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Abstract. Inorganic–organic hybrid perovskites offer wide optical absorption, long charge carrier diffusion
length, and high optical-to-electrical conversion, enabling more than 25% efficiency of single-junction perovskite
solar cells. All-perovskite four-terminal (4T) tandem solar cells have gained great attention because of solution-
processability and potentially high efficiency without a need for current-matching between subcells. Tomake the
best use of a tandem architecture, the subcell bandgaps and thicknessesmust be optimized. This study presents a
drift-diffusion simulation model to find optimum device parameters for a 4T tandem cell exceeding 33% of
efficiency. Optimized subcell bandgaps and thicknesses, contact workfunctions, charge transport layer doping
and perovskite surface modification are investigated for all-perovskite 4T tandem solar cells. Also, using real
material and device parameters, the impact of bulk and interface traps is investigated. It is observed that,
despite high recombination losses, the 4T device can achieve very high efficiencies for a broad range of bandgap
combinations. We obtained the best efficiency for top and bottom cell bandgaps close to 1.55 eV and 0.9 eV,
respectively. The optimum thickness of the top and bottom cells are found to be about 250 nm and 450 nm,
respectively. Furthermore, we investigated that doping in the hole transport layers in both the subcells can
significantly improve tandem cell efficiency. The present study will provide the experimentalists an optimum
device with optimized bandgaps, thicknesses, contact workfunctions, perovskite surface modification and
doping in subcells, enabling high-efficiency all-perovskite 4T tandem solar cells.

Keywords: Perovskite solar cell / four-terminal tandem / drift-diffusion / doping /
trap-assisted recombination / surface modification / contact workfunction
1 Introduction

Inorganic–organic hybrid perovskites (IOHPs) have
emerged as promising photovoltaic material because of
their strong optical absorption, high optical to electrical
conversion, defect-tolerance, and long-range charge carrier
diffusion lengths [1–3]. Furthermore, bandgap tunability
and solution processability enables IOHPs to develop a
potential alternative photovoltaic technology over the
conventional solar cell technologies [3–7]. IOHP-based
solar cells (PSCs) have exceeded 25% [8] of power
conversion efficiency (PCE), making this one of the
fastest-growing solar cell technology. Moreover, PSCs
can be made lightweight, semitransparent and flexible,
which attract commercialization of this technology [3,7,9].
There have been consistent efforts to improve the
efficiency, stability and durability of PSCs by using defect
lessio.gagliardi@tum.de
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and contact passivation, interface engineering, and post
treatment methods [10–15].

Although perovskite solar cell technology is rapidly
developing, low-cost electricity generation is desired in
order to compete with existing solar cell technologies. The
electricity generation cost can be brought down by two
methods; by extremely low-cost fabrication, or by high
output power generation. Power generation by a solar cell
is limited by its charge carrier generation and collection
efficiencies. A single-junction solar cell has radiative
efficiency limit of about 33.7% of PCE [16]. A single
absorber cannot efficiently absorb the full solar spectrum.
To surpass the single-junction theoretical (radiative) PCE
limit, a multijunction approach should be adopted, i.e.,
multijunction solar cells. In a multijunction solar cell,
multiple absorber layers are used with different bandgaps.
Multijunction solar cells can achieve higher efficiencies by
absorbing successive ranges of the solar spectrum in a stack
of solar cells with decreasing bandgaps. Tandem solar cells
are type of multijunction solar cells, consisting of two
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subcells with different bandgap absorbers; a top cell with
wide bandgap absorber, and a bottom cell with a low
bandgap absorber. High energy part of the solar spectrum
is absorbed by the wide bandgap top cell. The solar
spectrum below the bandgap of the top cell is transmitted
to the bottom cell consisting of a low bandgap absorber.

II-VI and III-V compound-based multijunction solar
cells show very high efficiencies [8,17,18]. However, they
need high thermal budget and intensively controlled
environment for single-crystal fabricationmethods, leading
to high manufacturing cost of photovoltaic modules. Most
of IOHPs show low optical absorption for energies below the
bandgap and very high absorption at energies above the
bandgap [19], making them a suitable choice for subcells of a
tandem cell. Due to their absorption selectivity and high
opticalabsorption (energiesabove thebandgap), thesunlight
can be absorbed by a thin layer of perovskite, i.e., ≃ 1 mm or
even less. Furthermore, solutionprocessabilitymakes IOHPs
easy to integrate with existing solar cells (i.e., Si, GaAs) as a
subcell in a tandem device [20,21].

Perovskite/silicon tandem solar cells have demonstrat-
ed high efficiencies [8,22–25], but the technology is still far
from commercialization due to the cost-ineffectiveness and
device instability. To produce low-cost solar electricity,
low-temperature and solution-processable thin-film-based
tandem solar cells are desired. Perovskite/organic tandem
cells offer a potentially low-cost fabrication, but large open-
circuit voltage loss in the organic cell limits the tandem cell
efficiency [26–28].

IOHP-based fully-perovskite tandem cells (PTSCs)
have great potential due to the simple fabrication process,
and high power-conversion efficiency [25,29–34]. To meet
the absorption spectrum required for a tandem architec-
ture, perovskite bandgap can be fine-tuned by composi-
tional engineering [4,5], which offers a great advantage in
using IOHPs in a low bandgap bottom cell as well a wide
bandgap top cell. However, most of the research in PSCs
revolves around single-junction solar cells. In contrast,
PTSCs have not been studies to that extend.

In a tandem cell, the top and bottom cells (hereafter
called subcells) can be connected in different electrical
configurations. The tandem cell efficiency depends on how
the subcells are configured electrically and optically. If the
subcells are connected in an electrically-series connection,
the configuration is known as a two-terminal (2T) tandem.
In a 2T configuration, current matching is required
between both the subcells; therefore, the tandem efficiency
strongly depends on the subcell bandgaps and thicknesses,
and the energy alignment throughout the tandem device
[29,31,32,35]. The 2T tandem output-current is limited by
the subcell operating at a lower current. However, the
operating voltage of the tandem cell is the sum of
the subcell operating-voltages at equal current. To obtain
the current matching, it is needed to carefully choose the
bandgaps, absorber thicknesses, and contact workfunc-
tions [33,35,36].

