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Tang et al. report a 23.6% gas-quenched perovskite solar cell by incorporating
potassium iodide (Kl) in the precursor and applying n-hexylammonium bromide
(HABFr) to the surface. Kl induces a spatial-compositional change, improving grain
boundary properties. KI and HABr reduce traps close to the mid-gap, and HABr

greatly improves the built-in potential of the device, thereby improving voltage
output.
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SUMMARY

The power conversion efficiency (PCE) of metal halide perovskite so-
lar cells (PSCs) has improved dramatically from 3.8% to 25.5% in
only a decade. Gas quenching is a desirable method for fabricating
high-efficiency cells as it does not consume antisolvents and is
compatible with large-area deposition methods such as doctor blad-
ing and slot-die coating. To further improve PCEs for gas-quenched
PSCs, here, we develop complementary bulk and surface passiv-
ation strategies by incorporating potassium iodide (KI) in the perov-
skite precursor and applying n-hexylammonium bromide (HABr) to
the perovskite surface. We show that (1) Kl induces a spatial-compo-
sitional change, improving grain boundary properties; (2) Kl and
HABr reduce traps, especially at levels close to the mid-gap; and
(3) HABr greatly improves the built-in potential of the device,
thereby improving voltage output. The champion device achieves
a steady-state PCE of 23.6% with a Voc of 1.23V, which is, to the
best of our knowledge, the highest for PSC by gas quenching to
date.

INTRODUCTION

Metal halide perovskites have attracted tremendous research interest due to their
extraordinary optoelectronic properties' ™ that led to the rapid improvement in
the power conversion efficiency (PCE) of perovskite solar cells (PSCs) from 3.8%
to 25.5% in only a decade.® Devices achieving >20% PCE can be demonstrated
at ease using the antisolvent dripping method.””"" However, the amount of anti-
solvent is 3-5 times the volume of the perovskite precursor, and some of the anti-
solvents used are toxic, which inevitably increases the manufacturing costs of
PSCs.'”'* Antisolvent treatments are limited in their applications for scalable
deposition methods such as doctor blading and slot-die coating. To circumvent
this without compromising the performance of PSCs, the gas-quenching method
has been demonstrated for the fabrication of high-efficiency cells when applied
to spin coating,'®™?° 3032 and roll-to-
roll printing®® for the deposition of perovskite thin films. However, there is still

slot-die coating,”’?” doctor-blade coating,

room for improvement for the PCEs of PSCs by gas quenching. Open circuit volt-
ages (Vocs) and short-circuit current densities (Jscs) of gas-quenched devices are
typically below 1.2 V and 23.5 mA/cm?, respectively. The low Jsc is due to the
larger-than-ideal band gaps of the perovskite absorbers® used and non-optimized
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optical management in these cells, as well as the presence of non-radiative recom-
bination within the perovskite bulk (e.g., at the grain boundaries) and at perovskite
surfaces, which also contributes to lower Voc. Low Ve is also due to poor band
alignment at the perovskite-carrier transport layer interface.®” This suggests that
developing surface and grain boundary passivations compatible with gas-
quenched-processed perovskite films is critical.

Here, we report complementary bulk and surface passivation strategies using potassium
iodide (Kl)-incorporated perovskite precursor'’**> and n-hexylammonium bromide
(HABr) surface treatment.* First,we show that Kl narrows the band gap of perovskite ab-
sorbers, which extend the optical absorption and reduce non-radiative recombination in
the perovskite thin films, thereby increasing the output voltage of perovskite solar
cells.”’** Second, HABr forms a very thin low-dimensional perovskite layer passivating
the surface and grain boundaries of the perovskite thin film,* as evidenced by the re-
sults of conductive atomic force microscopy (c-AFM) and depth profile and angle-
resolved X-ray photoelectron spectroscopy (XPS). The end result is improved built-in
potential, and therefore improved current output of associated devices. Finally, the
passivation strategies developed using Kl and HABr are shown to greatly reduce traps
at different energy levels. This work is the first to report the density and distribution of
trap states in gas-quenched processed perovskites before and after various passiv-
ations. The champion gas-quenched PSC achieved a 23.6% steady-state PCE with a
Voc of 1.23 V, retaining 90% of its initial PCE after 30 days of N, storage. To the best
of our knowledge, this is the highest PCE for PSCs fabricated by the gas-quenching
method to date (Figure 1F). This is significant for low solvent (therefore, lower cost
and reduced toxicity) and scalable manufacturing of efficient PSCs. The complementary
passivations reported here are not only suitable for PSCs fabricated by the gas-quench-
ing method but they are also readily translatable to other scalable processes for
improved efficiency.

