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Inkless multi-color writing and copying of
laser-programmable photonic crystals†

Yunlong Wang, Qilong Zhao and Xuemin Du *

Rewritable papers, as environmentally friendly alternatives for

information delivery, hold great promise to reduce the abundant use

of ordinary papers that cause severe environmental problems. In recent

decades, photonic crystals (PCs) have shown great potential in devel-

oping rewritable papers. However, existing PC papers still confront

many challenges, including poor storage stability, short-cycle lifetime,

monotonous colors, and absence of copying capability. Herein, we

report the fabrication of a rewritable PC paper based on programmable

configurations of a synthesized shape memory polymer (SMP). The

resulting SMP-based PC paper does not need additional inks and can

be facilely used to write by the near- infrared (NIR) light with assistance

from a pre-printed black paper as a photothermal layer. Heating from

the black paper induces various stable configurations of the PCs, thus

creating multiple colors in the irradiated areas. Moreover, the PC paper

possesses excellent colorful copying capability that can transform

information from a paper with pre-printed black letters or complex

images via scanning with NIR light. These images can be stably stored

for more than 6 months at ambient conditions, which can be even

erased and rewritten over 50 times without significant loss in color

quality. This environment-friendly SMP-based PC paper with extra-

ordinary properties holds great promise in the fields of next-

generation office papers, smart price tags, and anti-counterfeiting labels.

Introduction

Paper, as one of the most important carriers of knowledge, has
greatly promoted the development of human civilization since
its invention in the early 2nd century CE. Within the last three
decades, global paper consumption has continuously grown up
to 300 million tons per year.1 Accordingly, the massive produc-
tion and use of paper cause significant environmental pro-
blems, including severe deforestation, water/air pollution, and

the vast production of solid wastes. To mitigate the environmental
pressure caused by the abundant use of ordinary papers, rewritable
papers that can be used repeatedly have attracted extensive
interests.2–5 Recently, various rewritable papers based on chemical
pigments such as organic dyes and metal–organic frameworks
responsive to external stimuli have been developed.1,5–11 The writing
and erasing of such rewritable papers depend on the controllable
color change of the pigments caused by the electron transition
among their molecular orbital energy levels. However, these conven-
tional rewritable papers suffer from one or more problems limited
by the inherent properties of the chemical pigments, such as
rigorous trigger conditions, unsatisfactory long-term stability, poor
reversibility, and monotonous colors.1 Therefore, it is highly urgent
to develop new rewritable papers that can properly address the
above-mentioned issues.

As a common alternative way to display color by the use
of chemical pigments, coloration based on photonic crystals
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New concepts
As environmentally friendly alternatives for information delivery, rewritable
papers hold great promise to reduce the abundant use of ordinary papers that
cause severe environmental problems. Recently, photonic crystals (PCs) have
shown great potential in developing rewritable papers due to the unique
property of non-photobleaching. However, previous PC papers still need inks
or stamps, thus causing poor storage stability, short-cycle lifetime,
monotonous colors, and absence of copying capability. In this work, we
report a new rewritable PC paper based on a laser-programmable shape
memory polymer (SMP). This SMP-based PC paper can be facilely used to
write by the near infrared (NIR) light without additional inks, which induces
various stable configurations at the nanoscale, thus creating multiple colors.
Moreover, this PC paper also possesses excellent multi-color copying
capability via scanning with NIR light. These written/copied images not only
can be stably stored for more than 6 months, but also can be erased/rewritten
over 50 times. With these unprecedented features, we believe that this novel
rewritable PC paper has great potentials in the fields of next-generation office
papers, smart tags, anti-counterfeiting labels, etc. Furthermore, the intriguing
shape memory tunability at the nanoscale of PC will also offer inspirations
and opportunities for the outstanding applications in information storage and
biomedicine.
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(PCs), which possess unique photonic bandgap (PBG) properties and
three-dimensional periodic dielectric structures that can manipulate
the propagation of light,12,13 offers promising approaches for con-
structing rewritable papers with superior properties. The interaction
of light with periodic structures endows PCs to reflect iridescent
structural colors, which is free from photobleaching and can be
facilely tuned through modulating the lattice spacing and/or
refractive index.14,15 Due to these unique characteristics, PCs
have been widely used for sensors,19–23 in vivo diagnosis,24,25