If the subcells are mechanically stacked and are
electrically independent, the configuration is known as
four-terminal (4T) tandem. In a 4T configuration, since
there is no current matching required, the 4T efficiency is
much less sensitive to subcell bandgaps than the 2T design
[25,34,37]. Also, the subcells can be independently
fabricated and later can be coupled optically. Furthermore,
possible use of an optical splitter gives an opportunity to
optimize each subcell individually without depositing
transparent contacts during fabrication [30,36,38]. Possible
independent fabrication of subcells enables to integrate a
perovskite subcell with inorganic, organic, dye-sensitized
and perovskite subcells.

Although any bandgap combination can be used in a 4T
tandem configuration, it is required to optimize subcell
bandgaps and thicknesses to fully utilize the solar
spectrum. Some of the bandgap combinations have already
been used experimentally to demonstrate 4T perovskite
tandem cells [30,32,39–41], but the reported efficiencies are
still far from the possible theoretical limit of about 45%
[34,42]. Various loss mechanisms hampering the tandem
cell efficiency still remain unexplored. Material and device
optimization, interface engineering, surface passivation,
charge transport layer doping, and the role of contacts are
not very well studied for PTSCs.More research is needed to
develop and commercialize PTSC technologies.

There have been theoretical studies to investigate
tandem cell efficiency considering ideal absorbers (not
necessarily perovskites) and ideal device structures [42–45].
Most of these studies have been based on either a particular
set of bandgaps or a fixed set of thicknesses. To study all-
perovskite tandem solar cells, Rajagopal et al. [31]
presented Shockley-Queisser detailed balance calculations
to analyze the efficiency of 4T and 2T tandem cells. To
account for the optical losses, they assumed fixed 81% and
90% external quantum efficiency (EQE) of bottom and top
subcells, respectively. Leijtens et al. [34] calculated tandem
cell efficiencies by assuming ideal diode equation and 100%
EQE above the bandgap. Recently, Tan et al. [37]
presented stochastic Monte Carlo simulations to obtain
4T tandem cells exceeding 24% of efficiency. All the
aforementioned studies on perovskite 4T tandems focus on
specific aspects of the material or device considering several
assumptions. The charge transport in tandem solar cells is
very complex and is not very well understood.

Here, we present a TiberCAD-based drift-diffusion
model to study the roles of various subcell parameters, i.e.,
bandgaps, thicknesses, charge transport layer doping,
contact workfunction and perovskite interface modifica-
tion. A one-dimensional drift-diffusion is implemented by
using real material and device parameters from the
literature. The study is built upon our previous work for
single-junction, and all-perovskite 2T terminal tandem
solar cells [35]. We investigate the subcells individually
while achieving optical-coupling by feeding the top cell
filtered light to the bottom cell. We vary the individual
subcell material and device parameters to obtain the
current–voltage (J–V) characteristics. We also tune both
the subcell’s parameters together to obtain efficiency
contour plots for 4T tandem cells. Theoretically possible
4T tandem efficiencies are calculated for various bandgaps
and thicknesses combinations. Then, trap-assisted losses
are introduced to calculate practically achievable efficien-
cies. Optimized subcell thicknesses and bandgaps are
obtained to realize the maximum efficiency of a 4T
tandem cell. Furthermore, we analyze the role of contact
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workfunctions and doping levels in the charge transport
layer to increase the tandem efficiency further. Finally,
perovskite interface modification is studied to maximize
the 4T tandem efficiency.
2 Simulation model

A finite-element drift-diffusion model is implemented in
TiberCAD [46,47]. The model can perform 3-dimensional
simulations, and has already been used to simulate organic
solar cells [48], organic field-effect transistors [49], PSCs
[14,50] and dye-sensitized solar cells [51].Within themodel,
Fig. 1. 1D simulation model for a perovskite solar cell. Interface
buffer regions are made up of the same material as the perovskite
absorber. The buffers can host defect states and traps, leading to
recombination losses.

Fig. 2. (a) Spectrum splitting in a tandem solar cell, and (b) all-pe
material layers in (b) correspond to the materials used in this stud
Poisson and drift-diffusion equations are solved simulta-
neously for electrons, holes, and trapping centers, consid-
ering the light absorption and the charge carrier
generation-recombination processes. A perovskite solar
cell is mapped into a one-dimensional (1D) system, and
therefore, we solve the drift-diffusion model over 1D space.
The subcells, i.e., top and bottoms cells are simulated
independently. Like our previous studies [35,50,52], the
interface traps are defined in two buffer regions (2 each)
connected to the perovskite and charge transport layers.
Figure 1 shows a 1D perovskite solar cell model for a subcell
in an all-perovskite 4T tandem solar cell.

As shown in Figure 2a, the light filtered from the top
cell is incident on the bottom cell. The high-energy photons
are absorbed by the top cell consisting of a large bandgap
perovskite absorber. The lower energy part of the solar
spectrum is transmitted to the bottom cell consisting of a
low bandgap perovskite absorber.

Upon light exposure, electron-hole pairs are generated
in perovskite absorber, which dissociate into free electrons
and holes by using thermal energy. Due to the concentra-
tion gradient and under the influence of a built-in electric
field, the electrons travel towards the electron transport
layer (ETL), and the holes travel towards the hole
transport layer (HTL). Transport of these charge carriers
is governed by concentration-gradient-induced diffusion
and electrically-induced drift forces. The transport is
defined by the following set of coupled drift-diffusion
equations:

