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Enhancing Photovoltaic Performance of Aromatic
Ammonium-based Two-Dimensional Organic-Inorganic
Hybrid Perovskites via Tuning CH---7t Interaction

Liang Yan, Jun Hu, Ninghao Zhou, Andrew M. Moran, and Wei You*

Phenethylammonium (PEA)-based 2D perovskite is an interesting example of 2D
perovskites, serving as the gateway for further introduction of functional con-
jugated organic cations into 2D perovskites for a variety of applications, for
example, photovoltaics. However, the efficiency of photovoltaic devices based on
PEA 2D perovskites only achieved ~7% for <n> =3, which was significantly
lower than that achieved for other cation-based 2D perovskites. Here, by
introducing propyl ammonium (C3A) into the PEA-based 2D perovskites, the
device efficiency is improved to ~10% for 1:1 C3A:PEA-based 2D perovskites
(<n> = 3). Further investigation reveals that tuning the CH---xt interaction
(between C3A and PEA or between two PEA molecules) can have multiple
beneficial impacts on such modified 2D perovskites, including a) removal of
undesirable n=1 phase, b) lowering the density of trap states, and c) achieving
larger crystalline grains. Additionally, after substitution with 50% C3A, other
aromatic ammonium cation-based 2D perovskites (<n> = 3) also show similar
efficiency enhancement in their photovoltaic devices, thus exhibiting the general
applicability of this method. The results of this study highlight that the strategic
tuning of non-covalent interactions (such as CH---xt interaction) is a viable and
important method to further develop 2D perovskites for photovoltaics.

perovskites because for n > 5, the “2D” per-
ovskites are much more similar to 3D
structures.!"

The rising interest for 2D perovskites
perhaps comes from their inherently better
stability than that of 3D perovskites, mainly
due to the large formation energy of the for-
mer." Thus, many research groups have
attempted to apply 2D perovskites to passiv-
ate either the surface or grain boundaries of
3D perovskites,”>*) aiming to achieve better
stability while maintaining desirable prop-
erties of the original 3D perovskites, e.g.,
high photovoltaic (PV) efficiency. In addi-
tion, the unique quantum well structure
of 2D perovskites and chemical adjustabil-
ity of organic cations offer prospects for
other applications such as light-emitting
diode (LED),”® field-effect transistor
(FET),'* among others.["!?!

Directly applying 2D perovskites for solar
cells has met a serious challenge however,

1. Introduction

Though structurally closely related to three-dimensional (3D)
perovskites (e.g., CH3NH;Pbl;, MAPDI;), two-dimensional
(2D) Ruddlesden-Popper type perovskites — with a formula of
A;B, 1Pb,I3, 1 — have their own unique properties,[1_3] due
to the incorporation of large organic cations that separate the
metal halide octahedra layers (e.g., Pbls*"). Generally, A stands
for the large spacer cation; B is usually a small cation such as
methylammonium (MA), formamidinium (FA), or Cs™; and n
is the number of metal halide octahedra layers between the
organic cation spacer layers. Though in principle, n could be
any integer, here we limit n to small values (n<5) for 2D
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because their layer structures tend to adopt
a parallel orientation to the substrate, and
these insulating organic spacer cations
(Ain A,B,,_1Pbyl3,, 1) would prevent charge transport perpendic-
ular to the substrate."] A breakthrough emerged in 2016, when
Tsai et al. introduced a hot casting method,**! which appears to re-
align the metal halide octahedra layer to be perpendicular to the
substrate, thereby leading to an observed efficiency of as high at
12.5% and much improved stability. Since then, much more
progress has been made in the development of 2D perovskites
(n<5) for solar cells.'**!! Among all these studies, the most
commonly used large organic spacer cations are butylammonium
(BA) and phenethylammonium (PEA).*? By mixing with other
cations!®*?"! or using additives such as NH,SCN,[19:28.29]
NH,CL™ or MACLP? the PV efficiency has been further
improved to around 15% in BA- or PEA-based 2D perovskite solar
cells.!"***% Without mixing cations or using additives, BA-based
2D perovskite solar cells can still achieve relatively better effi-
ciency, ~12% for <n> =4 and 11% for <n> = 3,15 in contrast,
PEA-based systems only achieved ~7% for <n> =3 and ~9%
for <n>=4." However, PEA-based 2D perovskites are more
interesting from the perspective of introducing large functional
conjugated organic cations into 2D perovskites,*? because PEA
is perhaps the smallest conjugated cation.
Performance of 2D perovskite solar cells can be affected by
many factors, including surface morphology, phase composition,
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phase distribution, and crystal orientation of the perovskite
films.®Y For PEA-based 2D perovskite solar cells, there are two
outstanding issues that limit the device efficiency. First, PEA-
based 2D perovskite films always have a significant amount of
the n=1 phase that has the largest band gap among all phases
typically co-existing in 2D perovskite films and the slowest charge
transport.**) The limited absorption due to a large band gap,
together with the slow charge transport, contributes significantly
to the observed low power conversion efficiency for PEA-based
2D perovskite solar cells. Therefore, reducing or even eliminating
the amount of n = 1 phase would be beneficial for further improve-
ment of 2D perovskite-based solar cells. Second, the larger size of
PEA could lead to more defects in the crystals, and therefore, more
traps in the perovskite films; these traps act as charge recombination
centers, causing a poor fill factor (FF). Thus, reducing the amount
of traps is also important for the photovoltaic device performance.