actuators,16,17,26,27 information storage,28,29 display,30,31 as well as
rewritable papers3,10,11,32,33 via integration with stimuli-responsive
polymers.14,15,34 Particularly, PC-based rewritable papers have
shown superior reversibility and stability compared to chemical
pigment-based ones. However, inkless multi-color writing and
information storage by rewritable PC papers remain greatly chal-
lenging. To be specific, rewritable PC papers based on chemical
responsive PCs that use solvents or water as inks are considered
highly environment-friendly yet suffer from slow writing/printing
speed, poor resolution and short durability due to their low
responsive rate and uncontrollable ink diffusion/evaporation.28,33,35

Although rewritable PC papers that use external electric and
magnetic fields, rather than inks, for writing, have greatly improved
the writing/printing speed owing to the fast response speed of
electric/magnetic responsive PCs,18,31,36–38 they still confront pro-
blems such as information being rapidly lost once an external field
is removed. In addition, complex fabrication procedures
and the requirements of additional packaging also limit the
scope of low-cost and scale-up fabrication of such rewritable
PC papers.37,38 Recent works have demonstrated promising
methods for producing rewritable PC papers by using shape
memory polymers (SMPs), of which colors and configurations
can be altered between the permanent and temporary states via
force,39,40 heat,41 solvents,30,42 and electric fields.43 The unique
shape memory behavior results from their programmable con-
figurations near the phase transition temperature (Tg), which
provides significant benefits for biomedical devices, soft
electronics and soft actuators.44–47 The unique shape memory
property ensures that most SMP-based rewritable papers obtain
two switchable colors due to only two (permanent/temporary)
states of normal SMPs. Although multiple colors can be
achieved at different timelines by carefully controlled mechanical
embossing of SMP-based PCs,40 exhibiting multiple colors in one
paper simultaneously via a facile way remains challenging. Overall,
despite remarkable progress of rewritable PC papers, they still
confront one or more problems such as poor stability, short-cycle
lifetime, and single-color display. Moreover, copying information
using rewritable PC paper like ordinary paper has never been
realized either.

Here, we present novel multi-color rewritable PCs capable of
both writing and copying, with superior stability, long-term
durability and excellent reversibility, which can be facilely
programmed by a near-infrared (NIR) laser with assistance
from a pre-printed A4 paper as a photothermal layer. These
PC papers with inverse opal structures were made of SMP with a
wide range of Tg by using silica colloidal crystals as structural
templates (Fig. 1A). By modulating the photothermal effects via

NIR light, the inverse opal structured SMP can be tuned among
various temporary configurations and one permanent configu-
ration (Fig. 1B), resulting in well-controlled multiple bright
colors with exceptional stability at room temperature (25 1C)
for more than 6 months, which is superior to existing PC
papers. Owing to their excellent shape memory behaviors, these
SMP-based PC papers can be further used for inkless writing
and copying with the assistance of a NIR laser beam. These
writing/copying–erasing processes can last more than 50 cycles
without significant loss in color quality, showing excellent
reversibility. Furthermore, various bright colors (e.g., green,
yellow and orange-red) can be simultaneously written/copied onto
one paper without additional assistance from stamps/masks or any
expensive photothermal agents such as gold nanorods, graphene,
and black phosphorus. To the best of our knowledge, this is the
first stamp-free, photothermal agent-free and inkless rewritable PC
paper with two unprecedented capabilities of multi-color writing
and copying via a non-contact strategy. With these outstanding
features, we believe that this novel rewritable PC paper has great
potential in the fields of next-generation office papers, smart tags,
anti-counterfeiting labels, etc.

