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ABSTRACT: The dynamic optical properties of perov-
skite CH;NH;Pb; single crystals were studied by means
of time-resolved photoluminescence (PL) spectroscopy at
room temperature. The PL peak under one-photon
excitation exhibits a red-shift with elapsing time, while
two-photon PL is time-independent and appears at lower
energy levels. The low-energy two-photon PL can be
attributed to emissions from the localized states because of
strong band-to-band absorption and photon re-absorption
of the emitted light in the interior region. We revealed that
the PL behaviors can be explained by the diffusion of
photocarriers generated in the near-surface region to the
interior region. The excitation fluence dependence of the
one-photon PL dynamics is also discussed in terms of the
electron—hole radiative recombination and carrier diffu-
sion effects.

H alide perovskite semiconductors of the form AMX; (A =
CH,NH,, Cs, etc.; M = Pb, Sn; X = Cl, Br, I) have recently
emerged as a promising class of materials for solar cell
applications. In particular, since their first appearance in 2009
as light-absorbing materials for sensitized solar cells, MAPbX;-
based perovskites (MA = CH;NH,) have attracted attention
because of their rapid increase in photoconversion efficiency."”
The long carrier lifetime and, consequently, the long carrier
diffusion length are regarded as being key features leading to the
advanced photovoltaic properties of MAPbX;-based solar
cells.”* Time-resolved spectroscopy revealed that the carrier
lifetime under weak photoexcitation of an MAPbI; thin film is
determined by the defect density.”® Thus, the long carrier
lifetime indicates the small defect density of perovskite
semiconductors, which is supported by the theoretical finding
that very few deep-level defects are formed in MAPDI; perovskite
semiconductors.” Actually, a long diffusion length, exceeding 1
um, has been reported in MAPbX;, as determined by time-
resolved photoluminescence (PL) spectroscopy,”®” while the
long carrier lifetime (or long diffusion length) is in good
correlation with the high photoconversion efficiency.”

To date, the optical properties of perovskite semiconductors
have been studied using thin-film samples, which usually exhibit a
grain structure (typically around 1 um). However, it is
considered that the grain structures have a major impact on
the carrier diffusion and recombination in MAPbX; thin films. In
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addition, since trap states are more easily formed at the grain
boundaries, relative to inside grains, the optical and electronic
properties of thin-film samples could be dominated by extrinsic
defects. In fact, observations have shown that the optical
spectrum and dynamics are changed by the defect states in
perovskite thin films.'® Thus, to clarify the intrinsic properties of
perovskite semiconductors, it is necessary to perform optical
measurements on bulk crystals, which are free from grain
boundaries and would be expected to have a lower defect density
than a thin film. Although large-size MAPDbI, single crystals have
been recently fabricated,'" their optical properties and photo-
carrier recombination processes remain unclear.

In this Communication, we describe the fabrication of MAPbI,
single crystals and the study of their optical properties by means
of time-resolved PL measurements under one- and two-photon
excitation. The one-photon PL (1-PL) peak exhibits a red-shift
with the passing of time in a single crystal, in contrast to the thin-
film samples. This observation suggests that the spatial
distribution of carriers is an important factor in the PL
mechanism of a single crystal. By comparing the one- and two-
photon photoluminescence excitation (PLE) spectra, we confirm
that the bandgap energy is the same for both the near-surface and
interior regions, and reveal that the carrier diffusion and photon
re-absorption effects dominate the PL behaviors in MAPbI;
single crystals. Our findings enable a deeper understanding of the
physics of the photoconversion processes occurring in perovskite
solar cells.

