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ABSTRACT: A reflective diffraction grating with a periodic
square-wave profile will combine the effects of thin-film
interference with conventional grating behavior when
composed of features having a different refractive index than
that of the substrate. A grating period of 700−1300 nm was
modeled and compared for both silicon (Si) and silicon
dioxide (SiO2) to determine the behavior of light interaction
with the structures. Finite element analysis was used to study
nanostructures having a multirefractive index grating and a
conventional single material grating. A multimaterial grating has the same diffraction efficiency as that of a grating formed in a
single material, but had the advantage of having an ordered relationship between the grating dimensions (thickness and period)
and the intensity of reflected and diffracted optical wavelengths. We demonstrate a color-selective feature of the modeled SiO2
grating by fabricating samples with grating periods of 800 and 1000 nm, respectively. A high diffraction efficiency was measured
for the green wavelength region as compared to other colors in the spectrum for 800 nm grating periodicity; whereas
wavelengths within the red region of spectrum interfered constructively for the grating with 1000 nm periodicity resulting a
higher efficiency for red color bandwidth. The results show that diffraction effects can be enhanced by the thin-film interference
phenomenon to produce color selective optical devices.
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Diffraction gratings have numerous applications in lasers,
holography, optical data storage, light-trapping in solar

cells, security holograms, and biosensors.1−4 They have been
utilized for precisely controlling optical beams (e.g., splitting
and steering).5 Light diffracted from nanostructures can create
interference effects and diffract narrow-band light.6 SiO2 (silica)
and TiO2 (titania) thin films have been previously investigated
for optical applications due to their low optical propagation
losses.7−9 SiO2 has approximately 8× more sensitivity to light as
compared to pure Si.10 Conventional single material reflective
gratings can be fabricated using microprocesses such as
preferential etching of monocrystalline Si.11 While single
material gratings, which displayed diffraction efficiencies up to
96%, have been developed,12 investigation of the optical
features of multimaterial diffraction gratings has been limited.
In the present work, we studied the optical effects produced

by a one-dimensional (1D) reflective diffraction grating based
on silica thin films fabricated on Si substrates. We have also
compared these optical properties with a grating made of Si on
Si substrates. We combined the color-selective properties of
thin films with diffraction using a 1D SiO2 based color-selective
grating. Extensive theoretical work exists in the literature

concerning thin films and diffraction grating separately.
However, combining both concepts to study the distinct
behavior of diffraction grating formed from a single thin film
has not been demonstrated. Computational modeling was used
to determine grating parameters such as periodicity, thin film
height, and refractive index. These analyses allowed rational
design and optimization of the optical parameters and the
device geometry.

■ RESULTS AND DISCUSSION

Finite element method was used to simulate the reflection and
diffraction properties of SiO2 based thin film gratings. Figure 1a
shows the schematics of 400 and 500 nm thick SiO2 thin film
parallel gratings on Si substrate. Figure 1b shows a generic 2D
computational geometry used to analyze the diffraction from
these thin film gratings. The incident light was normal to the
top of the SiO2 thin film gratings. It was hypothesized that as
the SiO2 gratings became thicker, their diffraction spectrum
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red-shifted according to the thin film theory.13,14 Figure1c,d
demonstrates the computed reflected light intensity and the
corresponding spectra for the 400 and 500 nm thick gratings in
response to the 445 nm (blue), 532 nm (green), and 650 nm
(red) incident light waves.
The far-field angular intensity profile from −90° to 90° was

extracted from the computational domain to determine the
zero, first, and second order intensities for each grating (Figure
1d). For higher diffraction orders, the angles of the maxima
peaks and intensity profiles were studied; and for the zero
order, diffraction intensities were analyzed. The theoretical
diffraction angles (θm) displayed in Figure 1d were also
calculated using the grating equation d(sin α + sin β) = mλ,
where α is the angle of incidence and β is the angle of reflected
or diffracted light from the normal, d is the grating period, m is
the diffraction order, and λ is the diffraction wavelength. The
400 nm thick grating showed a diffraction resonance for green
light (Figure 1c,d). While the zero order consisted of high
intensities of blue and green color, the first order was
dominated by the green light. The thicker thin film grating
(500 nm) preferentially diffracted red color as compared to the
blue and green light. A pronounce red color is observed in the
first order diffraction spectrum. The peaks observed were broad
over the angles. This effect is due to the distance of the
receiving boundary from the grating sample which was kept
close in the near field to decrease the overall size of the
geometry for fine simulation meshing. However, this broadness
effect will not be observed at large distances in the far-field
region. These results show that the thicknesses of thin films
were vital in controling the diffraction wavelengths and by
controlling the thicknesses wavelength selective diffractive
structures can be achieved.
Further simulations were performed to analyze each of the

