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Abstract: The hybrid organic-inorganic perovskites (HOIPs) have attracted much attention
recently due to their preeminent efficiency in solar cells. According to the difference on the
crystalline structure, the HOIPs could be classified into layered and non-layered perovskites.
Very recently, it has been realized that the non-layered HOIPs with common-vertex structure
possess even better opto-electrical performance. Yet the carrier recombination mechanism in
perovskite remains not very clear, and a clear understanding of this mechanism is essential to
pinpoint the working mechanism of photovoltaic and electroluminescent materials. Here we
report the optical studies on the hybrid perovskite crystalline nano-sheet of CH;NH;PbBr;
with common-vertex structure. It is shown that the non-layered perovskite crystalline
nanosheets possess the exciton binding energy about two orders of magnitude smaller than
that of the layered perovskite and the colloidal nanoplates, which is beneficial for the
designing of the high-efficiency photovoltaic devices. By measuring the temperature-
dependent photoluminescence (PL) spectra, the excitation-power-variant PL spectra, and the
time-resolved PL spectra, we identify that both the free-carrier and the localized exciton
recombination channels may coexist in the crystallites. Further, for the thin crystallite (~60
nm), the free-carrier recombination channel dominates; whereas when the thickness increases
beyond 200 nm, the localized exciton recombination channel plays the major role. We
suggest these results are helpful to improve further the photovoltaic and electroluminescent
performances of perovskite devices.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The generation, separation, and transportation of electric charge carriers are the important
issues in harvesting solar energy with semiconductor solar cells [1]. The merit of a solar-cell
material largely depends on its capability to generate free charge carriers and sustain a high
density of charge carriers under continuous illumination. Understanding the mechanisms of
these fundamental processes is essential for the designing and optimization of solar cell
materials. Recently hybrid organic-inorganic perovskites (HOIPs) have attracted much
attention and become a promising photovoltaic (PV) material [2]. HOIPs possess superior
optical and electronic properties, such as the strong absorption for visible light, the efficient
carrier transportation with a long diffusion length, tunable bandgap and relatively low defect
density, etc [3—10]. More importantly, this material can be fabricated by low-cost wet
chemistry processes, and exhibit excellent performance similar to that of single crystalline

#342142 https://doi.org/10.1364/0OE.26.027504
Journal © 2018 Received 13 Aug 2018; revised 25 Sep 2018; accepted 26 Sep 2018; published 5 Oct 2018


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.26.027504&domain=pdf&date_stamp=2018-10-05

Research Article Vol. 26, No. 21 | 15 Oct 2018 | OPTICS EXPRESS 27505 I
Optics EXPRESS Ny \

GaAs [11]. Recently the solar cell fabricated with HOIPs as PV active material has achieved a
certified power conversion efficiency (PCE) of 25.2% [12]. Thin sheets of HOIPs without the
layered structure are very attractive because of their much smaller binding energy than that of
the layered perovskite and colloidal nanoplates [13—17]. The smaller binding energy helps to
improve the power conversion efficiency of HOIPs-based photovoltaic. On the other hand,
there are quite a few debatable issues for these materials, such as the verifying the type of
photo-induced carrier, the exciton properties, and the impact of crystalline morphologies on
carriers, etc.. Clarifying these issues will certainly boost the development of HOIPs-based
solar cells.

The absorption spectroscopy and photoluminescence (PL) spectroscopy are known to be
the efficient tools to investigate the ways of photo-induced carrier recombination. The
binding energy of exciton in perovskites can be determined from the band-edge absorption
spectra [18,19]. It has been suggested that photo-inducted electron-hole pairs prefer to be
separated, and the role of bound excitons can be neglected due to thermal dissociation at room
temperature. In contrast, power-dependent PL spectra suggest that the carrier dynamics in the
solution-grown perovskite films is dominated by localized excitons [20], which are very
common due to widely existing crystal defects in the material. Yet up to now, it remains
unclear whether photon absorption can induce the direct formation of free-carriers or
excitons. In addition, it has been observed that the fabrication conditions of a perovskite film
determine its microstructure [23], hence affect its bandgap, carrier type, and recombination
channel, etc [24]. These parameters affect the device performance [25]. We expect that the
mechanism of photo-induced carrier recombination is an important issue both in designing
materials for photovoltaic and in light-emitting applications [26].

