7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Voltage Deficit in Wide Bandgap Perovskite Solar Cells
Koopmans, Marten; Koster, L. Jan Anton

Published in:
Solar RRL

DOI:
10.1002/s0lr.202200560

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Koopmans, M., & Koster, L. J. A. (2022). Voltage Deficit in Wide Bandgap Perovskite Solar Cells: The Role
of Traps, Band Energies, and Effective Density of States. Solar RRL, 6(12), [2200560].
https://doi.org/10.1002/s0lr.202200560

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 28-12-2022


https://doi.org/10.1002/solr.202200560
https://research.rug.nl/en/publications/7f4c2829-4f32-4492-ab03-00b8d52e9c67
https://doi.org/10.1002/solr.202200560

RESEARCH ARTICLE

W) Check for updates

; ‘RRL

www.solar-rrl.com

Voltage Deficit in Wide Bandgap Perovskite Solar Cells:
The Role of Traps, Band Energies, and Effective Density

of States

Marten Koopmans and L. Jan Anton Koster*

Wide-bandgap (>1.7 eV) perovskite solar cells (PSCs) are plagued by relatively low
open-circuit voltages. This is problematic as they are key to achieving perovskite
silicon tandems, which can boost the potential of silicon solar cells. Performance in
PSCs is widely considered to be limited by recombination at the interface between
the perovskite and the transport layer (TL). Here, a number of design rules to
increase the open-circuit voltage of wide-bandgap PSCs are introduced. A numerical
device model that includes a detailed description of the interfacial recombination
processes is presented. The combined effects of interface traps, ions, band
alignment, and transport properties are introduced to identify the critical param-
eters for improving the open-circuit voltage. A large number of devices are sim-
ulated by picking random combinations of parameters and are looked for trends. It
is shown that interface recombination can be suppressed by reducing the minority

bandgap of roughly 1.7 eV to complement
the narrow bandgap cell that is most often
silicon. This is problematic, however, as
most of the recent efficiency improvements
in PSCs have been because of a narrowing
of the bandgap,[S] which makes them less
suitable for the tandem application.
Currently, good PSCs with a bandgap of
around 1.7 eV typically have an open-circuit
voltage (Vo) of roughly 1.2V,*7! with
some reaching as high as 1.28 V.®! While
more realistic quantification exists,? the dif:
ference between the radiative limit for V.
and measured V. is indicative of the room
for improvement. For a 1.7 eV bandgap, the

carrier density close to the interface with the TLs. It is demonstrated that the
alignment of energy levels is only part of the story; the effective densities of states
are of equal importance. The results pave the way to achieving high open-circuit

voltages, despite a significant density of interface defects.

1. Introduction

Perovskite solar cell (PSC) technology is maturing rapidly.
Formamidinium lead iodide cells show an efficiency that is on
par with silicon cells and are nearing the Shockley—Queisser
limit for the open-circuit voltage."! The stability of these solar
cells is starting to attract more attention, as degradation mech-
anisms are not yet fully understood.

One of the most likely applications for PSCs is in a tandem
configuration with silicon solar cells. This perovskite-silicon
tandem can currently achieve 29.8% module efficiency.?
These tandem solar cells require perovskite subcells with a
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radiative limit for V. is around 1.43V,
depending on the exact assumptions used
to derive it.”) This means that in typical cells,
we have a few tenths of a Volt left to improve.

Wide bandgap (21.7 eV) perovskite cells
suffered from phase segregation at first,
where narrow bandgap phases effectively
acted as recombination centers. It has been shown, however, that
halide segregation is responsible for a smaller part of the V. loss
than the electronic quality of the perovskite cells.!® It is, there-
fore, of paramount importance to understand all the factors at
play at the perovskite-transport layer (TL) interface.

It is widely accepted that perovskite-TL interfaces are the main
culprit of V.. losses because of the presence of trap-assisted
recombination.®!®**! In case of a large excess of one carrier
type, as is typically the case at perovskite-TL interfaces, the
Shockley—Read—-Hall recombination rate is determined by the
minority capture rate. This means that the minority carrier den-
sity, capture coefficient, and trap density become the determi-
nant of the interfacial recombination rate.'"

