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Abstract—This paper discusses an investigation of the effects
of mirror quality on the performance of reflecting arrayed-wave-
guide-grating multiplexers. Using specially designed external
mirrors as external reflectors, the optimum flatness and micror-
oughness of the reflecting surface are determined. The experiments
discussed in the paper indicate that a reflecting-surface flatness
of 4 is sufficient to obtain high-performance reflective multi-
plexers. Extrinsic mirror-related phase and intensity errors were
found to be negligible for surfaces polished with diamond lapping
films with a grain size smaller than 1 m. These experimental
results were found to be in excellent agreement with simulations
based on mirror-related changes in the waveguide-grating-length
increment.

Index Terms—Arrayed-waveguide grating (AWG), multiplexer,
silica waveguides, wavelength-division multiplexing (WDM).

I. INTRODUCTION

D IFFERENT approaches to the design of arrayed-wave-
guide grating (AWG) multiplexers, combined with

different choices of materials, have been reported in the past
few years [1]–[6]. Reflective AWGs (R-AWGs) have been
proposed and demonstrated as one of the approaches resulting
in more compact devices [7]–[12]. However, the fabrication
of R- AWGs includes preparation of a reflecting surface used
to fold the grating. Thus, in addition to inaccuracies in the
device fabrication process, common to AWG devices, the
performance of R-AWGs can be affected by the nonflatness
and microroughness of the reflecting surface terminating the
grating.

This paper presents detailed experimental investigation of
the effects of the optical quality of the reflecting surface on the
transmission response of R-AWGs. The smoothness required of
the reflecting surface was determined using an external mirror
polished to different levels. A specially designed external
mirror, the curvature of which can be precisely and controllably
varied, was used to establish the flatness necessary to obtain
high-performance R-AWGs. It is shown that the reflecting sur-
face with a flatness of and polished with diamond lapping
films with grain sizes smaller than 1 m is sufficient to avoid
introduction of any measurable degradation in the performance
of the device. Any limitations in the device performance are
ultimately determined by intrinsic contributions to phase and
intensity errors, as is the case with conventional AWGs.
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II. DESIGN, FABRICATION, AND PERFORMANCE OF R-AWGs

We have modified the conventional AWG by folding it with
a reflecting surface [10]–[12]. The Gaussian transmission re-
sponse R-AWG is designed for multiplexing 40 channels with a
separation of 100 GHz. The device consists of the input–output
(I/O) coupler, the free-space propagation region, the waveguide
grating, and the reflecting surface. The I/O coupler contains
one input waveguide and 40 output waveguides. The main ad-
vantage of this modification is that the resulting grating of the
R-AWG is very compact and the device can be fabricated in a
conventional silicon integrated-circuit (IC) foundry. Front-end
photolithography in such foundries is done with projection step-
pers. These are designed to expose a fixed area, typically less
than cm , at a time. The grating of a conventional (non-
reflective) AWG is simply too large to be printed with a stepper.
Stitching between fields cannot be done precisely without con-
siderable effort and expensive changes in standard IC foundry
procedures. In our design, a grating with 330 waveguides readily
fits into the area of cm and can thus be easily printed
with conventional photolithographic steppers.

The R-AWGs discussed in this paper are based on P- and
B-doped silica waveguides with the relative refractive index
difference ( and at
1.55 m) between the core and the cladding layers of 0.68%
[10]. The waveguide cores are 5 m thick and are etched to
produce 6- m-wide ridges. The constant path length difference

between grating waveguides 12.3 m is half that
of similar nonreflective device. This corresponds to a diffraction
order . This small value enables us to place as many
as 330 waveguides in the grating, while maintaining 30- m sep-
aration between adjacent waveguides at the reflecting surface.

Devices were measured after chip separation, diamond pol-
ishing, and deposition of a reflecting metal film on the mirror
surface. High reflectivity of the mirror was assured by the de-
position of a Cr–Au film. The average insertion loss of 2.5
dB, a loss nonuniformity less than 1.0 dB, crosstalk of 30 dB,
a polarization-dependent wavelength shift of less than 0.02 nm,
and a polarization-dependent loss of 0.1 dB, were obtained.
In the experiments discussed in this paper, the Cr–Au film was
removed from the reflecting surface, and an external mirror was
used instead as a reflector. In our R-AWG design, the waveg-
uides of the grating are perpendicular to the reflecting surface.
In all experiments described in this paper, the angular deviation
of the external mirror relative to the reflecting surface integral to
the device was . This results in negligible polarization-de-
pendent penalties at the mirror surface.
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Fig. 1. Schematic illustration of the mirror assembly used to evaluate
deviations in the reflecting surface flatness. The metal rod is �1.5 mm
diameter and 10 mm long.

