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ABSTRACT

The realization of very high efficiency, stable perovskite solar cells fabricated on a large scale at low cost, has the potential
to further lower the cost of photovoltaics. This necessitates an understanding of the properties required of the perovskite
material, including the carrier mobility. Perovskite cells also feature mobile ionic species, and the impact of these ions on
cell performance — and in particular, to what extent and under what circumstances they may limit device performance — is
not well understood. Here, we employ an advanced numerical model that allows for the presence of mobile ionic species
to probe the relationship between carrier mobility, the presence of ionic species as well as different possible recombination
mechanisms within the cell. We show that a high electron and hole conductivity throughout the device is key to avoiding
transport losses. For devices operating significantly below their radiative limit, achieving a sufficiently high conductivity
requires high carrier mobilities of at least 10cm?/V-s. It is shown that the presence of a single mobile ionic species can
lead to effective doping of the perovskite bulk, which is detrimental to cell performance by lowering the conductivity of
one type of carrier. The results also indicate that increasing cell VOC closer to its radiative limit is also beneficial for
reducing transport losses and pushing cell performance closer to its theoretical limit.

Keywords: Perovskite, solar cell, modelling, ionic charge

1. INTRODUCTION

Perovskite solar cells (PSCs) have demonstrated high conversion efficiencies in a relatively short period of time and are
considered promising candidates as a future, commercially viable photovoltaic technology. Particularly attractive is the
combination of perovskite and silicon technologies to develop tandem devices with efficiencies exceeding those possible
with a single junction technology. Indeed the first demonstration of such a tandem device with an efficiency exceeding
that of the best silicon cell — albeit on a smaller cell area — was recently reported'.

Photovoltaic technology has seen dramatic cost reductions in the past two decades, to the point where PV systems are now
competitive with, and often cheaper than, fossil fuel based generation in many regions of the world, even without a price
on carbon. As a result of the remarkable cost reductions that have been achieved, only a small part of the cost of a PV
system — about one quarter - is now contained in the solar cells. The remainder of the cost is therefore in components that
will be shared by any other PV technology. For a new technology to be able to outcompete incumbent Si technology, it
must therefore achieve almost the same — or preferably a much higher — conversion efficiency as Si technology. Conversion
efficiency is key.
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It is therefore important to understand the factors limiting the efficiency of PSCs, and develop avenues to overcome these
limitations. PSCs are high voltage devices and as such, theoretically fill factor (FF) values up to 90% are possible. In
practice, much lower values are reported. For example the current record efficiency cell had a FF value of 80.1%?. Fill
factor is therefore one area where further significant efficiency improvements may be obtained. In order to do so, it is
necessary to understand the factors limiting it.

Solar cell current-voltage (I-V) characteristics are often described using the Shockley equation, which provides a
convenient tool of analysing cell characteristics and extracting key parameters:

] =]0 [exp(V/nidVT) - 1] - ]gen (1)

where J is the current density, V is the terminal voltage, Jo is the dark saturation current density, Jeen is the photogenerated
current density, Vr is the thermal voltage and niq is the ideality factor. The above equation can be easily extended to include
lumped, ohmic series and shunt resistances. In this form, it is often applied to analyse cell IV characteristics and determine
the values of the lumped parameters, which are then assigned to various physical regions of the device (such as series
resistance of metal fingers, etc.).

However, the Shockley equation is only valid under certain conditions as it assumes that there exist no sources that may
result in a nonlinear series or shunt resistance. One important example of a nonlinear resistance arises when significant
carrier transport limitations exist within the cell. For example, Wiirfel et al.>showed that for organic cells, the Shockley
equation cannot be applied since the low carrier mobilities in the absorber result in a cell response that is transport
dominated. In such a case, cell I-V characteristics often do not conform to those obtained from the extended Shockley
equation. Even when they do, the interpretation of the characteristics using the extended Shockley equation results in
erroneous values for the extracted lumped parameters. In organic solar cells at least, the limited carrier mobilities
substantially reduce the device efficiency, and they do so primarily through a reduction in the cell’s fill factor.

Mobilities in the absorbers of PSCs are usually significantly higher than those in organic cells, with typical reported values
in the range 1-10 cm*V-s *° so it may be that the mobilities typically encountered should not result in a significant
deviation of the cell behaviour from that predicted by the Shockley equation, and that mobility does not limit fill factor
and cell efficiency — at least for cells with well aligned charge extraction layers. On the other hand, PSCs are known to
contain mobile ionic charges which influence cell behaviour. The impact of these mobile charges on cell performance,
through their interaction with other material properties such as carrier mobility, is not well understood.

