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ABSTRACT

To create efficient perovskite-silicon tandem cells with small pyramidal structures, it is crucial to deposit high-quality wide-bandgap
perovskite films on textured surfaces. To attain this objective, it is essential to comprehensively understand the characteristics of
perovskite films on textured surfaces and their impact on the efficiency loss mechanisms of perovskite solar cells. We find that the
textured substrates provide better absorptance of the perovskite films, thus reducing the efficiency losses resulting from the reflected
or transmitted light. The short-circuit current of textured devices reaches 95% of the Shockley-Queisser limit at 1.68 eV. In addition,
the fill factor losses are not obviously influenced by the textured bottom surface of the perovskite films. Furthermore, transient

photoluminescence was used to quantify the recombination losses at open circuit in layer stacks and full devices, offering insights

into the surface recombination velocity at the perovskite/electron transport layer interface and capacitive discharge of the electrodes.

1 | Introduction

Lead-halide perovskite semiconductors have attracted significant
research interest for photovoltaics over the past decade owing to
their properties, such as a sharp optical absorption edge [1] and
long diffusion length [2]. Perovskites are promising candidates
for combining Si [3], Cu (In, Ga)Se (CIGS) [4], and organic photo-
voltaics [5] for tandem applications, owing to their advantages
of bandgap tunability [6], solution-processed fabrication and
low cost [7]. In recent years, monolithic perovskite/Si tandem cells
have become a realistic way to overcome the theoretical limita-
tions of single-junction solar cells [8]. These two-terminal
(2T) architecture tandem cells suffer from lower parasitic absorp-
tion losses compared to three- or four-terminal architecture
devices [9, 10]. However, 2T tandem solar cells require good
light management to avoid a current mismatch between each
subcell [11]. During the rapid development of tandem cells,
2T perovskite/silicon tandem solar cells based on front-side

polished silicon wafers have achieved high efficiencies [12, 13].
However, the random pyramids widely applied in silicon cells
for light trapping still need to be maintained in monolithic tandem
cells [14]. Recently, the efficiencies of 2T perovskite/silicon
tandem solar cells based on textured silicon wafers have surpassed
those of polished silicon wafers owing to their enhanced optoelec-
tronic coupling [8, 15]. A fully vacuum [16] or hybrid two-step
process [14] allows for the deposition of conformal perovskite films
on commercial silicon solar cells, which usually have pyramids
larger than 2 pm. However, additives that are important in defect
passivation [17], stabilizing wide-bandgap perovskites [18] and
controlling crystallization are easily incorporated into solution-
based methods but are difficult to include in evaporation techni-
ques. The solution-processed method is therefore still difficult to
replace in the fabrication of high-quality perovskite films.
Reducing the silicon pyramid size to approximately 1pm is a
viable strategy for growing perovskite films via a solution-
processed method that can fully cover small pyramids and
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maintain efficient light management [3, 19]. Moreover, textured
silicon bottom cells are less expensive than the excess steps for
polishing silicon wafers in industrial applications.

However, it remains a challenge to use solution-processed
approaches to deposit high-quality perovskite films on rough
surfaces. Hole-transport materials, usually made of molecular
semiconductors and employed in p-i-n-type perovskite solar
cells, are not easily deposited homogeneously on rough surfaces
using solution--processed methods [20]. In addition, the inhomo-
geneity of the hole-transport layers (HTLs) causes inefficient
charge-carrier extraction [21, 22-23]. Self-assembled monolayers
(SAMs) are promising materials for solving this problem, espe-
cially the SAMs with phosphonic acid molecules in their struc-
tures. The phosphonic acid molecules are able to coordinate
or covalently bond with transparent conductive oxides (TCOs),
which enables sufficient coverage on the textured surface in
comparison with organic or polymer HTLs in p-i-n-type perov-
skite solar cells [4, 24]. The deposition of dense, fully covered
perovskite films on textured substrates is another issue that needs
to be overcome. Optimizing the DMSO/Pb ratio in the perovskite
precursor has been proven to be an efficient strategy [25]. Some
research has already reported the fabrication of single-junction
perovskite cells on rough surfaces, which are highly relevant
to tandem applications with perovskite materials. Farag et al.
developed planar perovskite solar cells with close to microme-
ter-thick perovskite absorber layers that maintain over 18% effi-
ciency using a Lewis base additive [26]. The textured silicon
substrate improves light management by reducing the broadband
reflectance, which improves the photocurrent of the solar cells.
A subsequent study by Farag et al. [27] studied V. losses using
photoluminescence quantum yield (PLQY) measurements of
perovskite solar cells on textured silicon substrates. The authors
concluded that the perovskite precursor was important for fabri-
cating high-quality perovskite films on textured substrates. While
the research discussed above focuses on either the improved
current or V. of single-junction perovskite solar cells on textured
surfaces, a comprehensive analysis of the efficiency losses of
perovskite solar cells on pyramidal-textured surfaces is still
lacking.

