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ABSTRACT
In recent years, the development of perovskite/perovskite/silicon triple junction solar cells has received considerable attention,

aiming to exceed the efficiency of perovskite/silicon dual junction solar cells. Various challenges must be addressed to reach these

efficiencies and justify the additional complexity. This article outlines a simulation-based roadmap for improving the structure of

these cells. It discusses critical issues and estimates potential improvements for perovskite/perovskite/silicon solar cells based on

device architectures developed at Fraunhofer ISE and EPFL. The article describes potential challenges related to thickening the

middle perovskite absorber to achieve current matching. It explains the observed losses in fill factor in the top cell with a high

bandgap, which arise from an insufficient hole barrier caused by unfavorable valence-band alignment between the perovskite and

the electron transport layer. These aspects are examined through numerical device simulations.

1 | Introduction

In the field of perovskite multijunction solar cells, perovskite/
perovskite/silicon triple junction solar cells have attracted grow-
ing interest in recent years. From the first proof of concept in
2018 [1], several improvements have been made on this structure
[2]. Perovskite compositions have become more stable and
less prone to nonradiative recombination [3–9]. Deposition tech-
niques [6, 10, 11], suitable charge transport layers [7, 12], and
interface passivation [5, 7, 13] have been engineered, light man-
agement has been improved [3, 10, 11, 14], and appropriate char-
acterization techniques have been developed [5, 10]. These
advances led to a significant increase in efficiency up to 30.5%
[15]. However, to justify the increased complexity that comes
with a triple junction compared to the perovskite/silicon tandem,
the efficiency of the triple junction must eventually exceed that
of the dual junction devices, which currently have a record
of 34.85% [16].

To illustrate the current state of the triple junction, Figure 1
shows an overview of different efficiency limits of silicon-based
single, dual and triple cell structures. In previous publications,
we assigned a “practical potential” to the perovskite/silicon dual
junction [19] and the perovskite/perovskite/silicon solar cells
[20] based on a detailed opto-electrical device simulation. In
terms of optics, the bandgaps and thicknesses of the absorbers
are chosen to achieve balanced absorption, while the interlayers
are kept as thin as possible to minimize parasitic absorption. The
maximum thickness of the perovskite absorbers is set to 1500 nm
to reflect the latest advancements. The electrical simulation is
conducted with idealized electrical parameters, i.e., high charge
carrier lifetimes, no nonradiative recombination, perfect band
alignments for the transport layers, and no ionic effects or series
resistances. The efficiency gap between the current experimental
record and the practical potential efficiency is much smaller for
the dual junction structure than for the triple structure. From the
current triple junction cell efficiency record (experimental) of
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30.5% to the practical potential of 44.6%, there is a gap of 14.1%abs

compared to the gap of 4.6%abs (39.5%− 34.9%) for dual junction
perovskite/silicon cells. The theoretical limit, considering Auger-
limitation for the silicon bottom cell and detailed balance for the
perovskite cells, is 43.2% for dual junction cells and 48.4% [18] for
the triple junction cells.

One of the main challenges of two-terminal perovskite/perovskite/
silicon cells is the right choice of the bandgap of the middle cell
absorber. As an optimal utilization of the solar spectrum is only
achieved by current matching, the appropriate bandgap combina-
tion and absorber thicknesses must be selected. Detailed balance
calculations for a silicon (1.12 eV bandgap) based triple junction
cell predict an ideal combination of 1.50 and 2.01 eV [17] for
the perovskites. However, when considering realistic reflection
and parasitic absorption, simulations indicate that the ideal bandg-
aps for a practical efficiency limit are around 1.45− 1.50 eV for the
middle cell and 2.00− 2.05 eV for the top cell [20, 22], depending
on the cell thicknesses. Current implementations of perovskite/
perovskite/silicon cells have middle cell bandgaps ranging from
1.52 to 1.56 eV [2]. As the middle cell’s bandgap is higher than
optimal, current matching across all three cells is more difficult
or not possible to achieve. Building a suitable and stable middle
cell absorber with a bandgap between 1.45 and 1.50 eV is a rel-
evant challenge to the field.

Perovskites within this range are available, but they typically rely
on less stable Sn/Pb-based compositions [23]. FAPbI3-based per-
ovskites are the most promising candidates for filling this spot
[24, 25] with a bandgap around 1.47 eV. However, they have deg-
radation and phase stability issues during annealing. The cubic
α-phase converts into the unfavorable polymorph δ-phase [26].
Stabilizing FAPbI3-based perovskites is an important research
topic for the perovskite-based triple junctions, as this would solve

the current matching issue. The implementation of FAPbI3-based
perovskites with a bandgap of 1.50 eV in triple junctions has also
been reported [8].

