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Variable Optical Attenuator Fabricated by Direct
UV Writing
Mikael Svalgaard, Kjartan Færch, and Lars-Ulrik Andersen

Abstract—It is demonstrated that direct ultraviolet writing of
waveguides is a method suitable for mass production of compact
variable optical attenuators with low insertion loss, low polarization-dependent loss, and high dynamic range. The fabrication
setup is shown to be robust, providing good device performance
over a period of many months without maintenance.
Index Terms—Attenuators, direct ultraviolet (UV) writing, integrated optics, waveguides.

parameters requires a high degree of process control due to the
sensitive nature of the interferometer.
In this paper, we show that direct UV writing is capable of
achieving a VOA performance that is similar to the best results
obtained with etching/photolithography based silica-on-silicon
technology. We also show that our UV writing setup provides
this performance over an extended period of time without maintenance. The paper is concluded with an estimation of the production capacity of UV writing.

I. INTRODUCTION

S

ILICA-BASED integrated optical waveguide devices are
key components in the deployment of high-speed optical
telecommunication networks. The most successful methods for
commercial fabrication of such devices currently combine a
glass deposition technique such as plasma-enhanced chemical
vapor deposition (PECVD) with photolithography and etching
to define waveguide circuits. Such methods involve a large
number of process steps and require a great deal of cleanroom
processing. An alternative fabrication technique involves using
a focused ultraviolet (UV) laser to write waveguides directly
into the photosensitive core layer of a sample [1]. Since this
method does not require photolithography or etching, the
number of process steps is greatly reduced. In addition, the
method does not require a cleanroom for UV writing. Consequently, direct UV writing is a technique with potentially much
lower fabrication costs than the currently used techniques.
Basic integrated optical devices such as straight waveguides,
s-bends, directional couplers, and 1:2 power splitters have been
demonstrated with UV writing [2]–[4]. More complex devices,
such as wavelength selective optical add–drop multiplexers [5],
and waveguide lasers [6] have also been demonstrated with
UV writing. However, it has not previously been investigated
whether UV writing in terms of reproducibility, production capacity, and device performance is a viable industrial fabrication
technique. We have addressed these questions by developing
a setup that features a high degree of control over the UV
writing process and by performing several test production runs
of a commercially interesting device. The device chosen for
this study was a variable optical attenuator (VOA) based on a
Mach–Zehnder interferometer (MZI) with thermooptic phase
shifters [7]. Although this device represents a fairly simple
circuit layout, obtaining excellent performance on all key
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II. EXPERIMENTAL PROCEDURE
The samples used for this study consist of 4-in silicon wafers
where the outer layer has been thermally oxidized. On top
of this SiO layer, which serves as a buffer, a core-cladding
structure was fabricated with PECVD. The thickness of the
buffer/core/cladding is 16/5.5/12 m. The core contains germanium and boron in a relative concentration so that the refractive
) to the surrounding layers
index is matched (within
[3]. Index matching the core layer enables the UV-written
waveguides to exhibit a circular-mode profile and low coupling
loss to standard telecom fiber [8]. Prior to UV exposure, the
sample is loaded with molecular deuterium at a pressure of 190
bar until saturation to increase the photosensitivity [9].
Waveguides are fabricated by scanning the sample under a
focused UV continuous-wave beam using high-precision
translation stages. The optical layout of the experimental setup
is shown in Fig. 1 and is similar to that used in previous work
[10], [13]–[15], except for the fact that we now have extended
the setup to automatically compensate for the slow drift of the
UV beam direction and power. The UV beam has a wavelength
of 257 nm and is generated with an intracavity-frequency-doubled argon-ion laser. The beam passes a computer controlled
shutter so that it can be blocked when required in the waveguide
writing process. Unfortunately, the direction and position of the
UV beam in the horizontal plane may drift, depending on the
tube current and thermal state of the laser. This effect leads to
misalignment further down in the setup and is therefore compensated by means of a computer-controlled motorized mirror.
The computer-controlled alignment is performed by directing
with a mirror the beam to an angle and position sensor, which
provides feedback to the computer. When the autoalignment is
completed after roughly 1 min, the mirror is moved out so that
the beam can propagate to the remaining setup.
The beam is then deflected upwards and along an optical rail
mounted across the sample. Here, the beam is spatially filtered
and expanded, resulting in a circular-beam profile with a diameter at the first Airy minimum of 6 mm. The Airy rings are removed with an iris diaphragm after which the beam is split so that
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(a)
Fig. 1. Schematic drawing of the optical setup used for UV writing. The symbols represent the following components: a) UV laser; b) shutter; c) motorized
mirror; d) movable mirror; e) angle and position sensor; f)–g) fixed mirrors;
h)–j) beam expansion and spatial filtering; k) iris diaphragm; l) 97:3 beam
splitter; m) focussing objective; n) Si photodiode; o) nitrogen-purged container;
p) x y translation stages; and q) video camera.