It has been shown that adjusting the intermolecular interac-
tion between organic cations in 2D perovskites can have signifi-
cant impact on phase distribution, crystal orientation, and
surface morphology.****! Explored intermolecular interactions
include the van der Waals interaction, aryl-perfluoroaryl interac-
tion, and hydrogen bonding.!*****¢-3# promising results have
been obtained. For example, we have recently discovered that
the 2D perovskite-based solar cells with added perfluoro-
phenethylammonium (F5-PEA) could significantly improve their
stability while maintaining decent efficiency,** where the
non-covalent interaction between PEA and F5-PEA has been
identified as the key reason.

CH--n interaction is another strong, yet less explored (inter)
molecular interaction,®® which has never been investigated in
2D perovskites. During our ongoing investigation on tuning inter-
molecular interactions in 2D perovskites, we found that the CH--x
interaction could be utilized to tune the compositions of different
phases in PEA-based 2D perovskites. Specifically, replacing 50%
of PEA cations with propylammonium cations (C3A) in the
PEA-based 2D perovskites (<n> = 3) can selectively remove n=1
phase. Furthermore, the C3A cations could passivate the defects
(trap states) in PEA-based 2D perovskite films, likely due to the
small size of C3A. Both effects — controlling phase composition
and passivating the defects — enhanced the device efficiency of
PEA-based 2D perovskite (<n>=3) solar cells to the level of
10% with a 1:1 ratio of PEA:C3A. In contrast, the original
PEA-based 2D perovskites solar cell only afforded an efficiency
of ~7.5%. Furthermore, these beneficial effects from C3A appear
to be generally applicable to other aryl-derived cation-based 2D
perovskites; specifically, we have observed efficiency enhancement
for 2D perovskite solar cells based on thiophenethylammonium
(TEA), 2-fluorophenethylammonium (oFPEA), or 3-fluorophene-
thylammonium (mFPEA).

2. Results and Discussion

2.1. Spectroscopic Evidence for Phase Control via Substituting
PEA with C3A

Our original intention was to utilize a cation of small size to fill/
passivate the trap states in PEA-based 2D perovskites, aiming to
improve device performance.?**”) In this regard, ethyl ammonium
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(C2A) would be a good choice; however, its small size would enable
its incorporation into 3D perovskite structures without forming 2D
phases.***!I Thus, we chose propyl ammonium (C3A), the smallest
alkyl cation that can form 2D perovskites structure.*? However,
C3A might still introduce complications, because this cation can
form not only normal Ruddlesden-Popper (RP) 2D perovskites!*?
but also other type of perovskites.*****! Yet, the XRD patterns
for our C3A-incorporated perovskites (vide infra) are different
from those of other types of perovskites published earlier!*®***4;
together with other evidence (vide infra), we believe that the perov-
skites studied here still belong to RP 2D perovskites. Nevertheless,
as we will show below, the incorporation of C3A into PEA-based 2D
perovskites not only passivates the defects, but it can also selectively
remove the undesirable n =1 phase.

As shown in Figure 1a, the PEA-based 2D perovskite
(<n>=3) film exhibits a rather strong n=1 absorption peak,
contrasting the negligible n=1 absorption in BA-based
(<n>=3) film. Because the n=1 phase has the largest band
gap and lowest conductivity among all different n phases in
2D perovskites, ideally one should eliminate the n=1 phase
if these perovskites are intended for photovoltaic applications.
Interestingly, after substituting C3A into PEA-based 2D perov-
skites (<n> = 3), i.e., replacing PEA with equal moles of C3A
to maintain the average film composition (<n> = 3), the absorp-
tion intensity of the n = 1 phase gradually reduces (Figure 1a) as
the amount of C3A increases, and completely vanishes at 50%
substitution of C3A (C3A:PEA =1:1). Further increasing the
amount of C3A (i.e., 75%) results in the absorption profile closer
to that of the pure C3A-based 2D perovskites (Figure 1a), where
the absorption of different n phases becomes rather weak.

