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ABSTRACT: Organic—inorganic lead halide perovskite
nanocrystals have attracted much attention as promising
materials for the development of solid-state light-emitting
devices, but the existence of free or bound excitons or the
formation of trap states remains under debate. We recorded
the temperature-dependent electroabsorption (E-A) and
electrophotoluminescence (E-PL) spectra, that is, electric-
field-induced change in absorption and photoluminescence
spectra, for methylammonium lead tribromide (MAPbBr;)
colloidal perovskite nanocrystals, that is, quantum dots (QD),
doped in a poly(methyl methacrylate) film in the temperature
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range of 40—290 K. Based on the results, the binding energy of the exciton (electron—hole pair) was estimated. The exciton
binding energy of QD of MAPbBr; estimated from the absorption and E-A spectra (~17 meV) is nearly the same as that of a
MAPDBr; polycrystalline thin solid film, while the exciton binding energy estimated from the temperature-dependent PL spectra
(~70 meV) is much greater than that estimated from the absorption profile. The frequency dependence of the E-A intensity
observed at 40 and 290 K for the modulated applied electric field indicates a slow ion migration in nanocrystals, which follows
the modulation of the applied electric field at a frequency less than 500 Hz. The observed E-A spectra were analyzed with an
integral method on assuming the Stark effect; the magnitudes of the changes in electric dipole moment and polarizability
following photoexcitation were determined at each temperature from 40 to 290 K. E-PL spectra show that the PL of QD of
MAPDBr; is quenched on the application of an external electric field; the extent of quenching is much greater for trap emission
than for exciton emission. Exciton—phonon scattering, which is responsible for the line broadening of the PL spectra, is also

discussed based on the temperature-dependent PL spectra.

B INTRODUCTION

Hybrid organic—inorganic lead halide perovskites have become
one of the most interesting and most studied materials in
recent years with respect to their applications in optoelectronic
functional devices, such as photovoltaic cells, memory devices,
photodetectors, and light-emitting devices (LED).' ™ Their
unique optical and electronic properties, such as a tunable
band gap, broad range of absorption, tunable emission in the
visible region, and photon recycling make them promising
materials for future prospects.””"' Moreover, ferroelectric
properties, intrinsic defects, thermal conductivity, and charge
migration due to the internal or external electric fields in
perovskite materials play a versatile role in optoelectronic
devices.'> "

Besides the bulk perovskite materials, semiconductor
nanocrystals have inspired a vital research area for energy
materials because of the quantum-confinement effect, which
typically leads to a large binding energy of an exciton as well as
the variation of their tunable optical properties and a large
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quantum vyield (QY) for emission.'”"”™"" Because of the
outstanding optoelectronic characteristics of organic—inor-
ganic lead halide perovskites (PSK), nanometer-sized methyl-
ammonium lead tribromide perovskite nanocrystals, that is,
QD (abbreviated as MAPbBr;:QD), which showed intense
emission and a large QY for LED, were reported by Schmidt et
al."” to extend the evolution of the PSK family into a new era
of nanotechnology.”’~>’ Despite the intensive attention to
intrinsic properties within MAPbBr;:QD, it is still unclear
whether only bound excitons are created or free charges are
spontaneously generated in MAPbBr; nanomaterials and
whether there exists scattering induced by the electron—
phonon interaction and self-trap formation.”*™*° These are
critical problems that remain subject to debate in
MAPDbBr;:QD; it is important to elucidate the electronic
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structure and dynamics that cause the characteristic absorption
and PL properties of these nanomaterials. Electron—phonon
coupling, defect, and self-trapping, which generally depend on
the temperature, pressure, crystal structure, and electric
field,”**" are disadvantageous for both the photovoltaic and
LED applications, because these physical parameters affect the
carrier mobility and induce a line broadening in the PL spectra.
It is hence important to clarify these physical properties of
MAPDbBr;:QD from the points of view of both fundamental
and applied research.

An external electric field has been extensively applied to
illuminate a working mechanism of organic dye-sensitized solar
cells (DSSC) and in perovskite-based photovoltaic cells and to
modulate the excited-state dynamics, including charge transfer,
in MAPbI; and (C,H,NH,),Pbl, organic—inorganic quantum
wells.””***>7** With increasing temperature, various phenom-
ena, including thermal dissociation of excitons and electron—
phonon scattering, affect the optical properties, such that
detailed information regarding exciton dynamics of materials
cannot be readily obtained from only the experiments of
absorption and PL near 300 K.

We have recorded the temperature-dependent E-A and E-PL
spectra of MAPbBr;:QD doped in a poly(methyl methacry-
late) (PMMA) film to probe the charge carrier dynamics,
electron—phonon scattering, and trap emission, devoting
particular attention to the estimation of the exciton binding
energy of MAPbBr;:QD. Slow ion migration is also discussed
based on an E-A signal obtained with varied modulation
frequencies of the applied electric field. Electron—phonon
scattering, the formation of self-trapped excitons, and effects of
an external electric field on the photoexcitation dynamics of
MAPDbBr;:QD doped in a PMMA film are also discussed, based
on the measurements of temperature-dependent PL and E-PL
spectra.

