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The determination of the band gap and exciton energies of lead halide perovskites is very important from
the viewpoint of fundamental physics and photonic device applications. By using photoluminescence
excitation (PLE) spectra, we reveal the optical properties of CH;NH;PbCl; single crystals in the near-band-
edge energy regime. The one-photon PLE spectrum exhibits the 1s exciton peak at 3.11 eV. On the
contrary, the two-photon PLE spectrum exhibits no peak structure. This indicates photon recycling of
excitonic luminescence. By analyzing the spatial distribution of the excitons and photon recycling, we
obtain 3.15 eV for the band gap energy and 41 meV for the exciton binding energy.
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The lead halide perovskites MAPbX; (MA = CH;NH;,
and X = I, Br, and Cl) are receiving considerable attention
because they are cost effective and yet superior photo-
voltaic materials. Especially the solar cells based on
MAPDbI; have experienced a rapid development because
of its various advantageous properties such as a sharp
absorption edge, high luminescence efficiency, low trap
densities, and a long diffusion length [1-13]. In addition,
by exchanging the halide component in MAPbXj5, the band
gap can be tuned continuously over the whole visible
spectral range [14—17]. Therefore, these perovskites are
well suited for light-emitting devices (LEDs) and detectors
in various wavelength regions [16-20].

The near-band-edge properties of these perovskites are
important, because they are related to the solar cell and
luminescence efficiencies. In addition, the possibility for
the formation of band-tail states that are governed by the
Rashba effect is wunder intense discussion [21,22].
Therefore, the accurate determination of the intrinsic
near-band-edge optical properties is essential for future
development. However, optical spectra of perovskite poly-
crystalline thin films are highly influenced by the grain
size, surface roughness, and optical scattering of the
incident light [23-27]. To eliminate extrinsic effects from
the optical spectra, further experimental studies on per-
ovskite single crystals with flat surfaces are needed.

In MAPbI; and MAPbBr; single crystals, the efficient
band-to-band luminescence with no Stokes shift is strongly
reabsorbed, and this leads to photon recycling, i.e., the
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repetition between internal light emission and reabsorption
[28-30]. In contrast, a very sharp peak appears in the
absorption spectrum of the wide-gap semiconductor
MAPDLCI; [31], which means that excitons dominate its
optical properties even at room temperature, similar to other
wide-gap semiconductors [32]. So far, photon recycling of
excitonic luminescence has not been reported. This is
because, in general, the room-temperature quantum effi-
ciency of the excitonic luminescence is low in inorganic bulk
crystals and a large luminescence Stokes shift appears in
organic molecules. However, organic-inorganic hybrid per-
ovskites exhibit efficient luminescence with no Stokes shift
even at room temperature. The effect of the photon recycling
of excitonic luminescence on the near-band-edge optical
properties of MAPbCl; needs to be clarified, because photon
recycling has several advantages for optical devices [33-37].

In this Letter, the excitonic responses of MAPbCl; single
crystals are studied by one- and two-photon photolumi-
nescence excitation (1- and 2-PLE) spectroscopy. By
comparing the results obtained from one- and two-photon
excitation, which provide information upon excitation of
the near surface and the interior region of the sample,
respectively, we can determine the intrinsic optical spectra
of thick samples. The shape of the 1- and 2-PLE spectra
clearly demonstrates that the PL spectrum of the optically
thick single crystal is strongly influenced by the reabsorp-
tion of photons emitted from the inside. The obtained
one-photon absorption spectra clearly show that MAPbCl;y
is a direct-gap semiconductor and has no significant band-
tail states. The analysis of the spatial distribution of the
photoexcited carriers and the effect of reabsorption allowed
us to deduce an accurate band gap energy of 3.15 eV and an
exciton binding energy of 41 meV. The highly efficient
luminescence in combination with no Stokes shift enables a
strong photon recycling due to excitonic PL and absorption.
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FIG. 1. (a) 1-PLE and (b) 2-PLE spectral maps for the
MAPbBCI; single crystal. E| and E; correspond to the excitation
laser energy during 1- and 2-PLE measurements, respectively.

The optical experiments were performed on a MAPbCly
single crystal at room temperature. The details of sample
preparation and experimental setup are given in Supplemental
Material [38]. The two-dimensional (2D) 1- and 2-PLE
spectral maps for the MAPbCI; single crystal are shown
in Figs. 1(a) and 1(b), respectively. E; corresponds to the
excitation photon energy for the 1-PLE, and E, corresponds
to the photon energy for the 2-PLE. We note that the 2-PLE
spectra have a different PL. peak position compared with
the 1-PLE spectra.

