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ABSTRACT: Nanoplatelets (NPLs) of CdSe are an emerging class of luminescent materials, combining tunable and narrow
emission bands with high quantum yields. This is promising for application in white light LEDs (w-LEDs) and displays. The origin
of the narrow spectral width of exciton emission in core NPL compared to core−shell NPL and quantum dot (QD) emission is not
fully understood. Here we investigate and compare temperature-dependent emission spectra of core and core−shell CdSe NPLs and
QDs. A wide temperature range, 4−423 K, is chosen to gain insight into contributions from homogeneous and inhomogeneous
broadening and also to extend measurements into a temperature regime that is relevant for operating conditions in w-LEDs (T ≈
423 K). The results show that temperature-induced homogeneous broadening does not strongly vary between the various CdSe
nanostructures (ΔEhom ≈ 60−80 meV at 423 K) indicating that electron−phonon coupling strengths are similar. Only for the
smallest QDs is stronger coupling observed. The origin of the narrow bandwidth reported at 300 K for core CdSe NPLs is attributed
to a very narrow inhomogeneous line width. At 423 K, the spectral width of NPL exciton emission is still narrower than that of QDs.
A comparison with traditional w-LED phosphors is made to outline advantages (tunability, narrow bandwidth, high efficiency) and
disadvantages (color shift, stability issues) of NPLs for application in w-LEDs.

■ INTRODUCTION

In the past decade, a revolution in lighting has transformed the
lighting market to a market dominated by white light LEDs (w-
LEDs). The ban on incandescent lamps has contributed to this
rapid transition. In addition, the high efficacy of w-LEDs (>100
lm/W), compactness, and long lifetime (>30 000 h) make w-
LEDs an attractive and flexible form of lighting in homes and
offices and for outdoor illumination. The first generation of w-
LEDs relied on generating white light from an efficient blue
(In,Ga)N LED and partial blue-to-yellow conversion by the
YAG:Ce phosphor. However, this design results in cold white
light due to the lack of orange/red emission.1 A remedy for the
unpleasant cold color temperature was found by combining
YAG:Ce with orange/red emitting phosphors. The most
widely used phosphors nowadays rely on d−f emission from
the lanthanide ions Eu2+ or Ce3+ and are characterized by
relatively broad emission bands in the green, yellow, orange, or

red spectral region.1 There is however a need for narrower
band emitters to increase the efficacy of w-LEDs and improve
the color gamut of LCD displays with w-LED backlights.
Especially for the traditional red emitting phosphors, the broad
emission band has a significant part of the emitted light in the
wavelength region beyond 630 nm.2 The sensitivity of the
human eye drops sharply between 630 and 700 nm, thus
making displays and w-LEDs less efficient (reduced lumen/W
efficacy). Hence, there is a need for narrow band red emitters.
This can be achieved by using semiconductor nanoparticles

Received: April 6, 2020
Revised: May 5, 2020
Published: May 6, 2020

Articlepubs.acs.org/JPCC

© 2020 American Chemical Society
12153

https://dx.doi.org/10.1021/acs.jpcc.0c03048
J. Phys. Chem. C 2020, 124, 12153−12160

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

U
T

R
E

C
H

T
 U

N
IV

 o
n 

M
ar

ch
 2

, 2
02

1 
at

 1
5:

16
:4

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johanna+C.+van+der+Bok"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daphne+M.+Dekker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matt+L.+J.+Peerlings"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bastiaan+B.+V.+Salzmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andries+Meijerink"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andries+Meijerink"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.0c03048&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03048?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/124/22?ref=pdf
https://pubs.acs.org/toc/jpccck/124/22?ref=pdf
https://pubs.acs.org/toc/jpccck/124/22?ref=pdf
https://pubs.acs.org/toc/jpccck/124/22?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03048?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


(NPs) such as CdSe or InP quantum dots (QDs).3,4 The
success of these NPs has already been demonstrated in the
quantum dot light emitting diode (QLED) displays of
Samsung.5 The use of both a narrow band green and red
emitter increases the efficiency and widens the color gamut of
these displays significantly. Still, there is a need for further
reducing the spectral width.
A promising subclass of the semiconductor nanomaterials is

