Communication

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Generating Tunable White Light by Resonance Energy Transfer in
Transparent Dye-Conjugated Metal Oxide Nanocrystals

Ting Wang, Vadim Chirmanov, Wan Hang M. Chiu, and Pavle V. Radovanovic*

Department of Chemistry, University of Waterloo, 200 University Avenue West, Waterloo, Ontario N2L 3G1, Canada

© Supporting Information

ABSTRACT: We report the design and properties of
hybrid white-light-emitting nanophosphors obtained by
electronic coupling of defect states in colloidal Ga,O,
nanocrystals emitting in blue-green with selected organic
molecules emitting in orange-red. Coupling between the
two components is enabled by the nanocrystal’s size-
dependent resonance energy transfer, allowing the photo-
luminescence chromaticity to be precisely tuned by
changing the nanocrystal size and selecting the comple-
mentary organic dye molecule. Using this approach, we
demonstrate the generation of pure white light with
quantum yield of ~30%, color rendering index up to 95,
and color temperature of 5500 K. These results provide a
guideline for the design of a new class of hybrid white-
light-emitting nanophosphors and other multifunctional
nanostructures based on transparent metal oxides.

Annual global electric energy use for lighting of residential,
commercial, industrial, and outdoor spaces amounts to
>3400 terawatt hours and ~20% of the world’s total electricity
production.’ All sources of lighting are also accountable for
>1900 Mt of CO, emission worldwide. Conventional
incandescent bulbs generally convert <5% of the consumed
energy into visible light. Fluorescent lamps (FLs) and light-
emitting diodes (LEDs) have emerged as energy-efficient and
long-lasting lighting technologies.”~* Generation of white light in
these technologies relies on the phosphor conversion approach,
in which multiple emission colors from phosphors and/or LEDs
must be mixed in a controllable way.>* A notable example is a
blue GaN-based LED coated with yellow Ce**-doped Y;AL,O,,
(Ce*:YAG) phosphor, in which white light is generated by
mixing a portion of the blue light emitted directly by an LED with
the yellow light generated by down-conversion of LED output by
the converting phosphor.>” Faster and broader adoption of FLs
and LEDs for general illumination applications is hampered by
their design complexity and difficulties in sensitive and
reproducible tuning of multicolor emission in the necessary
proportion, which results in “cool” white light and/or high cost of
manufacturing the devices. Subsequently, other rare earth
element-based white light converters have also been developed.®
However, deepening concerns about the future availability of rare
earth elements warrant exploring other approaches to solid-state
lighting.” "'

A key to overcoming these challenges is the development of
efficient homogeneous phosphors capable of producing finely
tuned white light that can be incorporated into lighting devices
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with low manufacturing cost. Among different strategies,
particular attention has been given to exploring the potential of
semiconductor nanocrystals (NCs) for solid-state lighting, due
to their photoluminescence (PL) efficiency, size-tunability, and
compatibility with different fabrication techniques. In analogy to
multi-phosphor converters, quasi-white light can be obtained by
mixing NCs having different sizes,'? or otherwise obtaining a
multimodal size distribution of NCs which emit in blue, green,
and red spectral regions.13 However, recent reports have revealed
other ways of generating white light using semiconductor
quantum dots, including “magic-sized” CdSe NCs, which exhibit
both excitonic and surface-related emissions,® and CdSe NCs
fused in a silica matrix.” White light has also been generated using
Mn?*-doped CdS' and ZnS"* NCs, which combine NC defect
state and Mn** ligand field emissions, and co-doped ZnSe NCs
which combine excitonic emission with emissions from multiple
dopants."" While each of these approaches has some attractive
aspects, in most systems discrete chromaticity values have been
obtained, underscoring the difficulty in systematically generating
white light. Here we demonstrate the design and preparation of
white-light-emitting hybrid nanostructures with continuously
tunable chromaticity, based on transparent colloidal Ga,0; NCs.
A unique feature of these NCs is long lifetime PL originating
from electron donor—acceptor pair (DAP) recombination
(hereinafter referred to as trap emission), which is sufficiently
broad and size-tunable in the exact spectral region that it requires
only a minor contribution to the emission from the orange-red
part of the spectrum to generate white light. Motivated by these
properties, we developed a class of hybrid nanophosphors in
which y-Ga,O; NCs act as a primary chromophore and rationally
selected dye molecules as a secondary chromophore. These
systems behave as efficient single phosphors, enabling
continuous tuning of the chromaticity with a high precision
and homogeneity.

