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Hole Transporting Bilayers for Efficient Micrometer-Thick

Perovskite Solar Cells

Yueming Wang, Samah Akel, Benjamin Klingebiel, and Thomas Kirchartz*

Achieving high efficiencies in halide perovskite solar cells with thicknesses
>1 um is necessary for developing perovskite-Si tandem cells based on small
pyramidal structures. To achieve this goal, not only is the perovskite layer
quality to be optimized but also the properties of the charge-transport layers
must be tuned to reduce charge-collection losses. The transport layers provide
a non-ohmic resistance that modulates the Fermi-level splitting inside the
perovskite absorber. The finite conductivity of the transport layers can lead to
losses in the fill factor (FF) and short-circuit current, even at infinite
charge-carrier mobility in the absorber layer. These losses notably scale with
the absorber layer thickness, which implies that higher-conductivity transport
layers are required for thicker perovskite absorbers. One strategy to improve
charge collection and thereby FFs in thick inverted perovskite solar cells is to
use bilayers of hole-transport layers. In this study, the combination of
poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] with self-assembled

relevant band gaps in the 1.6 to 1.7 eV
range make lead-halide perovskites at-
tractive candidates for tandem solar cells.
However, the most popular candidate as
a low-bandgap partner for halide per-
ovskites is the indirect bandgap semi-
conductor silicon, which requires sur-
face texturing to achieve a sufficiently
sharp absorption onset.”] While earlier
efforts to deposit perovskite top cells onto
double-side textured silicon bottom cells
focused on the conformal coverage of
large pyramids using methods involving
the evaporation of lead-halogenides,['!
more recent approaches!’ have been
based on covering smaller pyramids with
solution-processing methods.

monolayers provides the best photovoltaic performance in single-junction

devices.

1. Introduction

Lead-halide perovskite solar cells have attracted considerable re-
search interest in the photovoltaic field owing to their excep-
tional performance and cost-effective fabrication processes.['!
Single-junction perovskite solar cells have achieved certified
power-conversion efficiencies of more than 25%.34 However,
the efficiency of single-junction cells is fundamentally limited
to ~33%,5° whereas tandem solar cells could, in principle, ap-
proach efficiencies of 45% by reducing thermalization and trans-
mission losses.[”8] The tunable band gap and high efficiency at
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To completely cover smaller pyramids
with a pinhole-free perovskite film, the
film must be sufficiently thick (typi-
cally thicker than 1 pym). As most high-
efficiency perovskite solar cells have
typical thicknesses in the 400-800 nm range,!'213] the opti-
mization of such thicker perovskite solar cells requires opti-
mization strategies that are different from those used in the
bulk of the perovskite solar cell literature. Further increasing
the thickness typically reduces the open-circuit voltage V.. and
fill factor FF*Y] implying that special strategies must be de-
veloped to keep these parameters as high as possible when in-
creasing the thickness. The thickness-dependent loss in open-
circuit voltage is due to a sub-linear increase of the generation
rate with thickness, which in consequence reduces the carrier
density at which generation and recombination are equal at larger
thicknesses.['®!7] The thickness-dependent fill-factor losses can
have both fundamentall'®] and processing-specific reasons. They
are often attributed to a reduced level of control over the crys-
tallization process, poor surface morphology,' increased de-
fect density,[?l and deterioration of charge extraction.?!] Efforts
dedicated to improving the device performance of perovskite so-
lar cells with >1 um thickness were therefore focused on de-
fect passivation,[??] gaining better control over the crystalliza-
tion process,?*! absorber-layer doping using molecules, such as
F6TCNNQ,[* self-limiting molecules for perovskite film surface
post-treatment,['!] and charge-transport layer optimization.[>-27]
Through these strategies, the FF can reach values of ~80% with
high efficiencies. However, as shown in Figure 1a and Figure
S1, Supporting Information, most reports on thick films em-
ploy perovskite compositions with band gaps lower than 1.65
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Figure 1. a) Comparison of the FF and the corresponding perovskite film thickness and bandgap in the representative reports and this work. b) II-
luminated J-V curves of perovskite solar cells with different thicknesses based on Me-4PACz, the cell performance parameters are listed in Table S1,
Supporting Information. c) Fill factor as a function of the bandgap according to Equation (1) considering different resistances.

eVI2022:23.25-28] which are not ideally suited for monofacial®®! two-
terminal tandem applications with Si bottom cells.

Here, we report a method to fabricate over 1l-micrometer
thick perovskite by employing hole-transporting bilayers of self-
assembled monolayers (SAMs) and poly[bis(4-phenyl) (2,4,6-
trimethylphenyl)amine] (PTAA). The 1.68 eV band gap, opaque
perovskite solar cells reach efficiencies above 20% with FFs over
80%, which presents a comparably high performance among the
over 1-micrometer thick film solar cells shown in Figure la and
Figure S1, Supporting Information. The peculiar finding of this
study is that it is primarily the modification of charge-transport
layers that can provide leverage to improve the fill factor of thick
perovskite solar cells. Furthermore, the losses associated with the
transport layers are not purely resistive. Instead, the finite mo-
bilities of the charge carriers in the transport layers modulate
the carrier concentration in the absorber layer as long as a finite
current is extracted. Thereby, the recombination losses at short
circuit or the maximum power point (MPP) depend not only on
the mobility-lifetime product of the absorber and the interface
recombination velocity!*®! but also critically on the properties of
the transport layers.3132] Furthermore, for thicker absorber lay-
ers, the mobility in the transport layer must increase proportion-
ally with the thickness increase to achieve the same efficiency
of charge-carrier collection. This is a somewhat counterintuitive
finding as it explains thickness-dependent performance deteri-
oration that is independent of traditional explanations for the
thickness dependence of the charge-collection efficiency that is
based on the diffusion- or drift-length of the absorber.3*3¢]

