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Perovskite Solar Cells with Carbon-Based Electrodes —
Quantification of Losses and Strategies to Overcome Them

Dmitry Bogachuk, Bowen Yang, Jigjia Suo, David Martineau, Anand Verma, Stephanie Narbey,
Miguel Anaya, Kyle Frohna, Tiarnan Doherty, David Miiller, Jan P. Herterich, Salma Zouhair,
Anders Hagfeldt, Samuel D. Stranks, Uli Wiirfel, Andreas Hinsch,* and Lukas Wagner

Carbon-based electrodes represent a promising approach to improve
stability and up-scalability of perovskite photovoltaics. The temperature at
which these contacts are processed defines the absorber grain size of the
perovskite solar cell: in cells with low-temperature carbon-based electrodes
(L-CPSCs), layer-by-layer deposition is possible, allowing perovskite
crystals to be large (>100 nm), while in cells with high-temperature
carbon-based contacts (H-CPSCs), crystals are constrained to 10-20 nm

in size. To enhance the power conversion efficiency of these devices, the
main loss mechanisms are identified for both systems. Measurements

of charge carrier lifetime, quasi-Fermi level splitting (QFLS) and light-
intensity-dependent behavior, supported by numerical simulations, clearly
demonstrate that H-CPSCs strongly suffer from non-radiative losses in
the perovskite absorber, primarily due to numerous grain boundaries. In
contrast, large crystals of L-CPSCs provide a long carrier lifetime (1.8 Ls)
and exceptionally high QFLS of 1.21 eV for an absorber bandgap of 1.6 eV.
These favorable characteristics explain the remarkable open-circuit

1. Introduction

Following remarkably rapid development
of power conversion efficiencies (PCEs)
of perovskite solar cells (PSCs) in the
past years,!'?] the stability of perovskite-
based photovoltaic (PV) devices became
the center of attention for numerous
researchers across the globe.}* While,
numerous various techniques to solve
this issue (e.g., passivation,>¢ additive
engineering,/® barrier layer!®!’) have
been proposed so far, the most stable
PSCs were achieved by the incorporation
of a carbon-based back-contact.'"13] Tts
highly hydrophobic properties, chemical
inertness, and large thickness provide a
strong protection of the sensitive layers
underneath it from the ambient environ-

voltage of over 1.1V in hole-selective layer-free L-CPSCs. However, the
low photon absorption and poor charge transport in these cells limit their
potential. Finally, effective strategies are provided to reduce non-radiative
losses in H-CPSCs, transport losses in L-CPSCs, and to improve photon

management in both cell types.

ment.! However, PCEs of PSCs with
such carbon-based electrodes (CPSCs)
are still behind the ones demonstrated
in “conventional” PSCs with metal-
based contacts, which is partially attrib-
uted to the lower conductivity of the
graphite-based material, its contact to
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the layer underneath, higher parasitic absorption coupled
with rather poor reflection and not well-aligned electrode
work-function.!*

In 2013, Ku et al. have been the first to propose the concept
of a CPSC, where the carbon-based contact would need a high-
temperature treatment (400 °C) for removal of organic solvents
and binders.™ As hybrid lead-halide perovskites degrade at
temperatures above 150 °C,l!! this implies that the perovskite
cannot be introduced into the cell stack before this electrode is
deposited. Therefore, each layer of the device stack needs to be
mesoporous to allow the perovskite to be added at the last pro-
cessing step. These PSCs with a carbon-based electrode cured
at high temperatures (H-CPSCs) are particularly attractive for
perovskite PV commercialization, since the entire cell stack
can be deposited on a large scale using industrially relevant
manufacturing techniques.”1% Recently we have shown that
utilization of perovskite solar modules with such carbon-based
electrodes can effectively reduce the CO,-footprint of the PV
module down to 3.35 g CO,-eq./kWh, which is less than 5% of
the CO,-footprint of the conventional silicon-based module.["]
Such a strong reduction of the green-house emissions during
PV module manufacturing would be tremendously helpful in
reducing the negative anthropogenic impact on the environ-
ment, especially if we aim towards terawatt-scale PV systems in
the near future.

Shortly after the development of H-CPSCs, an alternative
approach was proposed, based on the development of a carbon
paste which contains solvents and binders that can be removed
at lower temperatures allowing for the electrode deposition
after the perovskite is introduced.?*?!] These PSCs with a low-
temperature cured carbon-based contact (L-CPSCs) have several
advantages regarding the degrees of freedom during device
preparation (e.g., layer-by-layer deposition, wide range of appli-
cable charge transport layers, compatibility with flexible sub-
strates). For comparison, the current PCE record of L-CPSCs
is >20%,22l which is still slightly above the recently obtained
record of 18.1% PCE in H-CPSCs (whereby it is noteworthy that
the latter did not have a hole-selective layer).?’]