In this work, we report the fabrication of highly efficient
micrometer-thick perovskite solar cells on textured surfaces with
a pyramid size of 200-400 nm. The 1.68 eV bandgap opaque
perovskite solar cells on textured substrates show a J,, which
is on average 1.5mA/cm? higher than for cells fabricated on
planar substrates. Textured substrates improve the absorptance
of perovskite films on such surfaces by decreasing reflection,
increasing light scattering and thereby improving light absorp-
tance [28, 29-30]. In this study, we investigated the absorptance
of perovskite films using PL spectroscopy [31]. We also used
a simple method to analyze the losses of the individual photovol-
taic parameters of our solar cells based on the Shockley—Queisser
(S-Q) model [32, 33], establishing that the efficiency losses are
largely attributed to the Jy. losses. Our results highlight the
importance of light management in reducing efficiency losses
in solar cells. Furthermore, we used transient PL to quantify
the recombination losses at open circuit in the layer stacks
and full devices. The transient PL provides a way to estimate
the surface recombination velocity. The lack of saturation of
the differential decay time at low quasi-Fermi-level splitting is

attributed to shallow defects and capacitive discharge of the
electrodes in the case of full devices.

2 | Results and Discussion

Within the field of perovskite photovoltaics, deposition on rough
surfaces is typically associated with the use of perovskite on
top of textured silicon wafers in tandem solar cells. However,
as the characterization of tandem solar cells provides specific
challenges associated with the inability to disentangle effects
arising only from one subcell, we designed a test environment
in which we could study the optical and electronic effects of
rough substrates on perovskite cells with bandgaps that are
relevant for tandem solar cells. To achieve this purpose, we
fabricated textured substrates by depositing aluminum-doped
zinc oxide (AZO) on glass and then etching the AZO to form
small textured structures. Subsequently, ITO was sputtered
onto the glass/AZO substrates. The perovskite films were depos-
ited via a one-step spin-coating method using an antisolvent.
An organic halide salt, 4-fluorophenethyl-ammonium iodide
(F-PEAI), was added to the perovskite precursor solution to
passivate the defects.

2.1 | Absorptance and Steady-State PL Spectra

Good light trapping can improve solar cell performance by reduc-
ing the losses due to unabsorbed photons and by reducing the
thickness needed for efficient light absorption. Therefore, light
trapping can be beneficial for either the short-circuit current
density (when comparing equal thicknesses) or open-circuit
voltage (if the thicknesses are reduced [34, 35]). Unlike planar
substrates, textured substrates allow light to be scattered, thereby
passing through the cell at an oblique angle, which increases
the likelihood of total internal reflection inside the perovskite
film, thereby enabling longer pathlengths of weakly--absorbed
light [26]. In the following, we investigate how the use of textured
substrates affects light trapping within our perovskite solar cells.

For this purpose, we fabricated micrometer-thick perovskite
films on both planar and textured ITO substrates. Figure la,b
illustrates the two structures of solar cells discussed below.
Cross-sectional scanning electron microscopy (SEM) images
of the glass/(AZO)ITO/HTL/perovskite stack are shown in
Figure S1. The size of the AZO/ITO textures was approximately
200-400 nm vertically so the 1pm perovskite film was thick
enough to fully fill the craters.