A series of colloidal y-Ga,0O3; NCs with varying average sizes
were synthesized by a colloidal method, as previously described
(see also Supporting Information (SI)). These NCs exhibit
strong size-tunable PL, which has a lifetime on the millisecond
time scale (Figures S1 and S2).">'® The mechanism of this
emission involves the recombination of an electron and a hole
trapped on defect sites,"® and the emission energy can be tuned
by in situ controlling defect interactions via NC size and reaction
conditions.'” We hypothesized that, if we could bind to Ga,O,
NCs a secondary luminescent chromophore emitting in the
complementary spectral range, and couple it electronically with a
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NC, white light with desired chromaticity could be generated. A
particularly promising coupling mechanism is fluorescence
resonance energy transfer (FRET), which is a universal process
involving transfer of the excitation energy from an electronically
excited energy donor to an acceptor chromophore in the ground
state.'®! Furthermore, FRET has been demonstrated to be a
powerful spectroscopic tool for the investigation of conjugated
colloidal TI-VI NCs.*® The variety of available dye molecules
emissive in orange-red therefore renders hybrid materials based
on Ga,0O; NCs a promising route to obtaining white-light-
emitting phosphors.

As a model system for demonstrating the utility and validity of
this approach, we used Rhodamine B (RhB), which satisfies the
spectral requirements and is well characterized and readily
commercially available.”! Based on the previous studies, RhB can
coordinate to Ga,O; NCs via carboxylic groups by replacing
TOPO ligands,”* as schematically shown in Figure la. The PL
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Figure 1. (a) Schematic representation of coupling between Ga,0; NC
and surface-bound RhB by FRET. (b) PL spectra of Ga,0; NCs for
different sizes (4., = 230 nm), and absorption spectrum of RhB bound
to NCs in hexane (orange). (c) Absorption spectra of RhB: Z form in
water (blue), L form in hexane (green), and bound to Ga,0; NCs in
hexane (red). Inset: normalized S,—S$; absorption transitions of the
same forms. (d) Photographs of PL of Ga,0; NCs in hexane (top layer)
in contact with RhB in water (bottom layer) over time during sample
preparation.

spectra of Ga,0; NCs having different sizes are shown, together
with the absorption spectrum of NC-bound RhB in Figure 1b.
Broadening of the Ga,O; NCs trap emission band allows for
partial spectral overlap between the absorption of the RhB
adsorbate and the emission of Ga,O; NCs. This overlap suggests
the possibility of Ga,O;—RhB electronic coupling by FRET,
given a short (<5 nm) distance between PL-related NC defects,
acting as FRET donors, and NC-bound RhB molecules, as FRET
acceptors. Furthermore, modulation of the spectral overlap by
changing NC size could enable a convenient and attractive
mechanism of tuning chromaticity by changing the distribution
of the PL spectral intensity. Figure 1c compares the absorption
spectra of RhB in water (zwitterion (Z) form," Figure S3a) and
hexane (lactone (L) form,*' Figure S3b) with the spectrum of
RhB bound to Ga,0; NCs. The L form (green) has a very
different spectrum from the Z form (blue), evident by the red
shift (Figure 1c, inset) and significant reduction in intensity of
the Sy—S, band with a maximum at ~561 nm, which is
responsible for the emission of the Z form. Consequently, RhB
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(L) in hexane does not emit in orange-red. Upon transfer of RhB
to a Ga,O; NCs suspension, the S;— S, band also experiences
some red shift, and its intensity drops by a factor of ~9 relative to
the Z form (red). These changes indicate a distinct electronic
structure of RhB upon transport into nonpolar solvent
containing Ga,0; NCs. A decrease in the emission color
intensity of RhB in water (bottom layer) and the transformation
of the Ga,0; NC PL from blue to white (top layer) upon
excitation with 254 nm lamp during reaction (Figure 1d) suggest
conjugation of NCs with RhB, consistent with our hypothesis.
The PL spectra of 3.6 nm Ga,O; NCs conjugated with RhB
(Ga,0;—RhB NCs) using different dilutions of RhB stock
solution, upon excitation above the Ga,O; band edge, are shown
in Figure 2a. In the presence of RhB, the NC trap emission
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Figure 2. (a) PL spectra of 3.6 nm Ga,O;—RhB NCs for different
concentrations of aqueous RhB, as indicated in the graph (4., = 230
nm). Black spectrum corresponds to pure white light. (b) FRET
efficiency as a function of the spectral overlap J. (c) CIE-1931 diagram
corresponding to the spectra in (a) (black dots). The arrow indicates the
pure white light (0.333, 0.338). The red dots designate Ga,O; NCs
emission color for sizes ranging from 3.3 to 5.6 nm, and the blue dot the
emission of aqueous RhB solution. (d) Photographs of a colloidal

suspension of white-light-emitting Ga,0;—RhB NCs (top left) and an
LED prepared from the same sample.

