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nanocomposites with two and more orthogonal optical functions are
indispensable for all optical processing devices since the information
security is envisioned to be greatly improved.

Since the image and color generated by the holographic polymer
nanocomposites are basically structural, loading phosphors is expected
to be an effective way to add the orthogonal optical functions to current
holographic polymer nanocomposites. Toward this end, Goldenberg
and Tomita have fabricated luminescent holographic polymer nano-
composites that are ultraviolet (UV)-sensitive by incorporating LaPO4:
Ce3+, Tb3+ nanoparticles [18] or CdSe quantum dots [16]. The former
shows a high diffraction efficiency of 80% while the latter shows a large
diffraction efficiency up to 100%. By contrast, here we fabricate lumi-
nescent holographic polymer nanocomposites with a diffraction effi-
ciency of ∼92% by incorporating near-infrared (NIR) light sensitive
upconversion nanocrystals (UCNCs) since the NIR light is less harmful
and background-free. Particularly, the lanthanide doped UCNCs re-
present several distinct advantages. With the step-wise multiphoton
absorption upon exposure to the NIR light, UCNCs are able to generate
nonlinear anti-Stokes emissions in the UV or visible wavelength regime
[19]. More importantly, UCNCs represent distinct characteristics such
as large anti-Stokes shift, sharp emission bands, controllable emission
wavelength, long photoluminescence lifetime, tunable crystal
morphologies and phases [20,21]. In addition, UCNCs with the same
morphology and phase but distinctive emission colors are readily
achieved [22], which opens the possibility to encode holographic
polymer nanocomposites with distinct emission colors. To the best of
our knowledge, despite the amazing progress on the design, synthesis
and application of UCNCs, the assembly of UCNCs into mesoscale or-



two coherent beams was optimized as 3mW cm−2 when writing all
gratings. After holographic recording, the structures were solidified by
flood-cure for 500 s with a mercury lamp. Five samples were prepared
for each group to provide an average value of the diffraction efficiency
with standard deviations. During the holographic image reconstruction,
a spatial light modulator (SLM) was used to project the computer-
generated image into the interference field as an object beam (Fig. S1b).
Images were replicated through the interference of object beam with a
reference beam.

3. Characterization

To understand the morphology of UCNRs, transmission electron
microscopy (TEM) characterization was performed on Hitachi HT-7700
Compact-Digital TEM. Powder X-ray diffraction (XRD) characterization
was employed to study the crystal phase of UCNRs, and the test was
performed on the PANalytical X'Pert PRO MPD X-ray diffraction system.

Upconversion emission spectra were recorded using one spectro-
photometer (F-4600, Hitachi). The spectrometer was equipped with a
980 nm fiber-coupled laser system (MDL–III–980-2 W, Changchun New
Industries Optoelectronics Tech. Co., Ltd, China). The current value of
the laser system was set as 1.5.

To characterize the grating morphology, scanning electron micro-
scopy (SEM, Nova NanoSEM 450, FEI) was performed. The glass cells
were opened and then samples were cut into small pieces. These small
pieces were then immersed in n-hexane for 36 h to fully remove the LC.
Subsequently, the samples were dried under ambient conditions and
coated with a thin layer of platinum, which were followed by the SEM
characterization.

An LC display parameter tester (LCT-5016C, North LC Engineering
Research and Development Centre, China) and a 633 nm He–Ne laser
(HNL 050 L, Thorlabs, USA) were utilized to nondestructively char-
acterize the diffraction efficiency of reconstructed holographic gratings.
P-polarized 633 nm light was used unless specially noted. When the
633 nm light irradiated the holographic gratings, diffraction, trans-
mission, reflection and scattering were generated, respectively. The
diffraction intensity (Id), transmission intensity (It) and reflection in-
tensity (Ir) at the Bragg angle (θB) were easily measured (Fig. S2). Thus,
the diffraction efficiency (η) can be calculated as follows,
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and the scattering light intensity (Is) can be given as,

= − − −I I I I Is d t r (2)

where, I stands for the incident intensity of the 633 nm laser.

4. Results and discussion

4.1. Characterization of UCNRs

Lanthanide-doped NaYF4 was employed as the UCNC considering its
capability of providing a high upconversion efficiency and a similar
refractive index (1.46–1.49) to that of polymer matrix (1.47) [19,28].
Three kinds of lanthanide-doped UCNRs (e.g., UCNR-1, UCNR-2 and
UCNR-3) with similar sizes but distinct photoluminescence colors were
synthesized through the hydrothermal method [27]. Since the content
of Gd3+ could show a dominant influence on the UCNR dimension
during synthesis [27], we fix the Gd3+ content at 60 mol % while al-
lowing other lanthanide ions (e.g., Yb3+, Er3+



∼30 s when further raising the UCNR-1 loading, because the large
amount of rigid inorganic UCNRs give rise to a high storage modulus at
the gel point (inset in Fig. 4c and Fig. S6).

4.3. Holographic patterning

Holographic polymer nanocomposite films are readily patterned
with the primary location of UCNRs in the constructive (polymer-rich)
regions. After injecting the homogeneous monomer/LC/UCNR mixture
into glass cells with a controlled gap (10 μm), unslanted transmission
gratings with predesigned pitches (750 nm) are readily fabricated using
a two-beam interference technique. During the holographic recording,





embedded within polymer regions could be also extended to counter-
parts with the NPs localizing within LC regions and potentially even
exhibiting various types of crystalline and biaxial LC organizations
[28,39]. This may open a new reach platform for realizing materials
with pre-designed optical properties.

5. Conclusions

Synergistically boosted diffraction efficiencies and upconversion
emissions were realized in a single holographic polymer/LC/UCNR
nanocomposite. This was enabled by controlling the spatial localization
of the UCNR during holography. The UCNR was fixed in the polymer-

rich regions that hold a similar refractive index, while the LC with a
much higher refractive index was squeezed out. Interestingly, the
loading of UCNR could reach 15wt% without affecting the diffraction
efficiency, which gave rise to a high-intensity upconversion emission. In
our holographic polymer/LC/UCNR nanocomposites, one identical and
publicly disclosed holographic image was reconstructed, which ex-
hibited a viewing-angle dependence and electric switchable capability.
Moreover, four different covert photoluminescence states were realized
in our holographic polymer/LC/UCNR nanocomposites, paving a new
way to design tags with orthogonal optical functions for anti-counter-
feiting and security applications.
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