In this paper, we model the behaviour of cells with and without mobile ionic charge in order to better understand the impact
of carrier mobility and mobile ionic species on cell performance. Given the complexity of PSCs and the very large
parameter space, the goal is not obtain definitive answers but to obtain some insights into how the various material
properties can interact to influence cell performance.

2. MODELLING APPROACH

We model the cells using the “one-dimensional detailed solver” of solar cell simulation software Quokka 3.® Quokka3
models the charge-carrier transport in the perovskite absorber using the semiconductor drift-diffusion models used to model
inorganic semiconductors. The solution domain consists only of the perovskite absorber layer. The electron and hole
transport layers (ETLs and HTLs) are treated as metal—semiconductor boundaries with a defined barrier and the interfaces
are specified solely through specification of the transport layer work functions and the interface recombination velocity S
such that

Us=S-An )

where Us is the recombination rate and An is the excess carrier density at the interface. Bulk recombination is modelled as
a combination of radiative and trap-mediated recombination. Quokka enables implementation of the general as well as
simplified Shockley-Read-Hall (SRH) formalism to simulate trap-mediated recombination’. The simplified formalism is
only valid in situations where the trap density is an order of magnitude lower than the charge carrier density. Here, we
employ the simplified SRH formalism a for the simulations of this work, in order to limit the complexity of the model.

In the simplified SRH formalism, the bulk defect-assisted recombination rate is expressed as
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where vi is the thermal velocity of charge carriers, Nr is the trap density, g,and o, are the defect capture cross sections
for holes and electrons, and Et, Ec and Ev are the trap, conduction band edge and valence band edge energy levels,
respectively. The trap (defect) energy level plays a critical role in determining the recombination dynamics of a particular
defect.

The one dimensional detailed solver in Quokka enables the simulation of mobile ions through the modelling of drift
diffusion for two additional charge carriers: anions and cations. It is assumed that ions are neither generated nor
“recombine”. Instead, a fixed and equal, average concentration of anions and cations migrate through the perovskite bulk
via drift and diffusion forces. The solver computes the ionic-electronic Debye layer at the transport-layer interfaces, without
the need for simplifications such as fixed accumulation layers® or asymptotic approximations.!® The interfaces are
impermeable to ion flow and do not sink or source ions to the bulk.

In the model, the ions act as dopants but not as recombination sites. Since they act as dopants, the accumulation or depletion
of these ions alters the local doping in the cell, which in turn can impact recombination through the SRH formalism. More
specifically, altered doping in any region of the device will alter the electron and hole populations, which directly appear
as terms in the SRH rate equation, therefore leading to altered recombination rates. In addition, and more significantly,
changes in local doping and local electron / hole populations can result in altered barriers to carrier transport.

The above model represents, in a sense, the simplest possible way of accounting for the impact of mobile ionic charge. For
example, it neglects the possibility that mobile ions may themselves act as recombination centres. It is not possible at this
stage to be certain that this interpretation of ionic influence is correct. We note, however, that the application of a such a
simple model — and also the use of Quokka - has been very successful in predicting many of the complex cell behaviours
observed.®’

Photon recycling is not implemented in the solver. For our simulations, we employ the solver in steady-state mode, where
all carriers distributions (ions, electrons and holes) are computed at their steady-state conditions at each bias point. It other
words, we model the true steady-state IV curves. It should be noted that such steady state -V sweeps are never done in
practice since they are often impractical. This point must be kept in mind when examining the simulation outputs and
comparing them against reported results.

More details of regarding Quokka3, including the extensive validation of the solver, can be found in the publication of
Walter et al.’ Table 1 summarises the key model parameters, where the values for Nc, Ny, Eg, & and B were taken from
Kirchartz et al. b2
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Table 1. Summary of material parameters.

Parameter Symbol Value
Perovskite absorber thickness 500nm
Electron affinity Eea 3.7eV
Conduction band density of states N 2x 103
Valance band density of states Ny 2x 103
Band gap Eq 1.6eV
Relative permittivity &r 30
Radiative recombination coefficient B 6 x 10" cm? s’
Work function — electron transport layer WEETL 3.7eV
Work function — hole transport layer WE,HTL 5.3eV
[llumination profile AM1.5G
Cation Concentration Nun 5% 10"
Anion Concentration Neat 5% 108
3. RESULTS

3.1 Absorber with high mobility and no mobile ions

Reduction in cell FF may arise due to recombination dynamics or due to transport limitations. In the absence of any
transport limitations and any shunts, a cell’s IV response can be well characterised by the Shockley equation (eq. 1). From
this, the expression for FF can be obtained:

Voc—In(vyc+0.72)

Voct1

FF = (6)

with vy = Voo /NigVr

where nig is the ideality factor. In practice, a cell cannot be characterised by a single value for the ideality factor.
Nevertheless, this simplified picture is sufficient for our present discussion.