∇⋅ e∇Fð Þ ¼ �q n� pþN�
a �Nþ

d þ n�
t � nþ

t

� �
∇⋅ mnn ∇Fnð Þf g ¼ G�R

∇⋅ mpp ∇Fnð Þ� � ¼ R�G

8><
>: ð1Þ
rovskite four-terminal (4T) tandem solar cell representation. The
y.
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where e is the material permittivity, F is the electrostatic
potential, and q represent the elementary charge. n, p,Nþ

d ,
and N�

a , represent the densities of electrons, holes, ionised
donor impurities, and ionized acceptor impurities, respec-
tively. Electron and hole trapping is goverened by donor
trap density nþ

tð Þ, and, acceptor traps density n�
t

� �
,

respectively. Electrical mobility of electrons and holes are
represented by mn and mp, respectively. Electron and hole
diffusion coefficients are calculated by using Einstein
relation, Dn,p= kTmn,p/q. Fp and Fn govern the (variable)
electrochemical potentials of holes and electrons, respec-
tively. The charge carrier generation G, in the perovskite
absorber is governed by the Lambert-Beer model, and is
given by:

G xð Þ ¼
Z lmax

lmin

’ lð Þa lð Þe�a lð Þxdl ; ð2Þ

where G(x) defines the generation rate at position x. ’ (l)
and a (l) represent the solar light intensity, and the
absorption coefficient at wavelength l, respectively.
Optical generation rate is calculated by using the AM
1.5 standard spectrum between 350 nm and 1500 nm.

To calculate the absorption spectrum (a (l)) within
the perovskite layers, a direct bandgap nature is
considered for the perovskite absorbers [53,54]. Considering
parabolic band approximation, optical absorption is given
by [55]:

a lð Þ ¼ A�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hc

l
� Eg

r
; ð3Þ

where h represent the Planck’s constant. c defines the light
velocity in vacuum, and Eg is the perovskite bandgap.A

* is
defined by the electron and hole effective masses. We
assume the electron and hole effective masses to be
constant, and therefore use A� ¼ 10 cm�1

ffiffiffiffiffiffi
eV

p
as a fitting

parameter [35]. We would like to mention that the “n–k”
based transfer matrix models could be even more accurate
to calculate the optical properties and hence the charge
carrier generation rates. However, in literature, the “n and
k” values are available only for a few perovskites, i.e.,
CH3NH3PbX3 (X= I, Cl, Br) or CH3NH3SnI3. Here, we
present efficiency maps for the bandgaps ranging between
0.8 eV and 2.0 eV. Therefore, we adopt the approach
governed by equations (3) and (2). The simulation results
explained in different sections are fairly close to the
experimentally obtained results [56–60].

The charge carrier recombination rate, R is governed
by direct (bimolecular: radiative) and trap-assisted
nonradiative recombinations. Direct recombination rate
is defined as:

Rdirect ¼ Cdir np� n2
i

� �
; ð4Þ

where Cdir is the direct recombination rate constant, and ni
is the equilibrium carrier density. The role of trap
is modeled by defining trap-assisted nonradiative recombi-
nation rate, given by a Shockley-Read-Hall recombination
rate, as follows [61]:

RSRH ¼ np� n2
i

nþ nieE
�=kBTð Þtp þ pþ pie

�E�=kBTð Þtn
; ð5Þ

where E*=Etrap� (Ec+Ev)/2 is the energy level of the
trap with respect to the midband energy. tp and tn define
the trapping times of holes and electrons, respectively.
Higher trap density results in more trapping and hence
smaller trapping time, and vice versa. Midgap don`or and
acceptor traps are considered as the SRH is shown to be
most effective for the traps located in the middle of the
bandgap [62].

The drift-diffusion simulation parameters are summa-
rized in Table 1. Several studies have employed C60 and
PCBM electron transport layers [63,64], and NIO and
PEDOT:PSS hole transport layers [65–67]. For this
reasons, we use these materials as charge transport layers
in our simulations. High charge-carrier mobilities are
considered in ETL and the HTL to ensure the tandem cell
performance is not limited by the charge transport layers.
To ensure the hole-blocking nature of ETL, the hole
mobility in ETL is considered to be 5 orders of magnitude
smaller than the electron mobility. Similarly, the electron
mobility in the HTL is considered to be 5 orders of
magnitude smaller than the hole mobility. To collect the
charge carriers at the contacts, Schottky-type contacts are
considered. A contact connected to the HTL (ETL) is
regarded as a cathode (anode) of the subcell. Several metal
halide perovskites exhibit a relative permittivity (dielectric
constant) in the range 15–25, and many of them have it
close to 20 [68–70]. For this reason, we fix the perovskite
relative permittivity to be 20. We observed that, changing
the dielectric permittivity has a poor dependence on the
efficiency as the charge carriers are easily separated (from
the electron-hole pairs) and transferred to the charge
transport layers. Cathode and anode workfunctions are
chosen based on the typically available cathode and anode
material (i.e, indium-tin oxide, fluorine-tin oxide, Ag, Au).
Several studies report transparent conductive indium-tin
oxide (ITO) bandgap between �3.9 eV and �5.5 eV
[71–75]. In a tandem device, ITO is a choice of material
for cathode, and it’s workfunction depends on the film
synthesis method, and pre/post treatment processes, i.e,
cleaning (by organic solvents, ultrasonic bath, Ar
sputtering and reactive ion etching, mixture of boiling de-
ionized water, hydrogen peroxide, and ammonia) [71–73],
and surface modification [74,76,77]. Fluorine-tin oxide
(FTO) is another transparent conductive material for the
contacts which exhibits a bandgap between �4.4 eV and
�5.55 eV [71,78,79]. In many perovskite solar cells, FTO/
glass is used as substrate, where FTO serves as anode
contact. Considering the fact that the cathode energy level
should be higher than that of highest occupied molecular
orbital (HOMO) or valence band of the HTL, a cathode
workfunction of�4.9 eV is used initially. The Anode energy
level should be below the lowest unoccupied molecular
orbital (LUMO) or conduction band of the ETL, therefore,
an anode workfunction of �4.5 eV is used in the initial



Table 1. List of parameters used in the drift-diffusion simulation. Parameters marked with asterisks (*) are varied
during the simulations. In case of multiple references, approximated values are chosen from the gives references.