Although CPSCs become more and more attractive in terms
of stability, up-scalability, and low CO,-footprint,*V] so far, a
quantitative comparison between the H-CPSCs and L-CPSCs
has not been reported. Identifying why cell properties differ
and ideally combining the advantages of both types is of para-
mount importance for developing highly efficient and stable
perovskite PV devices with carbon-based electrodes. Here,
we scrutinize the fundamental differences between these two
types of CPSCs, starting from analyzing the key difference in
the perovskite layer, namely the number of grain boundaries in
the photoabsorber. First, we use numerical simulations to study
the influence of the number of grain boundaries on CPSC per-
formance losses, which shows that the quasi-Fermi level split-
ting (QFLS) is reduced in cells with smaller grains. This agrees
with our experimental evidence demonstrating that even for an
identical perovskite composition the QFLS is indeed lower in
H-CPSCs than in L-CPSCs. Moreover, the charge carrier life-
time in perovskite with large grains (as utilized in L-CPSCs)
is higher by over one order of magnitude than in perovskite
with smaller grains (similarly to H-CPSCs) suggesting a lower
non-radiative recombination rate and resulting in a strong
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difference of almost 120 mV in the final open-circuit voltage
(Voc) of these devices. Furthermore, we analyze the origins of
the fill factor (FF) losses, constituted by non-radiative recom-
bination and transport losses. Disentangling between different
individual contributions to the transport losses we are able to
identify promising methods to improve carrier extraction and
transport. Finally, we combine all the presented evidence to
outline a roadmap for the most promising routes to achieve
high PCEs in CPSCs. This work paves the way for scientists
in the perovskite community to accelerate the development of
advanced, efficient, stable, low-cost, and sustainable perovskite
PV devices with carbon-based electrodes, which contain enor-
mous potential for industrialization and bringing humanity
closer towards climate change goals.

2. Results and Discussion

2.1. Two Types of Perovskite Solar Cells with Carbon-Based
contacts (CPSCs)

Although H-CPSCs and L-CPSCs both belong to the group of
PSCs with carbon-based electrodes, they display significant
differences in the device architecture and their opto-electronic
characteristics. L-CPSCs are made using layer-by-layer deposi-
tion, allowing us to precisely control the perovskite layer thick-
ness and grain size, whereas the H-CPSCs are manufactured
by the deposition of all the mesoporous layers first, which are
later infiltrated by the perovskite solution. Since the pore size
in the mesoporous titanium oxide (m-TiO,) and zirconium
oxide (ZrO,) layers of H-CPSCs are typically in the range of
10-20 nm, the perovskite crystals are most probably constrained
to this size (Figure 1a), inducing numerous grain boundaries
(GBs) along the entire solar cell stack, presumably causing non-
radiative recombination and hindering carrier transport. In
contrast, in L-CPSCs the perovskite crystals can reach sizes of
hundreds of nanometers, (potentially) providing a single grain
along the entire layer thickness, which is likely to be benefi-
cial for the solar cell performance (Figure 1b). Thus, one of the
most fundamental differences in the absorber layer between
both cell types is the number of GBs and the transport distance.

2.2. Numerical Simulation of Neat Perovskite and CPSCs with
Different Grain Boundary Densities

In order to evaluate the effect of GBs on the solar cell perfor-
mance, we first simulate perovskite layer and CPSCs according
to the standard representation of GB in silicon-based material,
where creation of vacancies as well as bent, strained, or broken
bonds is typically observed, all of which increases the defect
density at the GBs in case the defects are not passivated.?+20l
In this case, the charge carriers trapped at these defects build
up a charge Qgp, which is compensated by accumulating the
opposite type of free charge carriers from the bulk at the GB
due to Coulombic forces.””! This leads to the creation of a
space-charge region (SCR) and hence an electric field at the GB,
bending the energy bands, similarly to semiconductor-metal-
semiconductor contacts (Figure 1c).l4

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. a,b) lllustration of two types of perovskite solar cells with carbon-based back-electrodes (CPSCs), showing cell stacks and charge carrier
transport, which in the case of CPSCs with electrodes treated at high-temperature (H-CPSCs) is hindered by multiple grain boundaries in the perovskite
layer due to constrained pore size of the ZrO, layer. c) Energy band diagram of the region with charged grain boundary (GB) having a band offset of
Eq, inducing a space-charge region (SCR) which extends toward the bulk of the grains, providing non-radiative recombination pathways and hindering
the transport of holes, by creating a potential barrier. d) Energy band diagram of CPSCs, where the electrons (blue) are extracted by m-TiO, and further
conducted to the front electrode, whereas holes (red) are extracted by carbon-based back-electrode.

According to several reports investigating the nature of
grain boundaries in perovskites, the band bending at GBs
in perovskite is normally downwards,?2% likely to be due to
charged iodide vacancies (Vi*), implying positively charged
GBs.?%l Consequently, on one hand the holes have to over-
come a potential barrier at the GB, perturbing the carrier
flow and negatively affecting the mobility and overall resis-
tivity, while on the other hand, more electrons will recombine
non-radiatively via the defect energy level E. Although in this
work we implement the aforementioned GB representation
in our simulation, we also note that different processing con-
ditions can significantly affect structural properties of GB in
perovskite films, even though its composition is the same.[’]
Hence, the GB simulation in different halide perovskite films
or layers has to be carried with great caution, as there is no
generalized model developed at the moment, according to our
knowledge.3%

