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A 2D Model for Interfacial Recombination in Mesoscopic
Perovskite Solar Cells with Printed Back Contact

Lukas Wagner,* Cheng Qiu, Moritz Unmiissig, Dmitry Bogachuk, Simone Mastroianni,

Uli Wiirfel, Yue Hu,* Hongwei Han, and Andreas Hinsch*

A physical model to explain the 2D charge recombination in mesoscopic graphite-
based perovskite solar cells (PSCs) having a highly selective front electrode and a
nonselective back electrode is presented. Steady-state photovoltage and pho-

toluminescence (PL) as well as transient PL are studied for a wide range of device
configurations, providing insights in the interface recombination at the front and
back contact, namely, the mesoporous titania (m-TiO,) and the graphite layer.
Combining experimental evidence with the first 2D simulation of a perovskite
solar cell, it is found that the characteristic thick absorber layer of mesoscopic
graphite-based PSC is a necessity to enhance the photovoltage. This is because
the interface recombination at the back contact is a diffusion-limited process. The
electrode spacing should, however, not be enhanced by increasing the perov-

skite/m-TiO, thickness as this increases surface recombination losses at this

interface. The study determines design rules for the optimal geometry of the

mesoporous layers and helps to identify the limiting recombination pathways for

defect-tolerant semiconductor properties,
perovskites are promising candidates to
enter the market as the cheapest PV
technology. Highest efficiencies are
commonly achieved in devices with evapo-
rated metal back electrodes where each
layer of the device is deposited one after
another, typically by spin coating for labo-
ratory-scale cells.”™! In the following, this
is referred to as the “metal-based”
approach. To become economically com-
petitive, PSC development also needs to
meet the criteria of low manufacturing cost
and high product lifetimes. Here, high-
efficient metal-based PSCs are struggling
as the commonly used charge transport
hole conductors such as 2,2',7,7'-

an improvement of future device architectures.

1. Introduction

In only 10 years since the first reports, perovskite solar cells
(PSCs) have been improved steadily, reaching certified optical-
to-electrical power conversion efficiencies (PCEs) of up to
25.2% (cf. Figure 1a). Although these cells still typically have a
small active area and often suffer from low stability, their
PCEs are among those of well-established photovoltaic (PV) tech-
nologies such as silicon PV.!"? Due to their unique property of
being producible from solution and at low temperatures, e.g., by
printing techniques, while at the same time retaining remarkable

Tetrakis[N,N-di(4-methoxyphenyl)amino]-

9,9'-spirobifluorene (spiro-OMeTAD)

and gold as metal back electrodes are too

expensive for commercialization.
Moreover, the organic charge transport layers (CTLs) and metal
electrodes induce severe device degradation "

As shown in Figure 1b, in contrast to the metal-based
approach, the “magic triangle” of efficiency, cost, and lifetime
is technologically addressed from the other end by printable
mesoscopic PSC with graphite back electrodes, as inspired by
dye solar cell research.l''™*% Here, the mesoporous, inorganic
CTLs and space layers are printed first to a porous monolith
and the perovskite is infiltrated as last processing step.'*!”)
As the perovskite decomposes at temperatures above
100-150°C,*® only with the mesoscopic graphite-based
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Figure 1. a) Representative progression of reported and certified power
conversion efficiencies of PSCs in the architecture with evaporated metal
electrodes and of printed mesoscopic graphite-based devices. b) Schematic
illustration of the two concepts’ opportunities to approach the economically
desirable optimum of high efficiency, long stability, and low cost from
opposing sides. c) Layer structure of mesoscopic graphite-based PSC.

approach it is possible to deposit and sinter chemically highly
stable inorganic CTLs and metal-oxide electrodes at elevated
temperatures. As shown in Figure 1c, a typical mesoscopic
graphite-based PSC stack comprises fluorine-doped tin oxide
(FTO) glass for the transparent front contact, coated with a thin,
compact hole blocking layer of titanium dioxide (c-TiO,). The
electron extraction is achieved by mesoporous titanium dioxide
(m-TiO,), while holes need to be transported within the perov-
skite absorber to the back contact made of micronized graphite.
TiO, and graphite are electrically isolated from each other by a
so-called space layer of mesoporous zirconium dioxide (m-ZrO,).
Due to the chemically inert nature of these printed layers, this is

Sol. RRL 2021, 5, 2000595 2000595 (2 of 13)

www.solar-rrl.com

the current record architecture in terms of device stability, reach-
ing highest operation lifetimes of up to 10000h under 1 sun
which corresponds to 10years of photon flux in central
Europe.!"”) Likewise, the largest commercial-size perovskite mod-
ules have been realized with this printed mesoscopic struc-
ture.'® However, device efficiencies are still lacking behind
those of metal-based PSC with highest certified values above
12%">) and highest values reported in the literature of exceed-
ing 16%2°2% (cf. Figure 1a). As high stability and the potential
for lowest production costs have been demonstrated by practice
and by principle,®® the next step is thus to explore performance
obstacles that currently delay a further increase in the efficiency.

In this work, we investigate the fundamental working princi-
ples of mesoscopic graphite-based PSC that lead to a different
performance in respect to metal-based devices. We focus on
studying the effect of each layer and the respective interfaces,
determining dominant charge recombination process and con-
necting them to open-circuit voltage (Vo) losses. Our study is
guided by establishing a novel 2D model for mesoscopic PSC
devices with unbalanced charge selectivities. The model is exam-
ined experimentally by studying a broad range of mesoscopic
graphite-based PSC configurations by steady-state V,. measure-
ments, steady-state photoluminescence (PL), and transient time-
resolved PL (TRPL) decay. We further explore the device physics
of the model by a complementary 2D drift-diffusion device sim-
ulation. We determine three fundamental charge extraction and
surface recombination mechanisms: 1) a severe recombination at
the graphite back electrode which is mitigated by the beneficial
effect of the perovskite layer thickness on the V,,. due to diffusion
limitation; 2) an improved charge extraction by the mesoporous
TiO, layer; and 3) a trap-assisted recombination at the TiO, sur-
face, which scales with the m-TiO, layer thickness. This helps to
shine light on the full potential and final limitations of state-of-
the-art mesoscopic graphite-based device structures and to
construct pathways for further improvements toward highest
efficient graphite-based PSC.

