Nanoscale

o
-

Nanoscale

Size- and Temperature-dependent Photoluminescence
Spectra of Strongly Confined CsPbBr3 Quantum Dots

Journal: | Nanoscale

Manuscript ID | NR-ART-04-2020-002711.R1

Article Type: | Paper

Date Submitted by the

Author: | 24-May-2020

Complete List of Authors: | Cheng, Oscar; Texas A and M University College Station, Department of
Chemistry

Qiao, Tian; Texas A&M University, Chemistry

Sheldon, Matthew; Texas A&M University, Chemistry

Son, Dong Hee; Texas A and M University College Station, Department
of Chemistry

SCHOLA

JONE™
Manuscripts




Page 1 of 6

Nanoscale

Size- and Temperature-dependent Photoluminescence Spectra of
Strongly Confined CsPbBr; Quantum Dots

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Oscar Hsu-Cheng Cheng,? Tian Qiao,? Matthew Sheldon*®® and Dong Hee Son*a<

Lead-halide perovskite nanocrystals (NCs) are receiving much attention as a potential high-quality source of photons due to

their superior luminescence properties in comparison to other semiconductor NCs. To date, research has focused mostly on

NCs with little or no quantum confinement. Here, we measured the size- and temperature-dependent photoluminescence

(PL) from strongly confined CsPbBr; quantum dots (QDs) with highly uniform size distributions, and examined the factors

determining the evolution of the energy and linewidth of the PL with varying temperature and QD size. Compared to the

extensively studied II-VI QDs, the spectral position of PL from CsPbBr; QDs shows an opposite dependence on temperature,

with weaker dependence overall. On the other hand, the PL linewidth is much more sensitive to the temperature and size

of the QDs compared to II-VI QDs, indicating much stronger coupling of excitons to the vibrational degrees of freedom both

in the lattice and at the surface of the QDs.

Introduction

Lead halide perovskites (LHP) nanocrystals (NCs) have emerged
as a strong contender for next-generation solid-state emitters'->
because of their high luminescence quantum yield, 620 facile
chemical bandgap tunability,’> 2 and low-cost solution
processability.13 14 Over the past few years, LHP-based light-
emitting diodes (LEDs) have reached external quantum
efficiencies > 20%, which is comparable to organic light-emitting
diodes (OLEDs) and other colloidal semiconductor NCs used in
commercialized displays.’> 6 For photonic applications of
semiconductor NCs, the spectral characteristics of the
luminescence, i.e. energy and linewidth, is of great importance.
Narrow emission bandwidth ensuring high colour purity is
desirable for display devices.'” 18 On the other hand, broad or
(and) multiple emission peaks covering a wider spectrum is
more useful for lighting applications requiring white light.1% 20

So far, the majority of studies of the luminescence of LHP NCs
and related optical properties have been focused on large NCs
with weak or no quantum confinement. Therefore, the optical
spectra of the NCs exhibit little size dependence. Tuning of the
exciton luminescence spectrum was achieved mostly via
chemical modification of the band, specifically by varying the
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halide composition and stoichiometry.2 22 Facile chemical
exchange of halides (Cl, Br, and I) enables continuous tuning of
the bandgap across the visible spectrum, and thus has been
extensively explored as the means of controlling the
luminescence colour from LHP NCs. However, phase
segregation or migration of halides under photoexcitation have
been identified as potential issues for mixed-halide LHP NCs as
the source of photons in technological applications.2>27 More
recently, synthetic methods for producing highly uniform LHP
nanocrystals with strong quantum confinement were
developed.?832 Such quantum confinement can be used to vary
the exciton transition energy as well as enhance the coupling of
excitons to other degrees of freedom, further tuning optical and
electronic properties similar to the extensively studied II-VI and
IV-VI QDs.33-36