Parameter Value Units References

Electron mobility in perovskite 5 cm2/(V s) [2,80,81]
Hole mobility in perovskite 5 cm2/(V s) [2,80,81]
Perovskite relative permitivity 20 – [68–70]
PCBM bandgap 1.8 eV [82]
PCBM LUMO –5.9 eV [83]
n doping in PCBM 1 � 1014 cm�3

fit.
PCBM relative permitivitty 3.9 – [84]
Electron mobility in PCBM 1 cm2/(V s) fit.
NIO bandgap 2.8 eV [85]
NIO valence band –5.3 eV [85]
NIO relative permitivitty 8 – [86]
p doping in NiO 1 � 1015 cm�3 *
Hole mobility in NIO 1 cm2/(V s) [87,88]
C60 bandgap 2 eV [89]
C60 HOMO –6.2 eV [90]
Electron mobility in C60 1 cm2/(V s) [91]
C60 relative permitivitty 3.03 – [92]
n doping in C60 1 � 1015 cm�3

fit.
PEDOT:PSS bandgap 3 eV [93]
PEDOT:PSS HOMO –5 eV [93]
PEDOT:PSS relative permitivitty 3 – [94]
p doping in PEDOT:PSS 1 � 1016 cm�3 *
Hole mobility in PEDOT:PSS 1 cm2/(V s) fit.
Cathodes Fermi level –4.9 eV [73,75,74]*
Anodes Fermi level –4.5 eV [78,79,71]*
Direct recombination constant 1 � 10�10 cm−3 s−1 [95]
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simulations. Later, the role of the change in workfunction is
studied in detail.

Most of the hybrid perovskites show good ambipolar
mobilities; therefore, equal mobility is chosen for electrons
and holes within the perovskite layer [1,2,32,80]. Moreover,
changing the bandgap by substituting iodine with chlorine
or bromine has minor effects on the mobilities, and many of
the hybrid perovskites show charge carrier mobilities
between 1 cm2/(V s) to 20 cm2/(V s) [2,80,82]. For these
reasons, we consider equal electron and hole mobilities of
5 cm2 /(V s) in the perovskite layers. We start with
CH3NH3PbI3 (Eg=1.55 eV) as a reference for top cell
(NiO/Perovskite/PCBM) parameterization. The fitting
parameters are chosen such that the calculated short-
circuit current density, open-circuit voltage and efficiency
of the subcells are in good agreement with the experimental
values [59]. FASnI3 (Eg=1.24 eV [60]) is considered as
reference for parameterization for the bottom cell. The
stand-alone bottom cell (PEDOT:PSS/Perovskite/C60)
parameters are chosen such that the photovoltaic perfor-
mance, mainly the short circuit current density is in good
agreement with experimental studies [56–58]. However, the
reported open-circuit voltage values for FASnI3 are lower
compared to predicted theoretical values. Other bandgaps
are obtained by symmetrically tuning the conduction and
valence bands of the perovskite. The top and the bottom
cells are simulated independently. The tandem cell
performance is analyzed by parameterizing one subcell
at a time. The 4T tandem efficiency is calculated by
summing up the efficiencies of the subcells.
3 Results and discussion

We start with simulating an ideal (no trap-assisted
recombination losses) top cell to obtain J–V character-
istics. The J–V characteristics are studied as a function of
bandgap and thickness of the perovskite layer. Then, the
J–V characteristics are calculated for (ideal) filtered
bottom cells; the light filtered by a top cell is incident
on the bottom cell. We refer to top (bottom) cell
“perovskite absorber” thickness and bandgap as the top
(bottom) cell thickness and bandgap, respectively. Using
the J–V characteristics, maximum power point efficiencies
are calculated for ideal subcells and a 4T tandem cell.
Later, traps are introduced within the buffers (interface



Fig. 3. Simulated J–V characteristics for top cells with varying
perovskite thickness. The perovskite bandgap is fixed to 1.55 eV.

Fig. 4. Simulated J–V curves for the bottom cells filtered with a
350 nm thick, 1.55 eV bandgap of top cell. The bottom cell
bandgap is fixed at 1.0 eV.

Fig. 5. Simulated J–V characteristics for a filtered bottom cell
with varying the top cell bandgap. The top cell thickness is fixed
at 350 nm. The bottom cells thickness and bandgaps are fixed at
350 nm and 1.0 eV, respectively.
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traps) and the perovskite film (bulk traps) as nonradiative
recombination centers. Efficiency contours are plotted for
various thicknesses and bandgap combinations of the
bottom and top cells.

3.1 No trap-assisted recombination losses

Figure 3 shows simulated top cell J–V characteristics
varying the perovskite layer thickness at a fixed bandgap of
1.55. The chosen bandgap is close to the bandgap of well-
known CH3NH3PbI3 perovskite. With increasing the
perovskite thickness from 200 nm to 350 nm, the short-
circuit current density increases, while the open-circuit
voltage remains almost unchanged. The calculated short-
circuit densities are in the range of experimentally observed
values, and therefore justify the simulation parameters for
various layers and the device as a whole [59,96–98].
Increasing the perovskite thickness beyond 350 nm doesn’t
change the cell performance much. This gives an indication
of the upper limit of the top cell thickness for the given
bandgap.

The light filtered by a 350 nm thick and 1.55 eV
bandgap top cell is incident on bottom cells of bandgap of
1.0 eV. Figure 4 shows the J–V characteristics for filtered
bottom cells with various thicknesses. The bottom cell
thickness is varied from 200 nm to 600 nm. It is observed
that the Jsc increases while increasing the bottom cell
thickness. On the other hand, the Voc decreases with
increasing the perovskite thickness. However, the change in
Voc is rather small compared to the change in Jsc. For the
bottom cell thickness beyond 550 nm, the photovoltaic
performance parameters do not change significantly.

Keeping the bottom cell bandgap and thickness fixed
(1.0 eV and 350 nm, respectively), bottom cell J–V
characteristics are calculated while varying the top cell
bandgap. Figure 5 shows J–V characteristics for bottom
cells filtered by 350 nm thick top cells. Increasing the
bandgap leads to low light absorption by the top cell, and
hence more light is filtered to the bottom cell. This results
in increased bottom cell Jsc with increasing the top cell
bandgap. The bottom cell Voc also increases slightly. This
could occur due to the cell voltage dependence on the light
intensity. However, the change in voltage is small
compared to the change in current density.

