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1 Introduction

ABSTRACT

Advances in image quality in recent decades have made it necessary to develop
new technologies for producing displays to meet remarkably stricter standards.
The display market is governed mainly by liquid crystal display and light-
emitting diode (LED) technology; however, it suffers from limitations that can
be overcome by developing the next generation of electroluminescent displays.
The introduction of colloidal quantum dots (QDs) as down-converters has
enabled the production of displays with extremely high color purity and gamut.
Therefore, colloidal nanocrystals are excellent candidates for the preparation of
electroluminescent devices, which represent a straightforward approach to the
development of unprecedented high-quality displays. We synthesized light-emitting
QDs covering the entire visible spectrum with high fluorescence quantum
yields and color purity, and produced high-brightness single-color LEDs with
external quantum efficiencies of 0.39%, 1.04%, 2.10%, and 1.30% for red-, orange-,
green-, and blue-emitting dots, respectively. Additionally, white LEDs were
prepared by mixing QDs; they showed color temperatures of 5,300 K and color
rendering indices exceeding 80%. Very importantly, we exhaustively characterized
the LED performance, including the response time, stability, and evolution of
the light characteristics, thus providing crucial information toward the development
of high-quality electroluminescent displays.

Because of their excellent semiconductor properties,
colloidal QDs have been employed recently for the

Colloidal quantum dots (QDs) have attracted great
attention in the scientific community since they were
first reported [1] owing to their unique properties, which
make them suitable for a wide range of applications,
e.g., medical applications [2, 3] or optoelectronics [4, 5].
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preparation of highly efficient photovoltaic devices
[6-9], photodetectors [10-13], and light-emitting diodes
(LEDs) [14-19]. In particular, visible-light-emitting QDs
with core-shell structure are excellent candidates for
the development of light-emitting devices because they



show extremely high fluorescence quantum yields
(D¢ = 1), color tunability depending on the particle size
and composition, extremely narrow emission spectra,
and high thermal and photostability [20, 21]. In fact,
QDs have recently entered the market for the pre-
paration of high-color-purity and wide-gamut displays
[22]; however, these displays exploit liquid crystal
display (LCD) and LED technology, using blue-emitting
diodes as back-illumination and QDs, typically green
and red, as down-converters to produce a wide palette
of colors. On the one hand, LCD-LED technology
provides devices with very intense luminosity. On
the other hand, the introduction of QDs allows the
production of displays with high color purity and
a wide color gamut; however, the back-illumination
required in this approach limits the purity of the
color black, which implies that the image contrast is
relatively limited. In addition, the use of a back-
illumination system increases the total thickness of the
display. The breakthrough required for the development
of the next generation of high-quality displays is
expected to consist of a matrix of individually con-
trollable multicolored pixels, as in organic LED (OLED)
technology, but in this case using inorganic colloidal
QDs as light-emitting materials. To date, QDs have
yielded electroluminescent devices with excellent
external quantum efficiencies (EQEs), and, very impor-
tantly, the color gamut of the displays can be extended
greatly owing to the outstanding color purity of the
emitted light [23]. In addition, the image contrast of
OLED or QD-LED electroluminescent devices is far
larger than that of any other existing technology based
on the back-illumination approach, as the color black
arises from inactive pixels.

In recent years, significant advances have been
achieved not only in the synthesis of excellent quality
QDs with emission covering the entire visible spectrum,
but also in the fabrication of highly efficient light-
emitting devices. In 2013, Mashford et al. reported
the fabrication of red-emitting LEDs with current
efficiencies of 19 Cd-A™ and an impressive EQE of
18% by exploiting an inverse device configuration
and using core-shell CdSe/CdS QDs as the emitting
layer [14]. The same year, Lee et al. described the
preparation of blue-emitting devices based on CdZnS/
ZnS QDs in a standard configuration using poly(3,