Different recombination mechanisms can be associated with different values of the ideality factor and therefore impose
different limitations on FF. In our models we consider only radiative and trap-assisted recombination. Radiative
recombination results in an ideality factor of 1. For trap-assisted or SRH recombination, the situation is not as simple as is
sometimes portrayed. The ideality factor arising from SRH recombination varies between 1 and 2 and depends on both the
nature of the defects and the carrier concentrations in the different regions of the cell, as will be borne out by the modelling
results.

With only radiative and SRH recombination, we can therefore expect an ideality factor between 1 and 2, and a FF (in the
absence of other parasitic mechanisms) between 83% (n=2) and 90% (n=1).

In our model, no shunt resistances are included. The only source of what can be defined as a series resistance is due to
transport limitations in the absorber itself. These arise from the fact that the movement of electron and hole currents within
the cell and out the contacts requires a driving force. This is apparent from the equations relating the current flows to the
quasi-Fermi levels (qFLs):

dEFn dEFp
x

@) =q pe-nC)-—=  Jp(0) =q-pm-pl)-— O]
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These expressions show that significant current flows require either a high conductivity (high p,n or w,p product) or a
change in the quasi-Fermi levels — the latter being indicative of a resistive loss in the device since it results in an internal
voltage (internal qFL separation) that is greater than the external measured voltage.

Given the two fundamentally different sources of FF reduction, it is helpful to attempt to understand these separately before
considering situations where both may occur. We therefore first consider the simplest case of a PSC with a high mobility
of 100cm?/V-s and with no mobile ions in the bulk. The absorber is undoped. The high mobility is intended to ensure a
high electron and hole conductivity everywhere in the absorber, which should result in minimal resistive losses.

We consider 4 recombination scenarios:
1. Radiative recombination only

2. Interface recombination only, characterised by surface recombination velocity S. S has the same value at both
perovskite interfaces

3. Bulk SRH recombination only, trough deep (mid-gap) trap states

4. Bulk SRH recombination only, through shallow trap-states [include trap parameters for all cases in the table
above]

To facilitate a comparison of the different scenarios, we adjust the defect densities for scenarios 2-4 to obtain the same cell
Voc. This Voc is chosen to be 120mV below the Voc of the cell with radiative recombination only. The resulting Voc is
representative of typical, very high quality PSCs as reported in the literature. Such a drop in Voc means that in these
scenarios the cells are dominated by trap-assisted recombination, with radiative recombination accounting for only ~1%
of all recombination events.

Table 2 summarises the cell parameters obtained for all four scenarios. For the cell with radiative recombination only, the
cell performs at its theoretical limit, with the exception that Voc is underestimated due to the absence of photon recycling
in our model. The IV parameters are in good agreement with those of Kirchartz'? for the case where photon recycling was
not considered.

Table 2. Simulated cell performance with different recombination scenarios.

Parameter Radiative Surface Shallow bulk Deep bulk
recombination recombination recombination recombination
Jsc (mA/cm?) 24.1 23.5 24.1 24.1
Voc (V) 1.249 1.129 1.129 1.129
FF (%) 90 87.2 88.9 84.1
Efficiency (%) 27.1 23.1 24.2 22.9

For the cells with surface recombination or with shallow bulk traps, we observe, in addition to the reduction in Vo, a slight
drop in FF. This reduction in FF is due to transport limitations (even at the high mobility chosen for the simulations) as
can be easily shown by further increasing the mobility, which results in FF values approaching 90%.

In the case of deep bulk traps, on the other hand, FF is limited chiefly by the recombination dynamics. Fig. 1 shows the
band diagram for the cell with deep bulk traps at MPP as well as the corresponding electron and hole concentration
distributions, together with the recombination rate. These devices — since they are undoped and have no mobile ionic
species — effectively feature a wide space-charge region where the n~p. Under these conditions, and with deep traps, the
SRH equation predicts an ideality factor of 2, which is borne out in the high recombination rate near the centre of the
absorber layer.
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Figure 1. (a) Band diagram of simulated cell with deep bulk recombination at maximum power point. (b) carrier
concentrations and total recombination rate across the perovskite absorber of the same cell at maximum power point.