Short-circuit current density losses in single-junction and tandem
solar cells typically result in large efficiency losses [15]. In
monolithic perovskite/silicon tandem cells, antireflection layers
[36] and textured silicon surfaces [21] are necessary to maximize
light coupling in the respective subcells. The absorptance of a
perovskite solar cell is intuitively shown in its PL spectrum
[37]. The limiting radiative efficiency of a solar cell is calculated
using the principle of detailed balance between the absorption
and emission of a solar cell in the S-Q theory [38, 39]. The
calculations of absorbed and emitted photon fluxes were

2 of 10

Solar RRL, 2025

35USD|7 SUOLULUOD BA RO 3|edl|dde ayy Aq pousenob a1e S3R1LE VO (88N JO S3INI 0§ ARRIG 1T 3UIUO /8|1 UO (SUORIPLIOD-PUR-SLULIALICY"AB|IM AsRIq U1 UO//SdNY) SUORIPUOD PUe SWB | 3U3 39S *[G202/60/T¢] Uo ARIqITauIIUO AB[IM *BISD UoIeasay HOWS Ud1INC Wwnuezsbunydsio4 Aq 628007202 110S/200T OT/10p/LIY" A3 |1MALeiq 1 Bu1|uo//Sdny WOy papeojumoq ‘. ‘G20z X86TLIEZ



(@) (b)

Perovskite Perovskite

(d)

4 10°

Qe

] 10" &

fficienc

] 102

11020

um

1 10% £
E [

textured

Ny 10° 5

planar

normalized PL intensity (a.u)

e
=1
%

1 L 1 " 1 " 1 " 1 1 0-6

155 160 165 1.70 175 1.80
Energy E (eV)

FIGURE1 |

155 160 165 170 175 1.80
Energy E (eV)

Schematic of device stack on (a) textured and (b) planar substrates. (c) Normalized signal of FTPS as a function of energy E for perovskite

solar cells based on planar and textured substrates, and external quantum efficiency from FTPS multiplied by the blackbody spectrum. (d) Normalized
steady-state PL signal of samples with a glass/AZO/ITO/HTL/perovskite structure, for both planar and textured substrates.

performed while considering the solar cell as a black box with a
step function, such as absorptance and emissivity.

The product a(E)¢y,(E) is proportional to the luminescence
spectrum of the sample, according to the theory of Wiirfel, which
predicts that the PL spectrum Yp; (E) of a semiconductor approx-
imately follows the relation [40]

Yy (E) =a(E) ¢y (E) exp [AEg/ (KT)] ey

where AEy is the quasi-Fermi-level splitting, kT is the thermal
energy, and a(E) is the absorptance of the semiconductor. The
primary assumption going into Equation (1) is that the Fermi-
level splitting is not a (strong) function of depth within the
sample and can therefore be approximated as a single scalar
quantity. The blackbody spectrum ¢y, (E) in units of photons
per area [41], time, and energy interval for a planar body emitting
into the hemisphere above the body is given by [40]

2nE? 1 2nE? —-E
P E)= 350 exp (B) —1] ~ W P <ﬁ) @

Here, h is the Planck’s constant, E is the photon energy,
and c is the speed of light in vacuum. Equation (1) is a slightly
simplified version of Wiirfel’s generalized Planck’s law that
extends Kirchhoff’'s law for thermal radiation to non-thermal
emission in semiconductors [40, 41-42]. This generalization
assumes that the emission originates from the recombination
of free electrons and holes, whose occupation can be described
by Fermi-Dirac statistics [40, 43, 44].

We characterized the absorptance of opaque cells on planar and
textured substrates by Fourier-transform photocurrent spectros-
copy (FTPS), which is a highly sensitive method to measure

photocurrent [45]. A comparison of the FTPS spectra in
Figure 1c shows that the cell on the textured substrate has a slightly
higher absorption than that on the planar substrate, confirming
that the small craters can minimize optical losses in our solar cells.
Figure 1c shows the product of the absorptance and the blackbody
spectrum. In Figure 1d, the steady-state PL spectrum of the sample
with structure glass/ITO (AZO)/HTL/perovskite shows a similar
behavior as the a(E)¢y,(E) in Figure 1c. The PL spectrum of
the perovskite on a textured substrate has a higher intensity and
shifts to a lower energy compared to that of the perovskite on
a planar substrate. This phenomenon is attributed to the enhanced
light-trapping capabilities of the textured substrate.

