Rare Met. (2024) 43(5):2172-2183
https://doi.org/10.1007/s12598-024-02675-z

RARE METALS

ORIGINAL ARTICLE

q

Check for
updates

Regulated polarization degree of upconversion luminescence
and multiple anti-counterfeit applications

Dong-Ping Wen, Ping Chen*

, Yi Liang, Xiao-Ming Mo, Cao-Feng Pan*

Received: 8 May 2023 /Revised: 12 July 2023/ Accepted: 13 July 2023/ Published online: 25 March 2024

© Youke Publishing Co., Ltd. 2024

Abstract Polarization upconversion luminescence
(PUCL) of lanthanide ions (Ln3+) has been widely used in
single particle tracking, microfluidics detection, three-di-
mensional displays, and so on. However, no effective
strategy has been developed for modulating PUCL. Here,
we report a strategy to regulate PUCL in Ho>-doped
NaYF, single nanorods based on the number of upcon-
version photons. By constructing a multiphoton upcon-
version system for Ho ", we regulate the degree of
polarization (DOP) of PUCL from 0.590 for two-photon
luminescence to 0.929 for three-photon upconversion
luminescence (UCL). Furthermore, our strategy is verified
from cross-relaxation between Ho>t and Yb>™, excitation
wavelength, excitation power density, and local site sym-
metry. And this regulation strategy of PUCL has also been
achieved in Tm>", with the DOP ranging from 0.233 for
two-photon luminescence to 0.925 for four-photon UCL.
Besides, multi-dimensional anti-counterfeiting display has
been explored with PUCL. This work provides an effective
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strategy for regulating PUCL and also provides more
opportunities for the development of polarization display,
optical encoding, anti-counterfeiting, and integrated optical
devices.
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1 Introduction

Polarization upconversion luminescence (PUCL) of lan-
thanide ions (Ln>") is the anisotropic emission induced by
the local site symmetry around Lot [1-3]. PUCL has
developed applications in optical storage, biological
imaging [4-9], polarization displays, biotracking and
microfluidic probes [10-14]. The adjustable polarized
luminescence from Ln*" can provide a strong guarantee for
biological probes and three-dimensional display [15-21].
In particular, highly polarized luminescence has great
potential applications in multiple anti-counterfeiting
encryption and display [22-29]. However, due to the
diversity of Ln>" and the complexity of the electronic
structure of trivalent 4f ions [30, 31], there is no effective
control strategy for controlling the PUCL. The polarized
luminescence of Ln*" is influenced not only by the local
site symmetry of the crystal field (CF) but also many other
factors, such as the direction of electric field of the exci-
tation field, the energy transfer between Ln", the con-
centration of activators, and plasmonic nanomaterials with
a specific structure [32-37]. In order to control the polar-
ized luminescence of Ln** from a single nanorod, attempts
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have been made to vary the concentration of sensitizers and
activators [32, 33]. However, it is still difficult to tune
PUCL and achieve highly polarized luminescence from
Ln*t.

Site symmetry around Ln>" is essential for PUCL [1-3].
In the hexagonal phase of NaYF,, point group symmetry is
C, and energy states of Ln>" are represented by different
irreducible I',, [38]. Electrons are pumped from ground
state (GS) to excited state (ES) ZS“LJ, where the states are
split into different Stark energy levels and presented as
irreducible representations (I',,). The ES undergoes a non-
radiative (NR) or radiative transition and decays to the GS.
This essential process for radiative transition is irreducible
transition from I',, (ES) — I',, (GS) (m # n) [39]. Some
transition dipoles, such as s and p configurations, exhibit
excitation polarization dependence or emission anisotropy
[3, 40]. The polarization of the upconversion luminescence
(UCL) originates from the mixture of different dipole
transitions I',, (ES) — I',, (GS). Therefore, constructing an
energy system for multiphoton upconversion can broaden
the distribution of irreducible transitions I',, — I, with
various mixture states at multiple ESs. Here, we choose
Ho*" and Tm** as activators due to that they possess rich
ladder-type energy levels and multi-color emissions, cor-
responding to multiple photon upconversion processes
[41, 42]. This brings more possibilities for our regulation of
excitation polarization luminescence and extending the
application to multiple anti-counterfeiting displays. Despite
the promising performance of Ho>™ and Tm>", the regu-
lation of PUCL by the NR transitions therein remains a
challenge.