0

97% is reflected toward a focusing objective, which is mounted
on a motorized holder. The objective has a focal length of 41 mm
diameter of 3.1 m
and creates a UV spot with a measured
on the sample. The remaining 3% of the beam is transmitted to
a Si p-i-n photodiode and used for continuous computer monitoring of the UV power during waveguide writing. If the UV
power changes more than 0.5 from the nominal value, the
computer pauses the UV writing and initiates an autoalignment
sequence. Without such active monitoring and alignment, the
incident power can drift by up to 20% during one run.
The sample is mounted in a nitrogen-purged container, which
has an antireflection-coated silica window with a diameter of
100 mm. The sample is thermoelectrically cooled to 35 C
to slow the rate of deuterium outdiffusion to negligible levels,
thereby stabilizing the photosensitivity during UV writing [10].
Care is taken to ensure that the sample is level so that lateral motion does not introduce a defocusing of the UV beam. The sample
chamber is mounted on dc current translation stages with an absolute accuracy of 0.1 m and a travel range of 100 100 mm .
The stages are computer controlled and can perform accurate
trajectory scans for velocities up to 500 m s. A video camera
is mounted above the beam splitter so that it provides a view of
the writing process magnified by the objective. As mentioned
subsequently, this camera is useful for aligning the UV spot
accurately to any preexisting structures, for example, during
UV trimming.
After UV writing, the sample is removed and annealed at
80 C for 24 h to rapidly outdiffuse residual deuterium. The
temperature is then increased to 150 C for another 24 h to
increase the thermal stability of the UV-induced index structures [11]. We have previously shown [12] that UV-written
splitters, after a postfabrication anneal, exhibit no changes in
performance after thousands of thermal cycles between room
temperature and 80 C.
The thermooptic phase shifters consist of gold electrodes deposited on the cladding above each arm of the interferometer.

(b)
Fig. 2. (a) Close-up of the waveguide and electrode layout of a single VOA.
(b) Overview of one multichannel VOA chip containing eight VOAs in parallel
as well as two reference splitters and two reference waveguides.

The electrodes are fabricated using standard techniques of photolithography, evaporation, and liftoff. A 10-nm chromium layer
is used under the gold for adhesion purposes. The thickness of
the gold layer is 500 nm, resulting in a resistance of 50–65 ,
depending on the fabrication run. The electrode mask is aligned
to the waveguide structure using either UV-written alignment
marks or prefabricated aluminum alignment marks. The former
technique is the most effective method, since it eliminates the
additional wafer handling required for alignment mark fabrication. Finally, the wafer is diced out in individual chips.
III. VOA DESIGN
The layout of the VOA pursued in this work is shown in
Fig. 2(a). Two 1 2 power splitters with an arm spacing of
80 m are connected to form an MZI. Thermooptic phase
shifters (12 m wide, 10 mm long) are located on the top
cladding, directly above both arms of the interferometer. The
electrode ends are terminated by 200 200- m bonding pads.
The total device length is 20 mm.
Applying a voltage across one of the thermooptic shifters
introduces a phase delay that determines the VOA transmission.
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By adding up normalized field amplitudes, the total insertion
in decibels may be written as
loss