2.2 | Solar Cell Performance

We used the triple-cation perovskite Csg gsFAgsMA 15PbI; 25Brg 75,
which has a bandgap of 1.68 eV. The opaque devices adopted
an ITO/MeO-2PACz:Me-4PACz/PTAA/perovskite/Cso/BCP/Ag
structure. The statistical deviations of the photovoltaic parame-
ters for perovskite solar cells on planar and textured substrates
are summarized in Figure 2a—d. The average open-circuit voltage
Ve of the textured samples was 1.166 V, which is lower than that
of the planar samples (1.178 V). The fill factor (FF) values of the
cells on the two different types of substrates were almost in the
same value range of approximately 80%. Compared to the cells
on planar substrates, the average short-circuit current Jg. of cells
on textured substrates was approximately 2mA/cm” higher.
The increase in Jg. boosted the average efficiency of the cells
on textured substrates, which was 1.5% higher than that on
planar substrates, as shown in Figure 2d. The external quantum
efficiency (EQE) spectrum in Figure 2f reveals a better absorption
of the textured cells in the long wavelength regions, which
contributes to the increase in J,. shown in the J-V curves
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FIGURE 2 | The statistics of (a) open-circuit voltage V., (b) FF, (c) short-circuit current J., and (d) efficiency for the cells on planar and textured

substrates. (e) Illuminated current-voltage curve of a 1 um thick perovskite solar cell on planar and textured substrates measured with an AAB

sun simulator in forward (solid lines) and backward scan (dash lines) directions. (f) EQE spectra for perovskite solar cells with the same structure

as shown in Figure 2e.

(Figure 2e). In addition, we tracked a short-time maximum
power point of the devices under 1 sun illumination with
a white LED light source at room temperature in N, atmosphere
(Figure S7). Compared to the planar device, the textured device
exhibited better operational stability.

2.3 | Efficiency Loss Analysis

We studied the loss mechanism in solar cells on planar and
textured substrates by comparing the photovoltaic parameters
Jsoo Voo, FF, and efficiency of a cell with the expected values
of an idealized cell with the same bandgap using the S-Q model
[32, 33]. In Figure 3a,b, we compare the power density curves of
the illuminated J-V characteristics (black line), the associated
cells with ideal FF (red lines), and the 1.68eV cell in the
S-Q model (blue lines). Figure 3c shows the ratio of the different
losses for the devices on planar and textured substrates. The
normalized efficiency is written as [32, 33]

Nreal — Ji Vgecal FFO (ngal) FFreal (3)
nsq  Jod Vol FFo(Ved) FFo(Ve)

The yellow part in Figure 3c shows the loss due to imperfect
photocurrent J. /J?CQ The SQ efficiency of the device on the
planar substrate is only 87% owing to the high photocurrent loss,
while the device on the textured substrate can still maintain
95.55% of the SQ limit at 1.68 eV because of better light manage-
ment. The V,./V5Q loss (green in Figure 3c) is the highest loss in
cells on both the planar substrate and textured substrate. The
V5Q for the 1.68 eV perovskite solar cell is 1.399 V. The difference
between the ideal and real open-circuit voltage AV, = VR_v,.
is 216 mV for the device on the planar substrate and 220 mV for
the device on the textured substrate. Thus, there is very little
difference in V. loss between the two types of samples.

Within the simple logic of an equivalent circuit model of a solar
cell, the FF depends on the ideality factor nyq, series and parallel
resistances, and the V. of the solar cell. In the limit of an
infinitely large parallel resistance, the FF approximately follows
the relation based on the one-diode model of solar cells with
perfect ohmic series resistance [46]

Fp Vo~ In (vy. +0.72) 1-R, Jse @
Voo +1

oc

4 of 10

Solar RRL, 2025

85USD 17 SUOWILLD BAIERID et |dde au Aq peusenob e SopIe YO 2SN JOS9INI Joj ARIqITBUIUO A8]IM UO (SUORIPUOD-PUR-SULBY WD A8 |IW ATR1q | BU1IUO//SHNL) SUORIPUOD PUB SWB L 8U3 385 *[5202/60/T] U0 ARiqITauluO A8|Im “RIUSD UoBesey HAWS Uyd1INe WnauezsBunyosiod AQ 628007202 110S/200T OT/10p/wod A8 1M Akeld U1 uo//Sdny wo. papeojumoq ‘2 ‘G20z ‘X86TLIEZ