2. Theory

Since the first report of efficient mesoscopic graphite-based PSCs
by Han’s group in 2013,"*") much effort has been made to
improve the device structure. Yet, until today the general geom-
etry and layer dimensions of the original device have hardly
changed. At the same time, the efficiency has not been able to
increase at the same pace as for the cells produced by metal-
based approach (cf. Figure 1la), with largest improvements
achieved by optimizations of the perovskite absorber. A typical
mesoscopic PSC stack consists of around 0.4-1 pm of m-TiO,
and 1-2 pm m-ZrO, (cf. Figure 2a). In contrast, highest perform-
ing metal-based PSCs have absorber layer thicknesses in the
range of 500 nm, which is up to 5 times lower. Still, with meso-
scopic graphite-based PSC architectures, photovoltages (Vo)
beyond 1V have been reached for methylammonium lead triio-
dide (MAPbI;) perovskite photoabsorbers.'”! This is 300 mV
below the maximum obtainable photovoltage in the radiative
limit (V22) for this absorber material.” While the best metal-
based PSCs already surpassed the mark of 100 mV loss in respect
to V2424 the relatively high photovoltage for mesoscopic
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Figure 2. a) Illustration of the fundamental generation, recombination, and transport processes in mesoscopic graphite-based PSC. Depiction of the 2D
charge extraction of b) electrons and c) holes at the respective contacts.

graphite-based devices is nevertheless striking considering that
the graphite back contact used for hole extraction provides only
very poor charge selectivity. The work function of micronized
graphite has been determined to range between —4.6,1%°)
—4.81,%% and —4.94eV,*”! which would result in a misalign-
ment with respect to the MAPDI; perovskite valence band of
at least 0.5 eV. Therefore, graphite-based PSCs have also been
referred to as “hole transport layer free” (HTL-free). This is mis-
leading as holes are obviously transported in graphite and thus
we do propose the term “hole selective layer free” (HSL-free).
Overall, the behavior of HSL-free devices is in stark contrast
to the requirement of almost perfectly aligned work functions
for metal-based PSCs!*®! as, e.g., reported by Huang et al. who
predicted that V,,. values beyond 900 mV would only be reached
for HSLs with work functions above 5.2 eV.”% In the following,
we outline the physical description to explain this seemingly con-
tradictory coexistence of poor band alignment and high
photovoltage.

2.1. Fundamental Relations of V,. and Recombination in Solar
Cells

Photovoltaic devices work under the fundamental principle of
photogeneration and extraction of charge carriers. Under open
circuit in steady state, no charges flow out of the device through
the outer wirings. Thus, the photovoltage is limited by the
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recombination processes inside the cell. The recombination
mechanisms are of radiative and nonradiative nature. While
the first cannot be avoided and should be as high as possible,
the latter needs to be minimized. These processes are shown
in Figure 2a, showing the mechanisms for photovoltaic power
conversion: an electron hole pair is generated by the absorption
of a photon in the perovskite (1). In open circuit, it can recombine
either radiatively (2) or nonradiatively. Nonradiative recombina-
tion can occur directly in the bulk absorber (3) or after injection
into the CTLs (5) where they can recombine by surface recombi-
nation (6). As charge carriers are generated close to the TiO,
front electrode, there is a diffusion-assisted charge carrier move-
ment toward the graphite back electrode (4). Finally, if the device
is not operated at open circuit, charges can also be extracted by
the outer cables (7).

In the limiting case where the external luminescence quan-
tum efficiency approaches the internal one, a simple equation
for the V,. can be obtained as*"!

(i)

where V24 is the radiative limit of the open-circuit voltage (1.34 V
for MAPbI;**), k is the Boltzmann constant, T is the temperature,
and q is the elementary charge. The radiative and nonradiative
recombination rate is represented by Ry.q and R4, respectively.

kT

R
Voe = Vid 4 ?ln 1

o+ R_ 1)
rad T Rorad
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Riraq is reciprocal proportional to the effective lifetime for
nonraditive recombination, 7%, which for perovskites essen-
tially comprises of the bulk (z,) and surface (r5) recombination
lifetimes. Herein, the latter is the limiting factor for most
PSC devices because perovskites typically display remarkably
high bulk recombination lifetimes®'*%

= @)

7, is the material-specific Shockley—Read—Hall (SRH) recombina-
tion lifetime which is essentially dependent on the trap density of
the perovskite. The bulk lifetime for the negative (n) and positive
(p) charge carriers is related to the respective diffusion length L
and diffusion coefficient D.

2

fon =22 34
LZ
P

Ty = & (3b)
P Dp

Thus, to reduce the bulk recombination rate, the average
transport distance of the respective charge carriers toward “their”
contact in the solar cell should be considerably lower than the
respective diffusion length.

75, on the other hand, is governed by the recombination at the
interface between perovskite and the respective charge extraction
layer (CEL) which is strongly dependent on the “selectivity” of the
CEL, i.e., the ability to accept one charge carrier and repel
the other. Thus, it is commonly concluded that to maximize
the V. of a perovskite device, both the purity of the bulk perov-
skite material and the selectivity of the CELs and quality of the
interface are imperative.