RESULTS AND DISCUSSION

Fabrication and characterization

Figure TA illustrates the gas-quenching method that replaces the antisolvent drip-
ping for the fabrication of FAg goMAg 15Csg.05Pbl2 55Brg 45 perovskite film. As shown,
N, gas was blown to the substrate during the deposition of perovskite precursor so-
lution by spinning to induce supersaturation.’” Figure 1B shows the structure of
PSCs demonstrated in this work, as well the complementary passivation strategies
developed that involve the incorporation of Kl into the perovskite precursor and
HABr surface treatment to passivate the perovskite-spiro-OMeTAD interface
(spiro-OMeTAD = 2,2',7,7'-tetrakis-9,9'-spirobifluorene, and is used as the hole
transport layer for the PSC). Figure S1 shows the distribution of electrical character-
istics of reference cells, Kl passivated, and KI+HABr passivated cells. The PCE im-
provements after Kl incorporation, especially when in conjunction with HABr treat-
ment, are mainly due to increases in Voc and fill factor (FF). The treatments also
narrow the spread of Jsc for cells. The photocurrent density-voltage (J-V) curves of
the best PSC under reverse and forward scans are shown in Figure 1C, demon-
strating negligible hysteresis. Reverse scanned, forward scanned, and PCEs exceed
23% (Figures 1C and 1D). The external quantum efficiency of the champion cell is
consistently high at 90% below the optical threshold and the integrated Jsc is
23.6 mA/cm?, which agrees well with that measured from light J-V measurement.

Role of Kl incorporation and HABr surface treatment

To understand how Kl incorporation and HABr surface treatment improve device
performance, X-ray diffraction (XRD), photoluminescence (PL), and time-resolved
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Figure 1. Complementary passivations for highly efficient perovskite solar cells by gas quenching
(A) Gas quenching method for fabricating perovskite thin films.

(B) Device structure of PSCs demonstrated using complementary passivations scheme developed in this work. Kl was incorporated into the perovskite
precursor, while HABr was deposited on the surface of the perovskite film.

(C) Current density-voltage curve of gas-quenched with KI+HABr passivated PSCs.
(D) Steady-state PCE of gas-quenched with KI+HABr passivated PSCs.
(E) External quantum efficiency of gas-quenched with KI+HABr passivated PSCs.

(F) Evolution of PCE of perovskite solar cells by gas quenching over time showing highest value achieved to date by this work. Details can be found in
Table S1.

photoluminescence (TRPL) were carried out on test structures. Figures 2A and 2B
show the XRD patterns of reference, Kl, and HABr passivated perovskite thin films.
The undesirable photoinactive é-phase of FAPbl; and residual Pbl, is present in
the reference samples, which are effectively removed after Kl incorporation.®

The most significantimpact of Kl incorporation is seen in the PL spectra shown in Fig-
ure 2C. Klincorporation causes a peak redshift from 788 to 794 nm and an increase in
PLintensity. This redshift suggests a compositional change in the perovskite thin film,
possibly due to | 7/Br~ exchange in the perovskite film, making it more iodide rich"7+**
or the formamidinium (FA) redistribution making the film FA poor,39 This hypothesis
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Figure 2. Material properties of Kl and HABr passivated perovskite films by gas quenching
(A and B) XRD pattern (*, #, and 2D-perovskite represents the 3-phase of FAPbls, Pbl,, and 2-
dimensional perovskite, respectively).

