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How To Quantify the Efficiency Potential of Neat Perovskite
Films: Perovskite Semiconductors with an Implied

Efficiency Exceeding 28%

Martin Stolterfoht,* Max Grischek, Pietro Caprioglio, Christian M. Wolff,

Emilio Gutierrez-Partida, Francisco Peria-Camargo, Daniel Rothhardt, Shanshan Zhang,
Meysam Raoufi, Jakob Wolansky, Mojtaba Abdi-Jalebi, Samuel D. Stranks,

Steve Albrecht, Thomas Kirchartz, and Dieter Neher

Within the last years, perovskite semicon-

Perovskite photovoltaic (PV) cells have demonstrated power conversion
efficiencies (PCE) that are close to those of monocrystalline silicon cells;
however, in contrast to silicon PV, perovskites are not limited by Auger
recombination under 1-sun illumination. Nevertheless, compared to GaAs
and monocrystalline silicon PV, perovskite cells have significantly lower fill
factors due to a combination of resistive and non-radiative recombination
losses. This necessitates a deeper understanding of the underlying loss
mechanisms and in particular the ideality factor of the cell. By measuring the
intensity dependence of the external open-circuit voltage and the internal
quasi-Fermi level splitting (QFLS), the transport resistance-free efficiency of
the complete cell as well as the efficiency potential of any neat perovskite film
with or without attached transport layers are quantified. Moreover, intensity-
dependent QFLS measurements on different perovskite compositions allows
for disentangling of the impact of the interfaces and the perovskite surface
on the non-radiative fill factor and open-circuit voltage loss. It is found that
potassium-passivated triple cation perovskite films stand out by their excep-
tionally high implied PCEs > 28%, which could be achieved with ideal trans-
port layers. Finally, strategies are presented to reduce both the ideality factor
and transport losses to push the efficiency to the thermodynamic limit.

ductors have been widely applied as active
layers in thin film solar cells, as well as in
many other opto-electronic devices such
as light emitting diodes™? and (photo)
detectors.’ Owing to their defect-tol-
erant nature and ease of fabrication from
solution and/or vacuum deposition,©
perovskites are the almost ideal candidate
to be combined with already well-estab-
lished commercial solar cell technologies
such as monocrystalline silicon,”l CIGSI®!
but also with perovskite itself (all-perovs-
kite tandem cells).l”) In the last few years,
these properties enabled major research
breakthroughs within a comparatively
short time which has accelerated research
on various PV technologies. For example,
with respect to single-junction perovskite
solar cells, the efficiency increased from
3.9% to 25.2%!% within only 10 years and
monolithic silicon/perovskite tandem cells
reached up to 29.1% power conversion

efficiency within an arguably even shorter
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time.1% As with many emerging photovoltaic technologies,
a major focus of the research community has been trying to
understand the origin of open-circuit voltage losses and a range
of different measurement techniques have been proposed
to decouple, for example, the contribution of interfacial and
bulk recombination on the Vg of the cell.l''!°] These include
electricall’ and all-optical transient measurements such as
pump-probe techniques!'*162021; moreover all-electrical meas-
urements, for example, impedance spectroscopy!'>1729-22l and
optical measurements in steady-state such as photolumines-
cence spectroscopy.l!'™13] Other attempts have been made to
explain the dominant recombination mechanism via the ideality
factor (n;p) of the complete cell,[112*-26] however with somewhat
limited success considering the difficulty of describing multiple
parallel recombination processes in a cell by a single parameter.
Today, Vo deficits of only 60 mV with respect to the radiative
Voc limit have been reported in literature,*”) which is very
close to the theoretical limits and actually already better than
monocrystalline Si (green bars in Figure 1a). However, the fun-
damental principles that allowed such low V¢ losses are not
well understood. In fact, the V¢ has been rising so rapidly that
in many recent record perovskite cells, the main limiting factor
was the fill factor (FF) rather than the V.29 This is shown
in Figure 1a which demonstrates the significant fraction of FF

www.advmat.de

losses (red bar) with respect to the PCE in the thermodynamic
limit in several recent record devices.>"!

