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ABSTRACT: The temperature-induced phase transition in two-dimensional (2D)
layered perovskites was recently found to be incomplete even if the temperature
dropped to tens of kelvin. However, its intrinsic cause still remains unclear, and the
information on the phase transition in individual single crystals (SCs) is also limited.
Herein, we study the phase transition process in individual (n-C,HyNH;),Pbl, SCs
using a home-built photoluminescence (PL)-scanned image microscope. At 83 K, the
phase transition is indeed incomplete, leading to the coexistence and inhomogeneous
distributions of room-temperature and low-temperature phases. We map the
distribution of phase transition degree on individual SCs at 83 K, which exhibits a
strong positive (negative) correlation with the distribution of local defects (PL
lifetimes) at 293 K, indicating that the phase transition is enhanced by initial defects.
Our findings might provide new insight into the phase transition of (n-C,H;NH,),Pbl,
crystals, which is of potential value for applications based on 2D layered perovskites.
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B INTRODUCTION

Two-dimensional (2D) layered Ruddlesden—Popper lead-
halide perovskites are a class of semiconductor materials with
a general formula of (RNH;),(A),_;M,X;,,,,, where RNH," is
an ammonium cation with a long hydrophobic side chain, A* is
a small cation like CH;NH;*, M** is a metal cation, and X~ is a
halide anion. They are naturally formed multiple-quantum
wells, which are composed of n layers of lead halide
octahedrons segregated by insulating ligands.' > Compared
to their three-dimensional (3D) analogues, layered 2D
perovskites exhibit better moisture resistance, higher photo-
stability, larger exciton binding energies, and tunable bandgaps
due to the presence of the hydrophobic and length-adjustable
organic ligands.'~'" These properties make 2D perovskites
display great potential in the fabrication of solar cells, light-
emitting diodes, and other optoelectronic devices."' ™'
Another attractive feature of 2D perovskites is their tunable
optical groperties with the change of environmental con-
ditions.'~*' Notable success has been achieved in regulating
the optoelectronic properties through the phase transition
process by adjusting the temperature.”'~>* Previous reports
have shown that (RNH;),PbX,, as a series of single-layer (n =
1) perovskites, exhibits a reversible phase transition when the
temperature decreases.”> >’ Whittaker-Brooks and co-workers
observed an abrupt phase transition at ~250 K in an (n-
C,H,NH,),Pbl, thin film, and its band energy increased from
24 eV at room temperature (RT) to 2.53 eV at low
temperature (LT) at the same time.”® Nag and co-workers
compared the phase transition in single crystals (SCs) and
exfoliated few-layer lattices of the same compound and found
that their phase transitions display different hysteresis
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behaviors during heating/cooling cycles. Such a phase
transition is found to be incomplete even though the
temperature drops to tens of kelvin, leading to a biphase
structure revealed by dual-color emission at low temper-
atures.”

Similar incomplete phase transitions were also observed in
3D hybrid perovskites and were usually considered to be
correlated with structural defects (e.g., vacancies or dangling
bonds). It was proposed that the existence of defects can
change the lattice strain and thereby improve the phase
transition completeness by facilitating the tilt and distortion of
the lattice during the phase transition process.””’' However,
the experimental evidence for this mechanism is still lacking.
Herein, we study the temperature-induced phase transition in
(n-C4H,NHj;),Pbl, 2D perovskite SCs. By using a home-built
photoluminescence (PL)-scanned imaging microscope, we
map the PL emission on individual 2D perovskite SCs (with
a few pm in lateral dimension) from both LT and RT phases at
different temperatures. We find that the 2D perovskite SCs
exhibit a spatially inhomogeneous phase transition starting
from ~263 to 83 K, and the completion degree of the local
phase transition shows a strong negative correlation with the
spatial distribution of local PL lifetimes on the SCs at room
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Figure 1. Temperature-dependent absorption (a) and PL (b) spectra of (n-C,HoNH,),Pbl, crystals collected at various temperatures from 83 to
293 K. The excitation wavelength is 405 nm for PL measurements. The gray dashed lines in (b) are Gaussian fits of the spectra, separating the
contributions from LT and RT phases. (c) Temperature-dependent X-ray diffraction (XRD) patterns of (n-C,H;NH,),Pbl, SCs at indicated

temperatures.

temperature, whose variation is likely caused by the change of
local structural defects. We believe that this result exper-
imentally establishes the correlation between the phase
transition and structural defects in perovskite materials, thus
shedding light on the control of the phase transition of 2D
layered perovskites.