Single crystals of MAPbI; were obtained from a hot solution of
y-butyrolactone, by growing for 3 days (see Supporting
Information (SI) for details). It is known that MAPbI; exhibits
phase transitions at T = 327.4 K (cubic/tetragonal) and 162.2 K
(tetragonal/ orthorhombic).'* Given that perovskite solar cells
are used at room temperature (tetragonal phase), an X-ray crystal
structural analysis was performed on the grown single crystal at
252 K (=20 °C). Although Baikie et al. reported that the crystal
structure of MAPDbI; at room temperature exhibits a less
symmetrical space group of I4/m,"> we were able to solve the
structure with a space group of I4/mcm, in accordance with the
results presented in a recent report."* Figure la shows an
ORTEP drawing of the single-crystal X-ray structure of MAPbI,
at =20 °C. Our X-ray diffraction analysis confirmed that the

Received: April 30, 2015

DOI: 10.1021/jacs.5b04503
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04503/suppl_file/ja5b04503_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04503/suppl_file/ja5b04503_si_001.pdf
pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b04503

Journal of the American Chemical Society

Communication

(a) (b)

h /i;ﬁ

" CHgNHg*

© 8x10° ()

PL

Reflectance
S
L}
o
Q
5§
3
o
o
=
X
\ Z
b IS
AR/R

=

—

no SHG signal

3
I ) 3 o
L /) PLE i P ) gt
+ PN T ity kit WM
10
| J 15 20 25 30 35
0 | . , Photon Energy (eV)

13 14 15 16 17 18 19
Photon Energy (eV)

1
A o
emission (arb. units)
o o
o, o

Ip, (arb. units)

Figure 1. (a) ORTEP drawing of single-crystal X-ray structure of
MAPbDI, at —20 °C (thermal ellipsoids at 50% probability). (b) SEM
image of cleaved surface of MAPbI; single crystal. (c) Reflectance, TR,
PL, and PLE spectra. Excitation energy for PL and TR, 1.80 eV; PLE
monitored at 1.50 eV. (d) Emission spectra under excitation at 1.03 V.

samples used in the optical measurements described below were
single crystals.

For scanning electron microscopy (SEM) and optical
measurements, we cleaved the single crystal to obtain a fresh
surface. Figure 1b shows a typical SEM image of the cleaved
surface of a single crystal. The surface appears very smooth and
clean. Note that the crystal morphology exhibits only a slight
spatial dependence, while the optical properties are independent
of the monitored position.

We studied the near-band-edge optical properties of MAPbI;
single crystals at room temperature. Figure lc shows the
reflectance, transient reflectance (TR), PL, and PLE spectra. The
reflectance spectrum shows a broad peak at around 1.63 eV,
indicating the bandgap energy. To accurately determine the band
gap energy, we measured the TR spectrum immediately after
excitation (11 ps), with a pump excitation of 1.80 eV. The TR
spectrum exhibits a typical photobleaching signal shape and is
almost independent of the delay between 0 and 2 ns. The zero-
crossing energy of 1.63 eV corresponds to the bandgap energy.
The estimated bandgap energy of the MAPDI; single crystal is
slightly larger than that which we reported previously for thin
films (1.61 eV)."> The PL spectrum peaks at 1.60 eV, which is
almost the same as for a thin film.'® This PL has been assigned as
the band-to-band recombination of photoexcited electrons and
holes.'>'® The PLE spectrum monitored at 1.50 €V has two
onsets at about 1.55 and 1.6 eV. The higher-energy onset is
consistent with the bandgap energy. The double-onset structure
of the PLE spectrum points to the complex near-band-edge
optical properties of the MAPDI; single crystals.

Moreover, we conducted second harmonic generation (SHG)
spectroscopy to evaluate the inversion symmetry of our MAPbI;
single crystal, because it has been proposed that the
ferroelectricity of MAPbI; plays an important role in current—
voltage hysteresis of perovskite solar cells.'” It is well known that

a SHG signal appears when the inversion symmetry is broken, as
occurs in ferroelectric materials,'® as well as at surfaces and
interfaces."” As shown in Figure 1d, no SHG signal was observed,
even after a poling electric field (~1 kV/cm) was applied, while
strong third harmonic generation and PL signals due to two-
photon absorption were observed. The lack of a SHG signal
implies that our MAPbI; single crystals neither are ferroelectric
nor contain grains that interfere with the inversion symmetry.
This observation clearly eliminates the possibility of macroscopic
ferroelectricity in MAPDbIL;. However, it remains a possibility that
ferroelectric domains are of a size below the laser wavelength.
We conducted the time-resolved PL measurements in MAPDI,
single crystals using a streak camera. Figure 2a shows the PL
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Figure 2. Time-resolved PL spectra under excitation of (a) 1.80 eV
(one-photon excitation) and (b) 1.20 eV (two-photon excitation).

