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ABSTRACT: Organic—inorganic hybrid halide perovskites are - T —— (BA),MAPD,

promising semiconductors with tailorable optical and electronic — (BAFAIPL,, o4 Afiﬁ:f;ﬂi;’;'bl
. . . Q —_ (BA),(DMA)PD,I, 7Y g 27

properties. The choice of A-site cation to support a three- 7 |_(eaycnpn, 0.1 L 2072 24T (BALGARY,

dimensional (3D) perovskite structure AMX; (where M is a metal @ }';o‘goﬁ

and X is a halide) is limited by the geometric Goldschmidt > ThE 0.01

tolerance factor. However, this geometric constraint can be relaxed 3 |Weer g PO

in two-dimensional (2D) perovskites, providing us an opportunity . . ,Q'Q'{' 1E-34 i

to understand how various A-site cations modulate the structural 18 20 22 24 0 500 1000 1500 2000

properties and thereby the optoelectronic properties. Here, we Energy (eV) Time (ps)

report the synthesis and structures of single-crystal (BA),(A)Pb,I,

where BA = butylammonium and A = methylammonium (MA), formamidinium (FA), dimethylammonium (DMA), or guanidinium
(GA), with a series of A-site cations varying in size. Single-crystal X-ray diffraction reveals that the MA, FA, and GA structures
crystallize in the same Cmcm space group, while the DMA imposes the Ccmb space group. We observe that as the A-site cation
becomes larger, the Pb—I bond continuously elongates, expanding the volume of the perovskite cage, equivalent to exerting “negative
pressure” on the perovskite structures. Optical studies and DFT calculations show that the Pb—I bond length elongation reduces the
overlap of the Pb s- and I p-orbitals and increases the optical bandgap, while Pb—I—Pb tilting angles play a secondary role. Raman
spectra show lattice softening with increasing size of the A-site cation. These structural changes with enlarged A cations result in
significant decreases in photoluminescence intensity and lifetime, consistent with a more pronounced nonradiative decay. Transient
absorption microscopy results suggest that the PL drop may derive from a higher concentration of traps or phonon-assisted
nonradiative recombination. The results highlight that extending the range of Goldschmidt tolerance factors for 2D perovskites is
achievable, enabling further tuning of the structure—property relationships in 2D perovskites.

B INTRODUCTION ideality; hence CsSnl; and FASnl; form stable perovskite
structures.®

The equally important class of two-dimensional (2D)
perovskites forms by incorporating additional but larger
organic cations, which serve as spacers between the inorganic

Hybrid halide perovskites are emerging semiconductors with
high mobility, long carrier lifetime, and low trap density."” The
three-dimensional (3D) halide perovskites with corner-sharing

octahedra have a general formula of AMX; [A = Cs, sheets.””'” The most prominent are the Ruddlesden—Popper
CH;NH;" (MA), or HC(NH,)," (FA); M = Ge*, Sn™, (RP) and Dion—Jacobson (DJ]) phases, with the formulas
Pb*; X = CI7, Br', I'].>* The A-site cation occupying/ (A"),(A),-Pb,1;,,, and A’A,_Pb,L3,,,, respectively, where A
templating the cuboctahedral cages defined by the eight and A’ are cations (A’ defining the organic spacers) and n can
adjacent Pb atoms can be seen as “perovskitizers”, and their reach values of up to 7."”'* In this way, tremendous structural
choice is limited by the Goldschmidt tolerance factor, t = (r, + diversity can be rationally achieved in 2D perovskites especially
rx)/ [\/ 2(ry + rx)], where 74, 75, and ry are the effective radii in the thickness of the inorganic layers, providin% materials that
of A*, M*, and X~ ions, respectively.”® It is only when the ¢ have properties of quantum well structures.””'> The flexible
value is between 0.8 and 1 that perovskite phases are mostly
observed. Cations giving t larger than 1 or smaller than 0.8 are Received: April 8, 2020 =JACS
“forbidden” and instead form nonperovskite phases.” When M Published: June 3, 2020
= Pb*" and X = I, the t values of Cs* and FA are near the
lower and upper limits of the ideal range, and perovskite
structures of CsPbl; and FAPbI; are metastable at room
temperature. However, for M = Sn**, t values are closer to
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spacer cations can also tolerate strain induced by the A-site
cations larger than MA,''® as in (BA),(FA)Pb,l, and
(BA),(FA)Pb,Br, (BA = butylammonium).'”'® Furthermore,
it is possible for some 2D perovskites to incorporate a larger
cation, such as (EA),(EA),Pb,X;, (EA = ethylammonium) (X
= Br or Cl),'"" (IPA),(IPA)Sn,I, (IPA = isopropylammo-
nium),”® and (BA),(EA),Pb,I,,.”"** Fu et al.'® reported the
extension of the Goldschmidt tolerance factor concept to 2D
perovskites using hexylammonium (HA) as the spacer and
formamidinium (FA), dimethylammonium (DMA), guanidi-
nium (GA), and acetamidinium (AA) as A-site cations.
However, among these compounds, only the single-crystal
structure of (HA),(GA)Pb,l, was determined, and a system-
atic study on how exactly the A-site cation affects the inorganic
lattice and thus the optical properties of the 2D perovskites is
still lacking. In order to better understand the structure—
property relationship in 2D perovskites, especially optoelec-
tronic properties such as the electronic bandgap and
photoluminescence quantum yield (PLQY), it is crucial to
solve and refine the precise single-crystal structures for all the
compounds.