In this work, we report a strategy to modulate the PUCL
based on the multiphoton upconversion processes. The
polarization of multiple emissions is regulated by the
number of photons in the multiphoton upconversion pro-
cess constructed in Ho*", where the degree of polarization
(DOP) of three-photon process is larger than that of two-
photon process. With the exclusion of the CF, our mech-
anistic studies show that the multiphoton upconversion
process can be pumped to a higher ES, which is less
affected by NR transitions. The population density of
higher ESs is lower, and the mixture of electron configu-
ration for irreducible transitions I',, (ES) — I',, (GS) is
fewer. That is, dipole orientations for irreducible transi-
tions in higher ESs are not too much complicated. Thus, the
proportion of dipole transitions in a similar direction is
larger, resulting in a larger DOP of PUCL. The DOP
exhibits an inverse relationship with the population density
of ESs, which determines the strength of mixed irreducible
transitions I',, (ES) — I',, (GS) and mixed dipole orienta-
tions. Therefore, we can tune the DOP of PUCL by con-
trolling the number of photons in upconversion process.
This regulatory strategy has been verified not only in Ho>™
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but also in Tm>". The DOP is regulated from 0.925 for
four-photon process to 0.233 for two-photon process in
NaYF,: Yb, Tm single nanorods. This highly polarized and
tunable UCL is applied in multi-dimensional anti-coun-
terfeiting displays.

2 Results and discussion

2.1 Constructed multiphoton upconversion energy
system for regulating PUCL

In our work, we need to construct an energy system for
multiphoton upconversion transitions to generate PUCL
and realize polarization regulation. In the traditional mul-
tiphoton upconversion process by excited state absorption
(ESA), ground state absorption (GSA) occurs once energy
resonance of pump photon with the energy from the GS to
the first ES; of Ln**. As a result, metastable state ES; is
pumped, followed by absorbing another pumped photon by
ESA to generate ES,. Then, ES, undergoes a radiative
transition, producing two-photon UCL Em; (Fig. 1) [43].
Analogously, ES; gives rise to three-photon UCL, Em, and
so on. According to:

N, x N? (i.e., Ny <1) (1)

where Ny and N, are the population density of the ES; and
ES,, respectively [44]. More energy state |i) are analo-
gized. The energy state of ES, pumped by the four-photon
upconversion process is greater than that of two-photon
process, resulting in a lower population density (N4 < N,).
Thus, under the same excitation power, the population
density of ESs with four-photon process is much smaller
than that of two-photon process. Therefore, we can control
the population density of ES; by the number of photons in
upconversion process.

In the hexagonal phase of NaYF,, the *"'L; energy
level of Ln*" can split into the 2 J + 1 energy levels
corresponding to irreducible I',, symmetry [39, 40], due to
the C; point group symmetry [38]. The irreducible transi-
tions I'y (ES3) — I', (GS) (d # a) generate UCL for the
three-photon upconversion process (Fig. 1). Among these
transitions, some transition dipoles exhibit excitation
polarization dependence for dipole orientation. But the
dipole orientations might vary from each other, such as s
and p polarization. And the lots of mixed dipole orienta-
tions reduce the probability of similar dipole orientations
and result in low or canceled PUCL. Thus, the DOP of
PUCL depends on mixed irreducible transitions I,
(ES5) - I', (GS) with different dipole orientations.
Compared with the three-photon upconversion process, the
population density of the ES, is lower due to four-photon
upconversion process and the low energy transfer
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Fig. 1 Schematic diagram of multiphoton enhancement of DOP of PUCL in Ln®*