CdSe nanoplatelets (NPLs) which exhibit an even narrower
emission bandwidth compared to zero-dimensional (0D)
QDs.6 The charge carriers in 2D NPLs are only confined in
one dimension. Recent publications have reported on efficient
visible emission from CdSe NPLs of only a few monolayers
thick. The atomically well-defined nature of the thickness
(typically 3.5 or 4.5 monolayers) minimizes inhomogeneous
broadening, giving rise to narrow emission bands around 460
nm (3.5 monolayers) or 510 nm (4.5 monolayers).7 Full width
at half maximum (fwhm) as narrow as ∼40 meV8 has been
reported at room temperature compared to ∼70−120 meV for
CdSe quantum dots.9−11 In order to increase the quantum
yield and stability and to tune the photoluminescence (PL)
toward the red, a CdS shell is grown around NPLs. However,
upon introducing a shell the characteristic narrow bandwidth
of CdSe NPLs is lost.12 Contradictory explanations have been
proposed for this increase in broadening. The broadening is
either ascribed to stronger exciton phonon-coupling due the
CdS shell13 or ascribed to an increase in inhomogeneous
broadening caused by a no longer atomically well-defined
NPL.14

Temperature-dependent studies can help to distinguish
between the contributions of homogeneous and inhomoge-
neous broadening. Studies on thermal line broadening of CdSe
NPL emission are typically limited to measurements up to
room temperature.15,16 However, temperatures relevant for
application in lamps and displays are much higher, even
exceeding 150 °C in high power w-LEDs. At elevated
temperatures, homogeneous broadening due to exciton−
phonon coupling dominates over inhomogeneous broadening.
It is therefore important to extend the temperature range and
investigate the broadening of CdSe NPL and QD emission
over a wide range of temperatures, up to 150 °C. The wider
temperature range is not only relevant for practical applications
but also extends the range in which thermal broadening can be
investigated and compared to gain insight in differences
between thermal broadening and exciton−phonon coupling in
the different CdSe nanostructures. Finally, high-temperature
measurements will allow for comparison of spectral widths for
NPL emission and other luminescent materials used in w-
LEDs (QDs, Mn4+- or Eu2+-phosphors) under relevant
operation conditions to evaluate if NPLs still have a better
performance at the elevated temperatures in w-LEDs.
In this report, we investigate and compare thermal exciton

luminescence line broadening in a variety of CdSe nanostruc-
tures, viz., CdSe QDs and NPLs and CdSe/CdS core/shell
QDs and NPLs. PL spectra were recorded and the PL
bandwidths of QDs and NPLs of different sizes, and shell
thicknesses were determined in a wide temperature regime,
from 4 to 423 K (150 °C). The results show that
homogeneous broadening is rather similar for the different
types of CdSe nanomaterials and that the reduced emission
bandwidth for core CdSe NPLs is caused by strongly reduced
inhomogeneous broadening. Shell growth on NPLs gives rise
to more inhomogeneous broadening and explains the increased

broadening of core−shell NPLs in comparison to core-only
NPLs.

■ METHODS

CdSe Quantum dots were synthesized based on a method
described by Li et al. using a reaction time of several seconds
up to 10 min for the green (510QDs), orange (580QDs), and
red (620QDs) emitting QDs, respectively.17 The number in
the naming represents the emission wavelength at room
temperature. 580QDs where passivated with two monolayers
of CdS using the SILAR method.17 In the text, these are
referred to as core−shell QDs. NPLs with a thickness of 3.5
monolayers (460NPLs) and 4.5 monolayers (510NPLs) were
synthesized as published by Dubertret et al.18 The 510NPLs
were passivated with a shell of one monolayer CdS using the c-
ALD-method (1 ML core−shell NPLs) or six monolayers
using a method developed by Rossinelli et al. (6 ML core−
shell NPLs).19,20 Further details on the synthesis methods and
transmission electron microscopy images are given in the
Supporting Information.
The temperature-dependent measurements ranging from 4

to 423 K were performed in an Oxford Instruments liquid
helium cryostat (up to 300 K) and a Linkam high-temperature
stage (above 300 K) placed inside an Edinburgh FLS920
spectrometer equipped with a Hamamatsu R928 PMT
detector and a 450 W xenon lamp as the excitation source.
The excitation power used during the measurements was low,
and an upper limit was estimated at ∼100 mW/cm2. At these
low excitation powers, the line width is not affected by
multiexciton emission. Emission of biexcitons is for example
observed at an excitation power above 100 W/cm2.21 To
confirm this, emission spectra at higher excitation powers also
were recorded, and no effect on the line width was observed
(Figure S3).
The low-temperature measurements were performed in

toluene or hexane for the QDs and NPLs, respectively. The
particles were dispersed in the high boiling solvent 1-
octadecene for high-temperature measurements. Emission
spectra were corrected for the sensitivity of the detection
system (emission monochromator throughput and detector
response), and the intensity was converted to a photon flux per
energy interval when the x-axis was converted to energy scale
(from nm to eV).22