B EXPERIMENTAL SECTION

Sample Preparation of MAPbBr; Quantum Dots.
MAPDBr;:QD were synthesized with the reported top-down
method.”” CH,NH,Br (Dyesol, 8 mmol) and PbBr, (Alfa
Aesar, 8 mmol) were mixed in oleic acid (Aldrich, 40 mL) and
oleylamine (Aldrich, 4 mL) in a centrifuge tube. The mixture
was sonicated for 4 days. During sonication, the bulk
perovskite was formed first as a precursor, from which further
sonication broke down the bulk perovskite into nanoparticles,
that is, QD, each of which was protected with oleic acid and
oleylamine. The synthesized QDs were collected on
centrifugation and dispersed in toluene for further purification.
The toluene solution of QD was centrifuged five times; the
final supernatant was collected in toluene (10 mL).

Sample Preparation for E-A and E-PL Measurements.
To prepare the solid film for the measurements of E-A and E-
PL spectra, we cast a selected volume of toluene solution of a
mixture of MAPbB;:QD and PMMA on fluorine-doped tin
oxide (FTO)-coated glass substrate with a spin-coating
method. The typical thickness of the prepared film of
MAPDBB;:QD doped in a PMMA film was ~0.4 um,
determined with an alpha step method (Veeco Dektak 150);
a semitransparent aluminum (Al) film of ~15 nm in thickness
was then deposited by thermal evaporation on the prepared
PMMA film that includes MAPbBr;:QD. The FTO and Al
films served as electrodes; the field strength was evaluated from
the applied voltage divided by the distance between electrodes.

E-A and E-PL Spectra at Varied Temperatures. All
spectra were recorded under vacuum conditions at each
temperature in the range of 40—290 K using a cryogenic
refrigerator (Daikin, V202CSLR), which had silica optical
windows, and a temperature controller (Scientific Inst., model
9600-1) with a silicon-diode thermometer to control the
substrate temperature. Steady-state absorption and PL spectra
were recorded with a spectrometer (JASCO, FP-777). Electric-
field modulation spectroscopy was applied to measure E-A and
E-PL spectra with the same apparatus as described elsewhere.*
A sinusoidal ac voltage with a modulation frequency in the
range of 40 Hz to 1 kHz was applied to modulate the
transmitted light of the excitation (Izy) or PL intensity (Ip.). A
field-induced change in the transmitted intensity (Alzy) or the
PL intensity (Alp ) was detected with a lock-in amplifier at the
second harmonic of the modulation frequency. The dc
component of Igyx or Ip;, was concurrently recorded with a
computer. E-A spectra and E-PL spectra were derived on
plotting the field-induced change of absorbance

AA( = (%)Iog e) and the field-induced change of PL

intensity (Al ), respectively, as a function of wavelength or
wavenumber.

B RESULTS AND DISCUSSION

Sample Characterization. A TEM image and the size
distribution of MAPbBr;:QD prepared in the present work,
which yields an average size of particles about 6 nm, are shown
in Figure 1, which also shows the XRD patterns of the
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Figure 1. (a) TEM image, (b) size distribution, which shows an
average diameter (SA) of 6 nm, (c) XRD patterns at varied
temperatures, and (d) cubic crystal structure of quantum dots
(QD) of MAPbBr;, that is, MAPbBr;:QD. The XRD pattern of FTO
and crystallographic information file (CIF) of MAPbBr; are also
shown in (c).

synthesized sample as a function of temperature, crystallo-
graphic information file (CIF) of MAPbBr;:QD, and
corresponding cubic crystal structure.”® A typical TEM image
of a single QD of MAPDbBr; is also shown in Figure S1,
Supporting Information.
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Absorption and Electroabsorption (E-A) Spectra.
Figure 2a shows the temperature-dependent absorption spectra
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Figure 2. (a) Absorption and (b) E-A spectra of MAPbBr;:QD doped
in a PMMA film recorded at varied temperatures and (c, d) their
temperature-resolved intensity images, respectively. E-A spectra were
recorded with an applied electric field with a strength of 0.4 MV cm™.

of MAPbBr;:QD doped in a PMMA film observed from 40 to
290 K with a temperature-resolved intensity image of the
absorption spectra. Along with the continuous free carrier
absorption in the higher energy region, a prominent exciton
absorption feature was observed at every temperature
measured in the range of 40—290 K. The absorption tail
extending to a region of wavelength greater than the exciton
band is caused by scattering. With decreasing temperature, the
main exciton absorption feature shifted monotonically from
528 + 3 nm at 290 K to 544 + 3 nm at 40 K; the peak
intensity increased (see Figure 2a,c). Near 296 K, the main
exciton band was assigned to the intra-atomic transition from
6s to 6p orbital in Pb**.>” The red shift of the exciton signal
with decreasing temperature is similar to that of other lead
composite semiconductors.”***~*! The position of the exciton
absorption of MAPbBr;:QD in a PMMA film at 290 K is
similar to that of the exciton absorption of a polycrystalline
thin solid film of MAPbBr;, that is, 530 nm.”* As the XRD
patterns in Figure 1 show, the temperature-dependent shift and
change in absorption intensity do not arise from a phase
transition in the crystal structure of MAPbBr;:QD; the cubic
structure of MAPbBr;:QD persists in the entire temperature
range of 40—290 K, in contrast with a MAPbBr; polycrystalline
thin film or a single crystal, which was reported to show a
phase transition,"”"” but the Bragg peaks shifted monotonically
to a greater diffraction angle with decreasing temperature,
indicating a lattice contraction.

