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Charge Carrier Collection Losses in Lead-Halide Perovskite

Solar Cells

Samah Akel,* Yueming Wang, Genghua Yan, Uwe Rau, and Thomas Kirchartz*

The collection of photogenerated charges in halide perovskite solar cells
depends on the thickness of the absorber layer, with larger thicknesses
leading to a reduced collection efficiency. This observation has traditionally
been associated with insufficiently high electron and hole diffusion lengths in
the absorber layers. However, it is shown that in the presence of low-mobility
contact layers, charge collection can be thickness-dependent, even if the
absorber layer has infinite mobility. Here, analytical equations are derived for
the thickness dependence of charge collection losses in situations where
recombination is bulk or interface-limited and show how to relate these
equations to voltage-dependent photoluminescence data. The analytical
equations are compared to experimental data and numerical simulations and
it is observed that experimental data on triple-cation perovskite devices with
different thicknesses approximately follows the case, where bulk

recombination dominates.

1. Introduction

It is a truth, universally acknowledged within the field of pho-
tovoltaics that thicker absorber layers bear a greater chance
of suffering from charge-collection losses.'™*! The reason for
such a charge-collection loss is nearly always assigned to the
low mobility-lifetime product of the absorber,”™! leading to a
diffusion!'*13 or drift length!'*15] of insufficient magnitude com-
pared to the thickness of the absorber layer.['-8] Although this
is a conceivable cause of charge collection losses for any type of
solar cell device design,['*!] it may not necessarily be the domi-
nant factor in a given situation. In particular, in the case of lead-
halide perovskites,[?224] it has been demonstrated(?>2°! that the
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mobility within the absorber is suf-
ficient, resulting in a high diffusion
length,728] which allows photogener-
ated charge carriers to migrate through
the absorber towards the transport lay-
ers to be extracted at the electrodes.
Indeed, collection losses in lead halide
perovskites are likely to be strongly
affected by the low mobility of lay-
ers that are adjacent to the absorber
layer.?32] In lead-halide perovskite
solar cells,>7) the intrinsic absorber
layer is often sandwiched between low-
conductivity*®*? and low-permittivity
transport layers,[**6] which are made
from molecular semiconductors.[*’]
These transport layers have been shown
to enable extremely low interface re-
combination velocities if appropriately
chosen to match the energy levels of the perovskite compositions
used.B1#748] Thus, they are key enabling factors for high lumines-
cence quantum yields and high open-circuit voltages which make
lead halide perovskites successful photovoltaic materials.[*0]
However, their low conductivity and permittivity contribute to
the situation in which these layers include regions of the largest
Fermi-level gradients at bias points where charge carriers are ex-
tracted and current flows through the external circuit.*3!l In
these situations, the transport properties of the transport layers
influence the charge-carrier density within the absorber leading
to different extraction efficiencies.*”!

The primary objective of this paper is to study the interplay be-
tween carrier transport through the contact layer and their recom-
bination in the absorber layer which typically leads to a thickness-
dependent charge-collection loss that appears even for a very high
mobility of charge carriers within the absorber layer itself.[2>2%51]
Thus, poor transport within charge-transport layers used in per-
ovskite solar cells may cause a similar trend of collection losses
with increasing absorber thickness, as observed for low absorber-
layer mobilities.[>>>3] This similarity of consequences implies
that the same observation may lead to completely different opti-
mization strategies, namely, either to improve the absorber-layer
mobility or the transport-layer mobility.

To examine the influence of varying perovskite layer thick-
ness on the extraction losses in lead halide perovskite solar cells,
we conducted a combination of numerical simulations, analyti-
cal modeling, and experimental investigations based on voltage-
dependent photoluminescence on perovskite solar cells with dif-
ferent perovskite layer thicknesses. Through simulations and
theoretical modeling, we evaluate the excess carrier density at
open circuit to short circuit ratio in the absorber by varying the
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perovskite layer thickness. We distinguish between bulk and in-
terface recombination. For both cases, we show the extent to
which the collection of charge carriers is affected by the absorber
layer thickness. To test our predictions experimentally, we mea-
sured the ratio of the photoluminescence (PL) at open circuit to
the PL at short circuit of perovskite solar cells with three differ-
ent perovskite layer thicknesses (450, 700, and 1000 nm). The ex-
perimental findings are consistent with the predictions derived
from our simulations and analytical equations. The existence of
electronically benign interfaces between the perovskite and the
transport layers leads to a linear relation between the carrier den-
sity or the photoluminescence ratio and the perovskite thickness.
In contrast, the more the interface contributes to the total re-
combination rate, the more the ratio deviates from linearity until
reaching a situation where the ratio becomes independent of the
perovskite layer thickness. Furthermore, we combined the mea-
surements of the voltage-dependent photoluminescence and the
current—voltage (JV) curves of the devices of three different per-
ovskite thicknesses to determine the exchange velocity (S,,.) be-
tween the perovskite and the transport layer. The key feature that
creates a thickness dependence of charge extraction even in the
case of infinite bulk mobilities lies in the comparison between
bulk recombination and extraction through the transport layers
to the contact. Bulk recombination is roughly constant as a rate
per unit volume. Extraction, however, is roughly constant as a rate
per unit contact area. As the two processes compete, we must in-
tegrate bulk recombination over thickness d to compare the two
rates per contact area. In this case, thicker absorber layers shift
the balance towards recombination, thereby reducing the collec-
tion. Thinner absorber layers shift the balance towards extraction
and lead to higher collection efficiencies.

The resulting collection efficiency strongly depends on the
charge-carrier lifetime of the absorber layer even if it does not
depend on the diffusion length of that layer. This is an impor-
tant distinction that implies that we can observe situations where
the lifetime matters for collection, but the mobility (in the ab-
sorber layer) does not. Therefore, we aimed to get additional in-
sights into the charge carrier lifetimes by comparing the lifetimes
from the steady-state photoluminescence and decay times de-
rived from the transient photoluminescence. From the lifetimes,
we calculated the extraction length for each thickness. Finally, we
quantified the collection losses owing to the thickness of the ab-
sorber layer of the three solar cells.