■ RESULTS AND DISCUSSION

The spectral line width of emission from an ensemble of
emitters is affected by inhomogeneous broadening and
homogeneous broadening. Inhomogeneous broadening is
caused by a variation in emission wavelength between different
emitters, for example, due to size variations in the NPs.
Inhomogeneous broadening is not strongly temperature
dependent. Homogeneous broadening for exciton emission
in QDs and NPLs is dominated by lifetime broadening. The
Heisenberg uncertainty principle dictates that a shorter
coherence lifetime of the excited and ground state gives rise
to a larger uncertainty in the transition energy (emission
wavelength). The main cause for a rapidly decreasing
coherence lifetime upon heating is interaction with phonons
(lattice vibrations). Phonon absorption, emission, and phonon
scattering (Raman) processes contribute to a shortening of the
coherence lifetime (dephasing time). The phonon-induced
exciton dephasing processes are strongly temperature depend-
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ent and are responsible for homogeneous line broadening of
the exciton emission with temperature as the phonon
population increases. The temperature dependence is complex
as different types of phonon dephasing processes have a
different temperature dependence.23

Interaction with phonons also affects the position of the PL
maximum. The shift of the PL maximum is influenced by
various mechanisms, including phonon coupling and thermal
expansion of the lattice. A phenomenological relation between
the PL maximum and temperature was proposed by Varshni,
including a T2-dependent term.24 In order to extract a value for
the exciton−phonon coupling strength and the effective
phonon energy, the PL maximum as a function of the
temperature can also be fitted with a semiempirical expression
by Cardona et al.25 The relation between the PL maximum and
temperature is however not well understood. For example, the
PL maxima of PbSe QDs as a function of the temperature can
shift to lower energies, stay constant, or even shift to higher
energies depending on the size of the QDs.26 This makes the
temperature shift of the PL maximum a less reliable probe for
differences in exciton−phonon coupling strengths. Therefore,
here we first evaluate differences in exciton−phonon coupling
as well as the broadening at high temperatures by extracting
the fwhm of the emission spectra over a broad range of
temperatures.
The PL spectra of the investigated systems at temperatures

ranging from 4 K (violet) to 423 K (red) are shown in Figure
1a−d and Figure S4a−d. An extra peak appeared on the low

energy side upon cooling for the core NPLs (Figure 1c, Figure
S4c and Figure S5). The origin of this low energy peak has
been assigned to trion emission,27 a phonon replica,28 or
excited state luminescence of a p-state.29,30 The higher energy
peak is assigned to “normal” exciton emission, and from the PL
spectra the fwhm of this higher energy peak was determined
and used to investigate the exciton−phonon coupling strength.
The splitting in two separate peaks is not observed for core−
shell NPLs with one and six monolayers CdS, probably
because of the larger inhomogeneous broadening. Interest-

ingly, the PL spectra of the core−shell NPLs do become more
asymmetric at low temperatures, suggesting that also here the
PL spectrum not only displays exciton emission below ∼200 K,
similar to what is observed for core NPLs. Recently, additional
evidence supporting trion emission in core−shell NPLs has
been reported.31,32

The expected spectral line shape is Gaussian for inhomoge-
neous broadening and Lorentzian for homogeneous broad-
ening.23 The experimentally measured spectra could not be
fitted well by either a Lorentzian or Gaussian over the entire
temperature range. A product of a Lorentzian and Gaussian
(approximation of a Voigt function33) could be used to fit the
data, but no trend was observed for the relative contribution of
the Lorentzian component as a function of temperature.
Therefore, the fwhm was determined directly by measuring the
spectral width at half the peak intensity, except for the low-
temperature spectra of the core and core−shell NPLs. To
reduce interference by the lower energy emission, described in
the previous paragraph, the width on the higher energy side
was determined and taken as the hwhm for spectra recorded
below 150 K and used to determine the fwhm.
The fwhm’s obtained from the spectra in Figure 1 and

Figure S4 are shown in Figure 2. The left-hand panel of Figure
2 shows the data for the NPLs, and the right-hand panel shows
the data for the QDs. Note that the temperature is plotted
from high to low temperature for the QDs in order to enable a
better comparison of the fwhm at temperatures relevant for
applications (423 K, where the two plots meet in the middle).
Also note that the spectra at 423 K of the 6 ML core−shell
NPLs were not taken into account, because the PL was
irreversibly quenched (Figure S6).

