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ABSTRACT

Active modulation of quantum dot thin film photoluminescence (PL) has been far-reaching potential applications in biomedical and opto-
electronic systems, but challenges remain in achieving large PL modulation depth and fast temporal response. Here, we report an efficient
voltage-controlled optical down-converter by optically exciting a colloidal quantum dot thin film within a quantum dot light-emitting diode
under reverse bias. Utilizing field-induced luminescence quenching, we show that a large electric field can strongly modify carrier dynamics
in this nanostructured device, resulting in stable and reversible photoluminescence quenching. The device exhibits photoluminescence reduc-
tion of up to 99.5%, corresponding to a contrast ratio of 200:1 under the applied electric field of 3 MV cm ™' with a 300 ns response time.
Using excitation wavelength dependent and transient PL spectroscopy, we further show that the high degree of quenching is achieved by a
synergistic interplay of quantum-confined Stark effect and field-induced exciton dissociation.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0093248

Colloidal quantum dots (QDs) are a class of luminophores that
enable applications ranging from biomedical sensing to next genera-
tion display and lighting technologies.' * Substantial progress has been
made in the development of solid-state QD light-emitting devices over
the years.” " One central problem that limits the device efficiency is
QD photoluminescence (PL) quenching due to either charge accumu-
lation at or near the QD sites'"'? or the increased electric field across
the QD layer.”'* An external electric field can polarize a QD exciton
by physically separating the electron-hole pair in opposite directions."”
The reduction in wavefunction overlap lowers the radiative recombi-
nation rate, quenches QD PL, and is accompanied by a concomitant
redshift of the PL spectrum, known as the quantum-confined Stark
effect (QCSE).'° At large electric fields, the coulombic binding of exci-
tons can be overcome, resulting in dissociation and formation of free
carriers.'”

Instead of modulating light emission by forming excitons
through electrical charge injection, we can leverage the electric-field-
induced QD PL quenching processes to control the PL efficiency of an
optically excited QD film. Prior to our work, active modulation of the
QD PL in a solid state has been demonstrated in a variety of structures,
yet the overarching goals of achieving large PL quenching and a fast

temporal response remained an active area of research. Bozyigit et al.
used a QD capacitor structure to show that the electric field can
strongly quench luminance of the QD film in the absence of mobile
charge'® with 90% max PL suppression achieved at an electric field of
4MV cm™ . Few groups have leveraged QD PL quenching in biologi-
cal'” or display”’ applications. For instance, Rowland et al., adopting
the capacitor structure, utilized QD emission to track the action poten-
tial profile of a firing neuron.'” More recently, Salihoglu et al. demon-
strated a color-variable PL display that used QD PL quenching to dim
selective pixels by directly injecting electric charges into QDs via a
graphene layer.”’ The ultimate degree of PL quenching achieved in
previous studies is summarized in Table S1. Regardless of the cause for
the quenching limit, the maximum PL reduction achieved has been
90% (corresponding to the contrast ratio of 10:1) with response time
in milliseconds at best.

The observed challenges of limited quenching and slow PL
response are both likely associated with screening of the applied elec-
tric field by photogenerated, field-ionized, or electrically injected
charges. These charges can reside in delocalized band edge states,
defect states on the nanocrystal, or electronic states in the surrounding
matrix. The application of the electric field is often also associated with
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QD charging, even if charging is not the intended outcome. At zero
field, a number of studies on single QD blinking”"** show that a pho-
togenerated carrier can be spontaneously ejected to a localized state
residing on the QD surface or the surrounding matrix. On an ensem-
ble level, the photogenerated charge can contribute to the screening of
the externally applied field,”>*" which limits the ultimate degree of
achievable field-induced quenching.

In this work, we use a quantum dot light-emitting diode (QD-LED)
structure that operates efficiently in forward bias, hence optimized
for minimum deleterious charge buildup next to the luminescent
QD layer. The device is reverse biased to minimize charge injection
from the electrodes into the device. When optically excited to gener-
ate the QD PL, the photogenerated charge is rapidly dissociated in
the reverse-bias electric field, leading to efficient reduction of the
QD PL. Through steady-state and transient PL measurements, we
observe up to 99.5% QD PL suppression at 3.3 MV cm™}, corre-
sponding to a contrast ratio of 200:1. The device also demonstrates
reversible modulation with a response time of 300 ns and no signifi-
cant degradation when continuously operated under millisecond
pulsed bias. This is the best performance reported to date for an
electrically controlled PL device based on colloidal nanocrystals.
Using excitation wavelength dependent and time-resolved PL analy-
sis, we find that the high degree of quenching is achieved by QCSE,
which is followed by QD exciton dissociation under the reverse-bias
electric field.

