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ABSTRACT We fabricated a single active layer quantum dot

light-emitting diode device based on colloidal CdSe (core)/CdS (arm)
tetrapod nanostructures capable of simultaneously producing room
temperature electroluminesence (EL) peaks at two spectrally distinct
wavelengths, namely, at ~500 and ~660 nm. This remarkable dual
EL was found to originate from the CdS arms and CdSe core of the

tetrapod architecture, which implies that the radiative recombina-

tion of injected charge carriers can independently take place at

spatially distinct regions of the tetrapod. In contrast, control

4

experiments employing CdSe-core-seeded CdS nanorods showed near-exclusive EL from the CdSe core. Time-resolved spectroscopy measurements on
tetrapods revealed the presence of hole traps, which facilitated the localization and subsequent radiative recombination of excitons in the CdS arm regions,
whereas excitonic recombination in nanorods took place predominantly within the vicinity of the CdSe core. These observations collectively highlight the
role of morphology in the achievement of light emission from the different material components in heterostructured semiconductor nanoparticles, thus
showing a way in developing a class of materials which are capable of exhibiting multiwavelength electroluminescence.

KEYWORDS: electroluminescence - light-emitting devices - CdSe - CdS - tetrapod nanocrystals - dual emission - colloidal nanocrystals

ecently, a large amount of attention
Rhas been given to the development of

efficient semiconductor-based light
sources as alternative lighting devices to
lower energy consumption and reduce the
carbon footprint. Among the many sources
of lighting, light-emitting diodes (LEDs) are
perhaps one of the most promising given
that they offer excellent brightness, long
operational lifetimes, low power consump-
tion, and minimal maintenance."? The in-
troduction of LEDs based on colloidal
quantum dots (QDs) has promised not only
a wide range of emission wavelengths with
superior color saturation for ultrathin dis-
plays but also solution processability, which
has since stimulated intensive experimental
and theoretical investigation.>~® Following
its inception in 1994,° quantum dot light-
emitting diodes (QD-LEDs) have progressed
from the use of CdSe cores embedded in
a polymer blend sandwiched between two
electrodes'® to a monolayer of core-alloyed
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shell CdSe/CdZnS QDs within an OLED
architecture."” The parameters which gov-
ern the performance of QD-LED devices
using organic thin films as charge transport
layers have also been investigated in detail,
such as fluorescent resonance energy transfer
(FRET)-dominated QD excitation,'>™"* non-
radiative Auger recombination in charged
QDs,'? and efficiency roll-off via electric
field-induced  photoluminescence  (PL)
quenching.”” The introduction of QDs with
novel composition and dimensionality has
also augmented the performance of QD-
LEDs. For instance, thick-shell CdSe/CdS
nanocrystals (=13 CdS monolayers) have
been chemically synthesized and employed
as a high-performance active layer,* while
highly ordered arrays of CdSe-seeded CdS
nanorods have been utilized as polarized LED
sources that cannot be readily achieved via
the use of spherical QDs.'®"”
Heterostructured semiconductor nano-
particles with distinct regions of different
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Figure 1. Low-resolution TEM images of CdSe-seeded CdS nanoheterostructures: (a) nanorods ~39 nm in length with ~15 nm
diameter; (b) tetrapods ~27 nm in each arm length. (c) Corresponding band diagram of the active materials (CdSe-seeded CdS
nanostructures) with respect to the electrode configuration. (d) Three-dimensional schematic view of the light-emitting
device configuration where the active semiconductor nanoparticle layer (in this case, we have used tetrapods as an example)
relative to the substrate, electron/hole injecting contacts, and charge transport layers are shown. (e) Cross-sectional SEM
image of the device, where the substrate and electrode layers are evident. The scale bar is 100 nm.