The comparison of the PL spectra obtained from single
crystals and thin films clarifies the mechanism for the
1-PLE spectra within the range 2.99 < E; < 3.11 eV. The
PL spectra obtained from Fig. 1(a) for five different
excitation energies (E; = 2.99-3.11 eV) are shown with
the red dots in Fig. 2(a). The photon energy is close to the
band gap of the MAPbCl; single crystal, and one-photon
absorption is dominant. The peculiar asymmetric shape of
the PL spectrum is explained in Supplemental Material
[38]. The PL spectrum of the thin film for £; = 3.50 eV is
shown with the blue line for comparison. The spectra
obtained from the single crystal above E; =3.11 eV
exhibited a peak at 3.06 eV and are almost equivalent
with those of the thin film. On the other hand, when the
excitation energy was tuned below 3.11 eV, the PL spectra
experienced a redshift. Because the excitation light pene-
trates deep into the crystal for excitation energies within the
energetic range of the PL spectrum, the spatial distribution
of the photoexcited carriers has to be considered. In the
case of optically thick single crystals, the internal lumi-
nescence is reabsorbed by the crystal itself [28-30]. Under
one-photon excitation, the distribution of the photoexcited
carriers can be expressed with [39]

alllAtl PE

v (1)

ni(z) =

Single Thln
Crystal A 2.99 Film 3.08
_/\\ 817

PL Intensity (arb. units)
© ¢
o
o

PL Intensity (arb. units)

27 28 29 30 31 32 33
Photon Energy (eV)

27 28 29 30 31 32 33
Photon Energy (eV)

FIG. 2. The PL spectra (red data points) for (a) the single crystal
and (b) the thin film, under one-photon excitation with energies
close to the band edge of MAPbCl;. For comparison, the PL
spectrum for an excitation of the thin film with £, = 3.50 eV is
shown with the blue curve.

Here, I, is the excitation light density, At; is the pulse
width of the excitation light, E; is the excitation photon
energy, and «a; is the absorption coefficient o for one-
photon excitation at energy E;, ie., a; = a(E,). For
energies close to the band edge, the absorption coefficient
becomes smaller for lower excitation energies. Therefore,
the penetration depth (1/a;) increases for lower energies,
and the additional reabsorption results in the redshift of the
PL spectrum.

To verify the above interpretation, we also performed the
same experiment on the thin film sample. The 200-nm-
thick film has negligible reabsorption due to its thickness,
and thus no dependence on the excitation energy is
expected. Five PL spectra for excitation near the band
edge (E; = 3.08-3.20 eV) are shown with the red dots in
Fig. 2(b). Strong scattering of the excitation laser appears in
the PL spectra of thin films, but the spectra are sufficiently
accurate for our purpose. For comparison, the PL spectrum
for E; = 3.50 eV is shown with the blue line. In contrast to
the single crystal, the PL spectrum of the thin film is almost
independent of the excitation energy. This result indicates
that the PL line width of MAPbCI; is the homogeneous
width rather than a result of broadening due to extrinsic
factors like impurities or defects [40]. Moreover, we
consider that the contribution of hot carrier emission is
negligible for the PL, since the spectral shape exhibits no
change in the peak energy and the high-energy tail even for
higher excitation energies.

Now we investigate the behavior of the two-photon PL
data. The PL spectra obtained from Fig. 1(b) for five different
excitation energies (E, = 1.52-1.64 eV) are shown in
Fig. 3(a). The photon energy is almost half of the band
gap of the MAPbCl; single crystal. Therefore, two-photon
absorption is the only possible excitation process. This two-
photon PL exhibits a peak at 2.93 eV, which is strongly
redshifted compared to the one-photon PL [Fig. 2(a)].
Figure 3(a) clearly shows that the two-photon PL spectral
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FIG. 3. The PL spectra for (a) the single crystal and (b) the thin
film, under two-photon excitation with energies close to half of
the band gap of MAPbCl;.

shape is independent of the excitation energy. Under two-
photon excitation, the spatial distribution of the photoexcited
carriers in depth can be written as [39]

prl3AL Brl3At
2E,(frlrz +-1)? 2E,

(2)

ny(z) =

By analogy with Eq. (1), I,, At,, and E, correspond to the
excitation light density, the pulse width of the excitation light,
and the excitation energy, respectively. 3, is the absorption
coefficient for the two-photon excitation with energy FE,.
Under two-photon excitation, the whole volume of the crystal
is excited. Therefore, the contribution of the PL from inside
the crystal is significant, and the observed PL is strongly
influenced by reabsorption inside the sample. The 1- and 2-PL.
spectrum that includes reabsorption effects can be expressed

with the following equation:
L
/ n(z)e=“Ezdz, (3)
0

The sample thickness is given with L, the emission energy
is E, and yg0,(E) is the spontaneous emission spectrum.
Considering Eq. (3), the results shown in Fig. 3(a) indicate
that the shape of the photocarrier distribution n,(z) is
unchanged at a different excitation energy FE,. In other
words, n,(z) has no depth dependence (which is possible
only if f,/,z is much smaller than unity), and thus the
approximation on the right side of Eq. (2) is valid; for
each excitation energy, the carriers are excited uniformly
throughout the sample.

