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ABSTRACT

Colloidal quantum-dot light-emitting diodes (QLEDs) are lucrative options for color
pure lighting sources. To achieve high-performance QLEDs, besides developing highefficiency quantum dots (QDs), it is essential to understand their device physics.
However, little understanding of the QD emission behavior in active QLEDs is one of
the main factors hindering the improvement of device efficiency. In this work, we
systematically studied the exciton dynamics of gradient composition CdSe@ZnS QDs
during

electroluminescence

in

a

working

QLED.

With

time-resolved

photoluminescence (TRPL) analyses using fluorescence lifetime imaging microscopy
(FLIM) we analysed a large population of QDs spatially spreading over an extended
area inside and outside the device. This allows us to reveal the statistically significant
changes in the behavior of QD emission in the device at different levels of applied
voltages and injection currents. We find that the QD emission efficiency first drops in
device fabrication with Al electrode deposition and that the QD exciton lifetime is
then statistically reduced further under the QLED’s working conditions. This implies
the non-radiative Auger recombination process is active in charged QDs as a result of
imbalanced charge injection in a working QLED. Our results help to understand the
exciton behavior during the operation of a QLED and demonstrate a new approach to
explore the exciton dynamics statistically with a large QD population.

Colloidal semiconductor nanocrystals or quantum dots (QDs) are well known for their
potentials of being excellent materials for lighting and display technologies.1-6 They
combine the advantages of low-cost colloidal chemistry synthesis, the stability of
inorganic semiconductor compounds and the wide bandgap tunability of
nanomaterials. For optoelectronic applications, QDs have been used as downconverters for current solid-state lighting and displays, emissive layers in lightemitting diodes (QLEDs)7-10 and optical gain media in lasers of multiple colors.11-13
Studies on single QDs and their ensemble behavior have given insight into the factors
affecting the electro- and photo-luminescence of these materials.14-17 Recent advances
in colloidal synthesis techniques have enabled production of QDs with near-unity
photoluminescence (PL) quantum yields (QYs),18 with high robustness in different
environments19 or with engineered structures to fine-tune their quantum electronic
properties such as suppressed Auger recombination rates.20-21 For example, thick shell
and alloyed core-shell interface for QDs were shown to be successful in the
suppression of Auger recombination and resulted in high quantum yields.21-23
With the rapid progress in the development of high-quality QDs, it became
possible to develop high-performance QLEDs with near 100% internal quantum
efficiency (IQE).9-10 However, in many cases, the QDs usually do not maintain their
performance under device operating conditions and thus the QLEDs suffer from an
efficiency roll-off behavior at high current densities. The limiting factors of efficient
operation of QLEDs are being actively studied to understand and improve their
performance not only on the efficiency but also on the intensity and the stability.24-26
Initially, Shirasaki et al.

27

reported that efficiency roll-off in QLEDs is electric field

induced and is not related to QD charging. Bozygit et al.28 also suggested the effect of
electric field induced quantum confined Stark effect (QCSE) to be the primary cause.

However in the same year, Bae et al.29 demonstrated that QD charging leads to
efficiency

roll-off

at

high

current

densities

by

doing

time-

resolved

photoluminescence (TRPL) studies with CdSe/CdS C/S QDs. The efficiency roll-off
or “droop” has also been reported30-32 in GaN based LEDs explained by charging and
Auger process. They also demonstrated that by introducing an optimized alloy layer
between the core and the shell rather than abruptly terminating boundaries, the Auger
recombination can be suppressed. It can however be understood that the effect of
electric field (QCSE) is higher in CdSe/CdS QDs when compared with gradient
composition CdSe@ZnS QDs. Indeed, development of gradient composition QDs for
green-, blue- and red-emitting QDs of CdSe@ZnS with varying precursor
composition showed high-performance QLEDs.33 However, there is still not a clear
understanding of CdSe@ZnS QD performance in the active QLED and their role in
device efficiency. In this work, we systematically studied exciton dynamics of
CdSe@ZnS QDs in QLEDs under operating conditions, i.e. during actual
electroluminescence. We analysed the exciton behaviour for significantly large
number of QLED regions to understand their dynamics statistically and then correlate
them with QLED fabrication and different operating conditions.
Results and discussion
In this work, we fabricated QLED devices with the inverted structure architecture
(figures 1(a) and 1(b)) using colloidally synthesized green CdSe@ZnS QDs having a
gradient composition Cd1-xZnxSe1-ySy structure where CdSe was at the central core
and ZnS at the outermost shell.34 The TEM image of these QDs shows a uniform size
(~ 6 nm) dispersity (see figure S1 in supporting information).The absorbance and PL
spectra of the QDs are shown in figure 1(c). The PL of the QD solution has a peak at

