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ABSTRACT: Nanoprint-based color display using either
extrinsic structural colors or intrinsic emission colors is a
rapidly emerging research field for high-density informa-
tion storage. Nevertheless, advanced applications, e.g.,
dynamic full-color display and secure information encryp-
tion, call for demanding requirements on in situ color change,
nonvacuum operation, prompt response, and favorable
reusability. By transplanting the concept of electrical/
chemical doping in the semiconductor industry, we demon-
strate an in situ reversible color nanoprinting paradigm via
photon doping, triggered by the interplay of structural
colors and photon emission of lead halide perovskite gratings. It solves the aforementioned challenges at one go.
By controlling the pumping light, the synergy between interlaced mechanisms enables color tuning over a large range with
a transition time on the nanosecond scale in a nonvacuum environment. Our design presents a promising realization of
in situ dynamic color nanoprinting and will empower the advances in structural color and classified nanoprinting.

Substrate
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arious colors of living creatures are one of the most contrast of generated colors, although highly absorbing films of
precious gifts offered by nature. The vivid colors have a few to tens of nanometers in thickness on a metal film can
enriched humans’ life and also aroused curiosity in support decent colors based on selective absorption of visible
chasing the secrets behind them. It turns out that many vibrant light."® In order to improve the color impression, high-index
colors originate from the interaction between visible light and dielectric materials with low losses in the visible range have
the “structures” of creatures.'”’ Inspired by this effect, been explored. By using all-dielectric materials, color contrast
nanostructure-based light—matter interaction has emerged to can be improved over the whole visible spectrum.'”™** How-
produce vivid and vibrant colors, which relies on controlling ever, most color nanoprintings work in a static way, which
the geometric parameters of nanostructures, termed extrinsic limits their advanced applications, such as anticounterfeiting,
structural color.” '’ Among the reported structural colors, dynamic full-color display, and highly secure encryption.
plasmonic color printing outperforms traditional pigment- or In analogy to electrical doping and chemical doping, which
dye-based color printing in their ultrahigh subwavelength have been widely used in the mature semiconductor industry
resolution, huge optical data storage, and ultracompact
size.''~"7 Generally, the inherent absorption of materials Received: March 31, 2018
used in the visible range usually gives broad and less intensive Accepted: July 31, 2018
resonance, which significantly degrades the brightness and Published: August 16, 2018
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for control over the electrical and optical properties of semicon-
ductors, recently, the concept of doping has been successfully
transplanted to control color nanoprintings in a dynamic way,
such as by infiltrating liquid crystals into plasmonic nano-
structures or controlling the hydrogenation/dehydrogenation
kinetics of metal nanoparticles.”>>' However, none of them can
realize an in situ control, and a hydrogen/oxygen environ-
ment is even required in the latter method.

In addition to extrinsic structural color, photoluminescence
(PL) from active materials, termed intrinsic emission color, can
also be used for color display, e.g, microsized light-emitting
devices (LEDs) and laser diode based color displays.”*~*’
Lately, methylammonium lead halide perovskite (MAPbX;,
where MA = CH3;NH;* and X = Cl, Br, I, or their mixture),
one type of semiconductors, has drawn a lot of attention due to
its excellent PL properties, such as high quantum efficiency and
narrow full-width at half-maximum (fwhm).*>7>>**7*° How-
ever, MAPbX;-based color displays are usually static and low-
resolution. Although the emission peaks can be postsyntheti-
cally tuned with anion exchange,”*"** the color variation time
is too long and cannot be controlled in situ, not to mention
extreme requirements on ambient conditions.

RESULTS AND DISCUSSION
Working Principle of the Reversible Color Display.

In this work, in analogy to electrical/chemical doping, we pro-
pose an in situ reversible color nanoprinting paradigm via pho-
tonic doping, triggered by the interplay of structural colors and
photon emission of MAPbX; gratings. The working principle is
illustrated in Figure 1, where both white light and laser light

Substrate

Figure 1. Working principle. The schematic design of pixels and
the in situ color generation by mixing extrinsic structural color and
intrinsic emission color on MAPbX; perovskite gratings.

