
Open Access

Design of Chirped Gratings Using
Interferometric Lithography
Volume 10, Number 2, April 2018

Steve Benoit
S. R. J. Brueck, Life Fellow, IEEE

DOI: 10.1109/JPHOT.2018.2815838
1943-0655 © 2018 IEEE



IEEE Photonics Journal Design of Chirped Gratings

Design of Chirped Gratings Using
Interferometric Lithography

Steve Benoit 1 and S. R. J. Brueck ,2 Life Fellow, IEEE

1Department of Mathematics, Colorado State University, Fort Collins, CO 80521 USA
2Department of Electrical and Computer Engineering and the Center for High Technology

Materials, University of New Mexico, Albuquerque, NM 87106 USA

DOI:10.1109/JPHOT.2018.2815838
1943-0655 C© 2018 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Manuscript received October 31, 2017; revised February 7, 2018; accepted March 11, 2018. Date
of publication March 14, 2018; date of current version March 23, 2018. Corresponding author: Steve
Benoit (e-mail: benoit@math.colostate.edu).

Abstract: Interferometric lithography with curved wavefronts produces chirped gratings.
The chirp can be longitudinal, with the periodicity changing along the grating wavevector,
or transverse, with the periodicity changing in the perpendicular direction. The chirp is
investigated for a range of configurations, and specific optical systems to generate a wide
range of grating chirp parameters are analyzed.

Index Terms: Chirped grating, interferometric lithography.

1. Introduction
Periodic structures have many uses in photonics [1], [2]. One-dimensional structures (gratings) are
used to provide optical dispersion, for coupling to waveguides in integrated optics, for DFB/DBR
lasers, for optical coatings and many other applications. Two-dimensional structures are important
for photonic crystals and photonic and meta-surfaces. Three-dimensional periodic structures form
the basis of photonic crystals and volume Bragg reflectors. Both the linear and the nonlinear
properties of these structures have been investigated over a wide range of materials.

Nearly periodic, chirped gratings have also been investigated for pulse compression [3], for fiber
communications and sensing [4], [5], for controlling distributed feedback lasers [6], and for nonlinear
optics [7]. There are applications for both transverse chirped gratings where the dominant chirp is
in the direction perpendicular to the grating wavevector and for longitudinal chirped gratings where
the dominant chirp is in the same direction as the grating wavevector. For many applications, the
ratio of these two chirps is an important figure of merit for the grating fabrication method.

There have been many investigations of using interferometric lithography (IL) to produce periodic
gratings [8], [9]. Fewer studies are available on the use of IL for chirped gratings [10]–[13]. The
concept is straightforward, introduce an optical element into one or both interferometric beams
to change the wavefront from the flat wavefront of a plane wave to a complex wavefront that
changes across the photosensitive surface. A spherical lens is used to provide a 2D variation
while a cylindrical lens provides a 1D wavefront variation. The position and orientation of the
photosensitive surface also impacts the final chirp parameters.

Recent papers have demonstrated a dynamic tuning capability for a mid-IR semiconductor laser
using a grating chirped in the transverse direction, perpendicular to the grating wavevector [14].
To accommodate the full width of the semiconductor, the longitudinal chirp, perpendicular to the
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Fig. 1. General arrangement for creating chirped gratings by interferometric lithography. Coordinates
are chosen so optical axes lie in the xz-plane, intersect each other at (0, 0, D ), with focal points/lines at
Fi = (X i , 0, Z i ), where X i = ±D tan θ ∓ f i sin θ and Z i = f i cos θ. The two beams are assumed coherent
throughout the interference volume indicated by the darker shade. The lenses can be either spherical
or cylindrical and cylindrical lenses can be oriented with focal lines at any angle relative to the y-axis.

grating lines had to be limited to less than the DFB bandwidth[15]. Two figures of merit (FoM) were
introduced to characterize the chirp, the ratio of transverse to longitudinal chirp from the center
to each edge of the chip area, and the ratio of the distributed feedback stop band width to the
longitudinal chirp. In this paper, we consider only the first FoM since the second includes specifics
of the laser modal calculation, while this paper is focused on the broader issue of the application
specific control of the chirp.