Other properties of the device layers could possess consider-
able relevance in the context of extraction losses. One such fea-
ture is the transport-layer thickness, which has been investigated
and reported in previous studies.[**5* Additionally, the energy
offsets at the absorber-transport layer interfaces play a crucial role
in the collection of charges in perovskite solar cells. These off-
sets are the conduction band offset between the perovskite and
the electron transporting layer (ETL), and the valence band offset
between the hole transporting layer (HTL) and the absorber. The
offsets can either be positive (spike) or negative (cliff). When the
conduction band minimum of the ETL is higher than that of the
perovskite and the valence band maximum of the HTL is lower
than that of the absorber, they are referred to as spike type. On
the other hand, when the conduction band minimum of the ETL
is lower than that of the perovskite and the valence band maxi-
mum of the HTL is higher than that of the perovskite, they are
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referred to as cliff type,[>>=7] (see a schematic example of a spike
and a cliff offset in Figure S1 in the Supporting Information).
The higher the negative offsets (cliffj are, the higher the carrier
concentrations in the transport layer (i.e., the electron concen-
trations in the electron transport layer and the hole concentra-
tions in the hole-transport layer) but also the higher are the in-
terface recombination rates.>! Regarding the impact of energy
offsets, we focused on studying the effect of having negative off-
sets (cliff) on the collection efficiency and the device characteris-
tics through numerical simulation and analytical modeling. We
varied the negative offset symmetrically from both sides and cal-
culated the excess carrier density at open circuit to short circuit
for different interfaces quality. The obtained results indicate the
importance of increasing the negative offset for facilitating the
flow of charge carriers from the absorber to the transport layers
when interface quality is good.

2. Results

2.1. Theory (Comparing Analytical and Numerical Results)

Measuring the voltage-dependent photoluminescence of a com-
plete solar cell is an ideal method for identifying collection losses
and quantifying nonextracted charge carriers in the perovskite,
especially at short circuit and low forward bias.[29-315458-601 Iy 4
well-performing device, the excess carrier density in the absorber
away from open circuit (V. < Vo) should be as small as possi-
ble. The detection of an additional photoluminescence intensity,
for example, at short circuit, indicates slow charge extraction that
is accompanied by a substantial quasi-Fermi level splitting in the
bulk, and thus, a higher amount of non-extracted electrons and
holes.[29-31,59.61]

To quantify the effect of charge extraction on the Fermi-level
splitting and the recombination losses during charge extraction,
we need a mathematical description of the current-voltage curve
of a solar cell that explicitly considers finite charge extraction ef-
ficiencies. One possibility is to use the general concept proposed
by Breitenstein!®?l and later by some of the present authors in
different contexts.[2*6063] In this framework, the current density
of a solar cell in high level injection as a function of the external
voltage (V) and the Fermi-level splitting (qV,,,) is given by

_ qvext _ qvint
.] - q”’OSexc <€Xp < ZkT ) €xp ( ZkT )) (1)

2

where, ] is the collected photocurrent in A cm™, g is the elemen-
tary charge in As, kT is the thermal energy in eV, n, is the car-
rier density at equilibrium in cm~3, and S,,_ is the exchange ve-
locity (cm™' s) that quantifies how fast electrons and holes can
be exchanged between contacts and absorber. In a realistic per-
ovskite solar cell, S, is likely to depend strongly on the mobil-
ity and electric field inside the electron- and hole-transport lay-
ers. The exchange velocity will later be an important parameter
to help interpret the results from voltage-dependent photolumi-
nescence measurements, where all three observables in Equa-
tion (1), namely J, V,,,, and V,,, are determined in one measure-
mentand S,,. can obtained by simple rearrangement of the terms
in Equation (1). Furthermore, we can quantify the recombination
losses in short circuit, by the following approach: We can argue
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that the recombination current at short circuit should scale with
Jree Ve =0) =] (exp(W) — 1), where J; is an unknown
id

prefactor of unit current density and n is the ideality factor. We

also know that at open circuit all generated electron-hole pairs
recombine, i.e., Jsc e = Jo (exp(z_\:i;) — 1). Furthermore, we as-
sume that we are in high-level injelction, i.e., electron density and
hole density are the same, ie., n=p=n, exp(qu;‘). In conse-
quence, we can calculate the fraction of electrons that are col-
lected at short circuit both as a function of the carrier densities
or as a function of the luminescence at short circuit and open

circuit via (note : ¢ ~ np)[606465]

]sc a <Ansc >2/md i (ﬁ)l/md (2)
Jscmax Angc $oc

Equation (2) allows us to analytically predict whether the ab-
sorber thickness affects the extraction of charges if we can work
out the ratio of excess electron density at open to short circuit
(Angc/Angc) as a function of the perovskite thickness (d). Fur-
thermore, the right-hand side of Equation (2) allows us to ex-
perimentally confirm the results by simply measuring the pho-
toluminescence of perovskite solar cells at short circuit and open
circuit.

The ratio (Angc/Angc) as a function of the absorber thickness
(d) can be numerically studied using a drift-diffusion simulation
that solves the continuity equation of electrons and holes and the
Poisson equation. In our research, we employ a drift-diffusion
solver called advanced semiconductor analysis (ASA) to examine
charge collection numerically on pin perovskite solar cells of the
structure (anode/generic HTL/perovskite/generic ETL/cathode).
We simulate symmetric perovskite solar cells with the intention
to investigate the fundamental device physics in this type of de-
vices, rather than attempting to closely approximate the condi-
tions in our specific samples (the device parameters employed
in all simulations presented in this study have been included in
Table S1 in the Supporting Information). For a visualization of
Equation (2) based on numerical simulations, see Figure S5 in
the Supporting Information.

In this work, we start with simulating the influence of the per-
ovskite thickness (d) on the extraction of photogenerated elec-
trons using ASA and analytically model the ratio of Ang/Angc
versus d using the equations that were derived for excess elec-
trons at open and short circuit in the supplementary material
(an analogous way can be used to get the concentration of excess
holes (Ap) in the bulk which is extracted at the hole transport layer
(HTL) side). Subsequently, we experimentally examine our expec-
tations by investigating the effect of the perovskite thickness (d)
on the photoluminescence ratio (Agyc/Apgc) through measur-
ing the voltage-dependent photoluminescence ¢ (V) of perovskite
solar cells of different absorber layer thicknesses.