Inhomogeneous Broadening. At 4 K, almost all phonons
are frozen out, and phonon-induced dephasing processes are
minimized. Therefore, the observed spectral width for
ensemble measurements reflects the inhomogeneous broad-
ening. The data in Figure 2 show that the inhomogeneous
broadening for core NPLs of different thicknesses (3.5 or 4.5
monolayers) is similar and quite narrow (∼18 meV). This
reflects that the thickness of the core NPLs is indeed well-
defined and the same within an ensemble of NPLs. The fwhm
at 4 K significantly increases for the core−shell NPLs
compared to the core-only NPLs, to ∼60 meV. This suggests
that the larger bandwidth for core−shell NPLs emission
previously reported at room temperature is due to increased
inhomogeneous broadening. This inhomogeneous broadening
can be caused by inhomogeneities in shell thickness or defects
at the core/shell interface. In addition, a clear red shift is
observed upon CdS shell growth. The red shift is explained by
electron delocalization over core and shell thus reducing the
electron confinement energy. A larger (local) shell thickness on
the NPL can lower the exciton energy and cause a redshift of
the emission that depends on local variations in shell thickness.
The inhomogeneous broadening of the core QDs is larger

than for the core NPLs and varies between 70 and 90 meV. No
clear trend with size is observed. Inhomogeneous broadening is
expected to become smaller when the size of the particle
increases because a smaller size distribution is easier to achieve
for larger particles, and size variations affect the emission
energy less for larger QDs (weaker confinement effects).
Indeed, less inhomogeneous broadening is observed for
610QDs, but 510QD and 580QD do not follow this trend
and have a similar inhomogeneous line width. Variation in size
distribution during synthesis may be the reason for not

Figure 1. Normalized temperature-dependent spectra of (A)
510QDs, (B) core−shell QDs, (C) 510NPLs, and (D) 6 ML core−
shell NPLs. Temperature ranges from 4 K (violet) to 423 K (red). At
a temperature of 150 K and lower, a second peak is observed in C and
a more asymmetric PL spectrum in D.
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observing the expected trend. An interesting observation can
be done when the 580QDs and core−shell QDs are compared.
The core−shell particles are synthesized using the 580QDs,
but have a smaller fwhm at 4 K. The reduction in fwhm could
be due to annealing of the core QDs when the mixture is
heated up during the SILAR shell growth procedure. A smaller
fwhm at room temperature upon shell growth was also
observed by Bawendi et al., although a different synthesis
method was used.9

Homogeneous Broadening. Upon raising the temper-
ature, occupation of phonon modes reduces the coherence
lifetime of the excited state through exciton−phonon coupling
processes. This causes homogeneous broadening and therefore
an increase of the line width as can be seen in Figure 2. At low
temperatures, line broadening will be dominated by dephasing
processes induced by coupling to low energy acoustic phonon
modes. At higher temperatures when thermal occupation of
higher energy optical phonon modes occurs, additional
dephasing channels are opened, including higher-order, two-
phonon processes (e.g., resonant and nonresonant Raman
scattering). This can explain the steeper temperature depend-
ence observed above 100 K.
The overall line width is a convolution of homogeneous and

inhomogeneous broadening. It is therefore not correct to take
the increase in fwhm for all NPs in Figure 2 as a measure for
the exciton−phonon coupling strength. This is only possible
when the inhomogeneous broadening is similar as is for
example the case for 460NPLs and 510NPLs. The increase in
fwhm as a function of the temperature is similar for these two
systems, indicating similar exciton−phonon coupling in these
systems. Typically, a stronger electron−phonon coupling is
expected for stronger confinement, and this would give rise to
a stronger coupling in the thinner 460NPLs.34,35 The fact that
this is not observed may be related to the larger lateral
dimensions of the 460NPLs compared to the 510NPLs; i.e.,
the 460NPLs do not have a smaller volume than the 510NPLs
(Figure S2A,B). To confirm the influence of the lateral size on
electron−phonon coupling, it will be interesting to conduct
careful studies on line broadening in NPLs of the same
thickness but with different lateral dimensions.
The exciton−phonon coupling strength can also be

compared for the 580QDs and 510QDs, which also show a
similar inhomogeneous broadening. Figure 2 shows that the
exciton−phonon coupling is stronger in the smaller 510QDs.
This is in agreement with the expectation that stronger
confinement enhances the electron−phonon coupling
strength.35