2. Results

Different hole-transport layers, PTAA and phosphonic acid-
functionalized carbazole-based SAMs, such as Me-4PACz ([4-
(3,6-dimethyl-9H-carbazol-9-yl) butyl]phosphonic acid) and MeO-
2PACz  ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic
acid), were employed to investigate their influence on
micrometer-thick perovskite solar cells. The perovskite films
were deposited by a one-step spin-coating method using an anti-
solvent. The structure of the inverted planar perovskite solar cell
is ITO/hole-transport layer/perovskite/Cq,/BCP/Ag. An organic
halide salt 4-fluorophenethyl-ammonium iodide (F-PEAI) was
added to the perovskite precursor solution for defect passivation.
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The optimized concentration of F-PEAI is shown in Figure S2,
Supporting Information.

2.1. Micrometer-Thick Perovskite Solar Cell Fabrication

We focused on the triple-cation perovskite CsgosFA;sMA s
Pbl, ,5Br, 55, because of its suitable bandgap for the top cells of
the perovskite-Si tandem. Me-4PACz was used as the hole trans-
port layer. 1.4 M precursor solution was spin-coated on the sub-
strates to obtain perovskite thin films, and an efficiency of 20.02%
was achieved (shown in Figure S3c, Supporting Information). To
increase the thickness of the perovskite films to one microm-
eter, the precursor solution concentration was increased up to
1.7 M combined with a reduced spin-coating speed.®! Scanning
electron microscopy (SEM) images revealed high roughness and
wrinkles (Figure S4c, Supporting Information) in a nearly 1.2 ym
thick perovskite film (Figure S5, Supporting Information). The
thick-film perovskite solar cells suffer from reduced performance
compared to the thin-film cells. In particular, the short-circuit
current J.. and the FF were reduced when the absorber thick-
ness was increased (Figure 1b and Figure S3c,d, Supporting In-
formation). The increased series resistance (R,) is a major lim-
itation for fabricating thick-film perovskite solar cells with high
efficiencies (Figure S3, Supporting Information). The efficiency
loss Ang, due to the series resistance for thin-film perovskite so-
lar cells is 1.73%, while the Any, for thick-film perovskite solar
cells increased to 3.17% (parameters listed in Table S2, Support-
ing Information).

2.2. Micrometer-Thick Perovskite Solar Cells Based on Different
Hole Transport Layers

The FF of thick-film perovskite solar cells increased by spin coat-
ing a thin layer of PTAA on top of Me-4PACz (Figure S6, Support-
ing Information). The dependence of the device performance on
the PTAA solution concentration from 0.5 to 2 mg mL™" is shown
in Figure S6, Supporting Information. The optimal performance
was obtained at a concentration of 0.5 mg mL~!. The device based
on Me-4PACz covered by PTAA can reach an FF over 77%, which
is, however, still insufficient to compete with state-of-the-art FF
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Figure 2. The statistics of a) open-circuit voltage V,, b) short-circuit current J,, c) efficiency, and d) fill factor FF for the different hole transport layers

oc

studied. e) llluminated current—voltage curve of a 1 um thick perovskite solar cell with Me-4PACz: MeO-2PACz (1:1) /PTAA measured with a sun simulator
in forward and backward scan directions. f) External quantum efficiency (EQE) spectrum and integrated J. for perovskite solar cells with a structure the

same as the one shown in (e).

values. As for MeO-2PACz with PTAA in the optimized condi-
tions, the FF approaches nearly 80% but the open-circuit volt-
age V,. is significantly reduced to around 1.16 V. The current
density-voltage (J-V) curves and the external quantum efficiency
(EQE) spectrum of over 1-micrometer thick perovskite solar cells
based on Me-4PACz, Me-4PACz/PTAA, MeO-2PACz, and MeO-
2PACz/PTAA are shown in Figure S7, Supporting Information.

Me-4PACz and MeO-2PACz were mixed and then covered by
PTAA to function as a hole transport layer for micrometer-thick
wide-bandgap perovskite solar cells. Solar cells based on a mix-
ture of SAMs with PTAA show significantly higher average FF
and efficiency than those based on a single type of SAM or a sin-
gle type of SAM with PTAA (Figure 2a—d). Figure 2e shows the
J-V curve of a Me-4PACz: MeO-2PACz (1:1)/PTAA device mea-
sured using a class AAA solar simulator under forward and re-
verse scan conditions. An efficiency of 19.6% was achieved owing

Adv. Energy Mater. 2024, 14, 2302614 2302614 (3 Of'|3)

to the high FF of 80.07% and the short-circuit current density |,
0f20.54 mA cm™ and V. of 1.1937 V shown in Figure 2e. A 300
s MPP tracking is shown in Figure S8, Supporting Information.
The bandgap E, of the perovskite of 1.68 eV is obtained from the
EQE spectrum presented in Figure 2f. The resulting integrated
J is in close agreement with the values from the J-V curves.

