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Palliating the efficiency loss due to shunting in per-
ovskite/silicon tandem solar cells through modifying
the resistive properties of the recombination junction†
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As the efficiency of commercial crystalline silicon solar cells approaches its maximum theoretical
value, tandem architectures are becoming increasingly popular to continue the push to higher pho-
tovoltaic performances. Thin-film materials are particularly interesting partners for silicon wafers
due to their potential cost effectiveness and ease of fabrication. However, in large scale thin-film
coatings, particularly for perovskite materials, avoiding the formation of point shunts is a chal-
lenge. This study investigates the sensitivity of perovskite/silicon tandems to such shunts and
whether or not optimising the lateral and transverse resistances of the recombination junction
can reduce the negative effects of these defects. To do so, the inhomogeneous characteristic of
shunts is reproduced by modelling tandem cells with an array of scaled equivalent circuit elements
connected in parallel. It is shown that by optimising the resistive properties of the interconnection,
there can be a an important quenching effect on shunts present in the top cell, resulting in a signif-
icant increase in the overall cell efficiency at STC and at low light conditions. These findings give
a clear pathway on how to bridge the efficiency gap between small laboratory cells, which can be
selected shunt free, and industry scale devices, which are more prone to localised shunting.

1 Introduction
The development of low cost, high efficiency photovoltaic (PV)
devices is becoming increasingly important as society moves to-
wards replacing fossil fuels by sustainable energy sources. Cur-
rently, the most common solar cells on the market are crystalline
silicon (c-Si) single junction devices which have reached a record
efficiency of 26.7% in the case of silicon heterojunctions with in-
trinsic thin layer (HIT).1 However, silicon-based photovoltaic de-
vices are slowly approaching their Shockley-Queisser limit (32%
for c-Si2) and more importantly, their maximum theoretical effi-
ciency, evaluated at 29.5%.3 Nonetheless, silicon (Si) based PV
are projected to continue dominating the market.4 Furthermore,
as the balance of PV sytems (BOS) costs become the driving fac-
tor, it is important to increase the efficiency of modules in order to
increase the electricity yield per unit area and reduce the levelised
cost of electricity (LCOE) of installations.5

As efficiency limits are obtained by factoring in sub-bandgap
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and thermalisation losses,6 one practical solution to continue
the growth of solar cell efficiencies is therefore to reduce these
spectral losses through a tandem architecture. By stacking two
single junctions monolithically (2-terminal) or mechanically (4-
terminal), the power conversion efficiency (PCE) reaches a theo-
retical limit of about 42% - 45%.7 8 9

Potential partner sub-cells for silicon wafers in multi-junction
PV devices are hybrid organic-inorganic metal-halide perovskite
solar cells (PSCs). This thin-film technology is undergoing consid-
erable research due to its advantageous optoelectronic properties
including strong solar absorption, steep absorption edge10 and
low non-radiative carrier recombination rates, making perovskite
a promising active material for solar cells11. Furthermore, the
high tolerance to defects12 13 and low temperature solution pro-
cessability compared to other thin film materials enables a low-
cost and easy fabrication process that is compatible with various
other materials.14 Their tunable bandgaps also allow PSCs to be
adapted for tandem applications.15

These properties make perovskite materials an excellent match
for silicon in a tandem architecture. At present, the record
efficiency for monolithic perovskite/silicon tandems has been
achieved by the Helmholtz Zentrum Berlin with 29.15%16 but
there is still significant potential to push the efficiency closer to a
practical limit of 38%.17
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One factor hindering the developments of such high efficiency
cells is the limitations of the processing control when fabricat-
ing perovskite films, mainly in terms of their homogeneity.18 19

This can lead to small electronic defects called shunts, in which
the resistance between the cell’s two contacts is greatly reduced.
This is especially the case for large area film coating for which
thin film continuity is difficult to achieve, especially on substrates
with some degrees of roughness.20 Therefore, understanding the
impact of these defects will play an important role in the scaling
up of perovskite/silicon tandems. However, this is not straight-
forward in tandem devices as the effect of shunts on the light-IV
(LIV) characteristics is complex and varies significantly from their
effects on single junction devices.21 Eventually, the extent of the
damage to the cell performance depends on the severity of the
shunt but also on other factors which can have mitigating effects.