In Figure 1a, we depict the ratio of Ang/Ang versus 1/d from
simulation (spheres) and analytical modeling (dashed lines). We
started with a symmetric system of perfect energy alignment
(AE., = 0 eV) between the perovskite and the contact layers. The
obtained results are calculated for solar cells of different inter-
face quality, starting with good surfaces (blue data) and going to
subsequently poorer surfaces, where the recombination at the in-
terfaces dominates (towards the red curve). At the interfaces, we
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Figure 1. a) Investigating the effect of the perovskite thickness on extrac-
tion losses at short circuit through numerical simulation using the ad-
vanced semiconductor analysis (ASA) program (colored spheres) and an-
alytical modeling using the derived equations (see in the Supporting In-
formation) of the average excess electrons generated in a perovskite solar
cell plotted versus one over the perovskite thickness (1/d) for different
interface recombination velocities (S;,;) and for the case where the en-
ergy levels are perfectly aligned (AE., = 0 eV). b) The ratio of the excess
electrons at open to short-circuit as a function of the band offsets (AE_ )
of cliff type for a 600 nm perovskite layer of surfaces quality going from
high to a very bad scenario where the interfaces dominate the recombi-
nation leading to high extraction losses. ¢) Angc/Angc versus AE_ , for
Sine = 100 cm s showing the competition between recombination and
extraction.
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assume that the probability of capturing free charge carriers in
the transport layer (TL) equals capturing free charges in the per-
ovskite close to the transport layer (S;, 11 = Sintpero = Sint )- FOT
good interfaces between the perovskite and the contact layers,
the results (blue data) show a dependency of Ang/Ang. on the
perovskite thickness d (see Section SIV in the Supporting Infor-
mation) such that

G)

Indeed, a linear relation between the ratio and the absorber
thickness is obtained for a bulk-limited system. Here, the term
(SexcTp) is an extraction length, which results from a product
of the exchange velocity (S,,.) between the perovskite and the con-
tact layers and a bulk lifetime (z,). The findings from simula-
tion and modeling suggest the existence of a higher extraction
loss with increasing perovskite thickness in a perovskite solar
cell with good interfaces (bulk recombination is dominant). In
contrast, with increasing recombination velocity at the interfaces
(Si:) between the perovskite and the transport layers, there is a
competition between recombination and extraction at the inter-
face. The bulk lifetime and consequently the thickness become
irrelevant for the ratio Ang/Ang. and consequently for the col-
lection efficiency (see Figure S7a in the Supplementary Material).
Therefore, in an interface-limited system, the ratio Ang/Angc
will saturate to a constant value independent of thickness (Sec-
tion SIV, Supporting Information) given by

Artac g4 Sec @)
Angc S

int

The discussion of Figure 1a has shown that the thickness de-
pendence of our observable ¢oc/psc as well as the thickness
dependence of charge collection depend on whether our device
is limited by bulk or interface recombination. Furthermore, we
know that both recombination at an interface as well as extrac-
tion of charge carriers through a transport layer will depend on
the properties of the interface, and particularly the energy level
offset. Indeed, the offset is an important factor that may impact
collection losses.[%®] For well-informed optimization of perovskite
solar cells, a quantitative understanding of the effect of the off-
sets or energy-level alignment on device performance losses for
a given perovskite thickness is required. Very few studies have
investigated this effect and have shown that changing the en-
ergy offsets(®”7% between the perovskite and contact layers leads
to different performance characteristics. The energy-level offset
may significantly affect the open-circuit voltage (V,), the short-
circuit-current density (Js¢), the fill factor (FF), and the overall
solar-cell efficiency.[”'=7*] To maximize the efficiency of perovskite
solar cells and gain deeper insights into the dominant efficiency
losses at the interfaces, further efforts related to tuning the en-
ergy levels between the perovskite and the transport layer without
increasing the interfacial recombination are important.

To study the impact of energy-level alignment on recombina-
tion and extraction, we performed the same simulation and mod-
eling for devices as a function of their conduction and valence
band offsets (cliffs) AE, . Note that the relevant negative offsets
are the conduction band offset at the absorber-ETL interface and
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the valence band offset at the absorber-HTL interface. The va-
lence band offset at the absorber-ETL interface, and the conduc-
tion band offset at the absorber-HTL interface are assumed to
be large. The thickness of the perovskite layer was kept constant
(600 nm) and we varied the energy-level alignment between the
perovskite and both contact layers similarly. In Figure 1b, we
plot Angc/Ang. versus AE_, for different interface recombina-
tion velocities (S;,). For a given S, ,, the results show an increase
in Ang/Angc as the negative offset increases to approximately
0.15 eV to 0.2 eV. For higher negative offsets, the ratio saturated
to an approximately constant value. If we zoom in on one of the
curves for an intermediate value of S, (e.g., golden curve with
S = 100 cm™! ) as shown in Figure 1c, three regions can be
distinguished. In the region of perfect alignment to small offsets,
the effect of interface recombination dominates leading to a ratio
Angc/Angc = 1. However, with increasing negative offsets, the
extraction becomes more efficient relative to interface recombi-
nation and the ratio Ang/Angc increases. With higher negative
offsets, better collection is obtained up to a certain value, after
that, the ratio saturates. We conclude that for such a special case,
an optimized energy offset (cliff) facilitates the exchange of charge
carriers and accelerates the extraction process.

To understand when the negative energy offsets affect charge
extraction and how increasing AE_, exactly influences the device
parameters and the cell performance, we first simulate the open
circuit voltage (Voc), the short circuit current density (Jy¢), and
cell efficiency (1) versus AE_,. We observe that it makes a huge
difference for our results, whether electron or hole capture by
interface defects is the time-limiting step. Thus, we must distin-
guish different cases and introduce different variables for the cap-
ture of carriers from the absorber or from the transport layers.
We now call the interface recombination velocity for capturing
electrons from the ETL or holes from the HTL S, 1, and from
the perovskite side S;; .o, See the schematic drawing in Figure
2a. For the case of slow recombination at the interface (S, =
Sinpero = 1 cm s—1), increasing the negative energy offset does
not affect Vi, (Figure 2b), while a slight increase in Jg from 21.1
to 21.5 mA cm™2 is obtained by increasing the negative offset to
~0.1 eV (Figure 2¢) and similar effect on the cell efficiency as
seen in Figure 2d. In contrast, having high capture coefficients of
charge carriers either in the transport layer or in the perovskite
close to the contact layer (S, = Sy pero = 10* cm s7") leads to
an obvious increase in J4. (roughly from 6 to 17.5 mA/cm?) by in-
creasing the offset up to ~0.2 eV, after that, almost no further in-
crease in Jqc as seen in Figure 2c. However, V. is not extremely
affected in this case. It decreases a little up to 0.1 eV and does not
change after that (see Figure 2b, blue data). The reason for this
insensitivity of V¢ to the band offset (cliff) is that in the case of
equal capture coefficients, non-zero offsets (cliff) lead to the cap-
ture of carriers from the transport layer being much faster than
the capture of carriers from the absorber layer. Hence, the ab-
sorber layer capture will be the rate limiting step and the concen-
tration of carriers in the transport layer will not matter anymore.
However, if we assume that the capture coefficient for carriers
from the transport layer is very slow relative to the capture of car-
riers from the absorber layer, in this case, S;;,;; = 1 cm s~ and
Sintpero = 10* cm s7!, the Vi is dropping significantly with in-
creasing the misalignment of energy levels (300 mV loss in V. if
the negative offsets AE_, increases to 0.3 eV) while the extraction
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Figure 2. Studying the effect of the negative energy offsets between the perovskite and the transport layers (AE., ) on perovskite cell parameters.
a) Schematic representation of electron-hole Shockley-Read Hall (SRH) recombination at the interface between the perovskite and the transport layers.
b) The open circuit voltage (Voc). ) The short-circuit current density (Jsc). d) The cell efficiency (1) using ASA. The simulations were done for different

