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Abstract

Passivation of interfacial defects serves as an effective means to realize highly efficient and stable
perovskite solar cells (PSCs). However, most molecular modulators currently used to mitigate such
defects form poorly conductive aggregates at the perovskite interface with the charge collection
layer, impeding the extraction of photogenerated charge carriers. Here, we introduce the judiciously
engineered passivator 4-tertbutylbenzylammonium iodide (tBBAI), whose bulky terz-butyl groups
prevent the unwanted aggregation by steric repulsion. We find that the simple surface treatment with
tBBALI accelerates significantly the charge extraction from the perovskite into the spiro-MeOTAD
hole transporter, while retarding the non-radiative charge carrier recombination. This boosts the
power conversion efficiency (PCE) of the PSC from 20% to 23.5% reducing the hysteresis to barely
detectable levels. Importantly, the tBBAI treatment raises the fill factor from 0.75 to the very high
value of 0.82, which concurs with a decrease in the ideality factor from 1.72 to 1.34, confirming the
suppression of radiation-less carrier recombination. The tert-butyl group also provides a
hydrophobic umbrella protecting the perovskite film from attack by ambient moisture. As a result,
the PSCs show excellent operational stability retaining over 95% of their initial power conversion
efficiency after 500 h full sun illumination under maximum power point (MPP) tracking under

continuous simulated solar irradiation.

Introduction

Perovskite solar cells (PSCs) have attracted intense research interest due to their outstanding
photovoltaic performance and low-cost together with large-area fabrication ability!!-3l. The power
conversion efficiency (PCE) for PSCs increased dramatically from ~9% to 25.2% within the past
few years(* 3], with a concomitant increase in stability!®“l. A typical PSC consists of an organic lead
trihalide perovskite film that is sandwiched in between a hole-transporting layer (HTL) and an
electron-transporting layer (ETL) for selective charge carrier extraction. Currently, the most
successful ETL materials are tin dioxide (SnO.) and titanium dioxide (TiO>), referring to planar and
mesoscopic structured PSCs. Both ETL materials exhibit outstanding electron selectivity and
conductivity!'® 1], enabling high performing PSCs with efficiency up to 23.3%['?! and 23.7%!"
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respectively. The state-of-the-art HTL materials are organic materials bearing triphenylamine
moieties (such as spiro-OMeTAD and PTAA) to ensure the hole-transport, while such organic
materials are intrinsically hydrophobic and non-polarized, resulting in contact issues of the interface
between the perovskite and HTL!3. Moreover, due to the polycrystalline nature of solution
processed perovskite layers, large amounts of defects, such as grain boundaries and vacancies form
during fabrication process!!4'®l. The photovoltage of PSCs depends on the dynamics of charge
carrier recombination which occurs in the bulk or at the interface!'® 2%l Seo et al. report a double-
layered halide architecture to overcome sluggish hole transfer from the perovskite to HTL, and
achieved a PCE up to 22.7% [2!l. Sherkar et al. showed that trap-assisted recombination at the
interface between HTL and the perovskite is the dominant loss mechanism!??l. Thus, surface
passivation of the perovskite is considered the most effective approach to suppress non-radiative
recombination losses and, concomitantly, improve the photovoltage[?*!. Mahdi et al showed that by
surface passivation of the perovskite with adamantine amine a PCE of 20.93% can be achieved for
mesoscopic PSCs!?*. A recent report by Jiang et al. indicates that highly efficient planar PSCs can
achieve 23.3% with perovskite surface passivation with phenylethylammonium iodide (PEAT)!'21,

In this work, we attain a PCE of 23.5 % by judicious tailoring of a defect mitigating agent based on
benzylammonium iodide. We conceived and synthesized the new molecular passivator 4-tert-butyl-
benzylammonium iodide (tBBAI). The latter exhibits an outstanding passivation ability as implied
by increased photoluminescence quantum yield (PLQY') accompanied by larger quasi-Fermi level
splitting (AEF) in the perovskite films, resulting in a high open circuit voltage (Voc) of 1.142 V. It
is worth noting that the perovskite we use is iodide-rich with [:Br = 97:3, with an optical bandgap
as low as 1.55 eV. Therefore, the voltage loss of the optimized device is ~410 mV, approaching 90%
of the radiative limit. This is considered as one of the lowest voltage losses for PSCs. Time-resolve
photoluminescence (TRPL) experiments reveal that the PSCs with a tBBAI interfacial layer show
enhanced charge transfer from the perovskite layer to HTL than the control devices, presumably
related to a reduced hole-extraction barrier due to a better contact between highly polarized
perovskite layer and the non-polarized HTL, resulting in a significant improvement in fill factor (FF)
0f 82.1% than 78.5%. In addition, the device with more hydrophobic ferz-butyl substitution endowed
tBBAI passivated perovskite, the better resistivity to moisture. These results combined, highly
efficient mesoscopic PSCs has been achieved with PCE up to 23.5%, where Voc and FF are as high
as 1.142 V and 82.1%, respectively. In addition to the outstanding photovoltaic (PV) performance,
tBBALI passivated PSCs retained over 95% of their initial efficiency during photovoltaic operation
for a period of 500 h under simulated full-sun irradiation.

