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Volumetric displays that create bright image points within a trans-
parent bulk are one of the most attractive technologies in everyday
life. Lanthanide ion doped upconversion nanoparticles (UCNPs) are
promising luminescent nanomaterials for background free, full-
colour volumetric displays of transparent bulk materials. However,
video-rate display using UCNPs has been limited by their low emis-
sion intensity. Herein, we developed a video-rate upconversion
display system with much enhanced brightness. The integral emis-
sion intensity of the single UCNPs was fully employed for video-
rate display. It was maximized by optimizing the emitter concen-
tration and, more importantly, by temporally synchronizing the
scanning time of the excitation light to the the raised emission
time of the single UCNPs. The excitation power dependent emis-
sion response and emission time decay curves were systematically
characterized for the single UCNPs with various emitter concen-
trations from 0.5% to 6%. 1%Tm>" doped UCNPs presented the
highest integral emission intensity. By embedding this UCNPs into
a polyvinyl acetate (PVA) film, we achieved a two-dimensional (2D)
upconversion display with a frame rate of 29 Hz for 35 by 50
pixels. This work demonstrates that the temporal response as well
as the integral emission intensity enable video-rate upconversion
display.

Introduction

Three-dimensional (3D) real time display restoring in real
space has increasingly attracted more attention. A substantial
variety of 3D optical display schemes have emerged recently,
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however, most electronic products display in 2D and pseudo-
3D depending on the parallax used to differentiate the images.
Besides this, research has also focused on grating® and
optical tweezers®* methods for 3D display. These systems are
too complicated and their display ranges are limited. 3D dis-
plays based on lanthanide ion doped upconversion nano-
particles (UCNPs)® has become an emerging field, due to their
unique photonic properties. With the ladder-like 4f energy
configurations®” of Ln ions, UCNPs can up-convert two or
more lower-energy photons into one high-energy photon and
emit visible and UV light®'° with a large anti-Stokes shift, zero
background noise,'’ long lifetime, and low excitation power
density. Ln-UCNPs have been adopted for a broad range of
applications,""® such as bio-imaging,"*"® fluorescence
microscopy,”’?°  nanomedicine®**  and  transparent
displays.**?® Among these, volumetric displays using UCNPs
are capable of producing true 3D images via the embedding of
UCNPs within transparent materials, which are visible from all
directions. Such displays presents high brightness,”” color
modulation,®*® multi-perspective display,”>" high spatial
resolution and faster scanning frequency.">*®

However, video-rate upconversion display using UCNPs has
not yet been achieved because it takes time for UNCPs to con-
secutively absorb two and more photons to emit high energy
light, while at a high-speed scan frequency, there is not
enough time for UCNPs to absorb sufficient photons to emit.
Although increasing the excitation power can enhance the
emission intensity of UCNPs with a higher concentration of
emitters,”>* it is destructive to the display medium at high
excitation power. Ideally for video-rate display, there is the
requirement for UCNPs that can emit light with high intensity
at low power excitation, and can response to excitation rapidly.
To enable video-rate display using UCNPs, excitation power,
emission intensity and response time should be considered at
the same time.