One particular element that could mitigate the performance
loss due to shunts is the resistive properties of the recombination
junction (RJ), which connects the two sub-cells of a monolithic
tandem solar cell in series. This approach is well known from an-
other monolithic tandem technology based on amorphous silicon
and microcrystalline silicon subcells (micromorph). Despeisse et
al. have reported that for these micromorph solar cells grown on
substrates with high light trapping potential, adding a resistive,
doped nano-crystalline silicon oxide interlayer at the recombina-
tion junction can reduce the impact of local current drains created
during deposition due to the highly textured surface.22 Addition-
ally, Rau et al. found that the degradation of the cell performance
due to spatial variations of the electronic properties can be limited
by increasing the local series resistance imposed on the electrons
travelling from the inhomogeneous region to the contact.23 How-
ever, there are still some limitations in the understanding of this
approach, especially concerning its analysis through modelling.

Solar cells in the dark are essentially diodes formed by a p-
n junction. When illuminated, the diode characteristic is offset
by the photogenerated current, which behaves as an ideal cur-
rent source. Solar devices can thus be modelled by an equivalent
electrical circuit composed of one or more diodes as well as el-
ements representing the generation and losses occurring in the
cells when they are illuminated. This has previously been done
to examine various aspects of single or multi-junction solar cells.
These models include simple circuits, consisting of either one sub-
circuit (composed of one or two diodes, a current source, a paral-
lel and a series resistance) for single junctions, or two connected
in series for tandems, forming what is here on referred to as a sin-
gle element.24 25 There are also more complex models with many
single elements connected in parallel, allowing to model the cell’s
inhomogeneity.21 23 This type of circuit can therefore be used to
simulate a point shunt within the planar geometry of a cell.

This study aims to understand the effect of shunts on the elec-
tronic behaviour of perovskite/silicon tandem solar cells. Using a
circuit array model with many single elements connected in par-
allel, the approach of Despeisse et al. will be adapted to per-
ovskite based tandems; the influence of the lateral and transverse
resistances of the recombination junction on the performance of
devices with small shunt defects will be analysed in order to de-
termine if and under which conditions it is possible to mitigate

the negative effect of such defects.

2 Experimental

2.1 Modelling solar cells

Solar cells, in the dark and under ideal conditions, behave ac-
cording to the Shockley diode equation.26 In reality, these devices
do not follow the ideality criteria, mainly due to the presence of
non-radiative recombination mechanisms. Nonetheless, their be-
haviour can still be approximated by the modified diode equation
(1).

I = Iph− Is

[
exp

(
q(V + IRs)

AkBT

)
−1

]
− V + IRs

Rsh
(1)

The latter includes the photocurrent, Iph produced by photogen-
erated carriers when the cell is illuminated. It also accounts for
shorts caused by defects in the cell such as pin holes or grain
boundaries with the parallel resistance, Rsh, and for the contact
resistance between the semiconductor and the contacts as well as
the bulk resistances with the series resistance, Rs. Furthermore,
the recombination mechanisms other than the band-to-band ra-
diative process supposed in the ideal Shockley equation are mod-
elled by the ideality factor, A, as well as a larger value of the diode
saturation current, Is. In the one-diode model, A is an average of
the ideality factors of the different recombination processes oc-
curing in the cell. Models with additional diodes also exist, which
allow to account for the separate mechanisms by assigning an
ideality factor corresponding to a particular recombination pro-
cess to each diode.

Equation (1) is a simple model for a single junction. In order
to obtain the required complex equivalent circuit model of a tan-
dem solar cell, the approach to follow is outlined by the flowchart
of Figure 1. Input data of this model are the experimental LIV
curves of real silicon and perovskite single junctions as well as of
a perovskite/silicon tandem. The fabrication of these solar cells is
detailed in the following section.

2.2 Solar cell fabrication

Single junction perovskite solar cells were fabricated on com-
mercial 7 Ω/� ITO substrates which were cleaned using stan-
dard methods. A 20 nm p-contact was formed by RF sput-
tering of nickel oxide under a pure argon gas flow which was
then annealed at 300 ◦C for 15 minutes in air. After an-
nealing, the substrates were cooled and immediately placed
in an inert atmosphere glovebox where the perovskite layer
was deposited by spin coating using an anti-solvent quenching
method. The perovskite layer had a nominal composition of
Cs0.17FA0.83PbI0.83Br0.17 which was quenched using chloroben-
zene. The perovskite layer was annealed at 120 ◦C for 30 minutes
followed by deposition of the n-type stack by thermal evapora-
tion. This stack was composed of LiF (1 nm) followed by C60 (15
nm) and finally completed with a Ag (100 nm) electrode.

