University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Zheng, F;Zuo, C;Niu, M;Zhou, C;Bradley, SJ;Hall, CR;Xu, W;Wen, X;Hao, X;Gao, M;Smith,
TA;Ghiggino, KP

Title:
Revealing the Role of Methylammonium Chloride for Improving the Performance of 2D
Perovskite Solar Cells

Date:
2020-06-10

Citation:

Zheng, F., Zuo, C., Niu, M., Zhou, C., Bradley, S. J., Hall, C. R., Xu, W., Wen, X., Hao, X., Gao,
M., Smith, T. A. & Ghiggino, K. P. (2020). Revealing the Role of Methylammonium Chloride
for Improving the Performance of 2D Perovskite Solar Cells. ACS Applied Materials and
Interfaces, 12 (23), pp.25980-25990. https://doi.org/10.1021/acsami.0c05714.

Persistent Link:
https://hdl.handle.net/11343/345177



I APPLIED MATERIALS

XINTERFACES

Subscriber access provided by The University of Melbourne Libraries

Energy, Environmental, and Catalysis Applications

Revealing the Role of Methylammonium Chloride for
Improving the Performance of 2D Perovskite Solar Cells

Fei Zheng, Chuantian Zuo, Mengsi Niu, Chunhua Zhou, Siobhan Bradley, Christopher Hall,
Weilong Xu, Xiaoming Wen, XiaoTao Hao, Mei Gao, Trevor A. Smith, and Kenneth P. Ghiggino
ACS Appl. Mater. Interfaces, Just Accepted Manuscript « DOI: 10.1021/acsami.0c05714 + Publication Date (Web): 18 May 2020
Downloaded from pubs.acs.org on May 27, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 23 ACS Applied Materials & Interfaces

1

2

y Revealing the Role of Methylammonium Chloride for

. Improving the Performance of 2D Perovskite Solar Cells

; Fei Zheng,! Chuantian Zuo,”> Mengsi Niu,? Chunhua Zhou,* Siobhan J. Bradley,' Christopher R.
?O Hal'l,1 Weilong Xu,! Xiaoming Wen,* Xiaotao Hao,>! Mei Gao,>* Trevor A. Smith,' Kenneth P.
11 Ghiggino!*

12 ISchool of Chemistry and ARC Centre of Excellence in Exciton Science, The University of Melbourne,

1 Z Parkville, Victoria 3010, Australia

15 2Flexible Electronics Laboratory, CSIRO Manufacturing, Clayton, Victoria 3168, Australia

16 3School of Physics, State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100,

1573 Shandong, China

19 4Centre for Translational Atomaterials, Swinburne University of Technology, Hawthorn, Victoria 3122,
20 Australia

21

22 *Email: ghiggino@unimelb.edu.au; Mei.Gao@csiro.au

;Z ABSTRACT:

;2 Layered perovskite films, composed of 2D Ruddlesden-Popper perovskites (RPP), show improved stability
;; compared to their conventional 3D counterparts in perovskite solar cells (PSCs). However, 2D PSCs exhibit
29 a lower power conversion efficiency (PCE) that has been attributed to compositional inhomogeneity and
;? non-uniform alignment of the 2D perovskite phases. Methylammonium chloride (MACI) has been adopted
32 as an additive to improve the PCE and the operational stability of 2D PSCs, although the role of MACI in
;i performance enhancement is unclear. In this work, time and spatially-resolved fluorescence and absorption
;Z techniques have been applied to study the composition and charge carrier dynamics in MACI doped
37 BA,MAPb;l ¢ (<n>=5) layered perovskite films. The inhomogeneous phase orientation distribution in the
ig direction orthogonal to the substrate for undoped layered perovskite films undergoes reorganization upon
40 MACI doping. Based on structural and crystallographic analyses, it is revealed that MACI can facilitate the
j; crystallization of small-n 2D perovskite phases at the cost of consuming an increased amount of BA cations.
43 Consequently, an increase in the thickness of large-n 2D perovskite phases accompanies their enhanced
jg perpendicular alignment ([101] crystalline orientation) to the substrate, which facilitates charge carrier
23 transport and collection by electrodes. The defect passivation of the MACI doped layered perovskite film
48 provided by the small-n phase is also beneficial to the photovoltaic performance of the PSC device. A
2(9) maximum PCE (~14.3%) was achieved at 6 mol% MACI doping, with this optimum level influenced by
51 the increased interfacial roughness of the layered perovskite film caused by the edges of small-n perovskite
g; flakes emerging on the front surface.

gg KEYWORDS: 2D, layered perovskite film, MACI doping, small-n, large-n, perpendicular
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INTRODUCTION

Two-dimensional (2D) Ruddlesden-Popper perovskites (RPP), denoted by the formula of R,A,.|Pb,X3,1,
are steadily gaining interest in both fundamental theoretical and experimental investigations owing to their
unique optical properties and the potential for optoelectronic applications.!* The structure of 2D perovskites
is generally described as n layers of 2D [PbX,]> octahedra sandwiched by two layers of long-chain
alkylammonium cations (or ligands) (R*).> These 2D perovskites are essentially quantum wells (QWs) with
a tunable band-gap depending on well width (layer thickness, n) in which the electrical insulating long-
chain cations act as barriers and provide quantum and dielectric confinement to electrons.® Significantly,
the hydrophobic alkylammonium ligands (R*) can prevent moisture invasion into perovskite crystals,
imparting 2D perovskites with improved humidity and atmosphere resistance compared to their 3D
counterparts.! Despite the insulating nature of the long-chain cation layers, the alignment of the 2D
perovskite flakes perpendicular to the substrate ensures considerably high carrier mobility of the films in
the direction orthogonal to the substrate.” Therefore, as has been widely reported,’-> 8 perovskite solar cells
(PSCs) based on 2D layered perovskite films show superior environmental stability while maintaining high

power conversion efficiencies (PCEs).