In principle, the FF of a working solar cell can be explained
by three properties only, that is the charge extraction ability of
the cell, the overall Ohmic series resistance and the ideality
factor which is defined by the non-radiative recombination pro-
cesses in the device.?>3!] While the impact of the series resist-
ance can be calculated using Ohm's law, the charge extraction
ability depends on the carrier density and the charge carrier
mobilities in all stack layers which define the transport resist-
ance (R, = d/o, where d is the film thickness and o the conduc-
tivity).?23% In contrast, the non-radiative recombination losses
increase the dark current (Jp) and possibly the njp of the device
which will influence the current-density versus voltage curve
under illumination and thus the FF. Therefore, there is a direct,
well known correlation between the ideality factor and FF.34
While previous studies have indicated that both the extraction
and the ideality factor limit the cell,?>3! the origin of the ide-
ality factor remains poorly understood which requires a much
deeper understanding of the non-radiative recombination
pathways. Notably, even in recent record cells with a PCE of
24.2%, a high ideality factor of 1.8 was found which was consid-
ered to be one of the main performance limitations of today’s
perovskite solar cells.?”) Considering, the overall high PCE
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Figure 1. a) Short-circuit current (yellow), open-circuit voltage (Voc green and blue), and fill factor losses (red and purple) in several recent record
perovskite solar cells.[?3:43:58-811 A similar analysis on a larger set of record devices was recently reported in ref. [28]. In particular, the FF losses are
significantly larger then in monocrystalline silicon and GaAs solar cells. b) Tauc plots and c) representative JV curves of the studied perovskite films.
d) Intensity-dependent V¢ and resulting approximation of the ideality factor. e) Pseudo-JV (p/V) curves of the studied cells as obtained from the
intensity-dependent Voc. f) A comparison between the actual device FF and the FF from the pJV curves (measured on the same cells), as well as the

FF in the radiative limit considering the different bandgaps of the cells.
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of state-of-the art perovskite solar cells in numerous research
labs today, establishing a detailed understanding of the device
operation will become ever more important, as it will become
more and more difficult to achieve tangible efficiency increases
through trial and error optimizations alone. Arguably, amongst
the most pressing questions with regard to understanding the
non-radiative recombination processes is the chemical nature
of the trap states at the perovskite surfaces.>3% For example,
why and how exactly most transport layers (TLs) lead to signifi-
cant additional non-radiative recombination which caps the V¢
of many perovskite systems.[>172237] Moreover, considering the
often identical work functions of the contact metals, the origin
of any built-in field in perovskite cells is almost entirely unclear,
despite its significant impact on the device performance.l”:38l
Furthermore, with regard to the ideality factor, the impact of
trap states in the bulk and at the interfaces remains poorly
understood. In particular, strategies are missing to lower the
ideality factor for a given device stack without introducing addi-
tional recombination pathways, as well as universal methodolo-
gies to limit the recombination at the interfaces and/or in the
bulk.B%40 Clearly, being able to lower the ideality factor to 1
without compromising the Vo and changing the components
of the cell would allow one to maximize the PCE of perovskite
single-junction cells and to some extent tandem perovskite cells
as well.

In this work, we establish a better understanding of how
non-radiative recombination in the neat material, the interfaces
and/or electrodes defines the fill factor, the ideality factor, and
PCE of the complete device. To this end, we quantified in the
first part the contribution of charge transport and non-radiative
recombination on the FF loss for a series of perovskite solar
cells with different bandgaps, following a previous approach
based on intensity-dependent Vo measurements. Having
identified that non-radiative recombination causes FF losses of
= 5% for most compositions, we then aimed to further clarify
the contribution of the neat material, the perovskite/TL inter-
faces and/or the metal contacts on these losses. By measuring
the intensity dependence of the QFLS via absolute PL meas-
urements allowed us to experimentally quantify the efficiency
potential of any perovskite film on glass in the absence of lim-
iting factors such as transport limitations which could be engi-
neered out in principle. For a triple cation perovskite cell for
example, we were able to experimentally determine the PCE
losses due to inefficient charge transport, the interfaces and the
perovskite surface. For a neat trioctylphosphine oxide (TOPO)
passivated triple cation perovskite film, we obtained an implied
FF of 88.7% resulting in an implied efficiency of 27.3%. This
essentially demonstrates the large efficiency potential of the
perovskite bulk with respect to the radiative limit for the given
composition with a bandgap of 1.63 eV (30.2%). We then
applied this approach to a range of different perovskite com-
positions with different bandgaps. For a potassium-passivated
triple cation perovskite film, we found an even higher efficiency
potential exceeding 28% which could be achieved if non-radia-
tive interfacial recombination and charge transport losses could
be overcome.