efficiency. And the mixing of different dipole orientations
is reduced, leading to a similar orientation and a higher
DOP for PUCL. In contrast, the population density of the
ES, is larger for two-photon upconversion process due to
the less photons for UCL. As a result, the possibility of
mixed different orientations of dipole transitions increases,
and DOP of PUCL is smaller or even disappeared.
Therefore, the number of upconversion photons influences
the population density of ESs and DOP of PUCL through
the irreducible transition I'; (ES,) — I', (GS) with differ-
ent dipole orientations (Fig. 1). However, the number of
upconversion photons and the population density of ES; are
also affected by NR transitions such as energy transfer,
cross-relaxation, and excitation wavelength in the tradi-
tional upconversion process. We expect to control the DOP
of PUCL through tuning the population density of ES; by
the number of upconversion photons, accompanying with
the interaction of NR transitions and the excitation
wavelength.

2.2 Highly polarized NaYF,4: Ho upconversion
luminescence nanorods

Ho " is chosen first to realize the modulation of DOP by
the number of upconversion photons for its excellent
photochemical stability and ladder-type energy levels.
NaYF,: Ho nanorods (length ~ 1460 £ 200 nm, diame-
ter ~ 108 = 20 nm) are synthesized by a typical
hydrothermal method (Fig. Sla, b), and all nanorods
exhibit excellent uniformity in length and elemental dis-
tribution (Figs. Slc, S2b). Optical measurements of single

Q

nanorod are realized by home-built micro-region platform
(Fig. 2a), where a half-wave plate is placed in the excita-
tion path to change the direction of the electronic field of
excitation light. Under the excitation of an 1150 nm laser,
the UCL spectra (Fig. 2c) from NaYF,: Ho single nanorod
are obtained. Four emission peaks are presented, centered
around 486, 541, 750 and 648 nm, respectively, corre-
sponding to the four transitions of Ho’": °F; — °Ig,
SF,°S, — °lg, °Fy/°S, — °I; and °Fs — °Ig, respectively.
Then, PUCL spectra of NaYF,: Ho single nanorod can be
obtained (Fig. 2c) by changing the polarization direction of
the excitation laser (Fig. 2a). Anisotropic absorption is first
excluded due to the vertical relationship between the ori-
entation of polarized luminescence and anisotropic
absorption (Figs. S1d, S2a, b). The luminescence intensi-
ties of the four transitions show the same trend with
varying polarization angles. All of the transitions appear a
period of 180° by fitting the luminescence intensities using:

y=yo+ A-sin*(0) (2)

function (Fig. S1d), where y, and A are constants, and 6 is
polarization angles. The DOP is defined as:

DOP = (Imax - Imin)/(lmax + Imin)a (3)

where I, and I, are the maximum and minimum
intensities of integrated UCL, respectively. The DOPs for
the °F; — lg, *Fu°S, — °Ig, °Fu/°S, — I, and °Fs — °Ig
transitions are calculated to be 0.833, 0.828, 0.824 and
0.651, respectively. It is interesting that the DOPs of
5F3 — 518, 5F4/5S2 — 518, and 5F4/582 — 517 transitions are
close to each other and larger than the DOP from the
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Fig. 2 Regulated DOP of PUCL from Ho®* based on number of upconversion photons: a schematic illuminated UCL of NaYF,: 8%Ho
single nanorods collected by a home-built optical micro-region system; b SEM image of NaYF4:8%Ho nanorods and (inset) single
nanorod; ¢ PUCL spectra of NaYF,: 8%Ho single nanorod excited at 1150 nm, where excitation power at 1150 nm for all tests was
11.8 mW at x100 objective, unless otherwise stated; d upconversion emission intensity as a function of excitation power for NaYF,:
8%Ho single nanorod excited by 1150 nm; e histogram illustrating photon number connected DOPs of four transitions; f schematic
diagram of multiphoton upconversion mechanism of Ho®>* excited at 1150 nm, accompanying with population density of ES; and DOPs

of different transitions; g dependence of DOP on pump power density of excitation light

transition of °Fs — °Ig. According to the relationship
between the DOP and the number of upconversion photons,
this phenomenon implies that the number of upconversion
photons for 5E; o lg, SFuPS, - Olg, and PE/°S, - O
transitions is consistent and larger than the number of
photons for the °Fs — I transition.