Here, we report the detailed structural evolution of the series
(BA),(A)Pb,1, (A = MA, FA, DMA, and GA) as a function of
A cation size. Single-crystal X-ray diffraction shows elongation
of the Pb—I bonds with increasing the size of the A-site cation,
which reduces the orbital overlap between Pb and I atoms and
increases the optical bandgaps. This lattice expansion is a form
of “negative pressure” exerted by the larger A-site cations. As
the perovskite cages expand, the PL intensities and lifetimes
decrease because of increased trap or phonon-mediated
nonradiative recombination caused by lattice softening, as
supported by the more diffuse low-frequency Raman spectra.
Our results highlight the remarkably soft and elastic nature of
the 2D inorganic perovskite networks, which can respond
continually to size changes in the A cation, thereby extending
the range of achievable Goldschmidt tolerance factor, rather
than undergoing the dramatic structural transitions observed in
the 3D perovskites.

B EXPERIMENTAL SECTION

Starting Materials. PbO (99.9%), methylammonium chloride
(98%), formamidinium acetate (99%), dimethylammonium chloride
(99%), guanidinium chloride (99%), hydroiodic acid (57 wt % in
H,0, distilled, stabilized, 99.95%), and hypophosphorous acid
solution (50 wt % in H,0) were purchased from Sigma-Aldrich
and used as received.

Synthesis. (BA),(MA)Pb,l,. This was synthesized as previously
reported.”® The other three compounds were synthesized in a similar
way with step-cooling to avoid the formation of a light-yellow-color
nonperovskite phase.

(BA)5(FA)Pb,l;. A 1 mmol amount of PbO (223 mg) and 0.5 mmol
of FA acetate (52.1 mg) were dissolved in 1.5 mL of concentrated HI
solution under heating and stirring until boiling. A 0.9 mmol (89.1
uL) amount of butylamine (BA) was added to 0.25 mL of a
concentrated aqueous H;PO, solution in a separate vial under stirring.
The neutralized BA solution was added to the boiling HI solution
under stirring until a clear yellow solution was obtained. Then the
temperature was lowered to 125 °C until red plate-shaped crystals
started to precipitate out. A further decrease of the temperature to 80
°C resulted in precipitation of most of the crystals within an hour.
Then the hot plate was turned off and the solution was cooled to
room temperature. After 30 min, the product settled in the bottom of
the vial and was isolated by suction filtration followed by drying on
the filtration funnel for a further 30 min. Yield: 228.5 mg, 29.1% based
on total Pb.

(BA),(DMA)Pb,l,. A 1 mmol amount of PbO (223 mg) and 0.5
mmol of DMA chloride (40.8 mg) was dissolved in 1.7S mL of
concentrated HI solution under heating and stirring until boiling. A
0.5 mmol (49.6 uL) amount of BA was added to 0.25 mL of a
concentrated aqueous H;3PO, solution in a separate vial under stirring.
The neutralized BA solution was added to the boiling HI solution
under stirring until a clear yellow solution was obtained. Then the
temperature was lowered to 125 °C until red plate-shaped crystals
started to precipitate out. A further decrease of the temperature to 80
°C resulted in precipitation of most of the crystals within an hour.
Then the hot plate was turned off, and the solution was cooled to
room temperature. After 30 min, the product settled in the bottom of
the vial and was isolated by suction filtration followed by drying on
the filtration funnel for a further 30 min. Yield: 165.4 mg, 21.1% based
on total Pb.

(BA),(GA)Pb,l,. A 1 mmol amount of PbO (223 mg) and 0.5 mmol
of GA chloride (47.8 mg) was dissolved in 1.5 mL of concentrated HI
solution under heating and stirring until boiling. A 0.5 mmol (49.6
uL) amount of BA was added to 0.25 mL of a concentrated aqueous
H;PO, solution in a separate vial under stirring. The neutralized BA
solution was added to the boiling HI solution under stirring until a
clear yellow solution was obtained. Then the temperature was lowered
to 125 °C until red plate-shaped crystals started to precipitate out.
Further decrease of the temperature to 80 °C resulted in precipitation
of most of the crystals within an hour. Then the hot plate was turned
off and the solution was cooled to room temperature. After 30 min,
the product settled in the bottom of the vial and was isolated by
suction filtration followed by drying on the filtration funnel for a
further 30 min. Yield: 323.2 mg, 42.8% based on total Pb.

Steady-State and Time-Resolved Photoluminescence.
Steady-state PL spectra were collected using a Horiba LabRAM HR
Evolution confocal Raman microscope. A 473 nm laser was used to
excite the samples at 50X magnification. Time-resolved photo-
luminescence spectra were acquired with a streak camera
(Hamamatsu). The samples were excited at 400 nm under a 2 kHz
repetition rate, which is obtained by frequency-doubling of the
Ti:sapphire amplifier output at 800 nm using a BBO crystal. A 435
nm long pass filter was used before the detection to block the
excitation light.

Raman Spectroscopy. Low-frequency Raman spectra were
acquired using 660 nm laser excitation, and the Raman signals were
detected with a CCD camera. The measurements were performed in
ambient conditions. The Raman spectra were acquired using a 20X
objective under the parallel configuration (polarizations of the
excitation laser and Raman scattered light are kept the same). Two
notch filters were used to suppress the Rayleigh scattering, enabling
the collection of Raman signals with a wavenumber down to 10 cm™.
Details of the Raman setup used for the measurements have been
reported elsewhere.”* The spectra were collected from —150 cm™ to
200 cm ™!, and the samples were stable throughout the measurement.