Because photoluminescence (PL) can be used to identify the
phase composition and distribution,?>*! we further measured
the PL of our 2D perovskites (<n> = 3) on glass substrate from
both the back and front sides to further confirm the impact of
introducing C3A. At 0% C3A, one can clearly observe a strong
PL signal for the n=1 phase from both sides of the film
(Figure 1b,c). As C3A amount increases, the PL from the n=1
phase weakens and eventually disappears; this occurs at 25%
C3A for the PL measured from the front side and 50% C3A
for the PL measured from the back side. Thus, these PL data sup-
port the discovery from the UV-Vis measurement, i.e., substitut-
ing PEA with C3A can selectively remove the n = 1 phase in PEA-
based 2D perovskites. Further evidence on the selective removal
of the n =1 phase by adding C3A comes from transient absorp-
tion (TA) measurement, a technique that has been used to iden-
tify the composition in 2D perovskite thin films.*! As shown in
Figure 1d, the TA signal for the n =1 phase can be clearly iden-
tified for pure PEA-based 2D perovskites (with just 1 ps after
pump excitation); in contrast, this signal disappears for the film
with 50% C3A (i.e., C3A:PEA =1:1).

2.2. Confirming Interaction with Model Compounds (n=1) of
Different C3A:PEA Ratios

To understand why substituting PEA with C3A leads to the selec-
tive removal of the n = 1 phase in PEA-based <n> = 3 perovskite
films, we next investigated perovskites films of n=1, which
would allow to focus on the interactions between C3A and
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Figure 1. a) Absorption profiles of PEA, C3A, BA, and C3A:PEA mixed cation-based perovskites with <n> =3, b) PL of front side (air) and c) back
side (glass) of 2D perovskites with different C3A:PEA ratios, d) TA of a 2D perovskite film of pure PEA, pure C3A and C3A:PEA=1:1 with <n>=3

at delay time of 1 ps.

PEA in the organic cation layer between lead iodide octahedra
layers. Figure 2a shows that the absorption of the 50% C3A sub-
stitution (i.e., C3A:PEA = 1:1) has a distinctively different exciton
peak than those of 0% and 100% C3A (i.e., pure PEA- and pure
C3A-based perovskite films of n = 1, respectively), indicating the
presence of a new 2D perovskite phase for 50% C3A, which is
likely due to the interaction between C3A and PEA in the organic
interlayer. This new phase from the C3A:PEA (1:1)-based 2D
perovskite film (n=1) can still be observed from the
25% C3A-based film, which has two absorption peaks, appearing
to be a superposition of the absorption from 50% C3A and
0% C3A (i.e., pure PEA). On the other hand, the absorption spec-
trum of 75% C3A-based film is very similar to that of 100% C3A
(i-e., pure C3A). These observations imply that further increasing
the content of C3A beyond 50% could lead to disruption of the
formation of C3A:PEA (1:1) perovskite phase.

Characterization of all these n =1 films with powder X-ray dif-
fraction (XRD) offers further evidence on the formation of the
C3A:PEA (1:1) perovskite phase. For example, the XRD patterns
in the small angle range (Figure 2b) clearly indicate that the 25%
C3A-based film contains the original PEA phase (i.e., 0% C3A) and
a new phase corresponding to the C3A:PEA (1:1) perovskite. On
the other hand, the small angle peak for the 75% C3A-based film
contains contributions from 0%, 50%, and 100% C3A-based
perovskite phases, resulting in the broadening of this peak and
shifting in position. It appears that the 75% C3A-based perovskite
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film (n=1) has a significant amount of structural disorder, as
further indicated by the rather broadened peaks in its XRD pattern
in the large angle range (Figure S3, Supporting Information).
Taking all these results together, we propose that there is a
strong interaction between C3A and PEA, likely through the
CH--m interaction, which would account for the observed new
perovskite phase in the C3A:PEA (1:1)-based film (n=1) and
the selective removal of the n = 1 phase in the PEA-based 2D perov-
skite film (<n> = 3) with 50% C3A substitution. Indeed, it has
been well studied that there is a strong CH---n interaction between
the methyl group and the benzene ring.***® In our study, there is
no CH--m interaction in pure C3A-based 2D perovskite films,
because there are no n delocalized structures in the organic
interlayers. In contrast, there is (sp”) CH--m interaction in pure
PEA-based 2D perovskite films, evidenced by analyzing the crystal
structure of PEA,PbI, (n = 1).¥) Specifically, in its crystal structure
(Figure S5, Supporting Information), the smallest C-C distances
between the benzene rings are 3.896 and 3.846 A, and the corre-
sponding H-C distances between adjunct benzene rings are about
3.047 and 3.008 A, which are in the range of the intermolecular
CH-- interaction (3.05A).°% Further calculation of the angle
and distance between the CH and =n plane indicates the CH--x
interaction exists in PEA,Pbl, according to the CH:--x model by
Nishio,P! as shown in Table S1, Supporting Information.
Further evidence for the proposed CH---n interaction in our
2D perovskites comes from Fourier-transform infrared (FTIR)
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Figure 2. a) Absorption profiles and b) small angle range of XRD patterns of C3A:PEA-based 2D perovskites with n=1.