We first evaluate the impact of the GBs on the QFLS in neat
perovskite absorber (400 nm thick) by using a SCAPS numer-
ical simulation tool, utilizing drift-diffusion model (simulation
parameters are described in Table S1, Supporting Informa-
tion). Although it is a 1D model (meaning that it does not allow
for lateral variations in properties) the vertical grain stacking
is more detrimental for the carrier transport, which could be
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simulated in SCAPS. Each grain boundary was simulated based
on the energetic band diagram in Figure 1c which transverses
across the perovskite layer thickness. Here only one type of
GB was considered with properties (e.g., E, Ogp) adjusted to
match the experimental values determined in literature for a
similar type of perovskite.?"32 Figure 2a depicts how the high
number of grain boundaries (i.e., smaller grain size) lowers
the QFLS of the perovskite photoabsorber. In this model, a
crystalline MAPDbI; (MA — CH;3;NH;*) absorber layer with an
(ideal) single grain along the layer thickness has a QFLS of
1.33 eV (which is the radiative limit for perovskite absorber
with energy bandgap of 1.6 eVI3*3)). Introducing one GB
along the layer thickness (leading to the grain size of 200 nm)
with a trap density N, = 10! cm™3 (Figure 2a) reduces the split-
ting already by 100 meV. For comparison, several reports have
demonstrated that the typical defect densities in perovskite
films (most of which are shallow traps) are in the range of
107-10" cm=3,313637) with deep trap densities in the order of
10%-10% cm™, which dominate the non-radiative recombina-
tion.1*® Notably, even if one considers a very optimistic case of
non-radiative recombination exclusively at the GBs with a very
low N, = 10" cm™, a PSC with a grain size of 25 nm, which is
similar to the crystal size found in H-CPSCs,!*! would still have
a reduction of QFLS by =63 meV.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) QFLS in simulated neat perovskite films with different numbers of grain boundaries. b) J-V curves of the simulated CPSCs with different
numbers of grain boundaries. The cell parameters can be found in Figure 1d and Table ST, Supporting Information.

To further demonstrate the negative effect of GBs on the final
solar cell performance, we simulate the hole-transport-layer
(HTL)-free PSC with a carbon-based back-contact, according
to the energy band diagram shown in Figure 1d (more detailed
simulation parameters can be found in Table S2, Supporting
Information). In order to focus only on the contribution of
grain boundaries on the performance loss, in this simulation
we only consider non-radiative recombination at the GBs and
ignore interfacial recombination at charge extraction layers.
In Figure 2b the J-V curves of the simulated cells are depicted
where the FF and the V¢ are significantly affected by grain-
boundaries, whereas the short-circuit current density (Jsc) is
affected only slightly.

The non-radiative recombination can affect not only the
QFLS, and consequently the Vg, but also the FF, especially
with a considerable amount of recombination happening at the
interfaces.l*”) In order to demonstrate the effect of GBs on non-
radiative recombination we first look at the V¢, which in the
case of radiative limit can be defined as:13341]

Voc,rad = kB—T ln(J—G+ 1)
11 JO,md

where kg is Boltzmann constant, T is temperature, q - elemen-
tary charge, Jg - photogeneration current, and J, .4 - radiative
thermal equilibrium recombination current density in the dark
(which in the absence of non-radiative recombination is equal
to the dark saturation current Jo). Jg and Jy .4 can be found by
multiplying g with an integrated product of external quantum
efficiency (EQEpy) and incident photon flux, namely of
AM1.5G for Jg and of black body (Tp = 300K) for J, .4, respec-
tively (detailed derivation is shown in Note S1, Supporting
Information).

The EQEpy onset and the emitted photon flux in the dark @,
of the simulated CPSCs with different grain sizes are presented
in Figure S1, Supporting Information. As one can see, the
EQEpy is affected by the grain size especially in the region close
to the bandgap energy, reducing both: J;,.,4 and Jg. The calcu-
lated values are presented in Table S3, Supporting Information.
Based on the difference between the obtained Vpc.,q and the
final Vi of the simulated CPSCs we can estimate the Ve oss

@
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that is lost due to the contribution of non-radiative recombina-
tion, which increases with the higher number of grain bounda-
ries (Table S3, Supporting Information).

The calculated external photoluminescence quantum yield
(PLQY) is shown in Table S3, Supporting Information, which
is the lowest for samples with most GBs along the cell thick-
ness and is the highest in the CPSCs without any GBs, where
the photoluminescence quantum yield (PLQY) approaches
2.5%. Moreover, the total dark saturation current J; is lowest in
simulated CPSCs without GBs and is the highest in cells with
a perovskite grain size of 25 nm, due to large contribution of
recombination-active traps at the GBs. The simulation results
demonstrate, that reducing the grain-boundaries in CPSCs
should significantly help to reduce non-radiative recombination
in the cell, slightly improve the light-absorption near the band
edge and thus boost its V¢ (as the higher V¢ is a consequence
of reduced non-radiative recombination) and overall PCE. Now
we move from the numerical simulation of CPSCs with GBs to
the actual manufactured devices.

2.3. Properties of Perovskite Layer in CPSCs
2.3.1. Morphological and Crystallographic Differences

In order to compare non-radiative losses of perovskite layers in
both L-CPSCs and H-CPSCs, we first analyze the properties of a
pristine absorber layer. For this, the perovskite has to be depos-
ited on a dielectric substrate that does not allow for charge carrier
extraction, such as glass. The ZrO, layer, in which the absorber
layer in H-CPSCs is normally embedded into, is also dielectric
as it has a conduction band minimum at around —-3.4 eV and
a valence band maximum at around —8.2 eV (Figure 1b),24
meaning that it can neither extract electrons nor holes from the
perovskite. Therefore, to mimic the perovskite absorber behavior
in H-CPSCs, we deposited perovskite in a ZrO, porous layer (of
same thickness as in complete solar cells) on glass substrates. To
ensure that perovskite completely fills the pores of a ZrO, layer
without having any capping layer on top, here we employ ink-
jet pipetting to precisely control the filling conditions, producing
samples that we further refer to as perovskite in porous layer
(PiPL). The perovskite as planar layer (PaPL) was spin-coated

