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Temporal full-colour tuning through
non-steady-state upconversion

Renren Deng', Fei Qin?, Runfeng Chen3, Wei Huang®*#*, Minghui Hong?* and Xiaogang Liu"**

Developing light-harvesting materials with tunable emission
colours has always been at the forefront of colour display tech-
nologies™3. The variation in materials composition, phase and
structure can provide a useful tool for producing a wide range
of emission colours, but controlling the colour gamut in a
material with a fixed composition remains a daunting chal-
lenge*>. Here, we demonstrate a convenient, versatile approach
to dynamically fine-tuning emission in the full colour range
from a new class of core-shell upconversion nanocrystals by
adjusting the pulse width of infrared laser beams. Our mechan-
istic investigations suggest that the unprecedented colour
tunability from these nanocrystals is governed by a non-
steady-state upconversion process. These findings provide
keen insights into controlling energy transfer in out-of-equili-
brium optical processes, while offering the possibility for the
construction of true three-dimensional, full-colour display
systems with high spatial resolution and locally addressable
colour gamut.

The ultimate challenge in encoding, manipulating and con-
trolling colour in materials science is to develop a universal
responsive material capable of emitting a broad spectrum of
colours that can be accessed remotely on demand using external
stimuli such as light, pressure, magnetic and electric fields. The
development of multicolour-emitting materials may lead to
many revolutionary applications in a wide array of research
fields, including complex data analysis, information storage,
biological sensing, as well as graphics imaging and display. For
instance, the realization of such optical materials in display tech-
nology allows for a display with a much higher resolution than
conventional display equivalents that rely on blending pixels of
three primary colours, red-green-blue (RGB), for pixilated
colour display. Notably, for two-dimensional pixilated RGB or
volumetric three-dimensional full-colour displays, the blending
of individual RGB elements as one colour pixel is often
constrained by the requirement for devices with a specific pixel
configuration and manufacture®>.

Conventional approaches utilizing specially designed organic
dyes or semiconducting quantum dots may be implemented
where the emission colour is modulated by tuning excitation wave-
lengths or controlling the power density of the excitation®”. These
methods, however, suffer from limitations associated with the
need for multiple excitation sources or the difficulty in providing
variable emission colours with consistent brightness. Despite enor-
mous research efforts, there has yet to emerge a viable solution feas-
ible for dynamic multicolour modulation in a single material over
the entire range of possible chromaticities.

The significant development of lanthanide-doped nanomaterials
over the past few years has led to the implementation of new plat-
forms where multicolour tuning tasks can be addressed® %
Intriguingly, a single lanthanide activator featuring ladder-like-
arranged energy levels can produce a set of emission bands
that span the wavelength range from ultraviolet to near-infrared
(NIR)">-2l. An appealing feature of these nanomaterials is that the
emission colour can be controlled under single wavelength exci-
tation by tailoring the intensity ratio of different emission peaks?'.
However, this colour tuning technique would require stringent
experimentation involving repeated trials to obtain optimal
dopant concentrations?. Here, we demonstrate a pulse-width-
modulated approach that offers exquisite control over the emission
colour of lanthanide-doped wupconversion nanocrystals. Our
approach is based on the dynamic control of energy transfer via a
non-steady-state upconversion process by using a new class of
pulse-width-sensitive nanocrystals with specially designed multilayer
core-shell structures.

In our design, hexagonal-phase NaYF, was chosen as the host
material for the synthesis of colour-tunable core-shell nanocrystals
(Fig. 1a). We developed a layer-by-layer procedure and incorporated
five sets of lanthanide ions (Yb**, Nd**, Tm**, Ho®>* and Ce’") into
specific layers at precisely defined concentrations (Supplementary
Materials and Methods). Notably, Yb** and Nd** were used as
efficient sensitizers for harvesting NIR light excitation at 980 and
808 nm, respectively. Tm>" was confined in the inner shell layer
of the nanocrystals to make the blue emission possible, while
doping with Ho>" in the outer shell layer ensured the generation
of red or green emissions. Note that Ce>* was co-doped with
Ho’" in the same shell layer to facilitate the red emission of
Ho®" by modifying its energy depletion pathway. The blue- and
red/green-emitting layers were separated by an interlayer of NaYF,
to prevent the cross-relaxation of excitation energy between Tm>*
and Ho®*. To minimize energy loss induced by surface quenching,
we introduced the NaYF, coating at the outermost layer of the
nanocrystals (Supplementary Scheme 1). Transmission electron
microscopy (TEM) showed the as-synthesized nanocrystals to
have a short rod shape (Fig. 1a). The nanocrystals were 44 nm
long and 30 nm wide, on average (Supplementary Fig. 1). The
hexagonal phase of the as-synthesized nanocrystals was confirmed
by X-ray powder diffraction (Supplementary Fig. 2).