We used different molar ratios of the Me-4PACz/MeO-2PACz
mixture as a hole-transport material to determine the optimal
ratio for maximizing the performance of thick perovskite solar
cells. As shown in Figures S9 and S10, Supporting Information,
both the mixture of Me-4PACz to MeO-2PACz (3:1) and a mixture
of Me-4PACz to MeO-2PACz (1:3) exhibit a solar cell efficiency
near 20% and FF over 80%. Since the different ratios of mixture
SAMs covered by PTAA show small differences in device perfor-
mance, the ratio of Me-4PACz to MeO-2PACz (1:1) was chosen
for further characterization.
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2.3. Fill-Factor Losses

As shown in Figure 1D, the fill factor losses are one of the main
limitations of high-efficiency thick-film perovskite solar cells. In
the limit of infinitely large parallel resistances, the fill factor ap-
proximately follows the relationl3’]

FF =

Voe — In (v, +0.72) <1 R Jee ) )

Vo +1 SV_(Jc

The normalized open-circuit voltage is defined as v,. =
qVye/nigks T, with kg being the Boltzmann constant, g the el-
ementary charge, T the temperature of the solar cell, and ny
the ideality factor. Equation (1) is a simplified relation that is
based on the one-diode model of solar cells with a perfectly
ohmic series resistance. Figure 1c shows the relation of FF as
a function of bandgap and series resistance in a solar cell that
is—except for its finite series resistance—consistent with the
Shockley—Queisser model. The small dependence of FF on the
band gap is mainly caused by the differences in the photocur-
rent causing different degrees of voltage losses over the series
resistance.

In real solar cells, many physical effects contribute to resistive
effects that are in series with the diode and current source that
constitute the equivalent circuit of an ideal solar cell. The con-
tributions to the series resistance may originate from the lateral
current transport in the ITO or Ag electrodes but also from the
resistive effects of charge-transport layers and the perovskite ab-
sorber itself. The latter contributions to R, are non-ohmic as they
result from the finite conductivity of intrinsic or weakly doped
semiconductors that depends critically on the optically or electri-
cally injected charge density. The common feature of series re-
sistance losses is that they increase with increasing current flow
through the diode, and hence, matter at higher currents (and
voltages).

In addition to series resistances, parallel resistances can fur-
ther reduce the FF of solar cells. In many solar cells, however,
the parallel resistance in the dark is so high that it does not mat-
ter for the one-sun operation of a solar cell. However, solar cells
typically exhibit a shunt-like behavior*!-*#%1 under illumination
that is significantly different in origin and magnitude from the
behavior in the dark. This phenomenon is sometimes called a
photoshunt and originates from ohmic-looking recombination
currents; that is, recombination currents that still depend expo-
nentially on the quasi-Fermi level splitting but linearly on the ex-
ternal voltage.[**!l Due to their linear dependence on the exter-
nal voltage, they appear phenomenologically like a shunt. Finally,
the FF is also reduced by ideality factors that increase above unity
as seen in Equation (1). This loss in fill factor is a consequence of
recombination mechanisms that change exponentially with volt-
age but scale differently than with exp(qV/kT).

To quantify and analyze fill factor losses, a sensible first step
is to determine the series resistance keeping in mind that it will
not be a scalar value but a function of voltage and current. A con-
venient approach to determine a voltage-dependent series resis-
tance is based on the comparison between the current—voltage
curves under illumination and in the dark.[*>** The current-

Adv. Energy Mater. 2024, 14, 2302614 2302614 (4 0‘F13)

www.advenergymat.de

voltage curve of a solar cell under illumination that is affected
by R, but not R, is written as

VI_ Rs
=l (exp(q(nd—kﬁ)> —1> ~J. @)

where J, is the saturation current density of the solar cell. The
current—voltage curve in the dark is written in the same logic as
before as

_ ‘J(Vd —]dRs)
Ja=To (eXP<nidT>—1) 3)

The main differences between Equations (2) and (3) are the J
that is missing in the dark and the different terms for the voltage
drop over the series resistance. If one shifts the dark and light
J-V curves into the same quadrant (both then being either in the
first or fourth quadrant), they will be horizontally offset by a term
that scales with the series resistance. The easiest way to under-
stand this phenomenon is to compare the situation, where the
recombination currents are equal to J,.. Under illumination, at
a recombination current of J, the total current is zero (recom-
bination balanced by generation), and the voltage drop over any
series resistance vanishes. In the dark, however, the voltage drop
is J4Ry = J..R. Thus, the series resistance R, can be determined
from the difference between V; and Vj at a constant recombina-
tion current vial*]

R = (Va=Vi) /s “)

Figure 3a,b shows the dark current-voltage curve JV, and il-
luminated current-voltage curve JV; shifted by the short circuit
current J in the first quadrant using a logarithmic current axis
for cells with different hole transport layers. On a logarithmic
scale, the shifted illuminated current—voltage curve shows a mod-
erate slope in the low-voltage region. This feature is referred
to as photoshunt, which indicates poor carrier extraction at low
voltages.[*”) In Figure 3a,b, Me-4PACz has the highest photo-
shunt conductance (the lowest shunt resistance), whereas the
Mixed SAMs/PTAA-bilayer shows the lowest shunt conductance
(highest shunt resistance). The SAM/PTAA bilayer has a lower
photoshunt conductance than the SAMs without PTAA. This is
consistent with a better FF and ], by covering PTAA on SAMs
shown in Figure 2b,d.

As shown in Figure 3c, the R, of solar cells for different hole
transport layers calculated from Equation (4) increases when the
voltage is reduced because of the increasing internal resistance in
the solar cells. When the voltage increases, the R saturates. For
a clear comparison, the R, at 1.18 V cells for different hole trans-
port layers is shown in Figure 4d. The Me-4PACz has the highest
R, of 16.46 Q cm? while the Mixed SAMs/PTAA-bilayer has the
lowest R, of 1.09 Q cm?. The value of R, is consistent with the FF
distribution of different hole transport layer devices (Figure 2d).
The cells of the SAM mixture/PTAA with the lowest R, perform
the best efficiency of 19.6% and FF of 80.07% (Figure 2e).