The studied materials of this work include several dif-
ferent perovskite systems with distinct differences in
their bandgaps, that is (from high to low bandgap),
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1) a “triple cation perovskite” with a nominal composi-
tion of  Csg5(FAg76MAg24)095Pb(lo.76BT24)3 Which ~com-
prises FAPbI; and MAPDBr; in a ratio of 76:24 and 5 mol%
Cs with respect to the other monovalent cations. We note
that this composition is suitable for applications in mono-
lithic Si/perovskite tandem solar cells due to its favourable
bandgap of = 1.7 eV; 2) a triple cation perovskite as origi-
nally proposed by Saliba et al.*! with a nominal composition
of  Csg05(FAo83MAg17)095Pb(Iog3Broa7)3; 3) a “K-passivated
triple cation perovskite” (CsgsFAg79MAg15sPb(IgssBrg15)3 +
10 mol% K) with 10 mol% potassium with respect to all other
monovalent cations as proposed by Abdi-Jalebi et al.*? We note
that the previous work indicated that potassium is not incorpo-
rated into the lattice,[*?l and therefore we believe that the above
notation is more appropriate; 4) methylammonium lead iodide
(MAPI); 5) a “95-5 triple cation perovskite” with a nominal
composition of Csg,o5(FA¢95MA05)0.95Pb(T0.95B1005)3. Notably,
similar compositions are currently employed in many record
perovskite devices;>*! 6) formamidinium lead iodide (FAPI)
with 5 mol% Cs (CsgosFAg9sPI3) which was called “CsFAPL”
The studied perovskite compositions are listed in Table 1 and
the fabrication details are found in Supporting Information.

For all materials except for the K-passivated triple cation
perovskite, pin-type perovskite solar cells were fabricated using
a thin (8 nm) poly(bis{4-phenyl}{2,4,6-trimethylphenyl}amine)
(PTAA) and Cg layer (30 nm) as hole and electron transport
layer (HTL/ETL), respectively. To improve the wettability of the
perovskite layer on PTAA, an ultrathin poly({9,9-bis[3-({N,N-
dimethyl}-N-ethylammonium)propyl]-2,7-fluorene}-alt-2,7-{9,9-
di-n-octylfluorene})dibromide (PFN-Br) layer was added on top
of PTAA.* Further details are presented in Supporting Infor-
mation. In contrast, nip-type cells were fabricated with K-passi-
vated triple cation perovskite by using TiO, and SpiroOMeTAD
as electron and hole transport layer, respectively. The bandgaps
of the neat materials were obtained from Tauc plots as shown
in Figure 1b. Representative JV curves of the pin-type cells are
displayed in the Figure 1c which shows how the differences
in the perovskite bandgap translate into different open-circuit
voltages and short-circuit currents. A plot of averaged solar cell
performance parameters is shown in Figure S1, Supporting
Information, and hysteresis [JV-scans in Figure S2, Supporting
Information, which demonstrates the comparatively small hys-
teresis in this type of pin-type cells.

First, in order to estimate the charge-transport losses, inten-
sity-dependent V¢ measurements were performed (Figure 1d).
The ideality factor was found to be independent of the light expo-
sure time on time scales relevant for the JV-scan (0.2 s — 30 s) as

Table 1. Abbreviations of the studied materials and bandgaps obtained
from Tauc plots.

Sample ID Perovskite composition Bandgap [eV]
76-24 Triple C50.05(FA0.76MAg 24)0.95Pb (l0.76Br0 24) 3 1.69
83-17 Triple C50.05(FA0.83MAG17)0.95Pb (l0.83Bro17)3 1.63
MAPI MAPbI; 1.60
95-5 Triple C50.05(FA0.95MAg 05)0.95Pb (l0.95Br0.05) 3 1.57
Triple + K Cs.06FA0.79MA15Pb (log5Brg.15)3 + 10 mol% K 1.56
CsFAPI Cs.05FAg.95Pbl3 1.53 eV