B RESULTS AND DISCUSSION

Synthesis. We used the step-cooling method reported
previously to grow red-color single crystals of (BA),(A)Pb,I,
(A = formamidinium, dimethylammonium, and guanidi-
nium).”>7>” A 2:1 ratio of PbO and A cations was dissolved
in concentrated HI solution under stirring and heated to a boil.
In the case of (BA),(DMA)Pb,I, and (BA),(GA)Pb,l., a half-
stoichiometric ratio of BA (1:1:2 for BA, A cation, and PbO)
was added to the solution to avoid formation of the n = 1
phase (details in the Experimental Section), because the n = 1
phase has the highest fraction of organic spacer, and a higher
concentration of BA favors lower layer numbers. We also
observed that there was no evidence for the existence of higher
layer number than n = 2 when DMA and GA serve as A-site
cations. For (BA),(MA)Pb,I, and (BA),(FA)Pb,I,, 70% and
90% of the stoichiometric ratio of BA were added, respectively.
Using a half-stoichiometric ratio (50%) of BA in these cases

https://dx.doi.org/10.1021/jacs.0c03860
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Figure 1. (a) PXRD patterns of the compounds reported here. (b) Crystal structure of (BA),(MA)Pb,1, and (c) (BA),(DMA)Pb,I, from side
view. The dashed line represents the glide plane, and the solid line indicates the mirror plane. Crystal structures of (d) (BA),(MA)Pb,l,, (e)
(BA),(FA)Pb,1,, (f) (BA),(DMA)Pb,I;, and (g) (BA),(GA)Pb,I, emphasizing the cage defined by eight adjacent Pb atoms.

Table 1. Crystal and Refinement Data for (BA),(A)Pb,I, (A = MA, FA, DMA, and GA)

cryst syst
space group

unit cell dimens

volume
V4
density (calcd)

index ranges

indep reflns

completeness to 6 = 25°

no. of data/restraints/params
goodness-of-fit

final R indices [I > 20(I)]

R indices [all data]

largest diff peak and hole

(BA),(MA)Pb,1,
orthorhombic
Cmcm
a=239347(2) A
b = 8.9470(4) A
¢ = 8.8589(6) A
3118.7(3) A3
4
3.159 g/cm®
—46 < h <46
-10<k<1
-10<1<10
1378 [R;y = 0.0365]
99%

1378/2/42

1.283

Ry = 0.0663

wR,, = 0.1592

R, = 0.0706

wRy = 0.1619

1.30 and —2.31 e-A™3

(BA),(FA)Pb,I,
orthorhombic
Cmem
a =39.395(5) A
b = 9.0237(10) A
c=89612(9) A
3185.6(6) A’

4

3.1194 g/cm®
-53<h<S3
-12<k<12
-12<I1<11

1566 [Ryy, = 0.0623]
99%

1566/9/42

4.22

Ry, = 0.0658

wR,;,, = 0.0806

Ry = 0.0813

wR,, = 0.0814

1.90 and —2.61 e-A™3

(BA),(DMA)Pb,I,
orthorhombic
Cemb
a =39.730(4) A
b = 8.8756(6) A
¢ =9.0616(9) A
3195.4(5) A3
4
3.112 g/cm3
-S54 <h <54
-12<k<12
-12<1<10
1535 [Ry, = 0.0611]
98%
1535/10/43
1.82
Ry, = 0.0405
wR, = 0.0434
Ry = 0.0633
wRy = 0.0452
1.51 and —1.02 e-A™3

(BA),(GA)Pb,I,
orthorhombic
Cmcm
a=39262(5) A
b = 9.0894(10) A
¢ =89518(9) A
3194.6(6) A®
4
3.1418 g/cm®
—55<h<SS
—-12<k<12
-12<1<12
1578 [Ryy, = 0.0549]
100%

1578/13/43

9.07

Rgps = 0.0654

wRy, = 0.1126

Ry = 0.0746

wR,, = 0.1477

3.92 and —2.11 e-A™3

led to higher layer-number phases forming concurrently. It is
worth mentioning that with FA, darker crystals formed with
low-energy absorption peaks; however, they seemed to be
unstable and dissociated to n = 2 and 3D phases within about
half an hour, which suggests that the n = 2 is a more

11488

thermodynamically stable phase. Directly cooling the solution
to room temperature can result in the precipitation of a yellow
nonperovskite phase. Therefore, after a clear yellow solution
was obtained under heating and stirring, the temperature of the
hot plate was set to 125 °C, which is right below the boiling

https://dx.doi.org/10.1021/jacs.0c03860
J. Am. Chem. Soc. 2020, 142, 11486—11496
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point of HI (127 °C), so that the solution was still hot to
prevent the formation of the yellow nonperovskite phases,
while it was highly concentrated such that the red n = 2
perovskite phases could still precipitate. Once the red crystals
started to form, they served as seeds for further growth of the
crystals until the precipitation was complete. We note that no
crystals of other colors in the solution could be visually
identified. The crystals were separated by vacuum filtration.

From the powder X-ray diffraction (PXRD) patterns in
Figure la, we can clearly observe two characteristic peaks at 20
~ 4.5° and 9° that correspond to the n = 2 phases. In the case
of (BA),(FA)Pb,I, and (BA),(DMA)Pb,l,, there are addi-
tional peaks because of the precipitation of the orange n = 1
phase during the vacuum filtration. Since the crystals are big
and the color of the n = 1 (orange) and n = 2 (red) phases are
distinct from each other, they can be easily separated for
further characterizations. The differential scanning calorimetry
(DSC) measurements of all four samples are shown in Figure
S1, which all exhibit distinctive phase transition(s) just below
room temperature.