Surface passivation, typically by interlayers, can be employed
to decrease the number of recombination centers at the
perovskite-TL interface.™**>'¢ Thin layers of passivating
agents are deposited at the perovskite/TL interface. Even though
these layers might be insulating, by keeping them very thin, they
can increase rather than decrease the fill factor. Interlayers can,
however, decrease recombination even without passivating
recombination centers by inducing band bending to repel
minority carriers from the interface.!”!

To reduce the amount of charge carriers available for recom-
bination at the interfaces, a few different strategies can be
employed. First, a built-in voltage can contribute to extracting
carriers to the right TL. Because of their n—i-p (or p-i-n)
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configuration, PSCs limit surface recombination at the metal
contacts by repelling minority carriers with TLs. This means that
PSCs can even operate reasonably well with an electric field work-
ing against charge extraction in the perovskite."® An electric field
aiding charge extraction is very beneficial to cell performance,
however. This electric field can be achieved by doping the TLs
or by a difference in work functions between the two metal elec-
trodes."®'*! The last effect can be undercut, however, by the low
dielectric constant or conductivity of typical TLs, meaning most
of the potential will drop over the TLs instead of the perovskite.[*”)

Additionally, an imbalance between perovskite and TL prop-
erties can play a role in repelling or attracting minority carriers
to the perovskite/TL interface. Typically, TLs for PSCs are
organic. Because of this, there is a large dielectric mismatch that
can also cause extra recombination by the accumulation of
minority carriers near the interface.*'! While well-aligned bands
between the perovskite and the TL might seem preferable, a
small extraction barrier can actually increase solar cell perfor-
mance as it pushes minority carriers away from the
interface.””*! Despite the efforts to reduce the number of inter-
face traps, it is improbable that they can be completely prevented.
It remains unclear how to optimize the electrical properties of the
device stack, given that interfaces likely remain defective.

Here, we show design rules to optimize the open-circuit volt-
age of wide bandgap PSCs. We implement a detailed description
of interfacial recombination in SIMsalabim, an open-source
device modeling software. A reference device is introduced that
performs like a typical wide bandgap PSC. This reference device
is then used to determine the effects of interface traps, band
alignment, ions, and transport properties on the open-circuit
voltage.

A large number of devices are simulated with random combi-
nations of device parameters to look for trends in the open-circuit
voltage. The total recombination rate in a cell determines the
open-circuit voltage. Often, a reduction of the number of inter-
face traps is attempted to reduce recombination, but this can be
experimentally challenging. We find that reducing the minority
carrier density in the perovskite at the TL interface suppresses
recombination in equal measure. While band alignment is often
exclusively considered, we find that the effective density of states
(DOS) in combination with band alignment determines the
minority carrier density at the interface. We find that high

www.solar-rrl.com

open-circuit voltages are possible despite a significant density
of interfacial defects.

2. Results

To investigate wide bandgap PSCs, we will use SIMsalabim,
open-source simulation software for drift-diffusion simula-
tions.!”! The physical model we use to represent these solar cells
includes mobile ions, interfacial recombination (at TL interfaces
and grain boundaries), effective DOS (N¢), energetic alignment,
dielectric contrast, absorption profiles, and dopants. Mobile ions
are assumed to stay in the perovskite layer except in Figures 2a
and 4, where the mobile ions are allowed in the TLs at random in
half of the simulations. While in a regular PSC, reflection from
the back electrode is quite relevant to the absorption profile, we
neglect this effect for the wide bandgap perovskites, which will be
used mostly in a tandem configuration. The absorption profile is,
therefore, assumed to be exponential, based on the absorption
coefficient of a typical perovskite.[*®!