situations of capturing free charge carriers at the interfaces (Sjpy 1. = Sing pero = 1€m s, St =S

S,

int,pero

of charge carriers is hardly influenced. This is because now the
capture from the transport layer is the rate-limiting step and the
increase of the transport layer carrier concentration by the band
offset change will drastically affect the overall recombination rate.
Thus, the reduction in the cell efficiency in this situation is due
to the high loss in V.

2.2. Charge Collection Through Band Diagrams and JV- Curves

In this section, we explore the concept of increasing collection
losses in halide perovskite solar cells with increasing absorber
layer thicknesses using band diagrams and JV-curves. We focus
on charge collection at short circuit and demonstrate the idea in
symmetric perovskite solar cells with absorber layers of 500 and
1000 nm in thickness, as shown in Figure 3a,b, respectively. In
each case, we assume the presence of two different mobilities
of charge carriers in the transport layers, with one cell exhibiting
good mobility (1072 cm? (Vs)~!) and the other exhibiting poor mo-
bility (10~* cm? (Vs)™1). We also assume a negative offset of 0.1 eV
from both sides and a mobility of 100 cm? (Vs)~! in the perovskite
layer for all simulated cells. The simulated band diagrams for a
given absorber layer thickness show that an increase in the mo-
bility of charge carriers in the transport layers leads to a lower
quasi-Fermi level splitting, thus better charge collection and bet-
ter photocurrent at short circuit (e.g., for cells of 500 nm per-
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int,pero = 10* em s~ and for ST = 1€m s~ while

= 10* cm s7") to distinguish when the negative offsets (AE.,) can affect the extracted photocurrent, Vo, and the device performance.

ovskite layer in Figure 3¢, Jsc = 21.5 mA cm™ with a good mo-
bility in the TLs, and Jsc = 20.8 mA cm™2 for the device with gy
=10"* cm? (Vs)™'). However, for a given mobility in the transport
layers (e.g., for up = 1072 cm? (Vs)™1), the thicker absorber leads
to increased extraction losses, thereby increased Fermi-level split-
ting at short circuit (see the green curves in Figure 3a,b where
AE; increases by around 51 meV for i, = 1072 cm? (Vs)~! when
the absorber thickness is doubled). Consequently, we observe
a reduction in photocurrent at short-circuit (Jsc) with absorber
thickness from 20.9 to 20.2 mA cm 2 for up, = 10~* cm? (Vs)™!
(red curves in Figure 3c,d), and from 21.5 to 21.4 mA cm~2 for
Urs = 1072 cm? (Vs)~! (green curves in Figure 3c¢,d).

2.3. Voltage Dependent Photoluminescence (Comparison
Experiment to Analytical Model)

This section explores the impact of varying perovskite layer
thickness on the collection efficiency of photogenerated
charge carriers in perovskite solar cells with a pin config-
uration. Furthermore, it aims to quantify extraction losses
due to varying the absorber layer thickness based on voltage-
dependent photoluminescence. The study is conducted on
devices with a pin structure comprising of glass/ITO/mixed
SAMs/PTAA/perovskite/C,,/BCP/Ag that features perovskite
layer thicknesses of 450, 700, and 1000 nm (Mixed SAMs is
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Figure 3. Simulation of the band diagrams and the JV-curves of two perovskite solar cells with different absorber layer thickness (500 and 1000 nm) of
pin geometry at short-circuit using ASA. For each solar cell, we study the impact of two different mobility values in the transport layers on charge carrier
extraction (a good mobility of 1072 em? (Vs)~', and a bad mobility of 107* ecm? (Vs)~"). The energy levels of the absorber are symmetrically aligned with
the energy levels of TLs using a cliff offset of 0.1 eV from both sides. We assume the surfaces quality of the absorber layer is good (S;,y= 1ecm s™') and
the mobility in the perovskite is 102cm? (Vs)~'. a) The energy band diagram of the cell with 500 nm perovskite layer. b) The band diagram of the cell
with 1000 nm absorber. c) The JV-curves corresponding to the cell with 500 nm absorber layer and different mobilities in the TLs. d) The JV-curves of
the cell with 1000 nm perovskite layer and different resistivities of TLs. It is observed that the different conductivity of the transport layers lead to a bulk

thickness-dependent collection loss at the short-circuit.

a mixture of Self-assembled monolayers of Me-4PACz and
MeO-2PACz, see layers stack and device structure in Figure 4a).