Surface morphology of passivated perovskites

PEALI is one of the most widely used passivation agents reported so farl?>-?71. While with enhanced
photovoltaic performance and operational stability compared to non-passivated PSCs, incremental
studies on chemical tailoring of PEAI are rare. Our previous study proved that by substituting the
hydrogen (H) of the benzene ring with fluorine (F), the free energy of the perovskite surface was
significantly reduced, endowing the perovskite with superior stability against moisture in ambient
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Figure 1A, chemical structures of PEAI and tBBAI. B, structures of a tBBAI passivated PSC, (C,
D, and E) SEM images of a neat perovskite film, a perovskite film passivated by PEAI and a
perovskite film passivated with tBBAI, respectively. The scale bar is 1 pm.

was fabricated using anti-solvent method?®! and annealed at 120 °C for 20 min before applying the
modulators. The passivation agent, PEAI and tBBAI were applied by spincoating on the perovskite
surface with 15 mM solution in isopropanol (IPA) without further annealing (Figure 1B). The
surface morphology of the PEAI and tBBAI passivated perovskite films is characterized by scanning
electron microscopy (SEM) and the results are shown in Figure 1C, 1D and 1E. For the untreated
neat perovskite film, it is observed that the domain size of the perovskite crystals is around 500 nm.
After passivating with PEAI and tBBAI, their appearance remains unchanged, implying that the
surface passivation does not alter the morphology of the perovskite active layer.

Structural and energetic properties of the passivation layer

X-Ray photoelectron spectroscopy (XPS) is used to characterize the surface elemental properties of
the passivated perovskite, and the results are summarized in Figure 2A, 2B and 2C. The C 1s spectra
of all perovskite film surfaces are compared in Figure 2B. In the neat perovskite film, a C=0 peak
at ~288 eV is observed, which is related to the oxygen and water exposure of the surface of the
perovskite film!'?l, This peak is significantly suppressed in the XPS spectra of the passivated
perovskite film, proving that surface passivation with PEAI and tBBAI can effectively protect the
perovskite form oxygen and moisture in ambient airl'?! A further XPS depth profiling for tBBAI
passivated perovskite was carried out to reveal the out-of-plane direction elemental distribution as
shown in Figure 2C. Compared to the spectra of the neat perovskite film (Figure S1), the I 3d signal
gradient of perovskite/tBBALI starts at deeper part in the film, suggesting the tBBAI layer thickness
of <5 nm.
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Figure 2. A, XPS survey spectra of neat perovskite, perovskite/PEAI and perovskite/tBBAI films.
B, high-resolution deconvoluted carbon 1s spectra for various films. C, I 3d XPS depth profiles of
the perovskite/tBBAI film. D, XRD patterns of neat perovskite, perovskite/PEAI and
perovskite/tBBAI films

The structure of the unpassivated and passivated perovskite film is characterized by X-ray
diffraction (XRD) As shown in Figure S2. The detailed XRD for 26 < 20° is shown in Figure 2D.
Similar to a previous report(!?], non-passivated perovskite film show excessive amount of Pbl, at
~12.8°. For the PEAI passivated perovskite film, diffraction peaks corresponding to PEAI at 20 =
4.3°, 8.6° and 12.9° are observed, implying crystalline PEAI on the surface of the perovskite film.
The XRD spectrum of the tBBAI passivated perovskite film exhibits no extra diffraction peaks
which suggests an amorphous morphology of the passivation layer. We attribute this result to an
increased steric hindrance due to the fert-butyl substitution of tBBAI as compared to PEAL

Optoelectronic quality

We investigated the optoelectronic quality of the perovskite film by time-resolved
photoluminescence (TRPL) and steady-state absolute intensity photoluminescence (AIPL). TRPL
measurements on samples with the structure glass/FTO/mp-AlOs/perovskite/interface layer/
without and with HTL (Spiro-OMeTAD) are shown in Figure 3. For the samples without HTL
(Figure 3A), at t > 200 ns after the excitation pulse the TRPL curves can be well fitted with a (mono-)
exponential function with the decay times shown in Table S1. We observe a significant difference
between the surface treatment with the two modulators: The decay time for the PEAI treated
perovskite film is a factor of three and for tBBAI a factor of five higher than for the non-passivated
film. We apply numerical simulations to model the TRPL measurements at times beyond 200 ns.