Figure 1a shows a schematic band diagram of the device used
in our simulations, with the most important parameters used
indicated in the figure at the location where they take effect.
While we make the electron TL interface limiting in this work,
the same results could be obtained by exchanging the electron
and hole TL properties. In our simulations, we include the effect
of varying dielectric constant over the device, the effective DOS in
the TL (N._g), band alignment, TL doping, TL-mobility,
TL-thickness, mobile ion density, ion placement in TLs, and
interfacial trap density. In line plots in this section, the
generation profile is exponential starting from the left side of
the device in Figure 1a. In the scatter plots, an absorption profile
that is exponential starting from either electrode or a uniform
absorption profile is picked at random. This is done to simulate
the two edge cases for generation profiles to exclude any possible
impact the detailed shape of the generation profile might have.

Because interfacial recombination is limiting to performance
in most PSCs, it is imperative to model it accurately. To correctly
describe the physics, we developed an advanced description of
trap-assisted recombination for interface traps. We rederive
the Shockley—Read—Hall recombination expression for interface
traps, which can be captured from and emitted to the conduction
and valence band at either side of the interface. The derivation
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Figure 1. a) Schematic band diagram illustrating simulation parameters and where they take effect. Parameters are varied in the left transport layer (TL
(Table 1)), while those in the right TL are chosen such that the left TL is limiting performance (Table S2, Supporting Information). b) Current-voltage
characteristic of our reference wide bandgap perovskite solar cell (PSC). The device parameters used are in Table S1, Supporting Information.
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can be found in the supporting information. Furthermore, the
interface charge of traps is considered depending on the type
of trap. Figure S1, Supporting Information, shows that a simpler
expression for interface trapping, such as the original Shockley—
Read-Hall expression, is insufficient. The large discontinuities
of charge carriers’ densities at the interface that are dependent
on input parameters and applied voltage mean that it is not clear
in advance which rates should the recombination expression if
only two trapping and detrapping rates are used. Taking rates
from either side of the interface into account solves this problem.
The difference is illustrated in Figure S1, Supporting
Information, with a band offset, but the difference can be
obtained through other parameters as well.

As discussed previously, a good wide bandgap PSC currently
has a V,. of roughly 1.2V and a fill factor (FF) of 0.8.*7) The
short-circuit current (Js) sits at roughly 15-16 mA cm 2+
but is not considered for optimization in this work. As a refer-
ence point for our investigation, we introduce a device that
resembles such a typical wide bandgap PSC. Device parameters
are chosen such that they are close to those of real devices and
yield similar performance. Using the parameters shown in
Table S1, Supporting Information, we get the simulated JV curve
in Figure 1b, which has a J; of 15.8 mA cm™2, an FF of 0.81, and
aVeof 1.21V.

Figure 2a shows the reference PSC from Figure 1b where
properties of the left TL, left contact, perovskite, and TL/perovsite
interface were varied. Properties for the right TL and electrode
are kept constant, while those on the left side are varied over
a wide range indicated in Table 1. The parameters in the right
TL are chosen such that they are not limiting to device perfor-
mance and are shown in Table S2, Supporting Information.
The results are plotted versus the trap density at the left
TL/perovskite interface.

Figure 2a shows that there is a broad trend showing that fewer
traps generally mean higher V. There is, however, a wide range
of possible values for V,, for any trap density. This is nicely illus-
trated when looking at the resulting V,, values at the trap density
for the reference device. We see that for the reference device

introduced in Figure 1b—depending on other device
(a) T T T T
1.4 [ e
< 1.2
3
>
1.0 "
I
=== SQ Vo :
- 1
osl ref. cell : i

10° 101! 1013 1015
interface traps [m~2]

www.solar-rrl.com

Table 1. Parameters that are randomly chosen are shown on the left. A
value was randomly picked between the lower and upper limits on
either a linear or logarithmic scale, as indicated in the last column.

Parameter Lower Limit Upper Limit Scale
Thickness TL [m] 50 50 lin
Doping TL [m~?] 10" 102 log
Mobility TL [m*Vs "] 10°° 10°° log
Perovskite/TL band offset [eV] -0.2 0.3 lin
Contact/TL band offset [eV] 0 0.4 lin
Relative permittivity TL 3 30 lin
Effective DOS TL [m?] 102 10% log
Surf. trap dens. perovskite/TL int. [m~?] 10" 10" log
Mobile ion density [m~?] 10'® 10%2 log
Are ions allowed in TL (yes/no) 0 1 n.a.

parameters—the same trap density can yield a V,. anywhere
between 0.9 and 1.4 V.

