THE JOURNAL OF

PHYSICAL CHEMISTRY
L e t Z.e r S @ Cite This: J. Phys. Chem. Lett. 2019, 10, 5193-5199 pubs.acs.org/JPCL

Mutual Energy Transfer in a Binary Colloidal Quantum Well Complex

"*® Savas Delikanli, ¥ Muhammad Danang Birowosuto,’

Junhong Yu," Manoj Sharma, i,
1,8

Hilmi Volkan Demir,}‘"%’i’|| and Cuong Dang

TLUMINOUS! Centre of Excellence for Semiconductor Lighting and Displays, School of Electrical and Electronic Engineering, The
Photonics Institute (TPI), Nanyang Technological University, SO Nanyang Avenue, 639798 Singapore

iDepartment of Electrical and Electronics Engineering and Department of Physics, UNAM-Institute of Materials Science and
Nanotechnology, Bilkent University, Bilkent, Ankara 06800, Turkey

SCINTRA UMI CNRS/NTU/THALES 3288, Research Techno Plaza, 50 Nanyang Drive, Border X Block, Level 6, 637553
Singapore

ISchool of Physical and Mathematical Sciences, Division of Physics and Applied Physics, Nanyang Technological University, 639798
Singapore

O Supporting Information

ABSTRACT: Forster resonance energy transfer (FRET) is a fundamental process 331LCC£“' JMCLdSO“’
w:Cade ~as>e

that is key to optical biosensing, photosynthetic light harvesting, and down-
converted light emission. However, in total, conventional FRET in a donor—
acceptor pair is essentially unidirectional, which impedes practical application of
FRET-based technologies. Here, we propose a mutual FRET scheme that is
uniquely bidirectional in a binary colloidal quantum well (CQW) complex enabled
by utilizing the d orbital electrons in a dopant—host CQW system. Steady-state
emission intensity, time-resolved, and photoluminescence excitation spectros-
copies have demonstrated that two distinct CQWs play the role of donor and
acceptor simultaneously in this complex consisting of 3 monolayer (ML) copper-
doped CQWs and 4 ML undoped CQWs. Band-edge excitons in 3 ML CQWs
effectively transfer the excitation to excitons in 4 ML CQWs, whose energy is also
harvested backward by the dopants in 3 ML CQWs. This binary CQW complex,
which offers a unique mutual energy-transfer mechanism, may unlock revolutionary FRET-based technologies.