4-ethylenedioxythiophene)-polystyrenesulfonic acid
(PEDOT:PSS) as a hole-injecting layer (HIL), poly(9-
vinylcarbazole) (PVK) as a hole transport material
(HTM), and ZnO nanoparticles as an electron transport
material (ETM), which showed a maximum luminance
of 2,624 Cd-m™, a current efficiency of 2.2 Cd-A™,
and an EQE of 7.1% [15]. One year later, Lee et al.
continued their work focused on the preparation of
green-emitting multishell CdSe/ZnS/ZnS QDs and
the subsequent fabrication of devices with a current
efficiency of 46.4 Cd-A™ and an EQE of 12.6% [16].
In 2015, Yang et al. described the preparation of red-,
green-, and blue-light-emitting devices with maximum
currents and EQEs of 15 Cd-A™! and 12.0% for red,
63 Cd-A™ and 14.5% for green, and 4.4 Cd-A™ and
10.7% for blue devices, respectively [24]. In 2015, Lee
et al. reported the fabrication of white-light-emitting
devices (WLEDs) based on red, green, and blue (RGB)
mixed QD layers that showed record performance:
a luminance of 23,352 Cd-m™, a current efficiency of
21.8 Cd-A7, and an EQE of 10.9% [25]. Although these
earlier works focused on the preparation of high-
performance LEDs based on QDs, and subsequent
studies focused on overcoming their main limitations,
real applications and ultimate commercialization
require a deeper understanding of several key aspects,
including the stability under working conditions
[26, 27], the exact origins and mechanisms of elec-
troluminescence (EL) quenching or degradation [28],
the response time of on-off operation [29], and the
evolution of the light characteristics during long
operation periods [23]. In addition, several approaches
have been proposed in the literature aimed at obtaining
white LEDs with tunable light properties, among
them: 1) methods based on combining different QDs,
probably the simplest method that allows reliable
control of the loading ratios of the QDs with differen-
tiated emission [25, 30]; 2) deposition of alternating
patterned layers of different QDs, which requires
the development of more sophisticated deposition
techniques [31]; 3) embedding the QDs in an insulating
polymer matrix to avoid photoluminescence (PL) self-
quenching, which in turn reduces the conductivity of
the layer and therefore introduces an inherent limitation
[32]; 4) using QD composites to exploit their properties
as phosphors, which requires the presence of a short-

VEN$VIE1R\JSI($YI-|!¥ gAS @ Springer | www.editorialmanager.com/nare/default.asp



wavelength back-illumination LED [33].

In this work, we synthesized highly fluorescent
core-shell light-emitting QDs (red, orange, green,
and blue) with different chemical compositions by
modifying standard procedures [15, 34]. Additionally,
we fabricated and exhaustively characterized not only
the corresponding single-color LEDs, but also WLEDs
prepared by mixing RGB or orange, green, and blue
(OGB) QDs.

2 Experimental

2.1 Materials

All the materials employed in this work were used as
received from the commercial suppliers. The pre-
cursors and solvents employed for QD synthesis were
purchased from Sigma-Aldrich, as follows: CdO
(99.99%), Zn(OAc), (99.99%), oleic acid (OA) (90%), S
(99.99%), Se (99.99%), 1l-octadecene (ODE) (90%),
trioctylphosphine (TOP) (90%), hexane (= 95%), acetone
(2 99.9%), and ethanol (absolute). Prepatterned indium
tin oxide (ITO) substrates (20 x 20 mm?) were purchased
from Thin Film Devices. PEDOT:PSS (Al4083) was
purchased from Heraeus Clevios, and PVK (M, 25,000~
50,000) and Al:ZnO nanoparticles were acquired from
Sigma-Aldrich.

2.2 Synthesis of blue-light-emitting QDs

The synthesis of blue-light-emitting QDs is described
in Ref. [15]. In the procedure, 1 mmol of CdO (0.1284 g),
10 mmol of Zn(OAc), (1.8348 g), and 7 mL of OA were
poured into a 50 mL three-necked flask and degassed
under vacuum (10 bar) at 150 °C for 20 min. Then,
15 mL of ODE was added to the mixture, which was
further heated to 310 “C. A stock solution of 1.6 mmol
of 5 (0.0513 g) in 2.4 mL of ODE was swiftly injected
into the reaction flask, and the temperature was
maintained for 12 min for core growth. Note that the
S stock solution was first placed in an ultrasonic bath
for 20-30 min to dissolve the powder completely.
Next, a second stock solution of 4 mmol of S (0.1283 g)
in 5mL of OA was added dropwise (0.5 mL-min™),
and the reaction proceeded for 3 h at the same tem-
perature for shell growth. When the reaction time was
complete, the crude was cooled in an ice bath. Hexane

(20 mL) was added, and the mixture was transferred
to a centrifuge tube. Then, 100 mL of analytical-grade
acetone was added to precipitate the QDs. The
suspension was centrifuged at 4,700 rpm. for 10 min,
and the supernatant was discarded. The solid was
dispersed in 10 mL of hexane, and 40 mL of absolute
ethanol was added to precipitate the QDs; the suspension
was then centrifuged using the conditions described
above. The redispersion—precipitation procedure was
repeated two more times. Finally, the solid was dried
under vacuum and weighed to prepare a solution with
the desired concentration in hexane (5 mg-mL™).