The ideality factor n is also an important parameter influenc-
ing the FF. The nyy was determined by J, V.. measurements as a
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Figure 3. a,b) Dark (dashed line) and illuminated (solid line) J-V curve of the different hole transport layers plotted in the first quadrant. c) Series
resistance calculated from the difference between the dark and illuminated J-V curve. d) Comparison of series resistance at a voltage of 1.18 V. e) Ideality

factor niy derived from the Suns-V,.

function of light intensity. The relation between J,. and V. can
be approximately expressed as

\%
Je=Jo (exp (£=)-1) )

which implies that the ideality factor follows from ny =
qdV,./[kTdIn(].)] . The voltage-dependent n,4 values of solar cells
with different hole transport layers are shown in Figure 3e.
The average value of ny calculated from the voltage of 1.15 V
to the end of the measurement can be seen in Figure 3f. The
ny of different hole transport layers ranges from 1.1 to 1.25.
All values are much lower than 2 and do not exhibit large dif-
ferences, suggesting that the limiting recombination mecha-
nism does not occur via deep defects. The FF losses due to the

Adv. Energy Mater. 2024, 14, 2302614 2302614 (5 Of'|3)

measurement. f) Comparison of the average ideality factor nyy calculated from 1.15 V.

nonideal ny (AFF, ;) determined from Equation (6) and listed
in Table 1 for the solar cells with different hole transport lay-
ers are ~2%. Therefore, the main factor influencing the FF
in a thick perovskite solar cell is the voltage-dependent series
resistance.

AFF, = FFy—FF, (6)

Equation (5) also provides the current-voltage curve of a solar
cell that does not involve a series resistance. To investigate the FF
losses due to the series resistance, the power densities derived
from the J, V,. curves and the JV; curve are plotted in Figures
S11 and S12, Supporting Information. The difference in FF
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Table 1. FF and efficiencies 7 for solar cells based on different hole transport layers compared to FF and # from an ideal J-V curve with the same J,
and V,. but R =0 and n,y = 1 and a curve with zero series resistance (but nonideal n;;), derived from the measurement of the J,_/V, curves shown in

Figure S12, Supporting Information.

FFy FFjscvoc FFig n MscVoc Mid AFFg AFFnid
Me-4PACz 73.02% 87.66% 89.7% 16.54% 20.2% 20.3% 14.64% 2.04%
Me-4PACz /PTAA 76.43% 87.66% 89.65% 18.45% 21.3% 21.65% 11.23% 1.99%
SAM mixture /PTAA 80.76% 87.59% 89.87% 20.2% 22% 22.48% 6.83% 2.28%
MeO-2PACz /PTAA 80.98% 87.37% 89.61% 19.75% 21.34% 21.85% 6.39% 2.24%
MeO-2PACz 78.11% 87.73% 89.79% 19.14% 21.22% 21.95% 9.62% 2.06%

obtained from the two curves reveals the loss because of the se-
ries resistance AFFy and follows from

AFFy, = FF; , - FF, (7)

The AFFg of the Me-4PACz-based solar cell is 14.64%,
whereas the AFF; values of samples with the mixed-
SAMs/PTAA HTL, as well as the MeO-2PACz/PTAA HTL,
decreased to significantly lower values of 6.83% and 6.39%,
respectively (listed in Table 1).

2.4. Energy-Level Alignment

The interfaces between the absorber layer and the transport lay-
ers have a strong influence on charge extraction and recombina-
tion in perovskite solar cells. Therefore, the energy-level align-
ment of the different layers considerably affects device perfor-
mance. Ultraviolet photoelectron spectroscopy (UPS) measure-
ments were conducted to investigate the energy-level alignment
of the different hole-transport layers mentioned above and the
perovskite film. The UPS data analysis is shown in Figures
S13-S15, Supporting Information. As shown in Figure 4, the
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Figure 4. Schematic of the energy levels for different hole-transport lay-
ers, perovskite, and Cg, deposited on top of the perovskite. We note that
the Me-4PACz generally leads to lower-lying HOMO levels of the hole-
transport materials as compared to MeO-2PACz. The addition of PTAA
further reduces the effective ionization potential of the hole-transport
layers.
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valence-band maximum (VBM) and Fermi energy E; can be de-
termined relative to the vacuum energy E,,. = 0 eV by UPS. We
used literature values for the pure SAMs and PTAA, E, (PTAA)
=3.4eV, E, (Me-4PACz) =33 eV, and E, (MeO-2PACz) =3.2 eV
and assumed that E, (SAMs/PTAA) of the combined SAMs and
PTAA equals that of pure PTAA as this is much thicker.l*’! The E,
of the perovskite film of 1.68 eV was obtained from the inflection
point of the EQE spectrum. The distance from the conduction
band minimum (CBM) to the vacuum energy can be calculated
from the VBM and bandgap of each layer.

The distance from E; to VBM is 0.65 eV in Me-4PACz, and this
value decreases to 0.38 eV by covering PTAA on top of Me-4PACz.
MeO-2PACz/PTAA shows a shorter distance from Ej to the VBM
(0.38 eV) than MeO-2PACz (0.48 eV). The mixed SAMs/PTAA
bilayer has a lower value of E; — E; = 0.33 eV than every single
type of SAM/PTAA. The SAMs/PTAA bilayer shows a stronger p-
type character than the SAMs without PTAA in the energy level
diagram.!*’] As for the hole transport layers, the ionization poten-
tial E,, which is determined as the distance from VBM to vacuum
energy, is an important parameter for hole collection and inter-
face recombination. Me-4PACz shows the highest E; of 5.66 eV
and the closest alignment to the VBM of perovskite, which agrees
well with the V. shown in Figure 2a. The Me-4PACz/PTAA ex-
hibits a lower E; of 5.34 eV and a stronger band gap offset than
Me-4PACz. MeO-2PACz/PTAA shows the lowest E; of 5.12 eV
and the highest band gap offset.