To be able to compare the homogeneous broadening in all
the different CdSe NPs (QDs and NPLs), deconvolution of
the homogeneous and inhomogeneous broadening is needed.
The experimentally measured fwhm (Γtotal) is a convolution of
the homogeneous broadening which has a Lorentzian line
shape and the inhomogeneous broadening which has a
Gaussian line shape. The contribution of both line shapes
results in a total broadening given by eq 1.36 The
inhomogeneous component (ΓGaus/inhom) is approximately the
fwhm at 4 K.

2 4total
Lor/hom Lor/hom

2

Gaus/inhom
2Γ =

Γ
+

Γ
+ Γ

(1)

Using eq 1 and the inhomogeneous line widths determined
from the emission spectra at 4 K, the temperature dependence
of the homogeneous line width was determined for the various
CdSe core and core−shell nanostructures. The results are
plotted in Figure 3 and show that the homogeneous

broadening is similar for the different CdSe nanostructures
and increases to about 60−80 meV at 423 K. Only the 510
QDs show a stronger broadening (∼120 meV at 423 K).
Comparing the slopes for the homogeneous temperature
broadening for the core−shell NPLs (red) and core NPLs
(violet) reveals that the exciton−phonon coupling is not
stronger in core−shell NPLs as was previously claimed. The
same conclusion was also obtained by Achtstein et al. based on
fitting the shift of the PL maximum.14 Nonetheless, no
reduction in exciton−phonon coupling in core−shell NPLs is
observed either, which deviates from results based on a shift of
the PL maximum. The present measurements on fwhm over a

Figure 2. Temperature dependence of fwhm obtained from PL spectra in Figure 1 and Figure S4 (see text for details). Left panel: data NPLs:
460NPLs (purple triangles), 510NPLs (blue diamonds), 1 ML core−shell NPLs (orange diamonds), and 6 ML core−shell NPLs (red squares).
Right panel, data of QDs: 510QDS (light blue squares), 580 QDs (green circles), 610QDs (yellow triangles), and core−shell QDs (open green
circles). Data in the right panel are plotted from high to low temperature to allow for comparison of fwhm’s at the operating temperature of w-
LEDs at 423 K in the middle where the two plots meet.

Figure 3. Temperature dependence of the homogeneous broadening
for QDs and NPLs. The plot shows stronger homogeneous
broadening for small NPs (510QDs, blue squares), but similar
homogeneous broadening for the other investigated NPs at w-LED
operating temperatures (423 K).
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wide temperature range allow for a better comparison of the
homogeneous line broadening than previous reports, which
included measurements only up to 300 K14 or only from 300
to 370 K.37 It is evident that especially between 300 and 423 K
there is significant homogeneous broadening in a temperature
regime where homogeneous broadening starts to dominate
over inhomogeneous broadening. Within the experimental
uncertainty, there is not a strong difference between the
thermal broadening for the various QDs and NPLs
investigated. The origin for the narrow bandwidth in core-
only NPLs is clearly the extremely small inhomogeneous line
width and not a weak electron−phonon coupling.
The exciton−phonon coupling strength can also be

investigated by considering the temperature induced shift of
the PL maximum. As discussed above, the peak shift is not only
affected by exciton−phonon coupling, and this makes it a less
reliable method to probe phonon-coupling strengths. Still, for
the materials investigated the position of the PL maximum was
determined for temperatures between 4 and 423 K as shown in
Figure 4. The shift of the PL maximum in meV is given as well