2.3 Synthesis of green- and orange-light-emitting
QDs

This methodology was previously described in Ref.
[34], although we introduced several modifications.
In a typical synthesis of green-light-emitting QDs,
0.4 mmol of CdO (0.0514 g), 4 mmol of Zn(OAc),
(0.7339 g), 17.6 mmol of OA (4.9713 g), and 20 mL of
ODE were placed in a 100 mL round flask. The mixture
was heated to 150 ‘C and degassed under vacuum
(107* bar) for 20 min; the flask was then filled with N,
gas and further heated to 310 °C to form a clear solution
of Cd(OA), and Zn(OA),. Separately, a stock solution
of 0.1 mmol of Se powder (0.0079 g) and 4 mmol of S
powder (0.1283 g) in 3 mL of TOP was prepared under
N, (after the Se and S were sonicated for 20-30 min to
completely dissolve them). The Se/S solution was
quickly injected into the reaction flask at 310 °C. Next,
the temperature of the reaction flask was set to 300 °C
for 10 min to promote QD growth; the flask was then
cooled quickly to room temperature by immersion in
an ice-water bath to stop the growth. Hexane (20 mL)
was added, and the obtained mixture was transferred
to a centrifuge tube. Then, 100 mL of analytical-grade
acetone was added to precipitate the QDs. The suspen-
sion was centrifuged at 4,700 rpm. for 10 min, and the
supernatant was discarded. The solid was dispersed
in 10 mL of hexane, and 40 mL of absolute ethanol
was added to precipitate the QDs; the suspension
was then centrifuged using the conditions described
above. The redispersion—precipitation procedure was
repeated two more times. Finally, the solid was dried
under vacuum and weighed to prepare a solution with
the desired concentration in hexane (5 mg-mL™).
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For the synthesis of orange-light-emitting QDs, the
ratio of Se/S was modified; a stock solution of 1 mmol
of Se (0.0789 g) and 2.3 mmol of S (0.0738 g) in 3 mL
of TOP under N, was prepared.

2.4 Synthesis of red-light-emitting QDs

First, 0.4 mmol of CdO (0.0514 g), 4 mmol of Zn(OAc),
(0.7339 g), 17.6 mmol of OA (4.9713 g), and 20 mL of
ODE were placed in a 100 mL round flask. The mixture
was heated to 150 °C and degassed under vacuum
(107* bar) for 20 min; the flask was then filled with N,
gas and further heated to 300 °C to form a clear solution
of Cd(OA), and Zn(OA),. Separately, a stock solution
of 1 mmol of Se powder (0.0789 g) in 1.5 mL of TOP
was prepared under N, (after the Se was sonicated for
20-30 min to completely dissolve it). The Se solution
was quickly injected into the reaction flask at 300 °C
and reacted for 30 s before the sulfur precursor was
added. Then, a second stock solution of 2.3 mmol of S
(0.0738 g) in 1.5 mL of TOP prepared under N, was
swiftly injected, and the reaction proceeded for 5 min.
When the reaction time was complete, the crude was
cooled in an ice bath; 20 mL of hexane was added to
the mixture, and the resulting solution was transferred
to a centrifuge tube. Then, 100 mL of analytical-grade
acetone was added to precipitate the QDs. The
suspension was centrifuged at 4,700 rpm. for 10 min,
and the supernatant was discarded. The solid was
dispersed in 10 mL of hexane, and 40 mL of absolute
ethanol was added to precipitate the QDs; the suspen-
sion was centrifuged using the conditions described
above. The redispersion—precipitation procedure was
repeated two more times. Finally, the solid was dried
under vacuum and weighed for preparing a solution
of the desired concentration in hexane (5 mg-mL™).

2.5 Preparation of the QD-based LEDs

The ITO substrates were placed in a soap solution and
sonicated for 5 min. Then the substrates were rinsed,
first with Milli-Q water and second with ethanol.
Next, they were introduced into a solvent mixture
consisting of isopropanol:acetone (1:1 v/v) and sonicated
for 5 min. They were then rinsed with ethanol and
dried with compressed air. Then, the substrates were
introduced into a UV-O; cleaner for 30 min, and a

PEDOT:PSS solution was spun-cast at 3,000 rpm. for
60 s and treated at 150 “C for 30 min in air, to yield a
thin layer (20 nm). Next, a PVK layer (20 nm) was
deposited by spin-casting a solution of 10 mg-mL™
of PVK in chlorobenzene at 3,000 rpm. for 60 s and
treated at 150 °C for 30 min in air. Then, the QD
solutions (5 mg:mL™) in hexane were spun-cast at
2,000 rpm. for 20 s. Next, the commercially available
Al:ZnO nanoparticle solution was spun-cast on the
QD layers at 1,500 rpm. for 20s and treated at
100 °C for 5 min in air. Finally, a 100 nm aluminum
top electrode was thermally evaporated at a rate of
1.5-2 A's™'; the active areas were encapsulated with a
UV photocurable epoxy resin from Lighting Enterprises
(ELC4908-30) and a cover glass.

3 Results and discussion

Blue-light-emitting CdZnS/ZnS QDs were prepared
using a two-step hot injection method [15]. Green-,
orange-, and red-light-emitting CdSe/CdS/ZnS QDs
were synthesized through a one-step hot injection
protocol with slight modifications [34]. See the
Experimental section for further details.