The details of these simulations are described in the supporting information (Note 1). Since the only
difference between the samples are the surface layers, we fitted the numerical model to the data with
only one free parameter, the surface recombination velocity S. For the sample with the longest decay
time (tBBAI, black dots in Figure 3b) the decay could be caused not only by S but also by non-
radiative bulk recombinations (with monomolecular recombination rate constant ki, see
Supplementary Note) or radiative bimolecular recombinations (with bimolecular recombination
rate constant ko). Therefore, three extreme cases are considered, where the PL decay at later times
for tBBAI is caused exclusively by non-radiative (bulk) recombinations (k; = k7***,k, = 0,5 =
0), by bimolecular radiative (bulk) recombinations (k, = kJ'***,k; = 0,S = 0), and by surface
recombinations (k; = k, = 0). The S-fits for all these cases are summarized in supplementary
Table S1. Taking into account these cases one can estimate the surface recombination velocity for
the different samples, which is 3343 cm/s for the control, 8+3 cm/s for PEAI and 343 cm/s for
tBBAI which demonstrates the positive effect on surface defect passivation of PEAI and even more
pronounced of tBBAI.

Figure 4A shows the external photoluminescence quantum yield (PLQYcx;) of the perovskite films
with the different interface layers and with HTL measured at an excess carrier generation rate
corresponding to 1 sun conditions. We determined the PLQYcx by AIPL measurements with the
method described by de Mello et all®®), PLQY,,, = [ P(E) dE/[ Ly, (E) dE,where P is the AIPL
spectral photon flux and L;,, is the spectral photon flux of the excitation beam. The respective AIPL
data are shown in Figure S3.
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Figure 3. A, TRPL for the Ilayer structure glass/FTO/compact-TiO2/mesoscopic-
TiOo/perovskite/without surface layer (control, blue), with PEAI (red), and tBBAI (black). The fit
curves using the model described in the main text are shown by green lines. B, TRPL measurements
of HTL containing samples without interface layer, with PEAIL and with tBBAL

The PLQY.x can be expressed in terms of the radiative (Rr.q) and non-radiative (Ryr) recombination
rates PLQY,yt = Ryqq/(Rraq + Rnr) which makes it a useful tool to investigate bulk, interface,
and surface charge recombination characteristics.
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Figure 4: A, PLQY for the layer structure glass/FTO/c-TiO2/mp-TiOz/perovskite/interface
layer/without and with HTL. B, Stabilized Voc and Quasi-Fermi level splitting AEr/q for the layer
structure glass/FTO/compact-TiO2/mesoscopic-TiOz/perovskite/interface layer/HTL. The stabilized
Voc after 30 minutes’ light soaking is also shown.

As shown in Figure 4A, the PLQY.x of PEAI is about 3-times and of tBBAI 8-times higher than
the control sample without interface layer. The interface layers cause a significant decrease of
interface recombinations at the perovskite/HTL interface which implies an improved defect
chemistry. From PLQY cx the quasi-Fermi level splitting AEr can be calculated with the following

equationl3%):
AEp = q Vocraa + kT In(PLQY,yxt),

where Vocaa 1S the radiative limit of Voc, the calculation of which is shown in the supplementary
information (Note 2). AEg/q for the differently treated films is shown in Figure 4B. The PEAI
treated film shows a AEr increase of 28 meV and the tBBAI treated film an increase of 48 meV
compared to the control sample without interface layer. Since AERr/q is the maximum Voc that a
PSC with this layer structure can exhibit, we present measured Voc’s of the complete PSCs with
similar layer structure in Figure 4B as well. To be comparable with AEg/q, which is determined
from quasi-steady state PLQY.x measurements, we measured the quasi-steady state Voc’s, i.e.
stabilized after two minutes exposure under 1 sun simulated illumination conditions. We also show
the stabilized Voc’s of the same samples after thirty minutes’ light soaking under 1 sun in ambient
air. With PEAI surface treatment the Voc increased by 25 mV from 1.086 V to 1.111 V and with
tBBAI by 41 mV to 1.125 V compared to the control sample, which is in good agreement with the
trend seen in the AEr measurements. The offset of ~40 mV between the stabilized Voc and AEg/q
can be explained by energetic misalignment at both interfaces as has been shown by Caprioglio et
all®!l,