The red shift of the exciton absorption feature with
decreasing temperature, ie., a decreased band-gap energy
(Eg), which is shown in Figure S2, Supporting Information,
differs from that of conventional semiconductors, which show
a blue shift on decreasing temperature, as a result of lattice
contraction. In conventional semiconductors, the valence-band
maxima (VBM) and conduction-band minima (CBM) arise
from bonding and antibonding orbitals in pairs. In the results,
the band gap between the VBM and the CBM increases with
lattice contraction.**** In lead halide perovskites, in contrast,
the VBM and CBM are formed from an antibonding orbital
between Pb(s)-Br(p) and Pb(p)-Br(p), respectively; the
potential energy of VBM and CBM hence alters through the

thermal contraction of the lattice, leading to an energy of the
band gap decreasing with decreasing temperature,”****°
Figure 2b,d shows that the E-A spectra of MAPbBr;:QD in a
PMMA film also depend on the temperature; the intensity of
the E-A spectra increased monotonically with decreasing
temperature. Figure 3 shows plots of the E-A intensity
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Figure 3. Frequency dependence of field-induced variation of
absorption intensity, that is, field-induced variation of transmitted
intensity of excitation light relative to the intensity transmitted at zero
field, that is, AT/T, at 290 K (red circle) and 40 K (black circle).
Plots of AT/T as a function of the modulation frequency of the
applied electric field were obtained with a field strength of 0.4 MV

cm™" at the maximum intensity of the E-A signal.

observed at 40 and 290 K with a field strength 0.4 MV cm™
as a function of modulation frequency of the applied electric
field; the E-A intensity depends on the frequency of the
applied electric field. The E-A signal, which is weak at low
frequencies, increased with increasing modulation frequency
and saturated at frequencies greater than 500 Hz at both 40
and 290 K. The frequency dependence of the E-A intensity is
considered to result from an electric-field-induced ion
migration in MAPbBr;:QD. The phenomenon of slow ion
migration was regorted for a film of small MAPbI; perovskite
nanocrystals.">'® Although the average particle size of
MAPDBr;:QD in the present samples is as small as 6 nm
(see Figure 1b), slow ion migration is considered to occur
inside the QD of MAPbBr; following the modulation of the
applied electric field. The frequency-dependent E-A signals
saturated at a lower frequency at 40 K than at 290 K (Figure
3), indicating that the field-induced ion migration becomes
more efficient with increasing temperature. To avoid the
influence of ion migration, E-A spectra shown in Figure 2 and
E-PL spectra, to be presented, were obtained at each
temperature with a modulation frequency of 1 kHz of the
applied electric field, unless otherwise noted. These spectra
were reproducible, indicating that the sample of MAPbBr;:QD
was stable on the application of such a strong field of 0.4
MVem™.

Figure 4 shows the E-A spectra of MAPbBr;:QD in a
PMMA film observed with field strengths varied from 0.1 to
0.4 MV cm™! at 40 and 290 K. E-A signals of MAPbBr;:QD in
a PMMA film observed at the maximum (18,587 cm™') and
minimum (18,382 cm™) at 40 K and at the maximum (19,157
cm™') and minimum (18,726 cm™") at 290 K are proportional
to the square of the applied electric field. The crossing point at
18,948 cm ™! at 290 K and at ~18,492 cm™! at 40 K remained
unchanged (Figure 4a and b). These results indicate that, in
principle, the observed E-A signals arise from the Stark shift,
but it is admitted that an abnormal behavior inexplicable in
terms of a simple Stark shift was also observed at low
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Figure 4. E-A spectra of MAPbBr;:QD observed with varied applied
electric-field strengths at (a) 290 K and (b) 40 K; plots of the
dependence of the applied field strength of AA/A as a function of the
squared field strength observed at the maximum and minimum signals
of AA at (c) 290 K and (d) 40 K. Inset figures in (b) show an
extended view for two parts of the E-A spectra at 40 K, that is, from
18,170 to 18,260 cm™" and from 18,600 to 19,400 cm™.