Figure 1(a) shows the PL spectra of the synthesized
core—shell QDs, which cover the entire visible spectrum.
The emission spectra are centered at 466 (blue), 549
(green), 582 (orange), and 630 nm (red), respectively,
and are very narrow in shape, especially that for the
blue-light-emitting QDs (full width at half-maximum
(FWHM) = 24 nm). The maximum emission wavelength
and FWHM of the PL spectra and PL quantum yield
values (@y) are summarized in Table 1.

Figure 1(b) shows a high-resolution transmission
electron microscopy (HR-TEM) image of the blue QDs;
these QDs clearly show a very homogeneous size
distribution with sizes below 10 nm. The size homo-
geneity of the blue QDs demonstrated in the HR-TEM
image is corroborated by the narrowness of their PL
spectrum, which shows a FWHM of only 24 nm, as
noted above. Figure S1 (in the Electronic Supplementary
Material (ESM)) shows HR-TEM images of the blue,
green, orange, and red QDs at different magnifications.
The results of energy-dispersive X-ray analysis confirm
the different elemental compositions of the QDs. The
HR-TEM images also reveal that the blue QDs are
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Figure 1 (a) PL spectra of visible-light-emitting QDs: blue (B), green (G), orange (O), and red (R). (b) HR-TEM image of the blue
QDs at a magnification of 600,000 x. (¢) Chromaticity diagram (CIE 1931) showing the values corresponding to the blue, green, orange,

and red QDs. Dashed triangle indicates the color gamut resulting from mixing the QDs. (d) Image of QD solutions diluted in hexane

under UV light.

Table 1 Wavelength maxima, FWHMSs, and &; values of the
QDs in hexane. The concentration was adjusted by fixing the
absorbance at the excitation wavelength below 0.05 units. The @
values were determined by comparison with a fluorescence
standard: 9,10-diphenylanthracene (DPA) in ethanol for the blue
QDs and coumarin (C-153) for the green, orange, and red QDs

Sample Amax (M) FWHM (nm) Dp (Aexe)
Blue 466 24 0.55 (370 nm)”*
Green 549 45 0.51 (405 nm)°
582 52 0.36 (405 nm)°
Red 630 37 0.29 (405 nm)°

a) DPA as fluorescence standard in ethanol (&= 0.91) [15],
b) C-153 as fluorescence standard in ethanol (&¢= 0.54) [35].

more spherical than the green, orange, and red ones;
the difference is ascribed to the different synthesis
methodology employed.

The PL spectra of the synthesized QDs were
transformed into the corresponding chromaticity
indexes and plotted in the CIE 1931 color space chro-
maticity diagram. As shown in Fig. 1(c), the black dots,
which represent the chromaticity indices corresponding
to the blue, green, orange, and red QDs, are located

near the curved edge, indicating the pure color of the
emitted light.

After the visible-light-emitting QDs were synthesized
and characterized, a series of multicolored LEDs using
the QDs as the light-emitting material were prepared
and exhaustively analyzed. We used the standard
device configuration by spin-casting the suitable
materials. Figure 2(a) shows a rough approximation of
the energy level alignment of the materials employed,
and Fig. 2(b) presents a photograph of the multicolored
LEDs at 7 V connected in parallel. To assemble the
devices, a PEDOT:PSS layer was deposited onto a
prepatterned ITO substrate (20 x 20 mm?) as the HIL.
Then, a thin layer of PVK was deposited as the HTM,
followed by successive spin-casting of the QDs in
hexane (5 mg-mL™). Al:ZnO nanoparticles were used as
an ETM and hole-blocking layer. Finally, an aluminum
electrode was thermally evaporated on top of the
Al:ZnO layer. The active area of the devices was
encapsulated with an epoxy resin in a glovebox to
avoid premature degradation.

The single-color LEDs were individually charac-
terized to study their performance. Figure 3 shows the
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Figure 2 (a) Energy diagram of the materials employed for preparation of the QD-LEDs. The band energy values of the QDs in the
diagram correspond to those of the green-light-emitting nanocrystals (= 2.3 eV). (b) Bright multicolored QD-LEDs driven at 7 V.
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Figure 3 QD-LED performance: (a) current density (J—F) curves, (b) current efficiency, (c¢) luminance, and (d) EQE.

electro-optical response of the blue-, green-, orange-,
and red-light-emitting devices. The data were obtained
by analyzing eight different devices each for the blue,
green, orange, and red LEDs, and thus present a reliable
picture of their performance and the reproducibility
of the preparation. Note that the performance values
shown in Fig.3 and Table 2 correspond to those
obtained upon two consecutive voltage scans, as the
first scans yield values slightly lower than those
obtained in the second.

