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FAST FABRICATION OF POLYMER OUT-OF-PLANE OPTICAL COUPLER
BY GRAY-SCALE LITHOGRAPHY

Background

[0001] The scalability in data transfer rate and wiring density of metallic wire is facing
physical limitations imposed by increased clock frequency. Planar and integrated optical
interconnects with lasers, waveguides, modulators, detectors, and dispersive devices for
wavelength division multiplexing are expected to pace with the rapidly increasing
demand for high speed, high density data transmission. While such complete integration
is the most ideal embodiment, an out-of-plane optical coupler is a viable solution for
semi-integrated optical interconnects for which external light sources are employed. It
provides a low cost yet moderately dense optical interconnect by leveraging flip-chip
mounting technology which enables discrete integration of light sources and detectors to
a planar photonic circuit, for example, coupling of light between Vertical Cavity Surface-
Emitting Lasers (VCSELSs), waveguides, and photodiodes via micro lenses [5,6] and
optical interfaces such as OptoBump.

[0002] Such out-of-plane coupling at a 90 degree angle, has been demonstrated by using
diffraction gratings, evanescent couplers, and embedded mirrors. Diffraction gratings are
designed for specific wavelengths, thus fabrication tolerance is tight in general, though
they have high coupling efficiency. For evanescent couplers, a precise control of the
fabrication process is needed due to the exponentially decreasing coupling efficiency as
the separation from the waveguide increases. In contrast, embedded mirrors have less of a
limitation in wavelength, provided the mirror surface is precisely fabricated along with
controlling mirror angle.

[0003] Fabrication methods of mirror-based couplers have been reported for standalone
mirrors by oblique exposure, and embedding a coupler directly into the waveguide by
mechanically cutting the edge of the waveguide, as well as wet etching processes of Si
substrates. Although the processes provide small coupling loss ranging from 0.35-4 dB, a

lithographic process which has an affinity to the existing process and a yield which keeps
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up with established processes is highly desired for a streamlined integration of mirror
fabrication into the device.

[0004] The laser direct writing, or gray scale lithography has been adopted to fabricate
blazed gratings and tapered waveguides for mode matching and has a fast exposure rate,
typically 100mm?sec. A high exposure rate is assured when the characteristic length
scale of the structure is large compared to the spot size, defined by A/NA, where A is the
wavelength of the laser and NA is the numerical aperture of the laser direct writing tool.
In contrast, for a smaller structure whose length scale is comparable to the wavelength,
the write resolution has to be increased by decreasing the focal volume to ensure that a
high quality optical quality surface is obtained. Thus, laser direct writing has flexibility in

terms of writing speed, area, aspect ratio and resolution.

Brief Description of the Drawings

[0005] FIG. 1 shows a perspective view of one example of an optical interconnect
arrangement.

[0006] FIGs. 2(a)-2(h) show one example of an overall process flow that may be
employed to fabricate the optical interconnect arrangement shown in FIG. 1.

[0007] FIG. 3 shows a schematic diagram of one example of a maskless lithography tool
(MLT).

[0008] FIG. 4(a) shows the dosage applied to a layer of resist extending over a distance
of 350 um; FIG. 4(b) shows the resist topology after removal of the exposed resist by a
development process; and FIG. 4(c) show the Gaussian intensity profile of the laser used
in the MLT.

[0009] FIGs. 5(a) and 5(b) show a mirror blank that has been formed during a flood
exposure step using a binary mask.

[0010] FIGs. 6(a)-6(d) show cross-sectional SEM images illustrating the mirror surface
topology for four different samples when scanning the laser beam in a single dimension
during the direct writing process at four different locations L; FIG. 6(e) is a plot of the
surface topology for each sample.

[0011] FIGs. 7(a)-7(d) show cross-sectional SEM images illustrating the mirror surface

topology for four different samples when scanning the laser beam along the location
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shown in FIG. 6(c) with different dosages of light; FIG. 7(e) is a plot of the surface
topology for each sample.

[0012] FIG. 8(a) is a top view of an illustrative embodiment of the optical interconnect
arrangement showing the Au coated mirror and the array of polymer waveguide cores
before the upper cladding layer is applied; FIG. 8(b) is a cross-sectional SEM of the
optical coupler and FIG. 8(c) is a cross-sectional SEM of one of the waveguide cores; and
FIG. 8(d) shows the optical output mode from the cleaved edge of one of the waveguides.
[0013] FIG. 9(a) shows a plan view of a sample that includes one mirror blank in which
the optical coupler will be formed and four mirror blanks that are used as alignment
stripes; FIG. 9(b) shows a sample in which the alignment stripes and additional alignment
squares indicate correct alignment; and FIG. 9(c) shows a sample in which the alignment

stripes and additional alignment squares indicate incorrect alignment

Summary

[0014] In accordance with one aspect of the subject matter described herein, a
lithographic method for making an out-of-plane optical coupler includes forming a
photoresist layer of positive photoresist material over a substrate. the positive photoresist
layer undergoes a flood exposure to light through a binary mask to pattern a latent image
of a mirror blank in the photoresist layer. A laser beam is scanned over the latent image
of the mirror blank to apply controlled dosages of light at specified locations to form a
latent image of a planar mirror surface that is oriented at a prescribed non-zero angle to a
plane in which the substrate extends. The positive photoresist material is developed so
that a remaining portion of the developed positive photoresist material forms an out-of-
plane optical coupler having a planar mirror surface that is oriented at the prescribed
angle.