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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exemplified in Figure S3, Supporting Information. Considering
that the light intensity is proportional to the generated current
density (shown in Figure S4, Supporting Information) allows
plotting the V¢ as a function of short-circuit current density.
If now the x-axis is exchanged with the y-axis, an exponential
current—voltage curve is created that ideally follows the same
functional dependence on voltage as the dark current-voltage
curve of a diode without any series resistance. Subtracting this
from a field-independent charge generation current density (J)
creates a pseudo-JV (pJV) curve that is only limited by non-radi-
ative recombination processes in the cell but not by the trans-
port and/or the series resistances (Figure 1e). This is because
at Vo, the net current under illumination (= light current) is
Zero, meaning that transport or series resistances are irrelevant.
This can be readily seen from the modified Shockley equation
Ju==Jc + Jolexp((qV = JiRuseries) / (nipksT)) — 1], where Ji, Jq
and J, are the light, photogenerated and dark saturation cur-
rent density, respectively; V is the applied voltage; np the ide-
ality factor and Ry /series @ lumped term describing the transport
and/or series resistance.??33 This approach has been used in
different solar cell technologies to decouple the contribution
of FF and charge-transport losses.['12344] However, we note
that the intensity-dependent Vi is still impacted by energetic
offsets between the perovskite and the transport layers which
can affect the Vyc differently depending on the illumination
conditions.['237) Nevertheless, the obtained pseudo FF (pFF) for
the 83-17 triple cation perovskite cell (87.1%) closely matches
the numerically simulated FF in case of infinite mobilities in
all layers (87.0%) (Figure S5, Supporting Information).3%4l
Therefore, the difference between the FF from the JV curve and
the pFF from pJV in Figure 1f highlights the FF losses due to
inefficient charge transport in all studied cells. Interestingly,
a correlation between the non-radiative FF loss and the FF of
the complete cell was observed (purple and black points in
Figure 1f). This suggests that the FF differences of our devices
are primarily due to their different non-radiative recombination
losses which comes in addition to a certain FF penalty due to
the resistance of the transport layers in the pin-type cells. We
note that the actual Ohmic series resistance in the small-area
devices is very small (=0.3 Qcm?) and not expected to cause
significant FF losses as shown in Figure S6, Supporting Infor-
mation, and further discussed in Note S1, Supporting Informa-
tion. Moreover, the maximum FF according to the Shockley—
Queisser model for all studied cells (with their given bandgap)
is approximately 90-91%.14’! Overall, we conclude that the FF
is limited due to both insufficient charge extraction and the
dark current being higher than the dark current in the radia-
tive limit, that is, due to the presence of additional voltage-
dependent non-radiative recombination losses.

While the charge transport losses could be minimized by
maximizing the mobilities in the hole transport layer and the
perovskite layer by roughly a factor of 10 (Figure S5, Supporting
Information), this has been proven difficult to realize experi-
mentally. Therefore, in the following we aim to understand the
factors limiting the ideality factor of our cells which may provide
new, unexpected optimization strategies. To this end, we fabri-
cated for each system the neat materials on a glass substrate,
the optical pin-stack (i.e., the perovskite sandwiched between
the electron and hole transport layers), as well as the complete
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cells between an ITO and Cu contact. For some compositions,
we further investigated the perovskite with either the HTL or
the ETL on top. In analogy of using Voc(I) to access the pFF of
a complete cell in the absence of transport limitations, we can
use the intensity dependence of the QFLS to quantify the pFF
or the efficiency potential of any perovskite film with or without
transport layers.'Z As discussed in earlier works, we obtain
the QFLS from the equation QFLS = kg TIn(PLQY X Jg/Jo.1ad ),
where the PLQY is the PL quantum yield efficiency, J; the gen-
erated current density at 1 sun and J,,q the radiative recom-
bination current in the dark.[**#% Details about this approach
are presented in Note S2, Supporting Information, while
the parameters used Jg and Jy.4 are provided in Table S1
and Figure S7, Supporting Information. Figure 2a shows the
emitted PL for a neat perovskite film under a 1 sun equivalent
illumination through a long-pass filter of 600 nm. Measuring
the absolute emitted photon flux as a function of illumination
intensity allows quantifying of the intensity-dependent QFLS.
This is illustrated schematically in Figure 2b which shows a
generic band diagram of a neat perovskite film and the simu-
lated QFLS as a function of the light intensity from 0.001 to 10
suns where recombination happens within the bulk and at the
right surface with a recombination velocity of 1000 cm s71.137:°%
We note that this is merely an illustration and is not at this point
intended to reproduce the situation in an actual measurement.
Considering again that the intensity is directly proportional to
the generated current density in the film and that the QFLS
is the internal voltage (times the elementary charge ¢), we can
plot a QFLS — Jsc diagram and subsequently create a pseudo-JV
curve of a neat triple cation perovskite film (Figure 2d—f). This
analysis yields an implied efficiency of roughly = 25% for a neat
triple cation perovskite film, which could be achieved if non-
radiative recombination happens only in the bulk but not across
the interfaces and in the absence of transport losses or series
resistance limitations. Although certainly optimistic, we believe
that this is possible considering that in other inorganic solar
cells, the charge transport layers actually passivate (improve)
the non-radiative recombination at the surfaces and thus the
quality of the absorber layer.