are incident on the sample simultaneously. The fundamental
pixel of the image is a one-dimensional (1D) perovskite grating
with a finite number of periods and strip length. On one hand,
the MAPbX, has refractive indices around 2.1-2.5 (see
Supplementary Section 1) in the visible spectrum. This value is
not high enough to generate bright-field structural colors with
its own magnetic dipole and electric dipole resonances.””*>**
But it is comparable to TiO, and thus can generate high reflec-
tion via a short-period array.”*>** On the other hand, as a
direct band-gap semiconductor, MAPbBr; can emit PL (see
Supplementary Section 1) or laser light and form emission
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colors with intensities determined by the excitation. According
to color mixing theory, a third color is able to be generated by
mixing the other two colors, and the resulting hue can be easily
tuned by varying their mixing ratio. Consequently, a promising
dynamical color tuning scheme could be realized by mixing the
extrinsic structural color with intrinsic emission color, where
the former color acts as the base and the latter color functions
as a photonic impurity. The resulting color can be dynamically
and reversibly controlled through tuning the density of the
pumping laser. Significantly, with the pumping-density-
dependent color, our scheme could realize in situ color tuning
by controlling the excitation. In addition, the color transition
time is determined only by the buildup and ring-down time of
the PL, which is on the order of nanoseconds*>*”** and orders
of magnitude faster than current technologies.zs_28 Therefore,
an in situ, dynamic, and reversible nanoprinting can be pro-
duced with MAPbX; gratings. The emission color can be extended
to full color by varying the band-gap via the stoichiometry of
halogen element.*”>°

Extrinsic Structural Colors. One-dimensional MAPbBr;
gratings on a glass substrate are designed for structural colors,
as schematically shown in Figure 1. The reflection spectra were
numerically calculated under transverse magnetic field (TM,
E-field perpendicular to the strip) polarized as the dashed lines
shown in the left panel of Figure 2A. A sharp resonance along
with a low flat background can be clearly observed. As the
period (p) varies from 405 to 280 nm and the gap (d) varies
from 70 to 163 nm, the reflection peak blue-shifts from 672 to
458 nm, while the peak value and the fwhm are preserved
above 85% and below 20 nm, respectively. Thus, distinct colors
from red to purple can be generated (see right panel in Figure 2A).
To further investigate the color range, we have numerically
calculated the structural colors generated from 1023 samples
by varying the structural parameters p and d with a step of 5 nm.
As shown in Figure 2B, a vivid color rainbow is presented,
demonstrating the capability of perovskite gratings in distinct
structural colors. We also find that the transverse electric (TE,
E parallel to the strip) polarized reflection peak can also be
formed (see Supplementary Section 2), but it is strongly
affected by the quality of the film and the color impressions are
usually worse. Below, we focus on the TM-polarized resonances.

The MAPDbBr; gratings are fabricated with a top-down
process (see Supplementary Section 1).°>" The recorded reflec-
tion spectra are plotted as solid lines in Figure 2A. A series of
intense reflection peaks can be seen, which match well the
numerical results. The corresponding field patterns (see insets
in Figure 2A) show that the reflection peaks are caused by the
magnetic resonance and the collective effect.””*® With the
variation of structural parameters p and d (see SEM images in
Figure 2A), the reflection peaks also linearly shift from 672 to
458 nm, covering most of the visible spectrum. Then the
samples are placed under the bright field of the optical micro-
scope (ZEISS, Axio Scope Al). The structural color varies
from dark red to purple, which also matches the calculated
color well, as shown in the right panel of Figure 2A.

The distinct colors are mainly attributed to the narrow and
intensive reflection peaks. Due to the ion implanting in the
top-down nanofabrication process, the band-edge of MAPbBr;
is pushed to ~460 nm (see Supplementary Section 3).*" In this
regard, the perovskite gratings are almost lossless in a spectral
range above 460 nm and can produce high-reflection colors.
Although etched nanostructures have extra scattering losses,
the reflections are still ~40—65% with a fwhm ranging from
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Figure 2. Extrinsic structural color by varying the periodicity of 1D MAPbBr; gratings. (A) Left panel shows the comparison of experimental
reflection spectra (solid lines) and simulated counterparts (dash lines) as the period (p) and gap (d) vary, while the right panel shows the
corresponding measured colors, SEM images, and calculated colors. Here the period in panels I-VIII is p = 280, 280, 310, 320, 340, 382,
400, and 400 nm, and the gap in panels I-VIII is d = 163, 107, 140, 105, 80, 110, 100, and 70 nm, respectively. The thicknesses of MAPbBr;
films are 205 nm. All the scale bars are 1 gm. (B) Numerical color palette obtained by stepwise tuning of p and d. The insets in (A) are their
corresponding field patterns (IHI). The arrows correspond to the directions of electric currents.
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Figure 3. Intrinsic emission color generated by photoemission. (A) Emission spectra of MAPbBr; gratings with different pumping densities.
The inset shows the top-view SEM image of the MAPbBr, gratings. (B) Output intensity as a function of pumping density. The inset shows
the photostability of the MAPbBr; gratings under photon doping. (C) Fluorescent microscope images of MAPbBr; gratings with the increase
of pumping density. (D) Vivid emission colors from blue to red of MAPbCl,Br;_, and MAPbI,Br;_,, as stoichiometry varies. The

corresponding stoichiometry is also listed.