To understand the influence of photon reabsorption,
we compare the two-photon PL spectra obtained from
the single crystal with those obtained from the thin film.
The two-photon PL spectra obtained for five different
excitation energies (E, = 1.52-1.64 eV) for the thin film
are shown in Fig. 3(b). The spectral shape from the thin film
is also independent of the excitation energy, but here the PL

I k-PL ( & }/spon

peak energy (3.06 eV) remains the same as that observed
for the one-photon PL spectra. Because the thin film has a
limited thickness, both the one- and two-photon excitation
excite the entire sample uniformly, resulting in almost the
same photocarrier distribution.

Next, we extract the 1-PLE spectra from Fig. 1(a), i.e., a
cut of the 2D image along the vertical axis, which enables
the analysis of the strength of photon reabsorption for
different energies. The PL intensities for five different
detection energies as a function of the one-photon excita-
tion energy E; are shown in Fig. 4(a). The detection
energies range from 2.99 to 3.11 eV with an increment
of 30 meV, as indicated in the inset. Because of scattering
of the excitation light, small sharp peaks can be observed
when the excitation energy is equal to the detection energy.

The data evidence that, compared with the 1-PLE spectra
for higher detection energies, the onset is shifted towards
lower energies for the 1-PLE spectra at lower detection
energies. This can be explained with a change in the photo-
excited carrier distribution due to the change of the penetra-
tion depth for different excitation energies. A similar effect
has been also observed in the transmission spectra of thick
single crystals [20,29,41]. Furthermore, the data in Fig. 4(a)
clearly support that the PLE peak observed at 3.1 eV vanishes
if low detection energies are chosen. This can be explained
analytically. The PLE intensity as a function of the one-
photon excitation energy E;, including effects from reab-
sorption on optically thick samples, can be written as [38]

oy
Ei(ag+ay)

(4)

I pie(Eo. Ey)

Here, a is the absorption coefficient for one-photon excita-
tion with a photon energy equal to the detection energy E|,
i.e., ayg = a(Ey). When «; is much larger than &, we have
ai/(ap + a;) — 1, and thus the PL intensity /,_p; g becomes
independent of a;. Especially,  is small in the low-energy
detection region. Therefore, the 1-PLE spectrum saturates
when the excitation energy is above that energy level. In this
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FIG.4. (a) I-PLE and (b) 2-PLE spectra of the MAPbClj; single

crystal for different monitor wavelengths. The inset indicates the
monitoring wavelength with a representative PL. spectrum.
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way, the large absorption in the direct transition semicon-
ductors leads to a substantial change in the PLE spectra of
samples with a certain thickness. Concurrently, this fact
imposes to detect the PLE near this absorption peak in order
to trace the strong excitonic absorption with the PLE
technique.

Further comparison with the 2-PLE spectra for the
MAPDBCI; single crystal extracted from Fig. 1(b) clarifies
the significant influence of reabsorption. Figure 4(b) shows
the PL intensities for five different detection energies as a
function of the two-photon excitation energy E,. The
detection energies range from 2.87 to 2.99 eV with an
increment of 30 meV, as indicated with arrows in the inset. It
is obvious that the shape of 2-PLE spectrum is independent
of the detection energy; i.e., the 2-PLE signal intensity
depends only on the two-photon absorption coefficient.

To determine the physical origin of the peak in the 1-PLE
spectrum, the PL and PLE spectra for the MAPbCI; single
crystal under one- and two-photon excitation conditions
are compared in Fig. 5(a). The PL spectra are those for
excitation energies £; = 3.50 eV and £, = 1.75 eV under
one- and two-photon excitation, respectively. In order to
obtain the 1-PLE spectrum near the absorption peak, the
1-PLE spectra recorded for the monitoring energies £, =
3.092 and 3.124 eV were normalized at the center energy
(3.108 eV) and plotted together. In this way, the sharp
artifacts from the scattering of the excitation light can be
removed easily. The 1-PLE spectrum depends on the
monitoring energy E, as shown in Fig. 4, but we confirmed
that the PLE obtained by the integrated PL from the thin
film is the same (see Supplemental Material [38]). Note that
we can accurately measure the tail of the 1-PLE for
MAPDBCI; using single crystals, while it is difficult to
measure the tail of the 1-PLE for thin films because of
strong light scattering. The 1-PLE data correspond to the
absorption spectrum and exhibit a peak structure at 3.11 eV.
The corresponding PL spectrum for one-photon excitation
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FIG. 5. (a) Comparison of PL and PLE spectra of the MAPbCl;
single crystal for one- and two-photon excitation conditions.
(b) The one-photon (blue) and two-photon (red) absorption
spectra, as calculated from the PLE spectra. The continuous line
is the fitting result using Elliott’s formula.