thin-film grating parameters and their effects on the reflection
and diffraction properties. Figure 2 displays the zero, first, and

second order intensity plots for the simulated SiO2 thin-film
grating as a function of grating height (thin-film thickness) and
period. Figure 2a−c show the zero order reflected intensity
plots against the grating thicknesses, with each line showing the
trend for a different grating periodicity. Similarly, Figure 2d−f,
g, and h show the first and second order plots, respectively. It
can be observed that each trend line on the plot shows a
sinusoidal trend resonating at respective thicknesses, similar to
that shown by thin films in reflection mode. In Figure 2a, it can
be seen that for blue incident light (445 nm) almost all gratings
are showing highest zero order reflection at thicknesses in the
range of 450−500 nm. The level of intensity is observed to be
decreasing with an increase in the period as this increases the
diffraction of light to first and second orders instead of light
being reflected back to zero order. Similar effect can be seen in
Figure 2b and 2c (plots for green and red incident light) where
the resonating thicknesses are around 400 and 470 nm,
respectively. First order plots in Figure 2d−f also show the thin
film resonance effect at thicknesses around 345, 400, and 500
nm for blue, green, and red wavelengths, respectively. The
peaks observed in first (Figure 2d−f) and second (Figure 2g,h)
orders are a result of both thin film and diffraction effect. Light
diffraction is usually dependent on the ratio between the height
(thickness) and the period of the grating for a particular
wavelength, whereas thin film effect is dependent on thickness
(height) and the change in refractive index with respect to the
substrate. The grating heights at which the peak intensity peaks
occurred for the first order were analogous to those of the zero
order. This behavior can be observed in Figure 2a in which the
gratings with high zero order blue reflection (thicknesses 450−
550 nm) have low blue diffraction in first order (Figure 2d),
whereas the result is opposite for the thicknesses 300−400 nm,
which preferentially diffract blue color in the first order and low
intensity peaks for the zero order. The zero order reflection is

Figure 1. Simulations of 1D SiO2 diffraction gratings. (a) SiO2-based thin film gratings on Si, with 400 and 500 nm thicknesses (T). (b)
Computational geometry for simulating optical diffraction. (c) Diffraction intensity analysis for 400 and 500 nm thick gratings in response to
wavelengths (λ) 445 nm (blue), 532 nm (green), and 650 nm (red). (d) Diffraction patterns for 400 and 500 nm thick gratings showing high-
intensity peaks for green and red light wavelengths, respectively.
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also periodicity dependent, as the grating with lowest period
(700 nm) displays the highest zero order intensity peaks.
Another effect can also be analyzed by comparing green (532

nm) wavelength plots (Figure 2b,e), where zero order peak is
observed at a thickness of 400 nm for a smaller period of 700
nm, while the first order peak for the same thickness occurs at a
larger period of 900 nm. The same behavior is observed for red
(650 nm) wavelength plots in Figure 2c,f, where resonance
occurs at a thickness of 500 nm for both orders but at
periodicities of 700 and 1064 nm, respectively. To summarize,
it is observed that the grating periods and the behaviors of the
peak maxima are correlated. As the period approached the same
dimension as the examined incident wavelength, the original
peak diverged into first and second order peaks showing the
diffraction effect. This behavior is valid for the zero, first, and
second order plots for the SiO2 grating (Figure 2a−h). The
phenomenon of peak splitting in periodic gratings has
previously been observed for Bragg diffraction peaks due to
the interference of asymmetric diffraction orders.15,16

Although diffraction was primarily investigated, zero and
higher orders were analyzed showing specular reflection from
the grating, but it was inherent to study the thin film thickness
effect as the film thickness being the integral part of the grating
feature had a major role in color selection of the diffracted light.