F orster resonance energy transfer (FRET), which describes capability for multiparameter systems, e.g., light-conversion
the nonradiative energy transport via dipolar coupling among red, green, and blue colors.'*'”
from a donor to an acceptor,”” is a powerful tool used in Colloidal quantum wells (CQWs),"*™*! owing to their high
various domains spanning from biophysics,”> for detecting quantum efficiency, narrow emission spectrum, and solution
inter/intra-molecular interactions at nanometer-scale, to processability, have recently evoked considerable attention in
energy optoelectronics,”® for enhancing light-conversion or FRET studies.”” >* Several unique properties have indicated
light-harvesting via modulating FRET rate. In biophysics, the CQWs rather than other lower-dimensional nanomaterials
dynamics in biomolecules of interest can be quantified by (like 0D and 1D) as ideal FRET donors and acceptors.
monitoring the FRET rate between a labeled donor—acceptor Specifically, the extended 2D geometry which enhances the
pair.”'® However, conventional FRET in a binary complex is a dipole interactions’>** and atomic thickness control in the
one-way process and offers only one output information. This quantum-confined dimension which reduces the possibility of
makes the interpretation of potential dynamics not compre- homo-FRET?® ensure the binary CQW complex achieves near-
hensive or even inaccurate, because the rate of FRET depends unity FRET eﬂiciency13 and an Auger-outpaced FRET rate.””
on a number of factors,”' "> including the distance between It is worth noting that the significant development of transition
the donor—acceptor pair, the spectral overlap between the metal ion-doped CQWs (e.g, Ag, Cu, or Mn) over the past
donor emission and the acceptor absorption, the quantum few years has led to a new possibility for FRET in a binary
efficiency of the donor, and the dielectric environment. On the CQW complex.” ™™ Metal ion dopants, which introduce
other hand, control of FRET is always at the forefront of midgap energy levels and radiatively capture the conduction
energy optoelectronics. In recent years, multiple external band electron%sl, e generate a new emission band with a huge
stimuli, such as temperature,13 electric field,"” the local density Stokes shift.” """ An appealing conjecture in the binary
of states (LDOS),"""* or Coulomb screening,'' have been
successfully adopted to control FRET in nanomaterial Received: July S, 2019
complexes. Unfortunately, such conventional FRET with Accepted: August 14, 2019
intrinsically unidirectional energy transfer restricts our control Published: August 21, 2019
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Figure 1. Static characterizations of 3 ML d-CQWs and 4 ML u-CQWs for FRET. (a) Absorption (black solid line) and emission spectra of 3 ML
copper-doped CQWs dissolved in hexane. The band edge emission (BE) is shaded in blue, and copper-related emission (CE) is shaded in red.
Inset: a TEM image of 3 ML d-CQWs; scale bar, 20 nm; the lateral size of 3 ML d-CQWs is ~(4S nm X 41 nm). (b) Absorption (black solid line)
and emission spectra of 4 ML undoped CQWs dissolved in hexane. The band edge emission (BE) is shaded in green. Inset: a TEM image of 4 ML
u-CQWs; scale bar, 20 nm; the lateral size of 4 ML u-CQWs is ~(41 nm X 16 nm). (c) Normalized 2D emission map of 3 ML d-CQWs dissolved
in hexane under excitation with progressively lower photon energy. The excitation light (brown; maximum intensity is cut at 1 because of the much
higher intensity) is also included for reference. (d) Comparison of the steady-state PL between CQW complex and pure component. The molar
concentration ratio between u-CQWs and d-CQWs is 1:10. All samples are in a solid film. Top panel: excitation light peaks at 435 nm,
corresponding to the light-hole electron transition in 3 ML d-CQWs. Bottom panel: excitation light peaks at 480 nm, corresponding to the light-
hole electron transition in 4 ML u-CQWs. (e) Schematic illustration of the potential mutual energy transfer in the CQW complex; CB, conduction
band; VB, valence band. The values of energy edges of the CB are — 3.20 eV (3 ML) and —3.41 eV (4 ML), and the values of energy edges of the
VB are — 5.87 eV (3 ML) and —5.82 eV (4 ML). The energy level of copper dopants distributes in a wide range; here, for clarity, we present only
the highest-density states. R, G, and B denote the three primary colors, respectively. They correspond to three radiative transitions: CE of d-CQWs,
BE of u-CQWs, and BE of d-CQWs.

complex consisting of doped and undoped CQWs is that if the In this work, copper-doped CdSe CQWs with 3 ML vertical
metal ions can also behave as acceptors, FRET back and forth thickness and undoped CdSe CQWs with 4 ML vertical
between doped and undoped CQWs can offer extended thickness are selected as the donor—acceptor pair. Both the d-
capability for FRET-based applications. CQWs and u-CQWs are synthesized using modified recipes

Herein, encouraged by the new FRET possibility induced by from our previous work,””**** and the materials character-
dopants and high FRET efliciency in CQWs, we have explored ization is detailed in our previous work.””**** The details of
energy transfer between copper-doped 3 ML CQWs (d- the synthesis and material characterization are described in
CQWs) and undoped 4 ML CQWs (u-CQWs). For the first Methods. Two basic requirements for FRET to occur are
time in a binary inorganic colloidal nanomaterial complex, spatial and energetic overlap.””” The former implies the
mutual FRET is unambiguously observed by the steady-state distance between a donor—acceptor pair should be smaller
emission intensity, time-resolved PL (trPL), and photo- than the Forster radius, and the latter means spectral overlap
luminescence excitation (PLE) spectroscopies. Because the d between the donor emission and the acceptor absorption
electrons in Cu* can be directly excited into the conduction should be nonzero. The spatial overlap is easily satisfied in the
band of the CQW host, the d-CQWs and u-CQWs play the CQW complex because of the extended plate geometry and
role of donor and acceptor simultaneously in the complex. The large absorg)tion cross section (>107'* cm?) as detailed
experimental results show that the exciton energy in 3 ML d- previously.'"®**** In fact, the Forster radius for the CQW
CQWs is effectively transferred to the 4 ML u-CQWs with an donor—acceptor pair23 has been measured to be larger than 10
efficiency up to ~50%. Meanwhile, the exciton energy in 4 ML nm. Here, we will mainly focus on the energetic overlap to