Now, the top cell bandgap, top cell thickness and the
bottom cell thickness are fixed to 1.55 eV, 350 nm and
350nm, respectively. The J–V characteristics are calculated
by varying the bottom cell bandgap, as shown in Figure 6.
The bottom cell voltage and current density changewith the
bottom cell bandgap. Similar to a standalone single-junction
cell, the current density increases, and the voltage decreases
while decreasing the bandgap. A low bandgap leads to more
light absorption and therefore produces more current. Since
the output voltage is sensitive to the valence and conduction
band-edges of the perovskite, the output voltage shows a
strong dependence on the bandgap.



Fig. 6. Simulated J–V characteristics for 350 nm thick filtered
bottom cells of different bandgaps. The top cell bandgap and
thickness are fixed at 1.55 eV and 350 nm, respectively. Increasing
the bottom cell bandgap result in increases current and reduced
output voltage.

Fig. 7. 4T tandem solar cell efficiency for different bandgaps of
top and bottom cells, without considering trap-assisted recombi-
nation losses. The thicknesses for both the top and bottom cells
are fixed at 350 nm.

Fig. 8. 4T tandem solar cell efficiency for different thicknesses of
top and bottom cells, without considering trap-assisted recombi-
nation losses. The bandgaps of the top and bottom cells are fixed
at 1.55 eV and 1.0 eV, respectively.

A. Singh and A. Gagliardi: EPJ Photovoltaics 12, 4 (2021) 7
So far, the J–V characteristics were calculated to
analyze the impact of thicknesses and bandgap on the
performance of the individual subcells. The changes in
subcell’s voltage and current density lead to change the
tandem cell output power and efficiency. In the next
analysis, the top and bottom cell thickness are fixed, and
their bandgaps are varied to analyze the efficiency of a 4T
tandem cell. The bottom cell bandgap is varied between
0.8 eV and 1.45 eV, and the top cell bandgap is varied
between 1.55 eV and 2.0 eV. Figure 7 shows the calculated
4T tandem cell efficiencies for fixed top and bottom cell
thicknesses at 350 nm. A maximum of ≃37% efficiency is
obtained for a bottom cell bandgap of 0.9 eV and top cell
bandgap of 1.5 eV. to 1.55 eV. Increasing the bottom cell
bandgap leads to less optical absorption; therefore, the
tandem efficiency decreases. Increasing the top cell
bandgap results in more light filtered to the bottom cell;
however, the top cell underperforms due to low light
absorption, and therefore the tandem efficiency decreases.
About 33.5% of tandem efficiency is observed close to a top
cell bandgap of 1.55 eV (corresponding to the well known
CH3NH3PbI3 perovskite), and a bottom cell bandgap of
1.2 eV (close to Si bandgap). This bandgap combination is
a promising for developing Si/perovskite and fully-
perovskite tandem solar cells.

This is evident from the efficiency plot that, to realize
the best use of solar spectrum, a low bandgap bottom cell
(about 1.0 eV) is desired along with a wide bandgap top
cell. Numerous perovskite materials have been proposed for
the top cell, with bandgaps ranging from 1.55 eV to 2.3 eV
[4,11,20,99]. In contrast, there are less number of options
available for low bandgap perovskites for a bottom cell. Tin
(Sn)-based andmixed-cation perovskites show bandgaps in
the range 0.9 eV to 1.3 eV [20,40,100]. Therefore, Sn-based
perovskites have potential application in all-perovskite
tandem photovoltaics.

For our next analysis, two bandgap combinations are
chosen to analyze the tandem efficiency as a function of
subcell thickness. One set of bandgaps is chosen corre-
sponding to 1.55 eV and 1.0 eV of bandgaps of the top and
bottom cells, respectively. 4T tandem cell efficiencies are
calculated by varying the subcell thicknesses, as shown in
Figure 8. It is observed that the chosen bandgap
combination has the potential to exceed 36.5% of efficiency.

Increasing the bottom cell thickness results in more
absorption by this cell and hence in more output current.
Therefore, the tandem efficiency increases with increasing



Fig. 9. 4T tandem solar cell efficiency for different thicknesses of
top and bottom cells, with top and bottom cell bandgaps fixed at
1.82 eV and 1.20 eV, respectively. Trap-assisted recombination
losses have not been considered.

Fig. 10. 4T tandem solar cell efficiency for different bandgaps of
top and bottom cells with trap-assisted recombinations. The
thicknesses for both the top and bottom cells are fixed at 350 nm.
Both bulk and interface traps are considered in top and bottom
cells.
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the bottom cell thickness. The increment in the efficiency is
more prominent for the thicknesses between 200 nm to
300 nm. Beyond 300 nm, the current increment becomes
rather small. Optimum efficiency is obtained for a bottom
cell thickness of ≃500 nm. On the other hand, the tandem
efficiency shows a poor dependence on the top cell thickness
as compared to the bottom cell thickness. Increasing the
top cell thickness beyond ∼280 nm does not change the
tandem efficiency. This could be due to the fact that the top
cell absorption saturates beyond this thickness. Therefore,
the charge carrier generation and the output current
density do not increase. Increasing the perovskite thickness
beyond diffusion length will lead to suppress the charge
carrier transport and hence the output current. In this case,
since the traps are not considered, the diffusion lengths are
much higher than 450 nm. Therefore a drop in efficiency is
not observed while increasing the top cell thickness upto
450 nm. This is clear from here that, for the given bandgap
combination, about 300 nm top and about 500 nm bottom
cells are required to obtain theoretically optimum tandem
efficiency.