This demonstrates the beneficial effect of PEAI and tBBAI treatment in preventing interfacial
charge carrier recombination. Furthermore, it shows that tBBAI is a significantly better interface
passivation agent than PEAI with a 65% higher AVoc increase compared to the sample without
interface passivation layer. After 30 minutes under 1 sun light soaking the AV,’s are 32 mV for
PEAI and 56 mV for tBBAI treated films which confirms the trend. Note that there is a 15 mV Voc
drop for the control sample, 9 mV drop for the PEAI, and a negligible Voc drop for the tBBAI
treated films. This shows that the interface layers used here also increase the short-term Voc stability



under light soaking in ambient air and that tBBAI shows superior performance in comparison with
PEAL

To further demonstrate the effect of these interface layers on the optoelectronic properties, we
measured the TRPL of the passivated perovskites films with HTL (Figure 3B). We attribute the
rapid decay of the PL signal within the first 10 to 60 ns to three major processes: First, carrier
diffusion leads to a fast decay of carrier concentration close to the front surface of the incident light
pulsel®2331; Second, halide perovskites have a positively charged mid-gap trap state caused by iodide
vacancies with a large capture cross-section for electrons. Once these trap states are filled they are
neutral and, hence exhibit a very low capture cross-section for holes so that the hole lifetime is in
the ps rangeB34 3%1, This fast electron capture leads to a rapid decay of the PL signal at early times.
Third, hole injection into the HTL also causes a rapid decay of the PL signal with a rate proportional
to the carrier concentration at the interface, which is highest within the first ~100 ns. Whereas the
first two mechanisms are the same for all our samples, the third mechanism depends on the specific
interface and HTL. Hence, the difference in TRPL for the first 60 ns is caused by different hole
transfer rates into the HTL. The PEAI-treated film shows a significantly faster hole extraction into
the HTL compared to the untreated film but it is outperformed by tBBAI. This faster charge transfer
is very likely caused by a smaller hole transfer barrier and, concomitantly, by a lower hole transfer
resistance. Due to the intrinsically high polarization of the perovskite material and the low
polarization of the organic and hydrophobic Spiro-OMeTAD, we expect a hole transport barrier that
is related to the poor contact of HTL and perovskite. With the ambipolar passivation agent bearing
ammonium iodide that coordinates with the perovskite and hydrophobic ligand similar to that of
HTL, the barrier shall be minimized. If we compare the difference between PEAI and tBBAI, less
crystalline tBBAI is most probably creating more even coverage on the surface of the perovskite,
creating better contact between HTL and perovskite.

Photovoltaic performance

To demonstrate the advantage of the new passivation agent in solar cells, PSCs are fabricated with
tBBALI as passivation agent; for comparison, PEAI and non-passivated perovskites are applied. The
PSCs have the n-i-p device architecture FTO/compact TiO»/mesoscopic TiO2/perovskite/PEAI or
tBBAI/Spiro-OMeTAD/gold. IV curves of these cells under 1 sun illumination are shown in Figure
5A and the corresponding PV parameters in Table 1.
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Figure 5. A, reverse I-V curves of the champion PSCs. B, MPP tracking of the PSCs within the first
330 s under ambient air. C, IPCE of the PSCs. D, Voc dependence of light intensity with ideality
factors njq.