material composition are interesting because they
potentially allow for multiple wavelengths of emission
due to radiative excitonic recombination in the differ-
ent material regions.'®'® With respect to nanoparticle-
based LEDs, such multiple wavelength-emitting nano-
particles can increase the color range afforded by a
subpixel (which typically comprises blue-, green-, or
red-emitting QDs) or minimize the distance between
different color-emitting subpixels. While extensive
research has been carried out on the synthesis and
physical characterization of CdSe/CdS tetrapod
structures,'®2°~22 studies on their electrolumines-
cence properties have been rare, if any. In this
work, we develop a novel QD-LED which employs
CdSe-seeded CdS tetrapods as the active material.
We demonstrate that these tetrapod-based LEDs
can simultaneously display electroluminescence (EL)
at spectrally distinct wavelengths of ~660 and
~500 nm, which is attributed to radiative recombina-
tion in the CdSe core and CdS arms, respectively. Given
the type | band alignment between the large CdSe core
and CdS arms, an extremely fast localization of excitons
from CdS to CdSe is expected, with subsequent radia-
tive recombination taking place primarily within the
CdSe core.?" The occurrence of strong dual wavelength
EL is therefore highly intriguing and is rationalized via
an efficient hole trapping mechanism? in which ex-
citons generated sufficiently far from the CdSe core
remain localized in the CdS arm region long enough to
undergo radiative recombination.

In order to investigate the potential of semiconduc-
tor nanoheterostructures as multiwavelength emitters
within an LED device, rod-like and tetrapod-like CdSe-
seeded CdS nanoparticles were synthesized via the
seeded growth approach in which wurtzite and zinc
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blende CdSe (w- and zb-CdSe) cores were used as
seeds, respectively.?'?*>> This resulted in relatively
monodisperse ~15 nm diameter nanorods about
~39 nm in length and tetrapods with an average arm
length of ~27 nm, as illustrated in Figure 1a,b, respec-
tively. Characterization of their emission profiles via a
spectrofluorometer showed single peak PL centered
at ~653 nm for nanorods and ~646 nm in the case of
tetrapods. From UV—vis absorption spectra, the band
gap energies of the CdSe core and CdS shell were
determined, and a coarse alignment of the band gap
with respect to the vacuum level was carried out by
using previously established energy values of the
valence band edge states of these nanoparticles.®®
These determined values served as motivation for
the use of AI/LiF as the electron injecting contacts,
while ITO/PEDOT:PSS was used as the hole injecting
source. Figure 1c depicts the energy offsets of the
components within the QD-LED device used for this
study and provides a rationale for our adopted archi-
tecture. Figure 1d is a cartoon schematic describing the
active semiconductor nanoparticle layer (in this case,
we have used tetrapods as an example) relative to the
substrate, electron/hole injecting contacts, and charge
transport layers. Cross-sectional field emission scan-
ning electron microscopy (FESEM) was used to deter-
mine the approximate thicknesses of the electrode
and active layers in the actual device, as illustrated in
Figure 1e. It should be noted that the thickness of
the active layer was typically in the range of ~60 to
~100 nm, which may be considered as multiple mono-
layers of shape anisotropic semiconductor nanoparti-
cles randomly close-packed into a film.
Electroluminescence was observed at an applied
forward bias between 3.5 and 4.5 V in the case of the
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Figure 2. Electroluminescence spectra under different applied bias for CdSe-seeded CdS (a) nanorods and (b) tetrapods. (c)
Fitted peaks from the EL spectrum of tetrapods at different voltages. (d) Current—voltage characteristic of the LED where
tetrapods is the active layer. The scattered points show the integrated EL intensity.