Excitation power dependence of single nanorod is car-
ried out to assess the upconversion process (Fig. 2d). The
number of photons (n) required to populate the emitting
state can be calculated by the relation of:

Loy o< P" (4)

where I, is the integral intensity of UCL, and P is the
pump power of the laser [44]. The value of n; is 1.90,
which corresponds to the Fs — Iy transition, indicating
that two photons are required to pump the °Fs state. The
value of n,, ny; and ny for the three transitions of
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SE,S, — °L,, “Fal®S, — °Ig and °F5 — lg is 2.20, 2.32
and 2.44, respectively, suggesting the three-photon
upconversion process. Thus, the DOPs of the transitions
with three-photon pumping are larger than that of the
transition with a two-photon process (Fig. 2e). This verifies
our strategy to regulate the polarized luminescence based
on the number of upconversion photons. The more the
number of photons which are needed in upconversion
process, the less the population density of ESs which are
presented and the larger DOP of PUCL it becomes.

The DOPs of different transitions are regulated by the
population density of ES;. In the typical multiphoton
upconversion transition process of Ho’' excited at
1150 nm (Fig. 2f), °F; — s, °Fu/°S, — °I, °Fu°S,
— I, are three-photon upconversion processes and
°Fs — Iy is a two-photon upconversion process, where the
ESs of °F,/°S, originate from the NR transition of the °F,
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state. Any transition is a mixture of irreducible transitions
I, (ES) —» I, (GS) with various dipole orientations [45].
Compared with the three-photon process, the two-photon
process has a larger population density of ES. Thus, the
mixing probability of different dipole orientations from
two-photon process is much larger than those of the three-
photon processes, resulting in a lower DOP. These phe-
nomena are consistent with our proposed regulation strat-
egy, indicating that the DOP of PUCL can be adjusted by
modulating the population density of ESs.

Furthermore, the population density of ESs can be
controlled by the pump power of the excited source, and
thus, the DOP of PUCL can be operated by the pump

power density of the excitation light. Since the
relationship:
N, i X P (5 )

where N; is the population density of ESs and P is the
excitation power [46], the population density of ESs (N;)
will increase with enhancing excitation power (P). Here,
the statistics of DOP from a single nanorod on excited
power are presented (Fig. 2g). It is found that the DOPs
decrease for all of the upconversion transitions as the
excitation power increases. But the DOPs from three-
photon transitions are still kept higher than that from two-
photon transition at any power. Moreover, the DOPs are
reduced to close to O for all the transitions, and PUCL is
almost disappeared accompanying with much enhanced
UCL intensity when the power is large enough. This is due
to that the ESs of four transitions approach saturation at
high power [46], inducing strong mixing of different dipole
orientations from irreducible transitions I, (ES) —» I,
(GS) for any emission bands. Hence, the UCL is depolar-
ized. The diminished trend of DOPs with increasing power
indicates that the saturated population of ESs suppresses
the PUCL from Ln’". Furthermore, the population density
of ESs can dominate the DOP, which verifies the polarized
strategy regulated by the number of upconversion photons.

2.3 Cross-relaxation and the number
of upconversion photons tune DOPs of PUCL

The number of upconversion photons and the population
density of ESs are also affected by NR transitions such as
cross-relaxation. The DOP strategy based on the number of
upconversion photons is still effective with cross-relax-
ation. Here, we introduced cross-relaxation between Yb3*
and Ho " to monitor the DOPs from Ho®" (Fig. $3) [42].
The same emission peaks are detected under 1150 nm
excitation (Fig. S4a), and PUCL also exhibits a periodic
change of 180° with changing the polarization angle of the
excitation light (Figs. 3a, S4b). The DOPs are 0.623 and
0.590 for the two-photon transitions °F4/°S, — I and