In this work, we take the solution-grown single-crystalline MAPbBr; nano-sheet as an
example, determine the exciton binding energy (Eg), which is the fundamental parameter in
understanding the working mechanism of HOIPs-based photovoltaic devices. Then we
explore the photo-induced carrier mechanism by temperature-dependent and excitation-
power-variant PL spectra. We demonstrate that both the free-carrier recombination and the
localized exciton recombination channels coexist inthe HOIPs. When the crystallite is very
thin (60 nm), the free-carrier recombination channel dominates; whereas when the thickness
increases (>200 nm), the localized exciton recombination channel becomes much more
important.

2. Grow MAPbDBr; single-crystalline nano-sheets on mica substrate

Ultrathin MAPbBT; crystallite sheets are grown in a thin layer of solution film spin-coated on
a freshly cleaved mica surface. The MAPbBTr; solution is synthesized by dissolving MAPbBTr;
powder in hydrobromic acid (HBr, 48wt.%) and N,N-Dimethylformamide (DMF, 57wt.%),
respectively. Nucleation and growth of MAPbBr; are carried out inside an argon-filled glove
box. By controlling the evaporation rate of solvent with the temperature, square crystalline
sheets of MAPbBr; with different thicknesses can be nucleated and grown on the mica
substrate.

Figure 1(a) shows the optical micrograph of the as-grown ultrathin MAPbBr; crystalline
sheets (the bright squares) on the mica substrate. The bright field and fluorescence images of
the grown MAPDbBr; sheets are observed by Nikon optical microscope (ECLIPSE 80i). The
lateral size of the crystalline sheets can reach about 10 pm. The sheet thickness can be
qualitatively distinguished by its color with optical microscopy, where the thinner sheets
appear lighter (colorless or gray), and the thicker crystalline sheets possess different color due
to optical interference. The thickness and surface morphology of MAPbBr; are measured by
an atom force microscope (AFM; Digital Instruments MultimodeTM SPM) in tapping mode.
When the sheet becomes thicker than 200 nm (the refractive index of MAPbBT; is around 2.0
in visible regime [27]), the color of the crystalline sheet does not change anymore, instead, it
shows an intrinsic orange color which is determined by the bandgap of MAPbBr;. Figure 1(b)
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illustrates the fluorescent micrographs of the as-grown sheets corresponding to that in Fig.
1(a). The MAPbBr; sheets exhibit strong green fluorescent emission, and the luminescence
along the edges of the sheets is much stronger than that in the inner parts.

The MAPbBr; perovskite crystal has a cubic symmetry with space group Pm-3m (Z = 1)
at room temperature [28]. As illustrated in Fig. 1(c), the metal-halogen octahedral [PbBrs]
locates at eight corners of the cubic. The organic cations MA" locate at the interstice of the
[PbBrg] octahedral cages. In such common-vertex-structured MAPbBr; perovskite crystal, as
illustrated in Fig. 1(c), the upper layer is PbBrs octahedral structure, the lower layer is also
PbBrs octahedral structure. These two layers are connected by sharing Br atoms. This
structure is different from the layered perovskite crystal, such as (C4HyNH;),PbBr, [29],
where the different layers are connected by van de Waals bonding.
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Fig. 1. (a) The optical micrograph of the as-grown MAPbBr; sheets on a mica substrate. (b)
Green luminescence of the as-grown MAPDbBTr; sheets observed in fluorescence microscopy.
(c) Structure of a single cell MAPbBTI; crystal (the gray octahedra stand for [PbBre]; the dark
red balls stand for [CH;NH;]" ions). (d) The XRD spectrum of the as-grown 2D MAPbBr;
sheet. (e) The electron diffraction pattern and TEM micrograph of the MAPbBr; sheet. (f)
SEM micrograph of an ultrathin MAPbBr; and EDS mapping of element distributions for lead
and bromine, respectively.

X-ray diffraction (XRD) and transmission electron microscopy ((TEM; JEOL JEM-1011))
are applied to determine the crystalline phase of the as-grown MAPbBr; sheets and selected-
area electron diffraction (SAED) indicates that the crystallite grows in [100] direction (Fig.
1(e)). Additional peaks in XRD spectrum (Fig. 1(d)) come from the mica substrate, which
agree with the previous report [30]. TEM samples have been prepared by using lacey carbon
Cu grid to scratch the surface of the mica substrate, and SEM samples have been prepared by
coating a thin layer of carbon. Analysis of the diffraction pattern (Fig. 1(e)) shows that the
lattice constant is a = 6.043 A. In addition, the energy dispersive spectroscopy (EDS)
mapping illustrates that the distribution of elements Pb and Br is homogeneous across the

crystallite (Fig. 1(f)).
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3. The exciton binding energy obtained from both absorption spectra and
temperature-dependent PL spectra