13 to 20 nm (see Supplementary Section 3), which are superior
to counterparts of MAPbI, gratings.”” In terms of quality factor
(Q = A/AA, here A is the central wavelength and A/ is the
fwhm), the Q values of reflection peaks are around 28-39,
which is more than an order of magnitude larger than the
counterpart on MAPbI, gratings.>”

Interestingly, the distinct structural colors also benefit from
the material absorption. Apart from the main reflection peak,
arising from low order diffraction, the grating also supports
higher order reflection peaks within the visible range and thus
spoils the color impressions (see Supplementary Section 4).
For the designed MAPbBr; gratings, their higher order modes
at shorter wavelengths are almost fully absorbed. Thus, the
background is suppressed to improve the color impression.
The effects of material absorption can be clearly seen in panel I
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of Figure 2A. Once the reflection peak approaches the band-
edge, the reflectance is drastically reduced to ~30%.
Intrinsic Emission Colors from Photoemission. Besides
the extrinsic structural colors, MAPbX; gratings also have intrin-
sic emissions originating from their direct band-gap. Taking the
sample with p = 325 nm and d = 100 nm as an example, we
have explored their emission properties via optical excitation
(see Supplementary Section S). As shown in Figure 3A, when
the pumping density is 14.83 yJ/cm? a broad PL emission
peak is centered at 524 nm with a fwhm of ~20 nm. As the
pumping density increases to 17.44 uJ/cm?, sharp peaks
emerged and quickly dominated the emission spectrum, while
the fwhm was significantly reduced to 0.7 nm, which was about
30 times smaller than the PL. Figure 3B shows the output
intensity as a function of pumping density. The drastic increase
in the power slope, associated with the sharp peaks and narrow
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Figure 4. Dynamic control of color displays. (A) Recorded spectra and the corresponding colors of MAPbBr, gratings (period p = 350 nm,
gap d = 100 nm, and thickness h = 205 nm) as a function of pumping density. The inset in each panel is the color calculated by relevant
spectra; the left panel is experimentally recorded fluorescent microscope images. (B) Evolution of structural colors in the CIE 1931

color map.

fwhm, has confirmed the onset of perovskite gratings lasing.
Figure 3C shows the experimentally recorded fluorescent
microscope images. Even though the pumping power is very
low, vivid green colors can still be seen. With the increase in
pumping density, the brightness of the green color increases
quickly. Finally, a bright laser spot emerges in the image and
the intensity is dramatically increased (see Figure 3B). The
emission color of perovskite gratings is found to be quite
stable. As the inset shows in Figure 3B (see Supplementary
Section 6), the total intensity decreases less than 10% when the
MAPDBr; gratings is pumped with 3.6 X 10° laser shots.
In addition, the emission color of MAPDbBr; is not restricted to a
green color. By thermal annealing the MAPbBTr; in a low-pressure
chemical vapor deposition with a CH;NH;I or CH;NH,;Cl vapor
environment, the bromide ions are substituted with chlorine
ions or iodine ions. As a result, vibrant emission colors can
spread from purple to red (see Figure 3D).

Reversible Interplay of the Extrinsic and Intrinsic
Color. Based on the above observations, one MAPbX; gratings
can support two types of colors, i.e., extrinsic structural color
and intrinsic emission color. Then, a mixed color can be
obtained when a MAPbX; grating is illuminated by white light
and laser light simultaneously. What is more, by controlling the
brightness of the green colors with the laser pumping density
(Figure 3C), the ratio of emission to reflection can be dynam-
ically controlled. Therefore, although both colors are static,
their mixture makes perovskite gratings ideal for the realization
of dynamic color (see the schematic picture in Figure 1).
To experimentally demonstrate this possibility, we have fabricated
MAPDBr; gratings and studied their display color as a function
of pumping density, as shown in Figure 4A. When the nano-
structure was illuminated with only a white light source, a reflec-
tion peak occurred at ~625 nm and a bright red color could be
observed. When the perovskite grating was photon doped by a
Ti:sapphire laser (see Supplementary Section 6) simulta-
neously, an additional peak appeared at 515 nm. As the pumping
power increased, the emission from perovskite got stronger
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and became comparable to the reflection of white light.
Correspondingly, the display color image also transited from
red to orange and finally to chartreuse (see panels II—VII in
Figure 4A). Furthermore, the emission intensity could surpass
the reflection peak as the pumping intensity increases. As a
result, a green color would be observed (see panel VIII in
Figure 4A). The corresponding color coordinates were then
calculated using the spectra in Figure 4A and plotted in the
well-known CIE 1931 color map (see Figure 4B). While the
structures, refractive indices, and stoichiometry of MAPbX,
gratings are all fixed, the display color simply traverses different
color regions by increasing external excitation. Significantly,
with the decrease in pumping density, the reflection peak can
be gradually recovered to its original position, and thus the
dynamic color display is also reversible. Taking into account
the nanosecond level transition time of emission color (see
Supplementary Section 7), the color variation can respond on
the same level, orders of magnitude faster than previous
works.”>"*° Due to a pumping-dependent color mixing mech-
anism, naturally, our design supports an in situ color control
capability by moving the laser spot.