aQ

5F4/582 - 517, respectively (Fig. 3b, c). Both of the tran-
sitions come from the same ESs of 5F4/582 and present
similar DOPs. Meanwhile, the DOPs are 0.800 and 0.929
for the three-photon transitions Fs — °Ig and °F; — °lg,
respectively (Fig. 3b, c). Obviously, the DOPs of two-
photon transitions are significantly smaller than those of
three-photon transitions, which is consistent with the
polarization strategy regulated by the number of upcon-
version photons. It is interesting that the 5F4/582 — 5Ig and
5F4/582 - 517 transitions are two-photon processes in
NaYF,: Yb, Ho single nanorod, while those are three-
photon processes in NaYF,: Ho single nanorod, indicating
different pump paths for the same transitions. The
anomalous upconversion pathways of the F,/°S, — g,
F,°S, - °I,, and °Fs — Sl transitions in nanorods are
caused by cross-relaxation between Yb>" and Ho>" when
excited by 1150 nm (Figs. 3d, S4c, d). These results indi-
cate that the DOPs of PUCL are determined by the popu-
lation density of ESs in the energy levels.

2.4 Excitation wavelength regulates DOPs
of PUCL

The number of upconversion photons is correlated with the
wavelength of excitation light. Generally speaking, for the
same ES, the number of required upconversion photons
with high energy is less than that with low energy because
of the different pumping path. We changed the excitation
wavelength to 975 nm to vary the pump path and regulate
DOP (Figs. 4a, S5a, b). DOPs for two-photon transitions
SE,SS, — Olg and °Fu/°S, — °I, are 0.166 and 0.155,
respectively. And DOPs for three-photon process
Fs — Iy and °F; — °Ig transitions are 0.221 and 0.273,
respectively (Fig. 4b, c). The greater the number of pho-
tons required, the higher the DOPs of UCL, which is
consistent with our proposed strategy of controlling the
DOP by the number of photons. In addition, DOP of
5F5 - 513 transition is smaller than that of 5F3 - 518
transition, although the same number of photons is required
for both transitions. The difference is originated from the
various pump channels. The °Fs state comes from two
paths. One way is the general two-photon upconversion
process. The other way is the three-photon process with
cross-relaxation (CR1): 5G4 Ky (Ho*") + %y,
(Yb*™) - E5 (Ho’") + *Fs;, (Yb*1) (Fig. S5¢). While
°F; state is pumped by three-photon absolutely. Thus, the
population density of °Fs state is higher than that of °F;
state, resulting in a lower DOP for the 5F5 . I transition.

The population density of ESs is also tuned by the
synergistic effect of excitation wavelength and Yb>" dop-
ing based on the number of upconversion photons. When
excited by 975 nm, the population density of ESs will have
a significant increment because of the larger absorption

Rare Met. (2024) 43(5):2172-2183
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population density of ES; and DOPs of different transitions
cross of Yb’" and more efficient energy transfer from
Yb** to Ho" [47-49]. The higher population density of
ESs can induce a strong mixing of different dipole orien-
tations and lead to a low DOP. Indeed, with the same
number of upconversion photons, the DOPs are 0.221 and
0.273 for °Fs — °Ig and °F; — I transitions (Fig. 4c),
respectively, in Yb>" co-doped single nanorod with
975 nm excitation, while they are 0.800 and 0.929 in the
same single nanorod with 1150 nm excitation (Fig. 3c).
The same situation exists for two-photon 5F4/5 S, —» 518
and 5F4/SSZ - 517 transitions (Figs. 3c, 4c). The remark-
able reduction of DOPs from Yb*" co-doped single
nanorod reconfirms the regulated strategy of population
density of ESs and the number of upconversion photons.
The regulated strategy based on the number of upcon-
version photons keeps working with the changing local site
symmetry around activators. It has been reported that the
bonding length and bonding angles between Ln*" and F~
are altered with co-doped Gd*" into nanorods, which
changes the local symmetry and polarized behavior of
Lot [1, 50]. In this section, we introduced a high con-
centration of Gd*" into Ho®>"-doped nanorods (Figs. 4d,
S6a). The DOPs for °F; - °lg, F,/°S, —» °Ig and
°F,/°S, — °I, transitions are 0.867, 0.878 and 0.814
(Fig. S6c¢), which are three-photon upconversion processes
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(Fig. S6b). And the DOP for °Fs — Iy transition is 0.686
(Fig. S6c¢), which is a two-photon upconversion process
(Fig. S6b). Notably, the DOPs of three-photon upconver-
sion are higher than that of the two-photon process. Thus,
the presented performance is in line with regulated
strategy.