Either chemical tuning of the bandgap or size-dependent
quantum confinement can vary the colour of the emission from
LHP NCs. However, these separate strategies do not have the
same effect on all of the characteristics of the exciton
luminescence. For instance, reducing the size of strongly
confined NCs introduces size-dependent electron-hole
interactions and vibronic coupling involving both
phonons and surface ligand.37-3° Therefore, the energy and
linewidth of exciton photoluminescence (PL) as well as the
temperature dependence and exciton radiative lifetime can be
quite different in comparison with non-confined mixed-halide
LHP NCs exhibiting the same PL wavelength. Furthermore, the
degree of ensemble size uniformity and the larger surface-to-
volume ratio in strongly confined QDs can alter the
characteristics of the exciton luminescence significantly.3”
Therefore, it is important to understand the spectral
characteristics of LHP QDs in the strongly confined regime to
understand their potential utility as a source of photons.
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Here, we measured the size- and temperature-dependent
PL spectra of uniform ensembles of strongly confined CsPbBr;
QDs and investigated the factors that dictate their spectral
evolution when varying size and temperature. From the analysis
of the temperature dependence of the PL spectral linewidth,*%
43 we obtained information about the effective strength of the
coupling of excitons with the vibrational degrees of freedom as
a function of the QD size. We also compared our results with
those of CdSe QDs, an archetypal QD system with well-known
size- and temperature-dependent PL, in order to highlight the
unique aspects of the PL from strongly confined CsPbBr; QDs.

Experimental
Sample preparation

Size-controlled CsPbBr; QDs were synthesized via the hot-
injection method reported in Ref. 28. The synthesized QDs were
purified using ethyl acetate to remove all remaining unreacted
precursors and excess ligands by centrifuging the solution at
3500 rpm at 5 mins. The precipitate was recovered and
redispersed in hexane for all spectroscopic measurements in
solution sample and preparation of QD film on a sapphire
substrate.

Temperature dependent PL measurement

Temperature-dependent PL measurements were made using an
open-cycle cryostat (ST-100, Janis) using liquid nitrogen and
liquid helium as the cryogen. The QD film on sapphire substrate
was excited at 405 nm using a cw diode laser (RGBLase, FBB-
405-200-FM-E-1-0). The excitation power was kept below ~1
mW with a 3mm beam diameter to avoid heating of the
substrate. The PL spectra were recorded with two different CCD
spectrometers (QE65000, Ocean Optics and WiTec alpha 300),
which give identical line shape after the calibration of the
spectral response of each spectrometer. A 405 nm notch filter
was used to block the excitation light in PL spectrum
measurement and its transmission spectrum was accounted for
in the analysis of the PL spectra.

Results and discussion

In this study, highly uniform ensembles of CsPbBr; QDs were
prepared using the recently developed method that leverages
thermodynamic equilibrium for the precise size control in
strongly confined regime, which minimizes the effect of size
dispersity on the PL spectra.?® CsPbBr; QDs of varying sizes
prepared in this study exhibit well-resolved confined exciton
absorption and emission spectra as shown in Fig. 1(a). The edge
length (d) of the QDs determined by transmission electron
microscopy (TEM) images (Fig. 1(b)-(e)) are in the range of 3.9
to 6.3nm, which is smaller than twice the exciton Bohr radius of
CsPbBr; (2ag = 7 nm).** For temperature-dependent PL
measurements, the CsPbBr; QDs were deposited on a sapphire
substrate by dipping the substrate into concentrated CsPbBrs
QD solutions dispersed in hexane, and then drying with nitrogen
gas. The QD film prepared by this method is relatively close-

2| J. Name., 2012, 00, 1-3

a
I
El
8
S |n
c
I
£
S
c
< |l
v
350 400 450 500 550

Wavelength (nm)

Fig. 1 (a) Absorption spectra of different sizes of CsPbBr; QDs. (b-d) TEM images of
CsPbBr; QDs. The average edge length of the QDs is (1) 6.3 nm, (I1) 5.3 nm, (1Il) 4.7
nm, (IV) 3.9 nm. All scale bars are 20 nm.