u-CQWs is harvested backward by the copper dopants in 3 ML explore the possible FRET in this two-component CQW
d-CQWs with a lower efficiency (<10%) due to the small complex.

absorption cross section of dopant transition.””*° Moreover, The absorbance and PL spectra of d-CQWs (Figure la)
three emission bands from the CQW complex match the three show that the electron—heavy-hole transition of the CdSe host
primary colors (red, green, and blue) for human visual peaked at ~461 nm is resonant with a narrow band-edge
perception, which further enhances the favorability for practical emission (BE, shaded in blue) at ~465 nm (fwhm of ~14 nm).
applications. Our binary CQW complex, which presents The absorption and emission spectra of undoped 3 ML CdSe
mutual FRET beyond the unidirectional limitation in conven- CQWs presented in Figure S1 demonstrate that the exciton
tional systems and exhibits superior emission abilities, may energy in the CQW host is not affected by the copper
provide a new design strategy for quantifying biophysical dopants.””*”* Considering that the u-CQWs absorb signifi-
phenomena and constructing controllable lighting schemes. cantly at the BE range of d-CQWs (Figure 1b), this suggests
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Figure 2. Dynamic characterizations of the CQW complex for FRET. Laser pulse: 100 ps, 100 nJ/cm? and 355 nm. (a) Time-resolved PL decay of
the CQW complex collected in the blue emission range (from 450 to 480 nm). Dots and solid lines are the results of experiments and numerical
fittings, respectively. PL decay of pure 3 ML d-CQWs is also presented as a reference (black dots and line). (b) Time-resolved PL decay of the
CQW complex collected in the green emission range (from 500 to 535 nm). Dots and solid lines are the results of experiments and numerical
fittings, respectively. PL decay of pure 4 ML u-CQWs is also presented as a reference (black dots and line). (c) Averaged lifetime of R, G, and B
emission as a function of the molar concentration ratio between 4 ML u-CQWs and 3 ML d-CQWs. (d) Calculated FRET (the blue-to-green)
efficiency as a function of the molar concentration ratio between 4 ML u-CQWs and 3 ML d-CQWs. Inset: the corresponding FRET rate. The

dashed lines are for guiding the eyes.

that FRET between BE in d-CQWs (donor) and u-CQWs
(acceptor) is possible. Furthermore, it is worth noticing that, in
the absorbance spectrum of d-CQWs, there exists a broad
absorption tail on the red side of the electron—heavy-hole
excitonic feature. This broad absorption tail, which is nearly
resonant with the broad copper-related emission (CE) in
Figure la (shaded in red), can be assigned only to the
promotion of the d orbital electrons in Cu* to the conduction
band of CdSe host; this is expressed as [Ar]3d + hv —
[Ar]3d° + e, where hv is the energy of Cu-related absorption
and e denotes an electron in the CB.*® Thus, another possible
FRET between u-CQWs (donors) and CE in d-CQWs
(acceptors) will occur if the CE can be directly excited by
the green emission in u-CQWs. To confirm this possibility, we
progressively tuned the excitation photon energy below the
bandgap of host CdSe from 500 nm down to 590 nm. As
shown in Figure lc, CE is still observed, indicating that Cu" is
photoexcited directly to Cu?* without the hole-trapping
process. Comparing the steady-state PL properties between
mixed and pure CQW films is a straightforward way to explore
the possible FRET between d-CQWs and u-CQWs (optically
clear and uniform films for various mixture ratios are critical;
see the details of film preparation in Methods).””** When the
excitation energy matches the electron—light-hole transition of
d-CQWs (~435 nm, top panel of Figure 1d), emission from
the mixed film reveals an increase in the intensity of the BE in
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u-CQWs while accompanied by a decrease in the intensity of
BE in d-CQWs. Similarly, when we excite at the electron—
light-hole transition of u-CQWs (~480 nm, bottom panel of
Figure 1d), quenching of the BE in u-CQWs and enhancement
of the CE in d-CQWs are observed in the mixed film.
Together, these are the first evidence that mutual FRET
(Figure 1le) occurs in this CQW complex, where the excitation
energy transfers from d-CQWSs’ excitons to u-CQWS’ excitons
and then back to the copper dopants in d-CQWs.