In the case of the cell with surface recombination, since the majority carrier concentration is always much higher than the
minority carrier concentration at either contact due to the (idealised) nature of the contacts, this condition results (from the
SRH equation) in n=1. On the other hand, in the case of shallow bulk traps, the trap energy level means that the relative
carrier concentrations are not important in determining the value of the ideality factor, and n=1.

In practice, cells will feature a combination of surface and bulk recombination, where the bulk traps may be shallow or
deep. It would therefore be expected that the cell ideality in the absence of transport limitations will be between 1 and 2,
and that recombination dynamics will limit the achievable FF in any given material to a value between 84 and 90%, as we
have observed on the basis of photoluminescence measurements.!3

3.2 Impact of mobile ions

Next, we introduce mobile ionic species into our model. We introduce either mobile cations, or both mobile cations and
anions, at a concentration of 5x10'%cm=, which is similar to reported values mobile ion concentrations for MAPbI3.!4-16
The results of density functional theory calculations by Eames et al.'® suggest that both the I anion and the MA" cation
may be mobile in MAPbIs. The ionic mobility is set to 1072 em?V-!s™! for mobile species. It should be noted that since the
steady-state response is simulated, the value of the ion mobility has no impact on the result. Further, when two mobile
ionic species are simulated, different values of the ionic mobility for the different species produce identical results to a
simulation using the same mobility value for both species.

As in the previous section, we adjust the defect parameters for each of the recombination scenarios 2-4 above in order to
achieve the same Voc of 1.129V.

The addition of mobile ions is found to have no significant impact on the I-V characteristics of cells operating at the
radiative limit (recombination scenario 1). In contrast, when parasitic recombination pathways dominate, the presence of
mobile ionic species can have a significant impact. Fig. 2(a) shows the I-V curves of the cells with no mobile ions, with
mobile cations or with both mobile cations and anions, for the case of shallow bulk traps while figs. 2(b-d) shows selected
band diagrams at MPP and short circuit conditions.

Next, we introduce mobile ionic species into our model. We introduce either mobile cations, or both mobile cations and
anions, at a concentration of 5x10'%cm=, which is similar to reported values mobile ion concentrations for MAPbI3.!4-16
The results of density functional theory calculations by Eames et al.!® suggest that both the I anion and the MA" cation
may be mobile in MAPbIs. The ionic mobility is set to 102 cm?V-!s! for mobile species. It should be noted that since the
steady-state response is simulated, the value of the ion mobility has no impact on the result. Further, when two mobile
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ionic species are simulated, different values of the ionic mobility for the different species produce identical results to a
simulation using the same mobility value for both species.

As in the previous section, we adjust the defect parameters for each of the recombination scenarios 2-4 above in order to
achieve the same Voc of 1.129V.

The addition of mobile ions is found to have no significant impact on the I-V characteristics of cells operating at the
radiative limit (recombination scenario 1). In contrast, when parasitic recombination pathways dominate, the presence of
mobile ionic species can have a significant impact. Fig. 2(a) shows the I-V curves of the cells with no mobile ions, with
mobile cations or with both mobile cations and anions, for the case of shallow bulk traps while figs. 2(b-d) shows selected
band diagrams at MPP and short circuit conditions.

The above conclusions were found to broadly hold regardless of the recombination mechanism in the cell (recombination
via surface traps, shallow bulk or deep bulk traps), with a significant reduction in Jsc in all cases, together with some
reduction in FF. The details vary from case to case. In measurements typically performed on laboratory cells, where cells
are swept in the reverse and then in the forward directions at different sweep rates, such behavior would likely manifest
itself as significant hysteresis in the IV curves, as well as a significantly lower steady-state power output compared to the
MPP output determined from a typical IV curve (usually performed with a relatively fast sweep rate).

Thus, our simulations suggest that the presence of single mobile ionic species can be detrimental to device performance,
resulting in both a reduced (steady-state) Jsc as well as FF. A significant performance reduction can occur even if the
carrier mobilities are very high. The magnitude of the impact would depend on the concentration of the mobile ionic
species as well as the energy alignment at the contacts. In our modelling, only rather ideal contacts are considered. Our
results also suggest that doping of the perovskite film is more likely to be detrimental than beneficial, as it results in
asymmetrical carrier transport and can contribute to the formation of a transport barrier. A detrimental impact of doping
on cell performance has also been predicted by Kirchartz et al.!!, albeit for cells operating at the radiative limit where the
impact only observed at lower mobility values.

