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Abstract. A concave micrograting designed for optical communication
applications was fabricated by deep x-ray lithography (DXL). The micro-
grating has a height of 125 um, a grating pitch of 3 um, a total of 2584
lines, and a sidewall root-mean-square surface roughness of 5 nm. The
designed operational wavelength range is from 1475 to 1625 nm. This
micrograting is embedded inside a mirror-planar waveguide to form a
spectrometer chip. The Rowland-circle grating mounting scheme is used
for the spectral detection. The calculated diffraction efficiency of the
third-order diffraction reaches 65% when Au is coated on the grating
surface and the blaze angle is suitably chosen. The measured spectral
width is 1.1 nm, which is in very good agreement with the calculated
result of 0.9 nm. This chip-based grating device can be used as an ul-
tracompact spectrometer or an ultracompact wavelength-division multi-
plexer in optical communications. Based on this work, our DXL technique
can be further developed into an x-ray LIGA method for the mass pro-

duction of such chip-based spectrometers. © 2007 Society of Photo-Optical In-
strumentation Engineers. [DOI: 10.1117/1.2719709]
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1 Introduction

Spectrometers or  wavelength-division — multiplexing
(WDM) devices are utilized in various applications, such as
biochemical analysis, remote sensing, fiber communica-
tions, and biosensing. A conventional spectrometer, which
is based on a planar grating, has a sophisticated arrange-
ment of optical components. A collimation lens (or mirror)
and a focusing lens (or mirror) are typically required for
such a planar grating system. Various microelectromechani-
cal system (MEMS) fabrication techniques have been pro-
posed to reduce the size of the spectrometer. Most of these
MEMS-based spectrometers involve the use of moving
parts to disperse wavelengths. Such parts are always asso-
ciated with problems of mechanical instability.

This work employs a concave micrograting to reduce the
size of a spectrometer without the problems of using mov-
ing components. The fabricated micrograting has a circular
cylindrical surface profile. The grating structure is embed-
ded inside a mirror-planar waveguide as presented in Fig.
1(b). The design, simulation, fabrication, and measurement
of such a micrograting are described here.

2 Design and Simulation

The concave micrograting is embedded inside a mirror-
planar waveguide, as shown in Fig. 1(b), to reduce dramati-
cally the size of the spectrometer. The micrograting has a
circular cylindrical surface profile. In the meridional plane
(wavelength dispersion plane of the grating), the Rowland-
circle configuration was adopted. It has the advantage of
performing simultaneous wavelength dispersion and beam
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focusing, as shown in Fig. 1(a): beams of different wave-
length are focused at different locations on the Rowland
circle."™ The grating is blazed to increase the diffraction
efficiency of the specified diffraction order.' This chip
spectrometer [Fig. 1(b)] covers wavelengths from 1475 to
1625 nm.

The determination of the grating line width (grating
pitch) is based on the mask line width that can be achieved
using standard mask fabrication. Consequently, our grating
pitch is set to 3 um, which can be easily fabricated using
standard commercial mask fabrication technology. This
3-um grating pitch was the starting point in the design, and
the rest of the parameters were determined from a series of
calculations and analyses of aberrations, spectral resolution,
and the device’s physical constrains.

An optical fiber is applied to guide the light into the chip
spectrometer at point A in Fig. 1. The input optical fiber has
a core size of 10 um. The optical fiber has a core with a
refractive index of 1.471 and a cladding with a refractive
index of 1.460. These values correspond to a numerical
aperture (NA) of 0.21, which produces a source angular
divergence of 24.2 deg.5 The source divergence must fulfill
the following condition of total coherence to approach
diffraction-limited performance:

2.44N
_ -

A= IV (1)

where Ao and A6 are the source size and the coherent
angular divergence, respectively. With a source size of
10 wm, the condition in Eq. (1) yields an angular diver-
gence of 21.7 deg. However, a wider angular divergence
produces a larger aberration (with a circular cylindrical sur-
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Fig. 1 (a) Rowland-circle configuration of the circular cylindrical micrograting. Point A is the input fiber
source. Point By is the Gaussian image point of the focused beam with a certain diffraction order. The
arc FG represents the concave micrograting. The line ON is the normal to the grating. (b) Schematic

of a concave micrograting embedded inside a mirror-planar waveguide.

face profile), which degrades the spectral resolution. There-
fore, the angular divergence is limited to a certain value to
ensure satisfactory spectral resolution.