packed with interparticle spacing of ¥~3 nm corresponding to the
organic ligand on the surface of the QDs. Fig. 2 compares the PL
spectra of the colloidal solution of CsPbBr; QDs in hexane and
the QD film deposited on a sapphire substrate. The PL spectra
of CsPbBr; QDs in these different environments are nearly
identical, while the film of the smallest QDs (d = 3.9 nm) exhibit
a small blueshift compared to the solution of QDs. The
similarity of the spectra from NCs in solution and deposited as
films indicates a lack of interparticle electronic coupling. Other
studies of CsPbBr; QD films often observe a redshift of the PL
attributed to interparticle coupling. The lack of interparticle
coupling in this study is likely due to long ligands
(oleylammonium bromide) passivating the surface of the QDs,
separating them by ~3 nm as can be seen in the TEM images.
Fig. 3 shows the normalized temperature-dependent PL spectra
of CsPbBr; QD films collected in the temperature range of 4 -
300K for four different sizes. The variation of the peak energy
and linewidth with temperature and QD size were analysed
from these spectra. For more quantitative analysis of the PL
peak energy and linewidth, the experimentally measured PL
spectra were converted to the spectral line shape function on
an energy axis, L(E), through the Jacobian conversion, where
the linewidth is directly proportional to the Franck-Condon
factor.*> 46 Both the peak energy and linewidth reported here
were extracted from L(E). The details of the conversion and
analysis of the PL spectra are provided in the Supporting
information (Fig. S1).
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Fig. 2 PL spectra of CsPbBr; QDs in hexane (solid line) and on sapphire substrate
(dash line)
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Fig. 3 Normalized steady-state temperature dependent PL spectra of (a) 6.3 nm (b) 5.3 nm (c) 4.7 nm (d) 3.9 nm CsPbBr; QDs samples at temperatures between 4 and 300K.
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Fig. 4 Temperature-dependent PL peak energy of different sizes of CsPbBr; QDs
samples at temperatures between 4 and 300K.

Fig. 4 shows the temperature-dependent PL peak energy,
Epear(T) of CsPbBr; QDs of four different sizes. All four QDs
show generally decreasing Epeax(T)with decreases in
temperature, which is similar to what has been observed in bulk
and large non-confined NCs of CsPbBr3.4%43 47 One the other
hand, the smaller QDs show smaller shift of Epear(T)with
temperature and also exhibit a bit more complex behaviour
above 200K, showing a small negative slope of Epear(T) with
respect to T although its origin is not clear. Nevertheless, it is
notable that the general redshift of Epear(T) with decreasing
temperature in CsPbBr; QDs is opposite to the behaviour of the
majority of other semiconductor QDs (e.g. such CdSe) that
exhibit blueshifts of the exciton absorption and PL peak with
decreasing temperature. Furthermore, the slope (dEpear/dT) is
significantly smaller than in 1I-VI QDs of comparable size (-0.3
meV/K for CdSe QDs and -0.5 meV/K for CdS QDs)*® 4°. Below
200K, dEpear/dT of CsPbBrs QDs is 0.05-0.18meV/K depending
on the size, exhibiting much weaker dependence of Epeak on the
temperature (0.16, 0.18, 0.05, 0.11 meV for 6.3, 5.3, 4.7,3.9 nm
QDs). The general trend of Epeai(T)in LHP NCs can be explained
by thermal expansion and exciton-phonon coupling. >% °! It has
been shown that the bandgap decreases with decrease in lattice
constant in LHP NCs.>° The contribution of exciton-phonon
coupling is estimated using a two-oscillator model, where
acoustic and optical phonons contribute to the temperature
dependent bandgap in opposite directions (dEpear/dT > 0 for
acoustic phonons, < 0 for optical phonons), thereby partially
cancelling each other. In the framework of the analysis

This journal is © The Royal Society of Chemistry 20xx

described in ref. 50, non-monotonous variation of Epear(T) in
the smaller QDs (d = 5.3, 4.7, 3.9 nm) can be interpreted as
resulting from variations in the balance between the two
opposing contributions to the bandgap with the QD size.