We first show solar cell performance under the AM1.5G spec-
trum. In Figure 4a, we plot the recorded JV-curves of the investi-
gated cells of different perovskite layer thicknesses (450, 700, and
1000 nm) both in forward (dashed lines) and backward scan di-
rection (solid lines). The three types of cells exhibit similar open
circuit voltage values (V,,¢), but they show variations in the col-
lected photocurrent, particularly at short circuit (J5¢). Although
more charge carriers are generated in the thickest device due
to an increase in absorption, a lower collection efficiency is ob-
tained due to an increase in the recombination current. Indeed,
as we mentioned before, the incorporation of a thicker absorber
layer shifts the competition between bulk recombination and ex-
traction towards recombination. Therefore, the probability of ex-
periencing higher collection losses rises with thicker absorbers.
On the other hand, thinner absorber layers shift the balance to-
wards extraction, resulting in higher collection efficiencies that
may translate in higher values of ;.. We depict statistics of the
short circuit current density (Jsc) in Figure 4b, the open circuit
voltage (Vo) in Figure 4c,d presents statistics of the fill factor

Adv. Energy Mater. 2024, 14, 2401800 2401800 (6 of 14)

(FF), and Figure 4e illustrates the efficiency () of cells of different
absorber layer thicknesses. The error bars in all device parame-
ters represent the minimum and maximum deviations from the
average (mean) value of all measured devices of a certain absorber
layer thickness. The utilization of 450 nm absorber layer in our
perovskite solar cells results in a marked improvement in the col-
lected photocurrent (J) and the overall efficiency, as compared
to thicker absorbers (Figure 4b—e). Following research on the im-
pact of the absorber layer on charge collection, as evidenced by
JV-curves, we now endeavor to identify and quantify the losses
incurred due to variations in perovskite layer thickness, utilizing
voltage-dependent photoluminescence measurements.

To identify and quantify collection losses due to the ab-
sorber layer thickness, we measure the voltage-dependent PL
on same devices of different perovskite thicknesses (450,
700, and 1000 nm) with the structure of (glass/ITO/mixed
SAMs/PTAA/perovskite/C,,/BCP/Ag) and show how they are re-
lated to the extraction losses during the operation of a solar cell.
We discuss the influence of varying the active layer thickness on
the exchange of charge carriers between the perovskite and the
transport layers. Furthermore, we quantify the extraction losses
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Figure 4. Investigating the performance of perovskite solar cells of different absorber layer thicknesses (450, 700, and 1000 nm) under an AM1.5G
spectrum. All perovskite cells have the structure (glass/ITO/mixed SAMs/PTAA/perovskite/Cqo/BCP/Ag). a) The structure of all tested devices with the
illuminated JV curve for each thickness in forward (dashed lines) and backward (solid lines) scans are shown. Statistics of parameters of all tested cells:
b) short-circuit current density (Js¢). ¢) open-circuit voltage (Voc). d) Fill factor (FF) and e) power conversion efficiency (7).
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due to the perovskite thickness and showed their effect on the
ratio of the photoluminescence at open to short circuit.

Recombination losses in the presence of a nonzero photocur-
rent are typically termed charge collection losses. These are a spe-
cial type of recombination losses whose rate depends not only
on the recombination coefficients or lifetimes of charge carri-
ers but also on the mobilities and conductivities of the differ-
ent layers in the solar cell. Most of the characterization tech-
niques that are used to quantify recombination losses in a com-
plete solar cell are performed at open circuit conditions. Es-
pecially, at steady state, techniques performed at open circuit
are unfortunately unsuitable to quantify extraction losses. The
voltage-dependent photoluminescencel?*-*!l method is an excep-
tion to this rule of only studying recombination at open cir-
cuit that has become popular in the field of halide perovskites
recently.[**>*7>77] Voltage-dependent PL allows quantifying re-
combination losses in the presence of nonzero photocurrents,
which allows us to detect recombination losses in the device be-
cause of the slow extraction of charges.!?>-3!] From the measure-
ment of the photoluminescence along the JV-curve under illumi-
nation, one can determine the internal voltage or the Fermi-level
splitting at any externally applied voltage where AE; = AE™ +
kTIn(p(V)/poc), 2314904787 here, AER = qVd is the radiative
Fermi-level splitting at open circuit, ¢(V) is the photolumines-
cence intensity as a function of the applied voltage, and ¢ is
the photoluminescence at open circuit. In an ideal solar cell, the
Fermi-level splitting should be as high as possible at open cir-
cuit, and at short circuit, it would be as low as possible.[*13%] How-
ever, in a real device, the existence of substantial Fermi-level split-
ting at short circuit is evidence for slow charge extraction. This
extraction speed can be affected by different features of the de-
vice layers. To check whether the perovskite thickness can modify
this charge carrier exchange, we measured the voltage-dependent
photoluminescence (imaging technique) on perovskite solar cells
with 450, 700, and 1000 nm absorber layers. Simultaneously, the
JV-curve of the solar cell is measured, and the combination of
current density and PL intensity both as a function of the same
voltage, allows us to determine the exchange velocity (S.,.) which
we mentioned in the previous part. This velocity represents the
speed of transferring electrons through the ETL (from absorber
to electrode) or holes through the HTL. It can be understood as
a mixture between material properties such as the mobility of
the transport layer and device properties such as the electric field
within the transport layer. We can calculate it from experimental
data using(313%]

S = J )

e 9Vext 9Vint
am (exp (52) - exp (52 ))

which is identical to Equation (1) solved for the exchange velocity.
We can also estimate the exchange velocity from material and
device properties vial2%3168]

HrL UTL/ dTL

exc
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Figure 5. a) Fermi- level splitting as a function of the externally applied
voltage calculated from the PL(V) data of three perovskite solar cells of
the structure (glass/ITO/mixed SAMs/PTAA/Perovskite/Cgo/BCP/Ag) of
different absorber thickness. b) The exchange velocity Seyc evaluated using
Equation (5) versus Vey, the shaded area represents the region around the
open circuit voltage where the uncertainty in determining Seyc increases.
c) The measured photocurrent using the PL imaging setup and the max-
imum possible photocurrent (Jgen) that is generated under an excitation
with a blue LED of 470 nm and of an intensity around 1 sun for the three
devices of different perovskite layer thickness (450, 700, and 1000 nm).
The dashed lines represent the data for the forward scan, and the solid
lines represent the backward scan.

00 02 04 06 O

external voltage V,,

where pr, is the transport layer mobility, U, = Fdyy is the po-
tential difference across the transport layer, F is the electric field
within the layer, and dy; is the transport layer thickness.