The |-V curves plotted in Fig. 3(a) show very similar
behavior regardless of the QDs employed. The slight
variations observed in the current densities could be

ascribed to negligible differences in the concentrations
of the QD solutions, which yield small deviations
in the layer thicknesses. Other parameters such as the
quality of the QDs or experimental errors arising
during layer deposition could also contribute to the
observed variations, although as a general trend, the
error bars overlap at the various potential values
displayed. Figure 3(b) reveals significant variations of
the current efficiency depending on the QDs employed.
The maximum value, 9.0 Cd-A™, was observed for the
green QDs. The data plotted in Fig. 3(c) show that the
maximum luminance values range from 1,295 Cd-m™
for the red QDs to 11,211 Cd-m™ for the green ones.

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Table 2 A, of the EL spectra at 5V and maximum current
efficiency, luminance, and EQE at the indicated potentials for the
single-color QD-LEDs. All the performance values correspond to
those obtained from two consecutive voltage scans (from 3 to 10 V)

o T TR
Blue 471 081@5V 2284 @85V 130@5V
Green 560  9.00@5V 1211@85V 2.10@5V

591 270@5V  5605@10V 1.04@6V
Red 622  029@5V 1295@10V 039@5V

Similarly, the maximum EQE values range from 0.39%
for the red QDs to 2.10% for the green QDs. Note that
all the devices show turn-on voltages of around
3V regardless of the type of QDs employed. Table 2
summarizes the performance results, showing the
maximum values at the given potentials.

In conclusion, the overall performance of an LED is
determined by the balance between the PL quantum
yield of the QDs, which in this case is more favorable
for larger-bandgap nanocrystals (Table 1), and the
energy level alignment of the charge-selective contact,
which is more favorable for small-bandgap QDs.
After our exhaustive analysis, we conclude that green
QDs exhibit the highest performance.
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After the QD-LEDs with various colors were
individually characterized, QD-WLEDs were prepared
by mixing red, green, and blue or orange, green,
and blue QDs. Figure 4 shows the performance of the
QD-WLEDs based on the RGB and OGB approaches.
In both cases, the solutions were 1:1:1 (volume)
mixtures of the individual QD solutions at a fixed
concentration (5 mg-mL™).

As shown in Fig. 4(a), the -V curves of the RGB
and OGB devices show similar characteristics, with
slight variations in the region between 4 and 6 V. In
any case, the behavior and magnitude of the current
values are in the same range as those obtained for the
single-color devices (see Fig. 3(a)). Figure 4(b) shows
the current efficiency, the maximum values of which
are 1.74 Cd-A™ for the OGB device and 0.45 Cd-A™
for the RGB device. The data plotted in Fig. 4(c) show
the luminance, the maximum values of which are
10,718 and 3,651 Cd-m™ for the OGB and RGB devices,
respectively. Figure 4(d) shows the EQE; the maximum
EQEs are 0.65% and 0.18% for the OGB and RGB
devices, respectively. Note that all the devices show
turn-on voltages of around 3V and thus behave
similarly to the single-color devices previously
analyzed.
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Figure 4 QD-WLED performance: (a) current density curves (J-V), (b) current efficiency, (¢) luminance, and (d) EQE. Inset shows a

working device (RGB) at 7 V.
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The lighting industry provides two main metrics to
communicate the color properties of a white light
source, the correlated color temperature (CCT) and
color rendering index (CRI) [36, 37]. The color tem-
perature (CT) of a light source is the temperature in
kelvins at which the color of a heated black body
radiator matches the color of the light source; on
heating, a black body initially becomes deep red at
low temperatures and eventually becomes blue-white
at very high temperatures. The CT characteristics of
an incandescent bulb can be approximated by those
of a black body because the tungsten filament inside
the bulb radiates light at high temperature. However,
fluorescent sources or WLEDs exploit other physical
principles to generate white light and thus require a
more appropriate definition of the color temperature,
the CCT. The CCT is defined as the temperature of a
black body radiator whose chromaticity is closest to
that of the light emitted by the source. Lights with a
CCT below 3,200 K show yellow-orange tonalities
and are designed as warm white lights. Cool white
lights are observed as blue-white, and their CCTs are
above 4,000 K. White lights between approximately
3,200 and 4,000 K are considered neutral. Although
the CCT is generally a good indicator of the light’s

appearance, it does not provide information about
the spectral distribution of the illumination. Note that
the CCT of the QD-WLEDs can be tuned by varying
the ratios of the different QDs. To provide a more
accurate metric of the spectral power distribution of a
white light source, the CRI was defined. The CRI is
the ability of a white light source to reproduce colors
faithfully in comparison to a reference light of similar
color temperature. Consequently, the color of an
object illuminated by two white lights showing the
same CCT but different CRIs can be perceived very
differently because of the different spectral power
distributions. In general, light sources with CRI values
above 80% are considered to provide good color
rendering.