The paper is organized as follows. Section 2 describes the volumetric interference patterns for the
geometries we consider: spherical lenses and cylindrical lenses with focal lines oriented at some
angle to the plane formed by their optical axes. Section 3 describes an experimental configuration
using a single lens to produce interfering wavefronts. Sections 4–7 describe the specifics of the
grating patterns written in these geometries. Finally, Section 8 discusses conclusions and the further
application of these techniques to general chirped grating design.

2. General Interferometric Configuration
Chirped gratings result from the interference of two coherent beams with curved wavefronts. A
general configuration is shown in Fig. 1. Two collimated beams are incident onto individual lenses
whose optical axes define a plane. Interference is possible throughout the volumetric extension of
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the dark shaded region of Fig. 1 and the sample can be placed anywhere inside this region. The
lenses may be spherical or cylindrical and there is no necessary relationship between their focal
lengths.

In the following, we reference distances from an idealized focal point, but recognize that focusing
to a point is limited by both lens aberrations and diffraction. The wavefronts produced by a lens
are very nearly spherical or cylindrical at large distances (relative to the confocal parameter of the
beam) from the focal point. Aberrations may distort a pattern, but will not alter the central period or
impact the overall period variation except at the edges of the pattern. In our analysis, we use the
focal point of rays entering nearly normal to the lens surface, which is accurate for rays near the
center of the exposure region.

For spherical lenses, the distance from the respective focal points to any point (x, y, z) in space
is given by

lsph
i =

√
(X i − x)2 + y2 + (Z i − z)2 i ∈ {1, 2}, (1)

and the corresponding �k-vectors for the converging wavefronts are given by

�ksph
i = 2π

λ

1

lsph
i

[
êx (X i − x) + êy (−y) + êz(Z i − z)

]
. (2)

If cylindrical lenses are used, the lenses may be oriented so that their focal lines lie in the xz-plane,
or may be rotated as much as 90◦ about their axis so that the focal lines are parallel to the y-axis. Let α
denote the rotation angle of a cylindrical lens, where α = 0 corresponds to focal lines in the xz-plane
and α = 90◦ corresponds to focal lines parallel to the y-axis. We assume lenses remain reflection-
symmetric across the yz-plane, with focal lines parallel to v̂ i = (± cos θ cos α, sin α, sin θ cos α). For
such a lens configuration,

lcy l-α
i =

√
(X i − x)2 + y2 + (Z i − z)2 − ζ2i ,

�kcyl-α
i = 2π

λ

1

lcy l-α
i

[
êx

(
X i − x − ζi cos θ cos α

) + êy
(−y ∓ ζi sin α

) + êz
(
Z i − z ∓ ζi sin θ cos α

)]
, (3)

where ζi = (X i − x) cos θ cos α ∓ y sin α ± (Z i − z) sin θ cos α.
In particular, when focal lines are parallel to the y-axis, with α = 90◦, then ζi = ∓y and the results

are

lcy l-y
i =

√
(X i − x)2 + (Z i − z)2,

�kcyl-y
i = 2π

λ

1

lcy l-y
i

[
êx (X i − x) + êz(Z i − z)

]
, (4)

and when focal lines lie in the xz-plane with α = 0, the results are

lcy l-xz
i =

√
ξ2

i + y2,

�kcyl-xz
i = 2π

λ

1

lcy l-xz
i

[
êx (ξi sin θ) − êy (y) ∓ êz(ξi cos θ)

]
, (5)

where ξi ≡ (X i − x) sin θ ∓ (Z i − z) cos θ.

In the following sections, these expressions are examined to illustrate the accessible chirp pa-
rameter space.