Color charts for SiO2 thin films are widely used (Figure S1) for
thickness-based color selection, but to directly match the
grating thickness with the corresponding thin-film thickness,
the wavelengths being tested (445, 532, and 650 nm) have been
simulated in MATLAB (Figure 3). Figure 3a displays the
relative intensity of reflected polychromatic light for seven
different thin-films of specific thickness and known reflective
resonant color. The zero order peak intensity plots for the SiO2

thin-film gratings in Figure 2a-c displayed a sinusoidal wave
pattern which is analogous to the thin-film simulation plot in
Figure 3b. For each wavelength simulated with the SiO2 thin-
film grating, the locations of the intensity peaks and troughs
were consistent with the reflection spectra for SiO2 uniform
thin-films. For example, in Figure 3b, the observable thin-film
interference occurred between 400 and 500 nm for the blue
wavelength (445 nm), which is in accordance with the Figure
2a, where the resonating thickness existed between 400 and 500
nm for the same wavelength.
This was reinforced by the results in Figure 4 where the

simulations were done purely on Si based gratings on a Si
substrate. There is no change in refractive index of the grating
and the substrate. The results displayed random behavior
(Figure 4) showing no sign of thin film sinusoidal effect in
comparison to the SiO2 grating results in Figure 2. Zero order

Figure 2. Simulations of the SiO2 grating: (a−c) zero, (d−f) first, and (g, h) second order peak intensity plots with incident wavelengths of 445, 532,
and 650 nm.
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intensity plots (Figure 4a−c) display a random behavior for
blue, green and red wavelengths as compared to the sinusoidal
zero orders seen for the SiO2 gratings in Figure 2a−c, which

were due to the difference in refractive index; and therefore,
thin-film interference was present within the SiO2 features.
Similarly, the first order Si grating plots in Figure 4d−f display
peaks, which were not correlated with Si layer thickness as
compared to the SiO2 grating plots in Figure 2d−f. Si grating
plots demonstrate random behavior for all the orders where
peak patterns exist at different locations for each grating period
line (Figure 4), whereas SiO2 peak intensity plots in Figure 2
follow a consistent pattern, with peaks and troughs were
predominantly at the same location showing sinusoidal
behavior for each grating period. The grating heights at
which the peak intensity peaks occurred for the first order were
analogous to those of the zero order (Figure 2), while no such
behavior is observed in Figure 4. For example, in zero order
(Figure 4a), high intensity peaks were visualized around 300
nm thickness for 700 and 900 nm periods, whereas the peaks
appeared at thickness of 450 nm for 800, 1064, and 1300 nm
periods for the same blue wavelength. Similarly, in first order
(Figure 4d), high intensity peaks can be seen around 305, 320,
325, 345, and 450 nm thicknesses for the grating period of 800,
1300, 1064, 900, and 700 nm, respectively, for blue wavelength.
A SiO2−Si grating has the same diffraction efficiency as that

of a grating formed in Si−Si material, but has the advantage of
having an ordered relationship between the grating feature
dimensions and the intensity of reflected and diffracted
wavelengths due to thin-film interference. Based on the
simulation results, grating thicknesses of 400 and 500 nm

Figure 3. Reflection intensities of thin films as a function of (a) SiO2
layer thickness and (b) film thicknesses for 445, 532, and 650 nm
wavelengths.

Figure 4. Simulations of Si gratings: (a−c) zero, (d−f) first, and (g, h) second-order peak intensity plots with incident wavelengths of 445, 532, and
650 nm.
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with half periods of 400 and 500 nm were chosen to be
fabricated. According to the results in Figure 2e,f, 400 nm
grating should show the highest first order diffraction efficiency
for green light, whereas 500 nm grating should show the
highest diffraction efficiency for red light.
To fabricate the grating a Si wafer with thermally grown 400