Results and discussion
Fabrication of the SMP-based PC films

Typically, the SMP-based PC films with inverse opal structures
were prepared by employing silica colloidal crystals as templates
(Fig. 1A), which were firstly self-assembled with monodisperse

Fig. 1 Fabrication of SMP-based PC films. (A) A schematic illustration of
the preparation of the SMP-based PC films. (B) Mechanism of deformation
and recovery process of SMP-based PC films. (C) The reflective spectrum
of the as-prepared SMP-based PC film with the left inset showing the
ordered structures of the silica colloid template (scale bar: 1 mm) and the
right inset showing the color of the film (scale bar: 2 mm). (D) DSC curve of
the SMP-based PC film.
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silica particles (with an average diameter of 305 � 14 nm) on the
surfaces of flat glass slides. Afterwards, the prepolymer solutions
containing styrene (St), n-butyl acrylate (BA) and divinyl-benzene
(DVB, crosslinker) were cast into the silica templates and then
polymerized to form St/n-BA copolymer (PS-co-BA)-embedded
silica colloidal crystals by UV light. The inverse opal structured
SMP-based PC films with a thickness of 25 mm were finally
obtained after etching the silica templates (Fig. 1B and C).

Due to the orderly packing of the silica templates, the
obtained SMP-based PC films show a brilliant structural color at a
characteristic reflection peak of 613 nm (Fig. 1C). The size of the
inverse opal structure determines the color of the PC film, which is
defined by the size of the templating silica particles. Differential
scanning calorimetry (DSC) measurements show that the SMP-based
PC films have Tg at 78.4 1C together with a unique wide glass
transition range (from 47.2 to 105.3 1C), as shown in Fig. 1D. Owing
to the higher Tg than room temperature, as well as high-density
crosslinking points formed with the assistance of DVB,48 the
mechanical properties of the SMP film are robust enough at room
temperature to maintain the ordered inverse opal structures. Thus,
we can predict that the SMP-based PC films will demonstrate both
optical and thermal properties due to the interesting integration of
structural color and shape memory behaviors (Fig. 1B and C).

Shape memory behaviors of the PC film

To investigate the shape memory behaviors of the PC film, the
inverse opal structured SMP is compressed first (deformed
state), and then thermally recovered with different recovery
degrees (recovered state and permanent state) via controlling
the heating time (Fig. 2A). As shown in Fig. 2B, the initial inverse
opal structured SMP film shows brilliant orange-red color due to
the ordered inverse opal structures. Surprisingly, the brilliant
color of the SMP-based PC film disappeared when the film was
compressed (B18 MPa) at room temperature (25 1C) and it
turned translucent. This suggests that the ordered inverse opal
structure of the SMP film collapses into a disordered state
(Fig. 2B and C). Interestingly, the compressed SMP film can
maintain multiple stable states via heating at 80 1C (4Tg) for
different time periods, for example, 2 min, 4 min and 6 min, and
were then cooled by decreasing the temperature to room tem-
perature (25 1C, oTg). Correspondingly, the SMP film displays
various stable colors, including brilliant blue (heated for 2 min),
green (heated for 4 min), yellow (heated for 6 min) and per-
manent orange-red (heated for 8 min) colors. This indicates that
the disordered state of the compressed SMP film recovers into
various ordered inverse opal structures. The cross-sectional
scanning electron microscopy (SEM) images, optical images
and reflection spectra in Fig. 2D–H further confirm this con-
jecture. Impressively, the reflectivity increases with the increase
in the heating time, which results in an increase of the ordered
structures of the compressed inverse opal. The reflection wave-
length is proportional to the lattice spacing of the SMP-based PC
film, which follows the Bragg-Snell eqn (1).