So how can mesoscopic graphite-based devices with poorly
selective graphite back contact achieve such high photovoltages?
The puzzle can be solved by a closer look at the surface lifetime.
While there is no general analytical solution to determine 7,
Sproul,®*! based on the work of Otaredian,** derived a range
of useful approximations. If we consider a PV cell with absorber
layer thickness d and surface recombination velocities S; and S,
at each CEL interface, the time-dependent 01D diffusion equa-
tion for one type of charge carriers yields two approximate sol-
utions: if the surface velocity is equal on both interfaces
(S1=S,=215), then

d &

Tg =~ ﬁ + ﬁ (43)

The second case is given if one of the surface velocities
approaches zero. For S, =0, we obtain
d 44

Ty R —

Sl Dﬂ'z (4b)

These two cases already suffice to assess the behavior of the
surface recombination. They demonstrate that the nonradiative
recombination rate which needs to be minimized is proportional
to a function depending on S x d™' and D x d 2. For the case of
one highly selective contact (Equation (4b)), this relation tells us
that, figuratively, the further away the other, poorly selective
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interface is from the selective one, the lower the surface recom-
bination at the “bad” contact. Even for an infinite surface recom-
bination S;, 7, will be nonzero due to the second term on the
right-hand side of the equations accounting for the diffusion
to the contact, which proceeds at a finite time and thus limits
the recombination of charges at the surface. Moreover, the fact
that most carriers are generated close to the front contact also
helps to minimize losses at the back contact. Overall, this
explains why mesoscopic graphite-based PSC with poor band
alignment at the back contact and thus high surface recombina-
tion velocities are still able to reach moderately high V,, values by
the often-overlooked effect of an increased device thickness.

2.2. The Concept of 2D Charge Extraction in Mesoscopic PSC

These considerations lead to the model of 2D charge extraction in
mesoscopic PSC with nonselective back electrodes. The model is
based on the postulates that perovskite has an absorption coeffi-
cient to essentially absorb all light within the first 0.5-1 pm of
perovskite embedded in a porous structure®*”) and that the dif-
fusion length of holes is larger than this absorption depth.*! For
the model, we suppose two hypotheses that we will examine in
the following:

Hypothese 1 (TiO,):

H1.1: For the advantage of mesoscopic scale, TiO, is strongly
charge selective and effectively extracts photogenerated electrons
from the perovskite.

H1.2: At the same time, TiO, induces a nonzero surface
recombination. Thus V,. decreases with higher m-TiO,
thickness.

Hypothese 2 (electrode spacing):

A wider spacing between the electrodes, i.e., a thicker perov-
skite layer implemented by a thicker m-ZrO, space layer,
increases the V.. due to reduced surface recombination at the
graphite interface, as expressed in Equation (4b).

With this, we can derive the following model for mesoscopic
graphite-based PSC, as shown in Figure 2b. In these devices, the
perovskite absorber is embedded in nanopores composed of
mesoscopic nanoparticles (20nm) of m-TiO, or m-ZrO,.
Photogenerated electrons in the m-TiO, region are efficiently
extracted into the TiO, with an average transport distance within
the absorber below 10 nm. As this is order of magnitudes lower
than the electron diffusion length and with TiO, being a very
selective electron extraction material (EEM), this leads to low bulk
and surface recombination rates for the electrons. If electrons are
generated inside the m-ZrO, region, the mean free path is much
longer, but not necessarily larger than L,,. The density of electrons
generated inside the perovskite-filled pores of the m-ZrO, essen-
tially depends on the thickness of the m-TiO, layer and with it on
how far the absorption profile reaches into the bulk of the cell.

For the photogenerated holes, the situation looks very differ-
ently (cf. Figure 2c). They need to migrate all the way to the back
electrode throughout the porous structures, which results in an
average charge transport in the order of the electrode spacing d
(i-e., the thickness of both m-TiO, and m-ZrO,). As shown in
Figure 2b,c, this extends the typically 1D continuity representa-
tion to a 2D problem with different transport directions for elec-
tions and holes. Once the holes reach the graphite interface, due
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to the poor band alignment, there is a high probability for surface
recombination with electrons. From Equation (3) and (4), we find
that as long as d < Ly, to reduce surface recombination it is
beneficial to increase d. In the following section, we present
and discuss evidence for the validity of this perception.

3. Results and Discussion
3.1. Effect of the Electrode Spacing on V,,

To study the effect of electrode spacing, the m-ZrO, thickness
was varied while the m-TiO, layer thickness was kept constant
at 350 nm. Figure 3a shows the progression of the steady-state
Vo with the m-ZrO, thickness, measured under a class A solar
simulator. Looking at the scattered data points, it is most signifi-
cant to regard the highest V. values for each configuration as
this gives an indication of the maximal possible photovoltage.
Lower values can be attributed to imperfections during process-
ing, e.g., during printing, pore filling, and crystallization.
Considering the highest values, one can observe a clear trend
of increasing V, with higher m-ZrO, layer thickness. Starting
at photovoltages below 0.81V for m-ZrO, thicknesses of
0.5 pm, the V,. increases steeply to 0.91V at 2.2pm. Here,
the curve saturates, reaching a highest value of 093V for
3.7 pm of m-ZrO,. We remark that with increasing layer thick-
ness, the filling of the pores becomes less controllable (cf. Section
1.1, Supporting Information), which might explain the lower
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values for devices with 3.0 and 4.4 pm m-ZrO,. It is noted that
at very low m-ZrO, layer thicknesses below 1 pm, the probability
of spot-wise direct electrical connections between TiO, and
graphite due to variations during screen-printing increases
which could further lower V. (experimental evidence is provided
in the in Section 1.2, Supporting Information).