temperatures. An extended view of the E-A signal at 40 K
between 18,170 and 18,260 cm™' and between 18,600 and
19,400 cm™!, shown in Figure 4b (inset), indicates that the
zero-crossing points of the E-A spectrum show a red shift and a
blue shift, respectively, with increasing field strength. A similar
shift, dependent on field strength, of the zero-crossing point
was reported by Amerling et al, for the E-A spectra of the
exciton and continuum bands of two-dimensional butylammo-
nium lead iodide (C,HyNH;),Pbl, quantum wells.”” The shift
of the zero-crossing point observed only at low temperatures
was interpreted in terms of a Franz—Keldysh (FK) oscillation
of the continuum band. As the origin of the present field
strength-dependent shift of the zero-crossing point in the E-A
spectra of MAPbBr;:QD, the FK oscillation is one possibility,
although it is uncertain whether the oscillation can appear in
regions of both large and small energy of the exciton
absorption signal. As another possible origin of the field
strength-dependent shift of the zero crossing, a field-induced
deformation of the crystal lattice might be considered, because
a deformation of the crystal lattice induced on the application
of an electric field might lead to a shift of the absorption
edge.”’ In the results, the E-A spectra of MAPbBr;:QD in a
PMMA film at low temperatures are explicable in terms of a
Stark shift and a small contribution of the FK oscillation or a
field-induced lattice deformation.

In the Stark shift, the energy level of the absorption band is
shifted by —AuF — AaF?*/2 on the application of an external
electric field (F); Ap and Aa represent the differences of
electric dipole moment and polarizability, respectively,
between the excited state (e) and ground state (g), that is,
Ap =p, — p,and Aa = a, — a,. In an isotropic sample, the
field-induced change in absorption intensity at wavenumber v,
that is, AA(v), is given by the zeroth, first, and second
derivatives of the absorption intensity A(v) in a linear

o 8-51
combination as follows:**™°

AA() = (FP|A,AQ) + Bly%(

ot (19)

2
dy v

A(v))

(1)

where f represents the internal field factor and F = |Fl. The
value of A, depends on the field-induced change in the
transition moment, and coefficients B, and C, pertain to the
spectral shift and spectral broadening of absorption,
respectively. These coeflicients are used to calculate the

magnitude of A and A« as

g - Az _ 1ApP

Y2k’ F 6k @)
in which Aa@ denotes the trace of Aa, that is, Aad = (1/
3)Tr(Aa).

In the present absorption spectra of MAPbBr;:QD, the
exciton band, the continuum band, and the absorption tail
caused by the scattering overlap each other severely; separation
into each band is difficult. In such a condition, an integral
method is useful for the analysis of the E-A spectra.>”>’
Scattered light typically exhibits no electric field effect. If an E-
A spectrum is expressed with eq 1, then the integral of an E-A
spectrum along the wavenumber becomes

JAAw) = (@

dA(v)
AX/-A(I/)dv +B,A(v) + C, » }

3)
Further integration of eq 3 over the wavenumber, that is, a
second integral of E-A spectra, becomes

/{ /AA(u)du}dy
= (fF)Z[Al/{ /A(l/)dl/}dl/ + BI/A(I/)CII/

* G )

The first and second terms on the right side of eq 4 show a
monotonic increase or decrease, depending on A, and B,
whereas the third term imposes a spectral shape that is the
same as the absorption spectrum.

Simulation of not only the E-A spectra but also their first and
second integral spectra yields reliable values of A,, B,, and C,.
The results of the simulation with the integral method are
shown in Figure 5 for the E-A spectra at 290 and 40 K and in
Figures S3—S6, Supporting Information for the E-A spectra
recorded at other temperatures. Based on the analysis, the
magnitudes of |Aul and A@ have been estimated at each
temperature, as shown in Figure 6. |Aul is ~4 D, and A@ is
approximately —100 A* at 290 K; these values remained similar
at temperatures above 150 K, whereas the magnitudes of both
|Ap! and A@ increased with the temperature decreasing below
150 K, reaching ~10 D and —1070 A? at 40 K, respectively, as
shown in Figure 6. E-A spectra in the higher wavenumber
region were irreproducible at low temperatures, for example, at
40 K, as shown in Figure 5d, likely because of the presence of
FK oscillation, field-induced lattice distortion, or the presence
of an unknown weak absorption band. The magnitudes of |Apl
and A@ of a MAPbBTr; polycrystalline thin film are reported to
be 22 D and —4.1 A% respectively, near 296 K.>* The
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magnitudes of both |Aul and A& in MAPbBr;:QD are much
larger than those for a MAPbBr; polycrystalline thin film,
which might arise from a disparate crystal size of MAPDbBr; or a
quantum-confinement effect in MAPbBr;:QD. As the type of
crystal structure of MAPbBr;:QD remains unchanged with
decreasing temperature, the observed temperature-dependent
electronic property might arise from the temperature-depend-
ent lattice distortion.