Figures 2(a)-2(c) illustrate the typical absorption spectra and the photoluminescence (PL)
spectra of a 65.4 nm-thick MAPbBr; crystalline sheet at room temperature. The optical
absorptions carried out with a micro-spectrophotometer (CRAIC, 20/30 PV Tm). The PL
spectra are collected by a confocal micro-Raman system (Princeton Instrument). Unlike the
sharp step of optical absorption of a bulk MAPbBTr; crystal [31], here a bump appears at the
absorption edge of the sheet. This feature indicates that the optical absorption of MAPbBr;
sheet consists of two components: the continuum absorption and the peak absorption, and the
latter will be proven as the exciton absorption. While the PL spectrum exhibits an asymmetric
feature, which can be disassociated to Peak 1 (centered at 532 nm) and Peak 2 (centered at
545 nm) by two-Gaussian-function fitting.
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Fig. 2. (a) Steady-state absorption (blue line) and photoluminescence (red line) spectra of an
2D MAPDBI; sheet (thickness 65.4 nm) at room temperature. The PL spectrum is excited by a
continuous wave laser (450 nm). (b) The PL spectrum can be de-convoluted into two-Gaussian
profile functions, the free-carrier recombination peak (green solid line) and exciton
recombination peak (blue solid line). (c) The theoretical absorption coefficient (black solid
line) is calculated based on Elliott’s formula, which includes the excitonic (green solid line)
and free-carrier continuum (red solid line) components. In both b and c, the experimental data
(open circles) and the calculated ones (solid lines) are in good agreement.

The absorption coefficient a(%i@) of a 2D MAPbBr; sheet, which is associated with

continuum absorption and exciton absorption, can be described by the Elliott model involving
bandgap E, (the continuum part) and exciton binding energy Eg (the exciton part) [16,32] as

2 47E 27\ E, 0(hw—E.)
a(hw) o ‘;Caz JE | Y ro(ho-E)+ : s (1)
n —e

Here 4, is the squared transition dipole moment, E, is the bandgap, Ej is the exciton binding

energy, E,” is the energy of nth state. The first term in Eq. (1), the delta function 5(hw— E*) ,
gy gy q ,

represents the excitonic transition to the nth state with energy E, = E, - E, /n* ; the second
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term is a Heaviside step function 8(h@—E, ) , which represents the continuum band-to-band

transition above bandgap E,. To describe the line broadening and the non-parabolic
dispersion of energy band in experiments, a Gaussian function is convoluted with the delta
function and the Heaviside step function, respectively, and the line width is represented by I
[33]. At room temperature, excitons are hard to be spectrally resolved for n > 1. So, in this
work we assume n = 1 for the exciton transition. Based on the absorption data (Fig. 2(a)), we
obtain the bandgap E, as 2.41 = 0.01 eV and the exciton binding energy Eg as 16 £+ 3.4 meV
in the MAPDbBr; crystalline sheet with thickness around 60 nm, respectively.
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Fig. 3. (a) The temperature-dependent PL spectra of MAPbLBr; sheets. By decreasing
temperature, the 545 nm peak (Peak2) enhances gradually and red-shift; in contrast, the 532
nm peak (Peakl) decays. (b) The temperature-dependent PL mapping of the 2D MAPbBr;
sheet. (c) Temperature dependence of the intensities of Peak2. By fitting the experiment data,
we estimate Eg as 14 meV.

To identify the origin of the absorption peak in MAPbBr; crystal nano-sheets, we carry
out temperature-dependent PL. measurements (Figs. 3(a)-3(c)). For temperature-dependent PL
measurements, the perovskite samples are mounted in a liquid helium cryostat (Janis ST-500-
UC) in vacuum (10Torr) and the temperature can be tuned from 220 K to 5 K (Cryogenic
Control System, Inc. model 22C). By decreasing temperature from 220K to 5K, the intensity
of Peak 1 decreases continuously. It is known that at low temperature thermal phonons are
frozen, and the dissociation of exciton to free carriers is suppressed. Then the intensity of free
carriers is reduced [34,35]. Consequently, we can infer that the Peak 1 is contributed by the
recombination of free carriers. In contrast, the Peak 2 gradually increases in intensity and red-
shifts. Such a feature meets the typical characteristics of localized excitons [36]. At lower
temperature, more thermal phonons are frozen, so the intensity of exciton emission is
enhanced. The thermodynamic equilibrium between excitons and free carriers depends on the
binding energy of exciton (Eg). Therefore, we can attribute the increase of the intensity of the
Peak 2 to the exciton recombination. The temperature-dependent PL intensity contributed by
the excitons can be described as [37,38]:
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where [, is the PL intensity at zero temperature, and kz is the Boltzmann constant. From the
integration strength of the PL spectra at different temperatures (Fig. 3(c)), we obtain Ep as
around 14 meV. Obviously, the binding energy of excitons retrieved from the absorption
spectrum is in good agreement with that from the temperature-dependentPL spectra shown
here.