In this work, we measured the integral emission intensity
of single UCNPs to evaluate the photonic properties of the
UCNPs for video-rate display. The integral luminescence of
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UCNPs is the emission intensity spanning from the increase in
emission upon excitation, saturated emission and emission
decay, which are related to the excitation power, response time
and emission efficiency. To characterize the integral emission
intensity, we built a laser scanning confocal microscopy
system®® to quantify the integral emission intensity, power
dependent relationship and temporal domain behavior of the
single UCNPs. A series of UCNPs, NaYF,:20%Yb** x%Tm*" (x =
0.5%, 1%, 2%, 4% and 6%), were synthesized and character-
ized systematically. The morphology observations measured
using transmission electron microscopy (TEM) and the size
distributions of the UCNPs are shown in Fig. S1 and S2,f
respectively. The average sizes of the UCNPs are around
40 nm. It was found that the UCNPs with a high amount of
Tm®" doping showed high emission intensities but short life-
times while the UCNPs with a low amount of Tm** doping
exhibited low emission intensities but long lifetimes in the full
emission spectra. Therefore, the critical concentration of Tm
was found to be 1% with the UCNPs of NaYF,:20%Yb’",1%
Tm>*" possessing the highest integral intensity under low
power excitation. To maximize the integral emission intensity
for the 1%Tm*" doped UCNPs, the excitation beam scanning
time matched the increased emission time of these UCNPs.
We added the 1%Tm>*" doped UCNPs into a film made of poly-
vinyl acetate (PVA) and demonstrated the 2D video-rate display
by naked eye using a home-built device that allows a laser to
scan a pattern via an acousto-optic deflector. It could be
expanded to a volumetric 3D display and wearable display
using the optimized UCNPs.

Results and discussion

To comprehensively study the photonic properties of the
UCNPs, we built a homemade laser scanning confocal
microscopy system.*® The advantage of this microscopy system
is that it is an optical imaging technique to increase the
optical resolution and contrast of a micrograph by means of
using a spatial pinhole to block out-of-focus light during
image formation.

We first compared the continuous emission intensity of
single UCNPs using the home-built microscopy system. The
synthesized UCNPs, NaYF,:20%Yb** x%Tm>", (x = 0.5, 1, 2, 4
and 6) were in the size range of 20 to 40 nm. Fig. 1a shows the
emission intensity of the single UCNPs with 0.5%Tm>" to 6%
Tm>" at a high excitation power (of 80 MW cm™?). The quanti-
tative comparison was derived from the intensity calculation
in the confocal imaging of the single UCNPs (Fig. 1b-f). For
mono-dispersed UCNP samples in the confocal image, the
intensity value of each Gaussian spot is uniform, representing
one nanoparticle. Its maximum value of the intensity bar indi-
cates the full emission intensity of the particle from all emis-
sion wavelengths. The emission intensity values at Tm®
doping concentrations of 0.5%, 1%, 2%, 4% and 6% mol were
averaged from at least 50 single UCNPs and plotted as a func-
tion of Tm®" doping concentration (Fig. 1a), with average
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Fig. 1 Comparison of the emission luminescence intensity between
single UCNPs with different Tm®* doping concentrations with a power
density of 80 MW cm™2. (a) Average emission intensity of single nano-
particles with different Tm** doping concentrations. (b)—(f). Confocal
images of single UCNPs with different Tm®* doping concentrations of
0.5%, 1%, 2%, 4% and 6% mol.

intensities of 3610, 5260, 8370, 14 300, and 18 100 counts,
respectively.

From Fig. 1, it can be seen that the photon count for the
UNCPs with 6%Tm’" is 5 times higher than that of UCNPs
with 0.5%Tm>". The quantitative comparison clearly shows
that the overall emission intensity of the UCNPs increases with
an increase in the Tm®" ions doping concentration under the
excitation power (80 MW cm™>). However, the results do not
suggest that the highly doped UCNPs (e.g. 6%Tm>") are the
best candidate for video-rate displaying, as the highly doped
UCNPs show a lower emission intensity under the excitation
conditions (0 to 3.5 MW cm™?) of the free-space laser scanning
system.

For power dependent measurements, the luminescence
intensity from the single UCNPs was collected using a SPAD
(single-photon avalanche diode) when the excitation power
density was increased. The luminescence intensity power
dependent relationship is very important for practical display
applications because it can be used to determine the emission
intensity of the single UCNPs under the used excitation power
density.