(a) (b) (c)
E 30 T T T T 100 T
=29.33% =29.339
é sl sa b 1 150=29.33% ] X
Q
E 20f  acar=21.25% +  healrr=23-26% b ,g 80 FFO(V?:I)
o 3 —_y
2 15F T 1 g ot FFo(Vo)
g 1ol 1=18.79% 1 1=20.72% ] 5
ko] g 60F
8 Sf T 1 £ (v
e planar substrates textured subtrates S FF (\/eal
8_ 0 1 1 1 1 o 50 O\ "oc
0.0 0.5 1.0 0.0 0.5 1.0 1.5 g § B
voltage V (V) voltage V (V) 3 %
FIGURE 3 | Power density curves of the illuminated (black lines), ideal FF at measured V. (red lines), and complete SQ model (blue lines) of solar

cells on (a) planar substrate and (b) textured substrate. (c) The percentage of S-Q efficiency for cells with different substrates separated in current
loss (Jo/JSQ), voltage loss (VIe/V3Q), and FF losses (FF,ey /FFo(VI), FFy (VI)/FF, (V5Q)) on a logarithmic scale.

The normalized open-circuit voltage is defined as
Voc =qV e/ (MigkT), with k being the Boltzmann constant, q the
elementary charge, T the temperature of the solar cell, and
R, the series resistance. The loss in FF will be discussed in two parts:
one part is the FF loss due to AV, given by FFo (V) /FF, (V)
under the premise of Ry =0 and n;q = 1 (purple in Figure 3c) and the
other part is the FF loss from n;q and R, given by FF e, /FFo (V)
(red in Figure 3c).

The yellow, green, and purple columns in Figure 3¢ summarize
the loss between the blue and red curves in Figure 3a,b. The
planar device has 72.46% of ngq while the textured device has
79.3% of s up to now. The influence of the resistance and ideality
factors on the cell performance was investigated separately.

The series resistance effects in real solar cells usually originate
from the lateral current transport in the metal oxide and metal
electrodes, as well as the limited conductivity of intrinsic perov-
skite absorbers and charge-transport layers. The series resistance
increases with increasing current flow through the diode; hence,
it is more important at higher currents. The parallel resistance
can also reduce the performance of solar cells. However, the
parallel resistance in the dark is typically high enough not to
matter for the one sun operation of a solar cell [47]. Here, we
discuss a method to quantify Rs and the FF loss from R;.

A convenient approach to determine the voltage-dependent
series resistance is to compare the current-voltage curves under
illumination and in the dark [48-50]. When involving the series
resistance but ignoring the parallel resistance, the current-
voltage curve of a solar cell under illumination is written as

Ii=J, (exp (M) - 1) T (5)

nidkT

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

Ja=Jy (exp (%) - 1) (6)

The differences between Equations (5) and (6) are the voltage
drop over the series resistance and the Js. missing in the dark

current-voltage equation (Figure S3). For equal current densities,
the series resistance is determined from the difference between V;
and Vy as follows:

Rs=(Vd_Vi)/]sc @)

Figure 4a shows the voltage-dependent Ry values of solar cells
on planar and textured substrates calculated from Equation (7).
The values of Ry, were high at lower voltages because of
increasing internal resistance. At higher voltages (above 1.15 V),
R; decreases and moves to a flat region. The average values of R
in a voltage range from 1.15 to 1.2 V are 5.01 Q cm? for the planar
device and 4.2 Q cm? for the textured device. J,. and V.. mea-
sured as a function of light intensity (Suns-V,.) provide an
Rs-free version of the diode equation:

V.
Jse=Jo (eXP <:lld—ko’;ﬂ) - 1) ®
i

The FF extracted from the Suns-V,, curve (red lines in Figure S4)
is the FF without loss from Ry (FF;_y ). The difference in
FF; v, and FF from the illuminated J-V curve reveals the
loss due to series resistance in the cell AFFg =FF; y —FF
(AFFp, are listed in Table S1).

The Suns-V,. curve is useful for determining n;4, which was
calculated by fitting of In (Js.) and V..

Nig = qdvoc/[de In Jsc] 9

Figure 4b shows the voltage-dependent n;q of the cells on
different substrates. The average values of n;q were calculated
between 1.15 V to 1.16 V for the device on the planar substrate
and 1.17 V for the textured device. The n;q values of the two
samples are almost the same and are much lower than 2, which
suggests that the recombination mechanism is mainly from
shallow defects [51]. The FF losses AFF, =FF;q—FF) y_
originating from the ideality factor being >1 are listed in
Table S1. The parameter FF;4 represents the FF values that could
be obtained in the absence of series-resistance losses and
non-unity ideality factors.