To further confirm the proposed mutual FRET and
determine the rate/efficiency, time-resolved PL is conducted.
We prepared 12 mixed film samples on the quartz substrates
with different molar ratios between u-CQWs and d-CQWs
(denoted as 4 ML:3 ML hereafter), in addition to the
reference samples of pure u-CQWs and pure d-CQWs.

As shown in Figure 2a, trPL of BE in d-CQWs becomes
shorter-lived with greater 4 ML:3 ML, indicating that a newly
built-up relaxation channel in blue emission is enhanced with
increasing u-CQW concentration in the mixed film. In the case
of decay kinetics for u-CQWs (Figure 2b), the lifetime is
observed to be more prolonged with smaller 4 ML:3 ML,
suggesting that green exciton feeding becomes more significant
with increasing d-CQW concentration in the mixed film. The
faster PL dynamics in the BE of d-CQWs (donor) combined
with the slower PL kinetics in u-CQWs (acceptor) is the

characteristic signature of FRET,”** and this indicates the

DOI: 10.1021/acs.jpclett.9b01939
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Figure 3. PLE spectroscopy of the CQW complex. (a) Schematic illustration of the working principle to characterize the FRET from excitons in 4
ML u-CQWs to dopants in 3 ML d-CQWs; hh, heavy hole; lh, light hole. (b) 2D PLE enhancement map for the green emission (probed at ~514
nm). The three dashed lines indicate the absorption transition features. Red is coded for the region with an enhancement factor greater than 1; blue
is coded for the region with an enhancement factor less than 1; white is coded for the region with an enhancement factor of 1. (c) 2D PLE
enhancement map for the red emission (probed at ~628 nm). The two dashed lines indicate the absorption transition features in 4 ML u-CQWs.
The same color coding for the map as illustrated in Figure 3b. (d) Calculated FRET (from the green-to-red) efficiency as a function of the molar
concentration ratio between 4 ML u-CQWs and 3 ML d-CQWs. Inset: the corresponding FRET rate. The dashed lines are for guiding the eyes.

outflow of energy from the blue to the green. Because of the
multiple recombination channels in ensemble CQWs, the PL
dynamics exhibits a multiple-exponential behavior,'>****?
and an amplitude-weighted average lifetime (7,,) is adopted to
quantify the observed differences in the decay kinetics (see all
the fitting parameters for lifetime with different molar ratios in
Tables S1—S3). As shown in Figure 2c, 7,, of blue emission
does not change noticeably when 4 ML:3 ML is greater than
1.5, indicating a saturation of FRET between the donor—
acceptor pair. Subsequently, using the fitted 7§™ for the mixed
film and 7§ for the pure d-CQW film, the efficiency (75xxr)
and rate (kigis) of the blue-to-green FRET for all molar ratios
can be calculated as follows:

B—-G __ ;mix ure __ 1 1
k b jepure — = _
FRET — ™B B ~  mix pure
7B G
bo_ g
ﬂFRET = — Toure T TB=SG . 1 pure
pure B—-G pure
G kerer + kg (1)

where K™ and k™ are the blue emission rates in mixed and
pure film, respectively. From Figure 2d, it can be seen that the
efficiency of the blue-to-green FRET increases with increasing
molar ratios of u-CQWs and then reaches a saturated level of
~48%. Compared to the theoretical prediction of FRET
efficiency in CQWSs, which is greater than 95%, the limited
efficiency in our experiments is mainly because it is not
possible to have all CQWs intermixed (i.e., cofacial donor—
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acceptor pairs: DAD or ADA), but instead there are self-mixed
CQWs (i, only donor or acceptor assemblies, DDD or
AAA) 273