Another set of bandgaps is chosen close to the
experimentally demonstrated bandgaps for all-perovskite
tandem cells [20,30,32,39,41]. The top and bottom cell
bandgaps are chosen to be 1.82 eV and 1.2 eV. The 4T
tandem efficiencies are calculated for various subcell
thicknesses. As shown in Figure 9, the maximum
achievable efficiency reduces to about 33.5%, as opposed
to ≃36.5% for (1.55 eV and 1.0 eV). This could be because
the solar spectrum below 1.2 eV is not absorbed, and is
filtered out by the bottom cell. Also, the top cell in this case
(which is the current limiting cell) operates at lower
current, as compared to 1.55 eV top cell in the previous
case. Interestingly, a thinner top cell is required to get the
optimum efficiency. The optimum thicknesses are found to
be about 250 nm and≃500 nm for the top and bottom cells,
respectively.
3.2 The impact of trap-assisted nonradiative
recombinations

So far, ideal devices were considered as the top and bottom
cells without trap-assisted recombinations. It is well
known that IOHP films consist of grain boundaries and
other defects, which lead to trap-assisted recombinations
[101–103]. Also, interfaces between the perovskite and the
charge transport layers host the traps, and they have been
found to be the dominating recombination centers in the
perovskite cells [104–106]. Despite other losses, the trap-
assisted nonradiative recombinations have been considered
to be the main losses limiting the cell performance
[80,102,105].

In our next analysis, we introduce trap-assisted non-
radiative recombinations in both the top and bottom cells.
The recombination is determined by trapping times of
electrons and holes as defined by equation (5). The trap
density andhence the trapping timedepends on the absorber
material quality and the device fabrication scheme. In this
study, to keep the analysis simple, equal trapping times are
considered inboth the subcells. Since the interfaces consist of
more traps, a smaller trapping time is assigned for the
interfaces in contrast to the bulk of perovskite film. Within
the interface buffers, tn= tp=1� 10�9 is considered. In the
bulk perovskite film, tn= tp=5� 10�7 is considered [95].

Considering trap-assisted recombination, 4T tandem
efficiency is calculated for various combinations of
thicknesses and bandgaps of subcells. Figure 10 shows
tandem cell efficiencies for different bandgap combinations.
As compared to the ideal cells (see Fig. 7), the maximum
achievable efficiency reduces to 31.2%. Also, the optimum
bandgap shifts to a higher top cell bandgap, i.e., 1.55 eV to
1.6 eV. However, the bottom cell optimum bandgap
remains almost constant about 0.9 eV. Interestingly, for



Fig. 11. 4T tandem solar cell efficiency for different thicknesses
of top and bottom cells considering trap-assisted recombination
losses. The top and bottom cell bandgaps are fixed at 1.55 eV and
1.0 eV, respectively. Traps are considered in the interface buffers
and the bulk perovskite film of both the subcells.

Fig. 12. 4T tandem solar cell efficiency for different thicknesses
of top and bottom cells considering trap-assisted recombination
losses. The top and bottom cell bandgaps are fixed at 1.82 eV and
1.2 eV, respectively. Interface and bulk traps are considered in
both the subcells.
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some of the bottom cell bandgaps (i.e., 1.15 eV to 1.35 eV),
at a fixed top cell bandgap (i.e., 1.82 eV), the tandem
efficiency initially decreases, then increases, and then again
decreases. This could be due to the choice of parameters in
the study. Moreover, the relative change in the efficiency is
small (i.e., for bottom cell bandgap of 1.35 eV versus
1.4 eV). In the simulations, energy levels of the charge
transport layers and the contact workfunctions are fixed,
while the perovskite bandgap is changed symmetrically
(same amount of change in the conduction and valence
bands). The tandem efficiency can slightly change if
different charge transport layers are used.

For two bandgap combinations, thickness dependence
on tandem efficiency is analyzed. Figure 11 shows
calculated efficiency for the top and bottom cell bandgaps
of 1.55 eV and, 1.0 eV, respectively. A maximum of 30.05%
efficiency is obtained for top and bottom cell thicknesses of
350 nm and 350 nm, respectively. Increasing bottom cell
thickness to 450 nm, and simultaneously decreasing the top
cell thickness to 250 nm result in a maximum of 29.94%
tandem efficiency. At a fixed top cell thickness of 250 nm, it
is found that increasing the bottom cell thickness beyond
350 nm does not lead to significant improvement in the
tandem efficiency. Increasing the bottom cell thickness
leads to more absorption of the available solar spectrum;
however, increased thickness result in more nonradiative
recombinations in the bottom cell. This correlation
between the bottom cell absorption and the nonradiative
recombination leads to a particular thickness window
correspond to the optimum output efficiency.

Figure 12 shows simulated efficiencies for top and
bottom cell bandgaps of 1.82 eV and 1.2 eV, respectively. It
can be clearly seen that the optimum efficiency shifts to a
lower thickness of the top cell. Also, amaximum of 25.4% of
tandem efficiency is obtained for a top cell of 250 nm, in
combination with a bottom cell of 350 nm. For 350 nm
bottom cell, decreasing the top cell thickness to 200 nm
leads to only a slight decrease in the tandem efficiency
(25.3%). An increase in the top cell thickness results in
reduced tandem efficiency.

Increasing the top cell thickness leads to increased
nonradiative recombinations in the top cell, resulting in
overall decreases in the tandem efficiency. Since a good
amount of light is filtered to the bottom cell (by a top cell
of 1.82 eV), a comparatively thicker bottom cell is desired
to absorb the available light. However, at higher bottom
cell thickness beyond ≃400 nm, the bottom cell perfor-
mance is limited by the nonradiative recombinations,
and hence the tandem efficiency decreases. Precise
control of trap density and charge carrier mobility is
always difficult during the fabrication process. Therefore,
this is worth mentioning that different trapping
strengths (tn, tp) and charge carrier mobilities in
perovskite layer can result in different optimum thick-
nesses [35].

