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The significant structural flexibility enabled by capping organic
ABSTRACT: The ﬂ.exible. organic amine ca'tions om .the species in these 2D halides leads to easy delamination with
}nterfac?s of two-.dunensmnal (2D) hybrid organic— molecularly thin perovskite nanosheets. More importantly, the
LOLEaS per9vsk1te nanosheets cou!d form relaxe.d organic amine cations on the interfaces of these nanosheets could
structur'es, bWhXCh }:vogld Ieaill L ezotch optﬁelectromcl show structural relaxation at the nanoscale level due to the
p rtopFrt%els ult ars ar fto un e}:stin ) xfelre',c tde funusua delicate alterations of van der Waals (VdW) interactions, which
Interfacial re ax,a ton ol hanosheets .e oliate rom. an would result in unusual optoelectronic properties.m’ll However,
orthorhombic 2D lead halide perovskite, h local structural alterations and iated property chan
[(C¢HsCH,NH;),]PbCl,, is interrogated via ultrafast such focalstructural afteralions and associared prope ty changes
. . induced by the VAW interactions are normally difficult to be fully
second-harmonic generation (SHG) spectroscopy. The .
characterized, and they are therefore much less explored. To

in-plane SHG intensity anisotropy of these nanosheets is i i ;
found to decrease with reducing layer thickness. facilitate their understanding, we take the advantage of SHG,

Combined first-principles calculations and Monte Carlo which direfglylr“eﬂects the interactions between photons and local
simulations reveal that the induced second-order polar- structures, ~~ " to reveal the delicate structural difference in the
ization arises primarily from the (C4H;CH,NH;)* halide nanosheets with different thickness exfoliated from an
cations; and these organic amine cations form significantly orthorhombic 2D lead halide perovskite, [(C¢HsCH,NH;),]-
reorganized conformations with decreasing nanosheet PbCl,. Our optical experiments demonstrate that the striking
thickness due to weakened van der Waals interactions. changes in the anisotropy of SHG intensity between the b- and ¢-
Because the orientations of organic components at the axes are strongly dependent on the nanosheets thickness. By
interface determine their electric properties and specifi- carrying out density functional theory (DFT) calculations and
cally the dipolar susceptibility, the resulting structure leads Monte Carlo (MC) simulations, we show that the VAW
to striking changes in the SHG properties. interactions from flexible organic amine cations play a key role

in governing this unusual behavior.
[(C¢HsCH,NH;),]PbCl, crystallizes in a polar orthorhombic

I n two-dimensional (2D) hybrid organic—inorganic perov- space group Cmc2, at ambient conditions with cell parameters of
skites (HOIPs), semiconducting inorganic layers and capped a = 33.619(7), b = 7.8195(12), and ¢ = 7.7282(13) A. It has
organic dielectric layers are homogeneously integrated at a previously been reported to be ferroelectric and SHG-active in its
molecular level to form natural multiquantum wells."” Unlike bulk form.">'® The monolayer structure is displayed in the boxed
conventional inorganic 2D materials, layered HOIPs offer part of Figure 1a, where adjacent PbCly octahedra are connected
tremendous possibilities for tuning their optoelectronic proper- through a corner-sharing mode along the b- and c-axes to form an
ties through varying both the chemical and quantum-mechanical inorganic [PbCl,]*~ sheet charge-compensated by the
degrees of freedom.”™ In particular, the abundant organic (C¢HsCH,NH;)* cations attached. It is noteworthy that the
components and their delicate interplay with the halide quantum orientation of (C¢qH;CH,NH,)" cation exhibits slight differences
wells in these layered compounds could give rise to extraordinary in the b- and c-axes (Figure S1). The thickness of the monolayeris
properties.’ Notably, the optoelectronic properties of these 2D about 1.67 nm. Adjacent monolayers are adhered via VAW
HOIPs are determined by the semiconducting inorganic species,

whereas their excitonic dynamics are largely dependent on the Received: February 18, 2019
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Figure 1. (a) Crystal structure of [(C¢H;CH,NH;),]PbCl, projected
along b-axis. Color: C, purple; N, green; H, teal; Pb, blue; Cl, yellow. The
thickness of the monolayer highlighted by the red box is about 1.67 nm.
TEM bright-field image (b), SAED pattern (c), and high-resolution
TEM image (d) of [(C¢H;CH,NH;),]PbCl, nanosheets.

interactions from the neighboring (C4H;CH,NH;)* cations
along the g-axis.

The [(C¢H;CH,NHS;),PbCl, nanosheets were obtained by
liquid-assisted exfoliation, and their crystallinity and morphology
were characterized via transmission electron microscopy (TEM).

Delaminated nanosheets exhibit various thicknesses and their
lateral dimensions range from a few hundreds of nanometers to a
few tens of microns (Figures 1b and S2a). Selected-area electron
diffraction (SAED) pattern demonstrates the high crystallinity of
the exfoliated nanosheet (Figure 1c). The collected sharp
diffraction spots correspond to (020) and (002) planes of the
structure. Further high-resolution TEM images in Figure 1d
show lattice fringes of about 0.781 nm, which corresponds to the
d-spacing along the [010] direction.