Single junction silicon heterojunction cells were fabricated us-
ing 4-inch, n-type, float zone wafers with a <100> orientation
and mechanically polished front surfaces. To perform rear side
texturing of the wafers, the front sides were protected by a 200
nm thick SiNx coating deposited by PECVD. Then the rear side of
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Fig. 1 Steps followed to fit the equivalent circuit model parameters to the experimental tandem LIV characteristic

the wafers was textured using a standard KOH etch followed by
removal of the SiNx in a HF bath. Standard cleaning was then
performed and, after a brief HF treatment to remove the native
oxide, the wafers were coated with thin amorphous silicon lay-
ers using a PECVD tool. On the rear side, a stack of intrinsic
amorphous silicon then p-type amorphous silicon was deposited.
Similarly, the front side was passivated using a stack of intrinsic
amorphous silicon followed by n-type amorphous silicon. These
cells were completed by depositing a patterned layer of ITO/Ag
onto the rear side and an ITO layer on the front side. The cells
were finally finished by printing a metal grid onto the front sur-
face.

The tandem solar cell stack upon which the model in this study
is based is shown in Figure 2. The cell diagram is shown in sup-
plementary information SP1. These cells were fabricated using
silicon heterojunction bottom cells as described above. However,
a 10 nm ITO layer was deposited as the recombination junction,
followed by 20 nm of NiO as above. These wafers were annealed
at 200 ◦C for 10 minutes prior to the deposition of the perovskite
and n-type stack as described above. On top of the C60 layer, 10
nm of SnO2 was grown using an ALD tool at 120 ◦C. To form
the front contact, 65 nm of tungsten doped indium oxide was de-
posited by RF sputtering, followed by 100 nm of thermally evap-
orated Ag in a grid pattern. Finally, a 100 nm film of MgF2 was
thermally evaporated to form an anti-reflective layer.

2.3 Characterisation

LIV measurements were made on a AAA solar simulator with two
light sources (xenon and halogen). The solar simulator was cal-
ibrated for both intensity and spectral response by using a set
of externally calibrated reference cells with various filters. Cells
were held on a metallic chuck that was thermally regulated to 25
◦C and contact was made using Kelvin probes. All cells were il-
luminated through opaque illumination masks with known areas.
Cells with perovskite layers were scanned at a rate of approx-
imately 80 mV/s and maximum power point tracking was per-
formed using a 3-point algorithm to approximate a steady-state
output of the cells. External quantum efficiency (EQE) measure-
ments were made using a home-built setup which was calibrated
using a certified reference cell. For tandem measurements, blue
and red light biases were used to isolate the spectral response
from each sub-cell. Additionally, an electronic DC bias of +0.6
V was applied to the tandem when measuring the top perovskite
cell to ensure that it was being measured near short-circuit cur-

Fig. 2 Modelled cell stack of the perovskite/silicon tandem solar cell with
superimposed equivalent circuit of a single element

rent.

2.4 Equivalent circuit model

The parameters of a single element of the tandem solar cell’s
equivalent circuit (Figure 2) are obtained by first separately fit-
ting the LIV curves of the sub-cells to the diode equation (1) (see
supplementary information SP2 and SP3). The silicon heterojunc-
tion cell is fitted to a two-diode model as the sharp knee of the for-
mer’s LIV curve indicates a change in the dominating recombina-
tion process with the injection level. These different mechanisms
are thus accounted for by two different diodes whose ideality fac-

Journal Name, [year], [vol.],1–10 | 3



tors are set to A1,bot = 1 and A2,bot = 2. The parameters extracted
from this are then used to fit the tandem’s LIV curve. However,
the photocurrents found for the single junctions are first changed
to the values obtained from the experimental biased EQE of the
tandem solar cell (Figure 3 (left)). Based on these values, the fit
of the perovskite/silicon tandem LIV shown in Figure 3 (right) is
obtained by using a Simulation Program with Integrated Circuit
Emphasis (SPICE) and modifying the remaining unknown param-
eters.

Fig. 3 Left: Tandem solar cell EQE; the shaded areas correspond to the
photocurrent contributions of the subcells (integrated over an AM1.5G
spectrum) and the black curve represents the sum of the photocurrents.
The short circuit currents extracted from this measurement are 20.20
mA/cm2 for the perovskite sub-cell and 19.46 mA/cm2 for the silicon sub-
cell. Right: Fitted experimental LIV curve of the perovskite/silicon tandem
solar cell.