3. Single Lens Configuration
Consider the specific variation of Fig. 1 consisting of a Lloyd mirror and single plano-convex lens
mounted on a rotating stage, shown in Fig. 2(a). The system is illuminated by a coherent source,
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Fig. 2. (a) Interferometric lithography (IL) configuration with Lloyd mirror, lens, and sample placement;
(b) Schematic view with foci positions, normal incident angle φ, refracted angle θ, and sample placement
indicated.

producing an interference pattern of two converging wavefronts in the region behind the lens, which
can be transferred onto a planar sample coated with photoresist that is oriented at an angle β

from the y-axis. The significance of β will be discussed below. In Fig. 2, the incident illumination is
shown as two separated beams; experimentally, a single larger incident beam is used. IL requires
transverse coherence (e.g. a nearly single-mode beam) and longitudinal coherence to within any
path length differences associated with the optical system over the interference area. Without the
lens, independent of the tilt of the sample, this is a traditional Lloyd’s mirror configuration [8] and
the grating period is given by

P = λ

2 sin φ
. (6)

For a lens with center thickness t, radius R , and material refractive index n , and for plane waves
incident at angle φ, rays entering the lens normal to its surface have exit angle θ and coordinates
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Fig. 3. Sample coordinate system. (u, v) sample coordinates have origin on the z-axis at z = D , u lies in
the xz-plane, and v lies in the yz-plane, at an angle β from the y-axis. Sample dimensions are 2a × 2b,
as shown.

of the resulting foci given by

Z i =
(

R cos φ

(n − 1)n
+ R − t

n

)
η3/2,

X i = ± (R − t)(n2 − 1) tan3 φ

cos φ
∓ R sin φ

n − 1
η,

θ = sin−1(n sin φ),

D = (R − t)
tan φ

tan θ
, (7)

where η = (1 − n2 sin2 φ)/ cos2 φ.
When deriving grating patterns, we assume the light arriving at each focus has the same phase;

in practice, phases will differ but this should only result in phase offsets in derived interference
patterns (e.g. shifts of the interference pattern modulo the grating period).

3.1 Sample Placement

The next step is to specialize to a planar sample surface tilted at an angle β from the xy-plane.
We define a second coordinate system, as shown in Fig. 3, tied to the sample surface, whose
coordinates are given as (u, v, w = 0), and whose origin lies a distance D from the origin of the
(x, y, z) coordinate system (the center of the back face of the lens, under the configuration in Fig. 2)
and where the u-axis is parallel to the x-axis of the lens coordinate system. A point (u, v) in the
sample plane has (x, y, z) spatial coordinates (u, v cos β, D + v sin β). The unit vectors in these
systems are related by the simple rotational transform

{êx = êu ; êy = cos βêv − sin βêw ; êz = sin βêv + cos βêw }.

3.2 Grating Period and Chirp

For any of the lens configurations we consider, if we define L (u, v) = l1(u, v) − l2(u, v) as the path
length difference from the two foci to a point (u, v) on the sample, then the local grating period at
that point is given by

P (u, v) = λ

|∇L (u, v)| ,

where the gradient

∇L (u, v) = (
∂u L (u, v), ∂vL (u, v)

)
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gives the grating wavevector direction normal to the grating lines. The period in the u and v directions
are given by

Pu (u, v) = λ

|∂u L (u, v)| , and Pv (u, v) = λ

|∂vL (u, v)| , (8)

which imply that

1
P (u, v)

=
√

1
P 2

u (u, v)
+ 1

P 2
v (u, v)

. (9)

Chirp is a measure of change in period across the grating. For a grating with dimension 2a
in the u direction and 2b in the v direction, as shown in Fig. 3, we define chirps in the u and v
directions as

Cu = P (a, 0) − P (0, 0), and Cv = P (0, b) − P (0, 0).

We will refer to a figure of merit (FoM) defined as the magnitude of the ratio of these chirps:

FoM =
∣∣∣∣
Cv

Cu

∣∣∣∣ =
∣∣∣∣
P (0, b) − P (0, 0)
P (a, 0) − P (0, 0)

∣∣∣∣ . (10)

Maximizing this value will maximize transverse chirp while minimizing longitudinal chirp and vice
versa.