An important issue to analyze when studying
WLED:s is the stability of the white light properties.
We studied the evolution of the chromaticity indices
(the CCT and CRI) with the applied potential during
consecutive measurements. Figures 5(a) and 5(d) show
the EL spectra of the QD-WLEDs prepared using the
RGB and OGB approaches, respectively. Although
the shapes of the spectra differ significantly, both
strategies yield light-emitting devices that cover the
entire visible spectrum; the RGB devices show three
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Figure 5 Performance of the QD-WLEDs based on the RGB and OGB approaches: (a), (d) EL spectra at different potentials;
(b), (e) evolution of the chromaticity index (CIE 1931) with increasing potential after consecutive measurements; (c), (f) evolution of

the CCT with the potential after consecutive measurements.
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well-differentiated emission maxima at 471, 552, and
642 nm, whereas the OGB devices show a maximum
at 471 nm and a broad combined signal between 500
and 700 nm that arises from the overlapping green
and orange QD emission.

Figures 5(b) and 5(e) show the evolution of the
chromaticity index (CIE 1931) with increasing potential
during consecutive measurements. The chromaticity
indices are clearly located near the center of the color
diagram, thus revealing the whiteness of the light
emitted by both the RGB and OGB devices. In
addition, another similarity between the two approaches
is observed; in the first measurement, the chromaticity
index evolves from the yellowish region at low
potentials to the reddish region at high potentials,
passing through the bluish-white region at intermediate
potentials. However, in subsequent measurements,
the chromaticity index is less sensitive to the potential,
although a clear variation at low potentials from the
white region to the reddish region is observed. Note
that after the first measurement, although the color of
the emitted light varies with the applied potential,
the same behavior is maintained during consecutive
measurements, thus demonstrating partial stabilization
of device operation after the first cycle. Nevertheless,
a similar variation of the chromaticity index has been
identified for longer operation periods at constant
voltage. Figure S2 (in the ESM) shows a shift in the
color coordinates from the bluish region to the reddish,
thus revealing continuous evolution of the devices
under long-term working conditions. In addition,
Figs. 5(c) and 5(f) show the evolution of the CCT at
different applied potentials in consecutive measurement
cycles. In this case, the first measurements show
maximum CCT values of 7,265 and 8,200 K for the
RGB and OGB devices, respectively. However, after
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the first measurement, the CCT is significantly lower,
and it is stabilized at around 5,291 K for the RGB
devices and 4,409 K for the OGB devices. Figure 6
shows the CRlIs of the OGB and RGB devices measured
at different potentials during three consecutive
measurements. For the OGB samples (Fig. 6(a)), a
maximum CRI of 60% was obtained; however, the
RGB samples (Fig. 6(b)) yield a significantly enhanced
value exceeding 80% over a wide range of potentials.
High CRI values are especially important for certain
applications, such as photography and cinematography,
that require reliable reproduction of colors.

In summary, our RGB devices show better light
quality than the OGB devices, although their EQE is
lower. A straightforward strategy to improve the CRI
of our QD-WLEDs should be based on synthesizing
green-emitting QDs with chromaticity indices in the
upper region of the CIE diagram, thus increasing the
gamut of the emitted white light and consequently the
CRI. However, increasing the color gamut excessively
may lead to oversaturated colors that could cause an
unnatural perception of colors by the human eye.
The main approach to improving the EQE involves
modification of the experimental conditions of QD
synthesis to obtain higher-quality nanocrystals with
enhanced radiative charge recombination, to the
detriment of nonradiative pathways.

To elucidate the origins of the color variations
observed in our QD-WLEDs, we designed a series of
experiments. First, the transient PL decay of the QD
films, including those of the RGB and OGB QD
mixtures, were measured using a nanosecond-pulsed
Nd:YAG laser as an excitation source (A¢, = 410 nm).
Table 3 shows the decay time constants of the QD
samples extracted from the corresponding decays, as
shown in Fig. S3 (in the ESM).
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Evolution of the CRI at different potentials during consecutive measurements: (a) RGB and (b) OGB devices.
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Table 3 Time constants extracted from the PL decays (Aex. =
410 nm) at different A4, depending on the QD emission region

Sample Ager (nM) 71 (ns) 7, (ns)
Blue 470 11.1 71.8
Green 550 28.5 nd.’
580 10.3 nd.”

Red 630 8.6 nd.”
RGB 470 75 437
RGB 550 13.7 nd."
RGB 630 12.5 n.d.’
OGB 470 8.2 51.8
OGB 550 17.4 nd."
580 17.1 nd."

n.d. not detected: The data are fitted to a single exponential
function.