Our device is comprised of a 10 nm (~1 monolayer) thick layer
of CdSe/ZnCdS core-shell QDs sandwiched between a ZnO electron
transport layer (ETL) and a hole transport layer (HTL) of tris(4-carba-
zoyl-9-ylphenyl)amine (TCTA). A thin film of aluminum (Al) with
molybdenum oxide (MoOj3) underlayer and a film of indium tin oxide
(ITO) are used as anode and cathode layers, respectively. The multi-
layer device is visualized in the cross-sectional scanning electron
microscope image, shown in Fig. 1(a), which shows the thickness of
each layer. As shown in Fig. S1, the synthesized CdSe/ZnCdS QDs
exhibit an emission peaked at 4 = 625 nm with a full width half maxi-
mum (FWHM) of 30nm. The photoluminescence quantum yield
(PLQY) of the QD solution and the thin film are measured to be 85%
and 75%, respectively. The electroluminescence (EL) performance
under forward bias of the QD-LED is also shown in Fig. S2. The device
exhibits EL emission peaked at 2 = 635 nm with a peak external quan-
tum efficiency (EQE) of 15.9% at a driving voltage of 2.9 V. Assuming
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FIG. 1. (a) Cross-sectional SEM image of the QD-LED prepared by focused ion
beam showing each layer of the device. (b) Flat band energy diagram of constituent
layers on an energy scale referenced to the vacuum level.
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a light outcoupling efficiency of between 20% and 25%," the internal
quantum efficiency (IQE) of the device is between 65% and 80%,
nearly matching the PLQY, and therefore, in a forward-biased device,
the QD film is minimally quenched by the surrounding charge
transport layers. The energy band diagram of the device is shown in
Fig. 1(b).

To study the effect of the applied electric field on the QD PL in
this structure, we first perform steady-state measurements by applying
reverse bias to the device that is optically excited by =405 nm light
and record the QD PL intensity and spectrum. In the reverse-biased
QD-LED, the electric field is dropped across the QD layer but without
external charge injection from the device electrodes. As no charge is
injected into the device, any observed quenching is related to the
applied electric field. We apply 2 ms duration square voltage pulses at
100 Hz repetition rate with amplitudes from 0 up to —20V, corre-
sponding to electric fields of 0-3.3 MV cm ™. The square waveform is
selected to minimize the potential permanent electric field induced
damage on the QD film. Electric field strength in the QD film is esti-
mated by dividing the applied reverse bias by the total thickness of the
QD and HTL films, which have similar dielectric constants.”” The
voltage drop across the ZnO film is assumed to be minimal due to its
high electron mobility.””* We note that the internal field inside the
QD is lower due to dielectric screening from QD surfaces.'®*
The precise value of the internal field is difficult to calculate due to the
anisotropic, heterogeneous, and partially disordered local environ-
ment. As shown in Fig. 2(a), the steady-state QD PL spectra are plot-
ted with increasing electric field strength. The PL intensity is fully
recovered after the electric field is removed, as shown by the good
match in Fig. 2(a) between the solid and dashed spectra that are both
obtained at 0V applied bias. In addition to the PL intensity decrease,
the PL spectra also display a redshift, as expected from QCSE of CdSe
QDs. The integrated PL intensity (normalized to the intensity at zero
bias) is shown in Fig. 2(b). The device exhibits a maximum 99.5% PL
quenching under at 3.3 MV cm ™, corresponding to a contrast ratio of
200:1. No further improvement of PL quenching is observed beyond
—20V. The CCD camera image of the QD-LED pixel under the
microscope starts to show residual emission from isolated spots at
—24V, as illustrated in Fig. S3, which is suggestive of the dielectric
breakdown at the very high reverse bias.”””" To confirm that the
increasing reverse bias leads to an increasing electric field and no
charge injection, we measure the device current under reverse bias up
to —20 V and show that the leakage current is only on the order of few
UA, as shown in Fig. S5.