lmax ¼ 2
d

m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ni2Vi � sin2 y

q
(1)

where lmax is the bandgap wavelength, d is the lattice spacing of
the photonic crystal, m is the order of the Bragg diffraction, ni

and Vi are the refractive index and the volume fraction of the
material, and y is the angle measured from the normal incident.
Here, the refractive index values are 1.55 for PS-co-BA (nps) and 1
for air voids (nair). Vps and Vair are the volume fractions of
polystyrene and air voids in the photonic crystal and they are
0.26 and 0.74, respectively, in the fcc structure. Fig. 2D–G show
that the vertical lattice spacing increases from 178 to 256 nm
along with the gradual recovery of the ordered inverse opal
structures. Accordingly, an obvious redshift in the reflection
spectra from 469 nm to 612 nm is presented for the different
recovered states of the SMP-based PC film (Fig. 2H and I).
Apparently, the experimental results agree very well with the
theoretical values as shown in Table S1 (ESI†).

Owing to the highly-dense chemical crosslinking network,
the SMP-based PC film exhibits intriguing shape memory
behaviors at the nanoscale that is quite different from physi-
cally crosslinked SMPs.44,45 In our system, the distribution of
block chains is highly heterogeneous for the high ratio of
crosslinker used in the polymerization process, leading to a
wide range of Tg,49 and subsequently continuous tunability of
the shape recovery degree (Fig. 1B and 2D–G). Owing to the

Fig. 2 Color tuning of the SMP-based PC film through heat. (A) A schematic
illustration of the mechanism of the structural color alteration of the SMP-
based PC along with the deformation/recovery of the periodic structures of
different degrees. (B–G) SEM images of the original (B) and the deformed
(C) SMP-based PC films, as well as the recovered SMP-based PC films at an
oven (80 1C) for 2 min (D), 4 min (E), 6 min (F), 8 min (G). Scale bar: 1 mm.
(H) Reflective spectra of the original, deformed SMP-based PC films and
recovery for a different time in 80 1C oven, with insets showing their
corresponding colors (scale bar: 2 mm). (I) Periodical distance and the spectra
peak wavelength of the original deformed SMP-based PC films and recovered
samples at 80 1C oven for a different time.
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unique shape memory behaviors, the resultant SMP-based PC
film obtains multiple stable structural colors that can be tuned
by varying the heating time, which is significantly superior to
previous SMP-based PC films usually with only two discrete
colors.39,43 Furthermore, given its mechanically robust frame-
works owing to the high chemically crosslinking degree,41 the
shape recovery ratio of the SMP-based PC film reaches nearly
100% indicated by the recovered lattice spacing and the reflec-
tion wavelength after heating at 80 1C for 8 min, which is
similar to those of the original film (Fig. 2H and I). Excellent
shape memory behaviors at the nanoscale of the SMP-based PC
film provide great potential to be used as multi-color rewritable
papers that can be written/erased by compressing and thermal
treatments.