Prior to SHG measurements, the thicknesses of nanosheets
were quantified by atomic force microscopy (AFM). The
thicknesses of nanosheets displayed in Figures 2a and S3 are,
respectively, about 92.2, 58.3, 44.5, and 18.8 nm and 1210.7,
555.8,and 241.3 nm, with lateral sizes of approximately 10 ym. In
order to investigate the polarization-dependent SHG response as
afunction of nanosheets thickness, the pumping laser was aligned
to propagate perpendicular to the nanosheets (defined as x-axis
or a-axis) and polarize along the nanosheets (in yz-plane or bc-
plane). The SHG polarization properties of the above nanosheets
were measured using an 820 nm laser facility (Figure S4a).
Spectra of SHG signals located at around 410 nm from these
nanosheets are displayed in Figures 2b and S4b. The thickness
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Figure 2. (a) Microscopic images (left), height profiles (middle), and topographies (right of measured nanosheets). (b) Spectra of SHG signals oriented
to the c- (0°, above) and b-axes (90°, below) collected from nanosheets with different thickness, respectively. (c) Polar SHG intensity plots of the
measured nanosheets. The dots represent the experimental data, and the solid curves indicate the theoretical fits. (d) SHG intensity anisotropy (I,_.s/

Ij.as) dependent on the thickness of measured nanosheets.
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ratio of measured nanosheets shown in Figure 2bis 1/0.63/0.48/
0.20; however, the corresponding ratios of SHG intensity along c-
and b-axes show reduced magnitudes 0of1/0.91/0.59/0.49 and 1/
0.87/0.87/0.78, respectively. The SHG intensities along both c-
and b-axes gradually decrease with reducing nanosheets
thickness; this to be expected since the measured polarization
results from the superimposition of electric dipoles in these
nanosheets and is hence proportional to the number of layers."”

All SHG polar plots are axi-symmetric along b- and c-axes as
expected for an orthorhombic structure (Figures 2c and S4c).
Notably, the in-plane anisotropy in SHG intensities (I), defined
as the thickness reduces from 241.3 to 18.8 nm (Figure 2d). The
detected I is proportional to the square of the induced second-
order polarization (P) with the components P,, P,,and P,, and the
specific relationship can be described by the following equation
for space group Cmc2:

B2
E2
P, 0 0 00 dg 0 !
g2
Pl=2elo 0 0dy 00| °
2E E
oz
k dy dy, dy3 000
2EE,
2E E
[ (1)
where d; is the second-order susceptibility tensor of measured

nanosheets, and E,, E,, and E, represent the components of
electric field. The SHG intensity is expressed as

Ly < B+ P+ B}
= (ZdlsEsz)z + (2d24EyEz)2

+ (dyB,” + d32Ey2 +dy;E")’ (2)
where d, 5 = d;, and d,, = d;, according to Kleinman symmetry."”
Since the pumping laser propagates along the x- (or a-) axis,
which induces polarized light within the yz- (or bc-) plane, and E,,
is 0, the above formula can be simplified as

Loy Pyz +P’= (2d24EyEz)2 + (d24Ey2 + dyB*)’
()

Accordingly, we can obtain the second-order nonlinear
coefficients through fitting experimental SHG data. The obtained
dy3/dy, ratios are, respectively, 1.46 and 1.17 for the 92.2 and 18.8
nm nanosheets, which agree well with the aforementioned in-
plane anisotropy ratios of SHG intensities measured along the b-
and c-axes (Figure 2b).

To understand the relationship between SHG anisotropy and
nanosheet thickness, it is first necessary to determine the atomic
origin of polarization characteristics for this 2D perovskite
structure. The second-order nonlinear coefficients of the bulk
structure were calculated using DET,"*~*' which gave d,, and ds;
values of —0.20 and —1.43 pm/V, respectively (Table 1). The
ds3/dy, value of 7.15 is reasonably close to the value of 2.16 from
experimentally measured 1210.7 nm sample approximating the
bulk. In addition, the specific contributions from the
(C¢HCH,NH,)" organic cation and [PbCl,]*~ were quantified
using the real-space atom-cutting method.”” Importantly, the
results reveal that the contributions of (C{H;CH,NH;)" to the
d,4 and dj; coeflicients are about 3.44 and 2.02 times those from
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Table 1. Calculated Second-Order Nonlinear Coefficients of
the Bulk Structure, Decomposed Organic
[(C¢HsCH,NH;,),]*", and Inorganic [PbCl,]*>~ Components
by DFT

composition dy4(pm/V) dy3(pm/V)
[(C4H,CH,NH,),]PbCl, —0.20 -143
[(C¢HsCH,NH,),]* -0.31 —-111
[PbCl, 1>~ 0.09 —-0.55

[PbCl,]*", which could lead to the aforementioned optical
quantum effects.'”'"*?

To explore the structural evolution in a simple way, MC
simulations™*** were first performed on the nanosheets models
with layer number (1) from 500 to 15 (the thinnest sample
experimentally achieved), in which the effective interactions
between layers were modeled using the Lennard-Jones
potential:*>*’

12 6
(o3 (o3
i,j(i<j) ij ij (4)

where n denotes the layer number and € represents the potential
well depth of the two layers, ¢ stands for the finite distance at
which the interlayer potential between the two layers is zero, and
l; is the interlayer distance between the i and j layer.