(1)
is the minimum insertion loss, is a factor deterwhere
mining the dynamic range, is the free-space wavelength, is
is the difference in average effective
the MZI arm length,
is the electrode length, and
index between the two arms,
is the thermooptically induced index difference between
the arms. By assuming that the arm temperature difference is
, where is the electrode resistance, the
proportional to
thermooptically induced phase shift can be written as
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500 m, thereby forming a multichannel device, as shown in
Fig. 2(b). In addition, two splitters and two straight waveguides
are included as references. One 4-in wafer contains 38 chips.
A special feature of UV writing is that the processing time
can be varied by roughly a factor of two to either side by adjusting the incident UV power. At a higher power, larger scan
speeds can be applied to achieve a given waveguide width and
index step. The upper limit is currently set by the fact that we
cannot perform sufficiently accurate scans at velocities above
500 m s. The chosen scan velocity of 200 m s is well
below this upper limit. With 38 VOA chips per wafer, the total
UV processing time becomes 23 h, which would be well suited
for a 24-h-based production schedule (allowing 1 h for wafer
unloading and reloading).
IV. VOA PERFORMANCE

(2)
where is a proportionality constant. In the last expression, we
have taken into account the temperature dependence of the reis the room
sistance, where is the thermal coefficient and
temperature resistivity. The dynamic range is the difference between the maximum and minimum transmission loss measured
in decibels. By adding up normalized field amplitudes in the
output arm, it may be shown that the dynamic range can be
written as
dynamic range dB
(3)

are the relative power fractions directed by the
where ,
left and right splitter into adjoining paths. Hence, when
(point symmetrical configuration), the dynamic range
would ideally be infinite. If one considers the loss of the VOA
) in a similar manner as
due to mismatching splitters (
, do
previously, it may be seen that only when
we get a device that does not radiate power into cladding modes
at field recombination. Therefore, our goal is to utilize splitters
that divide the signal equally into the interferometer arms.
Each splitter is written in three scans starting from the
branching point and moving outwards, as described in [13].
The length of each splitter is roughly 3 mm. The scan velocity
used for the input waveguide and the first written output arm is
200 m s. However, a slight reduction of the photosensitivity
in the immediate surroundings of exposed areas leads to an
asymmetric splitting ratio if the same scan velocity is applied
in the second output arm [13]. Optimization showed that equal
splitting was achieved when the scan velocity in the second arm
was reduced to 70 m s. Making the waveguides join in the
middle of the interferometer is not a problem, since the stages
have an accuracy of 0.1 m. The MZI arm length as measured
between the splitter branching points is 14.8 mm. Each VOA
requires six scans with a total processing time of 4 min. One
chip contains eight VOAs in parallel with a port spacing of