For the EPFL champion cell examined in this article, a middle
cell bandgap of 1.55 eV was extracted from EQE measurements.
With this boundary condition of the middle cell bandgap, the
maximum efficiency potential is calculated to be 46.7%. There
is a difference of �5%abs from the dual junction to the triple struc-
ture in both the theoretical limit and the practical potential, rep-
resenting the potential gain from adding a subcell to the structure.
1.6%abs of this potential gain is already lost in the theoretical limit
(considering Auger-limited Si) when the middle cell bandgap can-
not be achieved below 1.55 eV, making surpassing the dual junc-
tion efficiency even more difficult.

This article provides guidelines for closing the gap between the
current achieved efficiency and the theoretical limit by quantify-
ing the gains from different improvements using opto-electrical
numerical simulation. The simulation can resolve perovskite/
perovskite/silicon triple-junction cells at the component level.
It captures interface physics, individual recombination path-
ways, and parasitic currents. It also accounts for mobile ions
and furthermore, pinpoints current and voltage losses using
band-diagram analysis. These features enable a comprehensive
opto-electrical loss analysis of the structure, which has not been
done before. It is based on a Sentaurus TCAD [27] device sim-
ulation described in Section 2.1 and its validation is given in
Section 2.2. A detailed efficiency analysis of the perovskite/
perovskite/silicon cells based on device architectures developed
at Fraunhofer ISE and EPFL is presented in Section 3.1.

Based on this analysis, it is evident that maximizing the short-
circuit current is vital for the triple-junction cell and can be
achieved by increasing the thickness of the middle perovskite

FIGURE 1 | Overview of the theoretical efficiencies for single, dual junction and triple junction solar cells. The different scenarios are the detailed

balance limit [17], Auger limited silicon bottom cell with and without the constraint of a middle cell bandgap of Eg, mid= 1.55 eV [18] for the triple

junction structure. Without the constraint, the middle cell bandgap for detailed balance is Eg, mid= 1.50 eV. The practical potential considers further

optical losses due to finite reflection and parasitic absorption losses and amaximum thickness of the perovskite absorber of 1500 nm [19, 20]. Without the

constrain on the middle cell bandgap, the optimal bandgap of the practical potential is again Eg, mid= 1.50 eV. For a maximum perovskite thickness of

600 nm, the bandgap decreases to 1.45 eV. The experimental cell records of the respective structures are also shown [15, 16, 21].
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absorber to 1000–1500 nm. However, increasing the thickness
may introduce additional challenges, which are further discussed
in Section 3.2. Another important loss channel is recombination
and transport losses in the top perovskite cell. This leads to a
strong current loss at the maximum power point. The origin
of this loss is identified and the critical parameters that need
to be addressed are outlined in 3.3.

2 | Simulation Method

In Section 2.1, the basic models, simulated cell structures and
measurement procedures are described. This paper analyzes
two perovskite/perovskite/silicon triple junctions: state-of-the-
art cells from Fraunhofer ISE (developed in 2024) and EPFL
(developed in 2025). Hereafter, the cell from Fraunhofer ISE
is referred to as “Cell A” and the cell from EPFL as “Cell B”.
Cell A is described in more detail first. The differences from cell
B are highlighted at the end of the section. In Section 2.2, model
customization for each cell and the parameter adjustments are
described.

2.1 | Modeling Approach and Simulation Input

The simulation consists of two parts. An optical simulation deter-
mines the photogeneration within each absorber. This serves as
input for an electrical simulation which calculates the current-
density–voltage curve ( jV-curve) and band diagrams of the cell.
Sentaurus TCAD [27] is used for the optical and the electrical
part. The optical simulation consists of a combination of the
transfer matrix method and ray-tracing. The electrical simulation
is based on the drift-diffusion equation of electrons, holes, and
mobile ions. Additionally, models for radiative, Shockley–
Read–Hall (SRH), and Auger recombination, and tunneling
are implemented. The mobile anions and cations are modeled

with a mobile charge density distribution, negative and positive,
respectively. Both have the same initial density in the simulation
to keep the cell electrically neutral but differ in their diffusion
coefficients. The simulation has successfully modeled various
solar cells in previous studies [19, 20, 28–30].

The model used in this article is based on the opto-electrical
perovskite/silicon dual junction model [19], with additional cus-
tomizations for the present triple junction structure (see
Section 2.2). The simulation procedure for the jV-curves involves
preconditioning of 500 s at open circuit and at one sun illumina-
tion, followed by reverse and forward scans performed at a scan
rate of 60 mV/s. For the current density–internal voltage (iVOC)
curves, the average of the quasi-Fermi level splitting (divided
by the elementary charge) over the absorber(s) was taken for
every current.