Photoluminescence (PL) and Electrophotolumines-
cence (E-PL) Spectra. Both PL and E-PL spectra of
MAPDbBr;:QD doped in a PMMA film were recorded in the

temperature range of 40—290 K; the results are shown in
Figure 7, in which temperature-resolved intensity images of
both PL and E-PL spectra also appear. Both PL and E-PL
spectra depend remarkably on the temperature. The spectra of
the ratio of the E-PL spectrum and the PL spectrum, that is,
plots of the field-induced change in the PL intensity relative to
PL intensity as Alp;/Ip;, as a function of wavelength, and the
temperature-resolved intensity images are also shown in Figure
7. The PL and E-PL spectra were recorded concurrently at
each temperature. A sharp exciton line is observed in the PL
spectra at any temperature; a shoulder peak was also observed
in the wavelength region greater than that of the exciton band
at low temperatures, for example, 40 K. The PL exciton line
shows a monotonic red shift with decreasing temperature, as in
the case of the temperature dependence of the exciton
absorption signal (see Figures 2c and 7d). For example, the
PL exciton maximum is located at 530 nm at 290 K and at 548
nm at 40 K. The exciton peak intensity increased with the
temperature decreasing from 290 to 140 K but decreased with
the temperature decreasing further from 140 to 40 K. The total
intensity integrated over the entire spectral region similarly
increased with the temperature decreasing from 290 to 140 K.
With further decreasing temperature, of the integrated
intensity decreased and then increased at 40 K. The PL
intensity observed at 607 nm remained constant at temper-
atures above 100 K but increased monotonically with the
temperature decreasing below 100 K. Plots of PL intensity at
the exciton peak, PL intensity at 607 nm, and integrated
intensity of PL in the entire spectral region as a function of
temperature are shown in Figure S7, Supporting Information.
Temperature-dependent PL spectra of MAPbBr; were
reported by Woo et al. for a single crystal, a polycrystalline
thin film, and quantum dots, which probably correspond to the
present sample of MAPbBr;:QD.*® The PL emission maximum
was reported to show a blue shift with increasing temperature
in every case, in agreement with the present temperature
dependence of the exciton peak position of MAPbBr;:QD.
These authors also mentioned that multipeak emissions were
observed at low temperatures for a thin film and a single crystal
but not for quantum dots. In their work, the multipeak PL
emissions of a MAPbBr; thin film and a single crystal at low
temperatures were attributed to free excitons and bound
excitons trapped at shallow energy defects before recombina-
tion, respectively. In contrast with the quantum dots reported
by Woo et al., our MAPbBr;:QD show multipeak emissions at
low temperatures; the emission intensity near 600 nm relative
to the main exciton peak intensity increased with decreasing
temperature below 100 K, as mentioned above. As shown in
the XRD patterns (Figure 1c), no crystal phase transition was
observed for MAPbBr;:QD in the temperature range of 40—
290 K, but the PL was observed to extend to a wavelength
region longer than that of the exciton band, which is assignable
to the emission of bound excitons. As mentioned below, PL
emissions of a free exciton and a bound exciton, which are
hereafter called exciton emission and trap emission,
respectively, show disparate effects of the electric field.
According to Woo et al,*® the PL of a thin film or a single
crystal of MAPbBr; decreased rapidly with increasing temper-
ature, whereas the PL intensity of the QD of MAPDbBr,
exhibited no such rapid decrease with increasing temperature.
In that sense, the temperature dependence of the PL intensity
of MAPbBr;:QD is similar to that of the QD of MAPbBr;,*
for which the PL intensity was reported near 296 K to be about

DOI: 10.1021/acs.jpcc.9b04567
J. Phys. Chem. C 2019, 123, 19927—-19937


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b04567/suppl_file/jp9b04567_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b04567

The Journal of Physical Chemistry C

1.0 (@
T (K)
0.8F —290 — 270
— 250 — 230
—210 — 190
5 0.6 — 170 — 150
~ — 130 — 110

0.4

0.2

1

Al /I (107)

1 1 1 1
520 560 600 640

Wavelength (nm)

-2.0
480

Temperature (K) Temperature (K)

Temperature (K)

II’I,

Al (10°7)

A1[’[/11’1,

520

560 600
Wavelength (nm)

Figure 7. (a) PL spectra, (b) E-PL spectra, and (c) the ratio between E-PL and PL spectra, that is, the spectra of Al /I, of MAPbBr;:QD doped in
a PMMA film observed at varied temperatures. Their temperature-resolved intensity images are shown in the right. E-PL spectra were recorded
with a field strength of 0.1 MV cm™. The excitation wavelength was 420 nm.

40% of the maximum intensity at low temperatures. In the
present samples, the integrated intensity at 290 K is about half
the integrated intensity at 140 K, at which the maximum
intensity was observed (see Figure S7, Supporting Informa-
tion). The present results for the temperature dependence of
the peak intensity of the exciton band, integrated intensity, and
intensity at 607 nm show that the population of the exciton
decreased with decreasing temperature below 140 K, resulting
in increased trap emission and a decreased exciton emission
with decreasing temperature.