4. Spherical Lens Configuration
When a positive spherical lens is used, the spherical waves converge toward the foci. The distances
li from each of the two foci to a point (u, v) on the sample are given by

lsph
i (u, v) =

√
(X i − u)2 + (v cos β)2 + (Z i − D − v sin β)2,

and the corresponding wavevectors are

�ksph
i (u, v) = 2π

λ

1

lsph
i (u, v)

[
êx (X i − u) + êy (−v cos β) + êz(Z i − D − v sin β)

]

= 2π

λ

1

lsph
i (u, v)

[
êu (X i − u) + êv

(
(Z i − D ) sin β − v

) + êw
(
(Z i − D ) cos β

)]
.

Then the grating period in the u direction is

P sph
u (u, v) = λ∣∣∣ X 1−u

lsph
1 (u,v)

− X 2−u
lsph
2 (u,v)

∣∣∣
, (11)

and in the v direction,

P sph
v (u, v) = λ∣∣∣ v−(Z 1−D ) sin β

lsph
1 (u,v)

− v−(Z 2−D ) sin β

lsph
2 (u,v)

∣∣∣
. (12)

The local grating period is given by (9). In the special case shown in Fig. 2, where X ≡ X 2 = −X 1

and Z ≡ Z 1 = Z 2, the period at the grating center, u = v = 0, is

P sph (0, 0) = λ
√

X 2 + (Z − D )2

2X
. (13)

Note that for β = 0, the sample normal to the optical axis, (11) and (12) are even in u and v, and
an approximately quadratic period dependence is expected in both directions. However, for β 	= 0,
Pu has a linear variation with v, while it remains quadratic in u . Pv remains even in both u and v.
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Fig. 4. Contours of constant period for sample normal to the optical axis. Other parameters as given
in the text. The smaller plots show the variation in u and v along the dotted lines passing through the
optical axis (u = v = 0). The inset shows grating line orientation, with one grating line per 5000 drawn.

Fig. 4 shows the period variation across a 4 cm × 4 cm sample for λ = 355 nm, using a lens
with f = 163 mm (R = 77.35 mm, t = 7 mm), φ = 15◦, (θ = 22.4◦) and β = 0 (sample normal to
optical axis), for which Z i ≈ 135.4 mm, X i ≈ ∓37 mm, and D ≈ 45.7 mm. Without the lens, this
configuration would give a uniform grating with a period of 686 nm. Since the grating structure is
close to a simple grating oriented in the v direction, the variation is dominated by the Pu term given by
(11). As is easily seen from Fig. 2, the lens results in an increase in the incident angle at the center
of the sample, and hence a reduced pitch of 465.5 nm, given by P (0, 0) = λ/[2 sin(tan−1 X 1

Z 1−D )].
The period variation is even and approximately quadratic in both u and v with a larger chirp in the
u direction, FoM = 0.38.

For β = 45◦, a much larger variation of the period across the v axis is obtained as shown in Fig. 5.
The range of grating periods along the v-direction is greatly increased as a result of the tilt while
the variation along u is largely unchanged. In terms of the FoM defined above, FoM|β=0 = 0.38
while FoM|β=45◦ = 3.17. The FoM can be increased by shifting the sample in the v-direction relative
to the optical axis, as long as the sample remains in the region of interference. Even larger FoMs
are available by further increasing β. The practical limitations are the variation of the intensity on
the photoresist vs. v and the high reflectivity from the photoresist surface at large β. The range of
grating periods along u = 0 can be evaluated from (11),

P sph
u (0, v) = λ∣∣∣∣∣

X 1

lsph
1 (0,v)

− X 2

lsph
2 (0,v)

∣∣∣∣∣
,

(14)

providing a simple expression for evaluating the available transverse chirp as the optical parameters
are varied.

Experimentally, we verified these results for β = 45◦, a lens with f = 37.5 mm, d = 2 mm, and
θ = 21◦; very good agreement was obtained between the calculated and measured grating periods
across the wafer [15].
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Fig. 5. Contours of constant period for β = 45◦ with the same parameters as Fig. 4. The period variation
in v is greatly increased and is close to linear with height.

This period variation is a result of the focusing of the lens across the face of the sample. The
period at the center of the sample is unchanged from the normal incidence case, closer to the lens,
negative v, the period is reduced while it is increased for positive v (larger angles of incidence).