In Figure 5, we represent the analyzed data from our mea-
surements of the PL(V) on the three types of devices with dif-
ferent absorber layer thicknesses (450, 700, and 1000 nm). We
plot the Fermi-level splitting versus the external voltage for the
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three solar cells in Figure 5a for both the forward (dashed lines)
and the backward (solid lines) scans. The results confirm the ex-
istence of a quite significant Fermi-level splitting above 1 V at
short circuit and low forward bias for the three devices. However,
increasing the perovskite thickness leads to a higher splitting at
low externally applied voltages (below 1 V) for both the upward
and reversed scans. At short circuit, the device with a 450 nm ab-
sorber layer shows the lowest Fermi-level splitting of 1.093 and
1.097 eV while the device with 700 nm bulk layer results in a
higher splitting of 1.099 and 1.103 eV for the forward and back-
ward scans, respectively. In contrast, the thickest device records
the highest AE; of 1.113 eV (forward) and 1.133 eV (backward)
at short circuit. We conclude that the highest thickness is ex-
pected to have the greatest impact on slowing down the exchange
of charge carriers, and therefore, to suffer the highest extraction
losses.

Figure 5b shows the exchange velocity (S.,.) as a function of
the external voltage evaluated according to equation (5) using the
PL(V) data and the measured current. At short circuit, the three
devices from lowest to the highest absorber thickness record ex-
change velocities of (5305, 4772, and 3517 cm s7!) for the for-
ward and (4717, 4352, and 2287 cm s7!) for the backward scan.
Increasing the perovskite thickness slows down the extraction of
the excess carriers and causes — within the logic of our model —
the increase in the Fermi-level splitting. Note that we calculate the
speed of extraction from the Fermi-level splitting, which implies
that in the logic of our calculation method, the Fermi level is the
observable (deduced from the PL), while the exchange velocity is
the mathematical consequence, resulting from the application of
Equation (5). From the point of view of the material and assum-
ing our model is sensible, the exchange velocity will be the cause
and the Fermi-level splitting the consequence. At different exter-
nally applied voltages, the exchange velocity seems to vary very
slightly up to 1 V. In contrast, S,,. goes to infinite values around
open circuit. This can be explained by looking at Equation (5).
At open circuit, there is no extraction and so the current is zero
(J = 0), and the term (exp(%) - exp(%)) goes to zero because
Vi and V,,, are getting closer to each other. Consequently, S,,.
results from the ratio of two quantities that are near zero and is
hence numerically unreliable.

From the measured JV-curves using the PL imaging setup in
Figure 5¢, the devices of different perovskite thickness exhibit al-
most the same open circuit voltage V-, while they show some
differences in the collected photocurrent at short circuit or the
short circuit current density Jy.. This emphasizes the effect of
increasing the perovskite thickness on reducing the efficiency of
charge-carrier collection. In Figure 5c, we also plot the maximum
generated current (J,.,) from each device versus the external ap-
plied voltage (V). At short circuit, although a higher amount of
the charge carriers is generated as the thickness of the perovskite
increases, a higher collection loss is obtained in the thickest
device.

In the following discussions, we represent the exchange ve-
locity as a function of the internal voltage from PL(V) data and
compare the extraction length results from the product of the ex-
change velocity and the lifetime in the perovskite (S, 7.4) to the
perovskite thickness d. First, we need to measure the lifetime,
which is possible by either transient or steady-state photolumi-
nescence. We show how lifetimes look from both kinds of mea-
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surements on our devices of different perovskite thicknesses and
then we compare S, 7 with the absorber thickness d. We quan-
tify extraction losses due to varying the perovskite thickness from
450 to 1000 nm in the last part.

2.4. Transient Photoluminescence

Regarding the lifetimes, we expect the three devices to show ap-
proximately similar lifetimes because all of them have roughly
the same open circuit voltage (V) as measured by the solar sim-
ulator and also by the imaging PL(V) setup at 1 sun as obvious in
Figures 4a and 5c. To obtain the lifetime, we measured the tran-
sient photoluminescence (tr-PL)I**81-85] on the same cells with
different perovskite thicknesses (450, 700, and 1000 nm) using a
gated CCD detection setup. From the tr-PL decays, we calculated
the differential decay time as g6 = — 2(dln(¢)/d)~1.[3031:4985]
The normalized tr-PL decays for the three devices with different
perovskite thicknesses are plotted versus the time axis on the log-
log scale in Figure 6a. We present the measured decays with a
dynamic range of up to seven orders of magnitude. The three
solar cells exhibited similar behavior in their decays, while the
thickest device showed a slightly longer decay at longer measur-
ing times. The lifetimes from tr-PL (spheres) in Figure 6b range
from roughly 10 ns at high internal voltages to about 10 ps at low
Fermi-level splitting for the three thicknesses. The decay times
do not saturate, but continue to increase, indicating that deep de-
fects do not affect the transients in all three devices. As expected,
the three devices showed similar decay times, which agreed with
the measured V. values.

While we observe continuously changing decay times from tr-
PL for all lead-halide perovskites we have measured so far, the ob-
vious question is which of the decay times are relevant for device
operation. This question is related to the typical Fermi level split-
ting that would be relevant at one sun operation. The lower these
are, the longer the device-relevant lifetime would be. However, it
is also related to conceptional questions such as how to define a
charge-carrier lifetime in the first place. Lifetimes of charge car-
riers are typically parameters of models that are determined by
fitting the output of a physical model to an experimental observ-
able such as the photoluminescence or photoconductivity. Often
the model is based on the relation between recombination rate
and lifetime based on, e.g., the Shockley-Read-Hall recombina-
tion model. For full devices, the fitting of such a model to ex-
perimental data is notoriously difficult, as the model will have
to include all kinds of effects including extraction of charge car-
riers. In the following, we want to briefly explore whether it is
possible to derive an effective lifetime from a very simple model
of the whole device that is consistent with the previously intro-
duced idea of the exchange velocity. We have previously shown
that a simple model of device operation considering a finite speed
of extraction and an effective lifetime to capture recombination
could be written as31:6%]

Vt
|Gl () -e) o

Sexc Teff

J=qd

Within the logic of Equation (7), one can derive the effective
lifetime 74 if all other parameters are known. We have three
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Figure 6. The transient photoluminescence (tr-PL) data of perovskite solar cells with different perovskite layer thicknesses were measured using a gated
CCD setup. a) Normalized tr-PL decay plotted on the logarithmic scale of both axes. b) Differential decay time versus Fermi-level splitting for three
devices with different perovskite thicknesses calculated from tr-PL data (spheres). The lifetimes were also obtained from the steady-state PL data for
both the forward (open stars) and backward scans (solid stars) using Equation (8). The lifetimes of the three devices obtained from the SSPL were below

the decay times derived from transient photoluminescence.

experimental observables, namely the current density |, the ex-
ternal voltage V., and the Fermi-level splitting A Ey.. From those
three, we can determine S,,.. Furthermore, n, can be estimated
from the effective density of states and the bandgap and G can
be estimated from the obtained photocurrent. This implies that
Equation (7) can be solved to give the effective lifetime via

oo (5) 1] _ am e (5) 1) - 2
Jrec - Jrec

If Equation (8) is analyzed at open circuit, it simplifies to the
well-known relation 7.4 = An/R , where R is the average recom-
bination rate. However, Equation (8) can also be applied to data
as a function of voltage or Fermi-level splitting, which is impor-
tant given the continuously changing nature of the lifetime in
lead-halide perovskites.