CdSe-seeded CdS nanorod-based LEDs, as illustrated
in Figure 2a, where a single emission peak centered at
~668 nm is prominently featured. This EL is attributed
to radiative excitonic recombination in the CdSe core,
which is consistent with PL derived from optical ex-
citation under low pump fluence.?' Closer inspection
of the EL spectrum of nanorod-based LEDs revealed a
barely perceptible peak at ~500 nm at an applied bias
of 4.5 V and higher, which suggests that a very small
fraction of the excitons injected recombine radiatively
in the CdS shell. Surprisingly, EL peaks of comparable
intensity centered at ~504 and ~661 nm were ob-
served at similar applied bias in the case of the tetra-
pod-based LEDs, as depicted in Figure 2b. The fitted
peak positions of the two emission wavelengths as
a function of applied voltage are given in Figure 2c,
where it is seen that there is essentially no red shift in
the emission as the bias is increased. Within the range
of bias applied, the presence of the quantum-confined
Stark effect (QCSE), which has previously been shown
to cause field-dependent spectral shifts in QDs,?” may
thus be ruled out. A current versus voltage (/I—V) analysis
of the tetrapod LED device was carried out, and the
onset voltage of the blue and red emission wavelengths
was determined by extrapolating the curvature along
the measured /—V curve. The combined integrated EL
intensity of both wavelengths between 5.0 and 6.0 V is
also plotted on the same graph, where a relatively good
correlation between increased current and increased
EL intensity is observed. This implies that the emission
obtained indeed derives from excitons formed via
electron/hole injection from the electrodes.
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RESULTS AND DISCUSSION

The appearance of two spectrally distinct wave-
lengths from CdSe-seeded CdS tetrapods under
electrical excitation conditions is highly intriguing
and warrants further investigation. As a precautionary
measure, control experiments were performed to rule
out the possibility that the CdS arms had detached
from the tetrapod during the fabrication of the LED
device. The w-CdSe and zb-CdSe cores used are about
~5.5 and ~5.4 nm in diameter, respectively, which
should have a type | band alignment with the CdS
shell?® Given the large size of the CdS shell, the
absorption cross section at excitation energies larger
than the CdS band gap is dominated by the shell. Due
to the type | core—shell configuration, excitons gener-
ated in CdS are rapidly localized in the CdSe core,
whereupon radiative recombination takes place. Prior
work by Lutich et al. showed that the optical excitation
of type | CdSe-seeded CdS tetrapods using 150 fs
pulses at pump fluences on the order of 100 uJ cm ™2
produced significant dual emission from both the CdSe
core and CdS armes. It was argued that strong emission
from the CdS arm was due to the CdSe core being
saturated with a high density of excitons such that the
driving force for excitons generated in CdS to relax into
the CdSe core was removed, thus allowing radiative
recombination to take place in CdS.'® Figure 3ab
shows the respective PL spectra of the nanorods and
tetrapods synthesized in this work under different
pump intensities using 400 nm excitation pulses at a
1 kHz repetition rate and ~150 fs pulse duration from a
frequency-doubled Ti:sapphire laser. It is readily seen

VOL.8 = NO.3 = 2873-2879 = 2014 K@N&NJK)\

WWwWW.acsnano.org

WL

2875



(a) " . . . . .

= Pump Fluence]

£ lcm’

5 (ndlcm’)

g% — %

< — 180
— 260

.*?Zk 3 4

7]

c

[

€

=1k}

-l

o

0

500 550 600 650 700 750
Wavelength (nm)

T
Z

60k | i 1
Pump Fluence
(nJicm®)
— 1
50
a0k | —180

o
o
=

— 260

PL Intensity (Arb. Unit)
N w
2 =

=
o
=

o

500 550 600 650 700 750
Wavelength (nm)

Figure 3. Photoluminescence spectra of CdSe-seeded CdS (a) nanorods and (b) tetrapods using 400 nm excitation pulses

under different pump fluences.

that, at high pump intensities, significant dual wave-
length PL may be seen in CdSe-seeded CdS tetrapods.
On the other hand, CdSe-seeded CdS nanorods did not
yield any appreciable dual wavelength emission even
at large pump intensities, which may be attributed
to their comparatively higher Auger recombination
rate and lower absorption cross section at the pump
wavelength.'®

Under the relatively low optical pump intensities
akin to the typical rates of electron/hole injection in an
LED device, a relatively weak CdS PL was observed in
the case of CdSe-seeded CdS tetrapods (see Support-
ing Information). This is in agreement with the findings
of Lutich et al., where weak emission from CdS which
increased linearly with pump fluence was also ob-
served at low excitation intensities.'® However, given
that the CdSe core hole states are not saturated at such
low pump fluence, the appearance of the weak CdS
emission peak in the type | tetrapod sample cannot be
explicated by the exciton blocking effect as described
above. Accordingly, such an explanation cannot be
used to rationalize how the EL spectrum of tetrapods
shows CdS arm emission nearly equivalent to that of
the CdSe core in terms of intensity.