In the next part, we aim to further understand the implied
efficiency potential of all neat perovskite layers considered in
this study. The intensity-dependent QFLS of all neat materials
is shown in Figure 3a, which highlights significant differences
in the QFLS under 1 sun equivalent conditions, however, there
are also distinct differences in the ideality factors. For example,
the K-passivated triple cation perovskite exhibits an average ide-
ality factor of approximately 1.35 from 0.01 to 1 sun, while neat
CsFAPI with the lowest PLQY exhibits a value close to 2. The
nip is = 1.4-1.5 for the other samples. Possible factors influ-
encing the nyp in the neat material are discussed further below.
Figure 3b and Table 2 show the corresponding pJV curves of
the neat materials, which highlights the significantly higher
efficiency potential in the K-passivated triple cation perovskite.
This composition has been previously introduced and PLQY
values of up to 66% have been reported which was attributed to
an effective passivation of grain boundaries through the potas-
sium.*l In order to then determine the efficiency potential of
the sample, we need to make an optimistic but still realistic
assumption for the external photovoltaic quantum efficiency

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Image of the photoluminescence of a perovskite film under a 1 sun illumination through a 600 nm cut-off filter. b) A simulation of the
intensity-dependent QFLS in a neat film at different illumination intensities. c) Intensity-dependent PL spectra as obtained on a neat triple cation
perovskite film from < 0.0 to 1 sun. d) The obtained QFLS as a function of light intensity which is directly proportional to the generated current under
short-circuit conditions. e) The internal voltage (=QFLS/e) versus the short-circuit current density in a lin-lin representation. f) The obtained pseudo
JV curve of a neat triple cation perovskite film. Measurement of the QFLS as a function of light intensity allows to quantify the implied efficiency of a
neat material that is only limited by the non-radiative recombination processes taking place in the bulk and its surface in absence of across-interface
recombination and/or charge transport losses. The maximum power point is marked in red in panel (d—f).

(EQE) of the cell above the gap. Using a value of EQE = 95%
that has already been reached experimentallyl®!l but still repre-
sents a very optimistic and ambitious target, the K-passivated
triple cation perovskite exhibits an efficiency potential of 28.2%.
When considering that non-radiative interfacial recombination
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Figure 3. a) Intensity-dependent quasi-Fermi level splitting and resulting

losses are rather small in this system as shown previously, this
would suggest that this efficiency could be achieved if energy
level alignment issues between the perovskite and the charge
transport layers were overcome and transport limitations
were minimized. At this point, we note that time-dependent
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corresponding pseudo-/V curves of the neat materials highlight the exceptional efficiency potential of K-passivated triple cation perovskite absorbers.
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Table 2. Performance parameters deduced from the pJV curves of the neat perovskite layers and the measured ideality factor and PLQY.

Sample plsc [mA cm?] PVoc V] PFF [9%] pPCE [%] ~nip PLQY [%]
76-24 Triple 21.60 1.283 87.3 24.2 1.40 0.9
83-17 Triple 23.45 1.220 86.5 24.8 1.50 1.0
MAPI 24.24 1.124 86.4 23.5 1.39 0.039
95-5 Triple 25.61 1.163 86.7 25.8 1.42 0.98
Triple + K 25.61 1.252 88.0 28.2 1.35 27.7
CsFAPI 26.48 1.044 82.5 22.8 1.80 0.018

phenomena are always an important consideration in perov-
skite solar cells.’?~¢ Therefore, in order to correlate the optical
and the electrical measurements, we performed the intensity-
dependent QFLS measurements for different exposure times,
ranging from 0.4 s to 30 s at each measured data point which
is relevant for the typical timescales of JV-scans. Figures S8
and S9, Supporting Information, show that the obtained ide-
ality factor and pFF is essentially independent of exposure time
within the studied time range which confirms the robustness of
our approach.