In experiments, it is often difficult to isolate the changing of
one parameter, such as interface trap density. This means that
depending on other parameters that are changed along with trap
density, a higher trap density could show a higher V.
Experimentally, simply reducing the number of traps regardless
of other characteristics is, therefore, not an effective strategy for
attaining a high V.

Figure 2b shows that when all other parameters are kept
constant, we do indeed get the expected result. Namely, starting
from the trap density of the reference cell, higher trap density
decreases V,. and lower trap density decreases V. In
Figure 2D, three different interface trap types are considered,
namely donor, acceptor, and neutral-type traps. Due to the device
symmetry, donor and acceptor traps yield the same result. We
will, therefore, call these charged traps. Here, a neutral trap is
an unphysical type of trap that is both neutral when empty
and full. This trap type is included because it can differentiate
the effect of traps contributing as recombination centers and
traps contributing to space charge.

(b)
1.4
< 12
®
> !
1.0r Charged traps ]
—— Uncharged traps
--- ref. cell
0.8 L 1 1 1 1 I-
10° 101t 1013 1015

Interface traps [m 2]

Figure 2. a) We vary relevant solar cell properties from our reference cell (red dashed line), except for those in the right TL and right contact. The
parameter ranges are indicated in Table 1. b) The dependence of V,. on interface trap density for charged traps and uncharged traps. Charged traps
are traps that are either negatively charged when willed with an electron (acceptor type) or positively charged when empty, or not filled with an electron
(donor type). Uncharged traps are a limit of low trap density but high capture coefficients, which means that these traps do not contribute to space charge,

but do act as recombination centers.
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In Shockley—Read-Hall recombination, the trap density and
capture coefficient only appear as a product, which is a recombi-
nation velocity as it has unit m s~ If the charge of the traps
does not play a role, the recombination velocity can uniquely
determine recombination and therefore V,. in our simulations.
Since the simulations are performed in steady state, we can then
disentangle the effect from recombination and charge of the trap.

We see in Figure 2b that at low trap densities, the charge of the
trap does not play a role as the neutral type trap gives the same
V,c as the charged traps. At trap densities above 10** m?, how-
ever, we see that charged traps have significantly lower V. than
uncharged traps. This shows that interface traps can be consid-
ered just as recombination centers without charge for low to
medium interface trap densities. The leveling off of the V. at
high trap density for neutral traps can be explained by minority
carrier depletion at the interface; if there are a negligible number
of minority carriers at the interface at V,, recombination does
not increase further upon the addition of more traps. This
teaches us that the charge of interface traps is unlikely to be rel-
evant for cells that have a V,. of 1.2V, the state of the art.

We continue our investigation by looking at the effect of the
effective DOS (N.) on V,.. The N is determined by an integral
over the product of the Fermi-Dirac distribution and the DOS of
the material in question. For typical inorganic materials, the DOS
is parabolic, which means that this integral returns a constant,
the N, times a Boltzmann factor.?”!

This same simplification does not hold however for organic
materials, which typically have a Gaussian DOS.”® The
Gaussian DOS causes an increase in N, increasing it above
the total integral of the Gaussian DOS when the (quasi-)Fermi
level gets close to the lowest unoccupied molecular orbital
(LUMO) level. This is the case in a good solar cell near V.

In Figure 3a, it seems very intuitive that the organic layer
should have a higher charge carrier density. In our simulations,
this effect is captured by the N, which is orders of magnitude
higher for organic materials. To keep the charge carriers from
accumulating in the organic layer, the LUMO level can be
increased to compensate for the increased Ng.

Figure 2 shows that despite a significant number of traps,
achieving a good V. is possible. To investigate further what
improvements can be made without reducing the number of
traps, we will now select all solar cells from the dataset with trap
densities of 3x 10" m? and upwards. This means that the trap
density is close to that of the reference device introduced in
Figure 1 or above that. Figure 3 implies that to counteract higher
N. in the TL than the perovskite, the conduction band of the TL
should be increased to counteract charge carrier accumulation.
To test this premise, we take the same simulations as in
Figure 2, which include: mobile ion density, TL mobility, gener-
ation profile, TL/perovskite band offset, relative permittivity of
the TL, TL thickness, TL doping density, electrode work function,
interface trap density, and N, of the TL. These simulations are
then plotted against different parameters to show trends in V.