Crystal Structures. All structures were refined in both
centrosymmetric and non-centrosymmetric space groups. As
discussed previously, the structure of (BA),(MA)Pb,I, has
been solved in both Crmcm and Cc2m space groups.” The non-
centrosymmetric space group is known to better reflect the
local structure (e.g., configuration of the organic cation and
hydrogen bonding), whereas the centrosymmetric space group
better represents the averaged structure. Here, we want to
focus on the average structure and how the A-site cation
influences the inorganic part. Therefore, centrosymmetric
space groups are used for all the discussions in the main text,
and results for noncentrosymmetric space groups are shown in
the SI (Tables S1, S2, and S4 and Figure S3) for comparison
purposes. It is worth noting that even though the non-
centrosymmetric space groups give better refinement in terms
of R values, the centrosymmetric ones result in significantly
smaller estimated standard deviations (ESDs) and thus are
believed to better represent the average structures. All the
trends remain the same, however, regardless of the space group
chosen. Both (BA),(FA)Pb,I, and (BA),(GA)Pb,I, crystallize
in the same Cmcm space group (no. 63) as (BA),(MA)Pb,[,,
while (BA),(DMA)Pb,I, adopts the Ccmb space group, which
is equivalent to the space group of (BA),(MA),Pb;,l;, (Crmca,
no. 64) and can be transferred to Cmca by symmetry
operations (Table 1). The difference in space group (Cmcm
and Cmcb) comes from the different symmetry elements,
which is a glide plane between the two octahedral layers for
(BA),(DMA)Pb,1,, but a mirror plane crossing the spacer
cation for (BA),(MA)Pb,I, and the other two structures
(Figure 1b,c). The organic spacer BA is restricted to the mirror
plane parallel to the stacking direction in all the compounds.
The b and c lattice parameters of the unit cell increase with a
larger A-site cation; however, the stacking a axis does not
follow the same trend, which will be discussed below.

The effective radius of the A-site cation increases as MA <
FA < DMA < GA, as shown in Table 2. The unit cell strain for
the structures with a larger A-site cation than MA originates
from the significant variance in the Pb—I bond lengths. As the
effective radius of the A-site cation increases, the Pb—I bonds
in both the equatorial and axial directions become longer
(Table 3), which is also reflected in the average Pb—I bond
lengths. The axial Pb—I bond (denoted as the Pb—I,, bond)
can be further divided into the external Pb—I,, bond close to

Table 2. Effective Radii of A-Site Cations (R, .¢(pm)), Cage
Volumes (V,.), Average Pb—I Bond Lengths (d,,,),
Distortion Index (D), Bond-Angle Variance (6%), Interlayer
d-Spacing, Bandgap, and PL Peak of the Compounds
Reported Here

(BA),(MA)  (BA),(FA)  (BA),(DMA) (BA),(GA)

Pb,L, Pb,L, Pb,1, Pb,1,
Ry eq(pm) 217 253 272 278
Vige (&) 248.6 256.0 2569 258.7
d,, (A) 3.17 3.19 3.20 321
D (107) 104 14.8 184 19.1
@ 2.7 5.2 17.5 5.0
interlayer d- 7.13 7.03 7.09 6.91

spacing (A)

bandgap (eV) 2.16 2.18 222 220
PL peak (eV) 212 2.14 2.18 217

Table 3. Equatorial Pb—I Bond Lengths, Axial Pb—I Bond
Lengths (Internal and External), Average Equatorial Pb—I
Bond Length, and Average Axial Pb—I Bond Length of the
Compounds Reported Here

(BA),(MA)  (BA),(FA)  (BA),(DMA)  (BA)y(GA)
Pb,l, Pb,l, Pb,l, Pb,l,
equatorial 3.1644(7) 3.1926(9) 3.2043(6) 3.2007(8)
Pb-T(A)  31644(7)  3.1926(9)  32043(6)  3.2007(8)
3.1721(8) 3.1963(9) 3.1816(6) 3.2131(8)
3.1721(8) 3.1963(9) 3.1816(6) 3.2131(8)
axialPb—1 32633(10)  3.3312(13)  3.3699(10)  3.3788(14)
(internal)
A)
axial Pb—I 3.081(2) 3.055(3) 3.0623(18) 3.037(3)
(external)
(&)
av eq( p?—l 3.1683(7) 3.1945(9) 3.1930(6) 3.2069(8)
A
av ax(?l):v—l 3.1722(15)  3.1931(22)  3.2161(14)  3.2079(22)
A

the spacer cation and the internal Pb—I,, bond next to the A-
site cation (Figure 1d). The internal Pb—I,, bond is the longest
for all the structures, while the external one is the shortest.
Both the internal Pb—I,, and the equatorial Pb—I bond
(denoted as Pb—I,, bond) lengths increase with the larger A-
site cation (Figure 1, Table 3), which suggests that the
perovskite cage expands to accommodate the large A-site
cation. The cage expansion can be seen as a form of “negative
chemical pressure” being exerted on the structure, in contrast
to the studies under high pressure, where there is cage
contraction and the Pb—I bond lengths decrease when
increasing the pressure.28

The interlayer distance between the perovskite [Pb,I,]*~
slabs as defined by planes crossing terminal iodine atoms is not
a constant. In fact, the spacer cation is more compressed
(interlayer d-spacing is smaller) in the cases of the larger A-site
cations (Table 2). It is believed that by applying opposite
compressive strain the spacer cations can balance the
expansion of the 6perovskite cage and reduce the accumulated
strain energy,b’1 leading to an increase of the Goldschmidt
tolerance factor range in 2D perovskites.'””” Taking these
factors into consideration, even though the unit cell volume
(Table 1) varies only marginally with increasing size of A-site
cations, the volume defined by eight adjacent Pb atoms does
increase with the size of the A-site cation (Table 2), consistent
with the exertion of negative pressure induced by the A cation
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size. The level of distortion for each individual octahedron can
be defined by the distortion index (D) and bond angle variance
(6?) as calculated by the Vesta software.””*' The D and ¢ are
defined by eqs 1 and 2, where [, is the average Pb—I bond
distance and ; are the six individual bond distances, and 6, is
the individual I-Pb—I angle.