The parameters of the equivalent circuit extracted from this
tandem fit are shown in Table 1. These are used to create the 2D
array circuit and unless stated otherwise, are the baseline param-
eters used in the simulations. The 2D circuit is composed of single
elements connected in parallel in a two-dimensional grid by the
ITO and recombination junction sheet resistances, RITO,sheet and
RRJ,sheet respectively, as shown in Figure 4. The series resistances
of each sub-cell of the single elements are separated into the con-
tact resistances to the RJ, Rc,top and Rc,bot and generic series re-
sistances, Rs,top and Rs,bot . This is done to single out the contact
resistances with the RJ as it is one of the studied elements. The
generic series resistances account for all other contact resistances
between the layers of each sub-cell as well as the bulk resistances
of the absorbers. In this configuration, the values of the circuit
elements have to be scaled to the size and number of elements in
the array (see supplementary information SP4). In this study, the
results are obtained using a 30×30 array of single elements and
solving this equivalent circuit using a SPICE. Shunting is intro-
duced by setting the shunt resistance, Rsh, of a sub-cell in selected
single elements to zero. These elements are selected in a spiral
order starting from the single element at the centre of the array.
The number of these elements, N, is based on the fraction of the
active area that is to be shunted, f , which also depends on the
size of the array as follows:

N = d f ×m×ne (2)

where m and n are the number of rows and columns of the circuit
array.

Although this equivalent circuit is a good approximation of the

Table 1 Unscaled circuit element parameters of the perovskite/silicon
tandem solar cell

Parameter Value
RITO,sheet 55 Ω/�
Rs,top 1.33 Ωcm2

Is,top 9.4 ×10−12A/cm2

Atop 1.95
Rsh,top 2250 Ωcm2

Iph,top 20.2 mA/cm2

Rc,top 0.5 Ωcm2

Rc,bot 0.3 Ωcm2

RRJ,sheet 450 Ω/�
Rs,bot 0.4 Ωcm2

Is1,bot 8.8×10−15A/cm2

Is2,bot 9.9×10−9A/cm2

A1,bot 1
A2,bot 2
Rsh,bot 100 kΩcm2

Iph,bot 0.0325 A/cm2

Fig. 4 Scheme of a 2D array equivalent circuit model of a tandem solar
cell (example of a 2 × 2 array)

workings of a solar cell, there are a few limitations to this model.
Firstly, unlike perovskite, the silicon absorber has a non-negligible
lateral conductivity, which is not modelled in this study. For sim-
plicity, it is therefore established that the resistance, RRJ,sheet , ac-
counts for both the silicon and RJ parallel sheet resistances, which
is valid as long as the contact resistance between them is not too
large. However, this implies that for a rear-junction silicon solar
cell, the maximum value of RRJ,sheet is the silicon wafer’s sheet re-
sistance, which is approximately 200 Ω/�. Indeed, once the sheet
resistance of the RJ becomes larger than that of the silicon wafer,
charge carriers will simply pass through the wafer instead of the
RJ. Secondly, the cell stacks of the sub-cells in tandem configura-
tion are not the same as those of the single junctions. Notably, the
back contact of the perovskite single junction is highly crystalline
and conductive ITO as the measurements of the cell rely on the
lateral conductivity of this layer. In tandem configuration, trans-
port through the ITO RJ is not relied upon to collect current and
so this ITO is more resistive. In this case, the device configurations
present different systematic series resistance sources that are not
inherent to the device stack. Another limiting factor is that the
RJ contact resistances are obtained from fitting the tandem’s LIV.
This could give inexact values due to fitting errors. However, no
direct measurement has been done as this is not straightforward
and outside of the scope of this article. Finally, the shunt mod-
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elled in this study is one within the absorber. For a different type
of shunting, for example from the metal contact to the ITO re-
combination junction, the relation between the circuit elements’
effects on the cell performance in presence of a shunt would be
different. In particular, it would change the dependence between
the sheet resistance and the shunted junction’s series resistance,
which will be discussed later.

3 Results & discussion
Using the previously constructed equivalent circuit model, the ef-
fect of varying the recombination junction’s contact and sheet re-
sistances will be investigated based on previous reports for mi-
cromorph cells. This will allow to determine if optimising these
properties can result in an improved resilience to shunts in per-
ovskite/silicon tandem solar cells.

3.1 Recombination junction resistance
3.1.1 Top shunted tandem

When defects are present in perovskite/silicon tandem solar cells,
it is often the top cell that is defective. This is simulated by intro-
ducing a shunt in the perovskite sub-cell representing 0.4% of the
cell area. This leads to a reduced Voc and an increase in the slope
of the LIV curve near the maximum power point (MPP) resulting
in a decrease of the cell’s FF and PCE (see Figure 5 (left)).

Fig. 5 Left: IV curves of a 0.4% top shunted cell for increasing contact
resistances between the RJ and the top cell Rc,top. Right: Efficiency of
a top shunted cell when varying the contact resistance between the RJ
and the top cell Rc,top. The maximum efficiency is marked by an ’x’. For
both graphs, the RJ’s sheet resistance is maintained at its baseline value
of RRJ,sheet = 450Ω/�

To palliate this effect, an increase in the contact resistance be-
tween the perovskite sub-cell and the RJ is considered, based on
previous experiments by Despeisse et al. on micromorph cells.
This is done by modifying the value of the resistance Rc,top in the
circuit equivalent model (Figures 2 and 4).