4. Two different carrier recombination channels

To elucidate further the photo-induced recombination process in the MAPbBr;nano-sheet, we
measure the PL spectra at different excitation power. As an example, Figs. 4(a) and 4(c) show
the excitation-power-variant PL spectra of a 65.4 nm-thick sample at room temperature and
100K, respectively. The excitation power of the incident light varies from 50 to 400 mW.
Each PL spectrum can be deconvoluted into two peaks centered around 532 nm and 545 nm,
respectively. The integrated PL intensity /p;, of each peak can be fitted by the power-law
relation with respect to the excitation intensity I, as /,, o I’ . According to the carrier

recombination model [39,40], £ = 2 corresponds to the free-carrier recombination, and 1<k<2
corresponds to the exciton recombination (including free excitons and localized excitons). At
room temperature, k = 2.0 for the peak at 532 nm and &k = 1.8 for the peakat 545 nm; while at
the temperature of 100K, k = 2.1 for the peak at 532 nm and £ = 1.5 for the peak at 545 nm.
All these suggest that the peak at 532 nm is contributed by the free-carrier recombination,
whereas the peak at 545 nm is associated with the localized exciton recombination.

The time-resolved photoluminescence (TRPL) investigation further proves different
carrier recombination of PL emissions. The excitation source for the time-resolved
photoluminescence measurement is a picosecond diode laser (P-C-405B, Picoquant) (output
wavelength 405 nm) with a repetition rate of 5 MHz. As shown in Fig. 4(e), the data of the
decay time can be fitted by multi-exponential function [41]:

0= 4 exp(-t,), )

where 4; and t; are the amplitudes and lifetimes of the ith exponential components of the
fluorescence. In this work, the lifetime of fluorescence in the perovskite sheet is fitted with
bi-exponential function. It is found that the lifetime of photo-induced carriers in MAPbBr;
sheet at two peaks contains both fast (11) and slow (t,) components. For the wavelength 532
nm, T, = 3.0 ns, T, = 9.4 ns, the weight ratio of the two components is R = 67%: 33%; for the
wavelength 545 nm, 1, = 3.8 ns, 1, = 11.1 ns, and the weight ratio of the two components is R
= 60%: 40% (the fitting residuals of the two peaks are smaller than 2%). One may find that at
wavelength 532 nm, the fast component has higher percentage; at wavelength 545 nm, the
percentage of the fast component drops and the percentage of the slow component increases.
The fast and slow components may be related to the free carrier recombination and localized
exciton recombination, respectively. Physically, the photo-generated carries occupy the
extended states firstly, part of these carries recombine quickly to be the fast components in
TRPL, while other carries relax to the localized states because of the common existed tail
states in solution-processed perovskites [20]. After that, excitons in the band of localized
statesare subject to a much slower redistribution [42,43] and the recombination of these
localized excitons will be contributed to the slow components of the TRPL. Besides, some
other factors may also influence the fast and slow components. For example, owing to the
existence of the trap states, the carrier-trapping decay may contribute to the fast component
[44], while the two-carrier recombination process may relate to the slow component [45].
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Fig. 4. (a)Power-dependent PL spectra at room temperature for a crystallite 65.4 nm in
thickness. (b) The logarithm plot of the integrated intensity of the photoluminescence peaks at
532 and 545 nm, respectively, as a function of the excitation power. (c) Power-dependent PL
spectra at 100K for a crystallite 60.7 nm in thickness. (d) The logarithm plot of the integrated
PL intensity for (c). (¢) The decay-time spectra of 532 nm (Peakl) and 545 nm (Peak2) at
room temperature, respectively.