513 nm, a full-width-at-half-maximum (FWHM) of 36 nm and a QY of 60%
measured with an integrating sphere as the ratio of absolute emission photons and
absorption photons. The spin-casted QD films on the glass substrate show slightly
red-shifted spectrum with a 516 nm peak and a PLQY of 30%. The red shift of PL
spectrum and lower PLQY of the QD film compared to that of QD solution are known
to be associated to the close-packed QDs in the film form.17
The device fabrication was started with spin-casting a ZnO nanoparticle layer of 50
nm as an electron injection layer on top of a patterned ITO glass. Then, a QD layer of
40 nm was deposited also by the spin-casting technique. Each spin-casting step was
followed by baking at 90 oC in nitrogen environment. The sample was then loaded
into a thermal evaporator to deposit CBP (4,4’-Bis(9-carbazolyl)-1,1’-biphenyl, 60
nm) and MoO3 (10 nm) as the hole transport and injection layer, respectively. The
device was finally finished with a 200 nm thick aluminium (Al) layer as the anode. A
schematic structure and the zero bias energy band configurations of the device layers
are presented in figures 1(a) and 1(b).
The electroluminescence spectrum of our QLED illustrated in figure 1(c) shows a
pure emission of the QD layer at a peak wavelength of 516 nm and with a 37 nm
FWHM, which are very much similar to the PL characteristics of QDs in the film
shown in the same figure. The current density and luminance of the device as
functions of the applied bias are presented in figure 1(d). The luminance reaches the
maximum value of 38,500 cd/m2 at the bias of 8.7 V. The turn-on voltage of 3.1 V is
relatively low, implying that the electron and hole were efficiently injected into the
emissive QD layer.

The QLED external quantum efficiency (EQE) variation with bias is shown in
figure 1(e). The device reaches a maximum EQE of 2.5% at around 5.5 V and rollsoff on increasing the bias. We aim to study the exciton dynamics of the QDs under the
device operating conditions, which might provide insights into understanding the
reasons for decrease in efficiency in our QLEDs at high biases.
We use the technique of fluorescence lifetime imaging measurements (FLIM)35 to
take the time-resolved photoluminescence decay of QDs inside a device under
different biasing conditions. Figure 2(a) shows the intensity image captured by timecorrelated single photon counting (TCSPC) at the corner of a device. The area of
measurement was chosen such that it contains four regions (as illustrated in the figure,
quadrants I-IV). The quadrant I consists of the charge transport and emissive layer
stack in the device without any of the electrodes on the top and in the bottom. The
quadrant II is the region where there is ITO electrode below the device stack layers.
The quadrant III is the active device region formed by the overlap of the Al and ITO
electrodes on the top and in the bottom of the other device layers, respectively. Lastly,
the quadrant IV has only the Al electrode on top of the other device layers. The area
marked by the red border was used as a scan area on the device which is about
160160 m2 in area divided into 256256 pixel array. The FLIM measurement
consists of recording the time-resolved photoluminescence (TRPL) decay curves in
each pixel using TCSPC technique. Each pixel acts as an ensemble of QDs, thus a
FLIM measurement helps us analyse a large number of ensembles of QDs at a time to
obtain a statistical distribution of the results.
A typical TRPL decay curve is shown in figure 2(b). Fitting is applied to each
pixel with a two-exponential decay function as shown in the figure (I = y0 + A1 e-t/τ1 +
A2 e