The simulation model as well as the measurements are based on
standard testing conditions, involving the AM1.5G spectrum and
a temperature of 25°C [31]. Temperature changes and spectral
variations in different locations around the globe can, however,
significantly affect the cell performance. Triple junction can espe-
cially suffer from spectral variations as its current match situa-
tion depends on it. Bandgaps do also change with temperature.
While the silicon bandgap narrows with increasing temperature,
the bandgaps of perovskites enlarge [32]. It should also be noted
that subcells could be driven into reverse bias, potentially destroy-
ing the device [33].

The structure of cell A [5] is shown in Figure 2a. It consists of a
silicon hetero-junction (SHJ) bottom cell with a thickness of
250 μm and a textured rear side. The middle cell features
PTAA as hole transport layer (HTL), a perovskite absorber with
a composition of Cs0.05(FA0.9MA0.1)0.95Pb(I0.95Br0.05)3 with a
bandgap of Eg=1.56 eV, and C60/SnOx as electron transport layer
(ETL)/buffer material. On top of the ITO recombination layer,
the self-assembled monolayer (SAM) 2PACz is used as HTL
for the Cs0.20FA0.71MA0.09Pb(I0.64Br0.27Cl0.09)3 top cell perovskite

FIGURE 2 | Structure of the examined cells. The cell A on the left, and cell B on the right (adapted from [15]). The photocurrent and thickness values

are based on the optical simulations, for the EQE of cell A refer to [20], for cell B to Figure S1.
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absorber with a 1.83 eV bandgap. C60 is also used as ETL for the
top cell, but with an additional piperazinium iodide (PI) passiv-
ation layer [5]. SnOx is used as a buffer layer, ITO for recombi-
nation and lateral conduction and MgF2 as an antireflection
coating on top.

By contrast, cell B [13], which is shown in Figure 2b, uses differ-
ent compositions for the middle and top perovskites, with respec-
tive bandgaps of 1.55 and 1.90 eV as determined from the
measured EQE. The silicon bottom cell is an n-type rear emitter
SHJ. SAM (Me-4PACz) are used for both the middle and top cells.
SiOx nanoparticles are used as a middle reflector between the
middle perovskite and the silicon subcell. IZrO is used as an
interconnection layer instead of ITO between perovskite subcells,
and a different antireflection coating is used (NaFx).

For the cell B, the absorber thicknesses are based on measured
external quantum efficiencies and partial currents, see (Figure S1).
The hole transport layers of the top and middle cells are
replaced by Me-4PACz instead of 2PACz and PTAA, respec-
tively, in the model. Their HTL interface recombination and
dipole moments are adjusted according to the jV-measurements
(see Section 2.2).

2.2 | Model Validation

To verify the model, it is compared against experimental data,
namely the jV-curve of the individual cells and the total triple
junction cell, as well as the measured iVOC. This is shown in
Figure 3. For cell A, the perovskite subcells are also built in
the laboratory as semitransparent single junction solar cells on
top of a glass substrate. They are illuminated from the same side
as the triple junction solar cell. This allows the model to be
adjusted individually for each subcell and then composed into
a triple junction model. The thicknesses of the layers are set
according to thickness measurements and an adjustment of
the EQE [20]. The absorption calculated from the optical model-
ing is then input for the electrical simulation, in which the cell
parameters were adjusted to match the shape of the jV-curve and
the measured iVOC.

The band parameters of the perovskites are based on ultraviolet
photoelectron spectroscopy (UPS) [34] of a reference 1.68 eV perov-
skite with a composition of Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3.
The band parameters of C60 (ETL) with and without PI are also
taken from this reference. For the perovskites with higher or lower
bandgap energy, the change in bandgap is distributed evenly to the
conduction band minimum and the valence band maximum.
Interface recombination, doping, and dipole moments were
adjusted to match the experimental data of jV-curve and
iVOC measurements. Thus, the jsc is mainly given by the optical
input, while the VOC/iVOC is determined by the combination of
recombination channels and band alignment of the interfaces.
As the recombination currents at every channel are voltage
dependent, the shape of the jV-curve and the fill-factor can
be used to estimate the magnitudes of the individual channels.
The hysteresis of reverse and forward scans is influenced by the
ion concentration and their movement. Because of this proce-
dure, every parameter has an uncertainty. Based on the knowl-
edge of prior models and measurements, combined with a good
agreement by parameter changes within realistic boundaries, the
confidence of the model is sufficient to make some quantified
statements for a loss analysis. A detailed list of the assumed param-
eters and jV-parameters can be found in the (Tables S1–S4).

After adjusting the model to the single junction data, it can be
combined to a triple junction simulation. For cell A, however,
VOC is slightly underestimated and the fill factor is overestimated.
This may be because a measurement procedure was used for the
single junctions where it jumped to every point on the voltage
axis from VOC and back. This results in different ion movement
and hysteresis compared to a continuous jV reverse and forward
scan, which was used for the triple junction. In comparison to a
single junction measurement, in the multijunction configuration,
the middle cell (the current limited cell) is driven into strong
reverse bias conditions, which could lead to different ion move-
ment or potential cell damage [33].

