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Abstract

Color-tunable electroluminescence (EL) from a single emitting material can be used to
develop single-pixel multicolor displays. However, finding materials capable of broad EL color-
tuning remains challenging. Herein, we report the observation of broad voltage-tunable EL in
colloidal type-II InP/ZnS quantum dot-seeded CdS tetrapod (TP) LEDs. The EL color can be
tuned from red to bluish-white by varying the red and blue emission intensities from type-II
interfaces and arms, respectively. The capacitor device proves that an external electric field can
enhance the color-tuning in type-II TPs. COMSOL simulations, numerical calculations, and
transient absorption measurements are performed to understand the underlying photophysical
mechanism. Our results indicate that the reduced hole relaxation rate from the arm to the
quantum dot core can enhance the emission from the CdS arms, which is favorable for EL color-
tuning. This study provides a novel method to realize voltage-tunable EL colors with potential in

display and micro-optoelectronic applications.



Main Text

The conventional full-color light-emitting diodes (LEDs) are limited by the requirement of
multiple subpixels that emit colors such as red, green, and blue.! Single-pixel color-tunable
LEDs have attracted increasing interest for novel display and optoelectronic applications owing

to their improved pixel resolution and reduced fabrication complexity and cost.>

The proposed
methods to achieve electroluminescence (EL) color-tuning in organic and/or inorganic LEDs
typically include voltage-dependent energy transfer from the low emission—energy host to the
high emitting—energy dopant in organic materials and vertical stacking of multiple active
components that emit independently at different wavelengths when activated at different current
injection levels.®!> However, the reported color-tuning range of voltage-dependent energy
transfer is usually narrow because it is limited by the available material types. Furthermore,
vertical stacking of multiple active components requires sophisticated fabrication techniques to
ensure the different color-emitting components (e.g., red-, green-, and/or blue-emitting quantum
dots (QDs) or polymers) are correctly positioned and individually controlled. Therefore, finding
a new strategy to fabricate a single-emissive material capable of wide EL color-tuning remains
challenging.

Colloidal semiconductor nanostructures have been utilized as chromophores in new-
generation LEDs owing to their high-yield fabrication via wet chemical methods, spectrally
narrow emission profiles, and ability to tune color by changing the crystal size or composition.'*
20 Developing colloidal heterostructures with multiple emitting states is a desirable method for

creating full-color light sources. For example, dual-wavelength photoluminescence (PL) and EL

have been achieved with distinct emission colors from the respective core and shell in type-I



CdSe QD-seeded CdS tetrapods (TPs)?!'?? and CdSe/CdS dot-in-bulk QDs.?*?* However, using
these type-I heterostructure systems for emission color is inappropriate because EL intensities of
both components from QD core and shell scale equally under an applied bias.?>*

To achieve a wide EL color—tuning range, there should be a large energy difference
between photon energies from different emission states and emission intensities of different
colors should be easily and gradually tunable. Semiconductor heterostructures with a type-II
alignment can meet these criteria because (i) the emission energy of type-II interface is much
smaller than the bandgaps of the two components of heterostructure and (ii) the interface
emission is saturated at high carrier densities because of the long-lived excited state, thereby
facilitating the recombination of high-energy excitons in the heterostructure. Our previous study
reported on the wide PL color-tuning from red to blue in InP/ZnS core—shell QD-seeded CdS
type-11 TPs at low-to-high optical excitations.?> Therefore, type-II TPs may be a new candidate
for the development of color-tunable LEDs. Importantly, different from PL, the active layer of an
LED is exposed to high electric fields during operation. The electric field in the LED device can
trigger new EL color—tuning behavior in type-II heterostructures, which has rarely been
investigated.

Herein, the first color-tunable EL using colloidal type-II heterostructures of InP/ZnS QD-
seeded CdS TPs is achieved, where the EL color can be changed from red to bluish-white by
adjusting the applied voltage. The color can be tuned because of the difference in the intensities
between the spectrally distinct emission from the red-emissive type-II QD/arm interfaces and
blue-emissive CdS TP arms. Electric field—dependent PL and carrier dynamics measurements
and electron wavefunction redistribution calculations under an electric field show that the

incorporation of an electric field in type-II TP can effectively reduce the hole-localization rates.



