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ABSTRACT: Diffraction gratings have a demonstrated value in optical
applications, such as monochromators and spectrometers. Recent efforts have
been directed at finding simple ways to manufacture diffraction gratings at low
cost and under mild conditions. Here we present a practical strategy to fabricate a
diffraction grating by simply treating an elastic photonic crystal film with a
gradient of stress. The film was made of non-close-packed colloidal crystal arrays
embedded in hydrogel polymer. Its photonic band gap (PBG) could be tuned
precisely by using varying levels of pressure. Thus, when the elastic photonic
crystal film was subjected to a stress gradient, a novel diffraction grating with
continuously varying PBGs in the whole visible range could be achieved. The
practical application of this type of diffraction grating was demonstrated in a
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minijaturized spectrometer system.
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B INTRODUCTION

Diffraction gratings are optical components with periodic
structures. They can diffract light into several beams that travel
in different directions depending on the spacing of the grating
and the light wavelength.'™ Because of this dispersive
property, diffraction gratings were found to be valuable in
applications such as monochromators and spectrometers.
Generally, the spectrometer gratings are fabricated by ruling
engines,” photolithographic techniques,”® and photosensitive
gels.7’8 With these technologies, different kinds of high-
resolution gratings can be manufactured. However, these
methods usually have high fabrication costs and harsh
processing and are time-consuming. In addition, environmental
susceptibility is a trade-off, as some fabrication procedures are
conducted at low temperature and high humidity. Therefore,
new approaches for generating diffraction gratings are still
anticipated.

Colloidal crystals have long been used to construct various
three-dimensional (3D) photonic crystal (PhC) materials.” "
They can be fabricated simply under a mild environment.'*'®
The periodic variation in refractive index of the colloidal PhC
materials creates a forbidden gap in the photonic band structure
that reflects light within a specific range of wavelengths and
transmits all others.'™"® Such photonic band gap (PBG)
materials are attractive optical materials for controlling and
manipulating the transmission of light, including lenses,
waveguides, reflective mirrors, color pigments, and numerous
other optical components.zo_23 In particular, if these highly
ordered colloidal crystals are combined with hydrogel
polymers, swelling or shrinking upon stimulation of these
polymers would lead to a change in the PBGs of the colloidal
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crystals.**~?® Thus, it is conceivable that if a polymer colloidal
crystal film was under a gradual variation of stimulus, leading to
a corresponding gradient shift in the PBGs of the film, a new
diffraction grating with the feature of continuously varying
PBGs in the whole visible range could be achieved.

Here, we present the desired diffraction grating and
demonstrate its proof of concept application in a spectrometer.
The diffraction grating was a hydrogel polymer film
incorporated with nonclose-packed colloidal PhC arrays.
Because the hydrogel polymer was stress-responsive, the
PBGs of the film could be tuned precisely by using varying
levels of stress. Thus, when an elastic film was subjected to a
gradient of stress in a certain direction, the lattice constant of
the film decreased correspondingly in the direction of
increasing stress. This change imparted the film with
continuously varying PBGs and made it a new type of
diffraction grating. By combining the diffraction grating film
with a photoelectric conversion module, we demonstrated a
miniaturized spectrometer system with the spectrum based on
the reflection intensity profile at different spatial positions of
the colloidal crystal diffraction grating.

Bl RESULTS AND DISCUSSION

In a typical experiment, non-close-packed polymer colloidal
crystal films were conceived and fabricated. To fabricate these
materials with high quality, monodisperse silica nanoparticles
were well dispersed in a pregel solution with volume fractions
above 0.12. The pregel solution was composed of poly(ethylene
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glycol) diacrylate (PEGDA, 10%, v/v), polyethylene glycol
(PEG, 5%, v/v), and the photoinitiator 2-hydroxy-2-methyl-1-
phenyl-1-propanone (HMPP, 1%, v/v). After the ion exchange
process, interparticle repulsion occurs at the average
interparticle spacing, and the minimum energy configuration
makes the silica nanoparticles self-assemble into ordered and
non-close-packed colloidal crystal array structures in the
solution."®***° The highly ordered nanoparticles imparted
the pregel solution with brilliant structure colors, and the color
of the solution could be adjusted by using different
concentrations or sizes of the silica nanoparticles. To generate
the polymer colloidal crystal films, a mold was constructed by
using two flat slides and a rectangular-shaped spacer between
the slides. The nanoparticle suspension was introduced into the
mold and photopolymerized with UV irradiation in situ (Figure
la). Based on the achieved colloidal PhC films, diffraction
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Figure 1. Schematic illustration of the fabrication of the spectrometer
grating: (a) The SiO,—PEGDA suspension was introduced into the
cuboid mold and solidified by UV; (b) The obtained film was
compressed by a tilted slide under a uniform force. The inset figures
are the optical images of the films. The scale bars of the inset figures
are S mm.

gratings with continuously varying PBGs could be generated by
simply applying a pressure gradient to the films (Figure 1b). In
our experiment, PEGDA was used to prepare the pregel
solution. It could act not only as a monomer of the hydrogel,
but also as the cross-linker. The addition of PEG could act as a
dilution of PEGDA and reduce the degree of the cross-linking
of PEGDA and make the hydrogel more elastic.