The result is shown in Figure 4 for the subset of devices with a
trap density above 3x10'' m? as mentioned earlier. The points
show all simulations, plotted against different variables in differ-
ent sub-figures. In Figure 4a,b, the data are plotted against the
Neq in the TL and the conduction band offset. While a trend is
visible, neither band alignment nor the effective DOS provides a

Sol. RRL 2022, 6, 2200560 2200560 (4 of 8)
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(@) Organic Perovskite
LUMO -—- CB
(b) Inorganic Perovskite

CB mmmder?” oo cB

Figure 3. This figure shows schematically the difference between perfectly
aligned bands for: a) organic-TL/perovskite junctions, where the lowest
unoccupied molecular orbital (LUMO) of the organic layer defines the
center of a Gaussian DOS and b) inorganic-TL/perovskite junctions, where
both the inorganic-TL and the perovskite have a parabolic band defined by
the minimum of the parabola.

clear relation with V,.. In Figure 4c, the data are plotted against
the parameter

Ne_a AE.
.. = C._. Nu 1
WDint len t Nc—per eXp(kB T) ( )

where Cp,;, is the minority carrier capture coefficient, Ny; is the
interfacial trap density, and Nc_g/per are the effective DOS of the
TL and perovskite. This parameter approximates recombination
at the interface by just the rate of minority carrier trapping
CminPmin Ny, where n;, is the minority carrier density. As a gra-
dientin N, or band energy causes a step in the electrostatic poten-
tial at the interface, the minority carrier density changes
accordingly. Typical TLs are blocking for minority carriers, how-
ever, so increased minority carrier density in the TL is not the
cause for increased recombination.

Instead, the increased carrier density over the TL causes a
larger potential drop in the TL, decreasing the potential drop over
the perovskite layer. This large potential drop over the TL means
there is a less potential drop over the perovskite to keep minority
carriers from the interface. This increase of minority carrier
density near the interface increases recombination and reduces
Voe- With a given N, offset between TL and active layer, this
means that band alignment can be used to engineer a low carrier

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. The dots show all simulations ran using parameters randomly drawn from the ranges indicated in Table 1. The Shockley—Queiser V. is plotted
as a red dotted line. a) All simulations plotted against the density of states (DOS) in the TL. b) All simulations plotted against the difference between
the perovskite and the TL conduction band. c) All simulations plotted against parameter ;.

density near the interface, reducing recombination. While a high
N, typical of organic TLs, can still result in a high V., this can
happen if and only if the high N, is compensated with a TL con-
duction band that lies higher than the perovskite conduction
band.

Experimental verification of the results in Figure 4 and
Equation (1) is hindered by the fact that values of the effective
DOS are rarely reported. To verify our results, we study the effect
of the disorder in the TL on V.. Less disorder implies a smaller
effective DOS, and thus an improved V. As the disorder is
typically hard to reduce from an already decent TL, this effect
is relatively minor. Nonetheless, it will impact the N__y, allowing
us to verify our results. While the exact N._y is unknown, we can
calculate the decrease in N._y that would result from a decrease
in disorder in an organic Gaussian DOS, assuming that only dis-
order changes between two solar cells in the parameter w;,; from
Equation (1). Assuming the same trend of V,, versus wy, as in
Figure 4c, the change in N__ resulting from a change in disor-
der can be converted to a change in V.. Using this procedure to
predict the V.. increase from a reduction in TL disorder as

(a) 1.30 T T T
i
I
i
1.25F —
— 1.20F 4
=
3 I
> 115} ! .
—— Neoy=108m~3 |
L10F = 107m-3 ] 1
-—- Ec perovskite |
1 1 1 1
1.05 3.1 3.2 3.3 3.4

Ecp left TL [eV]

reported in the literature,”®>" we find that the agreement is

satisfactory (See Table S3, Supporting Information). For details
on this procedure, we refer to the supporting information.