Phase pure 2D perovskite crystals with the desired » value can be synthesized by supersaturation methods
from the precursor solution with a controlled R to A ratio (2: n-1) according to the given molecular formula.’
Alongside the structural analysis of 2D perovskite crystals by X-ray crystallographic diffraction, physical
properties such as the exciton binding energy and polaron dynamics in small-n 2D perovskite phase are
also intensively studied to provide a clearer picture of these materials.* ' Layered perovskite films, cast
from 2D perovskite precursors (with specific n value), required for PSC applications, are not composed of
a single component of n-layer 2D perovskite but rather a mixture of 2D perovskites with various
thicknesses.” This phenomenon can be easily verified by the different photoluminescence (PL) emission
observed between the front and back (film-substrate interface) surface of layered perovskite films.
Therefore, the phase distribution and orientation profiles of 2D perovskite layers within the layered
perovskite film become critical issues influencing the charge carrier dynamics and thus the performance of
PSCs. Unfortunately, a clear understanding of the structure of layered perovskite films is still lacking. Chen
et al. determined that perpendicularly aligned (relative to the substrate) 2D perovskite flakes nucleate and
grow from the top surface (liquid-air interface) toward the bottom (substrate) side during the formation of
layered perovskite films.!! In contrast, recent work by Huang’s group revealed that 2D components are

concentrated at the bottom of deposited films and 3D-like phases are present on the front surface.!?
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To achieve ordered alignment and homogeneous phase distribution of 2D perovskite flakes, critical for the
performance of 2D PSCs, investigations based on synthetic control,'? solvent engineering,'* !> and additives
doping of layered perovskite films have been carried out.'® Among these, doping holds the advantage of
easy processability and excellent reproducibility. Inspired by the application of chloride in achieving high-
quality 3D MAPbI;_Cl, perovskites,!” small amounts of methylammonium chloride (MACI) were doped
into the precursor of the 2D perovskite for the deposition of layered perovskite films, yielding improved
photovoltaic performance of PSC devices. The power conversion efficiency (PCE) of PSCs based on 2D
perovskite (ThMA),(MA),-Pb,l5,+; (<n> = 3) was dramatically improved from 1.74% to 15.42% using
MACI as the additive as reported by Lai et al.!® The use of DMSO solvent and 10 mol% MACI additive
was found to provide a synergistic effect to achieve a hysteresis-free PSC based on (PEA),(MA);Pbyl;;
(<n>=4) RPP, with a PCE exceeding 12%.'% Although the performance enhancement of devices upon
MACI doping is correlated to the morphology and crystallinity improvement of layered perovskite films,
the role of chloride ions in tailoring the film structure remains controversial. For example, Chen et al.
proposed that chloride ions are incorporated to form the PbCls* based 2D perovskite phase forms in the
chloride doped layered perovskite films.!° Recently, other research has demonstrated that chloride ions only
exist in the intermediate phase and are finally eliminated during the MACI additive assisted preparation of
pure a-phase formamidinium lead iodide (FAPbI;)-based perovskite.?® A clear understanding of film
structure and the formation mechanism of layered perovskite films is urgently needed for the further

improvement of 2D PSC devices upon MACI additive doping or by other methods.

In this work, we demonstrate effective PCE enhancement and reduced hysteresis for PSC devices based on
2D BA,;MAPb;sl 4 (<n>=5) layered perovskite film upon MACI doping. To uncover the role of MACI and
the mechanism driving the performance improvement, systematic characterizations were carried out on the
layered perovskite films without and with MACI additives. Spatially resolved photoluminescence (PL)
measurements show that the thickness of the large-n 2D perovskite phase, which dominates the composition
of layered perovskite films, increases with an increasing MACI doping ratio. The enhanced alignment
preference of large-n 2D perovskite flakes as indicated by powder XRD is achieved upon MACI doping,
which is favorable for efficient charge transport in the direction orthogonal to the substrate. Time-resolved
PL and transient absorption techniques compare the charge carrier dynamics in layered perovskite films
without and with MACI doping, further supporting the efficient charge carrier funneling from small-n to
large-n 2D components inside the film with the fastest electron transfer at the perovskite/ETL interface for
the film with 6 mol% MACI doping. Finally, we propose that MACI can facilitate the crystallization of
small-n 2D perovskite flakes, leading to a thickness increase and thus a more enhanced alignment profile
of the large-n 2D perovskite component in the MACI doped layered perovskite films. Together with the
decreased trap state density offered by the passivation effect of the small-n 2D component, the PCE of PSC
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devices was thus considerably increased from 8.2+0.3% to 13.9+0.3% with 6 mol% being the optimal
MACI doping.

RESULTS AND DISCUSSION

To clarify the composition and structure of layered perovskite films more confidently, the
photoluminescence properties of 2D perovskite crystals with various thicknesses (represented by the
number of [PbX,]* octahedral layers: n) were first studied. Figure 1a shows the normalized PL spectra of
2D BA,MA,./Pb L34 (=1, 2, 3, 4, 5) and 3D MAPDI; (n=w) perovskite crystals (with photographs shown
in Figure S1a, Supporting Information) excited by a 400 nm femtosecond pulsed laser. Except for the PL
spectrum of the 2D n=5 perovskite, all spectra feature a narrow peak, indicating the high purity of these
synthesized perovskite crystals.?! A small amount of PL emission from the n=4 phase can be recognized
from the spectrum of the n=5 perovskite crystal sample, which is in keeping with the consensus that it is
difficult to synthesize phase-pure 2D perovskites with large layer thicknesses. The structures of 3D MAPbI;
and 2D BA;MA,. Pb, L.+ (=1, 2, 3) are schematically illustrated in the inset of Figure 1b. For 2D
perovskites, PL emission is generated by the radiative recombination of excitons. The PL peak position