In initial experiments, the UV power incident on the sample
was adjusted to 45 mW so that a scan speed of 200 m s resulted in a 6.4- m-wide waveguide. The waveguide birefrin[14]. By comgence was measured to be less than
paring effective-index measurements and mode-field calcula[15]. These
tions, the index step was inferred to be
waveguide parameters provide excellent mode matching to a
standard optical fiber (SMF-28).
Using these writing parameters, one complete wafer was UV
processed, annealed, and equipped with electrodes according to
the procedures given previously. The components were evaluated at a wavelength of 1.557 m using butt-coupled SMF-28
fibers and index matching oil for both input and output. The total
IL and polarization-dependent loss (PDL) was measured with
an EXFO IQ-3400 PDL/IL meter. For 38 reference waveguides,
we measured an average total IL of 0.53 dB and an average PDL
of 0.26 dB. The data scattering corresponded to a standard deviation of 0.03 dB, which is equal to the specified accuracy of
the IL/PDL meter used for the measurements.
Loss measurements of 38 reference splitters showed that the
average splitting ratio was 0.51 (2.9 dB). This is in excellent
agreement with the optimization performed several weeks
earlier and exemplifies the stability of the fabrication setup.
The splitter excess loss, as measured relative to a reference
waveguide, was 0.05 dB with a standard deviation of 0.05 dB.
Hence, the splitters have very low excess loss and will not
contribute significantly to the overall loss of the VOA. Finally,
the broad-band response was measured with a white-light
source and an optical spectrum analyzer. As expected for this
kind of device, the splitting ratio was flat to within 0.3 dB
from 1300–1650 nm.
Visual inspection under a microscope showed that the VOA
electrodes were misaligned to the waveguides by 3 m, which
can probably be improved significantly by further practice. The
alignment tolerance was later investigated by deliberately misaligning the electrodes by up to 6 m without any significant
change in performance. This tolerance may be caused by lateral
dispersion of the applied heat. Electrical contact to the bonding
pads was achieved with tungsten needles mounted on
probe mounts. Electrical contact could also be achieved by permanently bonding a gold wire to the electrode pads.
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TABLE I
VOA PERFORMANCE SUMMARY BASED ON MEASUREMENTS OF 24 DEVICES
FROM A SINGLE PRODUCTION RUN; THE LAST COLUMN INDICATES
THE OBSERVED DEVICE-TO-DEVICE PERFORMANCE SCATTER
(ROUGHLY TWO STANDARD DEVIATIONS) DUE TO
FABRICATION IMPERFECTIONS

Fig. 3. VOA loss curves versus the power applied to one electrode (squares:
TE mode; circles: TM mode). These curves were measured before UV trimming.
The solid lines for each data set represent fits using the theoretically expected
behavior (1).

The loss characteristics of a randomly selected VOA were
measured for transverse electric (TE)- and transverse magnetic
(TM)-polarized light, which corresponded to the extremes of
the polarization-dependent response. The resulting loss curves
) are shown in Fig. 3. When
versus the applied power (
no power is applied, the loss is 1 dB. As power is applied,
the losses increase gradually, reaching peak values for 0.5 W.
For this particular VOA, the TE polarization exhibits a very high
peak loss of 70 dB, while the TM- polarization has a more
moderate peak value of 25 dB. As the applied power is increased
further, the losses decrease, reaching a minimum value of 0.5 dB
for the TE polarization and 0.8 dB for the TM-polarization. The
minimum losses are achieved for an applied power of 1.2 W
and are just 0.1–0.2 dB higher than the insertion loss of a straight
reference waveguide. The power required for a phase shift
is 0.65 W. With a larger buffer layer thickness and by etching
heat-insulating grooves around the heaters, it is possible to reduce this power requirement by roughly an order of magnitude
[16]. The loss curves show that the interferometer with no power
applied is unbalanced by 0.1 rad, in spite of our attempts to
perform the UV writing identically for the two arms. This unbalance may be caused by a slight drift in the UV power during
the fabrication process and can be counterbalanced by applying
a corresponding bias on the other electrode. The theoretically
expected loss curves, as given in (1) and (2), were fitted to the
measured data set for each polarization. The result is shown in
Fig. 3 as solid lines, showing a very good agreement with the
actual measurements.
A total of 23 other VOAs from the wafer were selected randomly for characterization, with overall results similar to those
given previously. The dynamic range for the TE polarization
was on average 31 dB, while the corresponding value for the
TM polarization was 34 dB. Hence, the VOA from Fig. 3 is
somewhat atypical, since it has a much higher dynamic range
for the TE polarization. The typical device-to-device scattering
in dynamic range due to fabrication imperfections was roughly
3 dB. The performance based on all 24 measured VOAs is
summarized in Table I, including the observed scatter due to
fabrication imperfections.