6
-1
D=121 av’
6T (1)

12
o = z (6, - 90)*/11
i=1 ()

The distortion index increases as the size of the A-site cation
becomes larger, with the DMA and GA compounds showing
the largest distortion index. The MA compound has the
smallest bond angle variance, followed by the FA and GA
compounds, while the DMA compound has the largest bond
angle variance (Table 2). The DMA structure has a different
space group and symmetry elements than the other three.
Instead of the mirror plane crossing the MA, FA, and GA
cations, the DMA cations are related via a glide plane (Figure
1b,c). The axial Pb—I bonds in the same octahedra tilt in
opposite directions (left and right, Figure 1d) for MA, FA, and
GA, while they tilt in the same direction (both left or both
right, Figure 1f) for DMA. Therefore, the I-Pb—I bond angles
in the axial direction are smallest for DMA (Figure 1d—g), and
that is the reason that the DMA structure has a larger bond
angle variance.

The Pb—I-Pb angles (Table 4) are similar for the four
compounds. The MA compound has the smallest average Pb—

Table 4. Equatorial, Axial, and Average Pb—I—Pb Angles of
the Compounds Reported Here

(BA),(MA)  (BA),(FA) (BA),(DMA) (BA),(GA)

— (BA),(MA)PD,|,

— (BA),(FAPD,,
(BA),(DMA)Pb,,

—(BA),(GA)PD, I,

2

v,

o/S (a.u.)

18 20 22 24
Energy (eV)

Figure 2. Optical absorption spectra of the 2D perovskite compounds
reported here.

shown in Table 2, following the trend E, pya > Eg a > Eg pa >
Ey a-

It is well known from previous studies that Pb—I—Pb angle
variation related to in-plane and out-of-plane octahedral tilts
are of prime importance to rationalize the bandgap energy in
metal halide perovskites by changing the metal s- and halogen
p-orbital overlap.'”**** However, the bond stretching and
especially the variations of the Pb—I distances also affect
orbital overlap. To evaluate the influence of Pb—I bond length
on the electronic bandgap, we conducted density function
theory (DFT) calculations for the structures reported here.
Electronic structure calculations were performed using the
experimental crystallographic structures except that hydrogen
atom positions have been optimized. All compounds are direct
bandgap semiconductors at the I' point (Figure 3). The

2Ly Pb,I; Pb,1I, Pb,1,
equatorial 164.5 172.9 165.2 169.1
Pb—I-Pb (deg) 1699 165.9 168.1 167.0
axial Pb—I-Pb 165.6 1713 180.0 171.8
(deg)
av equatorial 167.2 169.4 166.6 168.1
Pb—I-Pb (deg)
av Pb—I-Pb 166.7 170.0 171.1 169.3
(deg)

a K b =
4 4
s s
% 2 o 2
S 5 0 (BA),(FA)Pb,I,
@ @
o o
w w_

c d
4
s s
22 2
S (BA),(DMA)Pb,I, S (BA),(GA)Pb,I,
= 0 =
(] (]
& &
-2 .

I-Pb angle (166.7°), followed by the GA (169.3°) and FA
(170.0°) compounds, while the DMA compound has the
largest average Pb—I—Pb angle (171.1°). The Pb—I—Pb angle
can be further categorized into equatorial angle, which is
parallel to the inorganic layer, and axial angle perpendicular to
the layer. The large average Pb—I—Pb angle of the DMA
compound originates mainly from the large axial angle, while
the equatorial Pb—I—Pb angle, which may be more relevant to
the charge transport direction in 2D perovskites, is the
smallest.

Impact of Large A-Site Cations on Bandgap. The optical
absorption spectra of the four compounds exhibit a high-
energy absorption edge and a lower-energy exciton peak,
Figure 2. The bandgaps are estimated by extrapolating the
high-energy slope to the imaginary axis parallel to the x-axis
where the absorption edge is interrupted by the exciton
peak.””*® The corresponding optical bandgap energies are

-z

Figure 3. Computed electronic band structures for (a) (BA),(MA)-
Pb,l;, (b) (BA),(FA)Pb,I; (c) (BA),(DMA)Pb,I; and (d)
(BA),(GA)Pb,I,. The DFT calculations have been performed at the
HSE+SOC level of theory with 73% Fock exchange.

dispersion along the 'R direction in the Brillouin zone is flat,
which corresponds to the stacking direction (a) in real space,
indicative of 2D-like electronic structures.

Regardless of the level of theory in use, the calculated
electronic bandgaps follow the same trend with E, pya > Eg ga
> Ey pa > Eg ma- The calculated bandgaps are 2.60, 2.55, 2.54,
and 2.48 eV, respectively, at the Heyd, Scuseria, and Ernzerhof
+ spin—orbit coupling level of theory with 73% Fock
exchange.” We further checked the partial density of states
(PDOS) using DFT calculations and that intrinsic band
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structures are not deeply modified by A-site cations (Figure
S2). In particular, the respective weights of Pb s- and I p-
orbitals at the top of the valence band are only slightly
modified by the substitution.