(C) PL spectra of reference, Kl passivated, and KI+HABr passivated samples.

(D) TRPL spectra of reference, Kl passivated, and KI+HABr passivated samples.

will be tested by AFM-infrared spectroscopy (AFM-IR), which is presented below. In
terms of the additional HABr treatment, the impact on the PL peak shiftis insignificant
(from 794 to 795 nm). In terms of the XRD pattern of the KI+HABr passivated sample,
the presence of 3.93°, 7.86°, and 11.79° peaks (Figure 2B) suggests the formation of
2-dimensional (2D) perovskite, and these peaks are in good agreement with the pre-
vious report of Yoo et al.** The effect can also be seen in the plan-view scanning elec-
tron microscopy (SEM) image in Figure S2C.

The trends in the rise of PLintensities from the Kl and KI+HABr samples are similar to
those for the rise of effective TRPL lifetimes (tef) (Table S2) in the same samples as
shown in Figure 2D. Details for TRPL fitting and the determination of 7. can be
found in the Experimental procedures. Te¢ increases from 66 to 108 ns after Kl incor-
poration and increases further to 129 ns after HABr surface treatment. PL quantum
yield (Figure S3) and quasi-Fermi-level spli’c‘cir194O (Table S3) for the test structures
before and after Kl and KI+HABr treatments were also determined showing the
same trends pointing to the effectiveness of KI and HABr in improving film quality.
Reasons are discussed below using spatially resolved analysis.

Topography and current mappings by c-AFM on reference, Kl passivated, and KI+HABr
passivated perovskite films are shown in Figures 3A-3F, respectively. For the reference
perovskite thin film, grain boundaries are more conductive than the grain interior as
shown by c-AFM images (Figure 3D). However, the incorporation Kl causes the grain
boundaries to become less conductive, reducing the differences between grain interior
and grain boundaries (Figure 3E). The elimination of Pbl, from the grain boundaries
(although evident in Figures 2A and S2B) is unlikely to be the cause of reduced

4 Cell Reports Physical Science 2, 100511, August 18, 2021



Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

A

Ref

501.8 nm 593.0 fA

332.5nm § -195.9fA

57.7nm 593.0 fA

-72.8 nm -196.0 fA

41.7nm 1.2 A

-43.8 nm -11.3fA

o

Figure 3. Spatially resolved analyses of Ref, KI, and HABr passivated perovskite films by gas quenching
(A-C) Topography map of (A) reference, (B) Kl passivated, and (C) KI+HABr passivated perovskite films.
(D-F) Current mapping by c-AFM of the same samples.

(G-L) AFM-IR mapping of the 1,715 cm™~" wavenumber for a given region of the same samples.

Scale bars are 300 nm.

conductivity due to the lower mobility of Pbl, compared with the perovskite.*' Rather, it
is likely to be due to the reduction in positively charged iodide vacancies (V,.), which are
dominant defects at grain boundaries, and when present, have been reported to
enhance the conductivity of the grain boundaries due to ionic contributions dominating
in the dark.***?

HABr surface treatment on Kl samples reduces the conductivity of the perovskite thin
film, further resulting in the measured signal being close to the detection limit (Fig-
ure 3F). This is due to the formation of a thin and less conductive 2D perovskite layer
on the surface. It is important to note that both Kl and HABr do not affect the series
resistance of the final perovskite devices. This is because the conductivity measured
by c-AFM includes the lateral conductivity of the film, which does not affect the oper-
ation of the final solar device as it is designed in such a way that only vertical carrier
transport matters the most and lateral current flow is handled efficiently by the trans-
parent conductive oxide and metal electrode in the final solar device. The reduced
lateral conductivity is likely to produce an additional benefit of localizing defect-
related and shunting-related effects, thereby increasing the FF and shunt resistance
in Kl-incorporated and HABr-treated cells (Figure S1).