This reduction is beneficial for observing the CdS arm emission typically seen at high carrier
densities, thereby increasing the color variability of EL. These findings suggest that colloidal

type-II semiconductor heterostructures can afford solution-processed LEDs with wide emission

color tunability.
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Figure 1. Structural characterization and optical properties. (a) TEM image and schematic of an
InP/ZnS QD-seeded CdS TP and schematic representation of electron and hole wavefunction
distributions in the conduction and valence bands along the core and one of the Cds arms. Scare
bar: 20 nm. (b) Calculated electron and hole wavefunction distributions in the TP using
COMSOL multiphysics simulation. (¢) Normalized PL spectra of a TP film at low and high

pump fluences. (d) Schematic representation of band bending at high carrier densities.



Our InP/ZnS core—shell QD core-seeded CdS TPs were synthesized by a hot-injection method
with PL quantum yield (PLQY) of 224+3% (see details in the Supporting Information). The QD
core of the TP has a diameter of ~3 nm with an arm diameter of 5 nm and a length of 28 nm (Fig.
S1). Figure 1a shows the schematic structure of a TP and type-II band alignment, in which holes
are localized in the QD core and electrons predominantly reside in the CdS arms near the
QD/arm interfaces, as demonstrated by the calculated electron (i1,) and hole (1,,) wavefunction
distributions (Fig. 1b). The dual-wavelength PL behavior of a spin-coated TP thin film was
characterized. The average number of electron—hole pairs per TP (<N> =J X o) is controlled by
pump fluence J and determined absorption cross-section ¢ of 7 x 1074 em™ (Fig. S2). Under an
excitation of <N>= 1.2, red emission (centered at ~695 nm) from the type-II QD/arm interface is
dominant, as shown in Fig. Ic. Because CdS arms have a much larger volume than the core,
most of the electron—hole pairs are initially generated in the TP arms. The holes in the CdS arms
then localize to the core because of the thermodynamic driving force caused by the large valence
band offset between InP and CdS, and electrons move to the interfaces by Coulomb interactions.
The efficient transfer of holes from the arms to core of the TP explains why type-II emission,
resulting from the recombination of electron—hole pairs across the QD/arm interface, is dominant
at low injection densities. To observe the blue emission of the CdS arm at ~486 nm and tune the
overall emission color of the TP, a much higher carrier injection density is required. As shown in
Fig. 1c, a considerable CdS emission emerges only at a transient pump intensity with an <N> of
~10. At such high carrier densities, the hole states in TP QD-cores are saturated, reducing the
driving force for holes to relax into the core because of the exciton blocking effect, as previously

observed in CdSe QD-seeded CdS TP.2!:23 The blue shift of the interface emission peak with an



increase in optical excitation intensity is because of the unique band bending (Fig. 1d) arising

from the high concentration of separated opposite charges at the type-II interfaces.?6-°
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Figure 2. Structure and voltage-tunable EL spectra of the TP-LED. (a) Schematic illustration
(left) and a cross-sectional SEM image (right) of the TP-LED in an inverted device structure.
Scale bar: 50 nm. (b) Energy band diagram of the TP-LED with an inverted device architecture.
The energy levels of TPs were determined using ultraviolet photoemission spectroscopy (UPS)
and UV-visible measurements and other functional layers were obtained from refs.’®3! (c) Log—
log plots of current density—voltage (J—V) and luminance—voltage. Power law-fitting of the J-V
curve reveals three different conduction regimes with transitions from a space-charge limited to a

high- and low-density trap-limited conduction regimes. (d) EL spectra at different applied



voltages. Insets show the photographs of the TP-LED with an active area of ~1 x 1 mm? under

different forward biases.