nm (and later 500 nm) thick SiO2 layer was used. The wafer
was spin coated with UVIII resist. This resist allows both
optical deep-UV lithography and electron beam lithography.
Using a nanobeam setup, 400 nm (or 500 nm) strips were
patterned over the substrate. The resist was developed with
CD-26 solution to expose the SiO2 surfaces, which are to be
etched. A CHF3 reactive ion beam etching step is carried to
remove the SiO2 down to Si wafer (as checked by atomic force
microscopy (AFM)), while leaving the SiO2 where it is
protected by UVIII. After cleaning the structure in acetone to
remove the resist, this process created desired diffraction
pattern made of SiO2 line array (millimeter long) over the Si
substrate. Figure 6a−e demonstrates the optical, AFM, and
scanning electron microscope (SEM) images of the fabricated
gratings, respectively. AFM analysis in Figure 6e showed sharp
edge profiles of the fabricated SiO2 thin film gratings.
Figure 5f illustrates the experimental setup for the optical

characterization of the grating. The diffraction pattern of the
grating is shown in Figure 5g and h using monochromatic and
broadband incident beams, respectively. A well-ordered rain-
bow was observed by using broadband light, where the red
diffraction was at a higher angle and blue was at a lower angle

(Figure 5h). For monochromatic laser incidence, the diffraction
patterns were concentrated spots instead of broadband ribbons
(Figure 5g). Diffracted spots in the reflection mode were
visualized in backward direction by normal incident red laser
light (Figure 5h).
The diffraction angles and efficiencies of the gratings for

different monochromatic laser sources were studied by angle-
resolved measurements. While standard wavelengths of 445,
532, and 650 nm were used in the simulated model, available
laser beam wavelengths for the diffraction measurements were
403, 532, and 638 nm. The grating sample was illuminated
normally on a rotation stage. Light intensity measurements
were collected using a spectrophotometer at different angles
with an angular resolution of 0.5°. Figure 6a−d shows the
diffracted light intensity distribution in zero and first order for
the three monochromatic light wavelengths. Blue and red
wavelengths returned almost undiffracted to zero order for 400
nm grating (Figure 6a), whereas for 500 nm grating blue and
green wavelengths dominate the zero order (Figure 6b). High
diffraction of green light is observed in the first order (Figure
6c) for 400 nm grating, whereas red light is highly diffracted by
the 500 nm grating (Figure 6d). The diffraction spots were
visualized in the range of −90° to +90° with blue diffracted at
lower angles compared to red. The diffraction angles for blue,
green, and red light were measured to be 26°, 36°, and 44° for
the 400 nm grating (Figure 6c) and 21°, 27°, and 34° for the
500 nm grating, respectively (Figure 6d). The variations in the
diffraction angles in Figure 6c,d are due to the difference in

Figure 5. Optical characterization on SiO2 gratings on a Si substrate. (a) Computer-Aided Design (CAD) mask of a grating having a periodicity of
500 nm. (b) Optical image of a 400 nm grating after e-beam lithography, etching, and resist cleaning. (c, d) SEM image of a 500 nm grating. (e)
AFM image of a 500 nm grating. (f) Optical setup for the characterization of the diffraction grating. (g) Diffraction spots in reflection mode by
shining red laser light perpendicular to the surface grating. (h) Diffraction pattern obtained by illuminating the grating with a broadband light in a
semitransparent hemispherical screen.
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period and thickness of both grating samples. The difference
between the analytical solution and the experimental results can
be attributed to the thin film effect where the backscattered
light constructively and destructively interferes to influence the
location of diffraction spots. The diffraction efficiency for the
incident blue, green and red lasers were experimentally
measured to be 10% (blue), 56% (green), and 14% (red) for
the 400 nm grating and 9% (blue), 16% (green), and 52% (red)
for the 500 nm grating, respectively. Figure 6e,f shows the

diffracted light intensity distribution for the first order in
response to white broadband light. The broadband peaks (20−
60°) were observed symmetrically from both sides of a central
specular reflection spot (zero order), where the diffraction
pattern was in agreement with Figure 5h. However, the
diffraction peak angles observed were lower than those of
grating equation. These angle differences were due to the thin
film effect, where light undergoes refraction and reflection. A
precise description of the angular position of the resolved peaks