2.5. Transient Photoluminescence

Interface recombination is central to the understanding of V,
losses in solar cells. The energy-level alignment, as well as the
recombination velocity between perovskite and charge-transport
layers, can influence the interface recombination.l*8] Transient
photoluminescence (PL) has frequently been used to analyze
the charge-carrier dynamics of full devices, layer stacks, and
films.[*-51] While the measurement is relatively simple and ap-
plicable to layer stacks (no devices needed), the interpretation
of the data is often complicated—especially in situations where
the decay is not exponential throughout the investigated range of
carrier densities. Here, we use transient photoluminescence to
study the recombination dynamics at perovskite-HTL interfaces
and attempt to interpret the peculiar carrier-density dependence
of the data.

The normalized time-resolved photoluminescence (tr-PL)
decays measured on samples of layer stacks with an ITO/hole
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Figure 5. a,b) Normalized transient photoluminescence of glass/ITO/hole transport layer/perovskite measured with time-correlated single photon
counting (TCSPC). The normalized data were fitted with rational functions (darker lines). c) The differential decay time calculated from fitted normalized
transient photoluminescence (solid lines) and =y, (dashed line) plotted versus Fermi-level splitting. d) Surface-recombination velocity S estimated with

Equation (9).

transport layer/perovskite structure are shown in Figure 5a,b. To
analyze the differential decay time 74, we use the relation*?]

dl -
san =-2( 52 ®)

where ¢ is the intensity of luminescence and the factor 2 rep-
resents the expectation that lead-halide perovskites are typically
undoped,*! that is, ¢oxn?. The differential decay time 74 as
a function of the quasi-Fermi level splitting AE; is plotted in
Figure 5c. AE; is proportional to In(¢) + const, whereby a higher
AE; corresponds to earlier times after the laser pulse. The short
differential decay times of different samples at high quasi-Fermi
level splitting imply a fast initial decay of the photoluminescence.
At early times after the pulse, radiative and Auger recombina-
tion or charge transport to the hole transport layer and ITO elec-
trode affect the differential decay time. At lower quasi-Fermi level
splitting, which corresponds to later times after the laser pulse,
the differential decay times continuously increase. While there
are only minor differences in the slope of the decay time versus
Fermi-level splitting, the samples show differences in the abso-
lute value at a given Fermi-level splitting. The values of the 7
at AE; = 1.45 eV are summarized in Figure S16, Supporting In-
formation. Me-4PACz showed the longest decay time of 4.1 s,
while the Me-4PACz/PTAA showed a shorter decay time of 2.9 s
compared with Me-4PACz. Similarly, MeO-2PACz/PTAA exhib-
ited a shorter differential decay time than MeO-2PACz. The 744
obtained from different laser intensities are plotted in Figure S17,

Adv. Energy Mater. 2024, 14, 2302614 2302614 (7 Of'|3)

Supporting Information. The differential decay time reveals that
the SAM/PTAA bilayers lead to more nonradiative recombination
than the SAMs. Me-4PACz: MeO2-PACz (1:1)/PTAA showed an
intermediate differential decay time among the five different hole
transport layers.

The most frequently used approach to determine surface-
recombination velocities is to assume that the total recombina-
tion rate is given by a sum of the bulk and surface recombi-
nation rates, which is a good assumption for flat Fermi levels.
If the rates are additive terms, the inverse lifetimes for bulk
and surface would add up to the inverse measured lifetime of
the bilayer. Therefore, a reasonable bulk lifetime must be as-
sumed or measured. As we have recently shown>#*! bulk life-
times in halide perovskite films are often a strong function of car-
rier density or Fermi-level splitting, we can only apply the above
approach if we consider all lifetimes and recombination veloc-
ities to be a function of AE;. The physical reason for this ne-
cessity is that, in the presence of a significant density of shal-
low traps, the SRH formalism predicts that the decay time 744
in an intrinsic semiconductor continuously changes with car-
rier density. How exactly the decay time depends on the prop-
erties of the trap varies depending on the situation. A potentially
quite relevant case of a high density of acceptor-like traps close

. . N 1
to the conduction band results in**! 74 ~ 7,4/ %L ——— =

np  1+kg T
y/n Ny 1
Py ltkaarym

is the trap density, n; = Ncexp(—(E; — E;)/kT) includes the
trap-depth E-—Er, k,,4 is the radiative recombination coefficient,

exp(—%), whereby 7, is the hole lifetime, Ny
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n is the electron density, p is the hole density, and N is the ef-
fective density of states of the conduction band. A similar equa-
tion can be derived for donor-like traps close to the valence band.
The important aspect of these equations is that they deal with
shallow traps that are uncharged in a situation of chemical equi-
librium (dark, no applied voltage). These traps, therefore, start to
become charged only in case of sufficient illumination or forward
bias so that free carriers are injected into the conduction and va-
lence bands. In this case, they lead to a decay time that is contin-
uously changing with carrier density or Fermi-level splitting as
previously observed in ref. [55]. Thus, we need to modify tradi-
tional approaches of(1°¢57] extracting the surface recombination
velocity from the decay time by considering the carrier-density
dependence of the decay time.

Then we can deduce the surface recombination velocity S from
the differential decay time via

S (AE;) =2d< ! - ©)

1
Taiff (AEF) Thulk (AEF) >

The bulk recombination lifetime 7, ;. depends on the internal
voltage. Given that our experimental data shows similar slopes as
the ones predicted by the analytical model for shallow defects, it
is a reasonable approach to express the bulk lifetime via 7y, =
7,exp(1.5eV — AE;)/(2kT) . Here the slope is fixed but the abso-
lute value is variable and determined by the parameter z,, which
is defined such that it becomes equal to 7}, when AE; =1.5eV.
As the bulk lifetime needs to be strictly larger than the measured
decay time, we chose 7, = 1 us as indicated by the dark yellow
dashed line in Figure 5c.