study of these perovskite films (n = 1). It is known that for inter-
molecular CH--- interaction, there is a small shift to lower fre-
quency for the C-H stretching band in the FTIR spectrum.®® As
shown in Figure 3, the sp*> C-H stretching band for the methyl
group in C3A-based perovskite films shifts from 2970 cm™" (for
pure C3A, n=1) to 2963 cm™ ' (for C3A:PEA = 1:1, n=1),**
indicating the intermolecular sp*> CH--m interaction between
the methyl group in C3A and the benzene = ring in PEA. On
the other hand, sp> C-H stretching for the benzene ring in
PEA-based perovskite films is located at 3019 cm ™" (for pure
PEA, n=1), which almost disappears for 50% C3A-based films
(C3A:PEA =1:1, n=1). This indicates that the intermolecular
CH---n interaction between the methyl group in C3A and the ben-
zene 7 ring in PEA has largely replaced the previously existing
PEA-PEA (CH:--m) interaction in pure PEA-based perovskites
(n=1), given the 1:1 ratio of C3A to PEA.’%*”>3

All these observations strongly support the proposed CH--x
interaction between the methyl group in C3A and the benzene
n ring in PEA in these mixed cation-based 2D perovskite films
(n=1). For the 2D perovskite films (<n> = 3), the clear obser-
vation of the n = 1 phase for pure PEA-based one is likely caused
by the strong (sp?) CH--x interaction between PEA molecules;

——C3A
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—— C3A:PEA=1:1
5
s
=
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2
£

T
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Figure 3. FTIR spectrum of a perovskite film with n=1 based on pure
C3A, pure PEA, and C3A:PEA=1:1 mixture.
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similarly, no n=1 phase was observed for pure C3A-based
perovskite films, which can be ascribed to the absence of
CH:-x interaction. Regarding the absence of the n=1 phase
in the 1:1 mixed C3A and PEA-based 2D perovskites, we argue
that the sp*> CH.---x interaction between the C3A and PEA is not
strong enough to form the n =1 phase. These results indicate
that the CH--- interaction can play an important role in the
phase formation in 2D perovskites; adjusting the CH:--x interac-
tion can be utilized to fine tune the phase composition in these
2D perovskite films.

2.3. Photovoltaic Device Performance of 2D Perovskites with
Different C3A:PEA Ratios

Tuning the phase composition has a strong impact on the device
performance of such 2D perovskite (<n> = 3)-based solar cells.
As summarized in Figure 4 and Table 1, the selective removal of
the n =1 phase in the case of 1:1 mixed cations of C3A and PEA-
based 2D perovskites leads to appreciable improvement on the
short circuit current density (Js.) and fill factor (FF) of its solar
cells, reaching an overall efficiency of ~10%, which is a 30%
improvement compared with the efficiency by the pure PEA-
based solar cells. Given that the n =1 phase has limited absorp-
tion due to a large band gap and slow charge transport, eliminat-
ing the n=1 phase in the case of 50% C3A would lead to the
observed enhancement of efficiency.

As we proposed previously, the substitution of C3A into PEA-
based 2D perovskites could also remove defects (trap states) in
the PEA-based perovskite due to the small size of C3A. To verify
this hypothesis, we further measured the density of trap states in
our 2D perovskites (<n> = 3) by using the space-charge-limited
current (SCLC) techniquel®**! with a device structure of ITO/
Sn0,/2D perovskite / PCBM/Bphen/Al Specifically, the density
of trap states was calculated according to Equation (1).