2.5 Tunable DOPs of PUCL from Tm®* based
on number of upconversion photons

The regulated strategy of DOPs based on the number of
upconversion photons can be extended to Tm** due to the
excellent ladder-type energy levels to realize multiphoton
upconversion [41]. The UCL spectra from NaYF4: Yb, Tm
single nanorod (Fig. 5a) present five emission bands upon
excitation at 975 nm (Fig. 5b). The emission bands are
centered around 452, 476, 648, 695 and 792 nm, corre-
sponding to 'D, - °Fy, 'Gy — *He, 'Gs — °Fa,
3F3 - 3H6 and 3H4 — 3H6 transitions of Tm>™, respec-
tively. Then, the luminescence intensity was normalized by
the deconvolution method and fitted by the function Eq. (2)
(Fig. 5c). It is found that three kinds of DOPs are pre-
sented, corresponding to different upconversion modes.
First is the two-photon upconversion path (Fig. 5d); the
DOPs of *F; — *Hg and *H, — Hg transitions are 0.233
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stated; b upconversion emission intensity as a function of excitation power for NaYF4: 20%Yb, 8%Ho single nanorod excited by
975 nm; ¢ histogram illustrating photon number connected DOPs of four transitions; d matrix diagram of UCL spectra from NaYF,:

10%Gd, Ho single nanorod excited at 1150 nm

and 0.275, respectively (Fig. 5e). The second is the three-
photon wupconversion way (Fig. 5d); the DOPs of
1G4 - 3H6 and 1G4 — 3F4 transitions are 0.580 and 0.531,
respectively (Fig. 5e). The third is the four-photon
upconversion process (Fig. 5d); the DOP of 'D, — °F,
transition is 0.925 (Fig. 5e). Evidently, the DOP for the
four-photon process is larger than that for three-photon
process. Furthermore, the DOPs from three-photon process
are much greater than those from two-photon process.
Those phenomena are highly coincident with the popula-
tion density of ESs controlled by upconversion photons. In
other words, the more the number of photons is required in
upconversion process, the less the population density of
ESs is (Fig. 5g). As a result, the fewer the mixing of dif-
ferent dipole orientations there exhibit, the larger the DOP
of UCL it becomes. It is worth noting that a huge span of
DOP from 0.925 to 0.233 is successfully achieved in Tm3+,
which is attributed to the large difference of population
density in ESs based on four-photon and two-photon paths.

a

&«

The modulation of DOPs from Tm>" UCL can also be
realized by adjusting the population density in ESs by
power density of the excitation light. The population den-
sity in ESs of Tm** increases with growing pump power of
the excitation light, leading to an obvious reduced trend of
DOPs for all emissions (Fig. 5f). For the ES 'D, which
originates from four-photon pump way (Fig. 5d, g), the
population density rapidly increases with enhancing exci-
tation power. Then, a mixture of irreducible transitions I,
('Dy) » I, (°F,) with different dipole orientations is
raised, resulting in a low proportion for similar dipole
orientation and the small DOP of PUCL (Fig. 5g). This is
analogous to the transitions of 1G4 - 3H6, 1G4 — 3F4,
F; — *Hg and *H, — *He. Moreover, the reduced trend
of DOP for the four-photon transition 'D, > 3F, is more
sensitive than that for the three-photon transitions
'G4 —» *Hg and 'G, — °F,, and three-photon transitions
are faster than those for two-photon transition *H, — >He.
Therefore, the upconversion photons number regulated
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Fig. 5 Controlled DOPs from NaYF,4: Yb, Tm single nanorods based on number of upconversion photons: a SEM image of NaYF,:

20%Yb, 5%Tm nanorods; b PUCL spectra from NaYF,4: Yb, Tm

single nanorod excited at 975 nm, where excitation power at 975 nm

for all tests was 680 pW at 100 x objective, unless otherwise stated; ¢ polar plots of UCL integral intensities from 'D, — 3F,,
1G4 > ®Hs, 'Gs — °F4, 3F5 — °Hg, ®Hs — °Hg transitions as a function of excitation polarization angle; d upconversion emission

intensity as a function of excitation power for NaYF,4: 20%Yb, 5%

Tm single nanorod excited by 975 nm; e histogram illustrating photon

number connected DOPs of five transitions; f DOPs of different transitions as a function of excitation power density; g schematic
diagram of energy transfer from Yb®* to Tm®*, accompanying with population density of ES; and DOPs of different transitions

population density of ESs can be feedbacked by the DOPs
from single nanorods and verified in Tm** and Ho®*.

2.6 Multi-dimensional polarized anti-counterfeiting
display and encryption

The PUCL of single nanorods is able to be applied in anti-
counterfeiting displays with multi-dimensional encryption.
Here, we introduce an encryption key by PUCL for anti-
counterfeiting displays with full use of the low and high
DOPs of NaYF,: Yb, Ho nanorods upon excitation at 975
and 1150 nm, respectively. The low DOP excited by
975 nm can ensure the whole display of all the patterns,
while the high DOP excited by 1150 nm is able to present
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the detail pictures, which provides an excellent opportunity
for us to customize related patterns as polarized anti-
counterfeiting displays. In detail, a rectangular groove is
etched in silicon wafer as the pixel point for patterns by
electron beam lithography (EBL) [51, 52] and reactive ion
etching (RIE) (Fig. S7a). The width of the groove is less
than the length of a single nanorod (Fig. S7b); thus,
nanorods can only be filled into the grooves along rectan-
gular groove (Fig. S7c, e). By software design, the rect-
angular groove can be arranged into any pattern with
customizable size according to the designer’s idea. Thus,
we can consider the rectangular groove as a pixel point.
“G”, “X” and “U” letters were first etched and filled by
NaYF,: Yb, Ho nanorods (Fig. 6a). The “G” and “U” are
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Fig. 6 Excitation polarized display and optical anti-counterfeiting with excitation power at 1150 nm of 93 mW at 10 x objective, and
excitation power at 975 nm of 10.06 mW: a design (i) and SEM (ii) images of ‘G’, “X” and ‘U’ letters composed of NaYF,4: Yb, Ho
nanorods, where pixels of “G” are arranged vertically, left slashes of “X” (/) are arranged vertically, and right slashes (*\’) are arranged
horizontally, pixels of “U” are arranged horizontally (upconversion photoluminescence images of “G’, “X” and ‘U’ letters being excited
by 1150 nm (iii-iv) or 975 nm (v-vi) with excitation polarized angle of 0° and 90°); b design (i) and SEM (ii) images of “Cat’ and
“‘Mouse’ patterns composed of NaYF4: Yb, Ho nanorods, where “Cat” is composed of horizontal pixel arrangement and ‘Mouse’ is
composed of vertical pixel arrangement (upconversion photoluminescence images of “Cat’ and ‘“Mouse’ patterns being excited by
1150 nm (jii-iv) or 975 nm (v—vi) with excitation polarized angles at 0° and 90°); ¢ design (i) and SEM (ii) images of “Labyrinth Totems’
composed of NaYF,: Yb, Ho nanorods, in which vertical nanowire grooves are arranged by vertical nanorods, and horizontal nanowire
grooves are arranged by horizontal nanorods (upconversion photoluminescence images of ‘Labyrinth Totem” being excited by
1150 nm (iii—iv) or 975 nm (v-vi) with excitation polarized angle of 0° and 90°; upconversion photoluminescence images of “‘Labyrinth