According to the described differences of cell B in Section 2.1, the
absorber thicknesses and HTL of the middle and top cell were
adjusted. The current density in the actual cell is not only
increased by a thicker middle cell, but also with an intermediate

FIGURE 3 | Comparison of the simulated and measured jV-curves. The comparison with the measured data for cell A (a). Thereby, the top and

middle cells are measured and simulated as single junctions, not as subcells. The reverse current-density–voltage is displayed with a solid line, the

forward with a dashed line and the current-density–internal-voltage is shown dotted. Measured iVOC: middle 1090 and top 1320mV; simulated:

1050 and 1300mV, respectively. The simulation of cell B is shown in (b), but the perovskite cells are displayed as subcells of the triple junctions,

not as single junctions in this case. This is because the top single junction data is based on a different bandgap.
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reflector, a front texture on the silicon and less shading caused by
the metallization grid. The absorber thicknesses were adjusted to
model these factors effectively. The simulation uses a thickness of
970 nm, which reflects an average of the different thicknesses
caused by the texture. The single-junction jV-data from Cell B
is not considered because it was built with a different bandgap
than that of the subcell within the triple junction. The VOC for the
single junctions adds up to 3300mV, whereas the triple junction’s
is 3100mV. Adapting the model to these values would overesti-
mate the triple junction. However, the high-performing single
junctions show the high potential of the triple junction. A
detailed parameter list is provided in the (Tables S1–S4).

3 | Results

This section provides a quantified electrical analysis of the exam-
ined triple junction cells. Section 3.1 analyzes both triple junction
cells in terms of their loss channels. The gains of various
improvements are quantified up to an electrically ideal cell.
Currently, a major optical loss is the lack of current matching
across all three subcells. As the middle cell bandgap is too high
in perovskite/perovskite/silicon triple junction devices, the pho-
tocurrent of the middle and top perovskites will never be current
matched with the silicon bottom cell. To address this, the middle
perovskite can be made very thick to maximize current density
for the upper two perovskite cells. However, this can lead to addi-
tional problems, as discussed in Section 3.2. Section 3.3 explains
the origin of the recombination losses in the top perovskite cell,
causing a strong current loss of the top cell at the maximum
power point.

3.1 | Efficiency Analysis of the Perovskite/
Perovskite/Silicon Structure

Based on the simulation model that was built and experimentally
validated as described in Section 2, various scenarios are simu-
lated, their impact on the cell is assessed, and the potential effi-
ciency gains are quantified. To conduct a loss analysis, individual
improvements are simulated based on the status quo (“real”) sce-
nario, focusing on idealizing the bulk lifetime (τ), HTL, ETL,
external resistance (Rext), and the ion concentration (ions).
Applying all these improvements then yields the “ideal” scenario.
The bulk lifetime is the charge carrier lifetime within the perov-
skite absorber. For the transport layers, the band levels, dipole
moments, doping concentration, and interface recombination
are idealized. Band levels are set to be aligned with the absorbers,
either by setting them in the transport layer itself or by choosing
a strong enough dipole moment. Interface recombination is
neglected. The external resistance represents an often-called
“lumped series resistance” [35], which comprises limited conduc-
tivity on contacts or the bulk itself. It is also neglected in the ideal
case. The ion concentration within each perovskite subcell
describes the number of mobile ions that can lead to hysteresis
effects, which is neglected in the idealized case. Anion and cation
diffusivities are set based on previous studies [19]. A detailed list
of the estimated real and ideal parameters can be found in the
(Table S1–S4).

Cell A is initially not current-matched, which prevents a mean-
ingful loss analysis by subcell. Therefore, the first step is to

establish current matching by adjusting the perovskite absorber
thicknesses. For this, following our previous study [20], the
perovskite absorber thicknesses were adjusted to 600 nm for
the middle cell (from 450 nm) and to 167 nm for the top cell
(from 270 nm). Thicker films are possible using state-of-the-art
deposition techniques. For a complete opto-electrical roadmap,
the values fit into our optical analysis [16]. The experimental
Cell A is limited by the middle cell with a jsc of 9.0 mA/cm2

[5]. The thickness adaptation increases the triple junction current
density to 11.8 mA/cm2.

Starting from the current-matched baseline, each electrical
improvement is applied individually to the baseline and the cor-
responding performance gains are summarized in Figure 4. Each
scenario is applied independently to the current-matched base-
line (i.e., without the other improvements). The effects of that are
not strictly additive: some changes interact and produce synergis-
tic or interfering effects [36]. To illustrate these interactions, a
new analysis was performed in which all combinations of sce-
narios were plotted (Figure S2). This reveals the individual syn-
ergies across all involved scenarios. The analysis shows a strong
synergy between HTL, ETL, and carrier lifetime (τ). This com-
bined effect is therefore shown separately in Figure 4 as
“Synergy τ +HTL + ETL” and is discussed below.

