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ABSTRACT: Spatial uniformity is a key consideration in high-resolution displays and
light-emitting structures fabricated from colloidal quantum dots (QDs). We report
spatially and spectrally resolved transient photoluminescence measurements of laterally
patterned QD heterostructures. We show, using a microcontact printing technique, that
spatially uniform energy transfer can be achieved in a QD donor—acceptor bilayer
system, highlighting the promising potential of colloidal QDs as flexible photonic

components in next-generation optoelectronic technologies.
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olloidal quantum dots (QDs) have emerged as powerful

building blocks for next-generation optoelectronic and
photonic technologies. These semiconductor nanocrystals
profit from efficient luminescence, tunable and narrow emission
spectra, and solution processability." Recent demonstrations of
their potential include multicolored lasing with single exciton
optical gain,”®> QD-LEDs surpassing 18% efficiency,*® multi-
colored displays,”® QD-photodetectors with sensitivity across
the visible and near IR frequency range,” " and QD solar cells
exceeding 7% efficiency.'>'> Meanwhile, commercialized
products using QDs are already entering the consumer market
with the recent launch of QD LCD TVs."*

The size tunable properties of QDs and their narrow spectral
emission allow for high-resolution band gap engineering. Using
carefully chosen combinations of QDs, multistep down
conversion of excitonic energy has been achieved, resulting in
wider color gamuts in LED'*'® and display technologies.®
Alternatively, cascaded bandgap structures have been con-
structed to promote directional energy flow in QD materials
and improve the charge collection in QD photovoltaic
devices."” ™" The mechanism of excitonic energy transfer
between layers of different sized quantum dots has been studied
using spectrally resolved transient spectroscopy.'®'#20722
Energy transfer is thought to be mediated by dipole—dipole
interactions between neighboring QDs, where large bandgap
dots act as donors to smaller bandgap acceptor dots.**~>
Efficient transfer requires spectral overlap between donor and
acceptor, as well as small spacing between the nanocrystals. To
date, the studies of the energy transfer efficiency in QD
materials have been limited to large-area ensemble measure-
ments. However, one of the key conditions for lighting and
display applications is spatial uniformity. Here, we report
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spatially and spectrally resolved transient photoluminescence
measurements of patterned quantum-dot heterostructures. We
show, using a microcontact printing technique, that efficient
and spatially uniform energy transfer can be achieved in a QD
donor—acceptor bilayer system.

In this study, we use core—shell CdSe/CdZnS QDs (QD
Vision Inc.) of different sizes to act as donors and acceptors.
Details of the quantum dot synthesis can be found in the paper
by Dang et al”’ The QDs are capped with short aromatic
ligands in order to minimize the interdot distance at the
interface and thereby promote efficient energy transfer. The
donor layer is composed of green emitting (4 &~ 550 nm) QDs
4.0 nm in diameter, whereas the acceptor layer consists of
slightly larger, 5.5 nm QDs which emit in the red (4 ~ 600
nm). The sizes were chosen such that large spectral overlap
between donor emission and acceptor absorption exists. Figure
la shows the absorbance and emission spectra of the acceptor
overlaid with the emission spectrum of the donor. The donor
emission is close to resonance with the second absorption peak
of the acceptor.