spectra for different delays with excitation at 1.80 eV, which is
sufficiently above the bandgap energy of 1.63 eV. The PL
spectrum peaks at around 1.606 eV immediately after excitation.
As the delay increases, the PL peak red-shifts. This behavior is in
contrast to that of the thin film samples, whereby the shape of the
PL spectrum is temporary unchanged.” This difference between
single crystals and thin films suggests that the spatial distribution
of photocarriers plays an important role in the PL properties. The
photoexcited carriers, which initially are generated in the near-
surface region (~penetration depth), diffuse to the interior state
with the elapse of time, thus giving rise to the PL red-shift. The
radiative recombination and light emission processes in the near-
surface and interior regions should be different.

To clarify the spatial effect on the PL peak shift, we compared
the time-resolved PL spectra produced by one-photon and two-
photon excitation. The initial PL under one-photon excitation
reflects the near-surface region up to the penetration depth
(around 250 nm),” and the PL from the interior region will
appear as the carriers diffuse to the interior region. On the other
hand, under two-photon excitation, the photocarriers are
generated within the laser spot (around 100 ym). Because of
the widespread carrier distribution relative to the typical diffusion
length of MAPbL,, the two-photon PL (2-PL) is regarded as
reflecting the interior region, while the carrier diffusion processes
are negligible. As shown in Figure 2b, almost no PL peak shift is
observed under two-photon excitation, in contrast to the 1-PL.
Moreover, the 2-PL peak energy was 1.53 eV, which is much
smaller than that obtained with 1-PL (around 1.60 eV). Note that
we confirmed the two-photon absorption under 1.20 eV
excitation by checking the dependence of the PL intensity on
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the excitation power (data not shown). We also measured the
three-photon PL (excited at 0.6 eV, see Figure S1 in SI), which
exhibits the same spectrum shape as 2-PL. This observation
ensures that the difference between 1-PL and 2-PL does not
originate from different selection rules for one- and two-photon
optical absorption.

We summarize the temporal change of PL peak energies under
one- and two-photon excitation in Figure 3a. The 1-PL peak
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Figure 3. (a) One-photon and two-photon PL peak energies as a
function of elapsed time. (b) Two-photon PLE spectrum. The broken
line is for reference only.

gradually approaches the 2-PL peak. Two possibilities are
considered in the interpretation of the different PL behaviors of
the near-surface and interior regions. One is that the bandgap
energies of the near-surface and interior regions are different. To
check this possibility, we measured the two-photon PLE spectra,
shown in Figure 3b. The onset energy of two-photon PLE is
located at 1.64 eV, which is in good agreement with the bandgap
energy determined by the optical spectra under one-photon
excitation (see Figure 1c). This clearly indicates that the bandgap
energy is independent of the depth relative to the surface in
MAPbI; single crystals.

Rather, we regard the photon re-absorption effect as
dominating the carrier recombination and light-emission
processes in the interior region. The high-energy part of the
band-to-band PL emitted in the interior region is immediately re-
absorbed and cannot readily escape from the crystal because of
the large band-to-band absorption and small Stokes shift. Thus,
the lower energy part of the PL is emphasized in the single
crystals, which results in the PL red-shift in comparison with the
original PL spectrum. On the other hand, any band-to-band
emission in the near-surface region can easily escape from the
crystal. Given this scenario, photocarriers in the near-surface
region emit high-energy PL, and the 1-PL peak red-shifts with the
photocarrier diffusion to the interior region. We confirmed by a
simple numerical simulation that 1-PL red-shift is well accounted
for by considering photon re-absorption and one-dimensional
photocarrier diffusion. Here we used the carrier mobility of 50
cm?/(V-s).”” We plotted the calculated PL spectrum and spatial
distribution of photocarriers at 0, 1, 10, and 100 ns and 1 us in
Figure 4 (see SI for details). The calculated results well reproduce
the experimental results. Note that a few percent of the
photocarriers still remain in the near-surface region even at 1
ps. Thus, the band-edge emission from the near-surface region is
predominantly observed.