The analysis is performed by examining the band diagrams,
exemplified for cell A’s middle cell in Figure S3. With an ideal-
ized ETL, the iVOC increases by 35 mV due to the absence of ETL
interface recombination; however, a gradient in the hole quasi-
Fermi level within the perovskite bulk toward the HTL prevents
efficient extraction and limits the VOC gain to 10mV. The gradient
results from insufficient hole conductivity within the perovskites.
This insufficiency is attributed to low hole density (�1010 cm3 at
the interface) and an opposing electric field induced by ions. The
gradient of the quasi-Fermi level is reflected in a difference
between the internal open circuit voltage and the actual open cir-
cuit voltage, also known as selectivity loss.

Idealizing the HTL alongside reducing interface recombination
introduces more holes into the absorber, enhancing hole conduc-
tivity and reducing the hole Fermi-level gradient. Selectivity
losses in the middle cell are reduced from 45 to 0mV. This
improvement is magnified when combined with the ETL, as
the elevated iVOC can now be utilized efficiently and no selectiv-
ity losses are present. Interface recombination is suppressed at
both sides, increasing the iVOC and therefore the VOC of the mid-
dle cell by 120 mV.

If the perovskite bulk lifetime is also improved, the iVOC and thus
VOC are increased further. The improvement of the bulk lifetime
is greater together with the transport layer enhancement because
interface recombination is eliminated. This allows charge
carriers that might have recombined at the interfaces to remain
longer within the absorber. Thus, the bulk lifetime becomes the
limiting factor, whereas interface recombination used to be the
bottleneck. The combined gain from these three improvements is
shown as “Synergy τ +HTL + ETL” in red in Figure 4 in com-
parison to their individual gains. The middle cell of cell A can
contribute an improvement of 3.2%abs where synergy effects
add up to 1.1%abs. These mechanisms leading to the synergy
effect are also true for the top cell as well as the perovskite sub-
cells of cell B. The further scenarios are compared to the current
matched scenario again, including cases with zero external
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resistance in the middle cell (0.3%abs gain) as well as a negligible
mobile ion concentration of 1015 cm−3 (no gain). However, the loss
caused by the external resistance, modeling the lumped series resis-
tance, comprises limited conductivity on several layers and is there-
fore difficult to identify and provide technological advice on.

In the top cell, combining an idealized lifetime with both HTL and
ETL yields an efficiency improvement of 4.3%abs compared to
2.7%abs for the middle cell. The loss caused by the ions in the
top cell is higher (0.2%abs) than in the middle cell due to an ampli-
fication of the hole recombination current discussed in Section 3.3.
The “Remaining synergy” refers to the synergies between the inter-
faces, external resistance and ions of both perovskite cells. The ideal
electrical scenario for cell A would lead to an efficiency of 37.8%.

Cell B is already well current matched between the perovskite
cells, which is why a current match step is not applicable.
The cell uses a SAM in the form of Me-4PACz for the middle
cell instead of PTAA, resulting in a higher hole concentration
at the respective interface. Therefore, the gain of idealizing
the HTL in the middle cell is lower for cell B (no gain) compared
to cell A (1.1%abs). The HTL improvement is only apparent in
combination with the ETL enhancement.

While the middle cell is closer to the electrical ideal case, there
remains more potential for the top cell. This opportunity mainly
arises from interface enhancements: a higher bandgap increases
the theoretical open-circuit voltage, and the top cell of cell B suf-
fers from increased hole recombination losses (see Section 3.3).
Additionally, cell B exhibits a higher short-circuit current than cell
A. As a result, the potential gain from improving the bulk lifetime,
ETL, and HTL in the cell B’s top cell is estimated to be 5.9%abs

compared to the 4.3%abs of the cell A’s top cell. The full electrical
ideal case predicts an efficiency of 40.3% for cell B. This is 2.5%abs

higher than cell A, mainly due to the higher short circuit current,
which stems from a thicker middle cell, and a higher top cell
bandgap. However, it is 4%abs below the practical potential because
of the nonideal bandgaps and lower short-circuit current.