The characterizations of the one-way FRET process (from
the blue to green) in the CQW complex are obvious as
presented above; however, it is hard for us to identify the
FRET process from the u-CQWs to copper dopants in d-
CQWs with the trPL measurements. There are two major
reasons for this: (i) The PL decay of green emission is a
convolution of the delayed acceptor kinetics (FRET from the
blue to green) and accelerated donor dynamics (FRET from
the green to red). In Figure 2c, we can observe that when 4
ML:3 ML is greater than 1.5 (when the blue-to-green FRET is
saturated), the lifetime of green emission slows down again.
This behavior implies that green emission excitons play
multiple roles in the FRET process because when the amount
of donors (u-CQWs) increases, the acceleration of green
emission decay will be typically suppressed.”* (ii) The PL
kinetics of red emission (Figure 2c) does not exhibit the
delayed dynamics as expected for acceptors because the CE in
d-CQWs originates from the radiative recombination of CB
electrons in the CdSe host to the localized intragap states of
copper and offers a long lifetime of ~250 ns. As a result, the
FRET process with a fast rate may not be able to make a
noticeable change to the CE dynamics (see the measured PL
decay of CE with different 4 ML:3 ML ratios in Figure S2).

DOI: 10.1021/acs.jpclett.9b01939
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To characterize the second FRET process (from green to
red), photoluminescence excitation (PLE) spectroscopy across
exciton absorption resonances is conducted. The different PLE
intensity of the CQW complex compared to that of pure cQw
film is widely used to extract the FRET information.” ™" Here,
assuming the change of PLE intensity is solely attributed to the
FRET process, a model of single-exciton dynamics (due to low
excitation intensity in PLE measurement) is used to estimate
the FRET efficiency (#gper) and rate (kgpgp) from the
enhancement factors of PLE spectra (defined as the PLE
intensity ratio between the mixed film and the pure film with
the same amount of CQWs of interest), shown as follows:

Ipure
kper = i L
. 3 kpure B Imlx
FRET Jpure + kFRET Pure (2)

where IP"® and I™™ are the PL intensity of the donor excited at
a wavelength of choice (typically, exciton features are
selected), respectively; k***° is the recombination rate of pure
donors. Details of the derivation of FRET rate and efficiency
are described in Supplementary Note 1. This model is also
used to calculate the blue-to-green FRET (see Figure S3) and
compared to the results presented in Figure 2d; the good
agreement of these two results using PLE and trPL
spectroscopy validates our model.