The band structure calculations for the non-centrosym-
metric space groups are also shown in the SI (Table S4, Figure
$3). The bandgaps show the same trend as those calculated in
the centrosymmetric space groups (Tables S3, S4).

By inspecting the crystal structure, we can see that in the
present series the octahedral tilts (Pb—I—Pb angle) remain
similar, whereas the Pb—I bonds undergo significant length
variations, depending on the A-site cation. To focus on the
impact of bond length variation on the electronic bandgap
energy, we built a simplified model structure “Cs;Pb,l,”
(Figure 4a) and computed the bandgap energies considering a

a Vacuum Stacking
between the layers f direction
dpp-

Pb Iax-ext
Pb-I

315 320 325 330

dPb-lgq W)

Figure 4. (a) Schematic representation of the all-inorganic 2D model
compound (Cs;Pb,I,) showing three different types of bond lengths:
equatorial (dp,;,), internal axial (dp,_;,_, ), and external axial
(dpp-1__) lead—iodide bond lengths. (b) 2D color map of computed
electronic bandgap energies (E,) for different values of equatorial
(dpb,leq) and internal axial (dp,—;__ ) distances, setting dp,—;__ to 3.1
A, overlaid by the experimental bond lengths extracted from single-
crystal structures for (BA),(MA)Pb,1, (MA), (BA),(FA)Pb,I, (FA),
(BA),(DMA)Pb,L, (DMA), and (BA),(GA)Pb,1, (GA).

range of bond lengths consistent with the present crystal
structures. In order to isolate the effect of Pb—I bond lengths,
all octahedral connections were kept as undistorted with 180°
Pb—I—Pb angles. As discussed in the crystal structure part, the
axial Pb—I bond can be further divided into external and
internal ones. Since the external Pb—I, contributes less to the
VBM and CBM spinor densities,”” we only consider the

11491

equatorial Pb—I (dp,_;) and the internal Pb—1, (dpy_y, )
bond lengths; all external Pb—I,, (dp,_;__) bond lengths have

been fixed at 3.1 A (Figure 4a). A vacuum slab of 25 A was
introduced between the layers. To obtain a mapping of the

electronic bandgap, the dp,_;,_ and dp,_; bond lengths were

ax—int

varied from 3.1 to 3.4 A (0.1 A steps) and 3.1 to 3.3 A (0.025
A steps), respectively, and the corresponding bandgap vs bond
length map is shown in Figure 4b.

As shown in Figure 4b, the bandgaps increase with
increasing Pb—I bond lengths, following the experimental
trend that Eg gy > Egpp > Egya- This simplified model predicts
that (BA),(GA)Pb,I; has the widest bandgap among the four
compounds, while DFT calculations on the real structures
(Figure 3) lead to Egpua > Egga (also confirmed
experimentally, Figure 2). This is because the 2D mapping
does not take into consideration additional octahedral
distortions and deviation of Pb—I—Pb angles from 180°.
When the bond lengths are similar, the Pb—I—Pb angles still
play a role in affecting the bandgaps. It turns out that
(BA),(DMA)Pb,I, has the smallest equatorial Pb—I—Pb angle
among the series (Table 4), which means the octahedra are
more significantly tilted in the planes of the 2D layer, which in
turn increases the bandgap energy. This suggests that for this
series of layered perovskites the Pb—I bond lengths are the
main factors tuning the bandgap energy and the equatorial
Pb—I—-Pb angles exert a secondary effect. Meanwhile, both
these structural components cooperate to minimize the strain
energy in layered perovskites.'” Other researchers have
observed similar trend of bandgap blue-shift for larger A-site
cations in the colloidal nanoplates.” It is worth mentioning
that the trend of the bulk and colloidal systems is slightly
different. The size dependence of absorption peak for the 2D
perovskite nanoplates follows the same trend as the 3D bulk
perovskites APbI; (A = Cs*, MA, and FA) that E, cor > Egva >
Eg g while for the 2D bulk perovskites, Eg \a < Eg pa< Eg ga-

Trends in PL and Lattice Softening. All compounds exhibit
photoluminescence at room temperature, with the PL peak
positions following the same trend as the bandgap (Figure Sa),
consistent with the trends derived from electronic band
structure calculations and the optical absorption spectra. It is
worth noting that the intensity of the PL peaks drops as the
size of the A-site cation increases (Figure Sb). The PLQY (¢)

k.
k+k,’
rate constants of the radiative and nonradiative decay,
respectively.”’ " Because of the similar dielectric environ-
ments of the compounds, the exciton binding energy and the
radiative decay rate are generally expected to be similar. The
observed decrease of the PL intensity, however, suggests a
higher nonradiative decay rate in the larger A-site cation
compounds, which is also confirmed by the time-resolved PL
(TRPL) measurement (Figure Sc). The TRPL plots are fitted
with two exponential decays, and the PL lifetime values
summarized in Table SS. The time scale of the PL lifetimes
varies as Ty, Ma > Tay, FA > Tay,DMA > Tavg, Gas Which shows that as
the size of the A-site cation increases, the PL lifetime decreases,
matching the trend of the PL intensity. We note that we
measured the TRPL using the 2 ns window of a streak camera,
which focuses on the intrinsic exciton recombination. Longer-
lived processes that are caused by extrinsic effects may also
exist based on the long tail of the PL decay curve, but the work

is defined by the equation ¢ = where k, and k, are the
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Figure 5. (a) Normalized PL spectra, (b) unnormalized PL spectra,

and (c) normalized time-resolved PL decay of the 2D perovskite
compounds reported here.

aimed at understanding the origins of this is outside the scope
of this article.

