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Abstract: This work employs spectral and spectral-temporal Photoluminescence (PL) spec-
troscopy techniques to study the radiative mechanisms in colloidal CdSe/ZnS Quantum Dot
(QD) thin films without and with 1% PMMA polymer matrix embedding (QDPMMA). The
observed bimodal transient-spectral PL distributions reveal bandgap transitions and radiative
recombinations after interdot electron transfer. The PMMA polymer embedding protects the
QDs during the plasma-sputtering of inorganic layers electroluminescent (EL) devices, with
minimal impact on the charge transfer properties. Further, a novel TiO2-based, all-electron
bandgap, AC-driven QLED architecture is fabricated, yielding a surprisingly low turn-on voltage,
with PL-identical and narrow-band EL emission. The symmetric TiO2 bilayer architecture is a
promising test platform for alternative optical active materials.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The last two decades have witnessed a ground-breaking leap in Light Emitting Devices (LEDs),
especially since the 2014 Nobel prize-awarded discoveries on efficient blue-light semiconductor
LEDs, which propelled the interest in both bright-lighting [1,2] and vivid-colored displays [3].
Considerable developments followed in novel nanomaterials, including Quantum Dots (QDs)
[4], perovskites [5], and carbon-based materials [6]. In particular, colloidal QD exhibit stable,
bright and size-dependent pure-color emission [7]. From low-cost full solution-based devices
[8,9] to multicolor architectures [10], innovative designs arose for QD-based displays either as
optically-pumped color-converters or full-color active electroluminescent matrices [11].

The QD-based Light Emitting Devices (QLED) properties change dramatically depending on
the nature of the charge transport layers (CTL), which can be all-organic, hybrid, or all-inorganic.
Over the last decade, the brightest QLED devices were achieved using hybrid organic/inorganic
material-based architectures [12] that enable Direct-Current (DC) operation via dedicated
electron or hole transport and injection layers. However, the longevity of organic-based devices
is lowered by chemical and morphological changes in the stacked amorphous films and oxidation
degradation, thus requiring inert atmospheres during fabrication and air-tight packaging to extend
their operational lifetime, which increases the device costs. Contrastingly, inorganic materials
are more stable and can be processed and characterized in atmospheric conditions. Inorganic
(ZnO-based) electron transport layers (ETL) have been reported not only to withstand age but also
to improve the device performance over time (positive aging) [13]. However, all-inorganic devices
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can suffer from QD-CTL interactions, especially if both are metal oxides. The interactions can
be reduced by separating the QDs from the CTL using ultrathin oxide layers [14].

CdSe/ZnS core-shell QDs are among the most popular colloidal configurations for their
outstanding optical properties. While their photophysical mechanisms have been extensively
studied [15], there are still unraveled interaction processes and potential opportunities to enhance
and utilize their emission properties, e.g., in sensing [16] and display technologies [11]. The
radiative recombination pathways in QDs combine bulk and surface state transitions [17]. In bulk
(core), the highly ordered atomic arrangements lead to pure electronic (bandgap) transitions and
sharp emissions. However, surface defects and dangling bonds lead to surface-state transitions
and broader, redshifted emissions due to exciton trapping. In photoluminescence (PL) processes,
the valence band electrons are directly photoexcited to the conduction band, leading to efficient
bandgap recombinations. In electroluminescence (EL) processes, the electron-hole pair arises
from external charge injection through the QD surface, making it more prone to charge trapping
and surface state transitions. Such effects are tackled mainly by using a ZnS shell that passivates the
surface states and protects the core from environmental changes and photo-oxidative degradation
[18]. On the other hand, the deep valence band maximum of CdSe limits the hole injection,
leading to accumulation at the surface [19]. The surface charging, in turn, leads to Auger
recombination and field-induced charge separation [20], which reduce the luminescence yield.
Strategies to balance the charge carriers include suppressing (enhancing) electron (hole) injection
[21], and modulating the charge injection via organic ligands [22], and charge-generation layers
[23].

Alternatively, the high electron injection efficiency in CdSe/ZnS QDs can be utilized in
electron-only unipolar devices free from hole accumulation constraints. Such devices have
been achieved under DC-driving [24] but are more commonly found as alternating-current
(AC)-driven. The apparent disadvantage of AC-driving is the need to modulate the oscillation,
which obstructs its application in battery-driven devices. On the other hand, AC devices can
sustain multilayer bipolar [25–28] and far simpler unipolar insulator-QD-insulator architectures
[29]. Previous works have demonstrated the use of Al2O3 [20,30,31], HfO2 [30], SiO2 [31],
TaOx [32], ZnO:SnO2 [24] as insulator layers.