We next measured the luminescent properties of the multilayer
nanocrystals. On 808 nm excitation with a continuous-wave (c.w.)
diode laser, the nanocrystals gave rise to a dominant blue emission
band at 470 nm, which can be attributed to the 'G, — *Hg transition
of Tm?*. However, intriguingly, when irradiated at 980 nm with a
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Figure 1| Temporal multicolour tuning in NaYF4-based core-shell nanocrystals. a, Design of NaYF,-based core-shell nanocrystals capable of emitting
tunable colours when irradiated with NIR lasers. Left inset: Representative TEM image of the as-synthesized nanocrystals and schematic drawing showing the
layout of multilayer structures. Main panel: Upconversion emission spectra of the colloidal nanocrystals under excitation with a 980 nm pulsed laser (100 Hz,
6 ms or 100 Hz, 200 pus) and an 808 nm c.w. laser. Right inset: Corresponding photograph showing visible RGB colour emissions by the same nanocrystals
dispersed in cyclohexane upon NIR excitation. b, Upconversion emission spectra of the nanocrystals obtained through the use of different pulse durations,
demonstrating the temporal tuning of red and green emission intensities. ¢, Luminescence photographs showing multicolour tuning (1-8) of the sample
through combined use of 980 and 808 nm lasers. d, Corresponding colour gamut of the emission colours (marked by the outer triangle) from the sample
shown in ¢, compared to the colour spaces (marked by the inner triangle) accessible by conventional high-definition televisions.

diode laser, these nanocrystals showed marked suppression in the
blue emission, while exhibiting a weak green emission band at
541 nm and a strong red emission band at 646 nm. The green and
red emission bands observed can be ascribed to the °F,, °S, — °I,
and 5F5—>518 transitions of Ho>*, respectively. Remarkably, the
green/red emission intensity ratio can be tuned by using a pulsed
diode laser with different pulse widths. For instance, a relatively
long pulse (6 ms, 100 Hz) yielded a red/green ratio of 7, providing
a visible red emission from the colloidal nanocrystals. In contrast,
on decreasing the pulse width (200 us, 100 Hz), an intense green
emission was provided as a result of a markedly reduced red/green
intensity ratio (~0.5) (Fig. 1a,b). By adjusting the pulse width within
the range of 200 us to 6 ms, we could therefore achieve dynamic
control of the emission colour from green to red via control of
this red/green ratio (Fig. 1b, Supplementary Fig. 3). Moreover,
when combined with 808 nm c.w. laser excitation, the dual-laser
system enabled us to extend the colour gamut beyond the three pri-
maries (Fig. 1c, Supplementary Fig. 4). Because of the narrow emis-
sion bandwidths of Ho>* and Tm’*, highly saturated RGB colours
can be generated, allowing access to colour spaces much wider
than achievable by conventional high-definition televisions
(Fig. 1d, Supplementary Table 1)**. Note that the doping of Nd**,
Tm’* and Ho®"/Ce®" in dissimilar layers is critical for obtaining
multi-primary emission colours. Control experiments on nanocrys-
tals without the core-shell structure revealed complete quenching of
Tm>" emission, confirming that the core-shell structure prevents
cross-relaxation between Tm>" and Ho>" (Supplementary Fig. 5).

Figure 2 presents the proposed upconversion mechanisms that
give rise to fine colour-tunability of the as-synthesized multilayer
nanocrystals. The blue emission observed is clearly ascribed to an
Nd**-sensitized upconversion process, in which the excitation
energy absorbed by Nd*" on excitation at 808 nm is transferred to
Tm’" via Yb**-mediated energy migration. As a result, activator
emission at 470 nm through a three-photon upconversion process
can be generated from the 'G, state of Tm’" (Fig. 2,
Supplementary Fig. 6)*#%°. An open question remains on how
the colour-tunable emission from Ho>" is achieved with 980 nm
excitation with different pulse widths.