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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on glass to produce a 350 nm film which is normally used to
manufacture complete L-CPSCs. For the entire study, we utilize
SAVA, ,MA,PDI; perovskite (SAVA-aminovaleric acid, MA-meth-
ylammonium and 0 < x < 1), which has been a popular choice of
perovskite in H-CPSCs over the last years, due to high moisture
retention properties, favorable anchoring of the carboxylic acid
group to the TiO, during crystallization, and improved infiltra-
tion through the porous scaffold.[*2#4]

Figure S2a, Supporting Information shows the cross-sectional
view of the PiPL displaying the absence of any capping layer
above ZrO,, while simultaneously filling the porous layer homo-
geneously across its entire thickness. Looking at the AFM images
(Figure S3, Supporting Information) of both layers we note that
the PaPL has a smooth surface morphology with a 12.9 nm
average surface roughness in comparison to a larger value of
19.5 nm in the case of PiPL. The X-ray diffraction measure-
ments in Figure S4, Supporting Information, show much more
pronounced peaks corresponding mostly to MAPDI; (since the
amount of 2D 5AVAPbDI, perovskite is rather small) perovskite
in PaPL than in PiPL due to higher degree of crystallinity. How-
ever, the diffraction angle of core reflection planes (e.g., (110) and
(220)) remains the same in PaPL and PiPL, confirming that the
perovskite crystal structure and lattice dimensions are nearly
identical in both configurations, planar and mesoscopic.

(b) S

' Perovskite as planar Iayer (PaPL)
- Perovskite in porous layer (PiPL)

www.advenergymat.de

2.3.2. Non-Radiative Losses in Perovskite Absorber due to Grain
Boundaries

To quantify the charge carrier lifetime in PiPL and PaPL we
first carried out time-resolved photoluminescence (TRPL)
measurements (Figure 3b). From the transient photolumines-
cence response in the high-level injection regime the lifetime
for PiPL was found to be much lower than that of the PaPL:
72.9 ns in comparison to that of nearly 1.8 us in planar films.
This astonishing difference in carrier lifetime, despite identical
perovskite (elemental) composition, demonstrates the presence
of excessive non-radiative recombination in PiPL, most likely
due to numerous GBs as discussed earlier. This will have det-
rimental effects on the -V parameters of the H-CPSCs, espe-
cially Voc. Although Vo is not affected by diffusion length
(which is coupled to carrier lifetime by definition) in first order,
it is strongly influenced by the lifetime and therefore the poten-
tial of H-CPSCs to reach high PCEs becomes limited.
Although it has been often demonstrated that grain-size
engineering in perovskite films is a promising method to
reduce the non-radiative recombination at GBs,31*) more
studies suggest that the exact nature of GBs and their effect
on PSC performance is still ambiguous.?’! The intuitive affili-
ation of GBs with differences in morphological properties of

.
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Figure 3. Top-view SEM image of a) perovskite as planar layer (PaPL) and c) perovskite in porous layer (PiPL). b) Time-resolved photoluminescence
(TRPL) measurement of perovskite produced as a planar layer (as it is done in L-CPSCs) and perovskite embedded in nanoporous ZrO, (as it is done
in H-CPSCs). Scale bar — 300 nm. QFLS maps of d) PSC with a low-temperature cured carbon electrode (L-CPSC) and e) with high-temperature cured
carbon-electrodes (H-CPSC). f) The color scale and pixel distributions for each sample.
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perovskite films (as can be seen from, for example, scanning
electron microscopy SEM images) does not account for
sub-grain crystallographic heterogeneity within the same
morphological domain.’>2 highlighting that for the exact
identification of a GB in halide perovskite, diffraction-based
techniques are required.’>>3 In this work, however, we use the
term grain boundary to describe “morphological grains bounda-
ries”, observed from SEM measurements. Although, these mor-
phological grain boundaries do not define the dimensions of
a continuous uninterrupted perovskite lattice, an experimental
evidence shown in literature suggests that larger morphological
grains visible from SEM also result in larger grains with the
same orientation.’”) The top-view SEM images (Figure 3a,c)
confirm that PaPL indeed includes large-sized perovskite crys-
tals (with some small crystals in between as well).

Next, we utilize hyperspectral absolute PL imaging on PiPL
and PaPL to evaluate the local non-radiative recombination
of neat perovskite layers (Figure S5a,b, Supporting Informa-
tion) and complete cells in both configurations: L-CPSCs and
H-CPSCs (Figure S7, Supporting Information). The obtained
PL maps, clearly demonstrate that samples with large perov-
skite crystals (PaPL and L-CPSC) exhibit higher photolumines-
cence intensity, highlighting the reduced non-radiative recom-
bination in these samples, and suggesting a lower number of
defects. Notably, we observe a slight difference in the PL peak
position, where the samples with larger crystals are red-shifted
by =3 nm, relative to the spectral peak position of the sample
with small crystals (Figure S7c, Supporting Information). We
attribute this to a change in Pb—I bond strain and its effect on
the material bandgap, when perovskite grains differ in size, as
was demonstrated in earlier works.l>*>%!

To confirm our hypothesis that the perovskite/ZrO, interface
does not introduce an additional loss channel for non-radiative
recombination, we carried out absolute photoluminescence
measurements (detecting all photons, arising from the radia-
tive recombination in the semiconductor) on PaPL samples
deposited on top of glass, ZrO,, and m-TiO, (Figure S6, Sup-
porting Information). The PL intensity is similar in samples
deposited on glass and ZrO,, suggesting that ZrO, does not
cause a reduction in PL (and therefore charge-carrier densi-
ties). For comparison, m-TiO,/PaPL sample has a significantly
reduced PL intensity due to additional quenching of charge-
carriers. Thus, we confirm that the perovskite/ZrO, interface
does not introduce a noticeable non-radiative recombination
mechanism and the reduction in PL, QFLS, and carrier life-
time in H-CPSCs is ascribed to numerous grain boundaries
of perovskite embedded into the nano-porous ZrO, and not to
perovskite/ZrO, interface.