III. EXTERNAL REFLECTOR—EXPERIMENTAL RESULTS

AND DISCUSSION

The optical quality of the reflecting surface is of fundamental
importance in R-AWGs. Deviations in flatness and the pres-
ence of microroughness and defects, such as scratches and digs
created during the polishing step, can be a source of increased
losses, larger transmission channel spectral bandwidth, and in-
creased crosstalk between output channels. Using external mir-
rors as reflectors, instead of the reflecting surface integral to the
R-AWG, it is possible to determine the flatness and the optical
quality requirements necessary to obtain high-performance de-
vice operation.

A. Flatness of the Reflecting Surface

In order to evaluate the effects of the reflecting surface flat-
ness on the performance of R-AWGs, we have constructed an
external mirror the curvature of which can be precisely con-
trolled. A schematic drawing of the mirror assembly is shown in
Fig. 1. It consists of a rectangular section of an Si wafer, used as
a base, and a polished stripe of Si, used as a mirror. The mirror is
attached to the edges of the base by two spacers, also made of Si.
A metal bar connects the base and the mirror stripe. The bar is at-
tached with epoxy to the mirror and to a small piece of Si, a stop,
mounted on the base wafer. The shape of the reflecting surface is
modified by changing the temperature of the mirror assembly.
When the temperature is increased (decreased), the metal rod
elongates (shortens) bending the mirror surface. The tempera-
ture-induced deformation of the external mirror was first cali-
brated by interferometric microscopy (using a WYKO NT-1100
optical profiler). In these experiments, the mirror assembly was
placed on a temperature-controlled stage. Examples of bending
profiles at three different temperatures are shown in Fig. 2. This
figure clearly shows that the mirror changes from concave, at
temperatures lower than 35 C, to convex, at higher tempera-
tures. Effective radius of a curvature 100 m was determined
for the temperature of 35 C. This corresponds to the flatness of

.
The performance of R-AWGs with the external mirror

illustrated in Fig. 1 was investigated as a function of tempera-
ture. Both the R-AWG and the external mirror assembly were
mounted on a Si submount placed over a temperature-con-

Fig. 2. Examples of temperature-induced bending profiles measured for the
assembly mirror shown in Fig. 1. Vertical lines were drawn to indicate the
grating waveguides reflecting surface region.

Fig. 3. Single-channel transmission spectra of an R-AWG at different
temperatures using the mirror assembly illustrated in Fig. 1 as the reflector.
The reflecting surface of the external mirror was not metallized, resulting in
higher losses.

trolled stage. The external mirror was positioned closely (within
10 m) to the surface terminating the grating of the R-AWG.
Single-channel transmission response spectra, at different
temperatures, are plotted in Fig. 3. The output spectra vary
significantly with changes in the temperature-induced curvature
of the external mirror. Similar results were obtained for other
output channels of the R-AWG. At temperatures below or above

35 C, for which the mirror is not flat, additional losses
and broadening of the transmission spectra were observed. The
shift of the center peak wavelength observed at different tem-
peratures in Fig. 3 is attributed to the temperature dependence
of the refractive index of the silica glass forming the device [1].
The broadening and asymmetry in the peak response observed
for 35 C are due to pronounced phase errors caused
by the mirror curvature [13], [14]. The corresponding center
channel peak loss and 3-dB bandwidth changes (relative to the
measurement performed at 35 C) are plotted as a function
of temperature in Fig. 4(a) and (b), respectively. Variation in
the mirror curvature results in changes in the insertion loss as
large as 4.5 dB, as shown in Fig. 4(a). The 3-dB bandwidth
is also affected by the mirror curvature. In the temperature
range of 35–70 C, the 3-dB bandwidth increased by 0.74 nm,
as plotted in Fig. 4(b). Minimum insertion losses and 3-dB
bandwidth were obtained at 35 C. This is consistent with
the results of Fig. 2, where we determined the optimum surface
flatness of the mirror assembly.
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Fig. 4. Calculated (—) and experimental (o) relative peak loss (a) and relative
3-dB channel bandwidth (b) as a function of temperature, using as a reflector
the mirror assembly illustrated in Fig. 1.

The degradation in the transmission performance of the
R-AWG with increasing curvature of the external mirror
(Figs. 3 and 4) arises from nonconstant contributions to the
consecutive waveguide path-length difference for which
the device was designed. When the external mirror is curved,
the distance between the reflecting surface terminating the
grating and the external mirror is no longer constant. As a
result, the additional path-length difference introduced at the
air gap is no longer constant. A variation in the path-length
difference between consecutive waveguides of the grating
results in additional phase errors [14], degrading the transmis-
sion response of the R-AWG. In contrast, when the surface of
the external mirror is flat, the path-length difference remains
constant, resulting in no performance degradation, as shown in
Fig. 4.