–t/τ

). Here y0 represents the background illumination coming from stray light
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sources or in our case the electroluminescence from the device after turn-on; τ1 & τ2
are the decay lifetimes, and A1 & A2 are their corresponding amplitude factors. Figure
2(c) shows the intensity images of the scan area at 0 and 3.5 V. On careful
observation in the intensity image at 0 V, one can clearly mark out the ITO edge
running vertically down. If we divide the image into four quadrants as shown in figure
2(a), there is a clear contrast in the PL intensities of the pixels in the upper half and
lower half of the image. The quadrants III & IV (lower half) have Al layer and their
higher PL intensity might possibly be due to optical reflection effect from Al for both
excitation and emission photons. The quadrant III forms the active device region
whose electroluminescence can be clearly observed from the intensity image of the
scan area at 3.5 V bias, higher than the device’s turn-on voltage of 3.1 V. The single
bright spot in the quadrant II appearing in all images is a contaminated spot in our
optical measurement system; it is not from the QLED sample and hence to be
removed in our analysis.
By fitting the PL decay curves in each pixel, the decay parameters associated with
optoelectronic characteristics of the materials and devices can be extracted. The
distributions of these characteristics over the scan area are presented as corresponding
color-coded images. Figure 2(d) shows the color-coded images of the parameter y0 for
the scan area (inset) and its distribution across the pixels at 0 and 3.5 V. Comparing
with the intensity images shown in figure 2(c), we can see that at 0 V the background
intensity in the experiment (i.e. the dark count of detector, the background photons of
the lab) is almost uniform across the scan area with a narrow distribution (in the blue
color region). As contrast at 3.5 V, the y0 parameter in the active device region
(quadrant III) is higher compared to the other regions due to the electroluminescence
from the device adding to the background intensity. This can also be confirmed from

the broadened distribution with multiple peaks (in the blue and green color regions) in
figure 2(d). In addition, it shows that the electroluminescence is much stronger at the
ITO edge in the active device region (corresponding to y0 above 120), which is not
very clearly discernible from the intensity image alone.
Figure 2(e) shows the color-coded images of the lifetime parameters (τ1 & τ2) and
their distribution among pixels at 0 V. It is interesting to note that the distribution of
τ1 has two distinct peaks around 0.7 ns (blue region) and 6-6.5 ns (green region), and
these two peaks correspond to QDs in two regions in the scan area as seen from the
color-coded image of τ1. The blue region, fast PL lifetime QD region, corresponds to
the quadrants III (active device) and IV, which all have Al electrode on top of the
other device layers. The quadrants I & II, which do not have an Al electrode, show τ1
with the peak around 6-6.5 ns region. On the other hand, the τ2 distribution in the
entire scan area has a single peak around 7 ns (yellow-green region), showing the
uniform decay rate τ2 for the entire scan area. In fact for the QDs in the quadrants I &
II, the τ1 & τ2 distributions overlap each other effectively, implying the single decay
lifetime that is similar to τ2 of the QDs in the quadrants III & IV. Thus, we can infer
that the τ2 corresponds to the intrinsic decay lifetime of the QDs inside the device and
the fast lifetime τ1 is induced in the QDs inside the device due to the effect of Al layer.
It could be the result of the exciton quenching effect caused by the Al metallic
electrode or some damages induced on the QDs while deposition of Al. As will be
shown later, this fast lifetime comes from QDs having lower quantum efficiency.
Considering that the thickness of intermediate layers between the QDs and Al on top
is about 60-70 nm, it is unlikely that this lifetime is induced by the quenching of
excitons in QDs due to plasmonic effects. It is more probable that a layer of QDs are
partially damaged while deposition of Al on top as the electrode. This is possible