Such absolute steady-state PL measurement also allows for
precise quantification methods to experimentally determine the
QFLS in solar cells.’*% Assuming that for the photons with
energies higher than the PL maximum, the material absorp-
tivity approaches unity, Wiirfel's generalized Planck law can
be used to extract the QFLS from the high-energy slope of the
PL spectrum (more details in Note S4, Supporting Informa-
tion).+62] Using the PL maps in Figures S5a and S5b, Sup-
porting Information, we construct the QFLS maps of L-CPSCs
and H-CPSCs shown in Figures S5d and S5e, Supporting
Information.
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It was already demonstrated in the photovoltaic commu-
nity that the QFLS in PSCs is strongly reduced by the inter-
faces between absorber and a charge-selective layer.[*:6163] By
comparing the QFLS of the neat perovskite with large crystals
(PaPL) shown in Figure S5d, Supporting Information, with the
QFLS of L-CPSC shown in Figure 3d, one can observe that the
introduction of charge selective layers reduces the QFLS by
less than 20 meV, highlighting that the interfacial non-radiative
recombination in this cell type is not only low, but comparable
(or in some cases even better) with the state-of-the-art p-i-n
and n-i-p stacks.*%%3 In contrast, the QFLS of the H-CPSC is
reduced by 40 meV to 1.15 eV. We note that the difference in
QFLS of the H-CPSCs and L-CPSCs correlates with the com-
monly observed large difference in Vo between the H-CPSCs
and the L-CPSCs (a comparison of the reported Vs for H- and
L-CPSCs can be found in Figure S8, Supporting Information).

2.4. Analysis of Manufactured CPSCs with Low-
And High-Temperature Carbon-Based Electrodes

2.4.1. Non-Radiative Losses in CPSCs

Next, we manufactured H- and L-CPSCs using the same
charge-transport layers and the same perovskite composition,
to focus only on the absorber layer and to scrutinize an objec-
tive comparison between these two structures. We note that the
optimal layer thicknesses for each structure are different, and
in order to compare only the effect of the absorber layer on the
device performance, all the layers in the stack have been opti-
mized to reach the highest efficiency in both device configu-
rations. Cross-sectional SEM images (Figure S9, Supporting
Information) show that the m-TiO, layer had thicknesses of
~150 and 500 nm in L-CPSCs and H-CPSCs, respectively. The
perovskite layer in L-CPSCs had a thickness of =350 nm, while
in the case of H-CPSC it is embedded into a 1 um thick ZrO,
layer. Although L-CPSCs have a thinner layer thickness which
implies a lesser charge carrier generation, as will be shown
below, still the Vo and QFLS are higher. This indicates lower
non-radiative recombination and hence a higher number of
photoexcited carriers. Both types of cells had an =10-12 pm
thick carbon layer completing the cell stack.

The J-V parameters of the manufactured devices with mes-
oscopic and planar configurations are shown in Figure 4a—d.
The average Vi of the H-CPSCs is =920 mV, while some of
the L-CPSCs have a V¢ above 1.1 V, which agrees with our
previously shown long carrier lifetime, high photolumines-
cence intensity, and high QFLS in neat perovskite films of the
L-CPSCs. This enormous difference in Vpc between the sam-
ples despite the same perovskite absorber and contact layers,
also suggests that the photoluminescence yield in L-CPSCs
is higher than in H-CPSCs by almost three orders of magni-
tude (kgT/gln (10%) = 180mV) (assuming T = 300K). We note
that according to our knowledge there has not been any report
yet on an HTL-free CPSC with a V¢ above 1.1V, utilizing a
perovskite with such an energy bandgap of 1.6 eV (Figure S8,
Supporting Information). In Figure S10, Supporting Informa-
tion, we show the Vo and carrier lifetimes reported in litera-
ture, highlighting that these properties of our L-CPSCs are
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Figure 4. a—d) JV parameters of the manufactured H-CPSCs and L-CPSCs, e) J-V curve of champion devices and pseudo-]V curves obtained from
VOC-versus-light intensity measurement. Ideal J-V curve of a solar cell with the utilized bandgap (purple), which is limited by radiative recombination
(obtained from the Shockley—Queisser limit) is shown for comparison. f) VOC-versus-light intensity measurement and the ideality factor n for L-CPSC.

comparable even with the state-of-the-art PSCs, containing an
HTL and metallic electrode. Remarkably, the V¢ values of 1.1V
align well with the V¢ predicted by our simulations of CPSCs
with a low number of grain boundaries (Table S3, Supporting
Information). Namely CPSCs with only 1 or 2 grain boundaries
along the absorber thickness have the V¢ close to 1.1 V, indi-
cating the validity of our simulation.

Based on the obtained current densities Jg and Jo,.q (from
EQEpy) we calculate Vo g and Vocjoss, Which are presented
in Table 1. Clearly, L-CPSCs exhibit lower Vpcjoss than the
H-CPSCs due to lower non-radiative recombination at the
grain-boundaries.

The structural disorder of the absorber causes an exponential
tail in the absorption coefficient close to the absorption edge
due to multiple sub-bandgap states. The slope of the exponen-
tial part, which depends on the degree of structural disorder is

Table 1. Opto-electronic parameters of manufactured H-CPSCs and
L-CPSCs as determined by EQE, V., and absolute PL measurements.