5. Cylindrical Lens Configuration (Focal Lines in y-Direction)
Next we consider a configuration as in Fig. 1 with cylindrical lenses oriented such that the focal
lines are parallel to the y-axis. Specializing (4) to the (u, v, 0) plane gives

lcy l-y
i =

√
(X i − u)2 + (Z i − D − v sin β)2,

�kcyl-y
i = 2π

λ

1

lcy l-y
i

[êu (X i − u) + êv (Z i − D − v sin β) sin β + êw (Z i − D − v sin β) cos β] ,

with the resulting period in the u and v directions given by

P cyl-y
u (u, v) = λ∣∣∣ X 1−u

lcy l-y
1 (u,v)

− X 2−u
lcy l-y
2 (u,v)

∣∣∣
,

P cyl-y
v (u, v) = λ∣∣∣ Z 1−D −v sin β

lcy l-y
1 (u,v)

− Z 2−D −v sin β

lcy l-y
2 (u,v)

∣∣∣ sin β
. (15)

The grating center period P cyl-y (0, 0) when X ≡ X 2 = −X 1 and Z ≡ Z 1 = Z 2 is identical to P sph (0, 0)
in (13). Note that P cyl-y

v → ∞ as β → 0. This implies a strictly longitudinal chirp with only a u-
dependence in this special case.

With a single cylindrical lens arranged as in Fig. 2, gratings produced on tilted samples are very
similar to those produced by spherical lenses. Using separate cylindrical lenses of differing focal
length can generate gratings with chirp only in the v-direction [10]. Fig. 6 shows the calculated
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Fig. 6. Strictly longitudinal chirped grating formed by using cylindrical lenses with focal lengths of 20
and 200 cm at α = 0, β = 0, θ = 25.6◦ and D = 5 cm. The top panel shows the period variation across
the sample, which is nearly linear in u and independent of v.

period variation for the case of f1 = 20 cm and f2 = 200 cm, β = 0, θ = 25.6◦, D = 5 cm. The top
panel is the variation along v = 0 showing a nearly linearly varying, purely longitudinal chirp.

6. Cylindrical Lens Configuration (Focal Lines in xz-Plane)
When two cylindrical lenses are oriented with focal lines in the xz-plane, there is very little variation
in the period near the origin of the uv-plane and for β = 0, the variation is quadratic for u, v 
 f .
Adding a tilt of the sample (β 	= 0) adds a linear variation along the v-axis as before.

Writing (5) in terms of sample coordinates provides explicit expressions for the period variation,

lcy l-xz
i =

√
ξ2

i + (v cos β)2,

�kcyl-xz
i = 2π

λ

1

lcy l-xz
i

[
êu (ξi sin θ) − êv (v cos2 β ± ξi cos θ sin β) + êw (v sin β ∓ ξi cos θ) cos β

]
,

where ξi = (X i − u) sin θ ∓ (Z i − D − v sin β) cos θ.
The resulting period in the u and v directions given by

P cyl-xz
u (u, v) = λ∣∣∣ ξ1

lcy l-xz
1 (u,v)

− ξ2

lcy l-xz
2 (u,v)

∣∣∣ sin θ
,

P cyl-xz
v (u, v) = λ∣∣∣ ξ1 sin β cos θ + v cos2 β

lcy l-xz
1 (u,v)

+ ξ2 sin β cos θ + v cos2 β

lcy l-xz
2 (u,v)

∣∣∣
, (16)

with grating center period P cyl-xz(0, 0) given by (6) with φ = θ when X ≡ X 2 = −X 1 and Z ≡ Z 1 = Z 2.
This period variation is plotted in Fig. 7 for the specific case of f = 16.2 cm (R1 = R2 = 7.7 cm,

t = 7 mm), θ = 15◦ and β = 45◦. There is a large region near the optical axis that shows very little
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Fig. 7. Chirped grating formed for the cy l-xz geometry with the same lens parameters used in Fig. 5.
Note that the chirp is quite small on the optical axis and increases dramatically for large offsets which
are difficult to arrange experimentally.

chirp in either direction. For β = 0, as in the spherical lens case, the period variation is even in both
u and v.