3.2. Effect of m-TiO, Thickness on V.

Figure 3c shows the steady-state V, for samples with different
m-TiO, thickness at a constant m-ZrO, thickness of 2.2 pm. The
samples shown in plots (a) and (c) were fabricated at Huazhong
University of Science and Technology (HUST), yielding reverse-
scan PCEs of up to 12%. The I-V characteristics are shown in the
Supporting Information. Overlapping samples with 350 nm m-
TiO; and 2.2 pm m-ZrO, thickness are marked in empty boxes in
both Figure 3a,c. There is a rise in V,. between thicknesses of
120nm of m-TiO, to 560 nm from up to 0.88V to up to
0.93 V. After these thicknesses, the photovoltage again decreases
to below 0.57 V for 6 pm. Notably, for samples without m-TiO,
(“0nm”, compact TiO, only), the highest V, is even as low as
0.41V.

The progression of V. indicates that we observe a superposi-
tion of two independent effects influencing charge carrier recom-
bination: first, a decrease in V,. with increasing m-TiO,
thickness becomes dominant for an m-TiO, thickness beyond
1 pm. Although m-TiO, is highly charge selective, the surface
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Figure 3. Steady-state V, values for a variation of the a) m-ZrO, and c,d) m-TiO,. The layer structure is sketched in part (b). The devices of (a,c) have
been fabricated at HUST with 10-20 devices for each variation. The empty-box data- points refer to identical samples in each plot. Devices of (d) were
fabricated at ISE with seven samples per variation for devices with 0.79 (blue) and 1.7 pm (red) thick m-ZrO, layers. Measurements were carried out under

simulated AM1.5G light.
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recombination at this interface is nonzero. In accordance with
the study of Lee et al.,*® we thus observe that with increasing
m-TiO,/perovskite interface area, surface recombination
between electrons in the TiO, and holes in the perovskite
increases, as shown later by PL measurements.

A second effect, which is only observed in this specific set of
samples, leads to a decrease in V. for very thin m-TiO, layers
and a drastic collapse for m-TiO,-free devices. The introduction
of only 120nm mesoporous m-TiO, leads to a significant
increase in the V.. in contrast to the m-TiO,-free device.
Inside the nanoporous m-TiO, network, the mean free path
for photogenerated electrons to reach the CTL is decreased dras-
tically to below 10 nm. Simultaneously, the larger interface area
leads to a more efficient charge extraction; a rough estimate
(assessing m-TiO, by simple packing of spherical TiO, particles
of 10nm radius) yields that the TiO,/perovskite interface
increases over 60-fold with respect to the pure compact layer
for every 100 nm of m-TiO,. A possible explanation for the
decreasing photovoltage would be that in the studied devices
the ¢-TiO, or more likely voids in the c¢-TiO, layer exposing
the FTO layer induce a higher surface recombination. This could
partially be mitigated if electrons are injected into the m-TiO,
instead. Finally, it is also possible that the perovskite crystal qual-
ity is altered in the different structures, thus influencing the pho-
tovoltage. These considerations are examined by PL studies in
the following section.

Another batch of samples with the same perovskite composi-
tion was fabricated at Fraunhofer ISE to examine the aforemen-
tioned presumptions that the observed effect of decreasing V. is
caused by specific technological constraints and not due to
universally valid fundamental recombination mechanisms.
The same commercially available m-TiO, printing paste as used
for the samples fabricated by HUST was used and the c-TiO,
layer was also deposited by manual spray pyrolysis. Figure 3d
shows the obtained steady-state V. values for ISE samples with
0.79 (blue) and 1.7 pm (red) thick m-ZrO, layers over a range of
m-TiO, thicknesses. Here, the highest PCE was significantly
lower with highest reverse-scan PCEs of 7%. However, remark-
ably high stabilized photovoltages of up to 1.05 V were reached. It
is noted that in all experiments, for thin m-TiO, layers the J,.
(and respectively the PCE) was very low. Revealingly, in the sam-
ples of Figure 3d, the V. did not decrease as severely for smaller
m-TiO, thicknesses; for single samples there was even an
increase in photovoltage for the m-TiO,-free device. Overall, this
indicates that the trend shown in Figure 3c is probably due to
artifacts from the device processing. The trend of decreasing
photovoltage for thicker m-TiO, layers is, however, still present.

Overall, we conclude that the V. trend toward higher m-TiO,
layer thicknesses can be attributed to a universally valid effect,
most likely recombination at the m-TiO,/perovskite interface,
whereas no general statements can be made for the V,. trend
toward low m-TiO, thicknesses.

3.3. Charge Extraction and Surface Recombination at the
Interfaces

To elucidate our conjectures further, steady-state and transient
PL measurements were carried out on the samples processed
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at HUST. Figure 4a,b shows the steady-state PL intensity of
respective devices for different m-ZrO, and m-TiO, thickness.
The PL intensity qualitatively follows the trend of the V.
This indicates that the difference in V. for different thicknesses
is mainly due to differences in the quasi-Fermi-level splitting
(QFLS) (compare also Section 2.1, Supporting Information).***"!

Figure 4c,d shows the complementary TRPL measurements of
the samples. For the following section, it is important to keep in
mind that due to the fast repetition of the excitation pulse of this
typical TRPL setup, it is probable that the probed system is not in
steady state at the time when the decay is induced. As outlined in
Figure 2a, under open-circuit conditions, the reduction of the
population of photogenerated charge carriers and thus PL decay
is determined by the superposition of four processes: there are
two recombination processes in the bulk, namely, radiative and
nonradiative bulk recombination. At the interfaces, if the system
is not in steady state (“transient”) there are two processes of
charge extraction to the CTLs (leading to charge separation
and suppression of PL) and interface recombination. If the sys-
tem is in steady state, only the latter determines the recombina-
tion rate at the interface. If the processes would be independent
of each other, this would result in a four-exponential decay func-
tion. However, the processes are nonlinear and changing carrier
concentrations cause an interdependence of the processes.*"! If
nevertheless the PL decay is to be assessed by exponential fits,
simulations suggest that, for the transient case, the fastest pro-
cess be attributed to charge extraction, followed by interface
recombination.*"*? Connecting the fastest decay times to inter-
face effects is in agreement with a vast range of experimental
results, showing a significantly higher PL lifetime for bulk perov-
skite in contrast to perovskite in contact to a CTL.?"*3 Although
this representation needs to be taken with caution, we fit the
TRPL measurements with a biexponential decay function and
determined two lifetimes 7; and 7,. In contrast to the steady-state
PL measurements, we observe no significant changes of the life-
times over a wide variation of the m-ZrO, thickness (Figure 4c).
This indicates that although in the steady-state case the PL is
reduced by recombination especially at the graphite electrode,
the interface recombination at the graphite and ZrO, interface
as well as the bulk recombination are not the fastest processes.