. . o . » . .
X/ B .
(Apy) is determined by the excitonic gap (E), or optical gap,?? through Equation 1

h-c
Ex=Eg—Ep= 7~ )

where h is Planck’s constant, c is the velocity of light in vacuum, e is the conversion from Joules to eV (1
eV=1.6 x 10" Joules), and E, E}, are the energy bandgap and exciton binding energy, respectively. The
observed redshift of the PL peak with the gradual increase of the n value is consistent with literature reports,
and can be correlated to the reduced quantum confinement induced by spacer cations with the thickness
increase of the inorganic slabs. As shown in Figure 1b, the variation of E, for 2D and 3D perovskite crystals

as a function of n can be well fit by Equation 2.

leV 5
0.063-n%+ 0.458-n + 0.811 @)

E,=1.623eV +

In this equation, 1.623 eV is the E, of 3D MAPDI; perovskite, which can also be regarded as the bandgap
(E4) due to the small E}, value reported for 3D perovskite. Based on this equation, the n value of specific

2D BA,;MA,,Pb,l;,+ perovskite can be easily determined using the PL peak position.
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Figure 1. (a) Normalized PL spectra of 2D BA,MA,_Pb,l3.+; (n=1, 2, 3, 4, 5) and 3D MAPDI; (n=0)
perovskite crystals; (b) Plot of the excitonic gap of 2D perovskite crystals with » value and the
corresponding fitted curve using Equation 2. (Inset: schematic illustrations of the structure of 2D and 3D
perovskites).

PSCs based on nominally <n>=5 layered perovskite films with 0 mol% (non-doped, with appearance shown
in Figure S1b), 3 mol%, 6 mol%, 9 mol%, 12 mol% MACI doping, fabricated by the one-step drop-casting
method,?* were tested under standard AM1.5G illumination. Performance parameters including the short
circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) of
all devices obtained by the reverse scan are plotted in Figure 2a. With the gradual increase of MACI doping
ratio from 0 mol% to 12 mol%, the PCE, Jsc, Voc, and FF of the 2D PSC devices all increase first and then
decrease. The maximum PCE value is achieved for the 6 mol% MACI device (13.9+0.3%), which is
significantly improved compared to the 0 mol% MACI device (8.2+0.3%). As shown in Figure S2, the
PCE of champion devices (14.3%) can retain ~98% of the initial value when stored in an N,-filled glovebox
for 100 days without encapsulation, implying the superior performance stability of 6 mol% MACI doped
2D PSCs. Figure 2b presents the J-V curves of champion devices based on 0 mol% and 6 mol% MACI
doped layered perovskite films for comparison. An obvious J-V hysteresis can be observed in the 0 mol%

MACI device, with a hysteresis factor (HF) of 10.61% defined as follows:2*

FFrorwarda — FFReversel

| X 100% (3)

HF =

FF Reverse

In comparison, the hysteresis factor of the 6 mol% MACI device (2.99%) is rather small, confirming the
reduced hysteresis characteristic of 2D PSCs with optimized MACI doping. The normalized maximum
power output (MPP) curves of un-doped (0 mol% MACI) and optimized (6 mol% MACI) devices are shown
in Figure 2c¢. For the non-doped device, a slow increase of the MPP appears after a rapid response to light

illumination. The 6 mol% MACI device demonstrates a faster photo-response as the MPP almost reaches
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the maximum value at the initial stage of light illumination. According to our previous report, this slow
response of the MPP to light illumination results from the synergistic effect of the light-induced curing of
defect sites and the accumulation of mobile ions at perovskite interfaces.?” This suggests that MACI doping
reduces the defect density and suppresses ion migration in layered perovskite films.?¢ Further investigations
were performed to investigate the underlying reasons for this observed relationship between the PCE of the

2D PSC device and the doping ratio of the MACI additive, to explore the role of MACI in the performance

enhancement.
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Figure 2. (a) Voc, -Jsc, FF, and PCE of the 2D PSC device (obtained from reverse scan) plotted as a function
of MACI doping ratio; (b) J-V curves of champion 0 mol% MACI and 6 mol% MACI PSC devices under
both forward and reverse scans; (¢) Normalized maximum power output (MPP) curves of 0 mol%, 6 mol%
MACI PSC devices.

Steady state photoluminescence (PL) spectra of all these layered perovskite films were collected from both
sides of the films in the reflection mode with a large excitation beam size (diameter ~100 um). The
penetration depth of the 400 nm excitation beam into the layered perovskite films is estimated to be ~100
nm based on the absorption spectra in Figure S3, indicating the fluorescence signals collected are mainly
from the same side of the film as the photoexcitation. As shown in Figure 3a, PL spectra with illumination
of the back side (film-substrate interface) of all films are composed of multiple peaks, including the
relatively low intensity, peaks at short wavelengths and the dominant long wavelength PL peak. According
to the data presented in Figure 1a and literature reports,’ the short wavelength PL peaks seen in Figure 3a
can be assigned to emission from n=2, 3, 4, 5 2D perovskite components, and the dominant peak at long
wavelength is due to the 3D-like perovskite phase. Thus, the back side of the <n>=5 layered perovskite film
is composed of a phase mixture of various thickness 2D perovskite flakes and a 3D-like perovskite phase.
In contrast, the PL spectra obtained from the front side (film-air interface) (Figure 3b) feature mainly the
long wavelength peak from the 3D-like perovskite phase, which is consistent with literature reports.'? 27
With the increase of the MACI doping ratio from 0 mol% to 9 mol%, PL peaks corresponding to both 2D
perovskite flakes and the 3D-like component show significant intensity enhancement for both sides of the