7. Cylindrical Lens Configuration (Focal Lines Rotated by Angle α)
The most general configuration we consider is a rotation of the focal lines of a pair of cylindrical
lenses through an arbitrary angle α, as described in (3). With respect to (u, v) coordinates,

lcy l-α
i =

√
(X i − u)2 + (v cos β)2 + (Z i − D − v sin β)2 − ζ2i

�kcyl-α
i = 2π

λ

1

lcy l-α
i

⎡
⎣

êx
(
(X i − u) − ζi cos θ cos α

)
+ êy

(−v cos β ∓ ζi sin α
)

+ êz
(
(Z i − D − v sin β) ∓ ζi sin θ cos α

)

⎤
⎦

where ζi = (X i − u) cos θ cos α ∓ v cos β sin α ± (Z i − D − v sin β) sin θ cos α. The resulting period in
the u and v directions given by

P cyl-α
u (u, v) = λ∣∣∣ X 1 − u − ζ1 cos θ cos α

lcy l-α
1 (u,v)

− X 2 − u − ζ2 cos θ cos α

lcy l-α
2 (u,v)

∣∣∣

P cyl-α
v (u, v) = λ∣∣∣ v − (Z 1−D ) sin β+ Q 1

lcy l-α
1 (u,v)

− v − (Z 2 − D ) sin β− Q 2

lcy l-α
2 (u,v)

∣∣∣
(17)

where Q i = ζi (cos β sin α + sin β sin θ cos α).
The period at the center of the grating, assuming X 2 = −X 1 and Z 2 = Z 1 is given by

P cyl-α(0, 0) = λ
√

X 2 + (Z − D )2 − ζ21
2(X − ζ1 cos θ cos α)

(18)
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Fig. 8. Achievable transverse and longitudinal chirp using two cylindrical lenses with focal lines forming
angle α with the xz-plane, where α = 90◦ corresponds to the cy l-y configuration of Section 5, and
α = 0 corresponds to the cy l-xz configuration of Section 6. Top panel shows configuration with β = 0,
center panel shows configuration with β = 45◦, and bottom panel shows dependence of FoM for both
configurations for a 4 × 4 cm2 sample.

The total achievable transverse chirp across a sample (along u = 0) depends strongly on α.
Fig. 8 shows the relationship between the period change from the center to the edge of a 4
cm × 4 cm sample along the u and v directions using two cylindrical lenses with the same pa-
rameters as in Fig. 7, and for two configurations: β = 0 and β = 45◦. Evidently a greater chirp
can be obtained with β = 0, and in fact, maximal chirp was obtained in this configuration when
β = −12◦.

With this choice of lenses, maximal transverse chirp occurs for β = 0 when α ≈ 49.18◦. Strong
peaks in FoM occur at angles where longitudinal chirp is near zero, due to the definition of FoM as
a ratio, but the chirps themselves vary smoothly, and are not overly sensitive to small variance in
angle.

Fig. 9 shows the period variation for this system when α = 49.18◦, very near the peak of the
graph in Fig. 8 (an angle for which lens focal lines intersect in the region of positive y). This
configuration has nearly zero chirp in the u direction, resulting in a FoM on the order of 105; this
should be compared with the FoM of 3.17 for the spherical lens case with shorter focal length
lenses.
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Fig. 9. Period variation for two cylindrical lenses oriented with α = 49.18◦ and β = 0.

8. Conclusions
In summary, we have shown that chirped gratings with a wide range of parameters from purely lon-
gitudinal to purely transverse can be fabricated using interferometric lithography. These capabilities
will be important for a wide range of applications.