When increasing the RJ contact resistance between 0 and 9
Ω·cm2, Figure 5 (left) shows that, while the values of the Voc and
Isc are only marginally increased from their initial respective val-
ues of Voc = 1.786 V and Jsc = 19.46 mA/cm2 at Rc,top = 0 Ω·cm2,
the slopes of the LIV curve at both the Voc point (Roc) and near
the MPP on the Jsc side are decreased. These have opposing ef-
fects; the first decreases the FF by increasing the effective series
resistance of the tandem while the other restores the loss in FF
caused by the presence of a shunt. There is therefore a maximum
efficiency for shunted cells which can be attained by optimising

the value of the contact resistance. For a 0.4% shunted cell, this
amounts to an absolute increase in efficiency of 0.36% between
the baseline and optimised contact resistance values. This repre-
sents a significant increase which is all the more important if the
shunt is of higher severity.

This gain in efficiency with optimised contact resistance to the
RJ can be explained by a decrease in the current leakage through
the shunt due to the increased resistance of the path from the
absorber to the RJ. This means that fewer charge carriers will
travel through the shunt to recombine in the RJ instead of being
extracted at the contacts (see supplementary information SP5).
This quenching of current leaks is evidenced by a gain in effi-
ciency which increases with the shunt fraction as shown in Figure
6. Nonetheless, the effect is countered by the losses relative to the
additional series resistance induced by Rc,top. The emergence of
an optimal contact resistance between the shunted sub-cell and
the RJ is in accordance with the experimental observations found
by Despeisse et al..

Fig. 6 PCE as a function of the shunted cell fraction for top shunted
tandems in cell centre with no contact resistance to the RJ (blue) and
with the optimised value of the contact resistance Rc,top (green)

In addition, it is observed that the value of Rc,top which results
in the highest efficiency changes with the shunt fraction as shown
in Figure 5 (right). This optimal contact resistance increases with
increasing shunt severity since a higher shunt fraction yields a
higher leakage current and thus requires a larger resistance to
impede its passage.

An analysis of the effect of modifying the lateral resistivity of
the oxide interlayer of the cells from its experimental value of
450Ω/� was also conducted. However, the influence on the cell
performance of varying this parameter is much less notable than
when changing the contact resistance to the RJ, as shown by Fig-
ure 7. Only the slope near the MPP is decreased (Figure 7 (left))
which leads to a negligible increase in the FF and efficiency and
no subsequent decrease of the efficiency. Indeed, increasing this
resistance does not affect the series resistance of the cell. There
can therefore not be a maximal value of the sheet resistance
which leads to a performance loss. On the contrary, a high sheet
resistance ensures a good isolation between the single elements
of the circuit.

The marginal increase in cell performance is due to the high
series and contact resistances of the top cell (see Table 1). As
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Fig. 7 Left: IV curves of a 0.4% top shunted cell for increasing RJ’s sheet
resistances RRJ,sheet . Right: Efficiency of a top shunted cell when varying
the RJ’s sheet resistance RRJ,sheet . The maximum efficiency is marked by
an ’x’. For both graphs, the contact resistance between the top cell and
the RJ is maintained at its baseline value of Rc,top = 0.5Ω·cm2

such, the current leak through the shunt is already diminished
and few charge carriers travel laterally through the RJ. Increasing
the RJ’s sheet resistance therefore has a minimal impact on the
cell performance.

Fig. 8 Efficiency as a function of the shunted cell fraction for a top
shunted cells with a low RJ sheet resistance (RRJ,sheet = 10Ω/�) (blue)
and with an optimised RJ sheet resistance (green)

Figure 8 shows that the shunt palliating effect is only signif-
icant for high shunted cell fractions when comparing cells with
the optimal sheet resistance to ones with a highly conductive RJ
(RRJ,sheet = 10 Ω/�). Furthermore, when doing a similar com-
parison to cells with the RJ’s baseline sheet resistance (RRJ,sheet

= 450 Ω/�) (see supplementary information SP6), optimising
RRJ,sheet has almost no mitigating effect on the loss of efficiency
due to shunting. From these results, it is clear that increasing
the RJ’s sheet resistance from its baseline value has little impact
on the cell performance at STC. This is an important fact as the
lateral and contact resistances of this layer are not independant;
modifying the carrier concentration in the ITO will alter both the
sheet resistivity as well as the contact resistance. Thus, this al-
lows to concentrate on optimising the RJ’s contact resistance to
the shunted sub-cell without needing to worry about the effect of
its sheet resistance.