The decreasing trend in PL lifetime may come from more
defect states that trap the excitons in perovskites incorporating
larger A-site cations, which can serve as recombination centers
and quench the PL.** At low photon fluence, the PLQY is
limited by the charge-trapping pathway,*' which is the process
discussed here. It has been reported that the 2D perovskite
with larger A-site cation, (BA),(EA),Pb;l,,, exhibits higher
defect densities than (BA),(MA),Pb;I;, and shorter PL
lifetime.** At high fluence, the trap states are predominantly
filled, and Auger recombination or exciton—exciton annihila-
tion is the dominant channel for the nonradiative loss.”"*>**
The exciton—exciton annihilation is expected to be enhanced
in the 2D perovskites. Nevertheless, our transient absorption
measurements reveal that the exciton—exciton annihilation
rates appear slower in the structures with larger A cations, as
will be discussed later.

The 6s* lone pairs that dominate the top of the VBM play an
important role in physical properties of halide perovskites.
These lone pairs are crystallographically hidden (delocalized)
in 3D perovskites and exhibit local distortion only upon
thermal expansion as they struggle to achieve stereochemical

geometry as the Pb atoms move slightly off-center possibly
in random directions and in a dynamic way. Therefore, these
lone pairs may be more localized in these 2D perovskites at
room temperature because of the expansion of Pb—I bonds.
The stereochemical activity can be characterized by the large
distortion index and bond angle variance as discussed above.
Our hypothesis is that as the size of the A-site cation increases,
the Pb—I bonds get elongated and the inorganic framework
becomes “loose” and more deformable. Thus, the lone pairs are
more statically expressed and result in stronger lattice
anharmonicity. A less rigid structure is easier to form defects,
and the optical phonon frequency is expected to decrease since
it is directly proportional to the chemical bond strength, and
this trend is associated with lattice “softness”.

The lattice anharmonicity and softness can be probed via the
low-frequency Raman spectral characterization (Figure 6). We

- A
>
: 273
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> 24
=
wn 42 DMA
C 25
2 5 FA
£
MA

100 O 100 200
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Figure 6. Raman spectra of 2D compounds reported here. The

numbers indicate the peak positions in cm™.

used a laser with 660 nm wavelength, which is below the
bandgaps of the compounds, to excite the materials in the
transparency region and avoid undesirable PL background. As
shown in Figure 6, the Raman spectra of all four compounds
consist of broad quasielastic central peaks around 0 cm™,
which are diffuse and composed of a spectral continuum
underlying broad Raman transitions. The broad central peaks
are signatures of anharmonic, highly dynamic, and fluctuating
structures.**™*’ Also seen in MAPbI,, MAPbBr;, and CsPbBr,
perovskites, this type of room-temperature Raman spectra is
known to be associated with soft distortive lattices and
interestingly similar to those of fluids.***” Besides the broad
peaks, there are also some distinct low-frequency peaks at 25
and 45 cm™ for (BA),(MA)Pb,I,, which may correspond to
the bending modes of [PbI;]*~ octahedra.””***" As the size of
the A-site cation increases, there are two clear observations.
First, the peak positions in the spectra shift to lower frequency
(Figure 6). Since the frequency is directly proportional to the
bond strength, it is expected that longer bonds result in lower
energy for the optical phonons. Second, the spectra become
more diffuse since the broad background associated with
dynamic disorder emerges, which suggests that the structure
becomes more anharmonic as A-site cation size increases,
indicating a softer lattice. This can be rationalized by the
expression of the 6s” lone pair in the loosely connected
structure, which tends to become localized, acting as a lever of
perturbation of the octahedral coordination environment."
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This perturbation is likely the origin of the enhanced disorder
observed as the size of the A-site cation increases.

Trend in Carrier Dynamics. Many-body exciton—exciton
annihilation in strongly excited low-dimensional semiconduc-
tors represents an important nonradiative loss path that limits
the efficiency in lasers and LEDs. The annihilation is a process
when an exciton recombines nonradiatively and transfers the
energy to another exciton, which is analogous to Auger
recombination for free carriers. Exciton—exciton annihilation is
expected to be efficient in 2D perovskites due to the strong
many-body interactions and large exciton binding energies (for
example up to 200 meV in (BA),(MA)Pb,I,) at room
temperature. Under low excitation power density at which
the TRPL is measured, there are still trap states so that the PL
decays are nonexponential because of trap-assisted recombi-
nation, whereas under high excitation power density, the
exciton—exciton annihilation dominates recombination dy-
namics.*>**

To better understand the exciton annihilation dynamics in
these materials, we performed ultrafast transient absorption
microscopy measurements on exfoliated crystals under a high
excitation power density. The pump fluence was ~120 uJ
cm™?, corresponding to a carrier density of ~10'2 cm™?, below
the Mott density (~10"™ cm™2).** The absorption spectra of
the exfoliated crystals (Figure S4) match well the ones of bulk
crystals obtained by the diffuse reflectance UV—vis measure-
ments. As shown in Figure 7, the 2D transient absorption (TA)
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Figure 7. Two-dimensional pseudocolor (—AT/T) plots of TA
spectra for (a) (BA),(MA)Pb,I,, (b) (BA),(FA)Pb,I, (c)
(BA),(DMA)Pb,I,, and (d) (BA),(GA)Pb,l, at the first 6 ps. The
blue areas represent bleaching, and the red ones are photoinduced
absorption. (e) Experimental (symbols) and fitted (lines) 1/AT—t
plots of the ground-state bleaching peaks for compounds reported
here. (f) TA spectra cuts at 10 ps for compounds reported here.