A champion cell with a PCE of 23.5% is achieved with tBBAI passivation, with a Voc of 1142 mV,
a fill factor (FF) of 82.1% and a Jsc of 25.1 mA cm™. This Voc represents a voltage loss of 408 mV
with respect to the optical bandgap of 1.550 eV (derived from the inflection point of the IPCE
spectrum in Figure 5C), which is 89.9% of the radiative limit of V,. of 1270 mV (see Note 2 in
supplementary information). Negligible hysteresis of 1.8% and 0.8% is observed between the
forward and reverse scan of PEAI and tBBAI, respectively. By contrast, the hysteresis of non-
passivated PSC is as high as 5.5%, with 20.1% PCE for the forward scan and 21.2% for the reverse
scan. The photovoltaic metrics in Figure S5 depict the high reproducibility of the photovoltaic
performance in this study. Figure SB shows the stabilized power output at the maximum power
point (MPP) for the best performing devices under dehumidified ambient air (10% RH) within the
first 3 min. For tBBAI the stabilized PCE is 23.3%, which is in good agreement with the PCEs
obtained from the forward and backward J-V scans. However, we observed a decrease with PSCs
from initially 23.1% to 22.5% with PEAI as a passivator, which proves the superior performance of
the tBBAI treated devices. Incident photon-to-current conversion efficiencies (IPCE) are shown in
Figure 5C. The integrated photocurrent is in good agreement with the corresponding Jsc values
measured from J-V curves (Table 1). Figure SD shows the illumination intensity dependence of the
Voc from which the ideality factor niq can be extracted. The unpassivated film has a niq of 1.72,
PEALI passivation leads to 1.47 and tBBAI passivation to 1.34. A njq of 1 is expected for a film with
only bimolecular radiative recombinations whereas a njq of 2 indicates that all recombinations are
non-radiative monomolecular®*l. tBBAI shows the nig closest to 1 which indicates the lowest non-
radiative recombination rate followed by PEAI and the unpassivated film which is in good

agreement with the findings from the optoelectronic measurements.



Operational stability data obtained with PSCs at MPP under 1 sun irradiation and in nitrogen
atmosphere (Nz) are shown in Figure 6A. After 500 hours, the PSC passivated by tBBAI interlayer
retained 95% of its initial efficiency, in contrast to 84% for the PSC with PEAI interlayer and 70%
for the non-passivated PSC. The major contribution to the efficiency decline observed for the latter
PSCs arise stems from a decrease in FF (~87% compared to initial value), The reason for this is
likely that the PEALI interlayer or the direct contact between perovskite and HTL does not form a
stable interface as contrast to tBBAI. Contact angle measurements of water droplets on the surface
of perovskite films with and without interfacial layers are shown in Figure 6B. The perovskite film
with tBBAI surface treatment exhibits a contact angle up to 82°, which is much higher compared to
PEAI-treated and untreated perovskite films, implying a better moisture resistance*”). To further
prove this, PSCs with and without interface layers are aged under ambient condition with a RH
(relative humidity) of 50-70 %, the results are shown in Figure S6. It is observed that after 55 days
(~ 1300 h), the PSC with tBBAI interlayer decreased by less than 10%, while in comparison, PSC
with PEAI decrease by 30% and PSCs without interface layer decreased by over 26%, This larger
performance decrease implies a faster degradation of the perovskite films due to increased moisture

uptake.

Table 1, photovoltaic parameters of champion devices with and without passivation agents

(measured under simulated AM 1.5G irradiance)

PSC Voc [V] Jsc® [mA cm?] Jscd [mA cm?] FF PCE [%]
Control-FWS? 1.077 24.87 0.750 20.1
Control-RVSP 1.091 24.79 24.01 0.785 21.2

tBBAI-FWS 1.142 25.11 0.815 234
tBBAI-RVS 1.142 25.10 24.90 0.821 23.5
PEAI-FWS 1.121 25.06 0.794 22.3
PEAI-RVS 1.122 25.01 24.95 0.809 22.7

aforward scan;
breverse scan;
¢Jsc determined from the IV measurement;

dJsc determined from IPCE.
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Figure 6. A, MPP ageing results in inert atmosphere (N2) and under 1 sun continuous illumination
of a PSC without passivation and PSCs passivated with PEAI and tBBAI. B, Images of water
droplets on the surface of a neat perovskite film (control) and on passivated perovskite films.

Conclusion

In conclusion, a new surface passivation agent, tBBAI was developed. Electro-optical
characterizations show that tBBAI passivated perovskite films exhibit less non-radiative charge
carrier recombination, i.e. a lower defect density, and a significantly improved charge extraction
from the perovskite film to the HTL. We observe a Voc increase of ~ 20 mV with tBBAI compared
to PEAI and ~ 50mV compared to the perovskite films without passivation. Our tBBAI champion
cell yielded PCE of 23.5%, which is among the highest PSC efficiencies achieved so far. In addition,
the enhanced hydrophobicity of tBBAI compared to PEAI leads to an enhanced moisture resistivity,
and thus better operational stability. PSCs with tBBAI retained over 95% of their initial PCE after
500 h MPP tracking, and over 90% of their initial PCE after 55 days ageing under ambient air with
an RH of 50-70%. Our work provides a simple yet effective approach to fabricate efficient PSCs

with outstanding efficiency and high operational stability.
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