We evaluated the effective lifetimes of the three devices with
different perovskite thicknesses. Here n, is the equilibrium car-
rier concentration (which is calculated for the PL(V) data for an
effective density of states of 2 x 10'® cm™, and a bandgap of
1.68 eV). J,.. is the recombination current density that is calcu-
lated from the PL(V) data according tol2%30:5°]

Te = dqny @)

ety Jeew (B o)

rec 1 1
- - 9Voc ) <AEF(0))
ma g exp ( —exp (=2
oc ~ Psc nigkT nigkT

where n, is the ideality factor that obtained from suns-V ex-
periment on same devices (an ideality factor of roughly 1.4 was
obtained for the devices of 450 and 700 nm, while the thickest
device has an ideality factor of 1.3). In Figure 6b, we plotted the
lifetimes calculated from the steady-state PL(V) data (stars) us-
ing Equation (8). The steady-state lifetimes are roughly the same
and range between ~50 and 200 ns in the range of the internal
voltages, as shown in Figure 6b. At a certain Fermi-level split-
ting, the effective lifetimes from the SSPL are lower than the de-
cay times obtained from the tr-PL measurements for the three
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cells. This is consistent with previous findings on films and layer
stacks?%] and is likely related to trapping and detrapping effects
that may lead to a significant density of trapped charge carriers
under illumination — a phenomenon that has previously been
termed photodoping.[8] The quantitative explanation of the gap
between the two, however, depends on the precision of param-
eters such as the effective density of states (that enters n,) and
is therefore likely not helpful at this stage. For reasons of self-
consistency of our data, we now use the lifetimes obtained from
steady-state PL(V) to quantify the collection losses in our devices
owing to the different perovskite layer thicknesses.

2.5. Collection Losses

In Figure 7a, we plot the exchange velocity from PL(V) versus the
internal voltage, i.e., we use the same y-axis as Figure 5b but a dif-
ferent x-axis. The exchange velocity changes with the Fermi-level
splitting for each device. For the three devices at lower internal
voltages, the exchange velocity values increased, explaining the
faster transport of charge carriers from the perovskite to the con-
tact layers. At a certain Fermi-level splitting, different absorber
thicknesses lead to different exchange velocities, and as the per-
ovskite thickness increases, the extraction process slows down.
For low internal voltages in the devices of 450 and 750 nm, the
thinnest device shows better exchange velocity, e.g., at ~1.1 eV,
Sexc #5000 cm s7! and S, ~ 4634 cm s~! for the up and down
sweeps, respectively. Whereas the 700 nm cell records an ex-
change velocity ~ 4385 cm s™! (up sweep) and =~ 4350 cm s~}
(down sweep). At a higher internal voltage, e.g., AE; = 1.14 eV,
the exchange velocity values for both 450 and 700 nm devices
approach each other (roughly 3500 and 3000 cm s~! for the for-
ward and backward scans). In contrast, the slowest extraction is
obtained for the device with 1000 nm perovskite layer (S, ~
2300 cm s7! for the forward, and S, ~ 2066 cm s7! for back-
ward sweep at 1.14 eV). To compare the extraction length to the
perovskite thickness d in our solar cells, we calculated the ra-
tio (Sex Tor/d) for the three devices of (450, 700, and 1000 nm)
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Figure 7. Evaluation based on the voltage-dependent photolumines-
cence data of perovskite solar cells of the structure (glass/ITO/mix-
SAMs/PTAA/perovskite/Cgo/BCP/Ag) of different perovskite thicknesses
(450, 700, and 1000 nm) for a) the exchange velocity Sey as a function
of the internal voltage according to Equation (5). b) The exchange length
SexcTefr OVer the perovskite thickness d is plotted versus the internal volt-
age, V,,. Here, the effective lifetime is obtained from SSPL. c) Collection
efficiency as a function of the Fermi-level splitting. We shaded the region
around V¢, where there is a high uncertainty in measuring ratios of very
small quantities. The dashed lines represent the data for the forward scan,
and the solid lines represent the backward scan.

absorber layer. The ratio is plotted versus the internal voltage
as depicted in Figure 7b. As the thickness of the perovskite in-
creased, a lower ratio is obtained at any internal voltage, indicat-
ing greater collection losses in the thickest device.

To quantify the extraction losses due to the perovskite thick-
ness, we identify the first term in round brackets in Equation (7)
as a collection efficiency!®!

.f; = (1 + d/Secheﬁ")71 (10)
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Notably, f. is calculated assuming an infinite mobility of the
absorber layer (therefore, the absorber mobility does not feature
in Equation (10)). For the case where the length of S_ 7.4 > d,
f. = 1, and therefore, we collect electrons and holes effectively.
However, the condition where d > S, 7.4 results in poor charge
collection. We plot the collection efficiency as a function of the
Fermi-level splitting in Figure 7c for the three devices. In general,
all devices show an increase in collection efficiency at lower inter-
nal voltages; however, the different thicknesses lead to different
collection efficiencies at a certain internal voltage. Increasing the
thickness resulted in higher efficiency loss. At 1.14 eV for exam-
ple, the devices from the lowest to the highest thickness achieved
a collection efficiency of 0.84, 0.82, and 0.75, respectively. The
shaded area in Figure 7c is the region around open circuit for
the three devices, where there is a high uncertainty in determin-
ing the ratio of small quantities, as mentioned in the previous
section.