H-CPSC L-CPSC
Jorad [MA cm™?] 3.2x1072 8.1x10722
Voc,rad [V] 1.302 133
Voccell [V] 0.913 1.109
Vocioss [MV] 389 221
QFLS [eV] 1.15 1192
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also described by Urbach energy (Ey).[*! Based on the EQEpy,
the Urbach energy for H-CPSCs and L-CPSCs was determined
to be 25.8 and 18 meV (Figure S11, Supporting Information),
respectively, which once again supports the hypothesis that
the perovskite crystals grown inside mesoporous ZrO, exhibit
lower opto-electronic quality than in case of planar large crys-
tals. In fact, Choi et al. have also demonstrated that in the
mesoporous layers =70% of the embedded perovskite consist of
a highly disordered phase which has significant consequences
on the opto-electronic properties.[®4

Non-radiative recombination affects not only the Vi losses
but also the FF due to losses during carrier transport (including
resistive losses at the GB interfaces). By measuring the depend-
ency of Voc on the incident light intensity, a so-called pseudo
J-V curve can be obtained, in order to disentangle between
non-radiative and transport losses of the FF, where the latter are
caused by resistance of the cell layers and interfaces between
them.0%5] Here we employ the same strategy to elucidate the
effect of non-radiative and transport losses on the FF of CPSCs
in both configurations. Figure 4e shows the ideal -V curve of a
solar cell with the utilized bandgap, which is limited by radiative
recombination (obtained from the Shockley—Queisser limit), as
well as the obtained pseudo-J-V for the L-CPSCs and H-CPSCs.
The pseudo-FF (pFF) were found to be 86.7% and 84.7% for
the L-CPSC and H-CPSC, respectively. Clearly, the higher
QFLS and lower non-radiative recombination in the perovskite
absorber with larger crystals positively affects not only the Vy¢

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

as was shown earlier but also the FF, providing potential for
such “planar” cells to reach higher efficiencies. Nevertheless, the
actual FF of the L-CPSCs, obtained from the J-V measurement
is lower, suggesting that the transport losses play the dominant
role in the reduction of the FF. We also note that the ideality
factor n, describing the dominant recombination mechanism in
the cell,? is rather low in MAPbI;-based L-CPSCs—only 1.33,
in comparison to 1.58 in H-CPSCs (Figure 4f). This further
supports our arguments that non-radiative recombination in
L-CPSCs is reduced due to a lower number of GBs and carrier
trap densities. However, the L-CPSCs seem to suffer more than
H-CPSCs from the transport losses.

2.4.2. Charge Extraction and Transport Losses in CPSCs

To look more in depth at the transport losses, we extract the
series resistance (Ry) of both cell types from the slope of the
J-V curve at Voc. The R for H-CPSCs and L-CPSCs were
determined to be 6.8 and 14.3 Qcm?, respectively. Based on the
geometry of the cell and the transport distance for electrons
and holes in the respective electrodes, the total electrode resist-
ance was found to be similar in both cell types: 1.76 Qcm? for
L-CPSCs and 1.25 Qcm? for H-CPSCs (a more detailed discus-
sion of the electrode contribution to the total series resistance is
provided in Note S5, Supporting Information).

Using electrochemical impedance spectroscopy (EIS), we were
able to disentangle between the contribution of pure ohmic and
charge transport losses. From Nyquist plots presented in Figure S12,
Supporting Information, two semicircles appear, which cor-
respond to the capacitorlike behavior of several interfaces of
the stack. We attribute the high-frequency semi-circle to the
charge transport resistance primarily at the carbon/perovskite
interface,l0-%! from which a real part of the impedance can be
extracted. In H-CPSCs the perovskite/carbon interface has an
interfacial resistance of 3.04 Qcm?, whereas in L-CPSCs it was
determined to be =11.4 Qcm? (obtained from fitting the Nyquist
plot to the equivalent circuit in Figure S12, Supporting Informa-
tion). This finding suggests that the interfacial resistance at the
perovskite/carbon contact represents the main transport limita-
tion of the L-CPSCs. To confirm this hypothesis, we needed to
distinguish between the reduction of FF due to carbon electrode
sheet resistance and perovskite/carbon interfacial resistance.
Hence, to confirm this hypothesis, the carbon layer was removed
from an H-CPSC device and a low-temperature carbon electrode
was deposited instead. Thus, an L-CPSC electrode on an PiPL
absorber layer has been produced. This allows us to compare
the performance differences affiliated with the carbon electrode
itself and the perovskite/carbon interface while the differences
related to the perovskite absorber in both architectures need not
be considered. From the [~V curves before and after carbon elec-
trode replacement in Figure S13, Supporting Information, we
observe that the FF drops from nearly 70% to 58.8%, respectively,
which agrees with the mean values of H-CPSCs and L-CPSCs
(Figure 4c). We attribute this reduction in FF to a higher inter-
facial resistance at the perovskite/carbon interface. An effect of
sheet resistances can be excluded, since the sheet resistance of
a low-temperature carbon electrode is even lower than that of a
high-temperature type.
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During perovskite crystallization in the mesoscopic layers of
H-CPSCs, pores provide multiple nucleation sites, leading to
a rather heterogeneous nucleation and growth. Although such
crystallization causes multiple defect-induced energy states in
the neat perovskite (as demonstrated earlier), it also means that
some crystals grow directly on the surface of the carbon-based
electrode, which could explain the exceptionally low interfacial
resistance of such cells demonstrated earlier. We also note that
the second semicircle in the Nyquist plot, which is attributed to
the recombination resistance (and therefore should be high) is
50 times larger in L-CPSCs than in H-CPSCs, supporting the
previously shown non-radiative recombination analysis.