as the relative shift. Larger temperature shifts are observed for
the exciton emission in NPLs in comparison to QDs. Shell
growth reduces the temperature induced shift of the exciton
emission in the NPLs. For the QDs, a larger shift is observed
for the smallest 510QDs. As discussed above, exciton−phonon
coupling can alter the band structure, resulting in a shift of the
PL maximum. Also lattice contraction upon lowering the
temperature results in stronger confinement and gives rise to a
blue shift of the PL maximum. The effect of the contraction of
the lattice on the confinement is expected to be larger for more
strongly confined systems resulting in a larger shift of the PL
maximum. This is consistent with the observations in Figure 4,
which shows a larger absolute temperature shift for 460NPLs
than for the 510NPLs. When the relative shift is considered
(see Table 1), both systems show a similar shift of ∼6.2%. The
temperature induced shift for core−shell NPLs is weaker with
relative shifts of the exciton emission energy of ∼3.8% and
∼5.2% between 4 and 423 K. The relative shifts for exciton
emission in QDs is smaller and varies between 2 and 5% with
larger shifts observed for smaller QDs. One can speculate that
the larger shifts observed in NPLs are connected with strong
confinement in one direction that changes upon lattice
expansion in this direction. It can be intuitively understood
that this effect is stronger than expansion in all directions in a
QD, but further (theoretical) investigations are needed to
provide a full understanding of the temperature dependence of
the exciton energy in NPLs and QDs and the role of lattice
contraction and coupling to optical and acoustic phonon
modes.

Line Width and Line Shift at 423 K. Narrow band
emission from CdSe NPLs has been suggested as a promising
narrow band alternative for replacing CdSe and InP QDs in w-
LEDs and displays. For color purity and widening the color
gamut, a narrow band emission is desired, while for color point
stability temperature induced shifts should be minimized.4

Most studies related to application of semiconductor NPLs
and QDs as spectral converters in w-LEDs rely on measure-
ments at room temperature.15,38 However, for on-chip
application luminescent materials in w-LEDs, temperatures as
high as 150 °C are reached. It is therefore important to
consider spectral line widths and temperature-induced shifts at
150 °C for QDs and NPLs and compare these with traditional
phosphors based on microcrystalline insulator materials doped
with Eu2+, Ce3+, or Mn4+. Here we have extended the
temperature range to this relevant temperature regime. When
comparing the fwhm at 150 °C (423 K), it becomes evident
that the core NPLs still outperform core−shell NPLs, QDs and
core−shell QDs for applications due to the smaller fwhm of
∼65 meV compared to 100−120 meV for core−shell NPLs
and QDs. Especially when comparing the green emitting
particles (510QDs and 510NPLs), it evident that NPLs have a
fwhm that is a factor two smaller, making NPLs a superior
candidate for a narrow green emitter in w-LEDs.
Core−shell NPLs, which emit in the red, have a slightly

smaller or similar fwhm compared to the red emitting 610QDs
(∼120 meV at 423 K) and core−shell QDs (∼100 meV at 423
K). In terms of fwhm, the core−shell NPLs do not
underperform compared to QDs emitting in the red.
Nevertheless, the spectral width of core−shell NPLs is larger
compared to core-only NPLs and is related to the larger
inhomogeneous width, as discussed above. Reducing the
inhomogeneous broadening for core−shell NPLs is feasible by
improving the synthesis procedure in order to obtain a better-
defined and homogeneous shell thickness throughout the
NPLs or a better-defined interface between the core and the
shell. This will reduce the inhomogeneous broadening and
make core−shell NPLs a better candidate for narrow red
emitters. Rossinelli et al. have recently reported core−shell
nanoplatelets with a narrower emission bandwidth.20,39 For
application of red emitting NPLs in w-LEDs, the synthesis of
stable NPLs with a high quantum yield and narrow band
emission is crucial and improved shell-growth methods will be
highly beneficial.

Figure 4. Temperature-dependent position PL maximum. Larger
shifts of PL maximum are observed for NPLs compared to QDs.