To resolve this conundrum on the observation of
EL and PL from CdS in tetrapods at low pump intensity
(i.e., before core states are filled), we considered a
recent observation by Wu et al. in which quasi-type Il
bulged CdSe-seeded CdS nanorods were found to
possess three spatially separated long-lived exciton
states.?® It was proposed that these excitonic states
were localized in and near the CdSe core, as well as
near the surface of the CdS rod-like shell. The average
probability for the formation of each of these exciton
states is governed by a competition between the
band offset driven hole localization to the CdSe seed
and hole trapping at the CdS surface.?>° Qur earlier
findings of a fast hole trapping process to the CdS
nanorod surface states in seeded quasi-type Il CdSe/
CdS nanodot/nanorod heterostructures were also
consistent with these results by Wu et al. The decay
lifetimes of these surface hole trap states also increase
with increasing rod length or nanorod surface area.”®
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Hence, we surmised that in the case of the type |
tetrapods used in this work, the photogenerated holes
in the CdS arm have a certain probability of being
localized in surface trap states before reaching the
CdSe core. There should therefore be at least two
distinct long-lived excitons that can be formed upon
optical excitation that is attributed to excitons in the
CdSe core and CdS surface. In the case of type | CdSe/
CdS nanorods, exciton localization to the CdSe core is
expected to be the dominant process upon photoge-
neration of excitons in the CdS rod due to its smaller
surface area.

Transient absorption (TA) measurements were
carried out to validate the hypotheses stated above.
Figure 4a,b shows the differential transmission (AT/T)
spectra of CdSe/CdS nanorods and tetrapods at a
probe delay of 5 ps following a 400 nm pulse excitation.
The two photobleaching (PB) bands (ie., AT/T > 0)
denoted as Yo and Xg observed in the two arise from
the state-filling of the photogenerated carriers in the
CdS rod-like shell/arms and the carrier localization to
the CdSe core, respectively. The larger amplitude ratio
of Yo to Xp in the tetrapods is due to the increased
collective absorption from the CdS arms. The cartoon
insets illustrate the different excitons formed in each
nanoheterostructure upon photoexcitation. Figure 4c,
d depicts the normalized bleach decay and formation
kinetics monitored at the peaks of the Yo and X PB
bands in the nanorod and tetrapod samples, respec-
tively. For the tetrapod sample, the buildup of the
bleach transient of Xo is simultaneously matched with
a fast decay of the Yq bleach. These processes occur
within ~1.5 ps, which reflects the carrier localization
time from the CdS arm to the CdSe core. From the
amplitude of the fast decay component of Yg bleach,
it may be estimated that about half the number of
initially generated holes in CdS localize in the CdSe
core while the remainder are trapped in surface states
which accounts for the slow component of the Yqo
bleach decay (~13 ns) as shown in Figure 4e.?® This
fitted decay time is consistent with the measured PL
lifetime of ~10.5 ns for CdS emission as exemplified in
Figure 4f, which is in the range of the reported emission

VOL.8 = NO.3 = 2873-2879 = 2014 K@N&NJK)\

WWwWW.acsnano.org

WL

2876



—_
D
~

— 5 ps

0.005

ATIT (a.u.)