3.3 Impact of finite carrier mobility

The results presented above were all obtained with high electron and hole mobilities of 100cm?/V-s. Actual mobility values
in perovskite thin films are likely to be significantly lower. To explore the impact of lower mobility values on device
performance, we repeat selected simulations over a larger range of mobilities. For simplicity, electron and hole mobilities
are kept the same. In contrast to the simulation results presented above, here we no longer constrain the Voc to 1.129V.
The starting point for all the simulations are the parameters that were used in the previous sections, which resulted in a
Voc of 1.129V when the mobility was set to 100 for both electrons and holes.
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Figure 2. (a) Simulated IV curves of perovskite cells with no mobile ions, only cations, and both cations and anions. Cells
here have matched to the same Voc of 1.129V. (b)-(d) Band diagrams of the perovskite bulk at maximum power point with
no ions, only cations, and both anions and cations. (¢) Band diagram of perovskite absorber at maximum power point
without ions, but is p-type doped with the same concentration as excess cations in Figure 2(c). (f) Band diagram of the
absorber with only mobile cations at Jsc.

Fig. 3 shows the dependence of cell efficiency on mobility for the four recombination scenarios, in the absence of mobile
ionic species. In the case of the cell operating at the radiative limit, we see no significant reduction in performance until
the mobility drops below lcm?/V-s, in broad agreement with the results of Kirchartz et al. When non-radiative
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recombination is introduced, the cell becomes more sensitive to mobility and a significant dropoff in cell efficiency is
observed below 10cm?V-s when the bulk recombination dominates. Again, the chief reason for the reduction in cell
performance is the reduced conductivity in the cell, which induces drops in the qFLs near the contacts. Cells become more
sensitive to carrier mobility when additional recombination pathways are introduced because cells with parasitic
recombination operate at lower voltages, which translates to lower electron and hole concentrations and therefore lower
conductivities.

No lons
30 . .

Efficiency (%)

Intrinsic
—— Surface Recombination
— Shallow bulk SRH
—— Deep Bulk SRH
0 T T

0.1 1 10 100

Mobility (cm?/Vs)

I

Figure 3. The effect of carrier mobility on perovskite cell efficiency with different recombination scenarios with no mobile
ions.

The cell that is dominated by surface recombination shows a different trend, with a slight increase in efficiency as the
mobility is reduced. For this cell, there are two competing effects of mobility. Since recombination is limited to the
surfaces, a lower mobility reduces the flow of minority carriers to the surface where they can recombine, increasing cell
Voc. This increase in cell voltage is also beneficial for the electron and hole conductivity. On the other hand, the reduction
in mobility acts to reduce carrier conductivity which results in an increased transport barrier. These effects more or less
cancel each other out over a broad range of mobilities, since in these simulations we no longer constrain Voc.

Consistent with our observations for high mobility, the behaviour of cells with two mobile ionic species of equal
concentration was found to be similar to that of cells with no mobile ions. We attribute this to the similar concentrations
of electrons and holes in the device, and hence the similar conductivities.

Fig. 4 shows the variation of cell efficiency with mobility for the case where mobile cations are present. Not surprisingly,
a reduction in mobility below 100cm?/V-s results in a further decrease in cell performance in all cases, but with the detailed
trend dependent on the recombination mechanism. Even the cell operating at the radiative limit is significantly affected
once carrier mobility drops significantly below 100cm?/V-s. Given that the primary reason for this performance drop is
the effective doping of the device, which causes a reduction in the concentration and conductivity of one type of carrier
(electrons in this case), this reinforces the conclusion that doping of the perovskite film may have a detrimental impact on
cell performance.
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Figure 4. The effect of carrier mobility on perovskite cell efficiency with different recombination scenarios with mobile
cations.

4. CONCLUSIONS

We have examined, through the use of an advanced device model, the impact of carrier mobility, the presence of mobile
ionic species and recombination on the performance of PSCs. The modelling results show that poor carrier transport may
limit cell performance under a range of circumstances, and that the impact can manifest itself as a loss in steady-state Jsc
or FF, or both. Factors that increase transport losses include low carrier densities in the cell at maximum power point or
Voc, as well as significant doping in the absorber. The presence of a single mobile ionic species is shown to be detrimental
to device performance chiefly because such a mobile species may result in effective doping of the absorber bulk. On the
other hand, the presence of two ionic species of equal concentrations but opposite polarity (representing, for example, the
mobile MA+ and I- vacancies in MAPI) do not have a significant impact on cell performance, despite the fact that they
result in a near complete screening of the electric field in the bulk of the cell. Further, the relative mobilities of the ionic
species, while having a major impact on the cell transient response, do not impact the steady state device performance.

Finally, our results suggest that both high carrier mobilities of at least 10cm?/V-s as well as high Voc (low parasitic losses)
are highly beneficial to minimise the impact of cell transport losses and realise highly efficient perovskite devices.
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