3.2 | Limitations with Fixed Bandgap of Middle
Perovskite

One of the current problems of monolithic perovskite/perovskite/
silicon cells is the limited current density of the middle perovskite
cell. A previous study has shown the necessity of decreasing the

FIGURE 4 | Electrical analysis with quantified gains in absolute efficiency percentage. For cell A on the left (a), an optical adaptation is made first to

get the perovskite subcells into current match. In addition, the electrical improvements are applied individually based on this scenario and the gains are

quantified. The considerable synergy of combining an ideal lifetime, HTL and ETL is displayed separately. Estimations for the improvements to cell B are

displayed on the right (b).
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middle cell bandgap to around 1.45 − 1.50 eV to reach current
match with the silicon bottom cell [20]. However, with an esti-
mated bandgap of 1.55eV and thickness of 970 nm, the photo-
current density of Cell B triple junction cell is 12.42 mA/cm2

[15], compared to 14.10 mA/cm2 that would be possible with
a bandgap of 1.45 eV with a middle cell thickness 600 nm.
Restricting the middle cell thickness to 1500 nm, the optimal
bandgap would be 1.50eV, yielding a current of 14.20 mA/cm2.
Therefore, if a sufficiently low bandgap cannot be achieved, the
middle cell must be made thicker to improve current matching.

As cell A, on which our model is based on, has a bandgap of
1.56eV, this is the bandgap chosen for further scenarios. We con-
ducted optical simulations based on the boundary conditions for
the bandgap of the middle perovskite absorber. A thickness vari-
ation of 400− 1500 nm is considered for the middle cell, with the
thickness of the top cell adjusted accordingly to achieve current
matching between the two perovskite absorbers for each thick-
ness, respectively. The actual thickness of the realized middle cell
absorber reported reaches up to 1300 nm [4].

To illustrate the limitations of increasing the thickness of the
middle cell, Figure 5 presents the jV-parameters for various elec-
trical scenarios of the middle cell. Initially, ideal electrical con-
ditions are assumed (blue) for the whole triple junction cell. Then
nonideal bulk lifetime, the interfaces, the external resistance and the
ion density are step-by-step included as limiting factors of the mid-
dle cell, similar to section 3.1. The effects of each scenario, as a func-
tion of the middle perovskite absorber thickness, are emphasized
along with the parameters that have the most significant impact.

In the electrically ideal case (blue curves in Figure 5), the short-
circuit current increases with the thickness of the middle cell.
VOC and FF slightly decrease due to the lower charge density that
comes with increasing thickness.

An additional estimated bulk recombination with a SRH-lifetime
of τ= 400 ns, as measured in [19], is considered for the orange
lines in Figure 5. Lower lifetimes lead to a lower charge density
and therefore iVOC and VOC. A variation of bulk lifetimes is shown
in Figure 6. The VOC drops by a flat amount while the fill factor
decreases for low lifetimes due to transport losses, which occur
when the charge carriers recombine before they reach the interface.
The primary parameter influencing the transport properties is the
diffusion length L of the charge carriers, which is determined by
both the bulk lifetime and the charge carrier mobility. Insufficient
diffusion length leads to a lower maximum power point voltage,
since a strong quasi-Fermi level gradient is required to extract
the charge carriers. A variation of charge carrier mobility is shown
in the Figure S4 for the same diffusion lengths as in Figure 6.

The next step in Figure 5 (green line) involves assuming interface
conditions as chosen in the experimental validation part of
Section 2.2. The ETL conduction band minimum is increased from
3.90 to 4.14 eV, and the HTL valence band maximum is decreased
from 2.90 to 2.50 eV. Recombination velocity is set to 220 cm/s for
the ETL and 44 cm/s for the HTL. These changes lead to a decrease
in iVOC from 3230 to 3110mV compared to the “Lifetime” scenario
for the thickest absorber of 1500 nm and an increase in the selec-
tivity loss from 0 to 30mV. The reduction in hole density due to the
decrease of the HTL valence bandmaximum further intensifies the
transport problem, reflected in a steeper fill factor decrease with
increased cell thickness, resulting in a lower overall efficiency gain.

The next step takes an external series resistance into account (red
line in Figure 5). This affects the slope of the jV-curve at the VOC

and reduces the fill factor by a constant amount independent of
the thickness. Mobile anions and cations are then modeled with a
density of nions= 1 ⋅ 1016 cm−3. Mobile ions introduce the hystere-
sis effect, which is not shown here, as only the values of the reverse

FIGURE 5 | jV-parameters of perovskite/perovskite/silicon cell for different scenarios. Ideal (blue) displays the practical limit. The following

scenarios move toward a more realistic middle cell, while the rest of the perovskite/perovskite/silicon cell remains ideal. Lifetime (orange) adds

an SRH-recombination in the bulk with τ= 400 ns, interfaces (green) adds the estimated band alignment, interface recombination and dipole moment

to ETL and HTL, Rext (red) introduces an external resistance of Rext = 3Ωcm2, Ions (dark blue) a mobile ion density of ρion = 1 ⋅ 1016cm− 3. The estimated

values, and therefore the optimal thicknesses, may vary depending on the cell being viewed.
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scans are shown. Hysteresis reduces the fill factor from reverse to
forward scan. The impact of that can be seen in Figure S5.