3.3 Doping in charge transport layers

One important merit of a 4T configuration over a 2T
configuration is that, in a 4T tandem configuration, the top
and bottom cells can be optimized independently. For a
single-junction cell, energy alignment throughout the
device is important in the transport and collection of
photogenerated charge carriers. The energy alignment
depends on the conduction and valence bands of each of the
material, and the workfunctions of the contact materials
used in a cell. Furthermore, the doping level in the charge
transport layers determines the Fermi energy level in those
layers. The Fermi level plays a crucial role in the charge
transport within a solar cell. Doping of charge transport
layers has been reported to improve the performance of a
single-junction perovskite cell [98,107]. In a 4T tandem



Fig. 13. Calculated tandem efficiency with doping in top and
bottom cell hole transport layers. Initially, the top cell doping is
fixed at 1� 1018 cm�3, and the bottom cell efficiency is increased
upto 1� 1018 cm�3. Then, the bottom cell HTL doping is fixed at
1� 1018 cm�3, and the top cell HTL is doping is varied upto
1� 1018 cm�3. The top and bottom cell bandgaps are chosen to be
1.55 eV and 1.0 eV, respectively. The top and bottom cell
thicknesses are fixed at 250 nm and 350 nm, respectively.
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architecture, the subcell charge transport layers can be
doped to individually improve the subcells and hence the
tandem cell performance.

In this study, we investigate the impact of doping level
in the HTL of top and bottom cells. A bandgap
combination, 1.55 eV and 1.0 eV (top and bottom cells,
respectively) is chosen for the analysis. Taking the
efficiency map (Fig. 11) into consideration, the top and
bottom cell thicknesses are chosen to be 250 nm and
350 nm, respectively. Initially, the top cell HTL doping is
kept to 1� 1015 cm�3 (the same as used for all the analysis so
far).ThebottomcellHTLdoping isvaried from1� 1015 cm�3

to 1� 1018 cm�3. Calculated 4T tandem efficiency is
shown by blue marks in Figure 13. An improvement in the
bottom cell and consequently in the tandem efficiency is
observed upon doping. At a bottom cell HTL doping of
1� 1018 cm�3, the tandem cell efficiency increases to
30.8%. Beyond 1� 1018 cm�3, we do not observe much
improvement in the output efficiency.

ThebottomcellHTLdoping is thenfixedat1� 1018cm�3,
and the top cell HTL doping is increased. With an increase
in the top cell HTL doping, the tandem efficiency increases
significantly. Upon HTL doping, the improvement in
bottom cell efficiency is infact higher than that of bottom
cell. This results in higher tandem cell efficiency. For
top ell HTL doping of 1� 1018 cm�3, the tandem
cell efficiency exceeds 33%. Beyond 1� 1018 cm-3, the
efficiency starts drooping. And therefore, we limit our
analysis to 2� 1018 cm�3 of HTL doping. We would like to
mention that the optimum doping level also depends on
the energy levels of different layers and the contact
workfunctions. In this study, a constant-mobility model is
employed. However, in an organic charge transport layer,
increased doping can result in reduced charge carrier
mobility [108]. Therefore, a trade-off can be found
between the efficiency increment due to the energy
alignment improvement and the decreased mobility. In
a tandem cell, both the top cell contacts, and the bottom
cell front contact are needed to be optically transparent.
There are not many suitable choices available for
transparent contacts, mainly for low bandgap perovskite
cells. In that case, doping in charge transport can help to
find good energy alignment throughout the device.

3.4 Contact work function

Workfunctions of the cathode and anode contacts play
important role in charge extraction from a solar cell. In a
tandem cell, FTO and ITO are commonly used as
transparent contact for the top cell contacts and the front
contact of the bottom cell. For the maximum efficiency of a
cell, an optimum contact workfunction is desired with
respect to the perovskite material and the charge transport
layers. Workfunction tuning of transparent ITO can be
achieved by controlling growth parameters, capacitively
coupled plasma [109], and by using amino-functionalized
polyfluorene and self-assembled monolayers [74,76,77].
Similarly, FTO workfunction can be tuned by controlling
growth parameters, ion-implantation [78] and surface
modification techniques [110,111]. Also, in the bottom
cell, the bottom contact can be replaced by metal contact
which is optically opaque. Here, we study the impact of
changing the contact workfunctions of the bottom cell
while keeping the top cell contacts unchanged. The top and
bottom cell thicknesses and bandgaps are kept the same as
Section 3.3. Initially, the bottom cell cathode is fixed to
�4.9 eV, and the anode workfunction is varied between
�4.1 eV and �4.5 eV. We observe that the tandem cell
efficiency increases (from 32.02% at�4.1 eV) to 32.15% (at
�4.5 eV). The increase in efficiency can be attributed to
increased electron collection at the anode contact. Lower-
ing the energy level of the anode eases the electron injection
from the ETL to the anode. To note that a different
alignment throughout the cell (energy levels of all the
layers and cathode) can result in different trend of tandem
efficiecny with respoce to anode energy level. Therefore, the
choice of anode material strongly depends on the device
architecture. As a next analysis we fix the anode energy
level to �4.4 eV (commonly used FTO workfunction
[71,73,112]), and tune the cathode workfunction between
between �4.7 eV and �5.3 eV. The efficiency increases
while changing workfunction from�4.7 eV to�5.0 eV. The
increased efficiency could be attributed to increased hole
transfer from the HTL to the cathode. Further shift in the
cathode workfunction does not significantly change
the tandem efficiency. Figure 14 summarizes the tandem
cell efficiency as function of bottom cell anode and cathode
workfunctions. A similar analysis could be done to optimize
the top cell contact workfunctions.

For the top cell, both the cathode and anode are desired
to be transparent, so that the unabsorbed light is filtered to
the bottom cell. On the other hand, in a bottom cell, the
bottom contact can be optically opaque. Therefore, the
bottom cell cathode contact can be made up of metals, such
as gold (Au). For our further analysis, we fix cathode



Fig. 14. (a) Tandem cell efficiency as function of bottom cell anode workfunction at a fixed cathode workfunction of �4.9 eV.
(b) Tandem cell efficiency as function of bottom cell cathode workfunction at a fixed anode workfunction of �4.4 eV.

Fig. 15. Perovskite surface energy levels shifting scheme. The
regions shown in the blue circles show the shifted conduction and
valence bands of the perovskite layer near the perovskite/HTL
interface. Both the conduction and valence bands are shifted by
the same amount.
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workfunction to be �5.1 eV, which is close to the gold
workfunction. For the anode contact, FTO can be used for
both the top and bottom cells. Therefore, for further
analysis, FTO anode (–4.4 eV) will be considered for both
top and bottom cells.