While Figure 3 highlighted the substantial efficiency poten-
tial of the neat perovskite absorber layers, in the next step, we
aim to untangle the limiting factors determining the FF and
Voc losses of the triple cation perovskite cells. To this end, we
quantified the efficiency potential of the individual perovskite/
transport layer combinations of the cell using again intensity-
dependent QFLS measurements. Figure 4a shows the JV
curve of the standard cell compared to the pJV curve from
the intensity-dependent Voc. In addition, the graph shows the
pJV curves of the perovskite/Cg, junction, the optical pin-stack
(glass/PTAA/PFN-Br/perovskite/Cqp), the neat film, the neat
passivated perovskite film with TOPOPB®*’l as obtained from
the QFLS(I) (assuming an EQE of 95%), and finally the curve
in the radiative (Shockley—Queisser) limit for the bandgap of
the studied composition. Figure 4b highlights the (implied) FFs
and open-circuit voltages and Figure 4c and d show a zoom of
the region around the maximum power point to better high-
light the individual impact of the efficiency limiting processes
on the Vo and the FF. All implied performance parameters
from the intensity-dependent measurements on the different
stack layers of the 83-17 triple cation system are summa-
rized in Table 3. While the difference between the JV curve

(PCE = 21.2% assuming an EQE of 95%) and the pJV curve
from the Vo¢(I) measurement (pPCE = 23.7%) shows the trans-
port losses in the cell (blue color in panel c), we find that the
pJV curve from the Ve measurement is also nearly identical
to the pJV curve of the pin-stack (pPCE = 23.5%) as obtained
from the QFLS(I). This indicates that in this device, electrode-
induced non-radiative losses are negligible; this observation is
also interesting with respect to the origin of the built-in field in
perovskite cells, which we will discuss further below. Moreover,
the pJV curve of the optical pin-stack is essentially identical to
the pJV curve of the perovskite/Cg, film (pPCE = 23.5%). This
highlights that the Cgq interface dominates the recombination
loss in the complete cell, consistent with our previous results.’!
The additional loss of = 67 mV due to the Cg, interface can be
estimated from the difference between the pJV curve of the neat
material (pPCE = 24.8%) and the pero/Cg film (purple color in
panel c). Finally, regarding the neat passivated perovskite film
with an implied PCE of 27.3%, if one assumes that TOPO pas-
sivates only defects at the top surface as concluded previously,*’!
we could tentatively assign the difference between the neat and
the passivated neat film to surface recombination (red color in
panel (c)). Interestingly, Figure 4b shows that the pFF is roughly
the same in the neat material, the perovskite/Cqyp film and in the
pin-stack, however upon the passivation also the pFF increases
by roughly 2% (to 88.7%) which brings the efficiency potential
very close to the radiative limit (orange color in panel c) for the
given bandgap. In this regard, it is also interesting to note that
the PLQY of the TOPO-passivated 83-17 triple cation film is as
high as 22.6% as compared to 0.8% of the unpassivated film.
Notably, this PLQY enhancement is similar to previous results
where TOPO was applied on top of MAPL[®] indicating that
TOPO passivates similar surface defects in case of (83-17) triple

Table 3. Implied performance parameters deduced from the JV and pJV curves of different stack layers of the triple cation system as well as the meas-

ured PLQY and the assigned primary limitation.

Sample Method pVoc [V pFF [%] pPCE [%)] PLQY [%] Primary limitation
Cell Jv 1.138 79.4 21.29 Transport, interface?
Cell Voc(l) 1.159 87.1 23.7 Interface
Pero/Cgq QFLS()) 1.153 86.9 235 0.058 Interface
pin-stack QFLS(l) 1.157 86.7 23.5 0.068 Interface

Pero QFLS()) 1.220 86.5 24.8 0.78 Surface
Pero/TOPO QFLS(l) 1.310 88.7 27.3 22.6 Bulk and/or surface