Wavelength (nm)

quenches, while the characteristic RhB S;—S; emission band
appears, indicating the excitation of RhB by Ga,O; NCs.
Assuming the excitation of RhB by FRET, the energy transfer
efficiencies (17prgr) for the NC sizes in Figure 1b were calculated
as ffprer = 1 — (Fpa/Fp), where Fpy and Fpy 4 are relative intensities
of NC trap (donor) emission in the absence and presence of
conjugated RhB acceptors, respectively. For these measure-
ments, we used the same concentration of Ga,0; NCs, while the
concentrations of the starting RhB solutions were adjusted to
give the same optical density of the S;—§, transition of RhB
bound to NCs. The spectral overlap integrals J(4) in Figure 1b
were calculated as'®

J(A) = fo " Fp()ey(1)A* da (1)

where €,(4) is the extinction coefficient of RhB at wavelength A.
The FRET efficiency increases linearly as a function of the
spectral overlap (Figure 2b), suggesting that RhB excitation
occurs by FRET.” These results also suggest the possibility of
generating tunable white light emission by a single wavelength
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excitation, using this newly constructed hybrid emitter. Figure 2c
shows a CIE-1931 chromaticity diagram indicating the color
points corresponding to the spectra in Figure 2a. With increasing
amount of RhB per Ga,O; NC, the perceived emission color
gradually transforms from deep blue to orange-red. This color
transformation can be controlled with high precision and
reproducibility over a wide range. We specifically highlight this
point by demonstrating generation of pure white light,
represented by color coordinates (0.333, 0.338), using 5.73
uM RhB solution and 3.6 nm Ga,O; NCs (indicated with an
arrow in Figure 2c). The white light point in the CIE-1931
diagram corresponds to the spectrum shown with a black line in
Figure 2a. The colloidal suspensions of RhB-conjugated NCs are
completely transparent, potentially allowing for their incorpo-
ration into transparent films and optical windows. Photographs
of this white-emitting sample in colloidal form and incorporated
into a LED are shown in Figure 2d (an analogous Ga,0; NC-
based LED is shown in Figure S4). A thin transparent layer of
NCs generates bright white illumination that is sufficiently strong
to be visible even in daylight. The internal quantum yield of this
material is up to 30%, and is expected to be further improved
primarily through an increase in the oxygen vacancy concen-
tration in NCs,'"” and through the selection of dyes with
maximum efficiency. Furthermore, the color rendering index
(CRI), which is used as a quantitative measure of the ability of a
light source to faithfully reproduce an object color, was measured
to be up to 95 for the prepared LEDs (Figure SS). This value is
equal to or better than the CRI of typical FLs (80—85) measured
under the same conditions with the same instrument. The
correlated color temperature of this particular nanophosphor
sample is ~5500 K. While the limits of long-term stability were
not a focus of this conceptual study, even in a non-optimal
configuration (with RhB), the nanophosphor was stable for
hours of operation under low excitation power and remained
active after several months.

To further study the electronic structure and properties of
hybrid Ga,0;—RhB nanophosphor, we carried out a series of
time-resolved PL measurements (Figure 3). Figure 3a compares
the PL decay dynamics of RhB bound to Ga,0; NCs upon
excitation into the Ga,0; band gap at 230 nm (black circles) and
direct excitation of RhB at 563 nm (orange circles). Owing to the
complete transparency of Ga,O; NCs, RhB can be directly
excited into Sy— S, transition. The resulting temporal decay was
fit with a biexponential function, yielding an average lifetime
({)) of 3.6 ns (Figure 3b, orange circles, and Table S1). This
value is larger than the lifetime of free RhB (7 = 1.5 ns, green
circles in Figure 3b), suggesting its reduced non-radiative decay
rate, likely due to restricted molecular motion associated with
binding to NC surfaces. This behavior is in stark contrast with the
PL decay of RhB when Ga,O;—RhB NCs are excited into the
Ga,0; band gap (Table S1). In this case the decay rate is
significantly slower, with 3 orders of magnitude longer average
lifetime ({z) &~ 1.5 us). The extended lifetime suggests that the
dynamics of RhB PL decay is determined by that of trap
recombination,”* and confirms that RhB is excited by FRET
involving trap states in Ga,O; NCs. Ga,O; NC-to-RhB FRET is
also evident from an increase in the decay rate of trap emission
with increasing concentration of RhB attached to NCs (Figure
3c). Figure 3d shows a three-dimensional contour graph of the
spectrum of colloidal Ga,0;—RhB NCs as a function of the delay
time. The afterglow of the dual emission persists for several
milliseconds after excitation, which is another favorable feature of
this system. Taken together, the results of Figures 2 and 3 imply
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Figure 3. (a) Comparison of the PL decay of RhB bound to Ga,0; NCs
in hexane upon excitation of the S,—S; transition at 563 nm (orange
circles) and into the Ga,0; NC band gap at 230 nm (black circles). (b)
Comparison of the PL decay of free RhB in water (green) and bound to
Ga,0; NCs in hexane (orange); A = 563 nm. The black lines are
exponential fits. (c) Time-resolved NC trap emission intensity of 5.8 nm
Ga,0;—RhB NCs in hexane for various RhB concentrations (1., = 455
nm; A = 230 nm). (d) Time-gated PL spectra of 4.2 nm Ga,0;—RhB
NCs in hexane as a function of delay (gate time, S ms; A, = 230 nm).