The key mechanism responsible for colour-tunable Ho** emis-
sion can be interpreted in terms of a non-steady-state upconversion
process, in which deactivation of the excitation energy and the
energy transfer process occur at different rates. As the population
of excited states at a particular energy level requires sequential
pumping of its lower-lying energy levels?, activator emission from
distinct energy levels may take place at different time intervals. It
is important to note that, because of the complex radiative and
non-radiative transitions of the 4f electrons in excited lanthanide
ions, it may take several milliseconds for the population of different
energy levels to reach their steady states?.

For illustration, let us consider the case of Ho*, an activator that
requires prior population of its °I, state in order to subsequently
pump its °Fs state for red emission (Fig. 2). However, the energy
state of °I, cannot be directly pumped through a two-step energy
transfer from Yb>* to Ho>". Instead, an extra step of energy transfer,
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Figure 2 | Schematic representation detailing the non-steady-state upconversion mechanisms. Proposed upconversion mechanisms for blue emission
generated from a Nd>*-Yb>*-Tm?" triply-doped system under 808 nm c.w. laser excitation (top) and green/red emissions from a Yb>*-Ho>*-Ce>* triply-
doped system under 980 nm pulsed laser excitation (bottom). When exposed to the 808 nm c.w. laser, Nd>* dopants first absorb the excitation energy and
then transfer it to Yb>*. Subsequently, the 'G, state of Tm>" is populated by sequential energy transfer from the excited Yb>* ions, resulting in blue emission
at 470 nm. In the case of 980 nm pulsed laser excitation, Yb>* ions serve as sensitizers to absorb 980 nm photons, followed by non-radiative energy transfer
and activator emission from Ho>*. The green emission at 541 nm is achieved by populating the °F4,S, states of Ho>* through a two-step energy transfer
process (Yb>" — Ho"). It should be noted that under short-pulsed excitation the red emission at 646 nm from Ho>" cannot be directly activated by Yb**,
which is attributed to the delayed deactivation of the excitation energy from the °lg state of Ho®" to its lower °I; state. By comparison, long-pulsed excitation
promotes the population of the °Fs state of Ho>" through a three-step energy transfer process by continued pumping of the excited Ho>* ion from its °I,
state. Notably, the population of the excitation energy at the °I; state is facilitated by a Ce®*-mediated cross-relaxation process.
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Figure 3 | Time-dependent and power-dependent measurement of colour-tunable core-shell nanocrystals. a, Time-dependent Ho>* emission profiles of
the as-synthesized core-shell nanocrystals at 541 and 646 nm upon pulsed excitation at 980 nm with a duration of 10 ms. Note that the abrupt intensity
drop (marked by a dashed circle) of the 541 nm emission after 1ms of excitation suggests an exceedingly fast depletion of the excitation energy in the
5F,,°S, energy states of Ho>*. The highest intensities of the 541 and 646 nm emissions have been normalized to the same level for better comparison.

b, Corresponding red/green emission intensity ratio measured as a function of excitation duration, indicating that upconversion multicolour fine-tuning can
be achieved by adjusting the excitation duration within the non-steady state (<5 ms). ¢, Power density dependence of the upconverted Ho>* emission at
5471 and 646 nm, showing a two-photon upconversion process for both red and green emissions. d, Power density dependence of the red/green emission
intensity ratio obtained upon excitation of the core-shell nanocrystals at 980 nm with a c.w. laser and a pulsed (200 ps) laser.
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Figure 4 | Demonstration of full-colour volumetric three-dimensional display in nanocrystal/PDMS composite materials. a, Schematic of the experimental
set-up for volumetric three-dimensional full-colour display. Briefly, a 980 nm pulsed laser and an 808 nm c.w. laser are first aligned through a 900 nm short-
pass dichroic mirror and then directed into a three-dimensional laser scanner. The focused laser beams are controlled by laser scanning software to draw

three-dimensional images in a transparent monolith containing the multilayer upconversion nanocrystals (0.2 wt%). The tunable colour display is realized by

modulating the on/off and pulse width of the two laser inputs. b, Luminescence colour images generated in the nanocrystal/PDMS composite monolith
show the ability to display additive colours (left) and three-dimensional objects with wide colour gamuts (right) using the as-developed display system.

