-harvesting, while in the planner tandem cell,
only the upper cell is the photon harvester. The enhanced light
harvesting can certainly help to improve the existing trade-off in
the tandem cell.[51] On the other hand, at a higher wavelength
region (the IF region), the planar tandem cell simply shows in-
terference between the incident light and the light reflected from
the metallic layer (see Figure 4d). Unlike the planer cell, the light
incidents at the top of the lower cell at an angle and gets refracted
and bounces multiple rounds before escaping from the cavity re-
sulting in a significantly increased optical path or light trapping
(see Figure 4c). The efficient light trapping in the wedge cell is
the reason behind the enhancement in the absorption and can be
utilized to enhance photon harvesting or cell performance. Simi-
larly, Figure S2, Supporting Information, provides a ray diagram
showing light trapping.
Generally, optical absorbance and available solar flux both de-

creases with an increase in the zenith angles, therefore, regular
solar cells have lower efficiency during morning and evening
hours. For efficient solar energy harvesting, angular insensitivity
in optical absorption is highly desirable in solar cells to operate
efficiently even when the sun is at larger zenith angles. For this
purpose, an omnidirectional anti-reflective coating is required in
solar cells.[64,65] Additionally, solar flux available at a horizontally
lying solar cell can be calculated using I=I0cos𝜃; where I0 is
1000 W m−2 and 𝜃 is the solar zenith angle. Figure 5a shows
variation in the available solar flux at a horizontally lying solar
panel with the zenith angle. Figures 5b and 5c demonstrate
spectral absorption as a function of incident angle for the wedge
and planar tandem cells, respectively. Both types of tandem cells
show nearly omnidirectional characteristics for incidence angle
in the shorter (400–800 nm) wavelength region. However, at a
longer wavelength region (from 800 to 1200 nm), the wedge cell
has larger absorption than that of the planar tandem cell. This
is simply due to the enhanced trapping effect in wedge cells that
leads to enhancement in optical absorption. Furthermore, we
calculate the average absorption of both cells as a function of
the incident angle in Figure 5d. From this, it is evident that the
absorption of the wedge cell is always higher than that of the
plane cell at all angles. Average absorption �̄� is calculated using
following expression at each angle[66]

�̄� =
∫ 1.2μm
0.4μm 𝛼 (𝜆) × IAM1.5 (𝜆) d𝜆

∫ 1.2μm
0.4μm IAM1.5 (𝜆) d𝜆

(1)

where IAM1.5(𝜆) and IBB(𝜆) are solar irradiance and blackbody
spectrum at a given wavelength and temperature.
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Figure 4. Electric field distribution and trapping effect. Electric field intensity distribution at a shorter (BL region) and higher (interference region)
wavelength for a,c) wedges and b,d) planar cells. Light-trapping effect for wedge cavity at higher wavelengths are visible, where normally incident light
is trapped into the cavity. On the shorter wavelength side material itself has high absorption and light gets absorbed within a few hundred nanometers
following Beer–Lambert’s (BL) law. The incident light of 400 nm is absorbed completely by the top perovskite cell. At 750 nm, however, a small fraction
of the light enters the bottom cell. For an incident light of 1000 nm, nearly all of the light is transmitted in the bottom cell, where it is absorbed.

Further, on the basis of the absorption data in Figure 4d, we
calculated JSC as a function of the incident angle for both cells in
Figure 6. Due to a higher optical absorption, the wedge cell has a
higher JSC value at all incident angles. In Figure S4, Supporting
Information, we discuss in detail the optical spacer layer (OSL)
of a 4T configuration.[60] We plotted the average absorption from
tandem cells as a function of the index of OSL and thickness at
higher wavelengths. Due to the fact that long-wavelength light
can pass the top cell and mostly contribute to photogeneration in
the bottom cell.