Investigating the TRPL lifetimes for different m-TiO, thick-
nesses (Figure 4d) completes this picture: here, a clear decrease
in both lifetimes can be observed, indicating that recombination
at the perovskite/TiO, interface is the fastest process. The steady-
state PL rises for m-TiO, thicknesses up to 500 nm, which is in
agreement with the reduced influence of the nonradiative recom-
bination induced by ¢-TiO, interface. On the contrary, both life-
times decrease already starting from 120 nm-thick m-TiO, which
promotes that charge extraction (1) and interface recombination
(r2) are the fastest processes at the m-TiO, interface.
Significantly, the decrease in 7; saturates at approximately
1pm of m-TiO,, decreasing from 7.5 to approximately 4 ns.
Note that the thickness to reach saturation is the same range
where the thickness exceeds the range of light absorption and
photogeneration. On the contrary, 7, keeps steadily decreasing
throughout the range of layer thicknesses from 75 to below
10 ns. As shown later by numerical simulations, this indicates
further that 7, is related to (beneficial) charge extraction of photo-
generated electrons into the TiO,, a process that is mainly
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Figure 4. PL investigations of the effect of porous layer thickness for devices made at HUST. Steady-state PL intensity of full devices for a variation of the
a) m-ZrO, and b) m-TiO, thickness. c,d) Corresponding TRPL lifetimes extracted from a biexponential fit. €) Steady-state PL spectra of samples with
perovskite spin cast on FTO glass with and without c-TiO,. Steady-state PL intensity for samples without m-ZrO, and graphite back electrode for m-TiO,
deposited on bare glass and on glass/c-TiO,. Note that the units of the PL intensities in (a,b) have been recorded on a different setup than for (e,f) and are

therefore not comparable.

occurring within the illuminated region of the m-TiO,. As the
electrons are extracted into the m-TiO,, they can also distribute
toward the “dark” regions. Thus, the probability for interface
recombination with holes in the perovskite (~1/7,) increases
with higher m-TiO, thickness.

3.4. The Role of the Compact TiO, Blocking Layer and FTO

The compact ¢-TiO, hole blocking layer is crucial to prevent
charge recombination at the FTO front electrode. This is evident
from Figure 4e and Figure S6, Supporting Information, showing
that the steady-state PL and TRPL lifetime, respectively, increase
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with the addition of a ¢-TiO, layer in comparison to perovskite
being in direct contact with FTO.

Coming back to Figure 4d, a closer look at the devices without
m-TiO, (“0 nm”) in comparison to devices with 120 nm of m-TiO,
shows that, while the value of 7; remains the same, there is a steep
increase in 7, from 50 to 75 ns accompanied by an increase in the
Vioc. This can be interpreted to the effect that the velocity of charge
extraction from the perovskite to the TiO, is the same for the com-
pact and mesoporous case, but the surface recombination at these
interfaces is strongly reduced by adding the m-TiO, layer. This
conception is further supported by the observation that the PL
lifetimes (1, 7,) for the m-TiO, free devices are independent from
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the m-ZrO, thickness over a wide range between 0.5 and 4 pm
(cf. Figure S7, Supporting Information).

The picture is completed by an investigation of the differences
between the compact and mesoporous TiO, layer, eliminating
the effect of the m-ZrO, layer and graphite back electrode, as
compared by steady-state PL measurements in Figure 4f.
Here, m-TiO, was screen printed on substrates of bare glass
(blue) and glass/c-TiO, (red) and infiltrated with perovskite.
One can see that, in accordance to the results shown earlier
(cf. Figure 4b), an increasing m-TiO, thickness has a strong
influence on reducing the PL intensity. Revealingly, there is a
reduction of PL intensity for all layer thicknesses when ¢-TiO,
is used as under-layer, suggesting that c-TiO, has an even higher
contribution to surface recombination.

3.5. Diffusion Limitation Can Mitigate Reduced QFLS

To further test our hypotheses, we conducted numerical simu-
lations with the commercial semiconductor device simulation
tool Sentaurus TCAD from Synopsys Inc. for a Beer-Lambert-
like generation profile (i.e., no optics were considered). To accu-
rately reproduce the experimental results, a 2D device model had
to be implemented, this way properly mimicking the mesopo-
rous layers. As shown in Figure 5a, the porosity of the m-TiO,
and perovskite was modeled by two separate laminar structures
placed next to each in a direction perpendicular to the cell thick-
ness resembling a “pore diameter” of 20 nm, as proposed by
Ferber and Luther for DSC.M** To the best of our knowledge, this
is the first study based on a 2D model of mesoscopic perovskite
solar cells. The poor selectivity of the hole contact was simulated
by a work function that reaches 0.4 eV from the valence band into
the perovskite bandgap in combination with a high surface
recombination velocity. As the mesoporous ZrO, serves merely
as a geometrical spacer, we have regarded ZrO, as an inert
electrical insulator. The effective semiconductor layer where
the perovskite is infiltrated into the m-ZrO, is represented by
the band energies of a pure perovskite layer. Efficient charge
extraction into the m-TiO, and ¢-TiO, layers is implemented
aligning the conduction band minimum of the TiO, with the
one of the perovskites at —4.0 eV. In the calculation, SRH recom-
bination accounted to less than 1mV of photovoltage.
Consequently, to keep the parameter space of model as small
as possible, inside the bulk perovskite layer we considered only
direct recombination and also no mobile ions. Further simula-
tion details are listed in the Supporting Information.