The surface-recombination velocity S versus A E then follows
from Equation (9) and is shown in Figure 5d. Furthermore, S
determined assuming different values of 7, is shown in Figure
S18, Supporting Information. The samples with the longest de-
cay time (Me-4PACz and Me-4PACz/PTAA) show a dependence
of S on the assumed value of 7y, while this assumption be-
comes irrelevant for the samples with lower decay times. The
trend of S versus sample type is now the opposite of that of the
measured decay time (longer decay times — lower values of S). It
is noteworthy that S varies strongly with the Fermi level splitting
which suggests that the interfacial defects are not in the middle
of the interfacial band gap but are also shallow with respect to
either of the two band edges.

2.6. Steady-State Photoluminescence

Steady-state photoluminescence (ss-PL) was carried out to in-
vestigate interfacial recombination at the different interfaces be-
tween the hole-transport layers and the perovskite absorber.[8>°]
The structures of the samples used for ss-PL are glass/perovskite,
glass/ITO/hole transport layers/perovskite, glass/ITO/ hole
transport layers /perovskite/Cq,, and the full device. The relative
photoluminescence intensities as a function of laser intensities
for glass/perovskite and ITO/hole transport layers/perovskite are
summarized in Figure S19, Supporting Information. The quasi-
Fermi level splitting A E of the layer stacks at 1 sun is shown in
Figure 6 and was calculated under the assumption of flat Fermi
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Figure 6. The calculated quasi-Fermi-level splitting of perovskite films de-
posited on different hole transport layers (bars) and average V,,. of cells
with different hole transport layers (spheres).

levels at the open circuit from![*"]

qvoc,imp (¢PL) = qvoc (¢sun) +kTlIn <L> (10)
PL,cell (¢sun)

where ¢, is the photoluminescence of the samples shown in
Figure 6. Here, ¢bp; ;1 ((sun) is the photoluminescence of the ref:
erence cell. The Me-4PACz/perovskite showed the highest quasi-
Fermi level splitting of 1.259 eV. Consistent with the tr-PL results,
SAM/PTAA/perovskite stacks lead to a reduction in quasi-Fermi
level splitting compared to the SAM/perovskite stacks for a given
SAM, suggesting more recombination at the PTAA-perovskite in-
terface. The average value of the measured V,_ from full devices
(black spheres in Figure 6) agrees well with the trend in the high-
est quasi-Fermi level splitting based on different hole transport
layers. As shown in Figure S20, Supporting Information, after
depositing Cy, on top of the perovskite, there is an 84 meV reduc-
tion in quasi-Fermi level splitting, which can be ascribed to signif-
icant non-radiative recombination losses at the perovskite/C, in-
terface. Thus, while the perovskite/C,, interface causes a signif-
icant voltage loss decreasing V., the effect is not strong enough
to suppress the impact of the HTL/perovskite interfaces on the
open-circuit voltage. As Cq, is common to all devices investigated
in the study, the HTL/perovskite interface is decisive in explain-
ing the trends of V. with sample structure.

2.7. Voltage-Dependent Photoluminescence

Voltage-dependent PL provides an option to quantify recombina-
tion losses at any given voltage.[**60-62] Thereby, it allows quanti-
fying the relation between the slow extraction of charge carriers
and recombination. This is an important and rare feature in so-
lar cell characterization, as the majority of techniques quantifying
recombination are used either on films, layer stacks, or devices
at open circuits, where no charge-carrier extraction takes place.
Figure 7a,b shows the quasi-Fermi level (AE;) splitting versus
the external voltage applied for the cells with different hole trans-
port layers. Again, we assume AE; (V,.) = qV,. at open circuit.
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Figure 7. a,b) The quasi-Fermi level splitting determined from the voltage-dependent photoluminescence measurements as a function of the externally

applied voltage for perovskite solar cells with different hole transport layers.

The quasi-Fermi level splitting at any applied voltage then follows
from/>

AE; (V) = kTIn <M> +qV,. (11)

oc

In an ideal scenario, the Fermi level is as high as possible at an
open circuit and then drops to values as low as possible at a short
circuit. In reality, however, there is still a quite significant Fermi-
level splitting left that short circuit that indicates slow extraction
of charge carriers. As this speed of extraction may be modified
by the properties of the charge transport layers, we expect to see
differences between the different hole-transport layers used.

The solar cells with Me-4PACz/PTAA and SAM mix-
ture/PTAA have a lower AE; than the cell with Me-4PACz at
short-circuit and low forward voltage. The higher value of the
quasi-Fermi level splitting at a short circuit implies a higher
concentration of charge carriers remaining in the perovskite
and thereby slow extraction.®!l In Figure 7b, the AE; at short
circuit of the cell with MeO-2PACz is higher than with MeO-
2PACz/PTAA. But the SAM mixture /PTAA-bilayer shows a
higher AE; than both MeO-2PACz and MeO-2PACz/PTAA. Ac-
cording to the internal voltage as a function of the external volt-
age, the SAM/PTAA-based hole-transporting bilayers are more
efficient in carrier extraction than the SAMs.

