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We describe near optimum near field holography grating masks patterned by e-beam lithography
and a distributed Bragg reflector (DBR) multiwavelength laser array fabricated using near field
printing with this mask. Grating pitches in the array ranged from 242.861 to 243.750 nm in
0.127 nm steps. Data on the pitch precision and pitch adjustment is presented. Use of a
conventional UV source rather than laser illumination both greatly simplified the printing
process and eliminated coherent artifacts from the printed gratings. Chemically etched InP test
gratings are shown to be extremely “clean” in appearance and low in edge roughness. DBR laser
arrays designed with 100 GHz frequency separation were processed using the mask described.
The measured frequency separation was 99 GHz which could be further adjusted with a tuning
section of the four-section laser design. Characterization of a similar grating mask containing 16
wavelengths with similar pitch increments is aiso described.

i. INTRODUCTION

Near field holographic (NFH) printing of gratings has
been demonstrated {0 be a promising alternative to con-
ventional holographic methods.”® When patterned using a
flexible patterning technique such as electron or ion beam
lithography,”® NFH masks can incorporate high resolution
gratings, phase shifted gratings, etc., into a single lithogra-
phy step. In addition, the process of producing fine pitch
gratings with NFH masks is greatly simplified by using a
slightly modified UV contact aligner. In this paper we
present data on a near optimum fused silica mask with
e-beam written pure phase gratings and on distributed
Bragg reflector (DBR} lasers fabricated using near field
holographic exposures with this mask. The mask contains
960 grating sites comprising 120 repeats of 8 different grat-
ing pitches. Grating pitch designs ranged from 242.861 to
243.750 nm in 0.127 nm steps. Resultant grating pitches
and pitch changes were measured using first order difirac-
tion angles and angle changes, respectively. MNearly bal-
anced power into the zero and first order orthogonally
polarized diffracted beams was achieved by optimizing the
etch depth, grating profile, and duty cycle.** The mask was
carefully characterized, with special attention paid to arti-
facts potentially introduced by electron-beam lithography,
and then used to print gratings on both device and nonde-
vice wafers. Use of a conventional UV source rather than
laser illamination is described that both greatly simplified
the printing process and eliminated coherent artifacts in
the printed gratings. Fabrication and performance of a de-
vice lot of DBR laser arrays designed with 100 GHz fre-
guency separation is reported.

. GRATING MASK FABRICATION AND
CHARACTERIZATION

The extremely fine changes in period required for wave-
Iength division multiplexing (WDM) for light wave com-
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munications cannot be achieved using straightforward
means of encoded patterns of various periods (A). This
approach can suffer from discretization minima in the ad-
dress structure. In our approach we make use of a fine gain
adjustment made to the e-beam system while using a coded
250 nm period grating pattern. While this adjusiment is
normally used to correct the system metrology during the
writing session, it can also be used to intentionally siretch
or shrink each axis. The DAC setting in our system per-
mits a 12-bit adjustment over a 6.4% range in the gain,
thus allowing 0.0039 nm changes in the grating period for
this pattern. This number varies linearly, of course, with
the period of the coded pattern. Since the overall gains in x
and y are adjusted (independently), any phase shifting sec-
tion of the grating is expanded or shrunk by the same
relative amount. Therefore a A/2 (A/4) phase shift ini-
tially coded into the grating pattern remains the same frac-
tion of the period even after adjustment.

The square wave pure phase gratings are fabricated es-
sentially as previously reported.” The gratings are pat-
terned using e-beam lithography in a trilayer resist process.
More reliable performance and smoother gratings were ob-
tained using a PMMA imaging layer, however, and was
therefore used for the results reported here. The deveioped
e-beam written pattern is transferred into the middle and
lower layer of the trilayer resist and then into the fused
silica mask using reactive ion etching as previously re-
ported.