To investigate the possibility of tuning the EL color with the dual-emitting type-II TPs, an
LED device was fabricated using an inverted architecture, as shown in Fig. 2a. Indium tin oxide
(ITO) was used as the cathode, and a spin-coated ZnO nanoparticle thin film (~20 nm thick) is
used as the electron-transport layer. The TP solution was spin coated onto the ZnO nanoparticle
layer, affording an active layer with a thickness of ~100 nm. A thin layer of Al was used as the
anode, and tris(4-carbazoyl-9-ylphenyl)amine (TCTA, ~50 nm thick) and molybdenum oxide
(MoOx; ~10 nm) were employed as the hole-transport layers. The energy-level diagram of the
LED device is shown in Fig. 2b, wherein the work functions of the different layers are based on
literature values.>® 3! Since the TPs are comprising ligands with long alkyl chains, the
mechanism of charge transport across the thick layer of TPs is probably carrier tunneling and/or
field-assisted hopping between TPs, similar to that in colloidal QDs. Fig. 2c shows the current
density versus voltage (J-V) log—log plot under a forward bias for the TP-LED device. When the
applied voltage is < 2.0 V, the increase in current density J with V= indicates space charge—
limited conduction.'* The increase in the J-V slope to 10 under the voltage higher than 2.0 V is
attributed to trap-limited conduction, which is associated with the onset of electron and hole
injections into the TPs. In this regime, TPs behave as charge-trap sites. At an applied voltage >
7.0 V, the subsequent decrease in the J—V slope is because of the saturation of the excited states
in some TPs at larger current densities. The LED device exhibits a peak external quantum
efficiency (EQE) of ~1.6% and good stability at a current density of 22 mA c¢cm 2 (Fig. S3).

Figure 2d shows a series of EL spectra and associated photographs of the device operating

under an applied forward bias of 6.0-10.0 V, which demonstrate the wide range of colors from



red to bluish white. At an applied voltage < 6.0 V, the EL spectrum exhibits a broad band
centered at ~700 nm from the type-II core—arm interface. As the voltage bias increases, a bluish-
green EL band centered at ~480 nm is observed and its intensity increases quickly compared to
that of the initially dominant red emission. Based on its spectral shape and peak position, the
bluish-green emission is from the recombination in the CdS arms of the TPs, rather than from the
ZnO (centered at ~380 nm) or TCTA (centered at ~410 nm>?) layers. The difference in the
intensity of red and bluish-green ELs at different biases accounts for the overall effective and
gradual color change.

The TPs EL spectra show a similar trend of color tuning as observed in the PL spectra under
high-intensity excitation (Fig. 1c). However, note that the electrical excitation in the LED is
several orders of magnitude smaller than that under the fs-laser pulse excitation. For example, at

a current density of 550 mA c¢cm? and 10 V in the LED, the nominal number of injected

electron—hole pairs per TP is estimated to be ~ 0.6, which is estimated using (N} = :;—; 7, where ¢

is the charge, d is the thickness of the TP layer, v is the volume of the TP, and t carrier
recombination lifetime determined from PL lifetime (Fig. S2). Such low carrier density thus
indicates to achieve CdS arm EL for the color tuning is much easier under conditions of
electrical injection than that of PL which requiring much higher injected carrier densities (e.g.,

(N)~ 10 in Fig. 1c).
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Figure 3. Effect of electric field on emission spectra of TPs. (a) Schematic illustration of the TP-
based capacitive device. PL spectra of the TP-capacitive device under different <N>
(photoexcited electron-hole pair numbers per TP) (b) without an electric field and (¢) with
different electric fields. (d) CdS arm (green) and QD/arm interface (red) PL intensities as a
function of <N> without (opening circles) and with (solid dots) electric field (E-field) obtained

from PL spectra in (b) and (c).