3.3 | Recombination Losses in the Perovskite
Top Cell

As mentioned in Section 3.1, a voltage-dependent current loss is
observed in the perovskite top cell. Consequently, the top cell

exhibits strong current losses at the maximum power point.
The reason for that could be a parasitic hole current toward
the ETL contact. It is due to a low hole barrier in the valence
band from the perovskite into the ETL, which can be surpassed
thermally. This is shown in the band diagram of Figure 7, where
the location of the parasitic hole current is marked with the gray
arrow. Holes can recombine through gap states either near the
interface or within the ETL bulk. In the simulation, we represent

FIGURE 6 | Variation of bulk lifetimes (electrons and holes) τ for the middle cell. The estimated value of 400 ns is shown in green with a constant

electron and hole mobility of 6.0 cm2/Vs. If the diffusion length L is of the same order of magnitude as the absorber thickness, great transport losses are

introduced.

FIGURE 7 | Band diagram of the top cell of cell A at maximum power point (scenario “Real”). A parasitic hole current leads to significant current

loss at maximum power point. It occurs due to a low hole barrier from the perovskite to the ETL, that can be passed thermally.

8 of 11 Solar RRL, 2026
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the parasitic pathway as tunneling from the perovskite into the
ETL followed by recombination at the metal contact. The SnOx
buffer that would block this pathway in a real device is not mod-
eled explicitly, so this treatment serves as an effective represen-
tation of that loss mechanism.

To suppress recombination at the ETL, the valence band offset of
the perovskite/ETL interface must be increased, resulting in a
higher hole barrier. A variation of bandgaps of the ETL is shown
in Figure 8. With a higher bandgap and constant conduction
band level, the valence band is lowered, creating a hole barrier
that prevents the holes from flowing to the metal contact at the
ETL side. This enhances the fill factor of the top cell from 77.4%
to 84.7% by increasing the ETL bandgap from 1.92 to 2.02 eV.

Another option would be to increase the hole transport toward
the HTL. If the hole transport toward the HTL is improved, the
amount of holes that are driven toward the ETL interface
increases. The hole current jh is given by

jh = nh μh ∇∈FV

where nh is the hole density, μh the hole mobility, and ∇∈FV the
gradient of the hole quasi-Fermi level [37]. At a given current
density, if either the mobility or the hole density is too low,
the gradient in the hole quasi-Fermi level compensates this,
resulting in poorer transport. Conversely, the transport can
be enhanced by a higher mobility or hole density. In theory,
p-type doping the perovskite would also lead to the same
improvement in fill factor by facilitating transport toward the
HTL (see Figure S6).

The recombination losses are amplified when the perovskite’s
bandgap is increased. In the simulation a change in bandgap
is distributed evenly to the conduction band minimum and
the valence band maximum. The higher the bandgap, the lower
the valence band minimum of the perovskite, the lower the hole
barrier. This exemplarily shown with a band diagram for 1.80 and
2.10 eV bandgaps in Figure S7. This also explains why the recom-
bination loss in the top cell of cell A (Eg, top= 1.83 eV) is not as
pronounced as in the cell B (Eg, top= 1.90 eV).

4 | Discussion

Two state-of-the-art perovskite/perovskite/silicon triple-junction
cells were modeled, and loss channels were quantified to identify
the critical levers for surpassing the performance of perovskite/
silicon dual-junction cells. The main barriers are the middle cell’s
high bandgap, which prevents current matching, and recombina-
tion losses at the top ETL.

In order to justify the process complexity of the triple junction
structure, its efficiency must surpass that of the perovskite/
silicon dual junction. The theoretical limit of adding a third sub-
cell is 4.9%abs, considering an Auger-limited silicon bottom cell.
However, if the middle cell bandgap is limited to 1.55 eV due to
technological constraints, the potential gain is lowered to 3.3%abs,
making it even more difficult to surpass the dual junction coun-
terparts. To provide a guideline for closing the gap between the
status quo and the theoretical limit, two state-of-the-art experi-
mental cells of Fraunhofer ISE (cell A) and EPFL (cell B) were
modeled, and a loss analysis was conducted using numerical
device simulations.

Major improvements in electrical performance can be achieved
by enhancing the extraction layers of both perovskite cells. The
requirements for suitable extraction layers increase with increas-
ing bandgap. Idealized transport layers and bulk lifetime would
increase the efficiency of cell A by 2.9%abs and 4.3%abs, respec-
tively, for the middle and top cell. The gains for the middle perov-
skite cell of cell B are smaller due to the already implemented
SAM on the backside. The electrical ideal scenario predicts an
efficiency of 40.3% for cell B, roughly 4%abs below our estimated
practical potential. This shortfall is mainly caused by a too large
middle cell bandgap and incomplete surface texturing. Increasing
the top cell bandgap could further raise the maximum achievable
efficiency.