Totem” being excited by 975 nm with a low (vii) and high (viii) power, respectively)

arranged by vertical and horizontal nanorods, respectively.
“X” is arrayed by vertical (“/”) and horizontal (“\”)
nanorods, respectively (Fig. 6a-i, ii). Upon excitation at
1150 nm with a polarization angle of 0°, “U” and “/” of
“X” letters are illuminated, while “\” of “X” and “G”
letters are hidden (Fig. 6a-iii). When the angle was chan-
ged to 90°, “\” of “X” and “G” letters were displayed,
while “U” and “/” of “X” letters disappeared (Fig. 6a-iv).
At the same time, the whole letters “G”, “X” and “U” can
be completely shown under excitation at 975 nm due to the
low DOP of nanorods (Fig. 6a-v, vi). Therefore, selective
encryption and display can be realized by using different
excitation wavelengths.

Graph encryption can be extended from the letter’s
encryption (Fig. 6b). The “Cat” and “Mouse” profiles are
etched, where the “Cat” and “Mouse” are filled by hori-
zontal and vertical nanorods, respectively (Fig. 6b-i, ii).
We can see the “Cat” patterns when excitation is at
1150 nm and 0° of polarized angle (Fig. 6b-iii). While
changing the polarized angle to 90°, the “Mouse” graph is
presented (Fig. 6b-iv). In addition, when excited at
975 nm, the “Cat” and “Mouse” pictures are appeared

aQ

simultaneously whenever the polarization angle of the
excitation source (Fig. 6b-v, vi). These horizontal and
vertical designs not only perform excellently in the
encryption and hiding of words, but also present a brilliant
performance in the anti-counterfeiting encryption of
pictures.

Furthermore, high-polarized signal can be achieved in
“Labyrinth Totem” composed of vertical and horizontal
nanowire grooves (Fig. 6¢-i, ii). The width of each nano-
wire groove is also smaller than the length of NaYF,: Yb,
Ho nanorods; thus, the nanorods can only be arrayed along
the direction of nanowire grooves (Fig. S7d). Upon exci-
tation at 1150 nm and 0° of polarized angle, a hollow
diamond is presented (Fig. 6¢-iii), which disappears when
the excitation polarized angle is changed to 90° (Fig. 6¢-
iv). Moreover, the whole “Labyrinth Totem” is illuminated
in orange color when excited by 975 nm (Fig. 6¢c-v, vi).
Besides, the green (Fig. 6¢-vii) and red (Fig. 6¢-viii) colors
of the whole “Labyrinth Totem” emerged when excitation
at 975 nm with a low and high power, respectively. Finally,
fivefold anti-counterfeiting is achieved. Our design pro-
vides multiple guarantees for anti-counterfeiting displays
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and opens up infinite possibilities for polarized lumines-
cence in designable patterns and multi-dimensional anti-
counterfeiting displays.

3 Conclusion

In summary, we demonstrate a strategy to regulate the
DOPs of PUCL from Ln>"-doped single nanorods based on
the number of upconversion photons. The core of this
strategy is the population density of ESs tuned by the
number of upconversion photons. Compared with the two-
photon ESs, population density of ESs, which required
much more photons, is lower. The lower population density
generates a higher possibility of similar dipole orientation
and a larger DOP of PUCL. The modulation of the DOPs of
PUCL from Ho’" and Tm>" is realized by cross-relax-
ation, excitation wavelength, excitation power density, and
changes in local site symmetry. The DOPs have been
controlled from 0.233 of the two-photon upconversion
process to 0.925 of the four-photon upconversion process
in Tm>". Besides, taking advantage of the highly polarized
nature of single nanorods, multi-dimensional anti-coun-
terfeiting display and encryption in words, pictures, and
labyrinth totem have been realized. This regulated polar-
ization strategy will promote the development of PUCL
from Ln’"-doped nanoparticles. The tunable polarization
properties combined with multi-dimensional encryption
methods enable potential applications in three-dimensional
display, optical encoding, and many other emerging fields.
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