0.000 F
450 500 550 600 650 700 750
Wavelength (nm)
(C) 1.0} y AT .LTLJ'H ij.
Nanorod

3 %, tras~ 0.7 ps
S 05} 4
- o Probe atYo
= o Probe at Xo
<

PP, , , ,

0 2 4 6 8
Delay Time (ps)
(e) . . .
1.0} o Tetrapod
> Nanorod

3
805
Ly
[
<

0.0

Delay Time (ns)

(b) v '
0.010 | — 5 ps 4
v, [6 .
3
8
- 0.005}
P
<
0.000
450 500 550 600 650 700 750
Wavelength (nm)
(d) 40] . ;
,ﬂF'TfFi_‘u T _7\r”_r ¥
Tetrapod
3
Jos
=
=
<
o Probe at Yo
0.0 A Probe at Xo+
0 2 4 6 8
9 Delay Time (ps)
1
Nanorod
_ 04
3
8 0.0}
g :
2 .
» 0 1 2
S 1
[
R
£
- o4
o
0.01
0 20 20 60
Time (ns)

Figure 4. Differential transmission spectra of the CdSe/CdS (a) nanorod and (b) tetrapod samples at a probe delay of 5 ps
excited with a 400 nm pulse and pump fluence of 5 «J/cm?. Normalized PB transients probed at the peaks of the Y, and X,
bands for the (c) nanorod and (d) tetrapod samples. (e) Normalized PB transients probed at the peak of Y, at a longer time
scale. (f) Normalized time-resolved PL of CdS emission from nanorods (top panel) and tetrapods (bottom panel) with the
pump fluence of 50 uJ/cm?. Solid lines in (c—f) are fittings with exponential decay functions.

lifetimes of CdS nanocrystals,®’'*? and we may attribute

this emission to long-lived excitons localized in CdS via
surface-trapped carriers. The comparable EL intensity
between the CdS and CdSe emission in the tetra-
pod—LED device may be understood by the creation
of more surface trap states during device fabrication.

In contrast, carrier capture from the CdS rod-like
shell to the CdSe core in nanorods was much faster
at ~0.7 ps (Figure 4c) due to the proximity to the
CdSe core and the significantly smaller surface area on
a per-particle basis (i.e., smaller surface-to-volume
ratio). Indeed, PL emission from CdS in very long
CdSe-seeded CdS nanorods was more prominent de-
spite their lower quantum yield with respect to core
emission (see Supporting Information). As shown in
Figure 4c, the amplitude weightage of the fast decay
component of the Yg bleach is ~90%, which suggests
that a larger fraction of the photogenerated charge
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carriers in the CdS arms is localized to the CdSe core.
The remaining carriers give rise to extremely weak
CdS emission with subnanosecond lifetime as revealed
from the TA and time-resolved PL (TRPL) measure-
ments shown in Figure 4ef, respectively, which ex-
plains why the EL peak at 500 nm in the nanorod—LED
device was scarcely detectable (inset, Figure 2a). These
results collectively indicate that dual wavelength EL in
fluorescent semiconductor nanoheterostructures may
be achieved under relatively low electron—hole pair
injection rates via a judicious combination of nanopar-
ticle structure and surface trap states.

CONCLUSION

In summary, we demonstrated spectrally distinct,
dual wavelength EL emission from type | CdSe-seeded
CdS tetrapod-based LED devices. Comparable EL in-
tensities were derived from the CdSe core and CdS
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arms under relatively low applied bias, which is un-
expected since excitons in CdS should rapidly localize
to the CdSe core. The origins of the dual wavelength
emission were probed by TRPL and TA spectroscopy,
which revealed the presence of long-lived excitons
in CdS due to surface trap states. On the other hand,
CdSe-seeded CdS nanorods with faster and more
effective carrier localizations to the core and possibly
alower density of surface trap states did not possess an

METHOD

Nanoparticles Synthesis. Briefly, a mixture containing pre-
synthesized CdSe core nanoparticles, elemental sulfur, and
trioctylphosphine was swiftly injected at an elevated tempera-
ture into a solvent containing cadmium oxide, alkyl phosphonic
acids, and/or carboxylic acids which served as surfactants
(see Supporting Information for details).