¢, Schematic representation of the computational design of a volumetric full-colour three-dimensional display (left) and the true image (right) generated
through use of the multilayer upconversion nanocrystals. d, Volumetric three-dimensional display generated by combining three sets of conventional
upconversion nanoparticles featuring monochromatic RGB emission (R, KMnF3:Yb/Er; G, NaYF4:Yb/Er; B, NaYF4:Yb/Tm). Note that mixing upconversion
nanocrystals with different emission colours in a cyclohexane solution (top) or a PDMS composite monolith (bottom) only results in a white colour. Scale

bars, 1cm.

namely I — °I, relaxation, is needed to populate the I, state of
Ho’". By comparison, the green emission from the °F,,’S, states
of Ho®" is likely to be populated at a much faster rate due to
direct two-step energy transfer from Yb’*. The difference in
pumping rate between two different emitting states implies that
the red/green emission ratio can be controlled by a pulse width
modulation technique. It is conceivable that, with suitably adjusted
short pulse duration, dominant green emission is achievable, as the
cutoff in the excitation pulse prevents the onset of undesirable
energy transfer from the °Is to °I, states of Ho’' (Fig. 2). It
should be noted that, in principle, the non-radiative relaxation
from the I, to °I, states of Ho’" is a fairly slow process due to
the presence of a relatively large energy gap (~3,400 cm™) in
Yb**/Ho®" co-doped systems. To facilitate the non-radiative relax-
ation from the °I¢ state of Ho* for enhanced red emission, we
doped Ce®* (8 mol%) along with the Yb**/Ho>" couple in the
same layer. The utilization of Ce** benefits non-radiative relaxation
through a phonon-assisted energy transfer process, as confirmed by
low-temperature upconversion spectroscopic studies
(Supplementary Fig. 7). Moreover, considering that the lifetime of

the excited states of Ho®" is long (>100 ps, Supplementary Fig. 8),
it is plausible to fine-tune the red/green emission ratio by control-
ling the time interval (frequency) of the excitation pulse within
the range of the decay time of Ho™".

The non-steady-state upconversion mechanism proposed for
Ho®" emission upon pulsed excitation at 980 nm was validated by
time-resolved photoluminescence studies. Under the action of a
10-ms-wide laser pulse (25 Hz), the rate of change in the red emis-
sion of Ho®" was found to be appreciably slower than measured for
its green emission (Fig. 3a). Quite surprisingly, we observed an
abrupt drop in green emission intensity after 1 ms of laser exci-
tation, indicating a rapid depletion of the excitation energy related
to the °F,,’S, energy states of Ho®". The intensity of the green emis-
sion then gradually declines over time until its steady state is
reached, after which time the emission intensity does not change
upon further excitation. This experimental observation is consistent
with our numerical simulation obtained using the rate equations
derived from the proposed upconversion process (see
Supplementary Information), strongly suggesting the existence of
a non-steady-state energy transfer mechanism (Supplementary
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Fig. 10). Note that similar optical phenomena involving lanthanide-
doped nanomaterials have never previously been reported. The plot
of red/green emission ratio as a function of excitation duration
further reveals the optical dynamics of Ho®* (Fig. 3b). There is a
substantial optical change in the red/green emission ratio when
the pulse width of the excitation reaches 450 ps. The ratio of red/
green emission rises sharply and reaches the maximum level of
production after 5 ms of excitation.

Power dependence investigations of the multilayer nanocrystals
indicate that both red and green emissions of Ho’" are governed
by two-photon excitation upconversion processes (Fig. 3c).
Interestingly, we found that the ratio of red/green emission is inde-
pendent of excitation power density. Under excitation at 980 nm
with either a c.w. or pulsed (200 ps) light source (with a peak
power density in the 10-100 W cm™2 range), the nanocrystals did
not exhibit noticeable changes in emission colour (Fig. 3d). Taken
together, these results explicitly imply the possibility of accessing
the colour emission of the nanocrystals with an arbitrary number
of grey levels by simply adjusting the excitation power, further
attesting to their versatility in colour display.