For further chemical analysis of various films, we carried out AFM-IR, depth-profile

XPS, and angle-resolved XPS. Figures 3G-3I show the AFM topography of the refer-
ence, Kl passivated, and KI+HABr passivated samples, and Figures 3J-3L show the
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Figure 4. Depth resolved analysis of KI+HABr passivated perovskite thin film

(A) lllustration of depth profiling.

(B) C 1 s spectra for the KI+HABr sample before and after 5s and 10 s of etching, respectively.
(C) N 1 s spectra for the KI+HABr sample before and after 5s and 10 s of etching, respectively.

AFM-IR images of the selected regions of the same samples under a higher magni-
fication. The 1,715 cm ™" wavenumber was chosen for the AFM-IR mapping due to its
prominence in all of the samples (Figure S4), which corresponds to the FA functional
group.**** In Figures 3J-3L, red signifies high FA content, while blue signifies low
FA content. After Kl incorporation. it can be seen that the FA is significantly depleted
at the grain boundaries (Figure 3K), suggesting a redistribution of FA, with FA con-
tent being more even distributed within the grain interior and FA being more
depleted at the grain boundaries. This is also seen in Figure S5B, which shows a
line scan of a Kl-incorporated sample. Further HABr treatment does not induce
the re-distribution of FA but rather homogenizes the surface by its coverage (Fig-
ure 3L).%° This is seen in the results of depth-resolved XPS measurements of the
KI+HABr passivated film as shown in Figure 4.

Figure 4A illustrates the XPS measurements carried out on test structures before
and after 5 and 10 s of etching. Measurement results are shown in in Figure 4B
for the C 1 s peaks at 285.4 and 287.7 eV and in Figure 4C for the N 1 s peaks,
at 399.8 and 401.2 eV, corresponding to C=NH,"* and C-NH,,"® which are signa-
tures of 3D and 2D perovskites, respectively.” Identical intensities of C-C peaks
in the depth-resolved C 1 s spectra (Figure 4B) suggests negligible surface
contamination by air exposure before sample loading for the XPS test. From Fig-
ure 4C it can be seen that the surface of the HABr-treated sample is dominated
by the C-NH, 2D perovskites, while the bulk is dominated by the C=NH," 3D
perovskites.

To evaluate the electrical properties of PSCs before and after KI and HABr passiv-
ations, Mott-Schottky analysis, temperature-dependent Voc measurement, and
impedance spectroscopy were carried out on reference, Kl passivated, and KI+HABr
passivated PSCs.
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Figure 5. Electrical characterization of Kl and HABr PSCs by gas quenching

(A) Mott-Schottky plot.

(B) Temperature-dependent Voc.

(C) Density of trap states as a function of energy level for PSCs before and after passivations.

Figure 5A shows the Mott-Schottky plots for reference, Kl passivated, and KI+HABr
passivated PSCs for determining their built-in potentials (Vy;). Reference and Ki
passivated cells have similar Vi;s at 1.12 and 1.15 V, respectively. The KI+HABr
passivated cell has a much higher Vy,; at 1.31 V. The higher Vy, is due to a better
band alignment due to the formation of 2D perovskite.?® This explains the higher
Voc measured for KI+HABr passivated cells (Figure STA).

Figure 5B shows the results of the temperature-dependent Voc measurement, which
enables the extrapolation of the recombination activation energy (E,)."” E, was
calculated to be 1.43 eV for the reference cell, 1.52 eV for the Kl passivated cell,
and 1.64 eV for the KI+HABr passivated cell. E, for the reference cell is lower than
its band gap (Eg = 1.57 eV from PL spectra), which means the recombination is pre-
dominantly at the perovskite surface (i.e., the perovskite-HTM interface).”” E,s for
the Kl passivated and KI+HABr passivated cell are greater than or equal to their
band gaps (Eg ki = 1.56 eV and Eg kj+rasr = 1.56 eV from their PL spectra). This means
carrier recombination via interface, surface, or tail states in these cells has been
greatly reduced.*’