because the deposition of Al using thermal evaporation techniques requires heating to
high temperatures to evaporate it. This heating effect probably leads to reduction in
their quantum yield and lower efficiency of device performance. We performed a
separate experiment to test the effect of depositing aluminium by measuring the decay
lifetime distributions of QDs in two structures : in one we spin coated a QD layer on
glass and thermally evaporated the CBP and Aluminium layers (QD/CBP/Al) on top
of it to make it similar to the device layers, in another we first deposited the thermally
evaporated layers aluminium and CBP on glass and then spin coated the QD layer on
it (AL/CBP/QD) so that the effect of thermal evaporation on the QD layer is not
present. Our results are shown in more detail in supplementary figure S2. We found
that the fast lifetime value of 1 (centred around ~0.7ns) occurs again only in
QD/CBP/Al structure whereas it is not present in the other. This reassures us that the
low value of 1 lifetime component is occurring in our QLED due to the effect of
thermal evaporation of Al. Lower temperature technique to deposit metallic electrode
such as sputtering method might reduce the heating effect. Also, reduced Al
deposition rate using thermal evaporation or other techniques might be useful.
In the subsequent discussion, we analyze the effect of applying bias on the exciton
PL decay lifetime starting from 0 V going up to 3.5 V when the device is sufficiently
electroluminescent but still not very bright to cause any nonlinear effects on the PL
single photon counting. The device starts slightly emitting at 3.1 V and becomes fully
electroluminescent quickly with increasing bias. The electroluminescence is captured
in the TCSPC system as a background emission, which is different from the pulsed
excitation and emission for time-resolved PL analysis. It is reflected as the fit
parameter y0 in the decay curves. We choose an area well within the active device
region, away from the device edges, for all further analyses as shown in figure 3(a) to

obtain a qualitative understanding of the exciton decay especially under QLED
operating conditions. Figure 3(a) shows the color-coded images of the y0 parameter at
different biases in the selected area of the active device region and its distribution
across the pixels. As one can clearly see, the background (y0) is constant and has
almost uniform distribution till 3 V, after which it starts increasing together with the
increase of electrical current. This increasing background light intensity is associated
with device electroluminescence.
Figure 3(b) presents the distribution and color-coded images of the lifetime τ1 at
different biases, which is the fast lifetime component induced by Al deposition as can
be recalled from the previous discussion. We can see that τ1 is almost uniform in the
device area and its central distribution peak is around 0.7 ns with a FWHM of around
0.25 ns at different biases. Such fast decay lifetimes usually occur due to activation of
fast non radiative channels, which might indicate some damage caused to the QDs
during Al deposition. Also, the distribution does not show much change on applying
the bias, another evidence of the physical damage for the QDs instead of active
quenching of excitons by other mechanisms. In contrast from τ1 in figure 3(c), the τ2
decay lifetime having the central distribution peak at around 7.3 ns (FWHM around
0.8 ns) at 0 V is almost uniformly distributed in the entire device area. With the
increase in bias starting from 3.0 V, there is a systematic shift in the central value of
τ2 distribution towards shorter lifetime accompanied with an increase in the spread of
lifetime distribution. The shift of τ2 has ‘turn-on’ behaviour as the electrical current
injection into the device. The turn-on voltage for both τ2 shift and electrical current
happen at around 3.0 V. At 3.5 V, the τ2 lifetime is faster with a central distribution
peak around 6.6 ns and a FWHM of around 1.5 ns. This indicates that electrical
current through the device rather than the effect of QCSE, causes an enhancement of

the fast decay channels, which leads to a reduction in the τ2 lifetimes. The nature of
these decay channels becomes further clear from figure 3(d), which shows the total
photoluminescence photon count taken from the selected area of the active device
region at different biases. The detailed intensity images of the entire scan area for the
fit parameters y0, τ1 and τ2 at different biases are shown in Figure S3 in supplementary
information. The photon count corresponds to the area below the decay curves after
removing the constant intensity y0. This can be computed by taking the sum of the
product of amplitude and lifetime fit parameters (A1τ1 + A2τ2). This PL photon count
is actually a reflection of the quantum efficiency of the QD ensemble with two
different recombination channels.
Figure 3(d) shows the change in the contribution of each lifetime component to
the total photon count with the application of bias. As can be seen, the total PL photon
count decreases with increasing bias, which is predominantly due to the decrease in
the contribution from the lifetime τ2 component. The contribution from τ2 component
at 0 V is about 90% of the total intensity contribution. This confirms that the lifetime
τ1 is predominantly occurring from QDs with fast nonradiative channels. Since the
photon count from τ1 component also remains nearly unchanged with bias, this
observation reinforces our earlier discussion that these are coming from QDs that
might be physically damaged during Al deposition. The reduction in τ2 with
increasing bias is also due to increasing of fast nonradiative channels in the QDs.
With increase of bias voltage, electrons and holes start to get injected into the QD
layer and their recombination in QDs generates spontaneous emission photons. These
two types of charge are injected differently through their corresponding charge
injection layers and the imbalance of these injections would ionize the QDs. The
decrease of τ2 with bias implies that the charge imbalance in the QDs induces fast