Fig. 5 shows the temperature-dependent full-width at half
maximum (FWHM), I'(T), determined from the lineshape, L(E)
, of CsPbBr; QDs of four different sizes. We employ a linear
exciton-phonon coupling model (eqn. (1)) commonly used to
analyse the temperature dependent I'(T) in order to extract
the effective strength of coupling to phonons and the
contribution from inhomogeneous broadening.*0. 50, 52-54

I'(T) = vioNLo + VacT + Tinn (1)
In this model, I'(T)is expressed as the sum of three terms:
temperature-independent inhomogeneous broadening (I'inn)
and temperature-dependent optical (Y.oNLo) and acoustic (Vac
T) phonon contributions. Yo represents coupling strength to
longitudinal optical (LO) phonons, which is associated with
number of the phonon mode, Nio, described by the Bose-
Einstein distribution, N1o = 1/exp(ELo/kbT). Here, Evo is the
energy of the LO phonon and kj, is Boltzmann’s constant. Vac
represents coupling strength to acoustic phonons, and is mainly
related to a deformation potential interaction in materials with
cubic symmetry.>*
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Fig. 5 FWHM of the spectral lineshape as a function of temperature for (a) 6.3 nm (b)
5.3 nm (c) 4.7 nm (d) 3.9 nm QDs. The solid line are fits of eqn (1).
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Table 1. Extracted linewidth parameters. ¥ Single particle PL

Size YLo Yac Linn Ero
(nm) (meV) (neV/K) (meV) (meV)
Sample | 6.3 32113 70175 40+2.5 2019
Sample Il 5.3 52+13 20160 52+1.5 218
Sample Il 4.7 52+18 2070 6913 22+11
Sample IV 3.9 89127 22+50 8612 2316
B. Diroll et al.#° 15 45 5 20 19
J. Ramade et al.¥52 ~7 42 8 0.4 16
Single
F.Tang et al.>® ng 11.61 10 9.02 20.01
crystal

Table 1 summarizes the parameters obtained by fitting the
experimentally measured I'(T)to eqgn (1). Similar to other polar
semiconductors, coupling to LO phonons (Y.oNLo) is the main
contribution to the temperature-dependent broadening of the
PL linewidth at high temperature (T>100K). Since the
contribution from the acoustic phonon (YacT') accounts for <10
% of the total temperature variation of I'(T), we will focus on
coupling to LO phonon in our discussion of the size- and
temperature-dependent I'(T). The value of E1o obtained from
the fit is near 20 meV for QDs of all sizes, and is close to E g of
19 meV measured from single macroscopic crystals of
CsPbBr3.>6 On the other hand, the coupling strength to LO
phonons (YLo) shows a significant size dependence. Yiro
increases nearly 3 times (32 to 89 meV) as the size of the QD
decreases from d = 6.3 to 3.9 nm. For comparison, Yo of
weakly-confined CsPbBr; NCs from earlier studies are also
added in Table 1, and these values are closer to that of the
larger QDs in our study.?® 32 This is an interesting contrast to
CdSe QDs that show much smaller and more weakly size-
dependent YLo, therefore exhibiting significantly weaker
thermal broadening of PL linewidth and size dependence.3% 37
57 For instance, YLo of CdSe QDs calculated from the size-
dependent Huang-Rhys factor increases very slowly from 10.9
meV to 12.6 meV as the QD size decreases from 5.23 nm to
2.56.57. 58 For a comparable size of QDs (d = ~3.9nm), I'(T)
varies by more than twice as much in CsPbBr; than in CdSe (46
meV vs 20 meV), within the temperature range of 50-250K.>°
The stronger coupling of excitons with LO phonons in CsPbBr;
QDs compared to CdSe QDs is not surprising, considering that
lead halide perovskite materials are generally known to have
larger exciton-phonon coupling.*% 50 The strong exciton-phonon
coupling in various inorganic and hybrid lead halide perovskites
manifests as facile formation of polarons, which has been
shown in both calculations and experiments.®%-62 Strong
exciton-phonon coupling was also considered to be responsible
for the activation of parity-forbidden exciton transitions in
strongly confined CsPbBr; QDs, whereby polaron formation
lifted the optical selection rule.53