3.2. Electrical Simulations

The basic structure of a solar cell is a p–n or p–i–n junction,
which converts sunlight into electricity.[67,68] Photons are first ab-
sorbed, resulting in electron/hole pairs. The photogenerated elec-
tron/hole pairs are separated in a second step and then collected.
The photogenerated charge is collected to the contacts of the so-
lar cell by diffusion, drift, or a combination of both. We used
COMSOLMultiphysics simulations to solve the Poisson and con-
tinuity equations for the carrier dynamics, and finally, we com-
pared the current–voltage characteristic (J − V) of the planar and
wedge tandem cells. The cell thickness H = 2 μm and area = 4
μm2 are the same for both tandem cells. We used user-defined
functions for photocarrier generation and photocarrier recombi-

nation rates for the upper and lower cells independently. The cou-
pling between the optical (photocarrier generation rate) and elec-
trical simulations is governed by the following set of equations

∇ ×
(
𝜀s∇Ψ

)
= −𝜌 (2)

𝜕n
𝜕t

= 1
q

(
∇ × Jn

)
− Un +Gn (3)

𝜕p
𝜕t

= 1
q

(
∇ × Jp

)
− Up +Gp (4)

where Ψ is electrostatic potential, n and p are electron and hole
concentrations, 𝜀s is the material permittivity, Un and Up are
recombination rates for electrons and holes, respectively, and
Gn and Gp are photogeneration rates of electrons and holes, re-
spectively. Recombination can generate or lose charge carriers
based on a variety of physical properties depending on the ma-
terial properties, external conditions, and energy states (defects)
within the band gap. With several built-in and user-defined op-
tions for recombination mechanisms, COMSOL’s Semiconduc-
tor Module allows capturing the exchange and loss of charge
carriers through recombination. As c-Si cells undergo Auger re-
combination at higher carrier density, SRH recombination is also
assumed, though unlike Auger recombination and radiative re-
combination, it is theoretically possible to eliminate SRH recom-

Adv. Theory Simul. 2023, 6, 2200632 © 2022 Wiley-VCH GmbH2200632 (6 of 11)
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Figure 5. a) Angular analysis. Intensity absorbed by the PV module as a function of incident angle (𝜃) between solar cell and source. Absorption as a
function of incident angle and wavelength in case of b) planar tandem cell and c) wedge tandem cell. d) Angular dependence of average absorption �̄�

on incident angle 𝜃 for planar and wedge cells. All these results were obtained from the wedge cell with 𝛼 = 45° and 75–25 planar cell combination.

Figure 6. JSC as a function of incident angle for wedge and planar tandem
cell.

bination by eliminating defects[69,70] and the most dominating
loss mechanism in the solar cells.[71] In our model, The SRH
(Un & Up) and Auger recombination RAug are implemented as
follows

Un = Up ∝ Nt

(
pn − n0p0

)
(5)

RAug (V) =
(
Cn + Cp

)
Wn3i exp (3qV∕2KT) (6)

Table 1. Electrical parameters used in the model for Si and perovskites.

Parameter Si CH3NH3PbI3

Dielectric constant 11.7 13

Bandgap [eV] 1.1 1.55

Electron affinity [eV] 4.05 3.6

Electron and hole mobility [cm2 V−1 S−1] 1450, 500 50, 50

SRH lifetime [μs] 10 8

Effective density of states in conduction band
(1 cm−3)

2.54 × 1019 3.64 × 1019

Effective density of states in valence band
(1 cm−3)

1.04 × 1019 1.36 × 1018

Auger recombination factor, electrons
[cm−6 s−1]

2.8 × 10−31 2.7 × 10−29

Auger recombination factor, holes [cm−6 s−1] 9.9 × 10−32 4.6 × 10−29

where Cn & Cp are conduction-band (valence-band) Auger coef-
ficients (see Table 1). Assuming that each absorbed photon gen-
erates one electron–hole pair, the total photogeneration rate for
electron and holes are given by the following integral

Gn = Gp =
1200 nm

∫
300 nm

𝜋

h
𝜀′′E2 (x, y, z, 𝜆) d𝜆 (7)

where 𝜀′′ is an imaginary part of dielectric permittivity and
E2(x, y, z, 𝜆) is the electric field distribution in each layer at a

Adv. Theory Simul. 2023, 6, 2200632 © 2022 Wiley-VCH GmbH2200632 (7 of 11)

 25130390, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adts.202200632 by C

as-C
hangchun Institute O

f O
ptics, Fine M

echanics A
nd Physics, W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtheorysimul.com


www.advancedsciencenews.com www.advtheorysimul.com

given incident wavelength by solving the Helmholtz equation.
The charge density 𝜌 is given by

𝜌 = q
(
n − p + NA − ND

)
(8)

NA and ND are the total number of positive and negative
charges in the model including dopants or impurities, respec-
tively. Electron and hole current densities are given by the follow-
ing expressions including drift and diffusion part