2.1 Resolution Properties

The calculation of the aberration of the presented concave
micrograting is based on optical-path-function analysis.
Figure 2 presents the geometry used in the analysis of a
reflective grating. For a diffraction grating, the optical path
function of a ray that originates from point A, arrives at
point P(¢,w,l) on the grating, and diffracts to point B on
the detector is as follows™:

Afx y z)

— — mA
F=AP+PB+ 7W, (2)

where d is the grating line constant, m is the order of dif-
fraction, A is the wavelength of the beam that is diffracted,
and w is the y position of point P in the dispersion plane.
The goal is to analyze the relationship between the param-
eters of a Rowland-circle mounting and the aberration. The
specified grating has a surface profile described by the fol-
lowing surface function:

\ Gaussian
image plane

Fig. 2 Geometry of a concave reflective grating used in the aberration calculation. Point A is the
source, and point By is the Gaussian image point.
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Table 1 Factors contributing to the total spectral resolution.

Table 2 Parameters of the concave micrograting in the Rowland-
circle configuration.

Spectral Value
width Factor (nm) Parameter Value
ANg Passband of the input wavelength 0.2 Operational wavelength range 1475 to 1625 nm
Algy Entrance slit 0.2 \.=central wavelength 1550 nm
ANgo Exit slit 0.2 a=incident angle 60 deg
ANpL Diffraction limit 0.2 B=exit angle 37.5 to 49.4 deg
ANa Aberration 0.8 m=diffraction order 3
ANosa OSA resolution 0.1 d=grating constant (grating pitch) 3 um
ANge Fabrication errors and other 0.0 N=total line number 2584
causes (assumption)
R=horizontal (meridional) curvature of 44.404 mm
ANtota= Total spectral resolution 0.9 the grating surface profile
= [(AN)?+(ANg1)?+(ANgp)?+ (ANpy)?
+(ANa)2+(ANgsa)?]"2 (Gaussian sum) p=vertical (sagittal) curvature of 9
grating surface profile
Horizontal width of grating (arc length 7.75 mm
FGin Fig. 1)
. Grating vertical height 125 um
&= 2 E ailelj- 3)
i=0 j=0 A6=divergence angle of input source 10 deg
. . . OFAG in Fig. 1
Based on Eq. (3), the optical path function F is expressed ( g- 1
as follows™ S,=core diameter of the input fiber 10 um
(equivalent to the entrance-slit width of
F= E Fijkwilj» (4) a conventional spectrometer)
ik S,=core diameter of the output fiber 10 um
(equivalent to the exit-slit width of a
conventional spectrometer)
k rk ’ m\
Fijr=z Cijk(aa r+z Cijk(,B’r )+ 7W5(i—l)jk~ (5)
In this case, a specific set of4a,»j of the circular cylindrical N
surface is applied in Eq. (3)." In the dispersion plane of a Alpy = m_N 9)

Rowland-circle configuration [Fig. 1(a)], three major con-
tributions to the total spectral resolution are considered.>?
They are contributions from the following:

1. Spectral width caused by the width of entrance slit
(width S)):

S.d
Ag, = D14 Cos a (6)

mr

2. Spectral width caused by the width of exit slit (width
Sz):

S,d cos B )

mr

Akgy =

3. Spectral width due to the aberrations (of perfectly
made grating):

Ay'd cos B (&F)
ANy=—"""""=—| — 8
A mr m\ dw ®

4. Spectral width due to the diffraction limit:
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In the calculation of the spectral width due to the aber-
ration, the following major aberration terms are included:
Coaor Croo, Crg0y Cra0: Ca00: C220- Caa0: C300, Caoor Cano
Cs00, and Cgo.”” According to this calculation, the spectral
width due to the aberration from Eq. (8) is 0.8 nm. The
overall spectral resolution is the Gaussian sum of Eq. (6) to
Eq. (9). Table 1 lists the result of the total spectral resolu-
tion.

The width of the entrance slit is the diameter of the core
of the optical fiber, which is 10 wm. The performance in
spectral resolution was measured using an optical fiber,
which connects to an optical spectrum analyzer (OSA), in
the image plane to acquire the spectral signals. A reason-
able design depends on consideration of the choice of the
rest of the parameters, such as the diffraction order m, the
incident angle «, the exit angle 3, the radius R of the Row-
land circle, and the angular divergence A 6. Trade-offs must
be made between the spectral resolution and the physical
constrains of the device. To optimize the design, a design
flow was developed to determine these parameters by tak-
ing account of the physical constraints and the required
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Fig. 3 Result of the ray tracing using the SHADOW program.

spectral resolution, such as the size of the chip, the location
of the input fiber, the location of the output detecting area,
the grating pitch, and the required spectral resolution. The
specifications in Table 2 of the micrograting using a
Rowland-circle configuration were obtained by this ap-
proach.