Two-photon excitation produces photocarriers only in the
interior region. Thus, the band-edge emission is almost entirely
re-absorbed. This means that the lower PL peak energy under
two-photon excitation cannot be accounted for by the re-
absorption effect. We believe that the defect PL is dominant in 2-
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Figure 4. (a) Calculated PL spectrum and (b) photocarrier density
profile at 0, 1, 10, and 100 ns and 1 ps.

PL. This is why the 1-PL spectrum shape is different from that of
2-PL.

It should be emphasized that the importance of the re-
absorption effect has been recognized in high-quality semi-
conductors such as GaAs, for application to solar cells and light-
emitting diodes.”' Therefore, we can conclude that the PL
behaviors can be fully explained by the carrier diffusion and re-
absorption effects in CH;NH;PbI; single crystals.

1-PL decay dynamics are also determined by the carrier
diffusion effect. Figure Sa shows the decay dynamics of 1-PL and

a b)
10% -( ) 10°
Two-photon PL [
= (1.20 eV) 5
g g10'F
£ g f
S S [
£ £ I
> 1 2> 7 L
510 F % 10 E
g s
= = L
1 One-photon PL| L
o (1.80 eV) R
10° F
10° —Ll 10°
0 2000 4000 0 500 1000 1500

Time (ns) Time (ns)

Figure 5. (a) PL decay dynamics under one-photon and two-photon
excitation. (b) 1-PL dynamics for different excitation fluences,
monitored at 1.62 eV.

2-PL. Excitation fluencies were 68 nJ/ cm? and 50 uJ/ cm?,
respectively. We confirmed that the PL dynamics are almost
independent of excitation fluencies below these excitation levels.
1-PL was monitored at the higher energy (1.62 eV), which is
considered to reflect the recombination of the near-surface
photocarriers. The excitation fluence for one-photon excitation
was 68 nJ/cm?. The 1-PL intensity exhibits rapid decay within 20
ns and a slow-decay component with a decay time of 500 ns. We
believe that the fast decay of the 1-PL results from the carrier
diffusion because this fast decay is not observed in thin films.’
Because PL intensity is in proportion to the carrier density in
MAPDL,,” a decrease in carrier density by diffusion causes the
reduction in PL intensity. It should be commented that the fast
PL decay is more or less contributed by surface defects. On the
other hand, the 2-PL exhibits a long-lived exponential decay, with
a lifetime of 4 s, in addition to the weak fast decay component.
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Note that the 2-PL lifetime does not correspond to the intrinsic
carrier recombination lifetime in the interior region because the
light emission and re-absorption processes dominate the PL
lifetime.

To gain a fuller understanding of the photocarrier
recombination dynamics in MAPbI; single crystals, we studied
the excitation fluence dependence of the PL decay dynamics. For
thin films, the PL dynamics are well explained by a simple rate
equation which considers electron—hole radiative recombination
and single-carrier trapping.” Auger recombination and other
higher-order processes are negligible in this range of excitation
fluence.”” Figure 5b shows the 1-PL dynamics for different values
of excitation fluence. As the excitation fluence increases, the PL
decays more quickly. The PL dynamics, which are dependent on
the excitation fluence, are regarded as originating from electron—
hole bimolecular recombination. Therefore, we can conclude
that the photocarrier dynamics in MAPbI; single crystals are
dominated by carrier diffusion, electron—hole radiative recombi-
nation, and single-carrier trapping.

In conclusion, we studied the dynamic behavior of photo-
carriers in MAPDbI, single crystals. While the 1-PL exhibits a red-
shift with elapsing time, 2-PL does not exhibit any immediate
change. We found that the bandgap energies are the same in the
near-surface and interior regions, but the PL mechanisms are
different. We demonstrated by a numerical simulation that the
spectral change originates from the effects of carrier diffusion and
photon re-absorption. The fast 1-PL decay dynamics are also
dominated by the carrier diffusion process. The large impact of
the carrier diffusion effects suggests a high carrier mobility for
MAPDI;, which reaches more than 50 cm?/(V:s). Our results
highlight the importance of the carrier diffusion effect to the
interpretation of the optical properties of MAPbI, single crystals
and thick films. Our findings provide essential insights into the
dynamic carrier behaviors of MAPDbI, for solar-cell applications.
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