Jn = −qμnn∇Ψ + qDn∇n (9)

Jp = −qμpp∇Ψ + qDp∇p (10)

where μn and μp are electron and hole mobilities, respectively,
while Dn and Dp are the electron and hole diffusion coefficients,
respectively. Finally, the total current density J is the sum of Equa-
tions (6) and (7), that is, J = Jn + Jp. The top and bottom contact
layers have a peak electron density of 1019 cm−3 and have a Gaus-
sian drop-off in the z-direction. The bulk of the cell is doped with
constant n doping of 1016 cm−3. As shown in Figure S5, Support-
ing Information, there is a PN junction region in both the top
and bottom cells of the tandem cell. Depending on which type of
metal contacts are being considered, boundary conditions (BC)
affects the currents. When Schottky contacts are present, BC de-
pends on carrier concentrations at metal/semiconductor inter-
faces and recombination speeds, Sn or Sp

Jn × n̂ = −qSn
(
n − n0

)
(11)

Jp × n̂ = −qSp
(
p − p0

)
(12)

In this equation, n̂ is the unit normal at the boundary and n0
and p0 are the concentrations of electrons and holes at equilib-
rium. However, in our model surface recombination is not taken
into account.
A description of the open-circuit voltage and fill factor of the

solar cells is necessary to provide a realistic prediction of their
energy conversion efficiency. Figures 5c and 5d exhibit the J–V
and – V curves for the wedge and planar tandem cells, respec-
tively. These curves are generally used to extract the important
PV characteristics of a cell. A solar cell’s energy conversion effi-
ciency is a parameter that characterizes its performance, which
is measured by the ratio of the electrical output power density
to the optical input power density. The electrical output power
density of the solar cell is determined by Vmp × Jmp, where Vmp
and Jmp are the voltage and current density, respectively, at max-
imum power. The values for Vmp and Jmp are obtained from the
cell’s J–V characteristic. The short-circuit current density, fill fac-
tor, and open-circuit voltage parameters are introduced in order
to correlate the J–V characteristics with solar cell physics. Short-
circuit current density is provided by J(V = 0) = JSC, whereas
J(V = VOC ) = 0 is the open-circuit voltage.

𝜂 =
Vmp × Jmp

Pin
=

VOC × JSC × FF
Pin

(13)

The fill factor can be calculated as follows using Equation (14)

FF =
Vmp × Jmp

VOC × JSC
(14)

The simulation parameters are the same for both (planar and
wedge) tandem cells and are given in Table 1.
Thin-film tandem cells are available in two configurations:

monolithically integrated two-terminal (2T) architecture and me-
chanically stacked four-terminal (4T) setup. Thin-film tandem
cells can either be integrated monolithically into a two-terminal
architecture or mechanically stacked into a four-terminal array.
In the 2T structure, top and bottom sub-cells are electrically cou-
pled, whereas, in the 4T structure, two sub-cells are optically cou-
pled, but electrically independent of one another. 2T architec-
ture has a series of electrical coupling between two sub-cells, re-
quiring each sub-cell’s current to be the same. This constrains
material selection in this 2T design.[50] A mechanically stacked
4T device, on the other hand, is not limited by current match-
ing issues. Each device is fabricated separately and then electri-
cally connected either in series or parallel through an external
circuit.[72,73] COMSOL Multiphysics can be used to simulate ei-
ther configuration with the proposed wedge geometry by follow-
ing the equations described above. In our calculation, we used the
4 T configuration of tandem cells for simplification of the simula-
tions. In Figures 7a and 7b, we show the typically used 4T config-
uration for wedge and planar tandem solar cells, respectively. Af-
ter absorption of incident photons, electron–hole pairs are gener-
ated at the top and bottom electrodes and collected. In Figure 7c,
the general considerations related to tandem cells are shown, that
is, low photon absorption in the top cell and high photon absorp-
tion in the bottom cell. The non-normal angle of the light incident
in the wedge causes light to be trapped inside the bottom cell, re-
sulting in higher absorption than a planar wedge. Wedge cell in-
crease electron–hole pairs by improving absorption in the bottom
cell. Thus, the wedge tandem cell results in higher JSC and output
power than planar cells, respectively. Figures 7d and 7e illustrate
the current density and voltage (J–V) curves for planar and wedge
cells, respectively. We summarize and compare the parameters
JSC, VOC, FF, PMP, and 𝜂 of the wedge and planner tandem cell
for the top and bottom cells in Table 2. Light absorption in the
top cell decreases the JSC, VOC, FF, and PMP parameters in the
bottom cell. PMP’s of both top and bottom cells should be consid-
ered when calculating the efficiency of the 4T tandem structure.
It is expected that power output in the bottom cell of the wedge
and planar cells will differ depending on absorption levels, while
in the top cell, power output will be comparable. This difference
in power output can be attributed to light trapping in the wedge
cell. It appears that wedge cells (≈17.4%) have higher efficiency
than the planar tandem cell. The calculated JSC is comparable to
previously reported experimental values.[27,74] Short-circuit cur-
rents are generally caused by low recombination or high genera-
tion rates, short diffusion lengths, and band offset between layers
in the solar cell (between active medium and electron and hole
transport layers).[75]