2.2 Ray Tracing

A ray-tracing simulation was performed using the
SHADOW program to verify the results of the aberration
calculations.’ Figure 3 shows the spot diagram of the re-
sults obtained using the values of the parameters in Table 2.
The input source [at location A in Fig. 1(a)] consists of
three wavelengths: 1549.6, 1550.0, and 1550.4 nm (sepa-
rated by 0.4 nm). A detecting plane (the Gaussian image
plane in Fig. 2) in the SHADOW simulator is located at the
output location of the focused beam on the Rowland circle
[point By in Figs. 1(a) and 2]. As presented in Fig. 3, the
three input wavelengths are well resolved spatially on the
Rowland circle. The input source has a size of 10 um. The
spot distribution in Fig. 3 reveals that each output focused
beam has a width of 10 um (which is the width of the
distribution of the spots on the Rowland circle in the me-
ridional direction in Fig. 3 at each wavelength) and the
separation between adjacent focused beams is 20 um.
These results are consistent with those obtained from the
calculation of the aberration based on the optical-path-
function approach just described.

2.3 Diffraction Efficiency

Due to physical limitations, the third-order diffraction was
used in the presented device, instead of the first-order dif-
fraction, which has the largest diffraction efficiency for a
laminar grating. Typical diffraction efficiencies of higher
diffraction orders are very low for laminar gratings.l_3 The
use of a blazed grating overcomes this difﬁculty.l‘3 The
diffraction efficiency of the specified diffraction order is
greatly increased by choosing an appropriate pair of blaze
angles (left blaze angle and right blaze angle).
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The benefit of using lithography to fabricate blazed grat-
ings is evident: it offers the freedom to select the blaze
angles. In the fabrication procedure implemented herein, an
Au coating is deposited on the grating surface to increase
the reflectivity for this optical wavelength range. Also, in
reality, the grating surface has a certain roughness. An 80-
nm-thick Au coating with a root-mean-square (rms) surface
roughness of 50 nm is used in the calculation of diffraction
efficiency to simulate the actual fabrication conditions. Un-
der these conditions, scalar diffraction theory does not ap-
ply. Instead, vector electromagnetic theory for gratings with
boundary conditions must be adopted for the calculation.”®
An optimization process increases the third-order diffrac-
tion efficiency to a maximum of 60% to 70% [Fig. 4(b)]
over the entire spectral range by using a 53-deg left blaze
angle and an 81-deg right blaze angle [Fig. 4(a)], which are
the pair of blaze angles used in the fabrication of the blazed
grating herein.

3 Fabrication

The vertical height of the grating is designed to match the
external diameter of the cladding of the optical fiber, which
is 125 wm, as displayed in Fig. 1(b). This work utilizes
deep x-ray lithography (DXL) to fabricate the cylindrical
concave micrograting, since it is capable of producing a
high aspect ratio, high spatial resolution, and excellent
lithographic quality for optical applications.

A traditional x-ray photoresist (PMMA) has very low
lithographic sensitivity and contrast. Therefore, a thin mask
membrane and a thick mask absorber must be employed to
block the x-ray irradiation in mask pattern transferring.
Such a mask structure is very fragile and difficult to fabri-
cate. Previous experimental results have demonstrated that
SU-8 photoresist can provide very high lithographic con-
trast and sensitivity.9 Hence, its corresponding x-ray mask
absorber becomes thinner and the mask membrane thicker.
Consequently, the complexity of the mask fabrication is
substantially reduced. An x-ray mask with a thick Si mem-
brane (5 wm) and a thin Au absorber (4 um) was applied
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Fig. 4 (a) Blazed grating with 3-um grating pitch, 53-deg left blaze angle, and 81-deg right blaze
angle. (b) The diffraction efficiency of the third order versus wavelength (from 1475 to 1625 nm). Using
the blaze setting in (a), the third-order efficiency reaches about 65%.

herein to pattern a cylindrical grating. A separate paper will
discuss this novel x-ray mask technology used in the x-ray
LIGA process.

Figure 5 displays scanning electron microscope (SEM)
images of the concave micrograting fabricated using this
DXL process. The 125-um grating height and the 3-um
grating pitch were successfully achieved as presented in
Fig. 5(a) and 5(b), respectively. The aspect ratio is 40. The
developed DXL process also yields a perfect perpendicular
sidewall with a vertical angle of better than 89.9 deg.
Atomic force microscopy (AFM) was applied to a scan area
of 1 X1 um and reveals a rms surface roughness of 5 nm.
(The typical requirement for satisfactory optical perfor-
mance is 50 nm.)