From Fig. 3, it is apparent that the loss curves for the TE
and TM polarization differ somewhat. The absolute difference
(PDL) increases for higher loss values, reaching a value of 1 dB
7 dB, which is unacceptable for most
for an attenuation of
applications. In the following section, means for reducing the
PDL will be discussed.
V. REDUCTION OF PDL
The PDL evident in Fig. 3 arises due to differences in horizontal and vertical scaling and different horizontal offset between the TE and TM modes. Each of these contributions is discussed in the following subsections.
A. Horizontal Scaling
This effect is evident in Fig. 3 as a different thermooptic efficiency for the TE and TM polarizations; in our case, the dif8 . It arises due to a birefringent component in
ference is
the phase shift induced by the thermooptic heaters [17]. When
heated, the glass is restricted from expanding in the horizontal
direction, which leads to an anisotropic stress distribution. The
larger the heating, the greater this effect will be.
B. Vertical Scaling
In Fig. 3, it is seen that the dynamic range for the TE and TM
modes are different. The difference is much less pronounced in
most of the other VOAs that were characterized. From (3), it is
seen that such behavior can arise due to a polarization-dependent splitting ratio.
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C. Horizontal Offset
For zero applied power, it is apparent that there is an offset
of the TE and TM curves in Fig. 3. From (1), it follows that
such an offset can arise due to a difference in waveguide birefringence between the interferometer arms (birefringence imbalance). This gives rise to a polarization-dependent phase shift:
, where
is the birefringence for interferometer arm . For the device in Fig. 3, the de. Since is many
duced birefringence imbalance is
wavelengths long, even such a low value may lead to significant
PDL, especially near the attenuation peaks.
These PDL governing effects are not specifically associated
with the UV writing fabrication technique. Instead, they are related to the MZI-based VOA design, which is very sensitive to
any phase imbalance due to the long arm length. Another contributing factor is the silica-on-silicon material system, which
necessitates the use of thermooptic phase shifters and has inherent stress problems due to the mismatch between glass and
silicon thermal expansion coefficients.
In this project, we have concentrated on minimizing PDL due
to phase shifter birefringence, since this effect is the dominating
PDL source for intermediate attenuation values. The most effective way of reducing this parameter is to etch stress-releasing
grooves on both sides of the electrodes [17]. This also lowers
the lateral heat dispersion, resulting in a lower power consumption and faster response time [16]. Unfortunately, in our experiments, we did not have access to this option. Instead, we
have used phase trimming with UV light to obtain a significant
PDL reduction. This is achieved by inducing a permanent phase
shift so that the attenuation peaks occur for lower applied power
where the phase shifter birefringence is less pronounced.
A series of UV trimming experiments utilizing the waveguide
writing setup were carried out to test this method of PDL reduction. Alignment to the waveguide pattern was quite easy, since
the waveguides emit a bright-blue luminescence under UV exposure. An incident UV power of 50 mW was used with a spot
size of 8 m (to uniformly cover one waveguide) and a scan velocity of 80 m s. By performing a series of scans with varying
lengths, we determined that the trimming resulted in a repro. After UV trimducible effective index change of
ming, the sample was annealed at 150 C for 12 h to minimize
thermal instability of the induced phase shift when operating
the phase shifters. The trimming was carried out on one interferometer arm between a splitter branching point and the gold
electrode. To avoid changing the splitting ratio, the trimming
should not be carried out too closely to the branching point.
We chose to start at a point where the interarm distance was
23 m and saw no changes in the VOA dynamic range or excess loss, as would result if the splitting ratio had been changed.
The VOA from Fig. 3 was trimmed so that the attenuation peaks
were moved from an applied power of 500 down to 70 mW, as
illustrated in Fig. 4. This corresponded to a trimmed length of
900 m on both splitters, a process that lasted 23 s. The data
suggests that the minimum loss is actually lowered slightly by
the UV trimming; however, we believe that this is merely a measurement-induced offset, since it did not consistently appear for
other trimmed devices. It is seen that the polarization-dependent phase shift at the attenuation peaks is much smaller than
before. By fitting (1) to the measured data, it may be shown that

Fig. 4. VOA loss curves versus the power applied to one electrode (squares:
TE mode; circles: TM mode). The change due to UV trimming is illustrated by
the arrow.