The photovoltages resulting from the simulations are shown
in Figure 5b. To replicate the experimental data of the HUST
samples (Figure 3a,c), trap-assisted recombination at the m-
TiO, interface had to be assumed while, first, no traps at the
¢ TiO, interface were implemented (filled symbols). Thereby,
both the increase in V,. for increasing m-ZrO, thicknesses
and the decrease in V. for higher m-TiO, thicknesses can be
reproduced accurately.

To emulate for the drastic decrease in V. for very thin m-TiO,
layers that was experimentally observed for the samples made at
HUST, it was necessary to implement additional recombination
at the ¢-TiO; layer in the simulation. In the case “with ¢-TiO,
recombination” (empty symbols), the trap density for hole traps
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at the ¢-TiO, interface was increased drastically by a factor of
5.6 x 10° with respect to the m-TiO, trap density. The effect
could not be reproduced in the simulation by surface SRH
recombination or electron traps. Note that in the experimental
device, a similar effect could also be due to recombination
between perovskite and FTO, induced by incomplete covering
of FTO with ¢-TiO,. In this case, the model can replicate the
entire progression of the data points from Figure 3¢
however, the V,, is underestimated by an offset of approximately
50mV.

To study the effect of electrode spacing, in the following we
focus on the dataset without additional recombination at the
¢-TiO, interface. Figure 5¢,d shows the simulated energy dia-
grams under illumination at open-circuit conditions of devices
with 0.2 and 2.2 pym of m-ZrO,, yielding a QFLS of 0.85 and
0.91 eV, respectively, as marked by the green lines. The higher
QFLS in the thicker device is accompanied by a less pronounced
upbending of the perovskite valence and conduction band as well
as hole QFL toward the hole contact side on the right. This can be
explained by Equation (4a) and (4b) which predict that the surface
recombination lifetime at the back electrode is proportional to
d/D. Therefore, an increased electrode spacing d delays the
diffusion of both charge carriers to the graphite contact. This
effect is enhanced due to the exponential, Beer—Lambert-type
generation profile, as photogeneration of charge carriers happens
predominately close to the FTO front contact. To outline this
effect further, in the Supporting Information we plotted the
extreme case of homogeneous generation throughout the entire
perovskite layer. Even here, the effect of diffusion limitation
dominates.

Although it is beyond the scope of this work, it is noted that the
layer thickness does not only influence the photovoltage. As
shown in the Supporting Information, especially the m-TiO,
thickness has a strong impact on the short circuit current density
due to increased surface recombination. The increased electrode
spacing enhances to charge transport losses and thereby reduces
the fill factor.

3.6. Junction Formation at the FTO and m-TiO, Contact

On the side of the electron contact (toward the left of the plots in
Figure 5), the band energies are strongly influenced by the FTO
layer underneath the 20 nm thin c-TiO,. In correspondence to
experimental reports,[***®! in our model the FTO work function
is 0.5 eV beneath the conduction band of the perovskite and the
FTO is treated as a metal. As the materials of the FTO/c-TiO,/
perovskite heterojunction possess different work functions, as
expressed in Poisson’s equation, this leads to charge redistribu-
tion until the potentials are in equilibrium which, in turn, is
reflected by a steep upbending of the perovskite valence and
conduction bands at the FTO contact. The corresponding high
positive electric field at this interface is shown in Figure 5e,f.
This is already a remarkable finding as in most energy band
representations of PSCs, a TiO, electron contact without FTO is
considered. In such a scenario, the conduction and valence band
of the perovskite bend down at the TiO, contact. However, a
closer look at the TiO,/perovskite interface within the m-TiO,
layer, i.e., within the modeled nanoparticles, is revealing. If
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Figure 5. Results of the 2D simulation. a) lllustration of a cross section through the modeled unit cell of the 2D simulation, representing the porous
structures inside the device. The dashed line marks the cross section for the following figures, whereas the origin is set to the FTO/c-TiO; interface.
b) Calculated V. for different layer thicknesses. Band energies along the cross section for a device with both 0.45 pm m-TiO; and an m-ZrO, thickness of
¢) 0.2 and d) 2.2 um in V,. under illumination. The QFLS is marked by horizontal green lines. e,f) Corresponding electric field and g,h) densities of free
charge carriers for the respective device configurations. c—h) Correspond to the case without additional recombination at the c-TiO, layer.

we consider a profile perpendicular to the cross-section axis con-  through a nanoparticle), between the 20 nm-thick perovskite
sidered in Figure 5 in the m-TiO, region (i.e., a cross section and 20 nm-thick TiO, layer there is no significant difference
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in the conduction band minimum and electron density due to the
small dimensions. As a consequence, in Figure 5¢,d, the conduc-
tion band minimum of the m-TiO, (purple) follows precisely the
conduction band minimum of the perovskite (orange). This find-
ing is in accordance with the predictions in the early works of
Albery and Bartlett for small colloidal particles.*”! For the valence
band, however, there is an energetic barrier at the junction
between perovskite and TiO, such that holes are blocked from
entering the TiO, particles, as shown in Figure S12,
Supporting Information.

At the FTO side, the progression of the energy bands is mainly
defined by the physical properties of the perovskite and FTO,
whereas the influence of the very thin ¢TiO, is negligible.
Therefore, the conduction band at the FTO/c-TiO,/perovskite
interface resembles a typical metal/semiconductor junction,
which is accompanied by a depletion of free electrons
(cf. Figure 5g,h). However, as mentioned earlier, holes are effec-
tively blocked to enter the thin ¢-TiO,. In turn, no typical Schottky
junction is formed but there is a strong accumulation of holes in
the perovskite at the ¢-TiO, interface.