The measured PL decay time constants of the films
are on the order of a few nanoseconds; thus, they
are in agreement with those found in Ref. [25]. In
particular, the decays of the blue QDs were fitted by
a double exponential function, and therefore, two
time constants were obtained. In contrast, the decays
of the green, orange, and red films were fitted by
a single exponential function. These results clearly
show that the time constants of the blue and green
components of the RGB and OGB films are faster
than those of the blue and green single-color films. In
contrast, the red and orange components of the RGB
and OGB films are slower than those obtained from
the corresponding single-color films. These observations
indicate that there is significant interaction among
QDs with different bandgaps, which is reasonable,
because wider-bandgap QDs can transfer energy or
even charges themselves to QDs with narrower band-
gaps. These nonradiative energy or charge transfer
phenomena could clearly contribute to the lower per-
formance of the RGB and OGB QD-WLEDs compared
to the single-color devices; however, because the
fluorescent resonance energy transfer mechanisms
are independent of the local donor concentration, this
could not explain the evolution of the white light
characteristics with increasing applied potential. To
further explore this phenomenon, we show in Fig. S4
(in the ESM) the EL of the single-color QD light-
emitting devices at different applied potentials, which

demonstrates that the EL intensity depends not only
on the potential but also on the nature of the QDs
employed. The green and blue QDs show the highest
EL values at a given potential, whereas the red
and orange QDs show significantly lower values. As
shown in Fig. 54 (in the ESM), the EL signal of the
green- and blue-emitting devices starts to saturate at
approximately 8 V; however, the EL intensity of the
orange and red devices continues to increase even at
the highest potentials. These results are consistent
with the fact that at low potentials, the CIE values
shift to the green region of the chromaticity diagram,
evolving gradually to the blue region as the voltage
increases and finally shifting to the reddish or orange
region at higher voltages. We also studied the evolution
of the EQE of the single-color QD-LEDs at constant
voltage (5 V) over time. Figure S5 (in the ESM) clearly
demonstrates that the EQE evolution depends on
the type of QD; the blue-emitting devices show the
maximum EQE at the very beginning of the experiment,
and the EQE decreases gradually over time. In contrast,
the green-, orange-, and red-emitting LEDs show an
initial increase in the EQE within approximately
the first 2.5 h, and then the EQE starts decreasing
gradually. Note that the EQE deactivation rate of the
red- and orange-emitting LEDs at constant voltage
(5V) is slower than that observed for the blue
and green devices, which accounts for the observed
evolution of the chromaticity indices of the RGB and
OGB devices shown in Fig. S2 (in the ESM). Therefore,
these results point to the variation in the EL behavior
depending on the applied potential or the time
evolution depending on the type of QD as the main
origin of the observed evolution of the white light
characteristics of the RGB and OGB devices.

In addition to the efficiency, color characteristics,
and related experimental variables, there are other
parameters that should be carefully analyzed for the
development of light-emitting devices or displays.
Specifically, the response time of the devices is a
crucial characteristic to consider [29]. In this work,
we measured the turn-on and turn-off response times
of our single-color QD-LEDs and QD-WLEDs. To
measure the response times, we applied a square
wave potential function of constant amplitude and
frequency (7V and 50 Hz, respectively), and we
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measured the emitted light using a fast-response
photodiode connected to an oscilloscope. Figure 7
shows the typical response of our LEDs.

The response times extracted from the exponential
fittings are shown in Table S1 (in the ESM). The turn-on
time constants are on the order of 100 us, whereas
the turn-off values are approximately 180 ps. Further,
a remarkable overshoot feature is observed in the
turn-on region of the response function (Fig. 7), which
is detected in all the devices measured in this work.
We ascribe this overshoot to the unbalanced charge
injection on both sides of the QD layer. The energy
diagram in Fig.2(a) clearly shows that the energy
barrier for the hole injection process is significantly
higher than that for electron injection. Therefore, we
suggest that when an external potential is applied,
electrons are swiftly injected into and accumulated in
the QDs, and radiative recombination occurs only
after the hole injection energy barrier is exceeded. In
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Figure 7 Response time function of our QD-LED with emission
in the blue region. Solid red lines show the exponential fittings
used to calculate the turn-on and turn-off response times, and
dotted red line shows the overshoot fitting.
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the initial stage, the injected holes recombine very
efficiently with the excess accumulated electrons,
yielding enhanced light output; however, after a few
milliseconds, the accumulated electrons disappear, and
the optical signal reaches equilibrium. The overshoot
decay was fitted to a mono-exponential function, which
yielded a characteristic time of 1.1 ms. Although
this is outside the scope of this work, the overshoot
features should be removed by decreasing the hole
injection barriers, which in turn should improve the
efficiency of our devices. An excess of one type of
carrier in the QD region results in charge accumulation
in the QD layer, which increases the probability of
nonradiative three-body Auger relaxation, thus limiting
the efficiency of radiative recombination [38].