films. These can be attributed to the increased crystallinity of all perovskite phases and the decreased
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density of defect states, which act as the quenching sites for charge carriers,?® in the layered perovskite
films upon MACI doping. As shown in the zoomed-in inset in Figure 3b, the PL peaks at short wavelength
gradually increase with the higher level of MACI doping, indicating the appearance of small-n 2D
perovskite flakes in the front surface of layered perovskite film. When normalized to unity (Figure 3c, d),
an obvious redshift of peak position corresponding to the 3D-like perovskite phase, from 748 nm to 760
nm, with the increase of MACI doping ratio, can be seen for both sides of the film, while the peak positions
of all small-n 2D perovskites remain constant. For each sample, the PL peak position of the 3D-like phase
obtained from both sides of the film is similar with the increase of MACI doping. The peak positions of
3D-like phases for all samples are at relatively shorter wavelengths than that of real 3D perovskite (764
nm) presented in Figure 1a. Thus, we propose the existence of large-n 2D perovskite flakes, which have
been previously recognized as 3D-like perovskite, that penetrate throughout the layered perovskite film for
all samples. Based on Equation 2, the layer thickness (labeled as n=L) of large-n 2D perovskite from various
MACI doped layered perovskite films is calculated and plotted in Figure 3e. A gradual thickness increase
of the large-n 2D perovskite component in the layered perovskite film, from #»=18 to 42, with the increase

of MACI doping ratio can thus be revealed by these PL studies.

In addition, no PL emission from a PbCls* based perovskite phase (2D or 3D), which would appear as a
blue-shifted peak owing to the larger energy bandgap (E,),?* 3° was observed for any of the MACI doped
layered perovskite films studied. The energy dispersive X-ray (EDX) analysis of the compositions of the 0
mol% and 6 mol% MACI perovskite films (Figure S4) provides further evidence for the absence of chlorine
in the MACl doped sample. Hence we believe that chloride anions are expelled during the annealing process

in the form of MACI molecules, similar to the situation studied in the 3D FAPDbI; case.2%3!
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Figure 3. (a, b) PL spectra of layered perovskite films measured from the back (a) and front (b) surfaces;
(Inset shows the zoomed-in spectra). (¢, d) Normalized PL spectra of layered perovskite films measured
from the back (c¢) and front (d) surfaces. (e) Plots of PL peak position (n=L) and calculated layer thickness
(n) with MACI doping ratio (A = 405 nm)

To evaluate the morphology of layered films, optical microscopic characterization of the front and back
surfaces of all layered perovskite films was carried out (Figure S5). From the optical images of the front
surface (Figure S5a-e), an increased inhomogeneity in optical contrast can be observed for layered
perovskite films with increasing doping ratio of MACI, showing more darkly-colored domains. Darker-
colored aggregations of tens of micrometers in size are formed in the front surface of the layered perovskite
film when the MACI doping ratio reaches 12 mol%. Considering the different optical properties of small-n
and large-n 2D perovskite phases, and that the 0 mol% MACI film front surface is composed of only the
lighter-colored regions, we assign the lighter-color regions to large-n perovskite and the darker-colored
regions to the small-n perovskite phase (as labeled in Figure S5g). This color contrast is more obviously
demonstrated in the optical images of the back surface as shown in Figure S5f-j. The dominant darker-
colored regions present in the back surface of the 0 mol% MACI film and the gradual increase of the
proportion of the lighter-colored regions in the back surface of films with increased MACI doping ratio is
consistent with the observed relative intensity enhancement of PL emission from large-n perovskite

revealed in Figure 3c.

Spatially resolved PL measurements were applied to further identify the composition of the aggregation

domains formed in the 12 mol% MACI doped film sample. Figure 4a shows the optical image (20um x
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20um) of the front surface with aggregation domains (dark stripe) located in the image center. PL mapping
of the same region (Figure 4b) exhibits the 2D spatial distribution profile of PL peak positions, revealing
the concentration of short wavelength PL emission in the aggregation region. PL spectra (Figure 4c) of
three selected points labeled in Figure 4b clarify the compositional difference between different regions of
the film surface. A considerable amount of small-n (n=2, 3, 4, 5) 2D perovskite together with large-n 2D
components can be found in the aggregation domain, while only large-n 2D perovskites are found outside
the aggregation feature. The large-n (n~16-19) perovskite flakes in the aggregation region are also much
thinner than in the lighter-colored region (n=43). This result further supports the assignment of the darker-
colored region observed in the optical microscopy image to small-n phases and shows that increasing the
doping of MACI in layered perovskite films causes the appearance of small-n perovskite components
(darker-colored) in the front surface of the film. An excess amount of MACI doping can even lead to phase

segregation of small-n 2D perovskite phases to form aggregation domains.
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Figure 4. (a) Optical microscopy images of the front surface of 12 mol% MACI layered perovskite film.
(b) 2D distribution profiles of PL peak position corresponding to (a). (¢) Normalized PL spectra of three
selected positions labeled in (b).