nonradiative recombination of excitons with Auger like mechanisms. The broadening
of the lifetime distributions also suggests the spreading of the nonradiative channels
among the QD ensemble.
Figure 3(e) shows the intensity-weighted average lifetime (τi) of the two lifetimes
in the specified area of active device region at different times during the experiment.
It is given by τi = (A1τ12 + A2τ22)/(A1τ1+A2τ2) and is considered as a measure of an
apparent lifetime35 of the QD excitons when using a multi-exponential decay fit. At
the start of the experiment, the τi lifetime distribution at 0 V is centred at 6.6 ns,
which reduces to around 5.6 ns at 3.5 V. By measuring the lifetimes upon applying 0
V again immediately after 3.5 V, we find the lifetime shifts back slightly towards its
position at the start of the experiment. This shows that, upon removing the bias, there
is a slight recovery of the exciton lifetimes towards its original values, however there
is a residual effect of the bias, possibly due to retained charges in the QDs, which
prevent the full recovery of the lifetime to its original value at the start of the
experiment. This also agrees with our previous discussion that the reduction in the
exciton lifetime during device operation is due to the charging of QDs. Further,
another measurement which was carried out without applying any bias on the device
after a long time (> 3 h) shows that the exciton lifetime still further recovers, but not
fully. The result indicates that the charging of the device after operation might take
very long time to subside or there might be some physical QD damage during the
operation.
To validate our measurement approach in active device, it may be worth
discussing about our TCSPC technique to obtain the exciton lifetime in our
experiments. The reduced chi-square (χr2) distribution for all the fitting is close to 1 as
shown in the supplementary figure S4. Our photon detection probability

(characteristic of our TCSPC setup) is small enough to avoid any distortion effects in
our range of experiments. However, the lifetime measurement under high constant
illumination might distort the PL decay curves and result in different implications of
exciton lifetime fitting. To investigate this effect, we did a separate series of
experiments using FLIM measurement for a plain QD film on glass while monitoring
and controlling the background illumination intensity with a lamp during
measurement. Here the counting rate was controlled to be similar to the experiments
with QLEDs under different biases. Our results are shown in the supplementary
information figure S5. There is indeed an artificial distortion of PL decay curves,
producing an increase in measured lifetime distribution peaks and FWHMs with
increasing background intensity. This is absolutely opposite to our results with the
QLEDs, in which QD decay lifetimes decrease with increasing background constant
intensity (y0) caused by the electroluminescence of the device. This result reassures
that the observed decrease of exciton lifetimes with increasing voltage bias is indeed
the intrinsic properties of QDs in QLEDs and the real effect is even larger. The
artificial effect of increasing background illumination intensity on the lifetime
distribution FWHM, however, cannot be completely ruled out.
Conclusion
In this work, we presented the effect of bias voltage on the exciton dynamics in a
working QLED device fabricated using the gradient composition CdSe@ZnS QDs.
By analyzing the time-resolved PL decays of many QDs distributed on QLED devices,
we understand their changing exciton behaviour with statistically large population.
Besides QY reduction of the emissive QD layer due to device structure and
fabrication, charge imbalance caused by the current injection during the device

operation reduces the QY and lowers the efficiency of a QLED. Our detailed
investigation reveals that the QD efficiency decrease in QLED devices at increased
current densities is due to QD-charging induced Auger recombination, even in
gradient composition CdSe@ZnS QDs.