The ability of our multilayer nanocrystals to emit variable
emission on demand in response to excitation wavelength and
pulse width provides a convenient way of implementing the multi-
primary spatial and temporal colour synthesis required for
full-colour volumetric three-dimensional displays. As a proof of
concept, we incorporated the nanocrystals into a polydimethylsilox-
ane (PDMS) monolith to construct a transparent display matrix. Due
to the nonlinear nature of signal generation in photon upconversion,
only nanocrystals within the focal volume of the laser beam can be
excited. By supplementing the 808 nm c.w. light source with a
pulse-modulated 980 nm beam, we can generate three-dimensional
imagery by moving the focal point of the beam within the volume
of the display matrix (Fig. 4a, Supplementary Fig. 11). Using this
approach, we have been able to generate true multi-perspective
colour images with high spatial resolution and precision
(Fig. 4b,c). This display design is extremely convenient when com-
pared to existing solid-state three-dimensional full-colour display
techniques, which usually require stacked layers that are individually
sensitive to the primary colours*. Additionally, the viewing capability
offered by our system is not possible with holographic or glasses-based
stereoscopic displays®. It is worth noting that homogeneous mixing
of equal amounts of nanophosphors with balanced monochromatic
RGB elements in solutions or solid-state substrates only produces
superimposed white colour images (Fig. 4d, Supplementary Fig. 13).

Conventional photon upconversion by lanthanide-doped
materials under c.w. excitation is typically dominated by steady-
state processes in which the deactivation and population of the
excited states exist in equilibrium. The experimental results reported
here provide clear evidence for the importance of non-steady states
in controlling the excitation dynamics and ultimately luminescence
emission of upconversion nanocrystals. The multilayer core-shell
design, by minimizing cross-relaxation and regulating energy
migration pathways, enables us to realize tunable emission with
arbitrary colours and the construction of full-colour volumetric
three-dimensional display from nanocrystals of fixed composition.
We believe that our demonstration will provide a major step
towards the precise control of colour emission and will offer tanta-
lizing opportunities for applications in the fields of optical memory,
multiplexed optical chemical sensing, security printing and
potentially many others?-32,

Methods

Preparation of colour-tunable core-shell upconversion nanocrystals. NaYF,-
based core-shell nanocrystals were synthesized by a modified solvent-thermal
method, and the nanocrystal/ PDMS composite monoliths were prepared by a
modified literature method according to ref. 33. Further experimental details are
provided in Supplementary Materials and Methods.

Operating procedure for volumetric three-dimensional display. In a typical
experiment, two excitation diode lasers with wavelengths of 980 and 808 nm were
aligned and directed into a fast scanning three-dimensional galvanometer and
refocused onto the nanocrystal/ PDMS composite monolith. A digital-pulse
generator was used to modulate the 980 nm laser to generate pulse-width-
controllable beams with a fixed frequency of 100 Hz and variable pulse durations
from 200 ps to 6 ms. During the process of volumetric three-dimensional rendering,
the focused laser beam was controlled and scanned across the sample. The size of the
scanning laser focal spot was determined by

Spot Size = 1.83 x A x '£
A

where A is the wavelength of the laser, fis the effective focal length of the lens, and A
is the entrance beam diameter. The spot resolution of this system was estimated to be
100 pm x 100 pm x 200 um (x X y x 2). It should be noted that the resolution can be
further enhanced by optimizing the alignment of the two laser inputs to decrease the
focal volume of the scanning laser spot. Scanning in the x-y plane was realized by
rotating the galvanometer mirror combined with a F-6 lens (focal length = 198 mm),
while z-direction scanning was achieved by modulating the dynamic beam expander
(7 mm). The scanning pathway of the laser beam across the sample was precisely
controlled by Cyberlease scanning software (IDI Laser). The colour display was
tuned by controlling the pulse width of the 980 nm diode laser or switching the
808 nm c.w. diode laser on and off. The output laser power was adjusted in the range
from 1 to 3 W and the scanning speed was set in the range of 1.5-6 mm s~
depending on the specific images generated.
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