Another strong limitation of our L-CPSCs is the Js¢, which
can be related to lower photon absorption, worse charge carrier
extraction, or a combination of both. To compare the homoge-
neity of current extraction across the active area we measure
the spatially resolved light-beam induced current (LBIC) under
short-circuit condition. The light-beam induced current (LBIC)
map in Figure 5a,b shows that the photogenerated current is
produced homogeneously in the entire cell, although its value
is higher in the H-CPSCs than in L-CPSC, which also correlates
with the J-V measurements.

In order to qualitatively resolve the differences in charge car-
rier extraction we perform spatially resolved PL measurements
under open- and short-circuit conditions. The underlying prin-
ciple of this novel characterization method is the following:
under open-circuit the recombination rate is equal to the gen-
eration rate, hence, the excited charge carriers will recombine
radiatively and non-radiatively, implying that in an ideal solar
cell without non-radiative recombination the PL is homo-
geneous across the entire active area and as high as possible
(limited by the maximum number of photoexcited carriers).
However, under short-circuit the charge carriers are able to
be extracted by the respective selective contacts and forwarded
further to the external load, instead of recombining. Thus, it is
favorable to see a low PL signal under a short-circuit condition
and the difference between the PL of the cell under open- and
short-circuit can be used as a qualitative measure to evaluate
the charge extraction of the cell.’” Figure 5c—f depicts that the
PL of H-CPSC is almost one order of magnitude lower than
that of L-CPSC (due to the excessive non-radiative recombina-
tion as was shown above). Switching from open circuit to short-
circuit quenches the PL, suggesting that the charge extraction
in both cell types is similar.

The external quantum efficiency (EQE) in Figure S14, Sup-
porting Information, demonstrates that the L-CPSCs suffer
from a lower light absorption, particularly in the long-wave-
length region compared to H-CPSCs. The reduced absorption
spectrum of PaPL in comparison to PiPL (due to lower layer
thickness) was confirmed via UV-Vis reflectance and transmis-
sion spectra measurement in Figure S15, Supporting Informa-
tion. This provides a plausible explanation why the Jsc values of
L-CPSCs are lower than that of H-CPSCs.

2.5. Outlining Promising Strategies to Improve the PCE of CPSCs

We particularly highlight that the cell layers and perovskite com-
position were chosen to have as similar properties as possible,
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Figure 5. a,b) Light-beam induced current (LBIC) measurements of an H-CPSC and an L-CPSC. Scale bar — 4 mm. c—f) PL images of a H-CPSC and
L-CPSC under open-circuit (c,d) and short-circuit (e,f), highlighting a difference in PL between these two states due to efficient charge extraction in
both cell types. Scale bar — 0.4 mm. Note that the number of PL counts in L-CPSCs is higher than in H-CPSCs by almost one order of magnitude.

and to allow an objective comparison between the two types of
stacks (rather than between two types of perovskite composi-
tions or charge-extracting layers). Hence the conclusions drawn
from this study can be applicable as well for the cases when
other stacks are utilized.

Combining measurement results from the series resistance
losses in both cell structures (Note S6, Supporting Informa-
tion), it becomes clear that the FF in H-CPSCs is limited by the
non-radiative losses, induced by numerous grain-boundaries,
whereas the FF of L-CPSC strongly suffers from the interfa-
cial resistance at the perovskite/carbon contact (Figure 6a). The
losses in the electrodes can be reduced further by selecting a
more conductive TCO front contact and the conductivity of the
carbon-based contact can be improved by altering the graphite
crystal type,”! surface functionalization, and dopants." Other
ohmic FF losses, except for the electrodes are negligible, while

additional FF losses, could possibly be alleviated by improving
perovskite/TiO, contact and reducing its interfacial resistance.

Figure 6b,c depicts the main free power losses in both cell
structures, serving as a guideline for the main strategies to
improve the PCE of both types of CPSCs:

i. Non-radiative losses in H-CPSCs strongly limit the potential
of such cells to reach higher efficiencies, especially the V.
To date, the highest photovoltages in H-CPSC with MAPbI,
absorbers are only slightly above 1.0 V.72 Considering that one
of the key limitations of Vo is due to numerous GBs, pore-
size engineering seems to be a promising strategy to allow
for the growth of large perovskite crystals in a “microporous”
scaffold (as opposed to a nanoporous scaffold in H-CPSCs).
Up to now, only few reports have focused on optimizing the
pore size of mesoscopic layers to improve the photovoltaic
performance of the PSCs”374 and this strategy needs to be
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Figure 6. Results from the combinatory analysis of PSCs with carbon-based electrodes. a) Distribution of FF losses in H-CPSCs and L-CPSCs. Visualiza-
tion of power density—voltage (PV) curves of b) H-CPSCs and c) L-CPSCs, illustrating the power losses and their origins
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further explored. Naturally, methods to passivate the GBs
and reduce trap densities there also represent a promising
approach to reduce the V¢ gap with the radiative limit. We
note that there are examples in literature of boosting the Vi
by introduction of a porous HTL, compatible with high-tem-
peratures, namely NiO,.[**7%] Additionally, according to our
numerical simulation the V¢ could be boosted by increas-
ing the work-function of carbon-based contact or by reducing
the surface recombination velocity of the minority carriers
at the back-contact (Figure S16, Supporting Information).
However, even if the band-alignment would be close to ideal
in H-CPSCs, the V¢ would always be limited by the QFLS
in perovskite, implying that the non-radiative losses of the
photoabsorber itself or at its interfaces need to be reduced in
order to obtain a V¢ beyond 1.1'V.