AThe Jsc of all samples was set to 23.45 mA cm™ (EQE = 95%) to limit the discussion here to FF and V¢ losses. The actual Jsc of the 83-17 triple cation cell is
21.9 mA cm2 (PCE = 19.8%); therefore, the cell is also limited by optical losses and EQE losses more generally.
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Figure 4. a) Current-density versus voltage (JV) characteristics of triple cation cells (black line) compared to pseudo-JV (pJV) curves obtained
from intensity-dependent Vo (l) (dashed line) and QFLS measurements on the neat perovskite, the perovskite/Cg, the optical pin-stack and the
complete cell (solid lines). b) The implied FF and open-circuit voltage of the individual films. c,d) JV curves untangling the loss mechanisms due to
insufficient charge transport (difference between the JV and the pJV curve from the intensity-dependent V(); interfacial losses (difference of the
pJV curve of the neat material and the optical pin-stack on glass); losses at the perovskite surface (difference between the pJV curve of the neat and
the passivated neat material); and the remaining losses in the passivated perovskite (i.e., bulk and/or surface recombination). We note an EQE of
95% was assumed for all JV and pJV curves except for the Shockley—Queisser curve to limit the discussion here to FF and V¢ losses. Note, the pJV
curve of the optical pin-stack is nearly identical to the pJV curve from Voc(l) and therefore not shown in (c) and (d) for simplicity. Panel (d) also
highlights the implied efficiency at the maximum power point for each sample allowing to read off the induced efficiency losses due to the different

recombination processes.

cation perovskite and MAPI. Moreover, this suggests that the
recombination in the perovskite bulk is very small compared
to the recombination at the surface (in fact, =30 times smaller
when comparing the PLQY of the neat and the passivated neat
sample in Table 3). Nevertheless, we acknowledge that so far and
to our knowledge, TOPO has not been proven to be an effec-
tive passivation strategy in complete cells as it possibly forms an
insulation barrier that also blocks majority carriers from being
efficiently extracted. One should therefore seek similar passiva-
tion strategies that provide similarly high luminescence yields
without impeding charge transport and collection behavior.

In the following, we further analyze the results on different
layer stacks for other perovskite compositions that are part of
the study in order to identify common trends for different sys-
tems. Figure 5 shows the pFF as obtained from the intensity-

Adv. Mater. 2020, 32, 2000080 2000080 (7 of 10)

dependent Vg and QFLS measurements in the neat material,
the pin-stack, and the complete cell. The corresponding p/V and
nip values are shown in Figures S10 and S11, Supporting Infor-
mation, respectively. As expected, the pFF of the neat material
is significantly higher than the device FF. Interestingly, how-
ever, addition of the TLs to the neat material (“pin-stack”) leads
to different effects. In case of MAPI (green line) it slightly
lowers the pFF and increases the n;p, while the opposite is the
case for CSFAPI (red line), where the transport layers increase
the pFF and lower the njp. Overall, Figure 5 shows that the
pFF is rather similar for different stack layers which indicates
that it is mostly the neat material (or the perovskite surface)
which defines the non-radiative FF loss in the complete cell
(Figure 1f). Especially, in case of the triple cation perovskites
(76:24, 83:17, and 95:5), the addition of both transport layers

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

. interfaces +  perfect FF
fleat interfaces electrodes transport cell
90
85
) *—
é. /
—
o
o 80
o
L
w 75} 76-24 Triple
|4 83-17 Triple|
|~ 95-5 Triple
—y— MAPI
—@— CsFAPI
70 X S Q
QO N N
< O o)) ~N
¢ PY © SANEE
%
& AC
Q

www.advmat.de

b

interfaces

transport

2 pg
(I\y ()

¢ Q&
N

s
S $

Figure 5. a) The pseudo fill factor (pFF) of the neat perovskite material, the pin-stack on glass (without electrodes), and the complete cell (transport
layers + electrodes) as obtained from the intensity-dependent QFLS for different perovskite compositions. Also shown are the pFF of the complete
cell from the intensity-dependent Vo which represents the non-radiative recombination limited FF in absence of transport limitations and the device
fill factor. b) A summary of the main efficiency losses in the perovskite systems discussed in this study due to short-circuit current losses (differ-
ence between the measured Jsc and the Jsc with an average EQE of 95%), insufficient charge transport (as discussed for instance in Figure 1f),
interface recombination (difference between the implied efficiency of the neat material and the pin-stack), and implied PCE losses in the neat material
with respect to 95% of the Shockley—Queisser limit. *Note that except for the 83—17 triple cation perovskite system, we have not attempted to further
decouple the pseudo efficiency losses in the neat material into contributions of bulk and surface recombination. Moreover, it is important to note that
losses in the neat material (bulk or surface) and the interfaces are not cumulative, meaning that these parts limit the performance to certain value.