Device Fabrication. In order to fabricate the QD-LED, a pre-
patterned indium tin oxide (ITO) glass substrate was first etched
with HCl (Zn powder as catalyst) and rinsed with deionized
(DI) water to form the anode. Upon cleaning with acetone
and isopropyl alcohol, the ITO/glass substrate was baked
dry and a thin layer of poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) was spin-coated onto it. The
substrate was then annealed at 250 °C for 20 min in a glovebox
under 99.9995% argon. Subsequently, CdSe-seeded CdS tetra-
pods (or nanorods) at a concentration of ~10 mg/mL in toluene
were spin-coated onto the substrate (3000 rpm) and dried
on a hot plate at ~50 °C. A ~2 nm layer of LiF and ~100 nm
of aluminum were consecutively evaporated onto the nano-
particle active layer via a shadow mask in order to yield the
cathode, and the resulting QD-LED device was packaged in a
sealed cover glass before the measurement.

Structural Characterization. A JEOL JEM 1220F (100 kV accel-
erating voltage) or JEOL JEM 2100 (200 kV accelerating voltage)
microscope was used to obtain bright-field TEM images of the
nanoparticles. For TEM measurements, a drop of the nano-
particle solution was placed onto a 300 mesh size copper grid
covered with a continuous carbon film. Excess solution was
removed by an adsorbent paper, and the sample was dried at
room temperature.

Optical Characterization. EL measurement was done by apply-
ing a constant voltage on the sample from a Keithley 2400
source and measurement unit, and the EL signal was detected
by a photomultiplier detector connected to a monochromator
and collected via an optical fiber. UV—visible absorption spectra
were obtained with an Agilent 8453 UV—visible spectrophot-
ometer. Photoluminescence (PL) spectra were collected with a
Shimadzu RF-5301PC spectrofluorophotometer. Care was taken
to ensure that the concentrations of the core and core-seeded
nanostructures were sufficiently diluted to avoid contributions
from reabsorption or energy transfer.

For pump-fluence-dependent PL, the laser source was a
Coherent Legend regenerative amplifier (150 fs, 1 kHz, 800 nm)
that was seeded by a Coherent Vitesse oscillator (100 fs, 80 MHz).
The 800 nm wavelength laser pulses were from the regenerative
amplifier's output, while the 400 nm wavelength laser pulses
were obtained with a BBO doubling crystal. The laser pulses
were focused by a lens (f = 25 cm) on the solution sample in a
2 mm thick quartz cell. The emission from the samples was
collected at a backscattering angle of 150° by a pair of lenses
and into an optical fiber that is coupled to a spectrometer
(Acton, Spectra Pro 2500i) to be detected by a charge-coupled
device (Princeton Instruments, Pixis 400B). For time-resolved
photoluminescence measurement, the temporal evolution of
the PL was recorded by an Optronis Optoscope streak camera
system which has an ultimate system resolution of 10 ps when
operated in the shortest time window of 330 ps.

WONG ET AL.

appreciable fraction of long-lived excitons in the CdS
rod-like shell upon photoexcitation and consequently
did not exhibit any notable dual wavelength PL as
well as EL. These results collectively indicate that dual
wavelength EL in fluorescent semiconductor nano-
heterostructures may be achieved under relatively
low electron—hole pair injection rates via a judicious
combination of nanoparticle structure and surface trap
states.

For the femtosecond transient absorption measurements,
the laser source was a Coherent Libra regenerative amplifier
(50 fs, 1 kHz, 800 nm) that was seeded by a Coherent Vitesse
oscillator (50 fs, 80 MHz). The 400 nm wavelength pump laser
pulses were obtained with a BBO doubling crystal. The samples
were pumped by 400 nm pump pulse and probed with a white-
light continuum generated with a thin sapphire plate (that was
focused by a parabolic mirror to a spot of ~20 um diameter).
The linear polarization of the pump pulse was adjusted to
be perpendicular to that of the probe pulse with a polarizer
and a half-wave plate. The cross-polarization will help eliminate
any contribution from coherent artifacts at early times.
Pump-induced differential transmission (AT/T) of the probe
beam was monitored using a monochromator/photomultiplier
tube configuration with lock-in detection. The pump beam was
chopped at 83 Hz and used as the reference frequency for the
lock-in.
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