To evaluate whether the applied electric field is screened by
charges, we apply an extended bias pulse to monitor the temporal
evolution of the QD PL. Figure 3(a) displays the PL time traces of the
device under 5 s square voltage pulses from 0 to —20 V. By overlaying
the different traces, we can compare both the maximum PL reduction
and the quenching dynamics. In addition to the expected nearly
instantaneous PL intensity reduction at the beginning of the electric
field application, we also observe a slow recovery in the PL intensity
while the bias is held constant. We note this PL transient dynamics is
more prominent at the lower field (0.7 MV cm™') but is almost
completely suppressed at —20 V. The fact that these dynamics occur
on a time scale of hundreds of milliseconds to seconds are consistent
with charge buildup in our devices at lower fields. Since we do not
have significant charge injection under reverse bias operation, this
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FIG. 2. (a) Steady state PL spectra of a QD-LED with a 10 nm thick QD film, optically excited with 2 =405nm light. Drop in the PL intensity and a redshift in the peak PL
wavelength is observed with increasing reverse-biased electric field. (b) Integrated PL intensity (normalized) as a function of the applied electric field shows the maximum

achievable quenching of 99.5% at 3.3 MV.cm "

FIG. 3. (a) Time traces of the device as a
function of the applied electric field show-
ing the reversible modulation of the PL
intensity. Inset: Applied bias waveform. (b)

PL intensity measured at the start (top)
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could be a result of ionization of photogenerated charges. Either the
extracted charge or the opposite charge that is left on the QD screens
the external electric field, thereby reduces the amount of field-induced
quenching on the nearby QDs. In addition to the constant-bias
dynamics, the time response of the device at the start and end of the
voltage pulse is measured using an avalanche photodiode (APD), as
shown in Fig. 3(b). The device exhibits a fast response time of about
100 and 300 ns to reach 50% and 90% of the maximum quenching,
respectively.

In order to identify the mechanisms behind field-induced PL
quenching, we investigate exciton decay dynamics at different applied
electric fields using time-resolved photoluminescence (TRPL) mea-
surements. Figure 4 shows QD PL time transients under increasing
electric fields from 0 to 1.7 MV cm ™. It is noted that the TRPL mea-
surement is limited by insufficient PL signals beyond —10V
(1.7MV em™") due to efficient PL quenching. The normalized traces
(in the inset) show that the PL decay becomes faster with increasing
field. All decay curves are fitted to a bi-exponential function. The
resulting decay lifetimes are extracted and shown in Table L. Two
decay lifetimes, 7, and 15, exhibit distinct trends as the electric field is

200

400 600

Time (ns)

increased from 0 to 1.7 MV cm ™. While 7, shows a marked decrease
from 8.6 to 3.0 ns, 7, displays a small change in the range of 20-23 ns.
This trend differs from multiple earlier investigations, in which the PL
decay lifetimes remained constant with the electric field."”'®'” We
note that the higher luminescence efficiency of QDs used in this work
would make our QD luminescence lifetimes particularly susceptible to
the introduction of a nonradiative pathway such as the field-induced
exciton dissociation. Also, the primary difference between our device
and those in the earlier reports is the existence of the charge transport
interfaces sandwiching the 1-2 monolayers of the QD film, facilitating
rapid transport of photogenerated charges away from the QD.

The QD film in the reverse-biased QD-LED can act as a photoac-
tive layer, where upon optical excitation of a QD, the excited carrier
can be swept out of the QD into the neighboring charge transport
layer. This charge extraction process is easier for hot carriers, which
are generated by photons whose energy is significantly larger than the
QD core bandgap energy. Mashford et al. have previously demon-
strated, by using kelvin probe measurements of QD films on top of
ZnO nanoparticle films, that photoelectrons are extracted from CdSe/
CdS core-shell QDs and transferred to ZnO when excited by high
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FIG. 4. Time-resolved PL decays of a QD-LED with 10 nm thick QD layer reverse
biased with increasing electric fields from 0 to 1.7 MV cm™". The device is excited
using a A=405nm pulsed laser. Inset: normalized decay traces with bi-
exponential fit function (black solid line) and bottom panel displaying residuals of
the fit.

optical excitation energy (above the QD bandgap).”' Other reports
have shown that the relative rate of charge extraction vs relaxation to
the band edge is dependent on the excitation energy in QDs,”””” and
this can lead to an excitation energy dependence of the PL if the
trapped charges are ultimately extracted by the electrodes or if they
recombine through nonradiative channels.”*”” To investigate this car-
rier extraction process, we measure the steady-state PL quenching of
the QD film that is excited with different excitation wavelengths, swept
from 4 =460 to A =560 nm, as shown in Fig. 5. No significant change
in the amount of PL quenching for different excitation wavelengths is
observed until the applied bias reaches —8V (1.3 MV cm ). As we
keep increasing the electric field, the device shows a sharper drop in
PL with higher photon energy excitations. At —20V, bias quenching
of QD PL generated by 4 =460nm excitation is a factor of 3.5 more
efficient than the quenching of the QD PL generated by A =560nm
excitation. The dependence of the PL quenching efficiency on the
energy of the excitation light is consistent with field-induced extraction
of photogenerated charges out of the QDs, a process which is more
efficient when hot carriers are generated. Given the amorphous struc-
ture of QD interfaces with neighboring charge transport layers, it is
likely that the energy barrier for charge extraction is different locally

TABLE I. Decay lifetimes as a function of the applied electric field.