Compared to the surface sensitive PL spectroscopic technique, absorption spectroscopy is a good indicator
of the overall composition of perovskite films. Figure S3 presents the UV-vis absorption spectra of layered
perovskite films with various MACI doping ratios. Absorption peaks corresponding to the excitonic
excitation of small-n (n=2, 3, 4, 5) 2D perovskite components can be identified for all film samples. The
gradual enhancement of these peaks with the increase of MACI doping ratio can be ascribed to the increased
amount of small-n 2D perovskite components in MACI doped films. At the same time, the absorbance in
the long wavelength region corresponding to large-n 2D perovskite decreases upon increased MACI doping.
As the quantity of spacer BA cations is constant, this observation can be explained as the amount of small-n
component increasing at the expense of a reduced amount and increased thickness of large-n 2D perovskite.
Combined with the PL characterization results, we propose that MACI can facilitate the formation of small-

n 2D BA,MA, Pb,l;,:; perovskites by cationic substitution similar to the case in 3D perovskite.3! As
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described in Equations 4a&b, the formation of BA;MA,, _ 113, + 1 - XMACI (x is the initial MACI doping
ratio) intermediate phase followed by the cationic substitution of BA to MA and the release of MACl occurs

during the casting and annealing of layered perovskite film at 100 °C.
nPbl, +2BAI + (n — 1)MAI + xMACI-BA;MA,, _ 1Pbyl;, , 1 - xMACI (4a)

BA;MA, _1Pbyl3n 41 xMACl%BAZMAn —1Pbyl 3, 1 +xMACIT (4b)
Ultrafast transient absorption (TA) measurements were also carried out to probe the compositional change
of layered perovskite films upon MACI doping. The pseudo-color 2D representations of the TA spectra
measured following 510 nm excitation for both front-side and back-side excitation (transmitted probe
detection) modes for 0 mol% and 6 mol% MACI films are shown in Figure Sa&b, d&e, while spectra for
the other films are given in Figure S6. Distinct ground state bleaching (GB) peaks corresponding to small-n
and large-n perovskite components can be easily recognized in the TA spectra obtained by back-side
excitation. The positive weak and broad signal at wavelengths shorter than 600 nm can be assigned to the
derivative feature resulting from the blue-shift of the band edge exciton resonance predominantly from the
n=3 phase.?? The compositional differences between films with various MACI doping obtained by back-
and front-side excitation are made clear when the TA spectra are compared at 5 ps, as shown in Figure
S5c&f. With the increase of MACI doping, a gradual enhancement of the GB peaks of small-n 2D perovskites
together with a decrease of the GB peak of large-n 2D perovskite obtained from back-side excitation are
consistent with the UV-vis spectra, further strengthening the view that the amount of small-n 2D perovskites
increases at the cost of reducing the large-n 2D perovskite. By comparing the TA spectra obtained from the
back and front-side excitation, it can be confirmed that small-n 2D perovskite components are more
concentrated at the back side of the film without MACI doping, which emerge onto the front side of the
film upon MACI doping.
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23 Figure 5. (a&b) Pseudo-color 2D TA spectra of 0 mol% (a) and 6 mol% MACI (b) layered perovskite
24 films obtained with front-side excitation. (d&e) Pseudo-color 2D TA spectra of 0 mol% (d) and 6 mol%
25 (e) MACI layered perovskite films obtained with back-side excitation. (c&f) TA spectra of 0 mol%, 3 mol%,
26 6 mol%, 9 mol%, 12 mol% MACI layered perovskite films as a function of probe wavelength obtained with
27 front-side (¢) and back-side (f) excitation taken at 5ps delays (Insets are the measurement configurations).
28 (hex=510 nm)
29
: ? To obtain the dynamics of excitons in layered perovskite films without and with MACI additives, the TA
32 signal as a function of pump-probe delay (horizontal cut) at wavelengths of each GB peak for 0 mol% and
gi 6 mol% MACI films obtained from back side excitation are plotted in Figure 6a&b. A biexponential decay
35 function expressed by:
36
37 t—to t—to
38 I(t) =IO+A1exp(— o )+A2exp(— o ) 5)
39
40 . . ..
41 gave the best fit for all decay profiles. As summarized in Table 1, fit parameters indicate that decay profiles
42 of small-n phases (n=3, 4, 5) are described by a sub-ps scale fast decay component and a slow decay
43
44 component of tens of picoseconds. The fast decay is attributed to exciton-exciton annihilation while the
22 relatively slow decay can be assigned to a combined process for exciton decay, including radiative
47 recombination, trap state filling, and energy transfer to the large-n perovskite phase.’* The decreased ratio
22 of the exciton annihilation decay channel (A;%) as well as the increased decay time constant (7;) for all
50 small-n phases upon MACI doping is an indicator of a more ordered spacer cation arrangement and fewer
51
52 defects for small-n 2D perovskites in the 6 mol% MACI film compared to other films. The kinetic profile
2431 of the GB peak corresponding to large-n (n=L) perovskite is composed of an increasing component and a
55 slow decay channel that occurs on the nanosecond timescale. As the long lifetime decay constant (73) is
56
57
58
59
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beyond the time window of our measurement (900 ps), it was arbitrarily fixed at 10 ns to allow the fitting
of the fast rising component for both film samples. The rise of the GB signal has been previously assigned
as being due to the progressive population of excitons in the large-n perovskite phase due to energy transfer
from small-n perovskites.’* The higher ratio of this rising component (64.4%) for the 6 mol% MACI film
compared to that of the 0 mol% MACI film (47.6%) implies the energy cascade from small-n to large-n
phases becomes more prominent upon MACI doping,*® which would be beneficial for the effective

funneling and collection of charge carriers required for high photovoltaic performance in PSC devices.

(a) - (b) -
0.008 %, 0mol% & n=3 0.008 6mol% ° N=3
n=4 L n=4
a n=5 o n=5
0.006 a n=L 0.006- W n=L
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Figure 6. Plotted decay profiles of indicated GB peaks (-AOD) as a function of pump-probe delay and
corresponding fitted curves for 0 mol% MACI (a) and 6 mol% MACI (b) layered perovskite films with
back-side excitation.