Figure 6. Optical characterization of the SiO2 gratings. Zero order intensity distribution in response to 403, 532, and 638 nm wavelengths in
reflection mode for (a) 400 nm (b) 500 nm thicknesses. (c) First order diffracted optical intensity distribution for 400 and (d) 500 nm grating. (e, f)
Angle-resolved measurements of SiO2 gratings. Specular first order reflection intensity distribution pattern in response to broadband light in
reflection mode corresponding to rotational angles from 20° to 60° for 400 and 500 nm thick gratings. (g, h) Reduced diffraction angle plots with
change in effective refractive index for 400 and 500 nm grating samples. Grating periods in (a, c, e, g) and (b, d, f, h) were 400 and 500 nm,
respectively.
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was provided by using Bragg’s law with effective refractive index
terms:

θ λ=n
m
d

sin( )eff (1)

λ θ= d
m

n sin( )eff (2)

where neff is the effective refractive index of the grating
structure. It takes the reduced angle into account with respect
to the normal at which light travels in the grating structure. For
silica grating in air, it can be expressed as

= +n n f n feff silica silica air air (3)

where nsilica = 1.45, nair = 1, and fsilica and fair are the volume
fractions occupied by silica and air in the structure (generally
50% for a grating structure with equal dimensions). Hence, the
theoretical value of neff was estimated as 1.225. Figure 6g,h
shows the simulated plots for Bragg’s law using MATLAB to
evaluate the behavior of reduced diffraction angles with respect
to change in refractive index for the two grating samples (400
and 500 nm). The measured values were near to the line
representing neff = 1.15 resulting an inaccuracy of 6% based on
the theoretical value of 1.225. This difference can be attributed
to the real nonideal topology of the grating surface profile
(Figure 5e). Stringent limitations in fabrication at nanoscale can
affect the surface profile.17 The experimentally measured values
showed an agreement with the theoretical plots of reduced
diffraction angle lines with respect to change in effective
refractive index.
Light in a conventional reflection grating is diffracted from

the top surface; however, in a thin film grating, the light is both
diffracted (diffraction grating) and backscattered (thin film
effect). The backscattered light undergoes coherent con-
structive and destructive interferences which has an overall
effect on the reflection spectrum. The thin film grating of 400
nm periodicity and thickness displayed enhanced green
spectrum in first order, ranging from 492 to 567 nm (Figure
6e). This is in agreement with the simulation results in Figures
1d and 2e. Similarly, as expected the 500 nm thin film grating
displayed enhanced first order diffraction peaks in the red
regime ranging from 595 to 725 nm (Figure 6f), which is in
close proximity to the results in Figures 1d and 2f. These results
were also in close agreement with the simulated results shown
in Figure 2d−f and the thin film resonance plots shown in
Figure 3b. Thus, the utilization of our simulation model allows
creating gratings with predictable optical diffraction properties.
The result supports the hypothesis that by optimizing the thin
film grating features such as thickness, period, and refractive
index, the optical properties can be tailored, especially to
achieve color selective diffraction in first order.

■ CONCLUSION
SiO2-based thin-film gratings obeyed the grating equation,
displaying intensity maxima peaks in consistent locations even
if the thin-film had variation in feature height. Due to thin-film
interference, change in grating thickness resulted in the
intensity of wavelengths regardless of the grating periodicity.
However, the absolute value of diffraction intensity is dictated
by the grating periodicity. The observed color of the grating
was controlled separately from the diffraction maxima locations.
The zero and first orders primarily displayed the same
wavelengths, but as the intensity of the zero order increased

with increasing grating height, the first order intensity
decreased. These discernible investigations have led to a
study of a new type of hierarchical grating that displayed optical
properties which could be controlled independently. A grating
with unique properties was created with predictable behavior
such as desired optical bandwidth dictated by the grating
features. It is anticipated that the designed grating will find
applications in spectroscopy, biosensing, and security.

■ METHODS
Optical Characterization. The spectrophotometer (Ocean

Optics 2000) with an optical resolution of ∼0.1−100 nm fwhm
was used to measure optical intensity with an integration time
of 1 s to obtain the maximum peak intensity. COMSOL
Multiphysics (V5.1) and MATLAB (MathWorks, V8.1) were
used for finite element simulations and data processing.
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