Achieving total current matching in the triple junction, including
the bottom cell, is currently challenging due to the high middle
cell bandgap. With an estimated bandgap of cell B’s middle cell of
1.55 eV, the photo-current density is 12.42 mA/cm2 [15]. This is
lower than the 14.20 mA/cm2 predicted by simulations using a
1.50 eV bandgap, 1500 nm thickness for the middle cell, and a
full texture.

A straightforward approach to get closer to the current matching
in the triple junction is to thicken the middle cell absorber.
However, if the diffusion length, which is primarily determined
by the mobility and the bulk lifetime, is of the order of the
absorber size, fill factor losses will occur. High ion densities
can also create an opposing field for the charge carriers, result-
ing in a lower short-circuit current. One way to increase the
current density is to use an intermediate optical reflector below
the middle cell, a feature that has already been implemented in
cell B [15]. Another possible measure is the optimization of
antireflection coatings [38, 39].

It was shown that the wide bandgap top cells suffer from a para-
sitic hole recombination current at the ETL side. This could be
due to a low hole barrier from the perovskite bulk to the ETL
(C60). This leads to significant current losses at the maximum
power point. Cell B’s top cell bandgap is estimated to be
1.90 eV and the optimal top cell bandgap under the theoretical
(Auger-limited) case is 2.05 eV [18]. However, the bandgap of
the widely used ETL C60 is 1.92 eV. Thus, it does not allow

FIGURE 8 | Variation of the ETL bandgap. 1.92 eV is the bandgap

chosen for C60 [34]. An increased bandgap with a fixed conduction band

level leads to a lower valence band level. This creates a hole barrier from

the perovskite toward the ETL to avoid a parasitic hole current toward the

ETL contact.
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simultaneous optimal alignment with the perovskite conduction
band for electron extraction and a sufficiently deep valence-band
offset to block holes. If there is no hole barrier, they can recom-
bine at gap states at the interface or in the ETL bulk. Therefore,
the top cell could be improved by using an ETL with a higher
bandgap (lower valence band). It is also possible to enhance
hole conductivity toward the HTL in order to suppress interface
recombination at the ETL. This would require a significant
improvement in hole conductivity, either through increased
mobility or carrier density.

The perovskite/perovskite/silicon triple junction structure has great
potential to play a role in the next generation photovoltaic technol-
ogy. However, the challenges of a suitable middle cell bandgap, as
well as suitable transport layers, especially for high bandgap cells
must be tackled. As the triple junction community can benefit from
the rapid development of perovskites in general and the perovskite/
silicon dual junction structure in particular, it remains a promising
candidate for high-efficiency, low-cost solar cells.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: EQE of the EPFL cell (Cell B).
The thicknesses and bandgaps are adjusted to match the measured shape
and current density. The current density of the Silicon cell is underesti-
mated, but this does not change the 3J performance because the current
density in the silicon sub cell is higher than in the perovskite cells. The
EQE of the silicon subcell would be better represented if it was averaged
over different middle cell thicknesses, as the front side of the Silicon is
textured. Supporting Fig. S2: Individual losses for all possible scenarios
for the top (a) and middle (b) subcells of cell B. The real scenario is dis-
played on the left, while from left to right the scenarios τ, HTL, ETL, Rext,
Ions are idealized. The thickness of a connection line displays the gain of
adding an idealization. The scenarios, HTL, ETL have a strong synergy
effect while Rext, Ions are less correlated. Supporting Fig. S3: Band dia-
gram of cell A at maximum power point in the “current match” scenario,
i.e. the upper two perovskite cells are current matched, but the electrical
parameters are the same as in the “real” cell and not idealized yet. The
difference of the internal voltage and the outer voltage is caused by the
gradient in the hole quasi-Fermi level, marked in red. Supporting Fig.
S4: Variation of the mobility of the middle cell with a constant lifetime of
400 ns. Supporting Fig. S5: Reverse and forward scan with an ion den-
sity of 1016 cm−3 . Supporting Fig. S6: Variation of positive doping.
Increased positive doping leads to better hole conductivity and therefore
prevents the hole from tunnel into the ETL. Supporting Fig. S7: Band
diagram and jV-curve for different top cell bandgaps at maximum power
point. The top cell of cell B is simulated with different bandgaps but the
same illumination profiles. The change in bandgap is distributed evenly
to valence and conduction band. The higher the perovskite top cell
bandgap, the greater the hole recombination loss. Supporting
Table S1: Electrical simulation parameters. Supporting Table S2: Cell
thicknesses. Supporting Table S3: Absorber bandgaps. Supporting
Table S4: jV parameters of cell A.
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