Fig. 5. Measured VOA PDL versus the attenuation level (circles: before UV
trimming; squares: after UV trimming).

the birefringence imbalance has also been reduced by at least an
(the estimated fitting accuorder of magnitude to
racy). This additional effect of UV trimming further reduces the
PDL; however, it was not anticipated and is not fully understood
at this time. The PDL versus attenuation is plotted in Fig. 5 before and after UV trimming. Three other VOAs were also UV
trimmed, with similar results. After UV trimming, the PDL is
typically below 1.2 dB for an attenuation of 20 dB (summarized
in Table I). For low attenuation levels, the trimming may lead
to increased PDL, as evident in Fig. 5. However, the increase is
only 0.1 dB, which may be acceptable in light of the much
larger PDL reduction at higher attenuation levels. Even though
we have demonstrated significant PDL reduction with UV trimming, we consider stress-releasing grooves to be a more cost-effective solution for large-scale production, because it does not
require measurement of the MZI imbalance and because it also
lowers the power requirements [16].
VI. SPECTRAL RESPONSE
From (1), it is seen that the VOA spectral response is mainly
term in the phase-shift expression. Secgoverned by the
ondary effects include dispersion of the phase imbalance and of
the thermooptic coefficient. From (3), for the dynamic range,
we see that a wavelength-dependent splitting ratio can also influence the VOA spectral response. However, since our splitters
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TABLE II
SUMMARIZED VOA PERFORMANCE FROM FOUR PRODUCTION
RUNS; THE LAST TWO RUNS INCLUDED A MINOR CHANGE
IN THE MACH–ZEHNDER INTERFEROMETER DESIGN WHICH
REDUCED THE MINIMUM INSERTION LOSS AND INCREASED
THE DYNAMIC RANGE

Fig. 6.

Measured VOA spectral variation for various attenuation levels.

have a very flat spectral response, it may be shown that this effect is negligible.
From (1), it is seen that the peak spectral variation over the
band (1525–1570 nm) for all phase retardations increases with
term
the dynamic range. The value of this variation due to the
alone is 0.4 dB for a 10-dB dynamic range and 1 dB for a
20-dB dynamic range. In actual VOA components, the spectral
response over the band has been measured using a polarized
amplified spontaneous emission (ASE) source. A typical measurement for one polarization is shown in Fig. 6 at various attenuation levels. The spectral variation is very flat ( 0.2 dB) for low
attenuations of a few decibels. For an attenuation of 10 dB, the
spectral variation has increased to 0.8 dB, while for 20 dB attenuation, the variation is 2 dB. This is roughly a factor of two
term alone in (1). We speculate
larger than calculated for the
that the excess spectral variation is due to dispersion of the phase
imbalance and/or of the thermooptic coefficient.
VII. THERMAL STABILITY
The finite thermal stability of UV-induced index changes
leads to general concerns about the long-term stability of UVwritten components, especially sensitive devices employing interferometers and thermal heaters. We have therefore subjected
our VOA components to temperatures up to 85 C for several
days; however, no changes in performance could be detected.
This is not surprising, since the structure is annealed uniformly.
We also left one electrode running at 1-W power for 12, 24, and
72 h, thereby producing a prolonged localized heating. After
30 mW
12 h, a drift of the attenuation peak locations of
(0.15 rad) had occurred. The drift between 24 and 72 h was
roughly five times smaller and just barely measurable. This
behavior shows that either a higher postfabrication annealing
temperature or a burn-in of the electrodes could be employed
in future applications to greatly reduce this instability.
VIII. FABRICATION STABILITY
Based on the performance reported in the previous sections,
we conclude that UV writing yields a VOA performance that is
comparable to that obtained with more widely used silica-on-silicon fabrication techniques. However, for an industrial implementation of UV writing, such a performance must be achiev-