Figure 5 shows the effect of changing the conduction band
level for different N, in the reference device introduced in
Figure 1b. In Figure 5a, shows that to attain maximum V.,
the conduction band or LUMO of the TL should be equal to
or higher than (depending on the N,) the conduction band of
the perovskite, which is set at 3.3eV in the simulations.
When the N, of the perovskite equals that of the TL, optimal effi-
ciency is obtained by aligning the TL and perovskite conduction
bands. When the N. of the TL increases, however, both the FF
and V. increase when the conduction band of the TL is raised.
This yields a maximum power point (MPP) peak at a conduction
band energy in the TL that is higher. This difference, AE,, is
roughly 0.1eV, for an N, in the TL of 10° m 2, realistic for
an organic layer with aligned bands. This shows that a higher
N, can be effectively counteracted by de-aligning the bands
according to the parameter wy, from Equation (1), to reduce
the carrier density in the TL.

(b) : :

160
140

=
o) o N
o o o
T T T

MPP [W/m?]

(o))
o
T

—— Ne_g =10¥m™3 |
—— Ne—g=10m"3

——- Ep perovskite

N B
o o
T T

1 1
3.1 3.2 3.3 3.4
E.p left TL [eV]
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Figure 5. The effect of the conduction band energy (E,) on: a) V. and b) the maximum power point (MPP) of our reference solar cell. N._ is varied from
being equal to that of the perovskite layer at 10° m >, to higher by a factor of 100. The conduction band energy of the perovskite is shown as a reference.
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3. Discussion

Suppose we start from a medium bandgap device with optimal
TLs in terms of band alignment and N_ and then increase the
bandgap. This means that we will get alignment problems at
one or both of the TL/perovskite interfaces that forces an
increased carrier density in the TL, decreasing V.. To reduce
interfacial recombination—and to enhance V,—one can focus
on reducing the number of interface traps, their capture
coefficients, or the minority carrier density near the TLs.

Optimal band alignment in PSCs can be counterintuitive. While
it is known that we need different TLs for wide bandgap devices,*?
it is mostly suggested that aligned bands are best. This depends,
however, on the effective DOS offset between perovskite and
TL. Perfect energetic alignment of bands between perovskite
and TL can yield worse performance than a TL that shows a small
extraction barrier.”® This effect is strongest for organic TLs with a
high DOS per unit volume and a Gaussian DOS./*®!

We show that the DOS offset between the perovskite layer and
TL should also be considered when determining optimal band
alignment. Since typical organic TLs have a higher N, than typi-
cal perovskite layers, it can be seen in Figure 4 that an extraction
barrier leads to higher V,, at the same trap density. Interestingly,
a realistic N, of 10%” to 102 m~> coincides with a V,. of 1.2V or
lower in our simulations.

Experimentally, it has been observed that lower disorder in the
TL leads to a higher V,.**" This is often attributed to better
transport, but we show that the effect is more subtle than that;
higher disorder means a wider Gaussian DOS, leading to more
states closer to the Fermi level yielding a higher N in the TL.
This results in a reduced potential drop over the perovskite, lead-
ing to higher minority carrier density near the perovskite/TL
interface and therefore a lower V..

We show that the problem of reduced V. can be solved by
reducing disorder, leading to a lower N, by increasing the band
offset between AE,, or reducing the density of traps at the inter-
face as shown by Equation (1). It should be highlighted that these
effects are interchangeable in terms of V,, so the method that
experimentally is the most feasible can be chosen for specific
device configurations.

This agrees with what we illustrate in Figures 3 and 5; More
specifically, the width of this Gaussian is typically around 0.1 eV
and reducing it from 0.136 to 0.090 eV increased V, by 0.09V
experimentally,”® which is highly significant.

The dielectric constant might be expected to have a large influ-
ence on V, via a reduction of the built-in potential** or by trap-
ping carriers near the interface.?! We find, however, that while
the dielectric mismatch can have a large effect on the FF via low-
ering of the built-in potential, its effect on V. is rather limited.