During the operation of the TP-LED device, the emissive TP layer experiences an effective
electric field of ~10> KV cm™' (estimated based on the distance between the two electrodes of
LED). Previous studies have reported that an electric field can modulate the emission wavelength
and intensity of type-II nano-heterostructures due to the quantum-confined Stark effect
(QCSE).**-% To understand the effect of the electric field on the EL color—tuning properties of
our TPs, the PL of a TP film (~100 nm thick, the same thickness as in the LED) sandwiched

10



between PMMA/ITO transparent electrodes under an applied voltage is investigated (Fig. 3a).
This structure allows the application of an electric field across the TP film without inducing
charge injection. The leakage current density of our capacitive device is as low as ~107® A cm™>

under an applied bias of 10 V (Fig. S4), indicating that the charge injection is negligible.

In the absence of an electric field, the two emission bands linearly increase with an increase in
power of the optical pump (Fig. 3b). At a fixed optical excitation intensity, as the strength of the
electric field increases, the emission from the interface decreases whereas that from the CdS
arms increases (Fig. S5a). Additionally, the CdS arm and QD/arm type-II interface emission
peaks slightly redshifts with increasing electric field due to the QCSE, which is also reflected by
the electro-absorption measurement (Fig. S5b). The quenching of interface emission and
simultaneous enhancement in arm emission indicate an increased probability of electron—hole
pairs in the CdS arms with increasing electric field. In the LED, as the applied voltage increases,
the injected carrier density and electric field in the TP film increase. To demonstrate the optical
properties of the TP film in a similar situation with existence of electric field to that in the LED,
the PL spectra of TPs were measured at increasing carrier densities and electric fields
simultaneously. As shown in Fig. 3¢ and 3d, the emission of the CdS arm becomes more
prominent in the presence of an electric field. Furthermore, no emission was observed with
applied voltages only and without photoexcitation, indicating that the electric field—induced
emission makes a negligible contribution to the EL and PL of TPs. The trends observed in the PL
spectra evolution of TPs in capacitor are also reproducible. These results show that the presence
of an electric field in an LED significantly promotes the emission of the CdS arm and improves

the color tunability of type-II TPs.
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Figure 4. Effect of electric field on emission spectra of TPs. (a) Electron wavefunction
distributions under electric-field at two opposite directions calculated by COMSOL multiphysics
simulation. (b) Electron wavefunction distribution profiles of the representative CdS arms in (a)
without and with electric fields at two opposite directions. (c) Schematic energy-level diagram of
TP in the presence of an external electric field together with carrier dynamic processes. (d)

Calculated carrier recombination and relaxation rates k1, k2 and k3 under different electric fields.

The electron and hole wavefunction distributions are simulated to quantitatively understand the
mechanism behind the enhanced emission of the CdS arm in the presence of an electric field.
Since the TPs are randomly arranged in the film, the electron wavefunction distributions in TPs
were calculated under opposite directions of the electric field along the CdS arm as two extreme

conditions. Figure 4a shows that regardless of the direction of the electric field, the electron
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wavefunctions (originally localized near the core—arm interfaces as shown by black lines in Fig.
4b) move to the TP arms, while holes are still localized in the QD core (Fig. S6). Figure 4c
shows the schematic energy-level diagram and electron—hole wavefunction distributions in the
presence of an external electric field together with three critical processes on dual emissions.
After photoexcitation, the initially photoexcited holes in CdS arms relax into QD-core with
nonradiative rate of k3, followed by the electron-hole radiative recombination with rates of k1 for
type-II interface emission and k2 for CdS arm emission, respectively. Because of the distributed
electron wavefunctions in the CdS arms in the presence of an electric field, after photoexcitation,
the driving force for hole localization to the QD core would be reduced by the Coulomb
interaction from the electrons in the CdS arms, reducing the hole-localization rate to the core.
Therefore, the electron—hole recombination probability in the arm increases, promoting the
emission of the CdS arm emission in the presence of an electric field.