The diffraction efficiency of the resultant fused silica
grating is dependent on the etched depth, duty cycle, and
tooth shape.”* For all the gratings reported here, a stan-
dard groove depth of 22-25 nm is maintained. The depths
of etch monitor features (30 um squares} are measured
using a scanning stylus profilometer to verify the groove
depth. We determined by scanning electron microscopy
{SEM) analysis on cleaved gratings that the monitor depth
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Frc. 1. Top view SEMs of a NFH mask under fabrication. (a) Top
PMMA layer after development; (b) after the RIE of the middle and
lower layers of the trilevel resist; (c) the completed grating etched in
fused silica. :

is representative of the groove depth. There appears to be
no significant reactive ion etching (RIE) lag. The duty
cycle is the principal variant in determining the diffraction
efficiency. Our previous study empirically determined that
the best balance between the diffracted (first order) and
transmitted (zero order) beams are not obtained for 50%
duty cycle. Rather a tooth width (/) and groove width {s)
in a ratio (//s) of 0.5 is optimum. To approach a 33% duty
cycle in the fused silica grating, the initial lithography is
biased to obtain narrower developed openings (40%) and
wider remaining resist {609% ). This compensates for a gen-
eral widening of the grooves as the varicus RIE steps are
completed. Figure 1 shows SEM micrographs of this pat-
terned (a) etched trilevel (b) and completed grating (c).
A SEM of a representative cross sectional and plan view of
the grating is shown in Fig. 2. We observe that while the
profiles are not perfect, they are nearly square in profile
and more than adequate to produce high contrast interfer-
ence patterns. The small differences from ideal, however,
may account for some of the departure from the theoretical
diffraction efficiencies.>*

The performance of the grating masks is best predicted
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F1G. 2. Top and cross-sectional view SEMs of the completed phase grat-
ing in fused silica showing the near ideal groove profile and smooth edges
produced using this process.

by measuring the period, period increment (in the multi-
wavelength masks), and the ratio of the zero to first order
diffracted powers. The period is determined by precisely
measuring the first-order diffraction angle when illumi-
nated with an argon ion laser (1=363.8 nm). The accu-
racy of this absolute angle measurement is limited by our
angular resclution of 4 min of arc (corresponding to about
0.24 nm). All of our gratings have been consistently within
this uncertainty of their design period. For the period in-
crement measurements, a stepper motor controlled rota-
tion stage allowed more precise measurements of the pitch
changes. The minimum angle increment of the stepper mo-
tor is 0.01° that corresponds to a grating pitch change of
0.0189 nm. An eight-wave fused silica NFH mask was
fashioned in a chromium coated photomask blank in which
chemically etched windows in the chromium layer were
opened using conventional contact photolithography.
E-beam written gratings were patterned in the clear win-
dow device sights. The mask layout comprised 48 rows (on
508 pm centers) and 20 columns {con 1.27 mm centers) of
gratings, each about 200 pim X 20 pm in area. The grating
period was constant within each row and was varied
through eight periods by increments of 0.127 nm down
each column, repeating after each eight increments. The
minimum design grating period was 242.861 nm and the
mazimum was 243.750 nm. The measured value of A for
the maximum period was 243.87 nm, within our experi-
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Fi1G. 3. Wavelength distribution of the B-wavelength fused silica phase mask.

mental uncertainty for the absoclute period setup. The
wavelength difference from the fundamental period for the
other seven grating types is about a factor of twelve more
precise.

The measured results are plotted in Fig. 3. For each
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type, nine different gratings were measured which sample
widely separated portions of the mask. This is a worst case
representation of the uniformity since the first written grat-
ings are separated by as much as 12 h from the last written.
The average change in period, AA, given by the slope of a
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Fi1G. 4. Wavelength distribution of the 16-wavelength fused silica phase mask.
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FiG. 5. SEM of the wet chemically etched gratings in InP produced using
NFH with the 8-wavelength mask described in the text.

linear fit to the data, is 0.131 nm, higher than the design
goals by about one least significant bit {LSB). This mask
was next used to produce the DBR laser arrays described
in the following section.

A second mask design comprising 16 different grating
types with similar design increments proved to be of even
higher quality. The layout for this laser grouped the dif-
ferent gratings more closely (250 um on center) while
spacing consecutive groups more sparsely to allow for
other system components. A total of 1408 gratings were
written over the mask. Figure 4 summarizes the measured
values of A and AA for three widely spaced gratings of
each type. The absolute period is 243.63 nm, well within
the measurement error of the design period of 243.7 nm,
the average pitch change is 0.126 nm (the goal was 0.127
nm), and the scatter appears to be half that of the previous
mask. The beam power ratio for all the gratings on both
this and the previous masks fell between 1.1 and 2.05. Most
of this variation is due to intentional changes in the dose of
the e-beam write which results in small duty cycle varia-
tions. This range in power ratios results in a range of in-
tensity variations {(7,./..) in the interference patterns
of from 1760 to 32. This is more than adequate to produce
good contrast in the printing process.