To quantify and analyze efficiency losses due to the series resis-
tance and ideality factor, we compared the power densities of the
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a (c) planar substrate and (d) textured substrate.

illuminated J-V curves (black), the reconstructed power densities
of Ji.Voe curves at different light intensities (green) and the
power density curves of cells with ideal FF at measured
Jsc and V. (red), as shown in Figure 4c,d. The efficiency losses
from R are 1.85% and 1.54% for the planar and textured cells,
respectively. The losses due to the non-ideal diode behavior were
0.613% for the planar device and 1% for the textured device. The
different values of the red and black curves in Figure 4c,d corre-
spond to the red part in Figure 3c.

2.4 | Transient PL

Transient PL has frequently been used to analyze the charge-
carrier dynamics of perovskite films and can also be used to
study layer stacks and full devices; however, the latter requires
more complicated data interpretation approaches [37, 52].
Transient PL was measured using a gated charge-coupled-device
(CCD) camera-based detection setup on full devices with the
layer stack glass (AZO)/ITO/HTL/perovskite/Ceo/BCP/Ag and
on layer stacks of the type glass (AZO)/ITO/HTL/perovskite
to study the effect of textured and planar substrates on the recom-
bination dynamics within halide perovskites. The detection
method using the gated CCD was chosen to enable a relatively
high dynamic range of data that is significantly higher than
that of most datasets obtained with time-correlated single
photon-counting setups [37, 51, 52].

The normalized time-resolved photoluminescence (tr-PL) decays
measured on the planar and textured samples are plotted on a
log-log scale in Figure 5a. The planar sample exhibited a slightly

faster decay than the textured sample at longer measurement
times, regardless of the presence of full cells or half cells. To
calculate the differential decay time z4;, the following equation

is used.
dl -1
Taiff = — 2( r:i(t¢)) (10)

where ¢ is the intensity of luminescence and the factor 2 repre-
sents the expectation that lead-halide perovskites are typically
undoped, i.e., ¢ x np=n>. Here, n is the charge-carrier concen-
tration for the equal electron (n) and hole (p) densities during the
PL transients. The differential decay time 74 as a function
of quasi-Fermi-level splitting AEf is plotted in Figure 5b. AEg
is proportional to In (¢). Higher values of AER correspond to ear-
lier times after the laser pulse, when radiative and Auger recom-
bination or charge extraction through the charge transport layer
toward the electrode affect the differential decay time. The
differential decay times of half cells (solid circles) continuously
increase and do not saturate at lower AEg, as one would expect to
happen in a situation where deep defects dominate recombina-
tion [52]. Thus, the continuous change in decay time indicates
that a recombination process that is superlinear in charge-carrier
density dominates the decay. As discussed in ref. [51], the most
likely explanation for such data is that there are shallow defects
that not only trap charge carriers from one band but dominate
recombination (i.e., trap charge carriers from both bands) [51].
Shallow defects start to be charged only under sufficient illumi-
nation (photodoping) or forward bias [53]. At longer times
(lower AEy), these charged defects re-emit their charge carriers
to the band. Thus, the decay time continuously increases
for low carrier densities or low quasi-Fermi-level splitting.
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FIGURE 5 | (a) Normalized transient PL of full-cell glass/ITO/Me-4PACz:MeO-2PACz/PTAA/perovskite/Cgo/BCP/Ag and half-cell glass/ITO/

Me-4PACz:MeO-2PACz/PTAA/perovskite measured with a gated CCD detection setup. (b) Differential decay time calculated from normalized transient
PL and plotted against Fermi-level splitting. (c) Estimated surface recombination velocity Syecin¢ Using Equation (11), assuming 7, =0.1 ps.

The two samples show similar 4y from high AER to AEg approx-
imately equal to V.. The 74 of the textured half cell is higher
than the planar one at the range of AEy lower than V.