Table 1. Absolute and Relative Shift PL Maximum from 4 to
423 Ka

aAbsolute shift (meV) and relative shift (%) of PL maximum over a
temperature range of 4−423 K for materials shown in Figure 4.
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Finally, it is interesting to compare the performance at 423 K
with traditional microcrystalline phosphors that are presently
applied in w-LEDs such as (Ca,Sr)AlSiN3:Eu

2+ (CASN),
SrLiAl3N4:Eu

2+ (SLA), and K2SiF6:Mn4+ (KSF). The spectral
width at low temperatures is much larger for the Eu2+ emission.
Rather than a narrow zero-phonon line (which characterizes
low temperature exciton emission in NPLs and QDs), a
vibrationally broadened spectrum over typically 40−80 nm
(120−235 meV) is observed, even for a single Eu2+ ion at 4 K.
The thermal broadening is however less pronounced than for

exciton emission and has a weak ( )coth
kT
ωℏ temperature

dependence.23,40 Typical line widths for the red Eu2+ emission
in CASN increase from 237 meV at 300 K to 251 meV at 423
K41 and from 182 meV (300 K) to 198 meV (423 K) for Eu2+

in SLA.42 Despite the weaker temperature dependence, it is
evident that even at high temperatures the spectral widths of
semiconductor nanostructures outperform that of traditional
Eu2+ phosphors. The line emission of Mn4+ phosphors is
narrower and concentrated in a number of sharp emission lines
between 610 and 640 nm, spreading over a spectral region of
only 90 meV, corresponding to an effective fwhm below 60
meV and thus competing with the narrow red emission of
NPLs.43

Temperature stability is an important characteristic of w-
LED phosphors. Temperature-induced color shifts are
undesired as a small shift of the emission maximum with
temperature can give rise to noticeable color variations in w-
LEDs. Color stability is therefore important to keep the color
temperature of a w-LED independent of temperature
fluctuations due to variations in the external temperature or
operating conditions. The temperature shift of the emission
maximum of NPL emission is relatively large. Between 300 and
423 K, a close to linear temperature shift is observed of 0.50
meV/K for 460 NPLs and 0.44 meV/K for 510 NPLs. For
core−shell NPLs and QDs, the temperature shift of the
emission maximum is smaller, but still significant (between 0.2
and 0.4 meV/K). In this respect, the shift of the emission
maximum of traditional phosphors is much better (e.g., < 0.1
meV/K for SLA) and gives rise to better color temperature
stability in response to external temperature variations. In
addition to the thermal drift of the emission color, the stability
and chemical integrity of CdSe NPs at the operating
temperature in w-LEDs for on-chip application of QDs are a
concern. Recently, coating strategies have been developed that
allow for on-chip application in midpower LEDs3,44,45 and give
hope that the stability of CdSe NPLs can be improved in a
similar way to enable on-chip application in w-LEDs.

■ CONCLUSION
The spectral width and thermal broadening of exciton emission
in core and core−shell CdSe NPLs has been investigated and
compared with the temperature behavior of CdSe QDs in a
wide temperature range (4−423 K), extending to temperatures
relevant for application as spectral converters in w-LEDs.
Measurements at cryogenic temperatures show that exciton
emission of NPLs is characterized by a very narrow
inhomogeneous line width (18 meV vs ∼60−80 meV for
QDs and core−shell NPLs). The narrow inhomogeneous
broadening is attributed to the highly homogeneous (atomi-
cally precise) thickness of the NPLs of 3.5 (460 nm emission)
or 4.5 monolayers (510 nm emission) of CdSe. Homogeneous
(Heisenberg) broadening of exciton emission in NPLs and

QDs is due to phonon-assisted dephasing processes and
increases strongly with temperature. At 4 K, homogeneous
broadening is negligible as phonons are frozen out. The
homogeneous line width increases rapidly with temperature,
reaching widths varying between 60 and 80 meV at 423 K for
different sizes of core and core−shell NPLs and QDs. Stronger
phonon coupling seems to be observed for stronger confine-
ment (smaller NPs), but the variation in homogeneous
broadening is not large. Therefore, the size dependence of
exciton phonon coupling cannot explain the much narrower
bandwidth observed for CdSe NPLs. The narrow bandwidth
for NPL exciton emission is therefore attributed to the narrow
inhomogeneous line width and not to stronger exciton−
phonon coupling in core−shell NPLs compared to core NPLs
as previously suggested. In addition to line broadening, the
temperature-induced shift of the exciton peak maximum was
investigated. The thermal shift of the emission maximum for
both NPLs and QDs is significantly larger than for traditional
w-LED phosphors and may give rise to undesired fluctuations
in the color temperature of w-LEDs. In spite of the large
thermal shift and thermal stability issues at the operating
temperature in w-LEDs, the favorable spectral properties make
CdSe NPLs a promising class of materials for application in w-
LEDs and displays.
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