The exciton PL band became narrower with decreasing
temperature from 290 K. The PL bandwidth is generally
affected by the electron—phonon (E-P) interaction, so that the
strength of the E-P interaction can be estimated from the PL
bandwidth. The temperature (T)-dependent PL bandwidth is
expressed as”®**53

I(T) =T+ + 1o+ Linp

— —E,/kgT
= FO + }/E\CT + yLoNLO(T) + )/impe b (s)

Here, I, Iy, T'o, and I, represent the temperature-
independent inhomogeneous linewidth at 0 K, the homoge-
neous broadening due to the acoustic phonon scattering, the
homogeneous broadening due to LO phonon scattering, and
the inhomogeneous broadening due to ionized impurities of
average binding energy E,, respectively. y,. and ;o are the
coupling strengths between exciton and acoustic phonon and
between exciton and optical phonon, respectively. In general,
exciton—phonon coupling is proportional to the occupation
number of the phonons, N;(T), described with the Bose—

Einstein distribution: N;o(T) = [

Ty in which E;g is
the phonon energy and kg is the Boltzmann constant. At
temperatures below 100 K, the contribution of optical phonons
is small; the bandwidth was hence fitted with I', and accoustic

phonon scattering (I',.). Plots of bandwidth of the exciton
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band in the recorded PL spectra of MAPbBr;:QD are shown in
Figure 8, as a function of temperature. The temperature

90 i
_ e Experimental data e’
% -+l o
£ --T,+T _®
E " 0 ac “.
o °°
= ® @
& P

30

1 1 1 1 1 1 1
40 80 120 160 200 240 280

Temperature (K)

Figure 8. Bandwidth of the exciton PL band (FWHM) of
MAPDBBr;:QD doped in a PMMA film as a function of temperature
with curves fitted with eq 5. The black dashed line shows the
combination between inhomogeneous broadening and the bandwidth
caused by an LO phonon (E o = 25 meV); the green dashed line
shows the combination between inhomogeneous broadening and the
bandwidth caused by an acoustic phonon.

dependence of the bandwidth of the exciton PL band was
simulated with eq 5 employing E; 4=25 meV, o = 85.1 meV,
and y,. = 0.9 meV. These values of E| 5 and ¥, are similar to
those reported by Woo et al, that is, 24.9 and 80.1 meV,
respectivelgr; the value of y,. is much smaller than the reported
6.3 meV.?

Temperature-dependent E-PL spectra shown in Figure 7b
indicate that the PL of MAPbBr;:QD doped in a PMMA film
is quenched on the application of an electric field at any
temperature in the range of 40—290 K; the emission quantum
yield hence decreases in the presence of an electric field at any
temperature. The E-PL spectra were recorded with excitation
at 420 nm, at which the field-induced change in absorption
intensity was negligible. The spectra of Alp /Iy at 290 and 40
K are also shown in Figure 9 with Ip; and Alpp spectra. As
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and (b) PL and Al /I, spectra. E-PL spectra were recorded with a field strength of 0.1 MV cm™. The maximum PL intensity is normalized to

unity in both cases.

shown in Figure S8, Supporting Information, the magnitude of
the field-induced quenching at 290 K is proportional to the
square of the strength of the applied electric field, whereas that
dependence deviated a little from the square law at 40 K,
which might arise from a lattice distortion induced by a strong
applied electric field at low temperatures. The effect of an
external electric field on the photoexcitation dynamics can be
discussed based on these spectra of Al /I (Figure 9b). Plots
of Al as a function of temperature are shown in Figure S9,
Supporting Information for the intensity observed at the
exciton peak and at 607 nm and for the integrated emission
intensity. At temperatures above 110 K, only one emission line
assigned to a free exciton is dominant. In the temperature
range of 290—110 K, the extent of field-induced quenching of
the PL, that is, |AI,/Ipl, increased monotonically with
decreasing temperature (see Figure 7cf). With tempearature
further decreasing from 110 K, at which the emission assigned
to the trap appeared, Al /Iy | of a free exciton decreased with
decreasing temperature. In contrast with the exciton emission,
the magnitude of both the field-induced quenching, that is,
|AIp /Ipyl, and Ip of the trap emission increased monotoni-
cally with the temperature decreasing below 110 K (Figure 7c,f
and Figure S7, Supporting Information).

Since the trap emission overlaps severely with the tail of the
emission spectrum of free exciton, the exact shape of the trap
emission spectrum could not be identified in the PL spectra.
However, the trap emission, which has a maximum at ~607
nm, is confirmed by taking plots of Al /Ip; as a function of
wavelength at 40 K (see Figure 7c). Note that the field-
induced quenching of the trap emission is much larger than
that of the exciton emission having a maximum at 548 nm; the
magnitudes of Al /I at 40 K with a field strength of 0.1 MV
cm™"' was 18% for the trap emission and 10% for the exciton
emission (Figure 9b). The intensity of the trap emission
relative to the exciton emission depends on the sample, but
trap emission is more efficiently quenched with an applied
electric field in any case, as shown in Figure 9 and Figure S10,
Supporting Information. It is noted that the sample of
MAPDBr;:QD is very stable, and E-PL spectra were
reproducible, as far as the same sample was used.