E-field

MVem™)  1,(ns) 1, (ns) A, A, Relative fraction
0 8.6 22.6 618 647 0.489 0.511
0.3 6.1 20.1 518 720 0.419 0.581
0.7 5.6 21.2 489 502 0.493 0.507
1 5.1 22.6 375 267 0.584 0.416
1.3 5.0 23.1 242 125 0.659 0.341
1.7 3.0 20.5 124 63 0.664 0.336
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FIG. 5. Integrated PL intensity (normalized) of the device as a function of the exci-
tation wavelength (from 1 =460 to A =560nm) with increasing applied electric
field.

for different individual QDs. As a result, even at higher electric fields,
charge extraction from some of the individual QDs could be impeded.
This subset of QDs (which we will refer to as QD subset 2) would have
an average PL lifetime 7, of 21.7 ns for different bias conditions, just as
observed in our time-resolved fits of the QD PL at different biases
(Table I). Our measured 7, lifetime is also consistent with previous
observations, which have shown 20-30 ns radiative lifetime of neutral
excitons in PL-efficient CdSe QDs.””*® The other subset of QDs
(which we will refer to as QD subset 1) manifests a reduced effective
PL lifetime, 7, in Table I, as the field-induced charge extraction process
dissociates the excitons on these QDs, introducing a nonradiative
process that is more-rapid than the radiative recombination. The frac-
tional areas under the decay curve, A; and A,, that have lifetimes 7,
and T,, respectively, represent the relative contributions to the mea-
sured QD PL from the two subsets of luminescing QDs. Both A; and
A, drop with the increasing electric field, with A, decreasing more
rapidly.

These two subsets of QDs are also evident in the PL spectra taken
at different electric fields, shown in Fig. 2(a). The measured PL spectra
can be fitted by using two Voigt functions, as shown in Fig. S4(a) for
QD PL spectra at fields of 0 and 1.7 MV cm ™. Figure S4(b) plots the
peak wavelength of the two Voigts, labeled as peak 1 (low energy, high
wavelength peak) and peak 2 (high energy, low wavelength peak) for
different electric fields. With increasing electric field, it is evident that
peak 1 is strongly red-shifted (from /=635 to A=653nm), while
peak 2 is relatively steady with the redshift of only 2 nm. Given that
the PL peak wavelength of our QDs in a solution is A = 625nm, we
associate peak 2 with the QD subset 2, whose TRPL decay lifetime is
7,. In addition, the relative fraction of peak 2 drops from 53% at
0MV cm ™! t025% at 1.7 MV cm ™}, shown in Fig. S4(c), which is con-
sistent with the TRPL lifetime results for QD subset 2 in Table I. The
redshift of peak 1 is consistent with the QCSE and is there accompa-
nied by the reduction in radiative rates. This makes the QDs relatively
less competitive with nonradiative processes, resulting in more rapid
PL dynamics, just as we see for QD subset 1 in our TRPL traces.
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In summary, we demonstrate that QD-LEDs can be used as effi-
cient voltage-controlled optical down-converters when operating
under reverse bias. We use field-induced QD luminescence quenching
in our favor and show efficient PL modulation of up to 99.5% (200:1
contrast ratio) under 3 MV cm ™! with 300 ns response time, giving us
the best performing electrically controlled QD PL device to date.
Using optical spectroscopy, we further show that a large electric field
can strongly modify carrier dynamics in a nanostructure, and the
stable and repeatable quenching is accomplished by QCSE and
field-induced exciton dissociation. Quantifying the time-resolved
spectroscopic data, as well as the observed spectral shifts due to the
quantum-confined Stark effect, we are able to numerically match the
observed PL quenching, providing a comprehensive physical mecha-
nism for the observations. The results presented here open up addi-
tional research directions as similar device structures could be used in
electro-optic modulators or electrically tuned PL display technology.

See the supplementary material for the absorption and PL spectra
of the quantum dots in a solution, device performance under forward
bias, CCD camera images of the device under a microscope, PL spec-
trum fitting, and current-voltage characteristics of the device under
reverse bias.
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