3.5 Perovskite surface functionalization

Doping in the charge transport layer is a cumbersome
process, and it is sometimes difficult to obtain high doping
in charge transport layers. Also, due to limited number of
available transparent charge transport layer materials and
transparent conductive oxides, it is not always possible to
obtain a good energy alignment for all perovskite
bandgaps. In that case, the charge injection from the
perovskite into the charge transport layers becomes
difficult, and an optimum efficiency is not achieved. The
charge injection from the perovskite into the charge
transport layers could be improved via surfacemodification
of perovskite layer. This technique could be useful to obtain
high efficiency even for low-doped charge transport layers.
Changing the perovskite energy levels via surface modifi-
cation near the perovskite/HTL and/or perovskite/ETL
interfaces improves the energy alignment and hence the
performance of perovskite solar cells [14,113–115]. The
perovskite energy levels can be tuned by creating surface
dipoles by using self assembled molecules [14,113,114].
The direction of the dipole moments determines the
positive and negative shift in the perovskite energy levels
near the surface. Figure 15 shows scheme of changing
perovskite energy levels near perovskite/HTL interface.

Here, we study the impact of change in the perovskite
energy levels near the perovskite/HTL interface. Both the
conduction and valence bands are shiffted by the same
amount. An upward shift is considered to be a
positive shift, and vice versa. Similar to our previous
study [14], the change in the perovskite energy levels is
modeled by using a 2 nm buffer region with the material
properties same as the perovskite layer, except the shifted
valence and conduction bands. First, we study the impact
of the perovskite energy level shift in the top cell. At the
interface, the perovskite valence and conduction are shifted
between �100 meV and +40 meV with respect to the bulk
perovskite layer. This is observed that the tandem
efficiency increases with a negative shift, and decreases
with a positive shift. For a negative shift higher than
≃� 80 meV, the tandem efficiency no more increases, as
shown in Figure 16a. It can be inferred that, for≃� 80 meV
of shift, the hole quasi-Fermi level (Qfh) of perovskite and
the HTL Fermi levels are optimally aligned to result in
maximum hole transfer from the perovskite into the HTL.

A similar analysis is done by tuning interface energy
levels of the bottom cell perovskite. The top cell perovskite
energy levels are brought back to the reference (0 meV
shift), and the bottom perovskite (interface) energy levels



Fig. 16. (a) Tandem cell efficiency as function of top perovskite energy level shift near the perovskite/HTL interface. (b) Tandem cell
efficiency as function of bottom perovskite energy level shift near the perovskite/HTL interface. Both the conduction and valence
bands are shifted by the same amount. In contrast to no shift in energy levels, circle and triangle marks show increase and decrease in
the efficiency, respectively.
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are shifted between �50 meV and +100 meV. Unlike the
case for the top cell, the bottom cell performance improves
for a positive shift in the perovskite energy levels. The
tandem efficiency of about 30.5% is obtained for a shift of
+60 meV. The efficiency starts decreasing for a shift
exceeding +80 meV. A positive shift in the perovskite
energy levels brings perovskite Qfh close to the HTL Fermi
level leading to increase hole injection. For the shift
exceeding +80 meV, the HTL Fermi level comes to a lower
level as compared to the Qfh, which limits the hole transfer
from perovskite to HTL. This reduced hole transfer yield
results in a poor performing bottom cell, and ultimately to
a reduced tandem efficiency.

We have studied the impact of the energy level tuning
of top and bottom cell perovskites individually. However,
in a tandem cell, both the top and bottom cell perovskite
energy levels can be modified to obtain the optimum
tandem efficiency. Surface modification is a powerful
tool in 4T tandem configuration as there is no need of
current matching between the top and bottom cells.
However, the trend in the efficiency with respect to the
perovskite energy levels depends on several other
parameters, i.e., initial energy levels of the perovskite
layer, valence band of HTL, doping level in HTL and the
cathode Fermi level. Therefore, a different device
architecture can result in a different trend while tuning
the perovskite energy levels.
4 Conclusion

In conclusion, we have investigated all-perovskite 4T
tandem cell efficiency as a function of subcell thicknesses,
bandgaps, contact workfunctions, perovskite energy level
modification and HTL doping. A one-dimensional drift-
diffusionmodel calculates efficiency for ideal devices as well
as devices with trap-assisted recombinations. In an ideal
case, the 4T configuration can achieve power conversion
efficiencies up to 37%. Interface and bulk traps play an
important role in limiting tandem cell efficiency. For bulk-
trap time constant tn= tp=5� 10�7 and interface trap
time constant tn= tp=1� 10�9, a 4T tandem cell can
achieve more than 33% of practical efficiencies. Optimum
output efficiency is obtained for a top cell bandgap of about
1.55 eV and a bottom cell bandgap of about 0.9 eV. The
optimum top and bottom cell thicknesses are found to be
≃250 nm and 450 nm, respectively. Experimentally
reported top and bottom cells of bandgaps about 1.8 eV,
and 1.2 eV, respectively, can achieve power conversion
efficiency about 26% (considering trap-assisted losses,
without energy alignment optimization). Further, the
efficiency can be pushed higher by optimizing energy
alignment within the subcells, i.e., by using optimized
contact workfunctions, doping, and perovskite surface
modification. Energy alignment within a subcell deter-
mines the charge transport in that cell. Doping in charge
transport layers can help improve the charge transport in a
subcell and hence the efficiency of the tandem cell.
Considering the constant-mobility model for 1.55 eV top
cell and 1.0 eV bottom cell, the p-type doping in
hole transport layers can improve efficiency by ≃4.5%.
However, the impact of doping level also depends on other
factors such as choice of bandgaps, individual energy levels
of each layer, and the contact workfunctions. Therefore,
the doping should be optimized independently depending
upon the device architecture and the energy level
alignment in a subcell. By using surface modification of
perovskite layer, a better charge injection from the
perovskite to the charge transport layer can be obtained.
The perovskite surface modification could be a powerful
tool to achieve an optimum energy alignment even in case
of low-doped charge transport layers.
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