3.1.2 Bottom shunted tandem

Although commercial silicon cells are not typically subject to
shunts, it is important to understand the behaviour of shunted

tandem solar cells beyond the commercial applications; mild
shunting can be used as a proxy for a defective bottom cell which
could be caused by a rear scratch or by a front/back intercon-
nection due to bad shadowing during TCO deposition in the HJT.
Furthermore, shunting the bottom cell allows to further explore
how the approach taken in this study is affected by having sub-
cells with different properties. This is especially applicable to all-
perovskite tandems in which shunts are likely to be present in
both the top and bottom sub-cells. In these types of tandems, the
lateral conductivity of perovskite is negligible, allowing for the
equivalent circuit of this study to properly model the effect of the
RJ’s sheet resistance. In this mindset, a bottom shunted tandem is
analysed using the same model and circuit parameters as before.

Figure 9 (left) shows that the behaviour of the efficiency when
varying the contact resistance Rc,bot , between the RJ and the bot-
tom cell (see Figure 2) is similar to the case of a top shunted cell.
However, when increasing the sheet resistance of the RJ, the ef-
ficiency increase is much more pronounced than it is for a top
shunted cell as shown by Figure 9 (right). Indeed, increasing the
sheet resistance from 10 to 1500 Ω/� increases the absolute cell
efficiency by over 5% for a 1% shunted bottom cell against an
efficiency increase of under 1% for a top shunted cell. This can
be attributed to the higher series and RJ contact resistances in
the perovskite sub-cell compared to the silicon sub-cell; the for-
mer’s series resistance is three times larger than the latter’s. This
means that increasing the RJ’s sheet resistance in a top shunted
cell will quickly make it unfavourable for charge carriers to travel
through the RJ to recombine rather than to travel to the metal
contacts and so the efficiency will saturate. But for charge carri-
ers generated in the bottom absorber, the path resistance through
the bottom shunt and laterally in the RJ is smaller. Thus, a larger
increase in the sheet resistance is needed to impede this passage
and a larger efficiency gain can be obtained in doing so.

Fig. 9 Efficiency of a bottom shunted tandem cell when varying the con-
tact resistance between the RJ and bottom cell Rc,bot (left) and varying the
RJ sheet resistance RRJ,sheet (right). The maximum efficiency is marked
by an ’x’.

3.2 Design considerations

From the previous observations, some design considerations can
be taken for Pk/Si cells with potential shunting in the top cell.
Perovskite solar cells appear to have inherently high series re-
sistances compared to other solar cell materials.27 As previously
discussed, this means that the sheet resistance of the recombi-
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nation layer has little impact on the cell performance of a top
shunted cell. However, a non-zero contact resistance to the re-
combination junction can considerably increase the cell efficiency.
By optimising its value based on the severity of the shunt, the con-
tact resistance can partially palliate the loss in performance by
increasing the cell’s open circuit voltage. Practically, this could be
done by modifying the deposition properties of the ITO layer serv-
ing as the recombination junction; by varying the oxygen incor-
poration as well as other properties of the sputtering deposition
process, the carrier concentration can be varied, thus modifying
the resistance. Although this would allow to tune the contact re-
sistance, this process will inevitably modify the sheet resistance
of the RJ.28 Nonetheless, based on the previous discussion, this
should not affect the cell performance as the efficiency quickly
saturates with increasing RJ sheet resistance. Another solution
could be to incorporate a graded oxygen content, which would
only affect the first few nanometers of the ITO and thus only im-
pact its contact resistance. A preventive contact resistance could
therefore be incorporated into the cell design based on the aver-
age shunt severity of a given type of thin-film cell. This would
allow for a general increase in efficiency of cell batches if these
are often subject to a certain level of shunting.

Although the contact resistance to the RJ can be modified
to mitigate the effects of shunting, one has to carefully decide
whether it is worth focusing on these properties, which are detri-
mental to non-shunted cells, or whether the focus should be
placed on reducing the shunts. For low shunt fractions, the ef-
ficiency gained by optimising the contact resistance to the RJ is
considerably smaller than that gained by removing the shunt.
Therefore, there is a shunt severity threshold after which these
solutions could be taken into account in the cell design, but be-
low which reducing shunt defects should be the primary concern.
The value of this critical shunt will be determined by the manu-
facturing process.