Specific applications will require that transverse and longitudinal chirp fall in desired ranges
over a sample of particular size, and may require a degree of linearity in transverse chirp across a
sample. To design a grating, incident light wavelength λ, lens geometry (R and t) and lens placement
and orientation (θ and D ) can be selected to achieve the desired center period, and the space of
available chirps and period variations can be explored to find a grating with the desired properties.
In general, reducing β will reduce variations in exposure intensity across the sample and increase
overall exposure of photoresist by reducing reflection. The size of lens used and choice of D and θ

allow control of the available size of the interference region, or the maximum size of the sample.
As the parameter space for design of an IL apparatus to create a desired grating is large,

consisting of discrete options for λ, lens shape, R , and t and a continuum of available θ, D , α, and β,

it is reasonable to develop software tools to automate the search over parameter space for suitable
configurations.

References
[1] K. Busch, G. von Freymann, S. Linden, S. F. Mingaleev, L. Tkeshelashvili, and M. Wegener, “Periodic nanotructures

for photonics,” Phys. Rep., vol. 444, no. 3, pp. 101–202, 2007.
[2] R. Halir et al., “Waveguide sub-wavelength structures: a review of principles and applications,” Laser Photon. Rev.,

vol. 9, no. 1, pp. 25–49, 2015.
[3] G. Steinmeyer, “A review of ultrafast optics and optoelectronics,” J. Opt. A, Pure Appl. Opt., vol. 5, pp. R1–R15, 2003.
[4] H. Ishio, J. Minowa, and K. Nosu, “Review and status of wavelength-division-multiplexing technology and its application,”

J. Lightw. Technol., vol. 2, no. 4, pp. 448–463, Aug. 1984.
[5] K. Hill and G. Meltz, “Fiber Bragg grating technology fundamentals and overview,” J. Lightw. Technol., vol. 15, no. 8,

pp. 1263–1276, Aug. 1997.
[6] G. Agrawal and A. Bobeck, “Modeling of distributed feedback semiconductor lasers with axially-varying parameters,”

IEEE J. Quantum Electron., vol. 24, no. 12, pp. 2407–2414, Dec. 1988.

Vol. 10, No. 2, April 2018 2400213



IEEE Photonics Journal Design of Chirped Gratings

[7] M. Charbonneau-Lefort, B. Afeyan, and M. Fejer, “Optical parametric amplifiers using chirped quasi-phase-matching
gratings I: Practical design formulas,” J. Opt. Soc. Amer. B, vol. 25, no. 4, pp. 463–480, 2008.

[8] S. Brueck, “Optical and interferometric lithography—Nanotechnology enablers,” Proc. IEEE, vol. 93, no. 10, pp. 1704–
1721, Oct. 2005.

[9] D. Xia, Z. Ku, S. Lee, and S. Brueck, “Nanostructures and functional materials fabricated by interferometric lithography,”
Adv. Mater., vol. 23, pp. 147–179, 2011.

[10] A. Katzir, A. Livanos, and A. Yariv, “Chirped-grating output couplers in dielectric waveguides,” Appl. Phys. Lett., vol. 30,
no. 5, pp. 225–226, 1977.

[11] Y. Liu, L. Zhang, and I. Bennion, “Fabricating fibre edge filters with arbitrary spectral response based on tilted chirped
grating structures,” Meas. Sci. Technol., vol. 10, no. 1, pp. L1–L3, 1999.

[12] X. Mai, R. Moshrefzadeh, U. J. Gibson, G. I. Stegeman, and C. T. Seaton, “Simple versatile method for fabricating
guided-wave gratings,” Appl. Opt., vol. 24, no. 19, pp. 3155–3161, 1985.

[13] H. Kim, H. Jung, D.-H. Lee, K. B. Lee, and H. Jeon, “Period-chirped gratings fabricated by laser interference lithography
with a concave Lloyds mirror,” Appl. Opt., vol. 55, no. 2, pp. 354–359, 2016.

[14] L. Xue, S. Brueck, and R. Kaspi, “Widely tunable distributed-feedback lasers with chirped gratings,” Appl. Phys. Lett.,
vol. 94, 2009, Art. no. 161102.

[15] X. He, S. Benoit, R. Kaspi, and S. Brueck, “Optically pumped continuously tunable mid-IR distributed-feedback semi-
conductor laser,” IEEE J. Quantum Electron., vol. 52, no. 10, Oct. 2016, Art. no. 2200210.

Vol. 10, No. 2, April 2018 2400213



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