able on a routine basis over an extended period of time. To
test whether this is the case, we have conducted a series of
four UV writing production runs over a period of 9 mo. In
this time period, no maintenance or manual alignment of the
laser or UV writing setup was performed. In addition, the setup
was often used for other research projects. The VOA fabrication process and subsequent measurements are identical to that
described previously. In Table II, we list for each production
run, the number of characterized VOAs and the average value
of the minimum insertion loss, dynamic range, PDL, and power
consumption. The observed scattering in performance within
each production run was similar to that reported earlier in this
paper. In the first two production runs, the average VOA min1.3 dB, which was
0.5 dB larger than
imum loss was
that of a straight reference waveguide. In addition, the average
dynamic range was only 23 dB. This prompted us to optimize
how the waveguides were joined face to face in the MZI. Instead of overlapping the waveguide scans by 100 m, the layout
was changed so that the waveguides stopped a few micrometers
short from each other. This minor change resulted in the reduced
loss and higher dynamic range seen for the last two production
runs. The PDL problems inherent to this design were seen consistently, and UV trimming was applied on roughly one quarter
of all measured devices, resulting in the PDL values given in
the table. This shows that UV trimming is a reliable tool for
reducing the PDL. Finally, the VOA power consumption was
very stable throughout all four production runs, which is not
surprising due to the insensitivity toward alignment caused by
lateral heat dispersion.
Taking the minor change in scanning layout into account,
the observed variations between each production run are very
low. These results indicate that UV writing holds promise as a
method for accurate and reliable production of silica-on-silicon
optical devices. It should be emphasized that this conclusion is
for components of a complexity similar to the VOA design used
here. We have not shown that UV writing currently possesses
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the ability for reliable production of more complex components,
such as arrayed-waveguide gratings or tunable dispersion compensators.
Under the circumstances implemented here, the UV writing
process requires roughly 50 mW of power. Since the UV laser
(Sabre FreD, Coherent, Inc.) is rated for 1-W output, it should
be possible to operate multiple identical writing setups in parallel. In addition, multiple wafers can be mounted on one set
of translation stages. Based on our experience, we estimate that
one laser could be used to power two writing setups, each with
three wafers. In this estimation, the required power (including
that lost in the UV optics) would be 50 of the specified laser
output power. Such a system could process six wafers/d, each
containing 38 multichannel VOA chips, as used in this study.
Hence, the potential production capacity of a setup based on a
–
multichannel VOA
single UV laser is in the order of
chips/y.
IX. CONCLUSION
In this paper, we have described the fabrication of variable optical attenuators by direct UV writing. In order to obtain a high
degree of control and reproducibility, a laser writing setup with
computer-controlled beam alignment and monitoring of the incident beam power has been developed. The chosen VOA design
splitters forming an MZI with gold electrodes
is based on 1
mounted along the interferometer arms to provide an electrically controlled phase shift. The performance achieved hereby
was similar to the best results obtained previously with other
silica-based fabrication methods. Based on a large number of
measured components, we observed a VOA minimum insertion loss of 0.7 dB, while the dynamic attenuation range exceeded 30 dB. Initially, the VOA PDL was unacceptably high,
mainly due to a birefringent component in the phase shift induced by the thermooptic heaters. We have shown that UV trimming can be applied to reduce this effect, leading to a VOA PDL
of 1 dB at 20-dB attenuation. The spectral flatness over the
band at 10-dB attenuation was measured to be 0.8 dB. The device-to-device scattering in VOA performance within one wafer
was minimal and should not significantly limit the production
yield.
To test direct UV writing as an industrial fabrication technique, we have performed VOA production runs over a period
of several months, during which the fabrication setup was not
maintained or aligned manually. The wafer-to-wafer average
performance variations were smaller than the variations seen
within a single wafer; hence, the UV writing technique provides
a very stable platform for continuous production over extended
periods of time with little or no need for adjustments. From the
results presented in this work, it is estimated that the produc–
multichannel
tion capacity of one UV laser is roughly
VOA chips/y.
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