Electric-field-induced quenching of PL was also observed in
a two-dimensional organic—inorganic halide perovskite,
(C,HoNH,),Pbl, (N1).*® N1 showed only one exciton
emission near 296 K, which was quenched with an applied
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electric field. At 45 K, N1 showed not only exciton emission
but also trap emission, located in a wavelength region longer
than that of the exciton emission band; the field-induced
quenching of the trap emission of N1 was larger than that of
the exciton emission. The present results of the field-induced
quenching of PL of MAPbBr;:QD are hence similar to those
observed for N1. For N1, the field-induced decreased
population of the exciton-emitting state produced on relaxation
from a photoexcited state and the field-induced enhancement
of the rate of nonradiative decay at the emitting state were the
origin of the field-induced quenching of PL, based on the time-
resolved measurements of PL decay. The field-induced
quenching in MAPbBr;:QD also indicates that the population
of the PL emitting state is decreased on the application of an
electric field and the rate of nonradiative decay at the emitting
state is enhanced on the application of an electric field in
MAPDBr;:QD. At temperatures below 110 K, exciton emission
decreased and trap emission increased with decreasing
temperature, indicating that the relaxation from the photo-
excited state to the trap state became more efficient with
decreasing temperature. According to the results, the
population of the exciton-emitting state decreased, whereas
the population of the trap state increased, as the temperature
decreased. The effect of an electric field on the PL indicates
that relaxation from the photoexcited state to both the exciton-
emitting state and the trap state becomes less efficient on the
application of an electric field and the effect of the field on the
relaxation to the trap state is much larger than that on the
relaxation to the exciton state.

Estimation of the Binding Energy of Exciton. On
assuming a Gaussian shape for the band profile, the exciton
absorption band and the remaining continuum, which is
assigned as a band-to-band transition, become separable. The
intensity of absorption at angular frequency w is expressible as

\/F Zonalh
n

2Gl(w) + A, ), G2(w)

k=0
27r\/E7b

X e —
1 — 2B E /1= \[1-4p(2~E,) )
1

/1 - 48(z, - E)

Alw) = Ay .

(6)
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in which

Gl(w) = o~ (o= (B~ (Ey/n)) /26%)

GZ(CU) — e_((hw_zk)z/ZHZ)

The derivation of eq 6 was written in the Supporting
Information of our previous paper (ref 34). The binding
energy of free exciton of MAPbBr;:QD at different temper-
atures was obtained in the present study with eq 6 in a similar
manner to the one reported in that paper for a polycrystalline
film of methylammonium lead halide perovskites including the
MAPDBr; polycrystalline film. Briefly, the first and second
terms in eq 6 correspond to the exciton band and the
continuum band, respectively; Z, is the kth dummy variable
that has an equally spaced energy of ~0.81 cm™', 3 represents
the magnitude of nonparabolicity of the band dispersion, E,, is
the binding energy of the exciton (electron—hole pair), E, is
the band-gap energy, and the relation E, = 7, + E, holds for
the exciton band. Here, v, is the energy of the exciton band.
As a lineshape function, we used Gaussian functions for G1
and G2, because this shape was assumed in deriving the
absorption spectrum of the exciton band in the analysis of the
E-A spectra. ¢ in eq 6 was estimated from the full width at half-
maximum (FWHM) of the exciton band. To simulate the
observed absorption spectrum as a combination of exciton
band and continuum band, we used the same FWHM and
center of the exciton band (r,) that were extracted with the
integral method from the E-A spectra (see Figure S and
Figures S3—S6, Supporting Information). In the simulation,
the total absorption spectrum was well reproduced with eq 6
with suitable values of parameters Ey, 3, and A, /A, _ ;. The
results at 290 and 40 K are shown in Figure 10. The results at

(a) (b)
02 0.3F o Abs.
I ° 40K — Exc. (G1)
3 — Exc. (G1) 3 - - Continuum (G2)
£ - - Continuum (G2) g 02k Ep=17mev - - GI+G2
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Z2o01f 290 K 2
< E,=17mev < 0.1f
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Wavenumber (103 cmrl) Wavenumber (103 cmrl)

Figure 10. Absorption spectra of MAPbBr;:QD doped in a PMMA
film at (a) 290 K and (b) 40 K. The shaded line shows the recorded
spectra, and a red line shows the simulated absorption spectrum given
as a sum of the exciton band (G1, blue solid line) and continuum
(G2, black dashed line) that were simulated with eq 6. The
parameters used in the simulation are shown in Table S1, Supporting
Information.

other temperatures between 290 and 40 K are shown in Figure
S11, Supporting Information. The parameters used in the
simulation are listed in Table S1, Supporting Information. In
the results, the binding energy of the exciton (E,) of
MAPDbBr;:QD has been determined to be 17 + 1 meV,
irrespective of the temperature.