Fig. 2 shows the measured power dependent emission
intensity for single UCNPs with different Tm** concentrations.
These curves present the changing trends of the emission

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Measured upconversion luminescence intensities of single
UCNPs with different Tm®* doping concentrations at different excitation
power densities. Here, the intensity is the sum of the emission intensity
for wavelengths in the range of 400-842 nm.

intensities with the excitation power density of 980 nm light. It
can be seen that the emission intensities of the UCNPs
increase with an increase in the doping concentration in the
range of high excitation power density from 10 to 700 MW
em 2. At saturated excitation power density, more than enough
photons can be absorbed by the sensitizer ions and transferred
to a larger number of Tm*" ions located closer to Yb** ions
within NaYF,:20%Yb>",6%Tm?>", therefore, the UCNPs with
higher Tm*" doping emitted higher luminescence intensity.
While at low excitation power density (<~0.5 MW cm™?), there
might not be sufficient photons for the sensitizer to absorb
and transfer to all of the Tm®" ions for emission. Moreover,
the high concentration of Tm** ions might also lead to them
quenching each other during the energy transfer process, thus
the 0.5% and 1%Tm>" doped UCNPs appeared brighter at low
excitation power. In the video rate display demonstration, we
used a 980 nm laser and the calculated excitation power
density focused on the UCNPs was 0.48 MW cm™ > The
luminescence intensity of the 6% doped samples was the
lowest and the luminescence intensity of the 1% doped
sample was the highest, at a power density of 0.48 MW cm ™2,

The lifetime under the excitation power density is usually
desirable, because it determines the duration of the emission
intensity. Before we arrive at the conclusion that the 1% doped
UCNPs are the most suitable candidate as a material to be
embedded in the scanning system, the time domain responses
of the UCNPs have to be compared, since the beam scanning
has to be synchronized with the time response of the UCNPs
for optimized excitation efficiency. Fig. 3a shows the plots of
the emission intensities of the single UCNPs versus the time-
resolved emissions data, namely the excitation time and life-
time under the excitation power density of 0.48 MW cm >,

The luminescence emission process includes both the
rising time, the plateau and the decay of the emission upon
pulsed excitation using a 980 nm laser. The NIR laser was
switched on at —500 ps and switched off at 0 ps. Here, the
rising region is due to the energy transfer from the sensitizer
ions (Yb*") to the emitter ions (Tm**), which could be charac-
terized using the energy transfer rate. The decay region in the
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Fig. 3 (a) Rising times and lifetimes of single UCNPs with different
Tm>* doping concentrations under a power density of 0.48 MW cm™2.
(b) Trends and total emission intensity integrals of single UCNPs with
different Tm** doping concentration changes according to excitation
time.

time resolved emission results from the carrier relaxation in
the energy levels. A detailed explanation of this can be found
in section 2 and Fig. S3 in the ESL It can be seen that at this
low excitation power, the 1%Tm>" doped UNCPs present the
highest emission intensity while the 6%Tm*" doped UCNPs
exhibit the lowest emission intensity.

Moreover, the lifetimes were fitted and calculated from
these plots, which showed that the 0.5%Tm>*" doped UCNPs
exhibited an extremely long lifetime of 516 ps compared with
values of 265, 98, 47 and 27 ps for the 1%, 2%, 4% and 6%
Tm?*" doped UCNPs, respectively. Apparently, the lifetimes
decreased upon an increase in theTm®" doping concentration,
probably due to the greater chance of cross relaxation with
more Tm®" ions.*™” Fig. 3b shows the integral emission
intensity of the UCNPs. The integral emission intensity, calcu-
lated by integrating the lifetime response curve, including
rising, stable and decay range, is proportional to the total
photon number emitted by a single pixel. It is interesting to
observe that the integral emission intensity of 1%Tm*" doped
UCNPs presents the highest integral emission intensity among
all Tm*" doping concentrations. This suggests that the bright-
ness of 1%Tm>" doped UCNPs make it the best candidate for
upconversion display. It is worth noting that under 980 nm
excitation, all visible light emitted from Tm’" would contribute
to the display brightness, so the full emission bands were
taken into account for a bright display. Although the rising
time of a specific emission band could be shorter than the
total rising time of all emission bands, the scanning speed
could be faster and more points could be displayed, with a
substantial drop in the total emission intensity.