According to our predictions in the first part of evaluating the
impact of the perovskite thickness on the ratio of the excess car-
rier density at open to short circuit through simulation and ana-
lytical evaluation, in this part, we aim to examine the right-hand
side of Equation (2) experimentally. To investigate the behavior of
(Poc/¢sc) versus d for the three sets of devices of (450, 700, and
1000 nm) perovskite layer thicknesses, the average of (¢oc/dPsc)
was evaluated for each set of solar cells both in forward (solid
stars) and backward (open stars) scans and plotted as a function
of (1/d) as shown in Figure 8a. An example of photoluminescence
images at open and short circuit for three devices with different
absorber thicknesses are presented in supplementary material
Figure S12 in the Supporting Information. We determined the
maximum and minimum errors in the photoluminescence ratio
for each device using the standard deviation of each ratio from the
average. The results obtained in Figure 8a show the dependence
of the photoluminescence ratio on perovskite thickness. More-
over, the data shows almost a linear relation between ¢/
and d. To quantify collection losses in each patch of devices at
short circuit, we evaluated the averaged collection efficiency for
each set of samples (450, 700, and 1000 nm) according to the rela-
tion f. = 1 — (¢sc/Poc) /"¢ and plotted the result versus (1/d) in
Figure 8b, and as a function of the photoluminescence quench-
ing as shown in Figure 8c. At short circuit, the devices of 450 nm
show approximately an averaged collection efficiency of 0.93 for
the forward scans and a bit lower for the reverse sweeps (f. =
0.92), while the 700 nm cells show 0.90 and 0.89 averaged collec-
tion efficiency for the forward and backward scans, respectively.
The thickest solar cells show more losses during the extraction
at short circuit where the averaged collection efficiency is 0.86
(forward sweeps) and 0.79 (reverse scans). Regarding the average
collection efficiency versus the photoluminescence quenching in
Figure 8c, we analytically evaluated the efficiency for different de-
grees of photoluminescence quenching for the case where the
ideality factor is 1 or 2. Furthermore, we calculated the averaged
efficiency of charge extraction in our devices using the ideality
factor values that were obtained from the suns-V,. experiment
for each device. As shown in Figure 8c, our measurements lie in
between n,y = 1and ny = 2 and as the thickness of the absorber
increases, the photoluminescence quenching increases thereby
leading to more collection losses. Collection losses in our per-
ovskite solar cells show a thickness dependence, which agrees
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Figure 8. a) The average ratio of the photoluminescence at open to
short circuit to the power of (1/my) versus (1/d) measured using the
imaging photoluminescence setup on three sets of devices of the struc-
ture (glass/ITO/mix-SAMs/PTAA/Perovskite/Cg,/BCP/Ag) of different ab-
sorber layer thickness (450, 700, and 1000 nm) including minimum and
maximum errors for values deviating from the average value of each
set of solar cells. b) Collection efficiency versus 1/d for the three sets
of solar cells including error bars. c) Analytical evaluation of the collec-
tion efficiency versus photoluminescence quenching for ny = 1and ny
= 2 and the experimental determination of the collection efficiency for
the three devices (solid stars for forward and open stars for backward
scans). The ideality factor for each cell is obtained from the suns-Vgc
measurement.
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with the numerical and analytical expectations where bulk re-
combination dominates.

The equations that we derived elucidate the behavior of charge
collection in solar cells where the transport problem is primar-
ily in the transport layers rather than the absorber. Within the
validity range of this assumption, we can derive several practical
strategies based on the outcome of the voltage dependent PL mea-
surements. The observation of a PL ratio (A¢oc/ A ¢’sc)(1/n‘d)
that remains constant as a function of the absorber thickness in-
dicates that interface recombination limits charge collection (see
Equation (4)). Consequently, the passivation of interfaces repre-
sents a viable approach for efficiency improvements. However, if
the term (¢hsc./Poc)™/™¢) exhibits a linear dependence on inverse
thickness, with the thickest absorber resulting in higher collec-
tion losses, then optimization of the charge-carrier lifetime in
the bulk constitutes an appropriate strategy (see Equation (3)). In
both cases, improving the conductivity of transport layers with-
out compromising the interface passivation would lead to an im-
proved collection efficiency likely leading to improved values of
Jsc and FF. Only in situations where the collection efficiency is
close to 100% between short circuit and the maximum power
point, there would be no further potential for efficiency improve-
ments from optimizing charge transport through the transport
layers. Within the validity range of the model (collection effi-
ciency is limited by the conductivity of the transport layers and
not by a low mobility within the perovskite itself), the model can
be applied to any data showing a systematic trend in the open-
circuit to short-circuit PL as a function of thickness. The only sit-
uations inconsistent with the model would be cases where the
fill factor (FF) increases with thickness or where the FF exhibits
a nonsystematic or a chaotic trend with thickness.

3. Conclusion

Improving the insufficient extraction of electrons and holes is
necessary for achieving a higher power conversion efficiency in
halide-perovskite solar cells. Thicker active layers often lead to
reduced efficiencies of charge collection, which eventually leads
to an optimum thickness and a compromise between light ab-
sorption and charge collection. This finding is often attributed
to finite diffusion lengths and the competition between diffusion
and recombination in the active layer. We show here that a more
plausible approach to interpreting these findings is to consider
the finite speed of extraction through the often organic and poorly
conductive transport layers. The slow transport of electrons and
holes through these layers creates an accumulation of charge car-
riers in the active layer that subsequently leads to recombination
losses at short circuit or low forward bias that scale with the thick-
ness of the absorber layer and the mobilities of the electrons and
holes in the transport layers. Thus, even for infinite mobilities
in the absorber layers, a thickness-dependent charge-collection
efficiency would result from this model.

The collection losses due to the perovskite thickness were
quantified by measuring the photoluminescence quenching as
a function of the applied voltage. Furthermore, a theoretical
model that describes the collection of excess charge carriers
in perovskite solar cells including interfaces and band offsets
was derived to study the effect of perovskite thickness on the
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extraction of charges. The experimental results show differences
in the short-circuit current density Jy. for different perovskite
thickness and reflect the impact of the perovskite thickness on
the speed of the extraction of charges especially at short circuit.
The experimental findings substantiate the theoretical predic-
tions and numerical simulations. All results confirm that, in a
perovskite solar cell with good interfaces or bulk-limited recom-
bination, the thickness matters for efficiency, even in the limit
of good bulk mobilities. Higher thicknesses lead to higher ex-
traction losses if a finite speed of extraction through the trans-
port layers is considered. Moreover, the band offsets between the
perovskite and transport layers may seriously affect the charge
carrier exchange in some situations, which implies that a proper
energy level alignment is essential for a better power conversion
efficiency.
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Supporting Information is available from the Wiley Online Library or from
the author.
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