More importantly, the complex can be excited at a preferred
wavelength to enable only the green-to-red FRET process. As
shown in Figure 3a, the CQW complex is resonantly excited at
the energy of the light-hole—electron exciton of u-CQWs
(~480 nm, which is below the bandgap of d-CQWs), and as a
result, the blue-to-green FRET will not be triggered and pure
green-to-red FRET can be characterized. Figure 3b shows the
color plot of PLE enhancement with different molar ratios
probed at the energy of green excitons (~ 514 nm). The
individual PLE enhancement spectra are shown in Figure S4.
In contrast to the PLE of pure u-CQWs, enhanced emission
intensity (red, enhancement factor: >1) is observed at the
wavelength corresponding to the electron—heavy-hole (~ 461
nm) and electron—light-hole (~ 435 nm) transitions in d-
CQWs, signifying the blue-to-green FRET. The more attractive
observation for us is the quenched PL intensity (blue,
enhancement factor: <1) located at the wavelength around
the electron—heavy-hole transition of u-CQWs (~480 nm).
Furthermore, as shown in Figure 3¢, the PLE enhancement
map probed at the red emission wavelength (~638 nm, the
individual PLE enhancement spectra is shown in Figure SS)
exhibits two clear enhancement regions exactly located at the
electron—heavy-hole (~480 nm) and electron—light-hole
(~512 nm) transitions in u-CQWs. These two observations
unambiguously indicate that the exciton energy in u-CQWs is
outflowing into the copper-dopants in d-CQWs (the green-to-
red FRET). Therefore, in Figure 3b, we can characterize the
FRET through the emission intensity change excited at the
electron—heavy-hole transition of u-CQWs (~480 nm) using
the established model. The calculated efficiency and rate of
green-to-red FRET are presented in Figure 3d. The efliciency
of the green-to-red FRET is below 10% because of the small
absorption cross section of direct dopant transition (excite d
electrons of Cu" to the conduction band of CdSe host), as
reported by Gamelin and co-workers.””*
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In summary, we have demonstrated the first example of how
doped CQWs can be used to achieve a mutual FRET in a
binary CQW complex. In the complex composed of 3 ML d-
CQWs and 4 ML u-CQWs, distinct two-way energy-transfer
routes in which the d-CQWs and u-CQWs serve both as
donors and acceptors simultaneously have been presented in
detail through analyzing the steady-state emission intensity,
time-resolved PL, and PLE spectroscopies. These findings
provide a promising approach beyond the unidirectional
limitation for applications in various fields, such as biophysics,
by offering a cross-check configuration to precisely probe the
dynamics in biomolecules, and energy optoelectronics, through
enabling more external control parameters. Future efforts in
this direction lie in the improvement of mutual FRET
efficiency that can enhance the signal-to-noise ratio for
FRET-based fluorescence probing and expand the tunability
for an external stimulus.

B METHODS

Material Synthesis. Three ML Cu-doped CdSe CQWs are
synthesized according to our previously published method.””
Undoped 4 ML CdSe CQWs are also synthesized according to
previously published literature.”*** All synthesized samples are
cleaned with ethanol to remove excess ligands and are finally
dispersed in hexane for further experiments and measurements.

Steady-State Optical Characterization of u-CQWs and d-
CQWs. Absorption spectra of CQWs in hexane are measured
by an ultraviolet—visibles spectrophotometer (Shimadzu, UV-
1800). PL of CQWs in hexane and PLE spectra of CQWs in
solid films are recorded using a spectrofluorophotometer
(Shimadzu, RF-S301PC, excitation wavelength: 355 nm).
Quantum yield (QY) of CQWs in hexane is measured with
an integrating sphere and calculated as the ratio of absolute
photon numbers of emission to absorption. The accuracy of
the QY measurement is verified using Rhodamine 6G, whose
QY of 94.3% measured in our setup is found to be in good
agreement with the standard value of 95%.

Preparation of the Solid CQW Films. The 3 ML d-CQWs and
4 ML u-CQWs dissolved in hexane are prepared to have the
same molar concentration (10™* mol/L). Solutions having
different 4 ML:3 ML molar ratios are mixed using ultra-
sonication for S min. The 1.5 X 1.5 cm® quartz substrates are
cleaned using detergent, deionized water, acetone, and ethanol.
After the substrates are dried in an oven at 80 °C for 30 min,
spin coating (at 1500 rpm for 2 min) is adopted to ensure
optically clear (minimum scattering) and uniform solid films.
The same solution concentration and spin-coating recipe are
important to have the same film thickness and morphology for
different 4 ML:3 ML molar ratios.

PL Dynamics Measurement. The time-resolved PL spectros-
copy is performed in a confocal system with a single-photon
avalanche photodiode (from Micro Photon Devices) and a
time-correlated single-photon-counting acquisition module
(Edinburgh Instruments, TCC900). For the excitation, we
used a pulsed diode laser at 355 nm with a repetition rate of 20
MHz while we filtered the emission according to the three
emission bands from the CQW complex. For all time-resolved
PL measurements, the temporal resolution is 200 ps. All
measurements are performed at room temperature in air.

DOI: 10.1021/acs.jpclett.9b01939
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