Laser-direct writing on the SMP-based PC papers

Owing to the excellent heat-programmable properties at the
nanoscale, a facile contactless and inkless way based on NIR
irradiation can thus be applied to tune the colors of the SMP-
based PCs. According to our recent work, the configurations of
SMP with microstructures can be facilely programmed with
the assistance of one photothermal layer owing to the good
penetrability of NIR light. Due to the excellent photothermal
properties of gold nanorods, the microstructures can quickly
recover from the temporary state to the permanent state.50 To
extend the recovery time, a pre-printed black paper as a mild
photothermal layer was used in this work. As shown in Fig. 3A,
the compressed SMP-based PC paper was put on the black
paper, and then programmed by a NIR laser beam. Upon NIR
irradiation, the irradiated area of the colorless SMP-based PC
paper will be heated by the black paper due to the photo-
thermal effect, which triggers the shape recovery of the periodic
microstructures at the area that is locally heated. As shown in
Fig. 3B–G, the infrared thermal images and microscopic images
of time-dependent color change are captured after exposure to
NIR light for 2, 4, 6 and 8 s, respectively. It indicates that with
an increase in the NIR irradiation time, the temperature thus
increases from 25 1C to 67 1C (Fig. 3H), leading to the local
shape recovery of the inverse opal structures of the deformed
PC. Correspondingly, the color of the PC paper changes
from colorless to blue, green, yellow and finally orange-red in
seconds (insets of Fig. 3B–G), of which reflection spectra also
redshift from 463 to 613 nm (Fig. 3I). When the NIR irradiation
time is further increased to above 10 s, the reflection spectrum
of the PC paper remains at 612 nm as the inverse opal
structured SMP has completely recovered to its permanent
state. Besides, the colors of the SMP-based PC paper also can
be tuned by using substrates with different gray scales yet with
the same NIR irradiation time, of which multiple colors are
determined by the different recovery degrees of the inverse opal
structures (ESI,† Fig. S1–S3). This approach as a supplementary
way to adjust the color of the PC papers can also greatly benefit
the potential applications of direct multi-color writing for the
SMP-based PC papers.

After verifying the extraordinary capability of NIR-induced
color alteration of the SMP-based PC paper, the rewritable

performances of the PC paper have been further investigated.
As shown in Fig. 3J and Fig. S4 (ESI†), the colorless SMP-based
PC paper displays brilliant ‘‘SIAT’’ letters with multiple colors
when directly written with a NIR laser beam, resulting from the
good irradiated time-dependent changes in structural color.
The slight color diffusion at the edge of the letters was due to
the thermal gradient in the film resulting from the high-energy
gradient of the laser beam and manual writing. This issue
could be resolved by employing a more uniform energy laser or
more automated processes.2,4,7 In addition, the SMP-based PC
paper exhibits excellent optical reversibility and stability. It is
therefore very easy to erase the written letters by simply
compressing the PC paper again to the colorless state with
disordered microstructures. Additionally, the SMP-based PC
paper would not show any decline of reflectivity or shift of

Fig. 3 NIR laser-programmable multi-color writing of the SMP-based PC
papers. (A) A schematic illustration of the laser-programmable writing on
the SMP-based PC papers. (B–G) IR thermal-imaging images of deformed
PC (B) papers and those irradiated by a NIR laser for 2 s (C), 4 s (D), 6 s (E),
8 s (F), and 10 s (G), the insets are microscopic images (scale bar: 500 mm).
(H) The change of temperature of PC papers on the black paper irradiated
by a NIR laser over time. (I) Spectra of original, deformed PC papers on
black paper and those being irradiated by a NIR laser for a different time.
(J) NIR-laser written characters of ‘‘SIAT’’ with different colors on a SMP-
based PC paper. Scale bar: 5 mm. (K) The spectra peak and reflectivity of
the SMP-based PC papers after multiple deformation/recovery cycles.
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reflective peaks even over 50 repeated-compression/rewriting
cycles (Fig. 3K and ESI,† Fig. S5A), indicating excellent robustness
and reusability of the SMP-based PC papers. Moreover, Fig. S5B–D
(ESI†) demonstrate that both the ordered and disordered
state of the PC paper can be well-preserved for quite a long
time (46 months) at ambient condition (25 1C) and thereby
satisfy the requirements of information storage for practical
applications. Comparing to previous works,4,33,39,42 this direct
laser-programmable PC paper demonstrates unprecedented
capabilities of displaying reversible and multi-stable colors
simultaneously without inks, stamps and photothermal agents.