The high, positive electric field at the TCO interface and small
negative electrical field at the transition between the perovskite
inside the m-TiO, and the perovskite inside the m-ZrO, is in
good agreement with electric field distribution estimated experi-
mentally by a kelvin probe force microscopy (KPFM) study
reported by Bergmann et al. for devices with HSL"*® and is com-
parable to the results of the KPFM study by Jiang et al. who used
a different baseline for the measurement.*”! The presence of an
electric field at the TiO,/perovskite junction has also been exper-
imentally predicted in devices with a HSL (spiro-OMeTAD)
based on Mott-Schottky analysis®® and electron beam-induced
current (EBIC).PY For HSL-free devices with a gold back
electrode only (TiO,/perovskite/Au), similar studies were also
performed by Mott-Schottky analysis®*** and EBIC.!
In accordance with our simulations, they revealed an electric field
at the TiO, but none at the back-electrode interface with the
perovskite.

The accumulation of free holes reduces drastically within the
first 80 nm of the m-TiO, layer while the electron concentration
increases. Throughout most of the rest of the m-TiO, region the
concentration of free electrons is at least 3 times higher than the
concentration of free holes for the displayed two cases.

In the perovskite conduction band, the increasing density of
free electrons inside the m-TiO, region is reflected by a slight
downbending. However, it has to be considered that for the
charge carrier density, only free carriers are displayed whereas
the trapped ones are not shown. The electrical field is consider-
ably low in the m-TiO, region beyond the FTO contact and is
even changing signs from positive to negative (e.g., at 230 nm
for the thick device; Figure 5f).

As can be seen from the thick device, in the m-ZrO, region the
conduction and valence band are flat, the electric fields are very
low, and there is no significant difference between electron and
hole concentration (cf. Figure 5d,fh). At the graphite interface, a
low negative electric field (100 V cm ™) builds up which is due to
the difference in electron and hole concentration at the graphite
interface.

Concluding, we can compare our new findings with the early
considerations by Etgar’s group on the working mechanisms of
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HSL-free PSC.’*>* They reported a depletion region at the TiO,/
perovskite interface which was interpreted as n/p junction and
concluded that the perovskite acts both as a light harvester and a
hole conductor. Our findings do not contradict to this picture but
show that, considering the 2D mesoscopic nature of the devices,
the situation is more complex. Especially, it is not necessary to
assume a p-doping of the perovskite in the m-ZrO, region to
explain the presence of an electric field at the m-TiO,/m-ZrO,
junction. Moreover, in our simulation we were able to assume
the same carrier mobilities for both holes and electrons. Yet,
due to the decoupled, 2D charge extraction, effectively only
the transport of the holes to the back contact is limiting in
perspective of charge extraction.

3.7. Recombination Currents

Finally, the simulation results can also be used to examine the
predictions made earlier based on PL measurements. Figure 6a
shows the current densities of electrons (yellow) and holes (blue)
from the perovskite flowing toward the m-TiO, interface. The
currents were calculated directly at the interface. To illustrate
the effect of recombination at the TiO, interface, a configuration
with a very thick (1.6 pm) m-TiO, layer was chosen. In addition,
the optical generation of charge carriers is plotted in red. This
shows that the photogenerated electrons and holes move differ-
ently toward the TiO, interface: while the electrons move more
directly toward the TiO,, the holes distribute more evenly. At this
point it is important to remember that the device is under V. in
steady state. This means that no charges are flowing out of the
cell, i.e., throughout the entire device every electron current is
related to a recombination with an equivalent hole current.
The exact location of the interface recombination is signified
by the hole current density toward the interface. The overlap
between the electron and hole current curves represents the
charge carriers that directly recombine when reaching the m-
TiO, interface from the perovskite side. However, a considerably
higher number of holes than electrons only move to the TiO,
interface outside the range of significant generation (in the
“dark”). This can be explained by the concept shown in
Figure 6b: the electrons that have entered the m-TiO, in the illu-
minated region distribute inside the highly electron-conductive
m-TiO, layer into the nonilluminated region. This increases the
probability of trap-assisted recombination of holes at the m-TiO,/
absorber interface outside the region of photogeneration. In
other words, this means that thicker m-TiO, layers increase
the TiO,/perovskite surface area, thereby initially improving
the charge extraction and thus the V. and fill factor. For thicker
m-TiO, layers, however, the beneficial effect of electron injection
becomes negligible and is overcompensated by parasitic trap
recombination that reduces the V.. Our experimental data sug-
gest that the ideal m-TiO, thickness for this optimization prob-
lem lies in the region of the optical generation depth.

The dominant recombination mechanism for different device
stacks is illustrated by the bar diagram in Figure 6¢. In addition,
the squares indicate the simulated V,. (right axis). Revealingly,
the recombination at the graphite interface is not necessarily the
dominant loss mechanism. Revealingly, for the reference struc-
ture (0.45/2.2) that yielded high photovoltages in the experiments
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Figure 6. Recombination currents toward the interfaces. a) Calculated cur-
rent densities of electrons (yellow) and holes (blue) from the perovskite to
the m-TiO; interface as well as the generation profile (red) for a for a very
thick m-TiO; layer of 1.6 pm. b) Correspondingly, a schematic represen-
tation of the flow of charge carriers. Contribution of the different recom-
bination mechanisms for a range of layer thicknesses. c) Calculated
recombination currents (left axis) for different stacks (indicated by thick-
nesses of m-TiO,/m-ZrO,). For the bar on the right, also recombination at
the c-TiO; is considered. The squares indicate the achieved V, (right axis).

and simulations, the graphite and m-TiO, interface account in
even parts for the relevant recombination losses. As outlined ear-
lier, recombination at the m-TiO, interface dominates if this
layer is very thick. In turn, recombination at the graphite
electrode prevails if the electrode spacing is reduced by a thin
m-ZrO, layer (0.45/0.2). Moreover, for very thin m-TiO,
(0.04/2.2), graphite recombination can be dominating at high
photovoltages. However, if surface recombination at the ¢-TiO,
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(or respective FTO) is considered, this accounts for the highest
recombination losses if m-TiO, is too thin. It is noted that ideally
the sum of the recombination currents should be identical for all
devices; the small differences are attributed to artifacts from the
calculation.