We further used the 1%Tm?*" doped UCNPs to demonstrate
a video-rate upconversion display. The displaying system con-
sists of a 980 nm laser, an acousto-optic deflector (AOD,
DTSXY) controlled by a computer, a focusing lens and a screen
film made of UCNPs doped with 1%Tm?>", as shown in Fig. 4a.

The near-infrared laser beam passes through the AOD, and
is focused on the UCNP display film. Fig. 4b and c show the
excitation lens and the display film. Considering the intensity
integral over excitation time, for a single pixel, the excitation
time is longer, and the UCNP is brighter. Nevertheless, for a
display array, a long excitation time for each pixel causes the
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Fig. 4 (a) Schematic of the computer-controlled scanning system that
employs AOD and an optical lens to control light deflection and focus.
(b) Photograph of the display system. (c) The letters “"UCNP” displayed
on the PVA film. (d) The “UCNP” pattern and (e) grayscale gradient
pattern entered by a computer. (f) “UCNP” pattern photographs and (g)
greyscale gradient photographs taken at different exposure times (0.1,
0.2,0.5,and 1.0 s).

scanning frequency to slow down and image display flashing,
which makes the eyes strain and affects the display image
quality. This puts forward a certain limit on the number of
array points and scanning speed. On the premise of ensuring
the sufficient display brightness of each pixel point, the scan-
ning frequency should be increased as fast as possible, so that
the image display does not flicker, and the number of the
pattern dot matrix can also be set to the maximum value to
make the display resolution higher. In order to ensure the con-
tinuity of the display, movie cameras typically operate at a
speed of at least 24 frames per second. In this experiment, we
set the scanning dot matrix to 35 x 50, and the patterns are
the letters “UCNP” and a grey gradient square, as shown in
Fig. 4d and e. With a 20 ps excitation time for each pixel and
power density of 0.48 MW cm™?, the upconversion lumine-
scence was visible to the naked eye. The graphic images
(Fig. 4f) of the letters “UCNP” and the square grey gradient
images (Fig. 4g) were generated on the film with different
exposure times. The images were recorded under ambient
room lighting conditions and were also observed by the naked
eye at the same pumping power, and the letters “UCNP” were
clear and the grayscale gradient of the rectangular image could
be distinguished at a frame rate of 29 Hz. At a short exposure
time, the image was limited by the frame rate, showing
obvious grains, and could be improved by reducing the scan-
ning dot matrix or excitation time.

Conclusions

The key problems of video-rate upconversion displays are the
luminescence response speed and luminance of the UCNPs.
The emission intensities and lifetimes of single UCNPs with
various Tm>" doping concentrations were characterized. The

18598 | Nanoscale, 2020, 12, 18595-18599

View Article Online

Nanoscale

emission intensities and time-resolved emissions of the
samples showed that the doped UCNPs exhibited the increas-
ing highest emission intensity but a decreasing lifetime for the
fully emitted wavelength due to an increase in the Tm®"
doping concentration from 0.5% to 6%. Therefore, the integral
emission intensity during the fluorescence lifetime should be
considered for display. It was found that the 1%Tm?>" pre-
sented the shortest rising time and the highest integral emis-
sion intensity at a low excitation power of 0.48 MW c¢cm™>. The
imaging rate can still be improved by further enhancing the
emission intensity of the UCNPs under a lower excitation
power, e.g. for a core shell structure. In this work, we demon-
strated that the integrated luminescence and synchronization
of scanning time with the emission rising time benefit video-
rate upconversion display using UCNPs. Further comprehen-
sive research on 3D upconversion displays will be highly useful
for various fields and applications, such as wearable displays.
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