2 VTFLSEO
ntrap = T (1)

where ¢ is the element charge, L is the thickness of the film
(350nm), Vggp is the trap-filled limit voltage (defined as the
applied voltage at the kink point, where the current increases
and becomes nonlinear), and ¢, and ¢ are the permittivity of
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Figure 4. a) J-V curves of photovoltaic devices based on studied 2D perovskites; the inset is the C3A concentration-dependent efficiency, and b) EQE

curves of perovskite solar cells with <n>=3.

Table 1. Photovoltaic device performance of C3A:PEA mixed cation-based
2D perovskites.

C3A%  Scan direction Jsc [NAcm 7| Voc V] FF [%] n [%]
0% Forward 12.00+0.48 1.119+0.017 55.24+3.7 7.40+0.59
Reverse 11.924+0.46 1.133+0.011 56.4+43 7.61+0.64
25% Forward 11.254+0.74 1.071+£0.047 62.4+1.2 7.53+0.72
Reverse 11.23+0.79 1.057+0.043 668+1.6 7.94+0.69
50% Forward 1291+037 1.131+£0.011 67.2+1.1 9.81+£0.28
Reverse 12.864+0.31 1.122+0.014 685+2.8 9.88+0.47
75% Forward 11.12+£0.97 1.154+£0.005 555413 7.1140.54
Reverse 10.97+0.94 1.153+0.004 58.9+3.2 7.44+0.62
100% Forward 11.47£0.79 1.101+0.030 543+£27 6.85+0.53
Reverse 11.49+£0.76 1.145+0.010 548+£25 7.21£0.55

vacuum and the relative permittivity of 2D perovskite, respec-
tively; here, we just use 28.8 for all 2D perovskites.>®

The measured dark |-V curves are shown in Figure 5, with
which the extracted values of the density of trap states for these
2D perovskites are summarized in Table 2. Indeed, the density of
trap states density monotonically decreases as the amount of C3A
increases from 0% to 50%, consistent with the increasing FF.
However, further increasing the amount of C3A to 75% and
finally to 100% does not lead to further decrease of the density
of trap states; yet, the fill factor of corresponding solar cells con-
tinues to decrease. Because the fill factor of the perovskite solar
cells is also affected by other factors, such as the crystal grain
size, it is likely that factors other than defect passivation also play
important roles in these 2D perovskite solar cells, in particular,
for the 75% C3A-based 2D perovskites (and also 100% C3A-
based 2D perovskites).

2.4. Morphology of 2D Perovskite Films with Different C3A:PEA
Ratios

To probe the crystallinity and crystal grain sizes, we further inves-
tigated our 2D perovskite films (<n> = 3) with XRD and AFM.
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Figure 5. The trap state measurement for 2D perovskites with different
C3A:PEA ratios.

Table 2. Trap state density in 2D perovskites with different C3A:PEA
ratios.

C3A% 100% 75% 50% 25% 0%
VieL (V) 0.21 0.26 0.22 0.50 0.74
Niap (x10"°cm ™) 5.45 6.75 5.71 12.99 19.22

For all these 2D perovskite films with different C3A:PEA ratios,
we only observed strong (111) (202) peaks in their XRD patterns,
as shown in Figure 6a, indicating highly orientated films, consis-
tent with previous reports.!' The 50% C3A-based 2D perovskite
film has the smallest full width at half maximum (FWHM), as
shown in Figure 6b, indicating largest crystalline grain size.
Further increasing the amount of C3A to 75% and 100% leads
to a larger FWHM, indicating smaller crystalline grain size.
Small crystalline grains would impede the charge transport,
thereby accounting for a lower fill factor in these 2D perovskite
based solar cells.

The surface morphology of perovskites has a strong impact on
device performance. We first applied scanning electron
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Figure 6. a) XRD patterns of 2D perovskite films of different C3A:PEA ratios, b) FWHM of (111) and (202) peak from 2D perovskite films of different C3A:

PEA ratios.

microscope (SEM) to probe the surface. Unfortunately, the
obtained SEM images (Figure S6, Supporting Information) do
not show sufficient contrast between the grain boundaries and
the grains, precluding us from observing the grain size.
Similar observations have been reported for 2D perovskite films
in our previous study.’! Nevertheless, we observed difference in
the size and density of pinholes among these 2D perovskites
films. In short, the surface morphology of the 2D perovskite film
becomes better as the amount of C3A increases. For example, we
observed many large pinholes with 25% C3A-based perovskite
film, while the 50% C3A-based film showed smaller pinholes.
Interestingly, 75% C3A- and pure C3A-based perovskite films
did not show much sign of pinholes (almost pinhole-free).
Though obscured by the pinholes, we believe that the better sur-
face morphology for 50% C3A-based film also contributes to the

better FF for 50% C3A-based 2D perovskite solar cells than the
ones with lower C3A amount (i.e., pure PEA and 25% C3A).