Laser-assisted colorful copying

The extraordinary performances of the laser-programmable
multi-color writing further motivate us to evaluate the potential
of the SMP-based PC paper for copying. As shown in Fig. 4A, the
SMP-based PC paper is covered on an ordinary A4 paper with
black images that were printed with a commercial printer,
where the printed information can be scanned using a NIR
laser beam and then transferred onto the PC paper. Upon NIR
scanning, the area of the SMP-based PC paper on top of the

images will be heated by the black images that generate
heat due to the photothermal effect, which triggers the local
shape recovery of the periodic microstructures of the colorless
SMP-based PC paper. Owing to the recovery of periodic micro-
structures, the SMP-based PC papers can show brilliant colors,
which can also be varied by changing the NIR irradiation time.
To evaluate the NIR scanning capability, images with complex
structures such as a paper-cutting artwork and a traditional
Chinese knot have been exploited to be copied by using the
SMP-based PC paper. As shown in Fig. 4B and C, it can be
observed that the pre-printed figures were successfully trans-
ferred to our PC papers, showing vivid colors and good resolu-
tion without any loss of details. Notably, not only patterns with
mono-color but also graphics with multiple colors can be
copied from master pictures by using the SMP-based PC papers.
As shown in Fig. 4D, letters of ‘‘SIAT’’ were copied on the
deformed SMP-based PC paper by NIR laser scanning, which
demonstrates various colors via varying the irradiation time.
Moreover, a blooming rose with brilliant orange-red petals and
green leaves could be successfully copied from a pre-printed
picture with well-defined frameworks (Fig. 4E). The micro-
scopic images and spectra of the images on the SMP-based
PC papers have also been recorded, further verifying the fidelity
and feasibility of the multi-color laser-programmable copying
using the SMP-based PC papers (ESI,† Fig. S6 and S7). Notably,
both recovered structures and deformed structures show intri-
guing incident-angle dependent colors. As shown in Fig. S8
(ESI†), the orange-red petals with recovered structures and the
green leaves with deformed structures simultaneously change
their colors into green and blue via changing the viewing angle,
respectively. The multi-color copying using a rewritable PC
paper, which has not been reported before, can greatly enrich
the application scenarios of rewritable papers for daily use. In
addition, this strategy for integrating multiple functions into
one system will open an avenue for the development of various
smart color-changing materials for practical applications.51–60

Conclusions

In conclusion, we present a novel SMP-based PC paper with multi-
stable states, which displays multiple colors that can be tuned by
heat or NIR irradiation to control the deformation and recovery of
their periodic microstructures with different degrees. This novel
rewritable PC paper with outstanding long-term stability, good
reversibility and multi-color printability, as well as compatibility
to a simple trigger route fully satisfies the requirements of rewri-
table papers for daily use. Superior to existing rewritable papers,
not only laser-programmable multicolor writing but also laser-
scanning multicolor copying can be integrated within one piece
of SMP-based PC paper, and is the first to be reported to the best of
our knowledge. Additionally, the color of the SMP-based PC paper
can be programmed and altered without any decay for over 50 cycles
and stored at ambient conditions for more than half a year,
showing excellent reliability and stability. It can be envisioned that
this rewritable SMP-based PC paper can be applied in the fields of

Fig. 4 NIR laser-programmable multi-color copying of the SMP-based
PC papers. (A) A schematic illustration of the laser-programmable copying
on the SMP-based PC papers. (B) A transferred pattern of a paper-cut art
on the SMP-based paper. (C) A transferred pattern of a Chinese knot on the
SMP-based paper. (D) Transferred characters of ‘‘SIAT’’ with different
colors on the SMP-based paper. (E) A transferred pattern of a multi-
color blooming rose from a mono-color master on the SMP-based paper.
Scale bars of (B), (C) and (E): 1 cm. Scale bar of (D): 0.5 cm.
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next-generation office papers, smart price tags, anti-counterfeiting
labels, etc., which will decrease the consumption of forests and
reduce the damage to ecosystems. Moreover, the intriguing shape-
memory tunability at the nanoscale of PC will also offer inspira-
tions and opportunities for the outstanding applications in infor-
mation storage and biomedicine.
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