map exhibits a ground-state bleaching (GSB) feature (blue
color) at the optical bandgap and two photoinduced
absorptions (PIA) (red colors) above and below the optical
bandgap. There are also weak bleaching features (light blue
color) below the optical bandgap for the MA, FA, and GA
compounds (purple decay trace in Figure S5). The dynamics
of the four features for the first 6 ps is shown in Figure S5. The
GSB rises at the sub-picosecond time scale due to the fast
band-edge population®” and then goes through a slow decay
process, lasting in the hundreds of picoseconds, which is
associated with the exciton—exciton annihilation given the high
fluence used in the measurement.’”

The TA features are markedly similar to those of previous
studies under lower excitation power densities, confirming that
the excitons remain the main excited-state species here (ie.,
below the Mott transition). We then model the decay kinetics

) — kn (t)% as

expected for the exciton—exciton anmhllatlon process, in
which n(t) is the exciton density and k is the rate constant for
the exciton annihilation. In the linear region we performed the
measurement, the TA signal should be proportional to exciton
density (AT o n(t)). Therefore, to fit the rate constant in

- (lt)z dr;(tt) = k, we plotted the 1/AT—t curve (Figure 7e); the

slope divided by the initial carrier density (Table S6) gives the
rate constant. The annihilation rate constants are calculated to
be 1.7 X 1072, 3.5 X 107, 2.8 X 107°, and 4.4 X 107> cm” s~
for (BA),(MA)Pb,L;, (BA),(FA)Pb,I; (BA),(DMA)Pb,I,,
and (BA),(GA)Pb,l., respectively. For comparison, the
exciton annihilation rate is 1.1 X 107* cm? s7! for
(PEA),(MA)Pb,I, (PEA = phenethylammonium)** and ~2
X 1072 cm? s7! for (BA),(MA)Pb,I,.** Because the
annihilation rate sets an upper limit on the density of injected
charges, for the same spacer cation such as BA, the even
smaller values in the structures with larger A-site cations than
MA 1nd1cate they could be more promising candidates for
lasing.** Moreover, the results further support that the PL drop
is mainly due to the increased trap or phonon-assisted
nonradiative recombination rather than the exciton—exciton
annihilation that manifests in 2D perovskites. Even though the
role of surface and edges has not been ruled out, they are less
likely to be responsible for the PL quenching.

The main GSB peak becomes broader with increasing size of
the A-site cation (Figure 7f), and so does the absorption
(Figure S4) and the emission peak (Figure Sa, Table S7). The
broadening originates from enhanced dynamic disorder, which
can be correlated to the larger octahedral distortion of those
structures. The below-bandgap bleaching was previously
assigned to the trap states below the bandgap.”* These traps
may not come from common chemical defects, but from the
trapping of the band-edge exciton through electron—phonon
coupling.”® Strong electron—phonon coupling has been
assumed to play a role for the sub-bandgap states in 2D
perovskites.”

of the bleaching peak using the rate equatlon

B CONCLUSIONS

In 2D perovskites, the choice of the A-site perovskitizer cations
is not entirely limited by the so-called Goldschmidt tolerance
factor. The stabilizing effect of the spacer cations makes it
possible to tolerate larger A-site cations as perovskitizers. By
solving the single-crystal structures of (BA),(MA)Pb,I,,
(BA),(FA)Pb,I,, (BA),(DMA)Pb,I,, and (BA),(GA)Pb,l;,
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we have proven that the relatively large DMA and GA can
serve as the A-site cation of 2D perovskites despite the fact that
they are too large to formally satisfy the Goldschmidt rule in
the 3D structures. As the size of the A-site cations across these
compounds increases, the Pb—I bonds are elongated, which
reduces the orbital overlap of Pb s- and I p-orbitals, thus
decreasing the electronic bandwidths and increasing the
bandgaps, as confirmed by DFT calculations. The expanded
cage size is essentially equal to a “negative chemical pressure”
applied to the 2D perovskite structure. This increases the local
distortions of the Pbl, coordination environment and leads to
a decrease of PL intensity and shortening of PL lifetime. The
expanded cages also result in soft and anharmonic lattices, as
supported by Raman spectra. Exciton—exciton annihilation
processes occur in these systems with the rates being slower in
the structures with larger A cations.

Our study suggests that increasing the size of the A-site
cation can lead to Pb—I bond elongation, bandgap blue-shift,
lattice softening, and PL quenching, showing that the A-site
cation has powerful tunability over the property of 2D
perovskites. Finally, there is a long-standing debate on the
role of the A-site cations (organic vs inorganic, polar vs
nonpolar) in the outstanding properties of halide perov-
skites.”>>” While MA, FA, and DMA are polar cations, the GA
cation is nonpolar. There are many reports on how the A-site
cation may influence the properties of the 3D perov-
skites, 757 guch as carrier dy'narnics,4&57 local ferroelectric
domains,*”*® Rashba splitting,58 and localizing conduction and
valence band edges in spatially separated regions.”® However,
agreement still has not been reached and very few studies have
been done on 2D perovskites. Our work presents more choices
of A-site cations for 2D perovskites with different dipole
moments and provides a set of model systems to study the
effect of A-site cation on the property of perovskites. This
study improves our understanding of the structure—property
relationship of 2D perovskites and could help future design of
more optimal materials for specific optoelectronic applications.
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