4. Conclusion

We performed a comprehensive study of the impact of different
layers on charge carrier recombination in graphite-based, hole
selective layer-free mesoscopic PSC. Combining experimental
data with a novel 2D simulation of the mesoporous devices, it
was found that, if the back electrode is poorly selective as in
the case of graphite, an effective way to improve the V,. is an
increase in the electrode spacing by the m-ZrO, space layer thick-
ness. This extends the diffusion path length for charge carriers to
reach the back electrode, thus mitigating the surface recombina-
tion rate at the back electrode. This effect of beneficial diffusion
limitation is restricted to m-ZrO, layers of few micrometers both
by the diffusion length in the bulk perovskite (mainly reducing
the fill factor) and, technologically, by increasing challenges in
pore filling. Finally, this study demonstrates that in contrast to
previous conceptions, a thick m-ZrO, layer is not only important
as an electrical insulation but it represents also a necessary geo-
metric spacer to reduce surface recombination at the graphite
electrode.

As for the electron selective layer, for m-TiO, thicknesses
beyond the light absorption depth of approximately 1pm, the
Voc decreases severely. Here, the high electron conductivity of
TiO; leads to a distribution throughout the m-TiO, also into
the nonilluminated regions where trap-assisted surface recombi-
nation with the holes from the perovskite side increases with
increasing layer thickness.

Overall, our study underlines the importance to simulate the
recombination pathways in mesoscopic PSC by a 2D model to
identify the limiting process for a given device structure. To
approach the radiative limit of the photovoltage, not only the
graphite interface should be considered but in fact, all interfaces
of the CELs need to be improved.

5. Experimental Section

Materials: Lead iodide (Pbly) and gamma-butyrolactone (GBL) were
purchased from Sigma-Aldrich. Methylammonium iodide (MAI) and 5-
ammoniumvaleric acid iodide (5-AVAI) were purchased from MaterWin
Technology, China. Dimethyl sulfoxide (DMSO) was purchased from
Acros Organics. All the materials were used as received without further
purification.

Full Cells Fabrication: FTO-coated glasses were etched with an electrode
pattern using a 1064 nm laser, and sequentially cleaned with detergent,
deionized water, and ethanol for 20 min. After drying, we sprayed the com-
pact TiO, precursor solution, comprising 9.7 g titanium di-isopropoxytita-
nium bis(acetylacetonate) (Sigma-Aldrich) added to 79 g isopropanol, to
form compact TiO, precursor solution at 450 °C on the surface of cleaned
FTO substrates to obtain the compact TiO, (c-TiO,) layer. After cooling to
room temperature, the mesoporous TiO, layer (120 nm, 350 nm, 560 nm,
960 nm, 1.5 pm, 1.9 pm, 2.96 um, or 6.2 pm) was screen printed on top of
the c-TiO,layer, and then sintered at 500 °C for 40 min. Subsequently, the
mesoporous ZrO, layer (500 nm, 1.2 um, 1.5pm, 1.7 pm, 2.2 um, 3 pm,
3.7um, or 4.4pm) and 10 mm carbon layer were screen printed and
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sintered at 400 °C for 40 min. After cooling down to room temperature,
4.5puL (5-AVA)0.035(MA)o.065Pbl; perovskite precursor solution (0.3068 g
MAI, 0.0172 g 5-AVAI, and 0.9220 g Pbl, were dissolved in 2mL GBL,
and then stirred at 60°C overnight) was dropped and infiltrated into
the triple mesoporous layers and annealed at 50 °C for 4 h.

Layer Stack Fabrication (“Half Cells”): Spin-coated films were prepared
by antisolvent method. Before the spin-coating process, the substrates
were dealt with by UV irradiation to remove any remaining organic resi-
dues. (5-AVA).035(MA)o.965Pbl3 perovskite precursor solution (40 pL) was
spin-coated on the substrate at 1000 rpm for 10 s and then 6000 rpm for
25 s, then drop 100 pL of chlorobenzene at 27 s, followed by annealing at
50°C for 10 min. The printed “Half-cells” were prepared in the same way
as the full devices, except that the number of layers was different.

Characterization: Steady-state Voc measurements were recorded with a
Keithley 2400 source meter under constant simulated AM1.5g illumination
from a class A Xenon arc lamp light source.

Steady-state PL measurements for Figure 4a,b were recorded with an
optical PL microscope setup by a sCMOS camera (Andor Zyla 5.5),
whereas light below 760 nm was filtered out. The sample was illuminated
with a 632 nm light-emitting diode (Thorlabs Solis). The photon flux of the
light source was calibrated to correspond to 1 sun by calibration with the
spectral response of a silicon reference solar cell.

PL intensity spectra of half cells (Figure 4e,f) were recorded on LabRAM
HR800 (Horiba Jobin Yvon) with the excitation wavelength of 532 nm.

TRPL decay transients were measured at PL emission wavelengths
above 760 nm with a 478 nm excitation laser from the Horiba Scientific
DeltaPro. The lifetime was obtained by fitting the spectra with a biexpo-
nential decay function.
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Supporting Information is available from the Wiley Online Library or from
the author.
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