This strong size-dependence of Yo in CsPbBr3; QDs is quite
intriguing, considering that typical semiconductor QDs such as
CdSe QDs exhibit weak size dependence. Earlier studies in
various semiconductor QDs showed evidence that increasing

4| J. Name., 2012, 00, 1-3

the coupling of vibrational modes with surfaces and surface
ligands by decreasing size results in the larger effective coupling
strength between excitons and vibrational degrees of freedom.
For instance, I'(T) /T in 2 nm CdSe QDs increased by 2.2 times
by changing the ligand from dodecanethiol to
tetradecylphosphonic acid, while such sensitivity to the ligand
is absent in much larger QDs.3’ In the case of monolayer WSe,
and WS, QDs, a large increase of I'(T)of the PL at room
temperature and Stokes shift was explained by increased
coupling of excitons to the chemical bonds at edges with
decreasing size.?* 6> Since the model described in egn (1) does
not specifically include the terms representing the coupling of
excitons to surface-specific modes, YLo determined from the
fitting represent the combined effect of coupling to both lattice
LO phonon mode and local vibrational modes at surface, such
as the bond from ligands. This suggests that the strong
dependence of V.o on the size of CsPbBr; QDs reflect the
stronger influence of the surface in coupling with exciton
compared to CdSe QDs. At cryogenic temperatures, I'inp is still
relatively large compared to the estimated linewidth
broadening based on the QD size distribution determined from
the analysis of TEM images (+5% at fwhm) and the
experimentally determined size-dependent bandgap.?® The
inhomogeneous linewidth purely from the size distribution is
estimated to be < 35 meV for the QDs with average size of 4.7
nm. Much larger I'mn of 69 meV indicates that the
inhomogeneous broadening of the PL observed in CsPbBr; QDs
has contribution from not only the size distribution but also
from other contributions. While the exact nature of such
additional contribution is not clear yet, variations of the surface
ligand density or local fluctuation of charges within the film may
have contributed to the inhomogeneous broadening.

Conclusion

In summary, the PL spectra of strongly quantum confined
CsPbBr; QDs were measured as a function of size and
temperature in order to investigate the factors that determine
the spectral evolution with temperature and the degree of
quantum confinement. The peak energy of the PL shows much
weaker dependence on the temperature for all QD sizes
compared to the other well-known semiconductor QDs such as
11-VI QDs. On the other hand, the PL linewidth exhibits stronger
dependence on both the size of the QD and temperature
compared to II-VI QDs, indicating stronger exciton-phonon
coupling. VLo determined from spectral linewidth analysis is
several times larger than that of CdSe QDs for comparable sizes,
consistent with generally stronger exciton-coupling known for
various metal halide perovskite materials in the bulk phase. The
size dependence of V1o is also much stronger than CdSe QDs,
indicating the stronger influence of the surface vibrational
degrees of freedom for the overall effective exciton-phonon
coupling. This detailed information about the dependence of PL
spectra on size and temperature will be valuable in applications
that employ strongly quantum-confined metal halide
perovskite QDs as a source of photons. The effect of varying
surface-bound ligands for quantum dots of a given size that can

This journal is © The Royal Society of Chemistry 20xx
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degrees of freedom and change the spectral characteristics will
be investigated in future studies.
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