Methods
Synthesis of CdSe@ZnS QDs
CdSe@ZnS QDs were synthesized according to a modified method reported in the
literature34. For a typical preparation, 0.4 mmol of cadmium oxide (CdO), 4 mmol of
zinc acetate (Zn(Acet)2) and 5 mL of oleic acid (OA) were mixed and heated to 100°C
under vacuum in a 50 mL 3-neck flask. After, 15 mL of 1-octadecene (1-ODE) was
injected and the whole mixture was degassed again to 100 °C. Then the reactor was
filled with argon and further heated to 310 °C. At this temperature, 2 mL of tri-noctylphosphine (TOP) with 0.2 mmol of selenium (Se) and 4 mmol of sulphur (S)
were injected into the flask swiftly. The reaction was kept at 310 °C for 10 min for the
QD growth. For purification, excess acetone and methanol were added to precipitate
the QDs, followed by centrifugation at a speed of 7,000 rpm for 10 min. The purified
QDs were dispersed in toluene for later use.
Synthesis of ZnO nanoparticles
For a typical synthesis of ZnO nanoparticles, 3 mmol of zinc acetate (anhydrous)
was dissolved in 30 mL of dimethyl sulfoxide (DMSO). An ethanol solution of 10 mL
dissolved with 5 mmol of tetramethylammonium hydroxide (TMAH) was dropwise
introduced to the above Zn solution and stirred for 1 h under ambient conditions. The

ZnO nanoparticles were precipitated with an excessive amount of acetone and then
completely redispersed in ethanol. The solutions were filtered before use.
Measurements and Fabrication
All device fabrication was carried out using standard procedures, a combination of
spin-casting and thermal vapor deposition in a vacuum chamber. The voltage-current
measurements were performed using Yokagawa GS610 source meter. The luminance
measurements were taken using Minolta luminance meter LS110.
The time-resolved PL spectroscopy was performed with a Becker & Hickl DCS 120
confocal scanning FLIM system with an excitation laser of 375 nm. The system has a
temporal resolution of 200 ps. For all the time-resolved PL measurements, photons
were collected in 300 s.
Supporting information
Supporting Information Available: TEM image of CdSe@ZnS QDs. FLIM
measurement results of QDs in QD/CBP/Al and Al/CBP/QD structures. Intensity and
color-coded images of fitting parameters for the entire scan area at different biases.
Reduced chi-square (χr2) distribution for fitting at different biases. FLIM
measurement results of plain QD film on glass under different background
illumination intensities. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 1: a) A schematic diagram of the QLED structure. b) The zero bias energy
band configuration of the device layers. c) Absorbance, photoluminescence, and
electroluminescence spectra. d) Current density – voltage – luminance (J-V-L)
characteristics for the QLED. e) External quantum efficiency (EQE) variation of the
QLED as a function of the bias voltage.

Figure 2: a) Microscope view of scanned area at the corner of the device. b) A
typical time-resolved photoluminescence decay curve with two exponential (τ1, τ2)
parameter fit. c) Intensity images of the scanned area (256256 pixels) at 0 and 3.5 V.
d) Distribution and color-coded images of offset (y0) in the scan area at 0 V and 3.5
V. e) Distribution and color-coded images of lifetimes (τ1, τ2) in the scan area at 0 V.

Figure 3: a) Color-coded images and distribution of offset (y0) in a small region of
the active device in the scan area at different applied biases. b) Distribution and colorcoded images of lifetime τ1 of the same region as shown in (a) at different biases. c)
Distribution and color-coded images of a lifetime (τ2) of the same region as shown in
(a) at different bias. d) Photoluminescence photon count of the two-lifetime
components at different biases in the same region as shown in (a). f) Intensityweighted average lifetime (τi) distribution in the same region as shown in (a) at
different times in the experiment.
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Table of contents graphic (4cm8cm): Color-coded images and distribution of the
intensity-weighted average lifetime of QDs in the active area of the QLED at different
applied biases obtained through fluorescence lifetime imaging microscopy. One can
clearly see the reduction in the peak value of the lifetime with increasing bias.