that the Ga,O;—RhB hybrid system acts as coupled chromo-
phores, allowing for the generation of homogeneous white light
with tunable chromaticity and long lifetime. For further
discussion see the SI. From a broader perspective, Figure 3
demonstrates effective energy storage in defect states of Ga,0;
NCs and its controlled release into organic adsorbates, allowing
for potential applications of this nanosystem in various photonic
structures and photocatalysis.

To test the generality and versatility of this hybrid approach to
generating white light, and to demonstrate its potential for
developing a system with optimal properties, we used ATTO 565
(AS6S) free carboxylic acid dye (Figure 4a) as the secondary
chromophore. We chose this molecule because it has photo-
physical properties similar to those of RhB but is generally known
to have higher thermal stability and photostability. The
absorption spectrum (Figure 4b, black) confirms the presence
of NC-bound A565 upon its transfer to Ga,O; NCs suspension
in hexane. Upon binding to NCs, A56S remains emissive, as
evidenced by the characteristic PL transition following direct
excitation at 557 nm (orange). Importantly, the S,—§;
absorption band also partly overlaps with the Ga,0; NCs
emission (dashed blue line), providing a mechanism for
excitation by FRET. Figure 4c shows PL spectra of Ga,0;—
AS65 hybrid NCs excited into the NC band gap for different
starting concentrations of A565 added to NCs suspension. A
decrease in the trap emission intensity accompanied by an
increase in AS6S emission intensity with increasing amount of
molecules per NC is consistent with the excitation of AS6S by
anchoring NCs. This NC-mediated excitation of AS65 is
confirmed by time-resolved PL measurements (Figure S6).
The perceived colors associated with the spectra in Figure 4c are
indicated in the CIE-1931 diagram (Figure 4d). Owing to the
ability to systematically modulate spectral intensities and
positions, we obtained a sample emitting pure white light by a
single wavelength excitation (indicated with the arrow).

In summary, the reported results demonstrate the ability of a
transparent metal oxide—organic molecule nanophosphor to
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Figure 4. (a) AS6S free COOH derivative perchlorate salt. (b)
Absorption (black) and emission (orange) spectra of AS65 bound to
Ga, 03 NCs. The absorption spectrum is also shown multiplied by 100.
The PL spectrum of Ga,O; NCs (dashed blue) partially overlaps with
the absorption spectrum of AS65. (c) PL spectra of 3.6 nm Ga,05-A565
NCs for increasing concentrations of AS6S. Thicker black line
corresponds to pure white light. (d) CIE-1931 diagram indicating the
points corresponding to the spectra in (c). The arrow indicates
chromaticity coordinates of pure white light (0.335, 0.340).

generate tunable white light by FRET. This hybrid material acts
as a coupled emitter, avoiding the need for multiple phosphors or
LEDs to approximate white light. Although the systems
described in this report rely on UV excitation, which is more
compatible with FLs than LEDs, the reported results are general
and could be widely applicable for a variety of molecules and
NCs. Furthermore, the colloidal form of these NCs allows for
their easy manipulation using chemical means, including their
incorporation into light-emitting devices. In a broader context
the electronic coupling between selected molecules and
functional defects in transparent metal oxide NCs could enable
mutual transfer of properties of both components in the excited
states, and realization of new functionalities in this class of hybrid
nanostructured materials.
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