A rate equation model considering three dynamics processes (Supplementary Note 1) is used to
extract the recombination rates from the experimental measured power-dependent PL intensities
in the presence and absence of an electric field (Fig. 3d). As shown in Fig. 4d, as the strength of
the electric field increases, interface recombination rate k1 decreases and k2 increases slightly.
Such variation trends of 41 and 42 in the presence of an electric field are also consistent with the
time-resolved PL results (Fig. S7). The decreased k1 can be understood due to the QCSE and
increased k2 would be mainly because of the enhanced probability of excitons inside the CdS
arms under electric field. In contrast, there is an obvious decrease in the localization rate k3 from
1.25 to 0.3 ps~! with increasing electric field, which is consistent with our above analysis from

wavefunction distributions.
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Figure 5. Carrier localization in TPs in the presence of an electric field. (a) TA spectra of the
TPs under 400-nm fs laser excitation with 75 KV ¢cm! electric field. TA dynamics probed at the
transitions of the type-II QD/arm interface (red dots) and CdS arms (green dots) in the (b) (c)
absence and (d) (e) presence of an electric field under different pump fluence of <N> = 0.1 and

0.9, respectively. Solid lines are bi-exponential decay fittings. (f) Fitted hole-relaxation rate ks as

a function of <N>.
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To further confirm the calculation results of the reduced nonradiative hole-localization rate (k3)
in the presence of an electric field (which cannot be directly determined by time-resolved PL
spectroscopy), femtosecond transient absorption (TA) spectroscopy was applied on the above TP
capacitor under transmission geometry. TA spectra exhibit a sharp photobleaching (PB) peak
PB2 at 490 nm corresponds to a CdS arm transition and a weak broad band PB1 with a peak
position at ~650 nm corresponds to the type-II transition (Fig. 5a). At a low pump fluence of
<N> ~ 0.1 without electric field, there is a fast decay for the PB2 band with a rate of 1.5 ps™! (Fig.
5b). Such decay process corresponds to a slow rise probed at PB; band with a close lifetime,
which is due to the hole relaxation from CdS arm to the QD-core with rate of k3. The large
amplitude of ~85% of this fast decay indicate that most of the holes in CdS arm are localized into
the TP core, and thus the interface emission dominates. As the pump fluence increases up to <N>
~ 0.9, the hole localization decreases to 0.7 ps~' because of the Coulomb blockade effect caused
by the filling of core states (Fig. 5c). Interestingly, in the presence of an electric field of 75 KV
cm’!, it is found that the rate k3 become smaller and decreases more rapidly. It decreases from 1.1
ps ! with an amplitude of ~72% under <N> ~ 0.1 to 0.26 ps_! with amplitude of ~35% under
<N>~ 0.9 (Fig. 5d, 5e). The smaller and faster declined k3 values under electric field (Fig. 5f) is
well consistent with the predictions in Fig. 4d. The smaller amplitudes of 43 in the presence of an
electric field also indicate more holes remain in CdS arm after photoexcition. These results thus
confirm the reduced hole-localization rate in the presence of an electric field and indicate that the
reduced hole-localization rate from CdS arm to the core enhance the CdS arm emission is the
reason to achieve the easier EL color-tuning under electric field.

In conclusion, we achieved color-tunable LED using colloidal type II TPs as the emissive

layer. The EL is tunable by varying the red emission from the QDs/arm interface and bluish-
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green emission from the CdS arms of the TPs at different voltages. The mechanism of efficient
color tuning is investigated by applying an electric field to the TP film in a TP-capacitive device.
From the numerical simulation, calculation, and carrier dynamics measurements, it is found that
the electric field can significantly promote the CdS arm emission, which is favorable for EL
color-tuning, due to the redistribution of the electron wavefunction into the arms and the reduced
hole relaxation into the core. Passivation of the TP CdS arms with shell shall be favorable for
further improving the device performance (e.g., enhancing the PLQY and EQE) which can be
investigated in the future. The results of this study suggest that core-branched type-II
semiconductor nano-heterostructures are a promising material for the future development of

color-tunable full-color LEDs.

Supporting Information

Further information on the synthesis, device fabrication, experimental details, and the supporting
figures is presented. This material is available free of charge via the Internet at.
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