has a peak at 3.06 eV, meaning a Stokes shift of about
50 meV between PL and absorption. This value is as small
as that of other halide perovskites [8,28,29]. The 2-PLE
spectrum is that for the monitoring energy £, = 2.935 eV.
Compared to the 1-PLE spectrum, the 2-PLE spectrum has
a weak onset without any peak structure. By considering
the selection rule for band-to-band transitions, we can
conclude that the peak in the 1-PLE spectrum originates
from the ls exciton.

Now we discuss the excitation and detection-energy
dependence of the PLE spectra with a model that accounts
for the photocarrier distribution and reabsorption. This
allows us to calculate the one- and two-photon absorption
spectra, and the results for the MAPbCI; single crystal are
shown in Fig. 5(b). The equations used are (the derivations
are given in Supplemental Material [38])

a(E) _ Eil pg(Ep E)) (5)
Qo 2EI pig(Eo. Ey) — E1ypre(Eo. Ey)’
ﬁ(ﬂ) _ 1 a Lypie(Eo. 5)/13 (6)
2 V2ag+ay I pp(Ey Ey)/1,

For simplification, we assumed E; = 2E, and a peak
value for the one-photon absorption coefficient oy =
1.7 x 10° cm™! from the literature [31]. First, we discuss
the one-photon absorption spectrum [blue dots in
Fig. 5(b)], with a sharp peak at 3.11 eV. By fitting the
tail towards low energies with an exponential function, we
obtain an Urbach energy of 11 meV. This value is smaller
than the 23 meV reported for thin film samples [16],
indicating that less defects are present in our single crystal
sample. Furthermore, the one-photon absorption spectrum
can be fitted well with the Elliott formula [42], which
allowed us to calculate a band gap energy E, of 3.149 eV
and an exciton binding energy E;, = 41 meV. Since the
latter value is larger than the room-temperature energy
(kgT ~ 26 meV), MAPbCl; has stable excitons even at
room temperature. Recent investigations of the exciton
binding energy in thin films and single crystals reported
the values of 12-16 and 15-30 meV for MAPbI; and
MAPDBTr; single crystals, respectively [43-47]. When we
compare these values with the 41 meV of this work, we can
justify that our value is plausible. A highly interesting
conclusion is that, although MAPbCI; is governed by
excitonic responses, the highly efficient luminescence in
combination with the sufficiently small Stokes shift in hybrid
perovskites produces a strong reabsorption of excitonic PL.

Finally, we discuss the two-photon absorption spectrum
[red dots in Fig. 5(b)]. Around 3 eV, this spectrum begins
to increase gradually. Although the 2-PLE technique is
sensitive and powerful to trace the excitonic or even higher
order peaks [48,49], no peak structure is observed for the
MAPDHC]; single crystal. According to the selection rule for
optical transitions involving two photons, the 2p exciton is
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allowed. However, compared to the room-temperature
energy, the 2p exciton lies energetically only slightly below
the band edge (the estimated value is Ej,/4-10 meV).
Therefore, a clear excitonic structure was not observed
for the two-photon absorption. To clarify the excitation
energy dependence of the two-photon absorption spectrum,
we employ the following scaling law for the two-photon
absorption coefficient f [50]:

(2E/E,—1)3?

()

By fitting the data with red dots in Fig. 5(b) with Eq. (7), we
obtain f, = 21.8 cm/GW and E, = 3.143 eV. The band
gap energy agrees well with the one obtained from the
one-photon absorption spectrum. Furthermore, the two-
photon absorption coefficient § becomes 0.25 cm/GW at
E = 1.65 eV, which is smaller than that of other halide
perovskites and also GaAs [50-52]. This result is consistent
with the general trend that a wider band gap results in a
smaller S.

In conclusion, we have grown a MAPbCl; single crystal
and employed PLE measurements to investigate the optical
and excitonic responses near the band edge. We experimen-
tally verified that the influences of the photocarrier distri-
bution and photon reabsorption have to be considered to
explain the responses of the optically thick single crystal.
A theoretical calculation supports our interpretation and
allowed us to deduce accurate values for the band gap
(3.15 eV) and exciton binding energy (41 meV) from the
1- and 2-PLE spectra of the single crystal. In MAPbCls, the
excitons are stable even at room temperature and thus govern
the optical spectra and also the photon-recycling effects.

Part of this work was supported by CREST, JST (Grant
No. JPMICR16N3) and JSPS Research Fellowships for
Young Scientists (Grant No. 17J07890).
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