A schematic of the different steps in the sample preparation
is displayed in Figure 1b. First, a densely packed monolayer of
QDs is formed using a liquid—air deposition technique.”® For
this, 2.5 mL of diethylene glycol (DEG, Sigma Aldrich) was
placed in a square Teflon cup (20 X 20 X 20 mm?).
Consecutively, 75 uL of 0.5 mg/mL QDs in toluene was
carefully deposited on top of the DEG surface. After
evaporation of the toluene, a dense monolayer of QDs is
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Figure 1. (a) Absorbance (gray) and emission (red) spectra of the
acceptor shown with the emission spectrum of the donor (green),
illustrating the spectral overlap between donor emission and acceptor
absorption. (b) Densely packed monolayer of QDs is formed on top of
a diethylene glycol (DEG) surface using a liquid air deposition
technique (top row). This monolayer is used to ink a PDMS stamp,
patterned in 10 yum wide bars with a 20 gm pitch (middle row). The
inked stamp is then brought into contact with a spin-cast film of
different-sized QDs to transfer the monolayer and form a patterned
donor—acceptor interface (bottom row). (c) Fluorescence microscopy
image of an acceptor-on-donor sample, showing well-defined stripes of
red QDs on top of green QDs. (d) Atomic force microscopy image of
one of the stripes shown in c. (e) Height histogram of the image
shown in figure d, indicating that the height of the transferred film
closely corresponds to a monolayer of QDs.

formed. This monolayer is used to ink a PDMS stamp,
patterned in 10 ym wide bars with a 20 ym pitch."* The PDMS
stamp is inked by carefully placing the patterned side in contact
with the QD layer and dried under vacuum overnight to
remove any DEG contaminant on the stamp. After drying, the
stamp is brought into the N, glovebox. Without applying any
pressure, the inked stamp is brought into contact with a spin-
cast layer of QDs (1500 rpm, 60s from a 10 mg/mL QD
solution in toluene). After 30 s, the stamp is peeled off in the
direction parallel to the striped pattern. To avoid sample
oxidation during measurements, each freshly prepared sample
was packaged under inert atmosphere by sealing it face-down to
a larger cleaned glass slide with two-component epoxy (ITW,
Devcon).

Optical characterization of the samples was performed using
a custom-built fluorescence microscope. The laser excitation
source is a variable repetition rate laser diode (405 nm, LDH-
D-C-405SM, Picoquant) producing either continuous wave
excitation, or pulses of ~1 ns at a repetition rate of 10 MHz.
A collimated single mode beam is directed into the back of an
inverted optical microscope (Nikon Ti—U, 20X objective, NA
= 0.4) using a dichroic mirror to produce an excitation spot of
approximately 800 nm in diameter, as determined from the
reflected spot size. The sample is mounted on a metallic ring
and placed on a two-axis piezo stage (MV2000, Nanonics Inc.)
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with a scan range of 80 X 80 ym. The fluorescence from the
sample is collected by the same objective, focused into a
spectrograph (Acton 2500, Princeton Instruments, 800 nm
blaze), and diffracted by an 800 nm blaze grating. A
thermoelectrically cooled CCD camera (Pixis 100, Princeton
Instruments) is used to record full spectra. For spectrally
resolved laser scanning microscopy, a spectral line 4 nm in
width is focused on a single photon detecting avalanche
photodiode (Tau-SPAD Series 150 ym, Picoquant). For time-
resolved measurements, the output of the photo diode is
connected to a timing module with a resolution of 4 ps
(PicoHarp 300, PicoQuant), whereas the overall time
resolution is limited by the laser pulse width (~1 ns).

Figure lc shows a fluorescence microscopy image of an
acceptor-on-donor sample, revealing well-defined stripes of red
QDs on top of a substrate uniformly coated with green QDs.
Atomic force microscopy (Veeco, Dimension 3100) across one
of the stamped bars of this same sample shows a height of
approximately 7 nm, corresponding to a monolayer of red
acceptor dots (see Figure 1d, e). Using this method, we
prepared samples of acceptor QDs stamped on spin-cast donor
layers, referred to as the “acceptor-on-donor” configuration and
shown schematically in Figure 2a. We also prepared samples of
donor QDs stamped on spin-cast acceptor layers, referred to as
“donor-on-acceptor” and is shown schematically in Figure 2f.
Importantly, the patterned samples allow for a direct
comparison of the donor and acceptors in the presence and
absence of each other, providing an internal reference for
calibrating energy transfer.