We also measure the PL spectra of MAPDbBr; crystallites with different thicknesses as
shown in Fig. 5(a). When the crystallite thickness is thinner than 60 nm, meanwhile the
dominant peak appears at 532 nm (denoted as Peak 1). As the crystallite thickness increases,
an additional peak appears at 545 nm (denoted as Peak 2) in addition to the original Peak 1.
When the thickness increases beyond 200 nm (227 nm in Fig. 5a), Peak 2 dominates. When
the crystallite sheet thickness is in between 60 nm and 200 nm, both Peak 1 and Peak 2 are
important. As shown in Fig. 5(b), it is reasonable to suggest that when the excitation light ()
incidents on the surface of a MAPbBr; sheet, electrons transit from the valence band (VB) to
the conduction band (CB), and then rapidly relax to the bottom of the CB as the free carriers.
Part of the free electrons may combine with the holes to form localized excitons [46-48].
Consequently, the excitons possess slightly lower energy than that of the free carries.
Meanwhile, the recombination of photo-induced carriers in a MAPbBr; sheet may have the
following two routes: recombination of free carriers and recombination of localized excitons.
These two routes are associated with the optical radiations with wavelength of A; and 2,
respectively. For example, for the 65.4 nm-thick MAPDbBrjcrystallite, the detected PL
spectrum can be deconvoluted into two peaks centered at 532 nm (A;, Peak 1) and 545 nm (A,,
Peak 2) (although Peak 1 is much more dominant than Peak 2), as shown in Fig. 2b. It should
be mentioned that similar phenomenon has been observed in the bulk single-crystal
MAPDBYI;, i.e., multiple fluorescence peaks have been observed, which come from multiple
intrinsic exciton states in the bulk perovskite [21,22]. But in our case, the perovskite sheet is
thin enough, the two emission peaks originate from the radiative recombination due to
excitons and free carriers, respectively.
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Fig. 5. (a) Steady-state PL spectra of ultrathin MAPbBr; sheets with different thickness. (b)
Schematics to show different carrier recombination channels in aMAPbBr; sheet based on PL
studies. The yellow dots in the conduction band and the whitedots in the valence band
respectively represent electrons and holes created by the absorption ofexcitation light. The
excited electrons rapidly release to the bottom of conduction band and return to the ground
state via two radiative recombination channels: the free-carrier channel (X,), and the exciton
channel (1,).

In order to understand the effect that the channel changes with the thickness of the nano-
sheets, we emphasis the two physical processes, i.e., exciton dissociations and self-absorption
in the perovskite. The former involves in the photo-induced exciton dissociation owing to the
edge state and the surface state of perovskites [49]. The latter is that the luminescence of
perovskite could be reabsorbed by itself [50,51]. When the sheet is thin enough, the edge and
surface states in perovskites could not be neglected. The photo-induced excitons will be
dissociated by the edge and surface states, which means that the exciton recombination at 545
nm is suppressed in thin perovskite. With the thickness increasing, optical guiding effect
appears in the perovskite. The illumination light passes through the perovskite and is resorbed
by itself. In this case, the 532 nm emission attributed to the free carriers is resorbed in
perovskite, and it transfers the energy to the lower state of localized excitons. Consequently,
the 545 nm emission coming from the exciton recombination is enhanced due to the self-
absorption effect. Actually, these processes may cause the changes in the recombination
channels.

5. Conclusion

To summarize, we report in this work the studies on MAPDbBr; crystalline nano-sheets
prepared by spin-coating solution growth. Electron diffraction indicates that the MAPbBr;
crystallites possess non-layered structure. Two types of carrier recombination channels, i.e.,
free carrier recombination and localized exciton recombination, have been identified by
temperature-dependent PL spectra and excitation-power-variant PL spectra.When the
crystalline sheet is very thin (~60 nm), free-carrier recombination channel dominates;
whereas when the thickness increases (> 200 nm), localized exciton recombination channel
plays the major role. The exciton binding energy of MAPbBr; nano-sheets is obtained via
optical absorption spectra and temperature-dependent PL spectra, which is of the order of 10
meV, two orders of magnitude smaller than that of layered perovskites and colloidal
nanoplates. It has been well established that with lower exciton binding energy, the excitons
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can be dissociated to free carriers more easily. Thus, we expect that the dominance of free
carriers in MAPbBr; sheet is beneficial for high-efficiency photovoltaic devices. We also
expect that the mechanism of photo-induced carrier recombination in HOIPs nano-sheet is
highly intuitive for future high-performance optoelectronic applications.
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