In order to further understand the reasons for higher JSC and
better performance in wedge geometry compared to planar ge-
ometry, recombination rate calculations are performed (Figure
S6, Supporting Information). In the case of planar tandem cells,

Adv. Theory Simul. 2023, 6, 2200632 © 2022 Wiley-VCH GmbH2200632 (8 of 11)
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Figure 7. Current density (J)–voltage (V) characteristics, J–V analysis. Standard 4T configuration for tandem cell for a) conventional planar and b) wedge
tandem cell. c) Diagram showing light absorption in planar and wedge tandem cells. As shown in the cartoon at the top, low-wavelength photons are
absorbed by the top cell, while high-wavelength photons are absorbed by the bottom cell. The bottom cell in a wedge tandem cell shows light trapping
as shown in the upper cartoon. Current–voltage (J–V) and power voltage (P–V) curve of d) wedge cell for wedge angle 45° and e) planar cell for 75–50%.
For both top and bottom wedge cells, h1 = 1500 nm and h2 = 500 nm.

Table 2. P–V characteristics for wedge and planar cell.

P–V parameters Planar tandem cell Wedge tandem cell

Top cell Bottom cell Top cell Bottom cell

JSC [A m−2] 131 53 150 80

VOC [V] 1.14 0.5 1.11 0.47

FF 0.73 0.76 0.72 0.75

PMP [W m−2] 110 18 115 35

𝜂 [%] 12.8 15.0

the band diagram is the same at all locations, so all the photo-
generated electron–hole pairs have to travel the same distance to
contribute to current and voltage. However, in the case of wedge
geometry, obviously, the band bending is different at different
locations. So, the generated photo-generated electron–hole pairs
due to near proximity at 1 and 3 can be extracted by electrode fast

without being recombined. Location 2 is somewhat similar to the
planar case in wedge geometry. As a result, wedge cell has a bet-
ter collection efficiency than planar cells. Compared to a planar
geometry, the wedge geometry exhibits a lower rate of recombi-
nation resulting in an increased JSC.

4. Conclusions

In summary, we designed a novel wedge tandem cell that acts as
an efficient light-trapping element and compares its P–V char-
acteristics with a typically used planar tandem cell using opto-
electrical analysis. We optimized and compared both tandem
cells using optical and electrical simulations and found that
wedge tandem cells with a 45°-wedge angle were more efficient
than planar cells. The wedge cell showed a 30% higher optical
absorption in the near-infrared region when compared to a pla-
nar tandem cell resulting in a 10% increase in power absorption.
Based on electric field simulations, this is attributed to the optical
light-trapping effect that results in an increase in the optical path

Adv. Theory Simul. 2023, 6, 2200632 © 2022 Wiley-VCH GmbH2200632 (9 of 11)
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length and finally its absorption.We calculated and compared the
I–V and P–V characteristics of both cells, estimating 150 W m−2

for the wedge cell and 128 W m−2 for the planar tandem cell in
terms of maximum output power. Finally, we compared wedge
with planar tandem cells based on energy band diagrams and re-
combination rates.Wedge geometry has a better charge collection
efficiency and a lower recombination rate. Overall, the wedge cell
performs better optically and electrically than the planar cell. The
proposed light-trapping scheme can be fabricated with ease us-
ing methods such as glancing angle deposition and direct elec-
trospray deposition.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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