B RESULTS AND DISCUSSION

The (n-C,HyNH;),Pbl, SCs were prepared via a method
reported in previous literature,”” and the experimental details
are provided in the Supporting Information (SI). Transmission
electron microscopy (TEM) and selected area electron
diffraction (SAED) analyses were performed to evaluate the
quality of (n-C,HoNHj;),Pbl, SCs. As shown in Figure Sla, the
as-synthesized (n-C,H;NH,),Pbl, SC shows a neatly arranged
point-like diffraction pattern, indicating that the (n-
C4H,NHj;),Pbl, SC is of high quality. For UV—Vis absorption,
PL spectroscopy and imaging measurements, mechanically
exfoliated 2D SCs were prepared and transferred on glass
coverslips. The UV—Vis absorption spectra and PL emission
spectra of an ensemble of (n-C,H,NHj,),Pbl, SCs (see Figure
S1b for an optical image) collected at various temperatures
ranging from 83 to 293 K are shown in Figure la and 1b,
respectively. At room temperature (RT, 293 K), the 2D
crystals show a single absorption peak centered at 514 nm,
which is the first-exciton absorption of (n-C,H,NH;),Pbl, 2D
perovskite quantum wells. As the temperature decreases, a
high-energy absorption peak near 490 nm gradually appears
and becomes more prominent (narrower and sharper) at low
temperatures. This change in the absorption spectra is
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indicative of the temperature-induced phase transition of (n-
C,HyNH,),Pbl, 2D perovskites from the RT phase (~514
nm) to the LT phase (~490 nm),”® which starts around 263 K.
An interesting phenomenon in the phase transition process is
that the RT-phase absorption (~514 nm) persists over the
temperature tuning range, suggesting that the phase transition
in (n-C,HyNH;),Pbl, 2D perovskites is incomplete even at 83
K. Exactly consistent with the absorption spectra, the PL
spectra of the 2D perovskites exhibit a similar temperature-
induced spectral evolution (Figure 1b), and the dual emission
bands of 494 nm from the LT phase and 520 nm from the RT
phase at low temperatures can be well separated by Gaussian
fits, again suggesting the incomplete RT-to-LT phase transition
at low temperatures. These observations in absorption and PL
spectra agree well with those in the literature,”*’ confirming
that the incomplete temperature-induced phase transition is a
common phenomenon in hybrid 2D perovskites with n = 1.
Temperature-dependent powder XRD characterization was
also performed on (n-C,H;NH,),Pbl, crystals. As shown in
the XRD patterns (Figures 1c and S2), the diffraction peaks
from the LT phase ((002), (004), (006), (008)) become
weaker and disappear eventually when the temperature
increases from 83 to 293 K, and meanwhile the diffraction
peaks from the RT phase ((020), (040), (060), (080))
gradually appear and become stronger. These results, together
with the above absorption and PL spectra, indicate that the
structural phase transition occurs near 263 K, which agrees
with the previous reports by Nag et al. and Billing et al.””*’
Moreover, the transition temperature is also similar to that
from the differential scanning calorimetry (DSC) data reported
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Figure 2. (a) Temperature-dependent PL spectra of an exfoliated (n-C,H,NH;),Pbl, crystal under 405 nm excitation. The gray dashed lines are
the Gaussian fits of the spectra, showing contributions from RT and LT phases. (b) PL intensity images of the same exfoliated crystal as in panel
(a) collected in the emission channels of 470—490 nm for the LT phase (blue) and 515—535 nm for the RT phase (green) at indicated

temperatures under 405 nm excitation. The scale bars are 10 pm.
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Figure 3. (a) RT-phase PL lifetime map measured on an individual (n-C,;H,NHS,),Pbl, crystal at 293 K. (b) Map of relative completion degree of
phase transition at 83 K (normalized at maximum) calculated according to eq S4 in the SI, showing a clear inverse correlation relative to the RT-
phase PL lifetime image in panel (a). (c) PL kinetics of the RT-phase measured at 293 K at typical positions as shown in (a); red lines are their
fitting curves. (d) Comparison of the RT-phase PL lifetimes and relative degrees of phase transition at various positions (denoted by red points) as

shown in panel (a).