In this work, we study the optoelectric properties of colloidal CdSe/ZnS quantum dots. We
use correlated spectral and time-domain spectroscopy techniques to probe QD PL processes and
infer the charge recombination and transfer dynamics. Moreover, we propose, to the best of our
knowledge, for the first time, a TiO2-based electron-only insulator-QD-insulator all-inorganic,
low-cost, air-stable architecture that allows validating the charge mobility observations via EL.

2. Materials and methods

2.1. PL optical characterization

2.1.1. Sample preparation

For the optical characterization, we prepared two solutions of commercial CdSe/ZnS QDs
(QSP-560, Ocean Nanotech), dispersed in toluene only and toluene+ 1% (v/v) Poly(methyl
methacrylate) (PMMA), with a QD concentration of 10 mg/ml in both cases. The solutions were
spin-coated at 1000 rpm onto glass substrates and post-baked at 100 °C for 15 minutes. For
simplicity, we refer to the two QD film types as QD and QDPMMA. The spinning conditions were
optimized for film thicknesses of about 30 nm, measured by contact profilometry at the coating
edge. After PL characterization, the samples were plasma-sputtered with 30 nm of TiO2, and the
PL spectrum was measured again.
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2.1.2. Optical setups

Laser-scanning confocal fluorescence microscopy images (LSM-780, Zeiss) were acquired
using a 458 nm excitation laser (Ar laser, max power 800 µW) and a 20x microscope objective.
Fixed-power imaging and spectral measurements were collected using 1% laser power. Correlated
spectral-time-domain measurements were obtained using a picosecond pulsed laser source at 467
nm (PLP-10, 80 picosecond pulse length, 20 MHz repetition rate, Hamamatsu), on a custom-built
inverted confocal microscope (based on a RM21 with NanoLPS200, MadCityLabs), configured
with a 480LP dichroic mirror (F38-482, AHF Analysentechnik) and an oil immersion objective
(100×, NA: 1.45, 0.17 WD 0.13, Nikon CFI plan APO), signal was passed through a 473 nm
long-pass filter (F76-473, AHF Analysentechnik) and coupled to a streak imaging system (Acton
SP2300, Princeton Instruments spectrometer; C10910/Hamamatsu camera). .

2.2. EL optoelectric characterization

2.2.1. Sample preparation

Commercial Indium Tin Oxide (ITO)-coated glass substrates (Ossila) were partially covered
with Kapton tape (for later bottom contact access) and coated with layers of 30 nm TiO2,
(plasma-sputtering), CdSe/ZnS (QDPMMA) (spin-coated), 30 nm of TiO2 (plasma-sputtering),
and topped with 50 nm Au contacts (shadow-mask patterned plasma-sputtering).

2.2.2. Experimental setup

The electrical characterization was performed using a signal generator (DG1022, Rigol) and
an oscilloscope (T3DS01204, Teledyne LeCroy), with a series resistor of 100 Ω. The EL
measurements were collected using a fiber-coupled spectrometer (AvaSpec-ULS2048× 64-EVO,
Avantes). Electrical simulations were performed using LT-Spice with the following simulation
parameters: Source: sine wave, 10 kHz frequency; Capacitor: 16.7 nF capacity; Diodes: ideal
diodes of 300 (3.5 k) Ω on (off) resistance and 5.1 (∞) V forward (reverse) voltage.

3. Spectral-temporal Photoluminescence

The confocal fluorescence microscopy images in Fig. 1(a,b) show the spatial distribution of the
PL of the spin-coated films, which we use to analyze the homogeneity, without and with polymer
embedding. Contact profilometry measurements at the coating edges revealed an average 30
nm thickness for both film types. Fig. 1(b) displays fewer local aggregates but shows several
fissures spread across the film surface. Fig. S1 of the Supplemental Document (SD) reveals a
significant increase in the fissure width for a higher 10% PMMA concentration. The fissures are
likely introduced by polymer shrinkage during solvent drying, commonly observed in polymeric
films and structures [33]. Shrinkage effects can be reduced using specific shrinkage additives
[34] or drying under controlled atmospheric conditions, such as critical-point drying [35].
Spectrally-resolved confocal fluorescence microscopy results show homogeneous wavelength
distributions across the full image areas, with the film fissures showing little to no impact on
the PL properties. However, the fissures may impact the EL device properties by introducing
shortcircuiting sites between the flakes. Hence, the 10% PMMA concentration is discarded.