Table 1. Fitting parameters for decay profiles of GB peaks in 0 mol% MACI and 6 mol% MACI films.

0 mol% MACI 6 mol% MACI
A% 71 (ps) A% 72 (ps) A% 71 (ps) A% 72 (ps)
n=3 38.3 0.47 61.7 71.1 19.7 0.76 80.3 83.6
n=4 52.1 0.28 47.9 98.4 8.5 0.35 91.4 199.3
n=>5 31.9 0.26 68.1 103.0 2.9 0.29 97.1 448.5
n=L 47.6 29.9 52.4 10 ns 64.4 51.4 35.6 10 ns

*A%=|A /(A1 HA]); Ax%=|Asl/(|A1[+|As]); Note: for n=L decay profiles, A;<0.

Time-resolved PL (TRPL) measurements were carried out to investigate charge carrier dynamics both in
the individual layered perovskite films and the perovskite/electron transporting layer interface. Figures
7a&b show the normalized TRPL spectra of all five film samples covered by insulating PMMA layers
(without PCBM) and by electron transporting PCBM layers measured from the front surface using the
reflection acquisition mode. For the convenience of comparison, only PL emission from the large-n 2D

component was detected for all films. A bi-exponential decay function was adopted to fit all TRPL decay
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1

2

i profiles, and provided the amplitude average lifetimes of charge carriers for layered perovskite films
5 without PCBM (7,,/,) and with a PCBM (7y;¢p) coating layer. As summarized in Table 2, the variation of
? Tw/o with MACI doping ratio shows a tendency to first increase (from 0 mol% to 9 mol%) and then decrease
8 (from 9 mol% to 12 mol%), which corresponds with the PL intensity shown in Figure 3b. Both increased
?O crystallinity of the large-n perovskite phase and decreased density of trap states can contribute to the
1; increase of carrier lifetime. Considering the larger thickness of large-n 2D perovskite for the 12 mol%
13 MACI film compared to the 9 mol% MACI sample, the observed short carrier lifetime for the former can
1: be explained by the decreased passivation effect provided by small-n 2D perovskites caused by the self-
16 aggregation, similar to the situation highlighted in the mixed 3D/2D hybrid perovskite structures.3¢-37 In the
1573 perovskite/PCBM bilayer films, photo-generated electrons in layered perovskite films can be transferred to
;g the PCBM layer owing to the offset of LUMO levels, which is one of the critical principles for the operation
21 of PSC devices. The feasibility of this interfacial charge transfer process can be characterized by the
;g electron transfer rate (kgr) calculated by:?

24

N

w
=~
3]
~

Il

|

(6)

26

27

28 As shown in Table 2, with the increase of MACI doping ratio from 0 mol% to 12 mol%, kg7 increases first

;(9) and then decreases, achieving the maximum value of 8.78 x 108 s ~1 for the 6 mol% MACI sample, nearly

31 twice that for the undoped film (4.41 x 108 s ~1). A large kg is beneficial for charge collection by the

32

33 electrode in PSC devices and contributes to high photovoltaic performance. This result is in accordance

34 with the highest PCE for a PSC based on 6 mol% MACI doped layered perovskite film. Although the 9 mol%
5

36 MACI film possesses a higher charge carrier lifetime than the 6 mol% sample, the kg for the 9 mol% film

g; is reduced. This can be explained by the increased surface roughness for layered perovskite films with

39 MACI doping as revealed by the SEM images (Figure S7). As shown in Figure S7a, the front surface of

40

41 the 0 mol% MACI film exhibits smooth and uniform grains of a few microns in size. However, features

f’é attributed to the sharp edges of small-n perovskite flakes appear on the surface of the 6 mol% MACI and 9

44 mol% MACI films (Figure S7c¢&d), indicating an increased roughness of layered perovskite films with the

22 increase of MACI doping ratio. This is disadvantageous for the close contact and effective electron transfer

47 between the perovskite film and the PCBM layer, inferring that high MACI doping can be a negative factor

jg for PSC performance from the interfacial morphology perspective. Thus, the competitive effects of

50 passivation of defects and roughness increase, induced by MACI doping, lead to the highest PCE for a PSC

51

52 device being achieved for 6 mol% MACI doping.

53

54

55

56

57

58

59
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Figure 7. TRPL of 0 mol%, 3 mol%, 6 mol%, 9 mol%, 12 mol% MACI layered perovskite films without
(a) and with (b) a PCBM layer.

Table 2. Fitted average PL lifetimes for layered perovskite films without PCBM (t,/,) and with PCBM
(Twitn) coating layer, and the derived electron transfer rate (kgr).

0 mol% 3 mol% 6 mol% 9 mol% 12 mol%
Tw/o (PS) 1172 2140 2794 3076 2478
Twith (PS) 7723 895 809 890 1002
kegr (x 10%s1) 441 6.51 8.78 7.99 5.94

Powder X-ray diffraction (XRD) was applied to investigate the crystallographic information from the front
surface of layered perovskite films. In the diffraction data presented in Figure 8a, diffraction peaks assigned
to the (101), (202), (0k0) lattice planes of large-n 2D perovskite phase can be recognized for all films.!4
Diffraction peaks with low diffraction angle (6.7°) emerging at 9 mol% and 12 mol% MACI films are the
(0k0) diffraction peaks of small-n perovskite phase present at the front surface.® As schematically illustrated
in the inset, the (101) and (202) planes ([101] crystal orientation) are perpendicular (parallel) to the 2D
perovskite layer, while the (0k0) plane ([010] crystal orientation) is parallel to the 2D perovskite layer. As
the diffraction peak intensity is proportional to the weight fraction of a phase, the adjacent (202) and (0k0)
peaks of large-n perovskite are selected to quantify the fraction of 2D perovskite phase aligned

perpendicular to the substrate using:

I (202)

f[101] = I202) + I ok0) ™

in which I(202) and I(gko) are the corresponding peak intensities.’® The gradual increase of the (202) peak

intensity with respect to the (0k0) peak with increasing MACI doping ratio leads to an increase of f[101]
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from 0.42 for 0 mol% MACI film to 0.83 for 12 mol% MACI film, as plotted in Figure 8b, indicating an
increased amount of [101] oriented large-n 2D perovskite layers in the orthogonal direction. Furthermore,
the (101) diffraction peak is adopted to estimate the average crystal size (D) of 2D perovskite layers based

on the Scherrer Equation:

0.89-1

D=m (3

where A is the wavelength of the X-ray, § is the full width half maximum (FWHM) of the diffraction peak
and 0 is the diffraction peak position.’* As depicted in Figure 8b, the average crystal size for the large-n
perovskite phase increases from 23 nm for the un-doped film to 28 nm for the film with 12 mol% MACI
doping. Considering the consistency of crystal size and layer thickness of the large-n perovskite phase, an
increase of layer thickness upon MACI doping is further verified. By dividing D by the thickness of a single
Pbls* layer (0.632nm),*° the layer thickness of large-n 2D perovskite layer in 12 mol% MACI film is
estimated to be 44, closely matching the value (n=42) obtained through the excitonic gap calculation. This
observation is in accordance with the finding that a 2D perovskite flake tends to be aligned more
perpendicular to the substrate with increasing n from 1 to 4.3® Thus, as schematically illustrated in Figure
8c, an increasing population of the perpendicularly aligned large-n 2D perovskite phase in the layered
perovskite film resulted from the increasing thickness of the large-n 2D perovskite layer upon MACI doping

is revealed.
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Figure 8. (a) XRD patterns of 0 mol%, 3 mol%, 6 mol%, 9 mol%, 12 mol% MACI layered perovskite films
(Intensity is displayed on a log;, scale). (b) Plots of [101] crystal orientation ratio and average crystal size
of large-n 2D perovskite phase in layered perovskite films against MACI doping ratio. (¢) Schematic
diagram of the structural variation of layered perovskite films upon MACI doping.

CONCLUSIONS

A systematic investigation was carried out to uncover the structural and compositional variation of <n>=5
layered perovskite films with varying amounts of MACI doping. We emphasize that the commonly believed
3D-like perovskite phase observed in the layered perovskite film is more accurately labelled large-n 2D

perovskite flakes, with the thickness increasing from #=18 for an un-doped (0 mol% MACI) layered
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perovskite film to #=42 for a 12 mol% MACI film. It is proposed that MACI additives facilitate the
crystallization of small-n perovskites, leading to consumption of spacer cations and thus an increased
thickness of large-n perovskite flakes. The decreased defect density and improved crystallinity for the large-
n perovskite phase owing to the passivation effect provided by small-n perovskites, together with the
increased tendency for orthogonal alignment of large-n perovskite flakes relative to the substrate, are
responsible for the PCE enhancement of PSC devices with increasing MACI doping ratio. However, the
increased roughness of the film front surface resulting from the sharp edges of small-n perovskite flakes is
detrimental to efficient electron transfer from the perovskite film to the adjacent electron transporting layer,

leading to a compromise that PSC devices with 6 mol% MACI doping exhibit the highest PCE of ~14.3%.

This research provides new insight into the structure and composition of layered 2D perovskite films and
reveals the mechanism of performance enhancement of PSC devices upon MACI doping. These findings
should be of significance for the further performance improvement of 2D PSCs and also for the exploration

of 2D Ruddlesden-Popper perovskites in other optoelectronic applications.

EXPERIMENTAL SECTION

Materials. Lead iodide (Pbl,) was purchased from Alfa Aesar. Methylammonium iodide (MAI),
butylammonium iodide (BAI), methylammonium chloride (MACI), were provided by Greatcell Solar.
Anhydrous dimethylformamide (DMF), chloroform (CHCI;) aqueous hydriodic acid (HI, 57 wt. %),
hypophosphorous acid solution (H;PO,, 50 wt. % in H,O) were purchased from Sigma Aldrich, Australia.

All chemicals were used as received without further purification.

Synthesis of 2D perovskite single crystals. 2D perovskite single crystals with n=1, 2, 3,4, 5 and 3D (n=w)
MAPDI; were synthesized by the supersaturation method reported before with some modification.’ 1 mmol
(460.8 mg) Pbl, was dissolved into a 1.17 ml HI/H;PO, (v/v=1: 0.17) aqueous mixture. To synthesize 2D
n=1 (BA,Pbly) perovskite, 2 mmol (401.8 mg) BAI was added to the mixed solution by heating to 95 °C
under constant magnetic stirring for 10 mins, leading to the formation of a clear bright yellow solution. For
the synthesis of n=2, n=3, n=4, n=5, n=0w (3D) perovskites, the ammonium salts were added as follows; 1
mmol BAI/0.5 mmol MAI, 0.667 mmol BAI/0.667 mmol MAI, 0.5 mmol BAI/0.75 mmol MAI, 0.4 mmol
BAI/0.8 mmol MAI 1 mmol MALI, respectively. These hot solutions were left to cool to room temperature
overnight for the growth of crystals. All the 2D perovskite crystals formed in solutions were collected by

filtration and were dried in a vacuum oven.

