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Abstract: We systematically studied emission kinetics of colloidal quantum dots in
active light-emitting diodes using time-correlated single photon counting and
conclusively revealed the combined effect of both electric field and charging acting

together in reducing the quantum efficiency during operation.
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Nanomaterials

1. Introduction

The study of colloidal quantum dot light-emitting diodes (QD-LEDs) has made a major progress to
achieve high efficiency devices [1, 2] for lighting and display technologies. Subsequent research work
[3-5] investigating the causes of efficiency droop in these devices showed the effect of electric field or
charging independently as the primary causes for specific devices. Our hypothesis is that the two
effects co-exist in most operating QD-LEDSs, and here we show and analyze the simultaneous effect of
both electric field and charging.

2. Experiment and Results

Using our own synthesized CdSe@2znS QDs having 70% quantum yield (QY) in solution, 30% in film
(measured with integrating sphere), we fabricated devices by spin-coating and vacuum deposition of
layers in the following architectures: capacitor device (Figure 1a) comprising ITO/Poly(methyl
methacrylate) (PMMA,100nm)/QDs(50nm) /PMMA(100nm)/Al(>100nm) and LED device (Figure
1b) consisting of 1TO/ZnO(50nm)/QDs(30nm)/4,4’-Bis(9-carbazolyl)-1,1’-biphenyl (CBP,60nm)/
MoO5(10nm)/AI(>100nm).

We measured the time resolved photoluminescence (PL) decay for a)
both the devices under different bias and fit the curves using a two-
component exponential decay fit, 1(t)=Aexp(-t/ty)+Aexp(-t/ty). The
obtained lifetimes (t1,7,) and the photon count associated with each
population (A;t;, where i=1,2) obtained by integrating the area under the
decay curves are presented in Figure 2 for the capacitor device and the
LED. We associate the lifetimes to two populations of QDs (Population #1
and #2) with the Population 1 lifetime having the smaller value and 2, the
larger. We believe these two populations arise due to the formation of two b)
types of QDs in the film, those which are near to the adjacent layers and
the ones deep within the QD film away from the adjacent layers. Since
each lifetime (t;) is composed of radiative (t.;) and nonradiative (t,q) parts 5 —
related together as, (1/1;)=(1/t)+(1/x,i), where i=1,2 refer to Population 1 ITO
and 2, respectively; Population 1 (shorter) lifetime in each case has a
higher proportion of nonradiative part (t,;). Also, with 30% QY of our
ensemble QD film, there is a significant amount of QDs (Population 2)
with relatively high radiative rate, we expect to see the effect of applied Figure 1. Schematic
bias on the radiative component of lifetime in the variations of Population diagram a) Capacitor

e device, b) LED device
2 (longer) lifetime.

As can be seen in the capacitor device (Figure 2a), increasing the electric field above zero causes
Population 2 (longer) lifetime to increase from 7.9 to 9.3 ns between the extremities. This can be
explained with the increasing of radiative lifetime under electric field similar to [4]. Since Population 1
(shorter) lifetime (Figure 2a) does not show any systematic variation with field, it is difficult to infer
the effect of field on the nonradiative lifetime of our QDs.

Using a similar analysis, for LED device (Figure 2b), Population 2 lifetime increases from 5.0 to
5.6 ns when the applied bias is increased from 0 to -5 V. It can be concluded that under reverse bias
where the current density is low, the QDs in the LED behave in a similar way to the capacitor device.
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In the forward bias, Population 2 lifetime increases to around 5.3 ns on increasing bias up to 3 V and
then down to 4.3 ns when the bias is increased further to 4.0 V. Under low current density till 3.0 V,
QDs behave similar to the reverse bias conditions. Once the current density rises rapidly, the lifetime
falls possibly due to the increase in nonradiative rate. It is indeed the case when we observe the lifetime
of Population 1, which has predominant nonradiative component, the lifetime decreases from around
1.7nsat 1.5V to 1.0 nsat4.0 V. This can be attributed to the charging of the QDs due to increasing
current density leading to enhancement of Auger recombination rate. It is to be noted that the LED
starts electroluminescence from 3 V and onwards. Thus, it can be inferred that, under low current
densities, the electric field effect is predominant, while at higher current density levels, the effect of
charging takes precedence.

From Figures 2¢ and 2d, since the major proportions of photons are emitted by Population 2 in both
devices, it is the population with higher quantum efficiency. Here we see that both the electric field and
charging leads to a reduction in the quantum efficiency of the QDs.
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Figure 2. Variation of PL decay lifetimes of two populations obtained from two-component exponential fit of the decay curves in
a) capacitor device and b) LED device. Variation of photon count with bias for each population and their total, obtained from
integrating the area below the decay curves for c) capacitor device and d) LED device.

3. Conclusion

By systematically studying the time-resolved emission of the quantum dots layer in the active
device under different biases, we observe two opposite behaviors of exciton recombination processes
leading to increasing radiative lifetime with respect to the electric field and decreasing nonradiative
lifetime with respect to the charging. Both these effects cause reduction in quantum efficiency of the
QDs.
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