Now we show that an active grating has been applied to
generate dynamically controlled color nanoprints in an in situ
and reversible way. Besides, in combination with other emis-
sion colors (from blue to red) by varying the stoichiometry of
MAPbX; gratings (see Figure 3D), the final colors could
dynamically convert over a much larger range (see Supplementary
Section 8 and Section 9).

In experiment, we found that a distinct structural color could
be generated with only 7 periods (see Supplementary Section 10),
supporting a color pixel with a lateral width as small as ~2.8 ym.
Here, the length of each stripe is fixed at 3.5 ym. Thus, the
spatial resolution can be larger than 7257 dot per inch (dpi),
which is fine enough for most high spatial resolution display
applications. To verify the capability of rendering a distinct
color image, a sample was fabricated to demonstrate the logo of
Harbin Institute of Technology with a size of 530 X 610 um’.
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Figure S. Dynamic color image printing with MAPbBr; gratings. (Logo printed with permission from Harbin Institute of Technology.
Copyright 2018 Harbin Institute of Technology.) (A) Top-view SEM image of the logo of Harbin Institute of Technology. (B) Enlarged
SEM image of partial university logo. The inset shows the high-resolution SEM image of one pixel of the logo. (C) Microscope image of the
university logo without photon doping. (D) Microscope images of part of the university logo at different pumping densities. Here the
pumping density increases along the green arrow from 0 to 22.89 pJ/cm? (Logo printed with permission from Harbin Institute of
Technology. Copyright 2016 Harbin Institute of Technology.) (E) Structural colors of the MAPbBr; meta-gratings. (G, H) Created images
of the MAPbBr3 meta-gratings with spatially modulated optical excitation.

Figure SA and B show the top-view and partially zoomed-in
SEM images of the fabricated structure, respectively. Based on
the results in Figure 2, the colors at different locations have
been predefined with different geometric parameters. Con-
sequently, when the sample was illuminated by a white light
source, a colorful image was successfully recorded by the CCD
camera (see Figure 5C). In contrast to the conventional grat-
ings, the colors in the university logo can also be dynamically
controlled via external excitation. The color of the Chinese
character I has been successfully tuned from red to green
(see Figure SD) as the pumping density increased gradually.
Therefore, we can confirm that the MAPbX;, gratings can be
used to generate distinct and dynamic display colors.

In addition to dynamic control of the structural colors in
Figure 4, this technique also has the ability to create an image
within a homogeneous color obtained with the white lamp.
In this experiment, the pumping laser beam is spatially modulated
to different shapes. After it is focused onto the MAPbBr; meta-
gratings, the shapes of laser beam are well constructed and
partially excit the nanostructure. As a result, the colors of the
excited regions change and the modulated images are repro-
duced in the homogeneous color. One example is shown in the
inset of Figure SE—H. With the spatially modulated optical
excitation, the characters “H”, “I”, and “T” have been created
within the initial homogeneous color.

In both types of dynamic control of structural color, we note
that the spatial resolution is determined by the large value
between the sizes of gratings and the spatially modulated laser
beam. According to the recent research, the pixel size of the
spatially modulated laser beam is ~1 gm,>” which is much
smaller than the size of each meta-grating (3.5 gm X 3.5 ym).
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Therefore, the spatial resolution is still around 7257 dpi.
Similar to the polarization dependence, this value can also be
improved by using two-dimensional nanostructure based
metasurfaces. We also note that the perovskite gratings in
current research have several limitations such as polarization
dependence and angular dependence (see Supplementary
Section 12). Considering the angular independence of photo-
luminescence (see Supplementary Section 12), the latter can
cause a color change at different angles of observation and
hinder the possible applications. Fortunately, these limitations
can be simply solved by utilizing the two-dimensional
nanostructures (see Supplementary Section 12). 234