In order to analyze the effect of the external mirror curva-
ture on the R-AWG output characteristics, we simulated the
device response using the AWG field model in the Gaussian
approximation [12], [15]. Using the AWG design parameters
and assuming that the temperature-induced mirror deformation
results in a parabolic change in , we can calculate single-
channel transmission spectra. A comparison between simulated
and measured relative peak losses and 3-dB bandwidth, as a
function of the temperature, is shown in Fig. 4. A good agree-
ment between theory and experiment is clear. The discrepancy
between calculated and measured AWG parameters observed
for 60 C is attributed to nonhomogeneous deformation
of the mirror assembly at high temperatures.

Measurements on several R-AWGs (not shown) with the
Cr–Au film directly deposited on the grating-terminating
surface were performed in order to evaluate the effects of
the flatness of this surface after the diamond-polishing step.
Our results show the same 3-dB bandwidth as the minimum
obtained in Fig. 4(b). These experiments also show very low
insertion losses of less than 2.5 dB. This is consistent with
the surface better than measured in a separate experiment,
also by phase contrast microscopy, on reflecting surface
formed directly on R-AWGs. Our standard diamond-polishing

step used in device fabrication is thus sufficient to ensure
high-performance of R-AWGs.

B. Optical Quality of the Mirror Surface

Grating waveguides of the R-AWGs investigated in this
paper were designed to be perpendicular to the reflecting
surface. In addition, each waveguide in the grating terminates
in a straight segment at the mirror surface. This was done in
order to preserve a constant path-length difference between
consecutive waveguides even after dicing and polishing.
However, in practice, deviations from the design path length
may occur as a result of intrinsic or extrinsic fabrication errors.
Intrinsic error sources involve device processing, material
inhomogeneities, and finite photomask resolution [12], [14].
In the case of R-AWGs, extrinsic errors are associated with
imperfections in the flatness and polish of the reflecting surface
and any inhomogeneities in the high-reflectivity material
deposited at this surface. As shown previously, deviations in
the path-length difference between consecutive waveguides in
the grating contribute to degradation of the insertion loss, the
3-dB bandwidth, and the crosstalk of an AWG [13], [14].

In the fabrication of R-AWGs studied here, mechanical pol-
ishing was used to obtain optical grade reflectors terminating the
grating. The reflecting surface was polished sequentially with
lapping films with decreasing diamond grain sizes , from
15.0 to 0.1 m. In order to study the effects of the polish on
the performance of R-AWGs, we experimented with an external
mirror placed within 5 m to the reflecting surface integral to
the device. The external mirror was formed at the edge of a sil-
icon wafer, polished with diamond lapping films. In these ex-
periments, the external mirror was not coated with high-reflec-
tivity material, and index-matching fluid was applied between
the mirror and the device.

The quality of the polished surfaces was evaluated using op-
tical profiler microscopy and atomic force microscopy (AFM).
An example of a top-view optical profiler image obtained on
a surface of a mirror polished with 3.0 m is shown
in Fig. 5(a). The surface shows a pattern of parallel peaks and
valleys along the entire mirror area. The corresponding vertical
and horizontal cross-sectional profiles, obtained at 20 m
and 20 m, are shown in Fig. 5(b) and (c), respectively.
The maximum surface roughness of 60 nm was deter-
mined from both cross sections. When the surface was finished
with 0.5 m, 15 nm was determined. When
the mirror surface is polished with larger values, for example

9.0 m, as large as 2.0 m could be seen. Surface
roughness of this magnitude can contribute to large phase and
intensity errors, degrading the performance of the device, as dis-
cussed hereafter.

Fig. 6 shows examples of the transmission spectra of a single
output channel of an R-AWG operated with an external mirror.
The mirror surface was finished using diamond lapping films
with of 0.1, 1.0, and 9.0 m. The spectra corresponding to
mirrors polished with 0.1 and 1.0 m are very similar.
The insertion loss increased when the external mirror was pol-
ished with 9.0 m. In addition, the relative intensity of
subsidiary sidelobes became more pronounced for the surface
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Fig. 5. (a) Optical image profiler of a mirror surface polished with
d = 3.0 �m. Vertical (b) and horizontal (c) roughness cross-sectional profiles
obtained at x = 20 �m and y = 20 �m, respectively.

polished with 9.0 m. The 3-dB bandwidth is identical
for transmission spectra of R-AWGs measured with external
mirrors polished with 0.1 and 1.0 m. A slight increase