3.3 Sensitivity analysis

The previously obtained results are for a perovskite/silicon tan-
dem cell under one sun illumination. However, the goal is for
these cells to be commercialised and therefore be used under
natural illumination. As the sun travels across the sky, both the
intensity of the incident radiation and the current matching of
the tandem’s sub-cells are affected. Under real conditions, these
properties are modified simultaneously as the radiation’s spec-
trum changes with its intensity, but since the dependance between
them is complex, they will be changed seperately in the model is
order to carry out a sensitivity analysis on the effect of the illumi-
nation.

Under one sun illumination, the perovskite/silicon tandem so-
lar cell on which the equivalent circuit model is based is bottom-
limited. That is, the photocurrent of the bottom cell is lower than
that of the top cell. Since the sub-cells are connected in series,
this means that the tandem’s overall photocurrent is that of the
bottom cell. To look at the effect of the current matching alone,
the photocurrents of the sub-cells are modified by changing the

values of the current sources in the equivalent circuit as follows:

Iph,top,NEW = Iph,top−δ I

Iph,bot,NEW = Iph,bot +δ I
(3)

This ensures that the sum of the photocurrents of the two sub-
cells remains the same.

Figure 10 shows the evolution of the efficiency and fill factor
with the top cell current mismatch (Iph,top − Iph,bot), for a non-
shunted tandem as well as tandems with 0.1% and 0.4% shunted
top cells. From this, one can see that for no or low shunting,
the fill factor has a minimum at a slightly top-limited condition
and has a steeper increase when mismatching towards a bottom-
limited condition. As the shunt fraction increases, the minimum
disappears and the fill factor keeps decreasing as the cell is mis-
matched towards increasingly top-limited conditions. Addition-
ally, the fill factor approaches a linear correlation with the top
current mismatch. Thus, in most cases, the fill factor is superior
in the bottom-limited conditions. This can be attributed to the su-
perior properties of the bottom silicon sub-cell, although ongoing
progress is being made on the FF of perovskite cells.

When looking at the cell efficiency as a function of the cur-
rent mismatch, one can see that it reaches a maximum in bottom-
limited conditions as this is where the fill factor is highest. The
efficiency peak does not occur at matched photocurrent condi-
tions since it is obtained when the sub-cell currents at maximum
power point are matched. When the shunt fraction is increased,
the maximum efficiency decreases and moves towards a more
bottom-limited condition. This is because a more important top
shunt means that more photogenerated carriers from the top cell
will travel through the shunt and towards the RJ to recombine.
However, having a higher photogeneration rate in the shunted
cell means that more current needs to be leaked by the shunt to
see negative effects on the cell performance21 The opposite is true
if the shunt is in the bottom cell; the maximum efficiency occurs
in top-limited conditions.

The optimal current matching is highly dependant on the cell
properties and the shunt severity. For the considered shunted cell
fractions, the increase in cell efficiency achieved by optimising
the current matching is very small compared to that lost due to
the presence of shunt defects. Consequently, optimising the cur-
rent matching for potential shunting would not significantly in-
crease the cell’s performance. During cell conception, the currents
should rather be mismatched towards a condition where the cell
with the least potential of shunting is limiting.

One can then determine whether the current matching affects
the previous observations made when varying the RJ’s transverse
and lateral resistances. To analyse this, only a top shunted cell is
considered as this is the more realistic case. Figure 11 shows that
the best performance is always attained when the cell is in bottom
limited conditions and the worst in top limited conditions, in con-
currence with the previous results. Nonetheless, this represents,
in both cases, a loss in absolute efficiency of less than 1%. Varying
the RJ’s sheet resistance or its contact resistance to a top shunted
cell under different illuminations therefore does not cripple the
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Fig. 10 Fill factor and efficiency of perovskite/silicon tandem solar cells without shunting (left), 0.1% local top shunt (centre) and 0.4% local top shunt
(right) as a function of the top current mismatch Iph,top− Iph,bot

cell performance. Furthermore, although the efficiency is lower
in current matched or top limited conditions, the trend it follows
when increasing the contact resistance to the RJ’s is the same as
in bottom limited conditions. When varying the RJ’s sheet resis-
tance, a shunt fraction of 1% is considered in order to have more
obvious results. In this case, the same initial increase in efficiency
is seen with increasing sheet resistance. However, the efficiencies
of the current matched and top limited cells saturate much slower
than that of the bottom limited cell.