We have also constructed phase shifted gratings for
DFB laser applications although we have not yet fabri-
cated lasers from these masks. Our two designs include a
single 1/4(A/2) shift centered on the grating as well as a
second design that includes five 1/20 (A/10) phase shifts
distributed symmetrically about the grating. The A/2
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Fi1G. 6. Schematic of the four section DBR laser array fabricated using
the 8-waveiength NFH mask.

shifts are present in the examples shown in Figs. 1 and 2.
While we do not expect these abrupt shifts to replicate
crisply, we do expect the relative phase differences between
adjacent grating sections to be preserved.’
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F1G. 7. Output of the 8-wavelength DBR laser array with no tuning.
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FiG. 8. Output of the 8-wavelength DBR laser array with less than 2 mA
of tuning.

ili. DBR LASER FABRICATION AND
PERFORMANCE

Since the near field use of these gratings described re-
quires only local spatial coherence and limited temporal
coherence from the source, a conventional short arc mer-
cury lamp can be used. We calculate that for a comumer-
cially available 100 W lamp with a 0.25 mm arc using an
f =350 mm condenser optic and an interference filter cen-
tered at 365 nm, good fringe visibility requires a gap be-
tween the phase mask and wafer of only 12 pm or less.” We
have therefore assembled a modified contact mask aligner
to print the gratings for the DBR laser arrays. The aligner
is similar to a standard system with the short arc source,
filter, a polarizer, and a modified UV mirror angle. The
mirror angle is adjusted so that the illomination is incident
at the Bragg angle on the mask. The polarizing filter is
needed since the diffraction efficiency of the grating is
strongly polarization dependent.

A sample exposure was made in 2 50 nm thick layer of
AZ1400-3 photoresist on InP (the exposure time was 60
s). The resist was developed, postbaked at 90 °C for 30
min, then transferred into the semiconductor by wet chem-
ical etching. The resulting etched InP gratings are ex-
tremely “clean” in appearance and low in edge roughness
(Fig. 5).

We applied this NFH technigue to fabrication of an
array of four-section DBR lasers.>® Figure 6 shows the
design of the laser which combines a 840 pum long gain
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section, a 120 pm phase section, a 180 um grating section,
and a 100 pm integrated monitor section. The design fre-
quency spacing is 100 GHz (0.813 nm in air) between
lasers. The iaser material and fabrication process is re-
ported elsewhere.® The completed lasers exhibited thresh-
olds of less than 30 mA. The lasers were biased at about 50
mA and exhibited the wavelength distribution plotted in
Fig. 7 with no tuning. The average frequency spacing was
99 GHz within 1 GHz of the design goal. The scatter is in
part due to random mode placement within the more
evenly spaced Bragg bands. Fine tuning using current in-
jection in the phase and grating sections can further im-
prove the wavelength distribution. Figure 8 shows the
nearly ideal characteristics attained with less than 2 mA
applied to any section.

IV. CONCLUSIONS

We have demonstrated that NFH implemented with an
e-beam written grating mask exhibits comparable precision
to conventional holographic exposures in both absolute
pitch and pitch increment for WDM applications.

The grating masks readily provide adequate image con-
trast and are compatible with contact printing in a modi-
fied aligner. This allows that level to level alignment can be
performed and that the process can set up in a clean room
environment. The e-beam patterning on the mask is a flex-
ible patterning method which permits a variety of grating
types and other (larger) features to be combined in a single
printing step.

The gratings printed from the phase masks are compa-
rable or better to those printed in the conventional holo-
graphic manner. Coherent artifacts usually evident in the
laser holography process are greatly reduced with the in-
coherent source.

The 8-wavelength laser array with 100 GHz channel
spacing fabricated with the NFH process exhibited low
thresholds and excellent wavelength control. The high
quality lasers produced, combined with good pitch control
reported provides strong evidence that e-beam generated
phase masks can replace current holographic techniques
for a wide class of light wave component applications.
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