has little impact. On the other hand, the FF from the JV-curve
always lies below the pFF of the complete cell, highlighting the
significance of transport losses in all devices. Figure 5b shows
a comparison of the major PCE efficiency losses in the studied
perovskite systems in analogy to the approach presented in
Figure 4 (see Figure S10, Supporting Information, for the pJV
of the other systems). Note that the PCE comprises both fill
factor and V¢ losses and that for most systems the V¢ loss is
dominated by interface recombination rather than bulk proper-
ties. Therefore, PCE losses in the neat material and the inter-
face are not additive, meaning that improvements in the bulk
alone will, in principal, not allow performance improvements.
This is also due to the logarithmic dependence of the V¢ (and
therefore the PCE) on the recombination currents in the perov-
skite bulk, surface and interfaces. Therefore, these components
of the cell limit the obtainable PCE to a certain value.

Lastly, coming back to the observation that the presence of
the metal electrodes has a small impact on the ideality factor
(Figure S11, Supporting Information) and the pFF, this may
suggest that the built-in potential (Vp;) of the cell is not sig-
nificantly altered upon the addition of the electrodes. This is
because nyp depends strongly on the Vy; (Figure S12, Sup-
porting Information) as it physically separates electrons and
holes depending on the illumination intensity and on the
resulting QFLS and band bending. For example, in the case of
an intrinsic semiconductor with mid-gap traps and Shockley—
Read-Hall recombination, the ideality factor would be exactly
2 in the absence of a built-in field. However, it can approach
a value of 1 when the eVp; approaches the bandgap of the
perovskite. Therefore, these results are not consistent with the
assumption that an effective difference in the metal workfunc-
tions defines the built-in field of the perovskite solar cell as
this would lead to changes in n;p when going from the optical
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stack on glass to the complete cell. While this observation will
require further investigations, our results suggest the impor-
tance of a high built-in field across the perovskite absorber not
only to minimize the transport losses (as a strong Vp is benefi-
cial to drive the carriers to the selective contacts, minimizing
the decisive interfacial recombination) but also to lower the ide-
ality factor, thereby reducing the dark recombination current.l*’l

In this work, we have studied the impact of non-radiative
recombination on the FF losses for a series of perovskite
compositions with different band gaps. Intensity-dependent
Voc measurements allowed us to disentangle the contribu-
tion of non-radiative recombination and transport losses on
the device FF. Consistent with previous studies, we identi-
fied that the FF is limited by both of these loss mechanisms,
underlining the need for a deeper understanding of the ide-
ality factor in perovskite solar cells. Intensity-dependent QFLS
measurements on individual perovskite/transport layer films
comprising the cell allow for a closer look into parameters
determining the ideality factor and provide experimental
means to directly quantify the PCE potential of any perovskite/
transport layer film on glass. We demonstrated the suitability
of the proposed approach for efficient triple cation perovskite
cells (PCE = 19.8%). Using this method, we found that the
implied efficiency of the perovskite/Cgo junction (23.5%) is
nearly identical to the optical pin-stack on glass (23.5%) and
the complete cell (23.7%) as obtained from the Vy¢ versus
suns method, but lower than the implied efficiency of the
neat material (24.8%). As such, these measurements revealed
the efficiency limitations imposed by interfacial recombina-
tion (in particular at the Cg, interface), while the application of
TOPO on top of the perovskite increased the PLQY to 22.6%
and the implied FF and efficiency to 88.7% and 27.3%, respec-
tively. These results thereby demonstrated the limitation due

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to surface recombination and the efficiency potential when
surface and interfacial recombination are minimized. To gene-
ralize the results, we further studied several other perovskite
compositions where we found that the addition of the transport
layers to the absorber layer has some effect on the pFF and the
nip in case of MAPI and CsFAPI cells. However, in the triple
cation perovskite systems, the pFF of the cell is similar to that
of the unpassivated neat material where we expect that most
recombination happens at the perovskite surface. We also dis-
cussed the importance of the built-in field across the perovskite
layer to reduce both the charge-transport losses and the ideality
factor of the complete cells. Finally, we experimentally demon-
strated the high efficiency potential of all studied neat perov-
skite films that could be reached upon minimization of interfa-
cial recombination and by enhancing the carrier mobilities by
roughly a factor of 10, and/or through TL doping. In particular,
the efficiency potential of K-passivated triple cation perovskite
films was quantified to be above 28%, which promises further
efficiency gains in the near future through better energy align-
ment and optimization of the mobilities and/or conductivities
in the stack layers.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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