For the corresponding full cells, the values of z4;; (open circles)
are one order of magnitude lower than those of the half cells
(solid circles) which is related to an increase in interface recom-
bination at the perovskite/Cgq interface. This is a phenomenon
frequently seen in the literature [54, 55-56]. To quantify interface
recombination, we aim to extract the surface recombination
velocity (Srecint) by considering the carrier density-dependent
decay time of the layer stack without the perovskite/Cg inter-
face. Thus, we use a similar approach as is common in the
literature, [57, 58] but evaluate it as a function of Fermi-level
splitting or charge-carrier density. The surface recombination
velocity is estimated from the voltage-dependent differential
decay time via [59]

Srec,int(AEF) =2d < ! ! ) 1y

zaier(AER)  Tpu(AER)

The bulk recombination lifetime 7y, depends on the Fermi-
level splitting. Given that our experimental data show slopes
similar to those predicted by the analytical model for shallow
defects [51], it is reasonable to express the bulk lifetime via
Thulk = 7o €Xp (1.5eV — AEg)/(2kT), withz, being a prefactor that
shifts the bulk lifetime up and down but does not alter the
slope, 1.5eV is chosen as a value of maximum AEg. The plot
of 7, versus AEr using a value of 7,=0.1ps is shown in
Figure 5b. Here, 7, = 0.1 ps is chosen for 7y, to be strictly above
the data, as otherwise the assumed 7,5, would be inconsistent
with observations. However, from the data, we cannot know
how much above the observed decay times the bulk lifetime
should be. We now use this relatively arbitrary value of
7o =0.1 ps to estimate the surface recombination velocity using
Equation (11). We note that the result is therefore affected by the
measured data and an assumption, so we must assign a lower
degree of confidence to S, int than we would do to directly mea-
sure the decay time.

The estimated surface recombination velocity Syec int Versus AEgp
is shown in Figure 5c. The values of Siecin: that result from
assuming different values for 7, are shown in Figure S5 and
S6. In half cells, the planar sample has values of Siecint that

are higher than for the textured sample for almost the entire
range of quasi-Fermi-level splitting. For the full cells, the planar
and textured cells have a similar value of Siecin. The remaining
slope of Siecint (AEE) could originate from the interfacial traps
being shallow with respect to either of the bands. Alternatively,
the slope could also originate from our assumption that the
bulk lifetime follows a simple shape ~exp (— AEg/(2kT)).

In addition, the full cells show a longer decay time than the half-
cells at very low Fermi-level splitting. The z4; of the full cells
continuously increases for values of AEr<1.1eV as shown
in Figure 5b (marked light yellow area in Figure 5a,b). This
phenomenon is caused by the discharging of the electrode capac-
itance in the full cells. At low carrier densities (and long times
during the transient), the electrons and holes that flow to the
electrodes at early times are re-injected from the electrodes
and flow toward the absorber. Within the absorber and at
its interfaces to the transport layers, these reinjected charge
carriers will eventually recombine. As the recombination resis-
tance of any diode increases toward lower forward biases
(the diode becomes more resistive), the RC time constant of
the electrode discharging via the diode continually increases.
It can notably increase to values that are significantly higher than
the actual recombination lifetime [60].

The carrier recombination dynamics during a transient can be
described by a differential equation in time [61]

dn(t) _ G — kyagn(t)* = n(t)/tsru

dr 1+ ng/n(t) (12)

with ng=2Cye,kT/(q?d) being the charge per volume that
is included on the capacitor, C,., is the area-related capacitance
in unit of F/cm? G is the generation rate, k4 is the radiative
recombination coefficient and zgzy is the Shockly-Read-Hall
(SRH) lifetime. Equation (12) includes three effects: radiative
recombination, SRH recombination, and the discharge of the
contact capacitance that is included via the ng/n(t) term in
the denominator of the right-hand side of Equation (12).

In a situation where there are fewer charge carriers in the
absorber layer than in the contact layer n <nq, charge-carrier
recombination will be delayed because of the need to discharge
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the capacitance before carrier recombination can happen.
The differential decay time in full cells is written as [61]

n(t ng/n(t)+1

3 ) _
Feellditt = = g0y Jdt  kpag(£) + 1/ 75mn (13)

When the carrier concentration is low (n < ng), the capacitive
effects dominate the recombination processes, which is relevant
for times ¢> 10® ns in Figure 5a and AEr < 1.1 €V in Figure 5b.
The differential decay time of full cells is then simplified to
Teendiff = NQTsru/ 1 from Equation (13). The slight change of slope
in the data for the full cells at around 1.1 eV Fermi-level splitting
is likely the transition from bulk recombination affected by shal-
low defects to charge-carrier re-injection from the electrodes
followed by recombination via shallow defects. This change of
slope is a phenomenon that has been previously observed,
for instance, in Figure 4d of ref. [51].