Finally, we studied the stability of the QD-LEDs
during long operational periods; in particular, we
measured the optical signal emitted from our devices
while an external potential (5V) was applied con-
tinuously for 20 h. Figure 8(a) shows the evolution of
the EL intensity (red line) and the current density
(black line) of a green-light-emitting device with the
aging time at a constant potential. The emitted light
intensity clearly decreases over the aging period,
reaching 50% of the initial intensity after 5.4 h of con-
tinuous operation. After 20 h, the remaining signal is
almost 30% of the initial signal, suggesting the relative
stability of our devices. Note that the decrease in the
EL is accompanied by a significant decrease in the
overall current density flowing through the device. In
fact, an increase in the normalized EQE is observed
during the first 2.5 h, followed by a gradual decrease
at longer intervals (Fig. S5 (in the ESM)).

(b)
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Normalized current density
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Figure 8 (a) Normalized EL intensity (red line) and current density (black line) of a green-light-emitting QD-LED as a function of the
aging time at 5 V. (b) Absolute PL spectra of the green QDs inserted in the active area of a complete device (Aexe = 450 nm) before and
after aging at 5V for 20 h. Vertical bars indicate the measurement error at each wavelength.
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To further explore the origins of the relative but
limited stability of our devices, we measured the PL
of the active area of the green-light-emitting working
device before and after aging at 5 V for 20 h. Figure 8(b)
shows the absolute PL signals of the green-light-
emitting QDs before and after aging of the device;
the PL signal of the QDs clearly remains unchanged
after the aging process, which demonstrates that the
QDs are completely stable under long-term operation.
Therefore, the decrease in the EL and current density
cannot be ascribed to degradation of the light-active
material, i.e.,, QDs. Some precedents in the literature
suggest that the acidic nature of PEDOT:PSS may
damage the interface with ITO [39-41]. In fact, our
results point clearly to that hypothesis, because
degradation of the PEDOT:PSS/ITO interface would
lead to a significant decrease in the current density and
EL intensity of the system (Fig. 8(a)). Future works
will focus on chemical treatment of the PEDOT:PSS
layer to decrease its acidity or even on its replacement
with an alternative HIL. The degradation of the HIL
has important implications for the device performance,
not only because the intensity of the emitted light
decreases, but also because it might induce significant
variation of the white light color of mixed-QD WLEDs.
If the PEDOT:PSS/ITO interface degrades, charge
injection at a given potential becomes less likely, and
therefore, the current density is lowered, as demons-
trated in Fig. 8(a). For the single-color devices, this
affects only the intensity of the emitted light; however,
different behavior is observed for the QD-WLEDs.
In the latter case, when charge injection is gradually
hampered, the charge carriers are injected more
selectively to the QDs with narrower bandgaps because
the energy barriers are lower. This behavior promotes
a gradual variation of the chromaticity indices toward
the reddish region, as shown in Fig. S2 (in the ESM),
because the red component of the EL spectrum becomes
gradually more intense compared to the blue and
green components. Therefore, maintaining a constant
charge injection efficiency for a long period not only
ensures constant EL intensity but also good stability
of the white light characteristics.

4 Conclusions

In summary, we prepared and characterized bright

visible-light-emitting devices covering the entire visible
spectrum, including white LEDs prepared through
two different approaches, RGB and OGB. Very
importantly, we provide new insights on the perfor-
mance of the QD-WLEDs, suggesting two feasible
mechanisms that account for the observed variations
of the white light characteristics. First, the energy
and/or charge transfer mechanisms from QDs with a
wider bandgap toward those with a narrower band-
gap are to some extent responsible for the limited
efficiency of the RGB and OGB devices compared to
the single-color QD-LEDs. Second, we demonstrated
that the different EL intensities of the blue, green,
orange, and red QD-LEDs at the scanned potentials
account for the evolution of the chromaticity indices
of the RGB and OGB devices when the potential is
increased. Additionally, we demonstrated that the
QDs are totally stable over long operation periods
(> 20h) at constant voltage; however, our results
suggest degradation of the PEDOT:PSS/ITO interface,
which causes limited charge injection into the wider-
bandgap QDs, thus contributing to the variation of
the white light characteristics from the white region of
the diagram to the reddish. These phenomena have
scarcely been explored to date, and we suggest that
replacing the PEDOT:PSS with an alternative HIL
would lead not only to more stable devices, but also
to QD-WLEDs with more reliable white light charac-
teristics. Finally, we contribute valuable information
about the characterization of the response time and
life time of the QD-LEDs. Note that all these studies
are crucial to the development of the next generation
of ultrathin bright electroluminescent displays with
the extremely wide palette of colors that inorganic
QDs may afford.
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