The microstructures of the polymer colloidal crystal films
were characterized by scanning electron microscopy (SEM;
Figure 2). It can be observed that the monodisperse silica
nanoparticles on the film surface form a predominantly
hexagonal symmetry (Figure 2a). This structure also extended
internally to the whole film (Figure 2b). Because of the periodic
arrangement of the silica nanoparticles, the resulting colloidal
crystal films possess the PBG property. This property leads to
certain wavelengths located in the PBG to be prohibited from

122

Figure 2. SEM images of the ordered silica colloidal crystal array in the
hydrogel film: (a) Surface image; (b) Cross-sectional image.

propagating and thus be reflected from the films. Thus, the
colloidal crystal films were imparted with vivid iridescent colors
and characteristic reflection peaks.

The main peak position A of the film could be estimated by
Bragg’s equation for a normal incident beam:'®'*®

A= 2dyn (1)
where dy; is the interplanar distance of the (111) diffracting
planes and 71,y is the average refractive index of the colloidal
crystal film, which was constant for the fixed film. Based on the
equation, there are several protocols for tuning the PBGs of the
films, such as changing the average refractive index or center
distance of neighboring nanoparticles. Here, the polymer
colloidal crystal films were composed of the PEG hydrogel
network that was compressible, thus we employed a mechanical
pressure to vary the (111) interplanar spacing and tune the
PBGs of the films. In a certain range, different levels of pressure
could cause different shift percentage (the extent of the PBG
wavelength shift) of the PBGs of the film. Thus, to achieve the
desired diffraction grating film with continuously varying PBGs,
a pressure gradient was adopted in the elastic polymer colloidal
crystal films. It is worth noting that if the film were tilted, the
(111) planes would have been correspondingly tilted, and the
detected value of the PBGs over the film surface would be
influenced. Thus, the film and its (111) plane were kept
perpendicular to the incident beam during the operations that
followed, and the incident beam size was kept constant on the
different positions of the film.

The relationships between different positions of the
diffraction grating film and their corresponding PBGs were
investigated. According to the geometric calculation, in the
marked position (the detecting point is shown in Figure 3a) of
the film, the thickness (h’) under the compressed state is

average
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where h is the initial thickness of the grating film, x is a variable
length from the initiating terminal of the gradient pressure to
the detected position, and a is the inclined angle of the
gradient. On the other side, the thickness (h) was equal to the
di1; X M (where M is the total number of layers of the colloidal
crystal (111) diffraction plane, it was kept constant during the
compressing operation). When the film the subjected to
compression, the hydrogel film was under unidimentional
deformation, leading to a decrease in thickness and in the lattice
distance of (111) planes. In the diffraction grating film, the
PBGs were mainly relative, with the distance of the (111)
diffracting plane spacing, which appeared as the thickness of the
film in macroscopic view, as deduced in eq 3:

W/h = (dyy' X M)/(dyy X M) = A/

W =h— x*tan a
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Figure 3. (a) Schematic for calculating the PBG wavelength at one position in the diffraction grating film. (b) Two examples of the grating films
fabricated with different inclined angles, the larger inclined angle (below) resulted in a wider range of color gradient. (c, d) Relationships between the
reflectance peaks and the position at six states: (c) calculated values and (d) detected values. The interval is 0.5 mm and the insets are the values of
D. The boundaries of the film materials were immobilized during compression, and thus, the Poisson’s ratio of this material has little effect on the

grating.

where dy;,’ is the interplanar distance of the (111) diffracting
planes at the detecting point, 4y and A" are the characteristic
reflection peak wavelength of the colloidal photonic crystal film
at the initial and detecting points. By taking eq 2 into eq 3, the
PBG wavelength (4') of the detecting point was deduced as
A =2(h —x X tana)/h (4)
Based on eq 4, the detecting range could be expanded to the
whole visible range. The maximum wavelength is restricted by
the initial PBG of the colloidal photonic crystal film while the
minimum wavelength is restricted by the limited compression
ratio of the hydrogel and the diameter of the silica
nanoparticles. From eq 4, it could be found that the other
two intrinsic features of the grating film were the length and the
thickness, which had effects on the detecting range and the
resolution, respectively. On the other hand, the inclined angle
has a remarkable influence on the resolution and detecting
range of the grating, which should be considered for its
contradictory effect. For the grating films with the same length
and thickness, a bigger inclined angle would result in a wider
detecting range while a lower resolution, as shown in Figure 3b.
Following the fabrication scheme (Figure 1b), the
rectangular colloidal crystal film (10 mm long, 2 mm wide,
and 250 pm thick) was placed beside the specialized rod spacer
(250 um diameter). A binder clip was chosen to clamp the
slides at the other end so that the colloidal crystal film could be
compressed under the pressure gradient resulting from the
inclined angle between the slides. In Figure 3b, the distance
(D) between the spacer and the binder clip could be used to
adjust the inclined angle (tan @ = h/D). Thus, eq 4 could be
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simplified to calculate the distribution of the PBGs in our
diffraction grating film:

2 = 21 - %/D) s)

From the equation it could be found that, for a fixed film
with a given initial PBG and length of film, D was the only
factor to tune the detecting range and the resolution of the
diffraction grating film. Here, a series of detections were
recorded to study the effects of D. For a grating film (10 mm in
length), the arrangements of D for measuring the spectra were
set at S mm intervals between 65 and 40 mm. The maximum
compressing ratio of each state were 11.3, 12.3, 13.5, 14.9, 16.7,
and 18.9%, respectively. The calculated and detected relation-
ships between the reflectance peaks and the positions at six
states were collected at distance intervals of 0.5 mm along the
compression gradient. It was found that, for a grating film with
fixed length and thickness, the distributed range of its PBGs
increased with the decrease in D. However, the PBG resolution
of the grating film was reduced when D became too small. In
our experiment, because of the limited compression ratio of the
polymer materials and the defects in the self-assembled
colloidal crystals, the experimental results were not identical
with the equations. Although the distributed range of the PBGs
was less than the simulated results, the tendency of the
experimental results was compatible with the equations. To
further improve the equation, the practical equation for the
PBGs across our grating film was adjusted by adding the
coefficient (k) to offset the defect:

A" = 2y(1 — kx/D) (6)
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Based on the detected value, the numerical values of k could
be calculated as 1.021 by analyzing the linear equations in
Figure 3d. Finally, an empirical law describing the relationship
between the PBG wavelength (1) and the detecting point (x)
was achieved:

A =2y — (1.0212,/D) X x )

Diffraction grating films should cover the whole visible range
while keeping a high PBG resolution. The structural colors and
the reflection peaks at different positions of the desired
diffraction grating film (7.5 mm long) are given in Figure 4.

Reflectance (a.u.)

Figure 4. Optical image of a grating film with a black pane and the
corresponding reflectance spectra (normalized) at intervals of 0.25
mm along the gradient direction. The scale bar is 1 mm.

The film showed a gradual change in the reflection color from
red to blue, which indicates that the detecting range covers the
whole visible range. The spectra were collected at local areas of
round dots of 300 ym diameter at intervals of 0.25 mm along
the film. The full width at half-maximum (fwhm) of the
reflectance spectra was small, 16 nm in the red region and 23
nm in the blue region, indicating high PBG resolution of the
new diffraction gratings. It could be seen that the detecting
range of the spectrometer grating starts from an initial
wavelength of 634 nm to a shorter wavelength of 491 nm.
With a minimum scale value 10 ym of displacement, the PBG
resolution could reach 0.19 nm (the minimal spectral shift value
in a unit displacement for 7.5 mm grating film).

In the application of the diffraction grating films, their feature
of spatially modulated reflectance spectra makes them novel
diffraction gratings for spectrometers. Conventional spectrom-
eter gratings split a light source into several beams with
different propagation directions according to the wavelength,
and the spectrometer need a detect array to acquire the
intensity of different wavelength. Unlike the commercialized
spectrometer gratings, our proposed system employed a
continuously varying PBG film as the spectrometer grating, in
which the reflection peaks varied with the positions. To
demonstrate this application, a grating film was integrated into
a miniaturized spectroscopic system with a photoelectric
conversion module and a reflection probe (Figure Sab). The
light was coupled from the source and then guided to the
detecting head perpendicular to the grating film, where a part of
the light was reflected and directed to the photoelectric
conversion module. The photoelectric conversion module in
this system could output a voltage to represent the reflected
power, and a lower voltage corresponded to a stronger reflected
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Figure S. (a) Schematic illustration of the spectrometer system based
on the colloidal crystal grating film. (b) Photograph of the
spectrometer system: 1, grating film; 2, the detecting head (made of
Y-type fiber); 3, translation stage; 4, light source; S, photoelectric
conversion module. (c) Plot (blue dots) of the reflectance power vs
detection positions of the film at 0.1 mm intervals, and the
relationships between the positions and the PBGs of the film (black
squares) at 0.4 mm intervals. The reflectance power was expressed by a
voltage that was detected by the photoelectric conversion module.
When used in the spectroscopic system, the grating film could work a
sealed water environment between the two slides (25 °C).