1,* further confirming that the change in PL

by Nag et a
spectra at lower temperatures does result from the change in
the structure of the SC. One difference is that we do not
observe the RT-phase diffraction peaks in XRD patterns while

the temperature drops below 243 K (Figure S2), which might
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be attributed to the limited detection depth and sensitivity of
XRD measurements.

The carrier dynamics in (n-C,H,NH;),Pbl, SCs at different
temperatures were also examined by performing transient
absorption (TA) measurements (see the SI for a detailed
description of TA measurements). Briefly, a pump pulse at 400

https://doi.org/10.1021/acsomega.1c04800
ACS Omega 2021, 6, 35427—-35432


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04800/suppl_file/ao1c04800_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04800/suppl_file/ao1c04800_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04800/suppl_file/ao1c04800_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04800?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

nm is used to excite the sample, and the induced absorption
changes (AA) are recorded as a function of both wavelength
and time. The excitation intensity is 1.4 uJ/cm? which is
within the linear response range (Figure S3). Figure S4
compares the TA spectra of (n-C;H,NH,),Pbl, SCs measured
at room temperature and low temperatures. Consistent with
their steady-state absorption spectrum, their TA spectrum at
room temperature shows a single bleach peak at 516 nm due to
the band-edge exciton filling, which then splits into discrete
LT-phase and RT-phase bleach peaks with the decrease of
temperature (Figure S4d). These two bleach peaks exhibit
independent TA kinetics at low temperatures (see Figure SS),
suggesting that there is no charge or energy transfer between
the two phases even when they are coexisting. Both LT and RT
phases exhibit faster TA kinetics as the temperature decreases,
likely because of the larger relative prog)ortion of the excitons
at low temperatures in 2D perovskjtes.‘3

To elucidate the factors that affect the phase transition, we
examined the PL spectra and intensity images from an
individual exfoliated (n-C,H,NH;),Pbl, SC (with the lateral
dimension of tens of ym; see Figure S6a for its optical image)
at different temperatures using a home-built PL-scanned
imaging microscope. The PL spectra from an individual
exfoliated SC also exhibit two emission peaks from RT and LT
phases as the temperature decreases (Figures 2a and S6b), and
similar PL spectra are also observed in many other (n-
C,H,NH;),Pbl, SCs (Figure S7). However, the PL intensity
ratio between RT and LT phases varies significantly between
different SCs, suggesting that the completion degree of the
phase transition varies in different SCs. Besides the two PL
peaks from RT and LT phases, a weak and broad emission
from 550 to 704 nm is also observed in some SCs at 83 K
(Figure S8a,c). This low-energy emission is likely related to the
emission of self-trapped excitons (STEs) and/or defect
states,”” which usually exhibit much longer PL lifetime as
shown in Figure $8b and $8d.**7°

Figure 2b shows a set of PL intensity images from a typical
SC (the same crystal as shown in Figure 2a) at different
temperatures (see Figure S9 for images at other temperatures).
The images for LT and RT phases are distinguished by
collecting the PL at different wavelength channels of 470—490
nm for the LT phase and 515—535 nm for the RT phase. The
RT-phase PL is relatively homogeneously distributed at room
temperature but gradually becomes more and more inhomoge-
neous when the temperature drops below 263 K, and the
distribution of the RT phase is roughly inversely related to that
of the LT phase. In other words, where the RT-phase PL is
stronger, the LT-phase PL is weaker. This indicates that the
inhomogeneous PL distributions of RT and LT phases at low
temperatures result from the inhomogeneous phase transition
in the SC. Stronger RT-phase PL represents less LT-phase
transformation and vice versa. Similar inhomogeneous phase
transition and inverse RT/LT-phase distributions are also
observed in other (n-C,HoNHj;),Pbl, SCs (see Figure S10).