4. Conclusions

In conclusion, we introduce design rules for achieving optimal
Voc in PSCs. To this end, we provide a device model including a
detailed description of interfacial recombination and use this to
simulate a typical wide bandgap PSC. We then simulate a large
set of solar cells including the effects of ions, transport proper-
ties, band alignment, and traps. The total recombination rate in a
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device determines the open-circuit voltage, but is affected by dif-
ferent device parameters.

We introduce a parameter that combines the effect of interfa-
cial trapping, N offset, and band alignment. The obvious strategy
to reduce recombination and increase V. is to reduce the num-
ber of interfacial traps, which is experimentally challenging. We
show that recombination can be suppressed by reducing the
minority carrier density near the interface by tuning the band
alignment and N, offset at the interface. This means that band
alignment is only half of the story and for achieving high V,, the
N, is of equal importance. Together, our results show that V.
can get close to the Shockley-Queisser limit despite a significant
number of interface traps.

5. Experimental Section

In the recent past, we adapted our device model to make it more suit-
able for simulations on PSCs.['%** The model solves a discretized form of
the 1D classic drift—diffusion equations

oV on
Jn= 7q”ﬂnaix+ ana*X (2)
for electrons and

oV dp
Jp - _qpﬂpaix'i'quaiX (3)

for holes, respectively, where J, and J, are the electron and hole current
densities, g is the unit charge, n and p are the electron and hole densities,
Hn and p, are the electron and hole mobilities, V is the electrostatic
potential, and D, and D, are the electron and hole diffusion constants
following from the Einstein relations.?* The unknowns in these equations
are the electrostatic potential, and the electron and hole densities. The
electrostatic potential can be solved from Poisson’s equation

V(x) = —g(q—x)(r’(x) =n(x) +N§ (x) = Ny () + o + ot + 1" —17)
)

where ¢ is the permittivity, Njj and Ny are the ionized p-type and n-type
doping density, and I™ and [~ are the positive and negative, possibly
mobile, ion densities, and o2 and 6" are the bulk and interface trap
charge density. A Schottky contact at the contacts is assumed at the
boundaries of the simulations volume, resulting in a boundary condition

for the Poisson equation of the form

o’

q(V(L) - V(O)) =W.-W, - vapp )

where V(L) and V(0) are the electrostatic potentials at the cathode and
anode, respectively, W. and W, are the work functions of the cathode
and anode, and V,,, is the applied voltage between the cathode and
anode.

Charge carrier generation, recombination, and extraction are governed
by the continuity equations

app

on 19),
C=% " gox ©)

_%p 1 %y
C=% a0 )

where G is the net generation rate, or recombination if G is negative, per
unit time. What is left is to define expressions for generation and recom-
bination. Two different recombination mechanisms are included. The
band-to-band recombination rate is determined by
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Ry = ky(np — n?) (8)

where ky, is the band-to-band recombination constant, and n; is the intrin-
sic carrier density. Trap-assisted recombination, or Shockley—Read—Hall
recombination is governed by

CnCp(Ntrap + Ptrap)
n(n+no) + Colp+po

Rspy = —n? 9

SRH = = )("P n?) ©)
where Rggy; is the Shockley-Read-Hall recombination rate, C, and C, are
the electron and hole capture coefficients of traps, Ny, and Py, are the
electron and hole trap densities, and n, and p, are defined as

no = N.exp (, m) (10)
kg T
po = Neexp (m) an
kg T

where N is the DOS, E. and E, are the conduction and valence band
energies, Ey,, is the trap energy, kg is Boltzmann’s constant, and T is
the temperature. In our device model, traps can be present at the
perovskite—TL interface, at the grain boundaries of the perovskite, and
in the bulk. For interface trapping, the rate equations can be found in
the supporting information.

The generation of carriers is determined by light absorption in the
perovskite, which varied between uniform, exponential from the n-side
of the device and exponential from the p-side of the device. Because of
the low exciton binding energy in perovskite light absorption is assumed
to always result in free carriers.*®!

In Figure 4, a large range of parameters is scanned to obtain the
different data points. In Table 1, these parameter ranges are shown.
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