The potential minima of multilayered structures were
calculated, which gave the interlayer spacing I,-MC for each n-
layered nanosheet model. In Figure 3a, the interlayer spacing
ratio between the n-layered structure and the bulk, 1,/ is
plotted in dependence of n. Strikingly, I,/1,,; monotonically
increases by about 3.20% when n decreases from 500 to 1S,
indicating the increasing structural relaxation with reducing layer
thickness. In MC simulations, [ (CsH;CH,NHj;),]PbCl, layers
are regarded as rigid bodies, and local structural changes inside
nanosheet models are unable to be reflected. First-principles
calculations based on interlayer spacing ratios from MC were
then performed, which reveal that both 1,/1,, and d,/dy (d,
and d,,; are the thickness of a monolayer in the n-layered
structure and the bulk, respectively) ratios exhibit a monotoni-
cally increasing tendency by about 0.94 and 2.16% when n
decreases from 500 to 15 (Table S1). Such a structural relaxation
is very likely to arise from the VAW interactions among
nonadjacent monolayers, which are not usually considered in
calculating energetics of 2D materials nanosheets. More
importantly, the abundant VAW interactions in this layered
perovskite are responsible for such a more significant quantum
effect over conventional 2D materials. These results demonstrate
that both the interlayer spacing and thickness in different
multilayered nanosheets are not uniform but increase with
decreasing layer number (Figure 3c).

To investigate the evolution of interlayer interactions with
respect to layer thickness, the interlayer interaction energy, E, .,
was calculated. The E,,,, value, calculated with dispersion
corrections, decreases monotonically as n decreases, confirming
the reduced interlayer interactions with decreasing layer number
(Figure 3b). However, such a relationship reverses to an
increasing trend if the energy related with dispersion terms in
the Hamiltonian is discarded. Such a marked difference
highlights the key role of the VAW interactions in reinforcing
the formation of multilayered structures.

Further detailed analyses reveal the VdWs forces facilitated
relaxation process of the (C4H;CH,NH;)* cation in optimized n-
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Figure 3. (a) Monolayer thickness ratio (d,/d,,;) and interlayer spacing
ratio (1,/ 1) asa function of layer number (1), calculated using MC and
DFT methods. (b) Effective interaction energy in dependence of n
calculated from DFT. (c) Schematic changes in the conformation of
(C¢H;CH,NH;)* cation and associated alterations of monolayer
thickness in different multilayered nanosheets.

layered structures (Figures 3cand S5). Specifically, the angle (@)
between the (CqH;CH,NH;)* and bc-plane increases from
76.91° to 77.34° (by ~0.5%) as n decreases from 500 to 15
(Figure 4a and Table S1). As the inorganic [PbCl,]*™ layer is
rigid, it prevents significant changes of the negative charge
distribution in response to layer thickness alterations. In this
regard, the orientation changes of the organic amine cations,
which dominate dy; and d,,, account for most of the changes in
SHG properties. The angles between (C4H;CH,NH;)* and b-
axis (6) and between (C;H;CH,NH;)" and c-axis (¢)) increase,
respectively, from 39.40° to 39.55° (~0.4%) and 47.40° to
47.76° (~0.8%) when n decreases from 500 to 15 (Table S1). As
seen in Figure 4c, the increase of 6 and ¢ reduces the dipole
projections along the b- and c-axes, which leads to the decreased
polarization and corresponding reduced d,, and dj; values.
However, the change in ¢ is about twice that in §, which results in
more pronounced reduction in dy; than d,; hence, the decrease
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Figure 4. Dihedral angle @ (a) and 6 and ¢ angles (b) as a function of n.
(c) Schematic illustration of the conformational changes of
(C¢HsCH,NH;)" cation in the mono- (green) and multilayered
(pink) structures. The black dashed arrows represent the axes formed
by the benzyl plane. The green and pink dashed arrows, respectively,
stand for the projections of (C;H;CH,NH;)" along b- and c-axes.

of dy3/d,, (Figure 2d). In other words, the reduction of VAW
interactions with decreasing # is the primary cause of the decrease
of SHG anisotropy.

In summary, we report the SHG properties of nanosheets
exfoliated from an orthorhombic 2D hybrid perovskite
[(C¢H;CH,NH;),]PbCl,. Our results show that the SHG
intensities of these nanosheets increase with increasing layer
thickness, whereas their in-plane anisotropies exhibit an inverse
trend. With the aid of MC simulations and DFT calculations, we
unveil that the conformational alterations of (C4qH;CH,NH;)",
which are due to the delicate changes of the VAW interactions,
modulate the orientation of electric dipoles and corresponding
SHG properties. Our work highlights the importance of
dispersion forces in regulating physical properties of these
quantum confined hybrid layered materials and also opens up
opportunities for studying exotic properties by considering the
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delicate interg)lay among multiple atomic bonding forces in 2D
materials.”®”
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