The rounding of the blaze angle displayed in Fig. 5(b) is
caused by edge diffraction from the mask during the litho-
graphic process in the making of an x-ray mask from an
UV mask. The rounding effect can be considerably reduced
by using an electron-beam writer to generate the mask pat-

tern (a study of which effect will be undertaken in the fu-
ture). After this grating was fabricated, an Au coating was
deposited to a thickness of 80 nm on the grating surface to
increase the reflectivity in this wavelength range. The effi-
ciency calculation shows that the diffraction efficiency is
reduced from 65% to 45% due to the rounding of the blaze.

A technology based on DXL was demonstrated to be
able to produce grating patterns with very high precision
for optical applications. A separate article will discuss in
detail the fabrication process of this concave micrograting
using DXL technology.

4 Resolution Measurements

The concave micrograting is embedded in a mirror-planar
waveguide [Fig. 1(b)]. The waveguide comprises two par-
allel mirrors, which are Si wafers coated with Au (150 nm).
This structure constitutes a spectrometer chip, as shown in
Fig. 1(b).

Fig. 5 SEM images of the SU-8 micrograting fabricated by the DXL process. (a) A height of 125 umis
achieved. (b) Top view of the grating. The rounding of the blaze was caused by the accuracy degra-
dation in exposure during the pattern transfer from UV mask to x-ray mask.
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Fig. 6 (a) Schematic of the measurement setup. Here 21 separate wavelengths were fed into the
fiber. The fiber at the output area was spatially scanned. (b) Acquired spectra with a scanned distance
of 200 um. A total of 21 peaks in the spectra are clearly resolved with a peak-to-peak spectral sepa-

ration of 0.26 nm.

Figure 6(a) depicts the first performance measurement
scheme. The input wavelengths are fed into the input fiber
that is connected to this spectrometer chip. At the output
location, an optical fiber with a core diameter of 10 um is
used to acquire the diffracted rays from the grating. The
output fiber is connected to an OSA to analyze the spectral
characteristics. In this performance test, 21 separate wave-
lengths were fed into the fiber. The front end of the fiber
was spatially scanned across the focused region of the 21
wavelengths. Figure 6(b) presents the acquired data. The
scanned distance is 200 um. A total of 21 peaks in the
spectrum are clearly resolved with a peak-to-peak spectral
separation of 0.26 nm.

** ADVANTEST Q8384 Optical Spectrum Analyzer *x

A second performance measurement of the spectral reso-
lution of the concave micrograting was made using this
chip-based spectrometer. Figure 7(a) presents the measure-
ment scheme. Two DWDM channels of different wave-
lengths are coupled and fed into the input fiber. The mea-
surements are made at two locations. Each location
corresponds to the focal point of the specified input wave-
length. The OSA displays two spectra for each input wave-
length.

Rayleigh’s criterion yields a measured FWHM spectral
width (spectral resolution) of 1.1 nm. This measurement is
compared with the calculated value using the contributing
factors that are presented in Table 1. The total spectral
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Fig. 7 (a) Schematic of the second measurement scheme. Two DWDM channels of different wave-
lengths are coupled and fed into the input fiber. The measurements were made at two locations
corresponding to the focal point of the specified input wavelength. (b) Acquired spectra. The data
yields a FWHM spectral width (spectral resolution) of 1.1 nm using Rayleigh’s criterion.
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width ANp,, is the Gaussian sum of each individual con-
tribution as presented in Table 1. The spectral width asso-
ciated with the fabrication error (A\gg) in Table 1 is as-
sumed to be zero. The Gaussian sum of these factors yields
a total spectral resolution ANty of 0.9 nm. The result
agrees very closely with the measured value of 1.1 nm.

5 Conclusions

This investigation has demonstrated that the developed
spectrometer-chip scheme based on a micrograting that is
embedded inside a planar waveguide works. DXL fabrica-
tion technology is very powerful in fabricating this concave
micrograting. An aspect ratio of 40 in the grating structure
is achieved. The confirmation of the results of the aberra-
tion calculation and the ray tracing by the measurements
indicates that the chip-based spectrometer functions as de-
signed. DXL based on the SU-8 photoresist can be further
developed into an x-ray LIGA technique for mass-
producing concave microgratings. Future advances in such
fabrication approaches will produce low-cost polymer-
based spectrometer chips with good spectral resolution.
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