Figure 2b shows a color scale intensity map of the red
acceptor emission of the acceptor-on-donor configuration.
Sharp edged red lines of approximately 10 ym in width are
alternated with dark areas where the acceptor layer is absent.
The donor emission (Figure 2¢) follows an opposite trend, with
bright green areas where the acceptor is absent and dim areas in
the presence of the acceptor layer. These trends are clearly
illustrated by the horizontal line traces of the donor and
acceptor intensities plotted in Figure 2d. The full emission
spectra of two different positions on the sample are shown in
Figure 2e. The observed anticorrelation between donor and
acceptor emission intensities is consistent with energy transfer
at the donor—acceptor interface, where the donor emission is
quenched by the presence of the acceptor. However, donor
quenching alone does not prove that an exciton has been
transferred to the acceptor. To see if this is the case, we turn to
the donor-on-acceptor configuration, for which the results are
shown in Figure 2g—j. Indeed, we observe enhanced acceptor
emission in the presence of the patterned donor layer,
indicating that excitons have been transferred from donor to
acceptor.

To distinguish energy transfer via electromagnetic coupling
in the near-field from far-field emission-reabsorption, the
quenching of the donor emission must be accompanied by a
reduction of the donor lifetime. Using pulsed laser excitation in
combination with time-correlated single-photon counting, we
perform fluorescence-lifetime imaging microscopy. Figure 3a
shows a color map of the 1/e donor lifetime of an acceptor-on-
donor sample centered around one of the patterned acceptor
stripes. The dotted white lines illustrate the edges of the
acceptor stripe, as determined from a simultaneously recorded
acceptor-emission intensity map. In the absence of the acceptor
layer, the average lifetime of the spin-cast donor layer is 8.8 +
0.3 ns and spatially homogeneous. However, in the presence of
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Figure 2. (a) Schematic of the acceptor-on-donor sample. (b)
Fluorescence micrograph of the acceptor emission. (c) Same for donor
emission. Scale bars in b and ¢ are 10 ym. (d) Line traces of acceptor
(red) and donor (green) emission. (e) Spectra of donor only region
(gray) and acceptor-on-donor region (black) of the sample. (f)
Schematic of the donor-on-acceptor sample. (g) Fluorescence
micrograph of the acceptor emission. (h) Same for donor emission.
Scale bars in g and i are 10 ym. (i) Line traces of acceptor (red) and
donor (green) emission. (j) Spectra of acceptor-only region (gray) and
donor-on-acceptor region (black) of the sample.

the acceptor layer the lifetime of the donor is significantly
reduced to an average value of 4.9 + 0.4 ns. Figure 3b shows
two representative transient fluorescence traces at donor-only
and donor—acceptor positions of the sample. The inset shows a
histogram of measured 1/e lifetimes across the image of Figure
3a. From the change in lifetime of the donor we can extract an
interfacial energy-transfer efficiency, which is given by 7z = 1
—(tpa/Tp), where 7p, and p, are the lifetimes of the donor in
the presence and absence of the acceptor, respectively. Using
this equation we find that the local energy transfer efficiency
across the stamped interface is 44 + 9%, highlighting the spatial
uniformity of the interface. The overall efficiency is comparable
to values obtained in similar structures reported recently.'®

From our spatially resolved studies, we find that our
microcontact printing method results in homogeneous
energy-transfer interfaces. Within the spatial resolution of our
measurements (800 nm), the quenching of donor and the
enhancement of acceptor emission, as well as the reduction in
lifetime of the donor, show spatial variations less than 10%.
These results emphasize the promising potential of colloidal
QDs as flexible photonic components of next-generation
optoelectronic technologies.
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Figure 3. (a) Fluorescence lifetime micrograph of an acceptor-on-
donor sample. Color scale indicates the 1/e lifetime of the donor
channel. White dashed lines indicate the edge of the acceptor stripe.
Scale bar is 2 um. (b) Lifetime traces of the donor channel emission of
a donor-only (gray line) and acceptor-on-donor (black line) part of
the sample. Inset: histogram of 1/e donor lifetimes of the image shown
in a.
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