Fig. 11 Comparison of the current matching effect on the efficiency of a
0.4% top shunted perovskite/silicon tandem when varying the top contact
resistance to the RJ (left) and a 1% top shunted tandem when varying the
RJ sheet resistance (right). Bottom limited: Iph,top− Iph,bot = 0.74 mA/cm2,
Current matched: Iph,top− Iph,bot = 0 mA/cm2, Top limited: Iph,top− Iph,bot =

−0.74 mA/cm2

To further pursue this sensitivity analysis, the effect of decreas-
ing the light intensity is analysed by reducing the photocurrents of
both sub-cells to 10% of their initial values. When increasing the
contact resistance to the recombination junction, Figure 12 (left)
shows that, for the same range of values of Rc,top as previously
considered, the efficiency of the cell under 10% sun increases
continuously and at a steeper rate. This continuous efficiency
increase is also observed when augmenting the RJ’s sheet resis-
tance (Figure 12 (right)). This suggests that having high trans-
verse and lateral resistances of the RJ will not degrade the cell
when the illumination is reduced. Rather, this will ameliorate
the cell performance. The behaviour of the PCE shown in Fig-
ure 12 (left) therefore indicates that a contact resistance limited
by thermionic emission between the RJ and the shunted sub-cell
would be a great advantage; at higher temperatures, resulting
from high illumination, Rc,top would be small but still sufficient

to quench the shunts. At lower temperatures (low illumination),
Rc,top is bigger, which is required to quench the current leaks un-
der these conditions.

Fig. 12 Comparison between 1 sun or 10% sun light intensity on the
efficiency of a 0.4% top shunted cell when varying the contact resistance
between the RJ and the top cell (left) and of a 1% top shunted cell when
varying the RJ’s sheet resistance (right)

This sensitivity analysis shows that under different illumina-
tions, changing the resistive properties of the RJ to mitigate the
effects of shunting will not have a substantially degrading effect
on the cell performance. On the contrary, it could lead to a pro-
portionally larger gain in efficiency as suggested by the results at
low light intensity. The overall effect of these observations on the
yield of a solar cell could be calculated by incorporating meteoro-
logical data.29 30 This would take into account real world spectral
and intensity variations. However, this is beyond the scope of this
study.

Another effect to be considered is the temperature of the
cell. The measurements and simulations discussed here are
for cells maintained at 25◦C. However, cells in the field are
subjected to important temperature variations. The short cir-
cuit current is negligibly affected by changes in temperature.
This is less the case for the open circuit voltage where higher
voltage solar cells are less affected by temperature. However,
shunts have an important effect on reducing a cell’s Voc, mean-
ing that these cells will be more affected by temperature in-
creases. The contact resistance to the RJ’s effect on increas-
ing the Voc is therefore of great importance in commercial cells
as it will reduce the efficiency loss due to temperature. This
could be further investigated by obtaining the equivalent circuit
parameters of cell’s whose LIV curves were obtained at differ-
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ent temperatures. https://www.pveducation.org/pvcdrom/solar-
cell-operation/effect-of-temperature

4 Conclusions
As even small degrees of ohmic shunting on the baseline param-
eters can have severe effects on the efficiency of tandem cells,
it is important to understand the dynamics of these defects in
Pk/Si tandem solar cells. By modelling these cells with a circuit
equivalent model, it was possible to examine the effect of varying
the resistive properties of the recombination junction on the cell
performance. It has been found that by optimising the contact
resistance between the RJ and the shunted sub-cell, the leakage
currents can be partially quenched leading to an increase in the
cell performance greater than the losses relative to the increased
series resistance. These results confirm that the approach of De-
speisse et al. can also be applied to perovskite-based tandem solar
cells. When the sheet resistance of the RJ is increased, the effi-
ciency rises and saturates as the elements becomes completely
isolated. However, the extent of the possible gain in efficiency is
highly dependant on the severity of the shunt and the cell prop-
erties; high series and contact resistances in the shunted sub-cell
tend to hinder the mitigating effect of the RJ’s resistive properties
on the performance loss due to shunting.

A sensitivity analysis was carried out to determine the poten-
tial of this effect under low illumination. It showed that although
changing the current matching to a device limited by the shunted
sub-cell reduced the cell performance, this amounts to less that
1% absolute efficiency. Furthermore, increasing the resistivity of
the RJ at 10% sun leads to increasing PCEs over the considered
resistance ranges. This shows that this approach is still valid un-
der different illuminations, and perhaps even more importantly,
at lower illuminations, the implications of which may have an
important impact on the overall yield of a perovskite tandem so-
lar cell. Depending on the eventual manufacturing yield of such
devices, the work presented herein may have powerful conse-
quences on improving the real world performance of these novel
devices.

Further work should be carried out to determine the effect of
different types of shunts in the absorber, ETL or HTL on the cell
performance and whether some materials used for the shunted
layers have innately high contact resistances between each other.
Additionally, measurements could be carried out to experimen-
tally determine the values of the contact resistances to the recom-
bination junction. This would allow to have a circuit equivalent
model that better describes reality and could potentially yield re-
sults that can be implemented in future cell architectures.
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