Impedance spectroscopy of the cells also allows for the determination of the density
of trap states at different energy levels (E.) with respect to the valance band (E,).*% as
shown in Figure 5C. For the reference, Kl passivated and KI+HABr passivated cells
Eur, Erz, and Ez were identified and assigned to 0.193eV, 0.201 eV, and 0.217 eV,
respectively. It is clear that Kl incorporation effectively passivates the Ei, and E3
traps and reduces E; to a certain extent. HABr surface treatment reduces the density
of Ey; and E3 traps further, but the density of shallow Ey; traps remains unchanged.
The Ey traps may be associated with the perovskite-SnO; interface or the perovskite
bulk. For the latter, trap reduction may be due to the passivation of halide vacancies
by the KI.?**> However, E,; traps are insensitive to the HABr surface treatment. The
Eiz and E3 traps are likely to be associated with the perovskite surface (i.e., perov-
skite-HTM interface) and therefore were greatly reduced after the HABr treatment,
forming a 2D perovskite surface passivation layer that also facilitates better band
alignment, enhancing cells’ built-in potential to produce higher output voltage.

Preliminary stability testing shows that unprotected cells initially improved during
the first 500 h of N, storage and retained 91% of the initial PCE after 1 month of stor-
age (Figure S6A; Table S1). After 10 h of thermal stress at 85°C, the efficiency of non-
encapsulated cells was halved but recovered (to 97% of initial value) after the
removal and redeposition of the hole transport material (HTM) (spiro-OMeTAD)

Cell Reports Physical Science 2, 100511, August 18, 2021 7
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and the Au electrode (Figure Sé6B). This indicates that thermal degradation is domi-
nated by the degradation in the spiro-OMeTAD. After 12 h of humidity (50% relative
humidity) exposure, the efficiency of non-encapsulated cells dropped by 34% and
recovered to only 91% of the initial value after the removal and redeposition of
the HTM (spiro-OMeTAD) and the Au electrode (Figure S6C). This suggests that hu-
midity exposure also affects the perovskite absorber. Future work will include opti-
mization for cell stability rather than just performance, which has been the focus of
this work.

In summary, we have developed complementary bulk and surface passivation stra-
tegies for gas-quenching processed PSCs that involves the incorporation of Kl in
the perovskite precursor for bulk passivation and a surface treatment using HABr
for surface passivation. Spatially resolved analysis reveals that KI induces spatial-
compositional change, which helps explain film quality and device improvements.
We have also improved the understanding of trap distributions in triple cation perov-
skites and how the use of KI and HABr reduces traps at different levels. Spatially
resolved and depth-resolved chemical analysis reveals that HABr treatment forms
a thin 2D perovskite layer on top of the perovskite bulk. Mott-Schottky analysis re-
veals that HABr greatly improves the built-in potential of the device, thereby
improving its output voltage. The best PSC fabricated using Kl incorporation and
HABr surface treatment achieved a steady-state PCE of 23.6%, with a remarkable
Vo of 1.23 V, the highest for perovskite solar cells fabricated by gas quenching to
date. The complementary passivations strategies reported here are not only suitable
for PSCs fabricated by the gas-quenching method but are also readily translatable to
other scalable processes for improving efficiency.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests should be directed to and will be fulfilled by the
lead contact, Anita W.Y. Ho-Baillie (anita.ho-baillie@sydney.edu.au).

Materials availability
This study did not generate new unique materials.

Data and code availability

The published article includes all of the data analyzed and necessary to reach the
conclusions of this study in the figures and tables of the main text and Supplemental
information. Further information and requests for additional data should be directed
to the lead contact.

Materials and methods
See the Supplemental experimental procedures for full details of materials, precur-
sor preparation, PSC fabrication, and device characterization.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100511.
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