CONCLUSION

In summary, we have experimentally demonstrated an in situ
dynamic color display by photonically doping MAPbX;
gratings, which was enabled by the interplay of extrinsic struc-
tural color and intrinsic emission color. The presented color
could be tuned over a large color gamut by modifying the emi-
ssion intensity, which is dependent on the external pumping
light density and can be simply controlled. The color gamut
can be further enlarged by varying the stoichiometry of
MAPbX;. Compared with previous reports, our MAPbX;-
based approach has a series of advantages in color generation,
especially the capability of in situ control and a nonvacuum
environment. Importantly, our design principle can be readily
extended to other gain materials such as GaN, ZnO, and CdS.
We believe that our design presents a promising realization of
in situ dynamic color nanoprinting and will empower
important advances in structural color, classified nanoprinting,
augmented reality devices, and biosensing.
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METHODS

Fabrication of the Perovskite Thin Films. The MAPbX; thin
films were synthesized with the solution-based one-step method.”>™>’
First, 3 mmol of CH;NH;Br (99%, Materwin) and 3 mmol of PbBr,
(99%, Materwin) were dissolved in 2 mL of dimethyl sulfoxide (DMSO,
Aladin-e, D103279-500 mL) individually and form the CH;NH,Br-
PbBr, stock solution (with a concentration of 1.5 mmol/mL). Then
50 uL of stock solution was dropped and spin-coated on the substrate
at 5000 rpm for 60 s with an 800 L/h nitrogen gas blowing over the
film. After 24 s of spin-coating, 30 uL of chlorobenzene (AR, Dmreagent)
was added to the film to accelerate the nucleation, precipitation, and
crystallization in the film.

Fabrication of MAPbBr; Gratings. The fabrication process of
MAPbBr; gratings includes an electron-beam lithography (EBL, Raith
E-line) and an inductively coupled plasma etching (ICP, Oxford, Sys-
tem100 ICP180). During the first process, a 300 nm electron-beam
resist (ZEP S20A) was spin-coated onto the perovskite film and then
patterned by an electron beam writer with a dose 56 pC/cm?* under
an acceleration voltage of 30 kV. After developing in NSO, the pattern
of gratings was generated within the resist. Then the sample was etched
with an Oxford Instruments Plasma Technology 380 plasma source. The
chamber was pumped to reach a degree of vacuum around 107 Torr.
Then the MAPDBr; film was etched by chlorine gas with a S sccm flow
rate. During the etching, C,Fg with a 10 sccm flow rate was used as a
protective gas. The ICP power was 600 W, and the RF power was 150 W.

Control of Stoichiometry of Perovskite. The chemical doping
of the perovskite nanostructure was done using chemical vapor
deposition (CVD, home-built with OTF-1200X, GSL-32, GZK 101,
from MTI Corporation). During the whole vapor conversion process,
the CH;NH;I (99%, Materwin) or CH;NH;Br (99%, Materwin)
powder was placed at the center of a CVD furnace while the
perovskite nanostructure (placed on a substrate) was mounted
downstream of the apparatus. Ar and H, were used as carrier gases
with flow rates of 25 and 15 sccm, respectively. The central heating
zone was increased to 130 °C (CH,NH,I) or 120 °C (CH;NH,Cl)
(8 °C/min heating rate, 10 min as buffer) under low-pressure
conditions (40—50 Torr) and maintained for a few hours (the speed
of the moving emitted peak is about 10 nm/30 min). The furnace was
then naturally cooled to room temperature.

Numerical Calculation. The numerical calculations were per-
formed with a commercial finite element method software (Comsol
Multiphysics 4.3a). During the simulation, one unit cell with periodic
boundary conditions has been used. The material dispersion and
the refractive index of the substrate are both considered (see
Supplementary Section 1).

Optical Measurement. The nanostructures are placed onto a
three-dimensional translation stage under an optical microscope
(ZEISS, Axio Scope Al). A white light (Thorlabs, SLS201/M) and a
frequency-doubled Ti:sapphire laser (Spectra-Physics, 400 nm, 1k Hz
repetition rate, 100 fs pulse duration) are focused by an objective lens
(20x with NA = 0.4) onto the top surface of the samples. The
reflected light and the photoluminescence of perovskite nanostruc-
tures are collected by the same objective lens and coupled to a
spectrometer (Princeton Instruments, SCT320 with Pixis 256). The
bright-field images are recorded by a camera (Canon EOS 600D).
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