2.8. Influence of Charge-Carrier Extraction on Solar Cell
Performance

As we have seen at the beginning of this article in Figure 1D, the
efficiency of devices based on Me-4PACz decreases quite signifi-
cantly as the perovskite film thickness increases. By depositing
PTAA on top of the SAMs, the FF and J . of the micrometer-
thick perovskite solar cells improved. We intuitively understand
that the hole transport layer plays a critical role in the charge-
carrier extraction processes and is thus influencing the FF and
Js of solar cells. However, it is not immediately obvious why
the hole-transport-layer properties should have such a strong im-
pact on the thickness dependence of charge extraction. The tra-
ditional wisdom of solar cell device physics would predict that
charge collection efficiencies depend on the ratio of diffusion or

Adv. Energy Mater. 2024, 14, 2302614 2302614 (9 of 1 3)

drift lengths on the absorber thickness.**l However, diffusion
and drift lengths account for transport in the absorber layer but
not for transport in the charge-transport layers. Thus, a slightly
different approach is required that explicitly considers a non-zero
gradient of Fermi levels within the contact layers. This is equiv-
alent to assuming that away from the open circuit, significant
differences exist between the external voltage V,,, and the quasi-
Fermi level splitting A Ey, divided by elementary charge g, which is
exactly what we have observed in the voltage-dependent PL mea-
surements seen in Figure 7. If we assume that the most signif-
icant gradients in the Fermi level exist in the contact layers, the
voltage-dependent current J(V) can be determined by!®3!

=44 (R (Veu) = G) = qd(W)
ni quxt
(7 ]ow (%) 1] <) .

where G is the average generation rate throughout the perovskite,
R(V) is the voltage-dependent recombination rate, n; the intrin-
sic charge carrier concentration, 7. the effective carrier life-
time, and S, the exchange velocity. Equation (12) is a voltage-
dependent version of similar equations previously derived for
short circuits.B132] Tt is also a somewhat modified version of
Equation (12) used in ref. [60] for explaining charge collection in
Cu(In,Ga)Se, solar cells. An important and uncommon parame-
ter in Equation (12) is the exchange velocity that describes how
quickly charge carriers can be exchanged between electrode and
absorber by drift and diffusion through the transport layer. Ap-
proximate equations for the exchange velocity exist for situations,
where the electric field in the charge transport layer is approxi-
mately constant. In this case, we obtain®132641 S =y, Forq /(1
— exp(Ucr/kT)), where pqy is the mobility of charge carriers in
the transport layers, Fcp, is the electric field in the charge trans-
port layers, and Ugy; is the electrostatic potential drop (electric
field times thickness). Equation (12) is based on the difference
between recombination and generation currents, whereby both
terms are multiplied with a prefactor [1 + d/(Se Teq)] ™ that could
be considered a collection efficiency. The ratio d/(S, 7.s) can be
interpreted as the ratio of two lengths, namely the thickness d

J (Vew)
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Figure 8. a) Dark (dashed line) and illuminated (solid line) J-V curve plotted in the first quadrant of perovskite solar cells with different thicknesses based
on Me-4PACz. b) Dark (dashed line) and illuminated (solid line) J=V curve plotted in the first quadrant of perovskite solar cells with micrometer-thick
perovskite solar cells with Me-4PACz and Me-4PACz/PTAA. Voltage dependence of the exchange velocity versus the internal voltage (c) and external
voltage (d) of micrometer-thick perovskite solar cells with Me-4PACz and Me-4PACz/PTAA.

and a collection length S, 7.4 that contains the lifetime 74 of
charge carriers in the absorber and the mobility and electric field
of the charge carriers in the contact layer that enter the equation
for S,,.. This ratio of lengths has the advantage of being conceptu-
ally analogous to the situation where the diffusion or drift length
of the absorber limits charge collection. The ratio could also be
interpreted as the ratio of two different time constants, whereby
d/S.,. is atime constant for extraction and 74 is the time constant
for recombination. In this interpretation, the ratio d/(S, .g) de-
scribes how much faster extraction is relative to recombination
and is therefore an intuitive figure of merit for charge collec-
tion, which is also quite useful for the interpretation of time- or
frequency-domain measurements.[636]

While there is an equation that allows relating S.,. to the mo-
bility and electric field in the transport layers, this equation does
not allow easy experimental access to the quantity. However, it is
possible to express the difference in internal and external voltage
as a function of the speed of exchange between the absorber and
contact layers. This leads to an equation for the current density

_ qVeu qVine
.] (Vext' Vim) - qnisexc (exp < ZkT ) eXp ( ZkT )) (13)

flowing into or out of the absorber layer that can be solved to
obtain S,,.. Here, V,,, is the external voltage applied to the cells
and V., is the internal voltage (i.e., the average quasi-Fermi level
splitting divided by elementary charge). While | and V_,, result

from a normal measurement of the current-voltage curve un-
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der illumination, the missing parameter q V,,, = AEj can be ob-
tained from the application of Equation (11) to voltage-dependent
photoluminescence measurements as those previously shown in
Figure 7. Thus, we have now presented a methodology for relat-
ing the result of the voltage-dependent PL measurements to the
performance of the solar cells.

Figure 8a shows dark J-V curves and illuminated J-V curves of
solar cells with different perovskite film thicknesses by using Me-
4PACz as the hole transport layer that is shifted to the first quad-
rant by adding the respective J,.. We note that the photoshunt-
conductance increases with larger absorber thicknesses. The illu-
minated J-V curves shown in Figure 8a are the same as the ones
shown in Figure 1b but plotted in a different way. In Figure 1b, we
already learned that the J,. and FF of thick cells with Me-4PACz
are reduced relative to thin cells. Based on our knowledge and
understanding of charge collection derived from Equation (12),
we can now rationalize these observations. Equation (12) predicts
thatif the 7 4S,,. product remains constant, the charge-collection
losses will increase for larger thicknesses. This is a peculiar find-
ing as it connects the poor mobility in the transport layers to the
thickness of the absorber layer. Thus, even with infinite mobility
of electrons and holes in the absorber layer, there might be non-
zero and even substantial collection losses visible at short circuits
or the MPP if the transport layers are poorly conductive and fairly
intrinsic organic semiconductors. The slow transport through
this layer will show up in three different ways throughout this
paper: It shows up as a non-linear series resistance in Figure 3c,
as a high quasi-Fermi level splitting at V < V,_ in Figure 7 and
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as a photoshunt in Figures 3a,b and 8a,b. Finally, this effect ex-
plains the lower efficiencies of solar cells with thicker perovskite
absorber layers seen in Figure 1b.