Film preparation. 2.4 mmol Pbl,, 0.96 mmol BAI, 1.92 mmol MAI were dissolved into 2 ml DMF with

magnetic stirring on a 70 °C hot plate for 30 mins, forming a 1.2 M (with respect to Pb?*) stock precursor
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solution of <n>=5 perovskite. 5 separate 400 uL precursor solutions (1.2 M) were diluted to 0.3 M by
adding stoichiometric amounts of pure DMF and 0.1 M MACI solution (DMF) to obtain the precursors of
2D BA,MA,Pb;l ¢ perovskite doped with 0 mol%, 3 mol%, 6 mol%, 9 mol%, 12 mol% MACI. Layered
perovskite (<n>=5) films were deposited from these precursor solutions by the one-step drop-casting
method.?* 5 uL precursor was dropped onto the center of a clear glass substrate (2.5 cm % 2.5 cm), which
was placed on a 60 °C hot plate, that spread out to form a circular film after the evaporation of DMF.
Afterwards, the film was transferred to a 100 °C hot plate for 2 minutes of annealing. Films for TRPL
measurements were coated by PMMA or PCBM layers through spin-coating by addition of PMMA (10
mg/ml) or PCBM (10 mg/ml) CHCI; solution at 1000 rpm for 30 s.

Device fabrication and characterizations. Pre-patterned ITO glass plates were sequentially cleaned by
ultrasound sonication in detergent, deionized water, acetone, isopropyl alcohol for 5 mins, successively.
After 15 minutes of UV ozone treatment, a PEDOT:PSS hole transporting layer (HTL) was added by spin
coating at 5000 rpm followed by 15 minutes of annealing at 140 °C. Layered perovskite films were
deposited by the one-step drop-casting method. A PCBM electron transporting layer and polyethylenimine
ethoxylated (PEIE) interfacial layer were then sequentially spin coated on the top of the layered perovskite
films using PCBM (10 mg/ml in CHCI;) solution and PEIE (0.05% w/w in isopropanol) solution at 1000
rpm for 30 s and 4000 rpm for 30 s, respectively. A 100 nm Ag layer was then added by thermal evaporation
through a shadow mask, giving a PSC device with the structure of ITO/PEDOT:PSS/Layered
Perovskite/PCBM/PEIE/Ag with an active area of 0.1 cm?. Current density-Voltage (J-V) curves of PSCs
based on layered perovskite films with various ratios of MACI doping were measured using a Keithley
2400 Source Meter with a scan rate of 100 mV/s under standard solar illumination (AM 1.5G, 100
mW-cm2). 10 sets of devices were measured for averaging the performance parameters. The maximum
power output (MPP) curves for 0 mol% MACI and 6 mol% MACI PSC devices were recorded under the

same conditions.

General characterizations. The UV—vis absorption spectra of the sample films were collected using a
UV—Visible spectrophotometer (CARY 50 Bio, Varian). Steady-state PL spectra was acquired by focusing
405 nm laser excitation (PDL 800-D, PICO QUANT Inc.) onto the film surface through a 5x objective,
giving a laser spot size of ~100 pm in diameter, with PL emission signals recorded by a Si-CCD detector-
based spectrometer (Avantas Inc.). Powder X-ray diffraction measurements of layered perovskite films
with various MACI doping were performed using a Rigaku SmartLab X-ray diffractometer with X-ray
wavelength of A=1.542 A generated by Cu K, emission. A scanning electron microscope (FEI Teneo) was

used to obtain the SEM images of the layered perovskite front surfaces. Elemental investigations of
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perovskite films were carried out by the energy dispersive X-ray (EDX) analysis system attached to the

SEM instrument.

Fluorescence microscopy. Optical microscopy images of all layered perovskite films placed on a
piezoelectric scanning stage were obtained using a confocal optical microscope (Nanofinder FLEX2. Tokyo
Instruments, Inc.). Spatially resolved fluorescence (PL) imaging of films was performed under the same
microscope with 400 nm (80 MHz) excitation laser provided by a frequency doubled Ti-Sapphire
femtosecond laser system and PL emission detected by a fiber connected spectrometer (MS454i, SDL
Instruments). The spatial resolution of the piezoelectric scanning stage for PL mapping is ~300 nm in the

horizontal direction.

Time resolved photoluminescence spectroscopy. TRPL of all film samples was measured through a
confocal microscope (Olympus, IX71/FV300), equipped with a TCSPC setup. The 400 nm excitation beam
was the frequency doubled output of a mode-locked and cavity dumped Ti:Sapphire laser (Coherent
Mira900f/APE PulseSwitch, 1 MHz, 100 fs FWHM) which was focused on the front surface of films
through a 10x objective lens. The PL emission was collected by the same objective lens and detected
confocally by a single photon counting photomultiplier (Becker & Hickl, PMC-100-1), following an
appropriate highpass filter. Time-resolved PL images were recorded using a commercial photon counting
system (SPC150 card, Becker & Hickl, Germany). The instrument response function of this system is ~200

ps, limited by the transit time spread of the photomultiplier used.

Transient absorption spectroscopy. The 800 nm pulsed output (96 KHz, 60 fs FWHM) generated by a
high repetition rate amplifier (Coherent RegA9050) was split to generate the pump (510 nm) beam through
a tunable optical parametric amplifier (Coherent OPA9450) and the probe (near-IR white light) beam using
a 3-mm-thick sapphire window (CASTECH), respectively. Pump and probe pulses were focused by an off-
axis parabolic reflector to overlap at the surface of the film sample with a pump spot size of ~200 pm,
giving an excitation fluence of 0.52 uJ-cm 2. Pump induced absorption changes (AOD) were measured by
comparing adjacent transmitted probe pulses with and without pump pulses using a synchronized
mechanical chopper in the path of the pump beam. The time-resolved transient absorption spectra were
recorded using a high-speed fiber-optic spectrometer (Ultrafast Systems). The temporal resolution of the

setup was estimated to be 200 fs FWHM.
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