2.5 | Numerical Simulations of Transient PL

To establish a better understanding of the effect of shallow traps
in the bulk and interface recombination, we performed a range of
numerical simulations (using SETFOS developed by Fluxim AG)
of the transient PL experiments on complete solar cells. For this
purpose, we assumed that we have a uniform distribution of
acceptor-like shallow defects in the bulk that causes the contin-
uously changing decay times that we observe in the experiments
shown in Figure 5, as well as in all other experiments on films,
layer stacks, and full devices that we have performed on lead-
halide perovskites with similar compositions [51, 59, 62, 63].
In addition, we add a defect at the perovskite-Cg, interface that
we assume to either vary in energetic position or in its associated
interface recombination velocity. Figure 6a shows the effect of
variation of the trap depth for a surface recombination velocity
of Siecint=1000cm/s. We see that the deeper the interfacial
trap is, the more the continuous but smooth variation of the
differential lifetime as a function of AEf is changed to show a
more step-like behavior, creating a plateau at high AEFg.

Considering the perovskite layer thickness d=1pm, this
plateau corresponds to the interfacial recombination lifetime
Trecint = A/ Srecint = 1077 s. Figure 6b shows the effect of a varia-
tion of the surface recombination velocity, assuming a deep
defect at the interface. Higher surface recombination velocities
create a plateau at high AEp due to the dominance of the
interface recombination (corresponding z,e i, values shown as
dashed lines), while lower surface recombination velocities
maintain the continuous variation of the decay time that is
observed for lower AEp values. From these simulations, we
can conclude that the shape of the decay time spectra at high
AEy for full cells (Figure 5b) is consistent with the relatively
low surface recombination velocities for recombination at the
perovskite/Cg, interface that are calculated in Figure 5c.

3 | Conclusion

A necessary challenge to overcome to achieve highly efficient
silicon-perovskite tandem cells is depositing perovskites with
bandgaps slightly lower than 1.7 eV on textured surfaces in such
a way that they fully cover the textured bottom cell surface.
We fabricated 1.68 eV bandgap opaque perovskite solar cells with
micrometer thickness on both planar substrates and textured
substrates with pyramid sizes of 200-400 nm. The solar cells
on textured substrates show a 2 mA/cm® higher average
Jsc compared to those on planar substrates, attributed to better
absorptance of the perovskite films on the textured surface. In
this study, we quantify the losses of individual photovoltaic
parameters using the S-Q model and highlight the importance
of light management in reducing efficiency losses. The FF losses
are not obviously influenced by the morphology of the perovskite
bottom surface. Transient PL was used to quantify recombination
losses at open circuit in layer stacks and full cells, providing
information about the surface recombination velocity and
long differential decay lifetime, likely caused by shallow defects
in the bulk or more likely the interface between the absorber and
the two transport layers. The morphology of the substrates does
not influence the surface recombination. For the complete cell,

(a) ’a [y l T I L I |‘ T I T T I L = (b) /a f T T I L I T | T I T T I L =
= 10°% L device _ < 10° L device _
& ER
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Z F 3 Z F 3
g 10° F = & 10° £ S, = 1000 cm/s E
g . s pero Cg, ] % . s ]
s 100 ¢ — T s 10°F E
£ g JAE i Fo_ 0 Stecnt = 500 cm/s 3 3
o 7 L - o 4 I = 3
S 0 — AR, =042ev - 107
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FIGUREG6 |

Fermi-level splitting AE; (eV)

Calculated differential decay times from drift-diffusion simulations of the transient PL spectra of a ITO/Me-4PACz:MeO-2PACz/PTAA/

perovskite/Cqo/BCP/Ag device. (a) The variation of the decay time versus the perovskite/Ce, interface trap energy-level E;,,, defined using an energy

offset AE;,, from the conduction band of the Cq layer (i.e. AE;n = E. ¢, — Ejn)- An interface recombination velocity of Syec in = 1000 cm/s was used.

(b) The variation of the decay time for different values of Sy i, for a trap at the perovskite/Cq, interface with AE, ;,, =0.82 eV. The dashed lines indicate

the corresponding interface recombination lifetime 7, e for a given Syecine (Frec,int = dpero/Srec,int)- In both cases, a uniform distribution of shallow

traps in the bulk of the perovskite at a depth of 0.2 eV from the perovskite conduction band was used.
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the long lifetimes are partly caused by capacitive discharge of the
electrodes, which can be identified from a change in the slope of
the decay time versus carrier density or Fermi-level splitting.
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