We characterize the QD photoexcitation limits by quantifying the laser power-dependent
PL intensity, as shown in Fig. 1(c). We observe that higher excitation laser powers lead to
the exponential saturation of the PL intensity and exponential blueshift of the mean emission
wavelength. The blueshift indicates an increase of bandgap transitions, which will saturate for
sufficiently high power, leading to a saturation of both PL intensity and the mean wavelength.
Non-radiative recombinations such as Auger relaxations eventually become dominant for high
enough excitation powers, leading to the PL saturation [36]. The PL spectra in Fig. 1(d) show that
the 1% PMMA matrix reduces the PL intensity for the QDPMMA layer to 45% compared to bare
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Fig. 1. Photoluminescence (PL) of CdS/ZnS QD thin films without (QD) and with
(QDPMMA) a 1% PMMA polymer matrix. (a-b) Confocal microscopy images. (c) PL
intensity and mean wavelength (λ) dependence on excitation laser power (P). Inset: power-
dependent PL spectra. (d) PL spectra comparison before and after TiO2 plasma sputtering.

QD but has a negligible impact on the PL spectrum. Previous works have shown that amorphous
polymer embeddings’ chemical and dielectric properties can lead to bonds and exciton binding
energy variations, leading to modified radiative and non-radiative recombination pathways
[37]. In this case, the reduced PL but unchanged spectrum suggests increased non-radiative
recombinations. However, when TiO2 is sputtered on top of both films, we find an 86% PL
reduction in the QD case but no PL reduction in QDPMMA.

Furthermore, we observe a slight spectral blueshift and even a tiny PL increase after the TiO2
sputtering on the QDPMMA films. This observation suggests that the PMMA layer protects the
QDs from plasma-induced damage, and the TiO2 plasma-sputtering passivates surface state
transitions (reduced electron charging by QD electron affinity matching the TiO2 level) [22]. The
importance of the TiO2 sputtering process for QLED devices will impact the choice of the matrix
material for the QD devices developed in this work.

The correlated spectral and time-domain PL is analyzed via confocal streak imaging, whose
raw images are shown in Fig. 2(a-b). The measurements were performed from single points in the
films after the solvent was completely dry. The spectrally-separated decay curves from Fig. 2(c-d)
are fit with single-exponential curves for both film types, with lifetimes between 12 and 18 ns
that increase with the wavelength. The overall emission profile shows a slightly longer lifetime
in the QDPMMA, which agrees with previous observations [38]. Fig. 2(e) further analyzes the
same dataset by plotting the transient (time-gated) emission spectra and curve-fitting the spectral
components. The dot markers represent the experimental measurements, while the lines represent
the fitting results. The dashed lines represent the two Gaussian contributions per spectrum,
while the full lines plot the sum of each Gaussian pair. The obtained bimodal distributions
that we curve-fit using two Gaussians at (563± 14) and (585± 19) nm. Similar double Gauss
curve-fittings for QDPMMA can be found in Fig. S2 of the SD. We observe a decrease (increase)
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Fig. 2. Correlated temporal-spectral PL of CdS/ZnS QD thin films without (QD) and
with (QDPMMA) a 1% PMMA polymer matrix. (a-b) Raw streak images from QD (a) and
QDPMMA (b) films. (c-d) Spectrally separated PL decays and single-exponential curve-fitting
(log scale). (e) Time-gated Transient PL spectra of QDPMMA film. Dot markers: measured
data. Dashed lines: fitted Gaussian contributions. Full lines: summed bimodal fit curve. (f)
Time-dependent relative PL intensity of double-peak Gaussian curve-fitting components.

of shorter (longer) wavelength components over time for both film types, quantitatively shown in
Fig. 2(f) where the integrated PL intensity time evolution for each contribution is plotted.