Figure 8b shows the dark -V curves and illuminated -V
curves of micrometer-thick perovskite solar cells with Me-4PACz
and Me-4PACz/PTAA that are shifted to the first quadrant by
adding the respective J,.. The lower photoshunt conductance of
the solar cell with a Me-4PACz/PTAA bilayer compared to the cell
with a Me-4PACz monolayer is consistent with faster charge car-
rier extraction and visualizes again the advantage of the bilayer
approach.

To further illustrate the better performance of micrometer-
thick perovskite solar cells employing SAM/PTAA-bilayers as
compared to solar cells using a single layer of SAMs, the
voltage-dependent S,  values of devices Me-4PACz and Me-
4PACz/PTAA were calculated from Equation (13) and shown in
Figure 8c,d. The solar cell with a Me-4PACz/PTAA bilayer has a
higher exchange velocity S, than the cell with a single layer of
Me-4PACz. The faster charge-carrier extraction speed, especially
at short circuits, can explain the reason for the improved J . of
devices with SAMs/PTAA-bilayers, as well as the lower series re-
sistance leading to an improved FF.

3. Conclusions

An intermediate step to enable efficient, solution-processed per-
ovskite top cells on textured Si bottom cells for tandem applica-
tions is the ability to design cell structures with suitably high
band gaps (slightly below 1.7 eV) combined with high efficien-
cies at thickness above 1 pm. The main obstacle towards main-
taining a high efficiency at higher thicknesses is currently a re-
duction in FF that is frequently observed when attempting to
transfer recipes optimized for lower thicknesses to 1 um-thick
absorber layers. We observe that the optimization of the hole-
transport layer offers an opportunity to maintain high FFs over
a wide range of thicknesses. We achieve this by using a mix-
ture of two SAMs—Me-4PACz and MeO-2PACz—which is sub-
sequently covered by a thin layer of PTAA. Single-junction per-
ovskite solar cells with an absorber thickness of around 1 pym and
abandgap of 1.68 eV reach fill factors of over 80% and efliciencies
of around 20% when using such a hole-transporting bilayer.
The result that the effects of absorber-layer thickness can be
mitigated by modifications of the charge-transport layers is ini-
tially counterintuitive as it defies the traditional logic of assign-
ing thickness-dependent losses in solar cells to the mobility-
lifetime product of the absorber layer. To better understand our
loss-mitigation strategy, we performed an extensive characteriza-
tion of resistive and recombination losses throughout the fourth
quadrant of the current—voltage curve. A systematic analysis of
illuminated current—voltage curve, dark current-voltage curve,
and J, V.. measurements under different light intensities allow
us to quantify resistive losses that already reveal differences be-
tween different hole-transport layers. In particular, Me-4PACz
leads to significant resistive losses that can partially be rational-
ized by it having by far the highest ionization potential, which is
likely to create a barrier for hole extraction to our used perovskite
absorber. Subsequently, we use steady-state and transient PL to
quantify recombination losses at interfaces and in the bulk of
our perovskite absorber. We observe that the trend in the Fermi-
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level splitting derived from steady-state PL intensity versus used
HTL in glass/ITO/HTL/perovskite half cells corresponds to the
trend in V. in complete cells, while the absolute values are sig-
nificantly lower. The latter observation implies that significant
voltage losses occur at the perovskite-C,, interface as has been
frequently observed in the literature.[''!3%67] Transient PL data
shows continuously changing decay times in half cells, which
is a signature of shallow defects. We, therefore, modify the ex-
isting methods to determine surface-recombination velocities to
account for this and obtain carrier-density-dependent surface-
recombination velocities. This finding suggests that interfacial
recombination occurs via localized states at the perovskite-HTL
interface that are not in the middle of the interfacial gap but are
significantly closer to one of the bands. Finally, we use voltage-
dependent steady-state PL measurements to quantify the extrac-
tion efficiency of charge carriers using a recently introduced new
figure of merit called exchange velocity S,,.. We show how to
determine the exchange velocity and how it affects the current—
voltage curve in a relatively simple analytical model (see Equa-
tion (12)). The analytical model predicts that for constant re-
combination lifetimes and constant exchange velocities, the ef-
ficiency of charge-carrier collection quite naturally deteriorates
for increasing absorber thicknesses. Thus, even without invoking
arguments about the mobility-lifetime product of the absorber
layer, it is possible to explain how modifications of the properties
of hole extraction can affect the thickness dependence of solar
cell performance. The necessary improvement of HTL proper-
ties is implemented technologically by adding additional degrees
of freedom into the process. We do this by using a combination
of two layers and by using a blend of two molecules in one of
the layers. As we can observe from UPS and our various optical
characterization techniques, this technological strategy allows us
to finely tune energy-level positions and electronic properties to
maximize majority-carrier extraction and minimize recombina-
tion speed at the interface. The strategy thereby improves the se-
lectivity of the contacts in such a way that it minimizes efficiency
reductions for increased absorber-layer thicknesses.
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