Further probing the surface morphology via AFM indicates
that the films of 2D perovskites with low C3A amount (i.e.,
0%, 25%, and 50% C3A) exhibit similar surface roughness
(Figure 7). In contrast, the films with high amount of C3A
(i.e., 75% and 100% C3A) are smoother. Furthermore, it can
be observed from these AFM images that the grain sizes for
the film having higher amount of C3A (75% and 100%) are visi-
bly smaller than the ones having lower amount of C3A (0%, 25%,
and 50%), which is consistent with the trend determined by
FWHM with XRD measurements.

These results point to another important factor that affects the
photovoltaic device efficiency of 2D perovskites: the size of the
crystalline grains. In earlier section, we demonstrate that further

Figure 7. AFM height images of 2D perovskites of different C3A:PEA ratios: a) 0% C3A (pure PEA), b) 25% C3A, c) 50% C3A, d) 75% C3A and
€) 100% C3A (pure C3A). The average roughness values are a) 13.491 nm, b) 15.964 nm, c) 12.817 nm, d) 3.264 nm, and e) 2.352 nm.
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Figure 8. Photovoltaic device efficiency enhancement of 2D perovskites with <n> =3 for PEA, oF1PEA, mF1PEA, and TEA after substituting 50% C3A.

The chemical structures of these aromatic ammoniums are also listed.

increase of C3A from 50% to 75% and 100% offers similar pas-
sivation effect, i.e., low density of trap states, which would lead to
similar FF values of the PV devices for 50%, 75%, and 100%
C3A-based 2D perovskites; however, as we show in this section,
as the amount of C3A increases from 50% to 100%, the crystal
grain size in 2D perovskite films becomes smaller, which would
impede charge transport and result in low FF. For these reasons,
the 2D perovskite film with 50% C3A incorporation shows the
best FF in our study, because it has both low density trap states
and large crystal grain size.

2.5. 2D RP Perovskite Solar Cells by Mixing C3A with Other
Aromatic Cations

Because the CH---n interaction should exist between C3A and
other aromatic ammonium cations, we next tested whether
substituting C3A into other aromatic ammonium cation-based
2D perovskites would offer similar performance enhancement
in their solar cells. To our delight, a noticeable enhancement
of efficiency (and even significant in some cases) was observed
for all studied aromatic cation-based 2D perovskite (<n> = 3)
solar cells after substituting 50% C3A into the film (Figure 8),
when compared with the pure aromatic cation-based ones and
the pure C3A-based ones. These encouraging results indicate
that this new approach of tuning CH--x interaction could be a
rather universal approach to enhance efficiency of aromatic cat-
ion-based 2D perovskite solar cells.

3. Conclusion

The CH--x interaction is a weak non-covalent interaction and
often overpowered by other stronger interactions in given organic
molecules; yet, it can play an important role in fine-tuning inter-
molecular interactions in the solid state, which, as we show here,
has a significant impact on the phase composition of 2D perov-
skites. Substituting 50% C3A into PEA-based 2D perovskites
can a) selectively remove the n = 1 phase, which helps to improve
film absorption and charge transport b) passivate the trap states,
and c) improve the morphology with larger crystalline grain size.

Sol. RRL 2020, 4, 1900374
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All these contribute to the much improved photovoltaic device effi-
ciency (~10%) for the 1:1 C3A:PEA-based 2D perovskites
(<n>=13), a 30% increase over pure PEA-based ones. Because
the tuning of CH--r interaction is not specific to the studied
C3A and PEA, other aromatic ammonium cations can also have
similar CH---n interaction with C3A and enjoy similar benefits,
leading to observed photovoltaic performance increase in these
cation-based 2D perovskites. The fact that all devices reaching sim-
ilar level of efficiency (=10%), independent of the chemical nature
of aromatic units and the starting device efficiency based on pure
aromatic cation-based 2D perovskites, implies that a) this method
could be rather universal and b) the CH---x interaction must be the
deciding underlying factor in achieving high device performance.
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