Previous works have demonstrated that interdot energy transfer in QD aggregates can lead
to complex relaxation pathways and consequent multi-exponential decays. On the one hand,
non-radiative recombination results in PL quenching and shorter lifetime components [39,40]. On
the other hand, radiative recombination of excitons and carriers trapped at the QD boundary result
in longer lifetime components [37]. While single-exponential decays are generally associated
with the absence of interdot interactions, it has been previously shown [38] that simultaneous
radiative and non-radiative recombinations can result in quasi-single exponential decays due
to a canceling effect. From the temporal dynamics of the bimodal wavelength distribution, we
believe that the longer and delayed wavelength component is associated with interdot resonant
energy transfer, followed by radiative recombinations [15]. The spectrally weighted sum of all
components leads to the quasi single-exponential total decay curves.
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4. AC-driven EL assessment

We perform AC-driven EL characterization using a simple insulator-QDPMMA-insulator architec-
ture, whose bandgap diagram is shown in Fig. 3(a). The QDPMMA film is chosen for its higher
resilience against the TiO2 plasma sputtering and relatively unchanged optical properties relative
to the QD films. TiO2 is used for the first time as ETL in an all-electron unipolar device to
the best of our knowledge. We use AC-driving with a frequency of 10 kHz, which aligns with
the values used in previous works for similar architectures, ranging between 1 and 100 kHz
[20,24,27,28,30–32]. Fig. 3(b) depicts the QLED design and the proposed equivalent electrical
circuit. Whereas Rt is an actual (100Ω) resistor in our experimental implementation, the capacitor
C and “AC-diode” DQ are virtual elements used to model the device’s electrical response.

Previous works have used both series [20] and parallel [25,32,41] capacitor-based equivalent
circuits to model similar systems. The experiment involves exciting the system with variable
amplitude sinusoidal voltage waveforms and measuring the total current through the series
resistor. The obtained IT waveforms are shown in Fig. 3(c). It reveals an alternating modulation

Fig. 3. Electrical characterization of AC-driven CdSe/ZnS QLED. (a) QLED material
dielectric bandgap diagram. (b) QLED design, equivalent AC LED electrical circuit and
photograph of the operating device. (c) Simulated and experimental input voltage (Vin)-
dependent total (series) electrical current waveforms. (d) Experimental current signal
decomposition into simulated equivalent circuit capacitor and QLED components. (e)
Experimentally verified simulated Vin-dependent charge injection. (f) EL intensity over 80
minutes and (inset) PL versus EL spectra comparison.
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with an additional current peak arising above a specific threshold value of the driving voltage.
The SPICE simulation results, shown in Fig. 3(d), demonstrate that IT can be decomposed into
two current components: IC and IQ, corresponding to the capacitive and QD recombination
currents, respectively. The sinusoidal input voltage waveform is also shown for reference. For the
simulations, we identified the diode and capacitor parameters that best fit the experimental results
and obtained a capacitance of 124.8 nF/cm2 (16.7 nF capacitor) that agrees with previously
reported values [20]. We obtain an excellent overlap between simulated and experimental It
curves for an extensive input voltage excursion range, as shown by the solid and dashed lines in
Fig. 3(c).

We propose using the time integrals of the absolute values of the current components, IQ
and IC, over one period to estimate the amount of charge flowing actively, QQ (resulting from
the recombining current in the QD), and passively, QC (resulting from the diffusive capacitive
current) through the device:

Q =
t0+T
∫
t0

|I(t)|dt (1)

where Q is the total charge, t0 is an arbitrary time-point, T is the oscillation period, I(t) is the
time-dependent electrical current, and t is time. This interpretation is inspired by previously
reported AC-EL measurements [32], where an exponential EL burst is observed in the diode
current waveform’s linear region (as in Fig. 3(d) dashed green line). Fig. 3(e) shows the
calculated QC and QQ, plotted as a function of the exciting voltage peak-to-peak amplitude. It
can be seen that QC increases linearly with the input voltage excursion, and QQ increases linearly
up to 13 Vpp and approximately quadratically above 13 Vpp. We define the charge recombination
fraction as

Qη =
QQ

QQ + QC
, (2)

and plot it as a function of the input voltage in Fig. 3(e), right y-axis. The obtained η-V plot shows
values up to 50% at 20 Vpp, and the curve has the characteristic EL-V shape found in the literature
[20], indicating the correlation between the injected charge and the electroluminescence. The
13 Vpp voltage threshold corresponds to the EL turn-on voltage, which was visually confirmed
during the experiments, much lower than typically reported values for symmetric bandgap
architectures of 110 Vpp (Al2O3) [30], 110 Vpp (SiO2) [31], ∼100 Vpp (TaOx) [32], 80 Vpp
(Al2O3) [31], 70 Vpp (Al2O3) [20], and 20 Vpp (ZnO:SnO2) [24]. Figure 3(f) shows the EL
stability over time, under a driving voltage of 20 Vpp. The EL drops exponentially in the first
minutes of operation and then stabilizes after about 40 minutes. These observations suggest
that, although an insulator, the TiO2 acts as an efficient inorganic electron transport layer, with
reduced QD-ETL QD emission-quenching interface interactions, often found in conventional
inorganic ETL materials such as Zn, Cd, and Ni-based oxides [12].