power. When the detecting head was moved along the
compression gradient, the reflection intensities over the
detecting range of the grating film were recorded and used to
construct the spectrum of the input light. Here, an LED light
source with the center wavelength at 530 nm was adopted as
the detection object. The dots in Figure Sc show the
relationships between the positions and the reflected intensity.
It was found that the reflected power reached its maximum at
the position of 2.7 mm. By referencing the above results about
the relationships between the positions and the PBGs of the
film (quadrates), it was found that the position of 2.7 mm
corresponded to the PBG of 528.45 nm, indicating the high
accuracy of our films in the miniaturized spectroscopic system.

In conclusion, we have demonstrated a practical strategy for
the construction of novel spectrometer diffraction gratings
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based on stress-responsive colloidal photonic crystal films. The
PBGs of the gratings could be tuned precisely by varying the
level of pressure along the grating film. This imparts the grating
films with the property of continuously varying PBGs over the
visible range for light reflectance. By combining the achieved
diffraction grating film with a photoelectric conversion module,
we have demonstrated a miniaturized spectrometer system with
the spectrum based on the reflection intensity profile at
different spatial positions on the film. As our spectrometer
gratings could satisfy the miniaturization demand for a
spectroscopic system, it is expected that they would be
integrated into other optical instruments and biosensors.

B METHODS

Materials. Monodisperse silica nanoparticles with diameters
of 180 nm were synthesized by the Stober-Fink-Bohn
method.®>" The zeta potential of the charged silica nanoparticles
was measured to be —55.2 mV in water. The colloidal silica
nanoparticles were purified via centrifugation. The purified
colloidal nanoparticles were dispersed in deionized water and
shaken with an excess of ion-exchange resin (Bio-Rad AGS01-
X8(D)) to form iridescent colors with the assistance of
sonication. Poly(ethylene glycol) diacrylates (PEGDA, M,
700) and polyethylene glycol (PEG, M,, 200) was purchased
from Alfa Aesar China Ltd., and the photoinitiator 2-hydroxy-2-
methylpropiophenone (HMPP) was obtained from Sigma (St
Louis, MO). The pregel solution was composed of poly-
(ethylene glycol) diacrylate (PEGDA, 10%, v/v), polyethylene
glycol (PEG, 5%, v/v), the photoinitiator (HMPP, 1%, v/v),
and the above colloidal crystal array solution. In a typical
experiment, the concentration of silica nanoparticles in the
pregel solution was 0.22 (v/v). After extensive mixing, 10% ion-
exchange resin was added to the pregel solution. They were
shaken together until strong structural color was visually
evident. In our experiment, the desired final structural color was
red. Then, the resin was removed by centrifuge.

Gratings Fabrication. A mold was prepared with two flat
glass slides separated by a rectangle shape spacer (1 cm in
length, 2 mm in width, and 250 pm in thickness). The pregel
solution was introduced into the mold and then exposed to 365
nm UV light (EXFO OmniCure 1000) for 10 s. After the
structure of the colloidal crystal stabilized, the rectangle shape
spacer was removed. Then, one rod spacer (250 ym in
diameter) was fixed between the slides, and the colloidal crystal
film was placed beside the spacer. At last, a binder clip was used
to clamp the slides on the other end. The PBG range and slop
of the grating film could be tuned by adjusting the distance
between the spacer and the binder clip. The grating film and
the slides acted as a grating as a whole. When used in the
spectroscopic system, the grating film could work in the sealed
water environment between the two slides (25 °C). For a long
time preservation, the grating film needed to be kept in water.

Characterization. The microstructure of the colloidal
crystal film was characterized by SEM (HITACHI, S-300N)
and the photographs of the colloidal crystal film were taken by
an optical microscope (OLYMPUS, BXS1) equipped with a
CCD camera (Media Cybernetics Evolution MP 5.0). The
reflection spectra of the colloidal crystal film were measured
using a tungsten halogen source (Ocean Optics, LS-1) and an
optical spectrometer (Ocean Optics, USB 2000).

Demonstration of the Spectroscopic System. The
grating film was combined with a homemade photoelectric
conversion module and a reflection probe (Y type). The photo
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photoelectric conversion module consisted of a miniature
cadmium sulphide photoconductive cell (central wavelength:
540 nm) and a voltmeter module (voltage sensitivity: 0.001 V).
The reflection probe had seven optical fibers (10 um diameter)
and six illumination fibers around one read fiber in a stainless
ferrule. The ferrule was fixed on a translation stage and the
minimum displacement scale value was 10 ym. The analyte
light of narrow bandwidth (35 nm) was generated by a LED
light source (Ocean Optics, LLS-530).
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