ii. In the studied L-CPSCs, the largest losses were due to a non-
ideal FF and Jsc. Based on the results from electrochemical
impedance spectroscopy (EIS), only reducing the interfacial
resistance at perovskite/carbon contact to the same value as
it is in H-CPSCs would result in a 15% increase in FF, lead-
ing to the total FF value of >77%. We have recently demon-
strated that the perovskite/carbon contact can be improved
by alteration of the graphite powder type."” In addition, sev-
eral reports have shown that the interfacial resistance can be
strongly reduced by a press-transfer technique, which result-
ed in cell efficiencies above 17% (although the reported PV
devices had a HTL)."®7778] Moreover, Liu et al. have shown
how interfacial post-treatment with cesium acetate (CsAc) ef-
fectively reduces the interfacial resistance at the back-contact
and suppresses non-radiative recombination.” In addition,
increasing the work-function at the perovskite/carbon in-
terface (Figure S13, Supporting Information) could further
improve the performance of such cells.

Both cell types also suffer from optical losses, which in case of
L-CPSCs could be alleviated for example by the use of indium-
doped tin oxide (ITO) as a front electrode, which has less parasitic
absorption. However, it was shown before that indium-doped tin
oxide (ITO) tends to significantly increase its sheet resistivity
when processed at high temperatures, ) making it unfavorable
for H-CPSCs. Naturally photon-management options (e.g.,
anti-reflective coating), inducing light-trapping is expected to
boost the Jsc of the PSCs, regardless of the cell stack. Another
promising strategy, which is possible in L-CPSCs, but not in
H-CPSCs, is to integrate a reflective electron-blocking layer at the
perovskite/contact, thereby allowing for transmitted photons in
the long-wavelength region to be reflected back into the absorber
(which often happens in conventional PSCs with metallic back-
contact). Since in H-CPSCs the porous stack must be infiltrated
with a perovskite solution only after all the porous layers are
deposited, the integration of a compact reflective layer becomes
problematic for solution infiltration. However, this problem does
not occur in L-CPSCs, which are deposited layer by layer.

3. Conclusion

Although numerous works on PSCs with high- and low-temper-
ature treated carbon electrodes have been demonstrated, their
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quantitative comparison, comprehensive understanding of energy
losses, and identification of promising improvement strategies
were not shown up to now. In this work, for the first time we
presented a detailed analysis of the fundamental losses in the
two basic types of PSCs with carbon-based counter electrodes
complemented by providing the necessary knowledge for further
efforts on boosting their PCE. The presented study was aimed at
resolving the fundamental differences between the H-CPSCs and
L-CPSCs, with as few differences in cell stack as possible, in order
to attribute the main differences in cell properties to the absorber
itself or to its interface with the charge-transport layers. Therefore,
the goal of our work was not to produce most efficient devices
(as we did not utilize any hole-transport layer for a more objec-
tive comparison), but rather to understand where lie the efficiency
gaps of both types of cells and what the most effective strategies
to improve a device in both configurations could be.

PV devices with contacts treated at high-temperatures
(H-CPSCs) contain perovskite crystals, which are constrained
to <20 nm size due to process limitations, causing numerous
grain-boundaries. As a result, the grain-boundaries cause
excessive non-radiative recombination (even for the case of
reduced trap densities), which brings down the charge carrier
lifetime, PL intensity, and hence QFLS of the neat perovskite
and complete cell stack, which consequently strongly limits the
Voc (<950 mV) of the manufactured solar cells. In addition, it
causes a higher ideality factor and J,, negatively affecting the
FF. Although the PCE of such cells was higher than that of
L-CPSCs due to higher Jsc and FF, it contains a great poten-
tial for further performance improvement if the issue of non-
radiative recombination at the grain-boundaries can be solved.
Even if the hole-selectivity at the back-contact would be further
improved, the low QFLS of the perovskite crystals embedded in
mesoporous layers of such cells would still limit the cell poten-
tial. Therefore, the most promising route to boost the efficiency
of H-CPSCs in the future would be to alter the pore size to
accommodate larger perovskite crystals and reduce non-radia-
tive recombination at the grain-boundaries.

In devices where the carbon-based back-contacts are treated
at low temperatures (L-CPSCs) and deposited afterwards on
top of the perovskite, larger perovskite crystals can be formed.
Despite the fact that the perovskite elementary composition
was identical in both investigated architectures, we found that
larger crystals of planar perovskite in L-CPSC strongly improve
the carrier lifetime (from 72.9 ns to almost 1.8 ps), enhance the
QFLS to 1.192 eV (compared to 1.15 eV for H-CPSC), and allow
for Voc above 1.1 V in HTL-free cells. Although the PCE of
L-CPSCs was lower due to worse charge carrier extraction and
transport, high quality of the perovskite absorber provides a
strong potential for improvements, especially considering that
L-CPSCs offer a higher flexibility for cell stack alteration than
H-CPSCs (due to high temperature processing of the latter).
Adding HTLs with high hole mobilities and improving the con-
tact between the back-electrode and the layers underneath is
the key to unleashing the whole potential of the L-CPSCs.

The findings presented in this work are aimed to scrutinize
the fundamental differences between these two types of CPSCs,
demonstrating their losses and showing effective strategies to
improve the PCE of such cells, in order to close the efficiency
gap with the conventional PSCs with metal-based contacts.
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