Some recent reports have shown that local structural defects
can trigger the phase transition in 3D perovskites.”""’
Therefore, we speculate that the inhomogeneous phase
transition in (n-C,HyNH;),Pbl, SCs at low temperatures is
also related to their inhomogeneous defect distribution. Figure
3a shows the PL lifetime map at 293 K measured on the same
(n-C,HoNHj;),Pbl, crystal as in Figure 2. This image exhibits
an inhomogeneous lifetime distribution, with the average
lifetime value ranging from 400 to 830 ps. In a semiconductor

crystal, the PL lifetime is determined by radiative and
nonradiative decay constants; the latter is usually affected by
the density of defects (e.g, structural defects), which can
reduce the lifetime by the Shockley—Read—Hall (SRH)
recombination and/or charge carrier trapping.”’~*’ As the
radiative decay constant is an intrinsic property of the
semiconductor, the local variation of PL lifetime can reflect
the variation of local defect density. Therefore, we believe that
the local change of PL lifetime shown in Figure 3a reflects an
inhomogeneous structural defect distribution likely formed
during sample preparation. That is, the shorter the lifetime, the
higher the defect density. Here, we define the degree of phase
transition at 83 K as the ratio of I r/rr/7yr/rr (see the SI for
detailed deduction), where I; 1/ (Tur/rr) represents the ratio
between the intensity (lifetime) of LT-phase PL at 83 K and
the intensity (lifetime) of RT-phase PL at 293 K. The
distribution of the calculated degree of phase transition from
the same crystal as in Figure 3a is shown in Figure 3b. To
correlate their dependence, several points are selected and
their PL kinetics at 293 K are fitted by a double exponential
function. Figure 3¢ shows the PL kinetics and fitting curves of
two typical points, while the PL lifetimes of selected 14 points
at 293 K and the degrees of transition to the LT phase at 83 K
are directly compared in Figure 3d. The distribution of the
degree of phase transition at 83 K is almost opposite to the PL
lifetime distribution at 293 K, implying that a local site with
more defects likely shows a more complete transition to the LT
phase at 83 K. Therefore, we conclude that the defects in (n-
C,HoNH;),Pbl, SCs can enhance the degree of phase
transition to the LT phase at low temperatures, and the
inhomogeneous phase transition is attributable to the initial
uneven distribution of local defects when the sample is
prepared. The defect-enhanced phase transition may be
attributed to the stronger lattice distortion induced by local
structural defects (e.g., I vacancies and/or I vacancy-related
defects).”" In addition, we still measured the PL spectra from
the same (n-C,H,NH;),Pbl, SC at 83 K at a slower cooling
rate and further examined the distribution of the degree of
phase transition completion in this case (Figure S11), which is
also inhomogeneous and almost opposite to the PL lifetime
distribution at 293 K. More importantly, the phase transition
process at a slower cooling rate was found to exhibit a slightly
higher degree of phase transition and a lower inhomogeneity of
phase distribution, which might be attributed to the fact that
the crystal lattice can be more fully twisted and distorted
during the slow cooling process.

More (n-C4HoNH;),Pbl, SCs were inspected using the
same method, as shown in Figures S12—S14. In all of the
samples we measured, the degrees of phase transition to the
LT phase at 83 K are distributed roughly inversely to the RT-
phase PL lifetimes at 293 K. These results suggest the
universality of the inhomogeneous and incomplete phase
transition in (n-C,H,NH;),Pbl, SCs at low temperatures. On
the basis of these findings, we believe that the different extents
of temperature-induced phase transition between various SCs
are also due to their different distributions of local defects
during sample preparation, as shown in Figures S6 and S7.
Interestingly, similar defect-induced/triggered phase transition
behaviors have also been observed in MAPDI; single crystals by
Dobrovolsky et al.>’ and CsPbCl; nanocrystals by Sun et al.”'
This might suggest the universality of local structural defects in
promoting the phase transition of lead-halide perovskites at
low temperatures, which is likely related to the analogous types
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of defects such as the distortion of the inorganic layer structure
and halogen vacancies caused by the same PbX4 octahedral
structure.””*!

B CONCLUSIONS

In summary, we systematically investigated the phase transition
from the RT phase to the LT phase at low temperatures in
individual (n-C4H,NH;),Pbl, SCs using a home-built photo-
luminescence (PL)-scanned imaging microscope coupled with
a temperature control system. Our results show that, even if
the temperature drops to 83 K, the phase transition process is
still incomplete, leading to the coexistence of two distinctive
phases in individual SCs. By mapping the spatial distribution of
the inhomogeneous phase transition in an individual (n-
C,H,NH;),Pbl, SC, we confirm that the degree of phase
transition at low temperatures is positively correlated with the
initial distribution of local defects during sample preparation,
which is thus inhomogeneous. The local defects promote the
phase transition probably by distorting local lattice structures.
Our finding provides useful information on the phase
transition of 2D (n-C,H,NH,),Pbl, SCs and might have
potential value for applications based on 2D layered perov-
skites.
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