We observe a perfect overlap between the EL and PL spectra (Fig. 3(f), inset), suggesting
similar EL and PL recombination dynamics [32]. This is interesting since the electro-excitation
relies on interdot charge transfer, making it more vulnerable to surface state transitions, arguably
leading to additional redshifted components in the EL spectrum, compared with the PL [17].
The EL and PL showing similar spectral components indicates similar photoelectric dynamics
in both excitation processes. Hence, the 585 nm longer-lifetime PL component observed in
Fig. 2(e) likely relates to delayed radiative recombination after interdot charge transfer (surface
state transitions), which are not significantly increased by electro-excitation.

Moreover, we envision that our η-V model may be used to predict the El-V characteristics
directly from the device’s electrical characterization, provided that its recombination efficiency
is known. The performance of our AC QLEDs is analyzed by an order-of-magnitude of the
External Quantum Efficiency (EQE). The result is compared against the predictions yielded by
the theoretical Internal Quantum Efficiency (IQE), obtained using the experimentally determined
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charge injection efficiency hQ (Fig. 3(e)) and PL lifetime Fig. 2(d). The non-radiative Shockey-
Read-Hall recombination rate and the charge carrier density at the transparency threshold are
taken from the literature for similar CdSe/ZnS QD works [42]. The latter corresponds to a
different QD size, but the value should still lie within the correct order of magnitude. Further, we
use ray-tracing simulations to estimate our system’s extraction and collection efficiencies (see Fig.
S3 of the SD). Lastly, we use the Auger recombination frequency C as a fitting parameter and
obtain C= 2.0×10−28 cm6s−1 (conversely, an Auger recombination lifetime τC = 19.5 ns). This
is a relatively long Auger lifetime compared to Ref. [42], However, recent works have reported
Auger lifetimes for CdSe/ZnS QDs with core and shell sizes identical to ours, where τC spans
into the nanosecond regime [43]. Furthermore, our correlated spectral-temporal spectroscopy
results (Fig. 2 (d)) show quasi single-exponential decays with lifetimes varying only between
the dominant 13 ns at the peak 560 nm emission wavelength and 18 ns at the longer 580 nm
wavelength. These observations suggest a low Auger non-radiative recombination rate compared
to the radiative one, and thus τC = 19.5 ns can be considered a reasonable value. Our estimations
thus yield an EQE of 0.2% at 20 Vpp. The obtained EQEs are relatively modest, but they agree
with previous AC QLED realizations [29] that report < 1% EQE (the maximum being around
8.7%). Moreover, it is once more important to notice the very low driving voltages used in this
work, roughly one order of magnitude lower than in previous works [30–32]. Using the same
experimental parameters and the ray-tracing results to obtain the angle of the emission cone, we
obtain a rough luminance estimate of 1500 cd/m2.

5. Conclusion

In conclusion, we have studied the luminescence properties of commercial CdSe/ZnS QDs under
photo- and electro-excitation. Spectral and time-domain observations revealed a bimodal PL
spectrum composed mainly of bandgap transitions and radiative recombination after interdot
electron transfer. We find that using a 1% PMMA polymer matrix protects the QDs from
plasma-induced damage during the EL device insulator layer sputtering, with minimal impact on
the charge transfer properties PL intensity. Such excellent optoelectronic properties hold great
potential for solar cell implementations, which rely on the deposition of thick inorganic layers over
the photoelectric active material. The interdot energy transfer was further analyzed via AC-driven
electro-excitation using, for the first time, a TiO2-based all-electron bandgap architecture. We
find that this simple device yields a surprisingly low turn-on voltage for AC-driven EL due
to the high electron injection efficiency of the CdSe/ZnS core/shell QDs, passivated with the
PMMA layer. Furthermore, we obtain a PL-identical, pure-color EL emission, promising a viable
all-inorganic platform for EL characterization and transparent display applications.
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