The binding energy of MAPbBr;:QD was also estimated
from the temperature-dependent PL intensities. In the
relaxation of an exciton, only the dissociation, of which the
rate constant is given by kg, is assumed to depend on the
temperature. The rate constant (k,,) for the exciton decay is
expressed as k,, = k, + k,, + kg, exp(—E,/ksT), in which k, and
k. are the temperature-independent radiative and nonradiative

decay rate constants, respectively, and kg is the Boltzmann
constant. As the emission quantum yield is given by k,/k,,, the
inverse of the quantum yield of PL, 1/®(T), as a function of
temperature is expressible as

1 1 ki E,
= exp| ———

o(T)  o(T=0) & 2\ kT )
In the temperaure range of 150—290 K, only the exciton
emission is dominant; the emission intensity increased
monotonically with decreasing temperature, as shown in
Figure S7, Supporting Information. The binding energy of E,

was then estimated on fitting the PL intensity in this
temperature range with the equation

E
L=A+Bexp -
kyT

I(T) B (8)

where A and B are the fitting parameters; parameter A
corresponds to the inverse of the PL intensity at T = 0 K. If the
emission quantum yield is used in eq 8 instead of I(T),
parameters A and B corrrespond to the inverse of the emission
quantum yield at 0 K and kg,/k,, respectively (see eq 7). As
shown in Figure 11, the temperature dependence of I(T) is

12F ® 1/IT)

é - - - Fitting Line
=17 é E,=70 meV
&) % A=5.134
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Figure 11. Inverse of the PL intensity of MAPbBr;:QD doped in a
PMMA film as a function of the inverse of temperature. The
simulation with eq 8 is shown as a red line.

well fitted with eq 8; the binding energy is estimated to be ~70
meV. In the fit, product AI(T), which corresponds to I(T)/I(T
= 0), is determined to be 0478 at T = 290 K. As the
temperature increases from 0 to 290 K, only half the emission
intensity thus decreases.

The binding energy of an exciton of MAPbBr;:QD was
estimated from the absorption spectra to be ~17 meV, as
already mentioned. The binding energy estimated from the
temperature dependence of PL intensity is about twice that
estimated from the absorption spectra. These results indicate
that the exciton directly produced following absorption and the
exciton that produces PL have distinct binding energies. Woo
et al. reported that the binding energy of quantum dots of
MAPbBr; (388.2 meV) was much larger that that of a
polycrystalline thin film (124.4 meV) or a single crystal (40.6
meV) based on the temperature dependence of the PL
intensity.”® Zheng et al. also reported a large binding energy of
QD of MAPbBr; that is, 320 meV based on the X-ray
spectra.’® The binding energy of MAPbBr;:QD derived from
the temperature-dependent PL intensity in the present work is
much smaller than their binding energy of the quantum dots,
even smaller than the value in a polycrystalline thin film.
Regarding the binding energy estimated from the absorption
profile, the value for MAPbBr;:QD, that is, 17 meV is roughly
the same as that estimated for a polycrystaline thin film, that is,
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14 meV.”* The large binding energy of the exciton emitting
state in QD might be a significant reason for a large emission
quantum yield, but the present result shows that the binding
energy for QD estimated by Woo et al. or Zheng et al. was too
large. Even for a binding energy of 70 meV, as estimated in the
present work from the temperature-dependent PL, only half
the PL intensity is quenched by the exciton dissociation with
the temperature increasing from 0 to 300 K. The present
results show that the emission quantum yield can be large even
when the binding energy of an emitting exciton is not large.
For a polycrystaline thin film or a single crystal, another
possibility such as large exciton—phonon scattering might have
to be considered as the origin of their small emission quantum
yield near 296 K, in comparison with the quantum yield of QD
of MAPDbBr;.

B CONCLUSIONS

Temperature-dependent absorption, E-A, PL, and E-PL spectra
of MAPDbBr;:QD doped in a PMMA film have been recorded
at temperatures in the range of 40—290 K. A frequency-
dependent field-induced variation of absorption intensity has
been observed; ion migration that follows the modulation of
the applied electric filed has been confirmed at frequencies less
than 500 Hz. A comparison of the results at 40 and 290 K
indicates that the field-induced ion migration becomes more
efficient with increasing temperature. The E-A spectra
recorded at temperatures in the range of 40—290 K have
been analyzed with an integral method on assuming that the E-
A signal resulted from the Stark shift; the magnitudes of Ao
and |Apul following absorption have been evaluated at each
temperature. Both values depend strongly on the temperature,
likely because of a temperature-dependent lattice deformation.
According to an analysis of the absorption profile, the binding
energy of an exciton was estimated to be ~17 meV, indicating
that the binding energy of MAPbBr;:QD is nearly the same as
the exciton binding energy of a polycrystalline thin film of
MAPDBr; estimated from the absorption profile. The binding
energy of an exciton of MAPbBr;:QD at the emitting state
estimated from the temperature-dependent PL intensity is ~70
meV, which is much larger than that estimated from the
absorption spectra. The E-PL spectra show that the PL of
MAPDBr;:QD is quenched on the application of an electric
field at each temperature. At temperatures below 110 K, both
exciton emission and trap emission were observed. The trap
emission, which has a maximum at ~607 nm, was more
efficiently quenched on the application of an electric field than
the exciton emission. Exciton—phonon interaction is consid-
ered to be responsible for the linewidth broadening of the PL
spectra.
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