10% in the 3-dB bandwidth was observed when the ex-
ternal mirror was polished with 9.0 m. Similar results
were found for other output channels of the device. The differ-
ences in the performance of the R-AWG shown in Fig. 6 are
attributed to increasing microroughness of polished surfaces.
Mirrors polished with 3 m exhibited mirror-like sur-
faces with a small density of defects. In contrast, surfaces pol-
ished with 3 m resulted in rougher surfaces (see Fig. 5)
and lower reflectivity. The roughness of the mirror polished with

9.0 m contributes to larger changes in the path-length dif-
ference between consecutive waveguides in the grating as well
as to light scattering at the reflective surface. This results in ad-
ditional losses at the reflecting surface and increased crosstalk
(see Fig. 6).

In order to further understand the effect of the mirror quality
on the response of the R-AWG, we calculate the output spectra,
taking into account additional contributions to due to the
microroughness of the external mirror. We consider micror-
oughness to be the source of extrinsic errors. The fluctuations
in are modeled assuming contributions from the intrinsic
errors, due to the photomask resolution and the extrinsic
errors . Changes in are calculated using a uniform
pseudorandom distribution with standard deviation given by

. In the case of a perfectly smooth surface, the deviation
in is limited to 0.1 m , corresponding to
the resolution of the photomask used in the fabrication of our
R-AWGs [12]. The upper limit on is determined by the
microroughness of the polished surface.

Fig. 6. Transmission spectra of a single output channel of an R-AWG using
external mirrors polished with different d values. The reflecting surface of the
external mirror was not metallized, resulting in higher losses.

Fig. 7. Calculated (—) and experimental (o) crosstalk (a) and relative peak
loss (b) as a function of d .

A correlation between the surface microroughness and the
width of the waveguide must be considered. If ,
the number of polishing-induced peaks and valleys within
each waveguide of the grating is given by . We as-
sume here a uniform pseudorandom distribution of peaks and
valleys with amplitudes in the range , consistent with
the data of Fig. 5. For only a single peak or valley
contributes to the change in . As a result, is modified
by a random increment determined by the average of the am-
plitude of the peaks and valleys at the polished edge. The
standard deviation of the distribution of modified s can be
then calculated for each . For a waveguide with 6 m
and surfaces polished with 3.0 and 9.0 m, we determine

10 nm and 0.5 m, respectively.
Fig. 7 compares the measured and calculated changes in the

peak loss and crosstalk as a function of . The insertion loss
is practically constant ( 0.5 dB) for external mirrors polished
with 3.0 m. Increased loss is seen for 3.0 m
as a result of larger phase errors and greater microroughness.
This results in higher light scattering at the reflecting surface
and increased losses. The discrepancy between the calculated
and measured peak loss change [Fig. 7(a)] for larger values of

is attributed to intensity errors (mainly for 3.0 m).
Since the exact description of light scattering at polished sur-
faces with various degrees of microroughness is not straight-
forward, we did not include intensity errors in our simulation.
The crosstalk [Fig. 7(b)] is also influenced by phase and inten-
sity errors introduced during mirror polishing [14]. Good agree-
ment between calculated and experimental values of crosstalk is
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clearly observed over the entire range of values. This is at-
tributed to lower influence of intensity errors on the crosstalk
performance. Similar values of crosstalk were obtained for mir-
rors polished with 0.1 and 0.5 m. We conclude that
the polishing step carried out with diamond lapping with films

0.1–0.5 m does not contribute to significant extrinsic
phase and intensity errors. Larger values of ( 3.0 m) re-
sulted in increased crosstalk.

IV. CONCLUSION

Effects of the flatness and roughness of the reflecting surface
terminating the grating of the R-AWG on its performance were
investigated. We show that the polishing step used in the fabri-
cation of R-AWGs, carried out with diamond lapping films with

1 m, does not introduce significant extrinsic phase or in-
tensity errors. This is supported by measurements of the trans-
mission response of R-AWGs using external mirrors polished
with diamond lapping films with different grain sizes. The re-
sults indicate that the performance of R-AWGs is limited fun-
damentally by intrinsic errors accrued during the device fabri-
cation. The performance of both the conventional AWGs and
the R-AWG discussed in this paper is thus limited by the same
mechanism.

An external reflector, with a surface flatness that could be
controlled very precisely, was constructed and used in the
present study. From these experiments, it was determined that a
mirror flatness of is sufficient to ensure high-performance
operation of R-AWGs. This flatness requirement is not critical
and is routinely obtained in standard polishing. When the
reflecting surface is either concave or convex, significant
additional loss and increased transmission channel spectral
width can be seen.
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