[0015] In accordance with one aspect of the subject matter described herein, a method for
making an optically reflective planar surface on a structure includes forming a latent
image of a mirror blank in a photoresist layer using a first lithographic technique. A latent
image of the structure is formed in a region defined by the latent image of the mirror
blank using a second lithographic technique different from the first lithographic

technique such that after development of the photoresist layer a remaining portion of the
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photoresist layer defines the structure. The structure has a planar surface that is oriented
at a prescribed non-zero angle to a plane in which the substrate extends. The photoresist
layer is developed and an optically reflective coating is selectively applied onto the
planar surface.

[0016] This Summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the claimed subject matter, nor is
it intended to be used as an aid in determining the scope of the claimed subject matter.
Furthermore, the claimed subject matter is not limited to implementations that solve any
or all disadvantages noted in any part of this disclosure. These and various other features
will be apparent from a reading of the following Detailed Description and a review of the

associated drawings.

Detailed Description

[0017] FIG. 1 shows a perspective view of one example of an optical interconnect
arrangement 100. The arrangement 100 includes an out-of-plane optical coupler 110
having a mirror surface 112 that receives light from an external source and reflects the
light to one more planar waveguide cores 115. The out-of-plane coupler 110 and the
waveguide core(s) 115 are disposed in a surrounding cladding layer 120, that is itself
formed located on a substrate 125. The mirror surface 112 is oriented at an acute angle
(e.g., a 45° angle) with respect to the plane of the substrate 125 so that light received from
a direction out of the plane of the substrate 125 is received by the mirror surface 112 of
the coupler 110 and reflected to the waveguide core(s) 115. As shown in FIG. 1 an
external light source(s) 130, such as a VCSEL, for example, which may include an
integrated micro lens array 135, directs the light to the optical coupler 110.

[0018] The optical coupler 110 has a height T and the planar waveguides core(s) 115
have dimensions of (w) x (/). The distance from the optical coupler 110 to the waveguide
core(s) 115 is d. In one particular embodiment, the dimensions 7, d, A, and w may be

determined as follows.
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[0019] A typical index contrast A = (n?,, —n;

core clad

)/(2n2,,) of polymer waveguides is on the

order of 0.01, which gives rise to the NA of the waveguide, N4 = (n2 n’ ) =01.In

core clad

some embodiments the height of the mirror 7" and the spacing d between the edge of the
waveguide and the surface of the mirror may be designed to avoid beam clip-off at the

mirror surface. The condition for avoiding clip-off is given by.

d 5 V2
T>w0[l+£—j ] ~W, (1)
Zr

where z, =w,/ NAis the Rayleigh range, and wo is the diameter of the beam waist. The
2" term of Eq. (1) may be further simplified as 7'~ w, , since it is possible to fabricate a
waveguide having a dimension ¢ <5, , and because the Rayleigh range for an n4=0.1

beam is about 25 um, the divergence of the beam at the surface of the mirror is
negligible. The cross-sectional dimensions of the waveguide may be determined by a
mode solver package so that the waveguide supports a single mode.

[0020] FIGs. 2(a)-2(h) shows one example of an overall process flow that may be
employed to fabricate the optical interconnect arrangement shown in FIG. 1. In FIG. 2(a)
a lower cladding layer 220 is formed on a substrate 225 by e.g., spin coating. Next, in
FIG. 2(b) a positive photoresist layer 210 in which the optical coupler will be defined is
formed on the cladding layer 220. As further shown in FIG. 2(b) a binary mask 260 is
used to pattern a mirror blank in accordance with a photolithographic technique. The
positive photoresist layer 210 undergoes a flood exposure with the binary mask in place
to form a latent image of a mirror blank that will define the reflective surface of the
optical coupler.

[0021] As indicated in FIG. 2(c), once the latent image of the mirror blank 230 has been
formed, a scanning laser is used in a direct laser writing process to form the mirror
surface of the optical coupler at the desired angle with respect to the plane of the
structure. As will be explained in more detail below, the scanning laser exposes the

mirror blank by scanning in the x-direction and applying a suitable exposure dosage so
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that after development of the positive photoresist the remaining material defines the
optical coupler. After completion of the direct writing process the positive photoresist is
developed to remove the exposed photoresist material and thereby define the optical
coupler 240 with the mirror surface 245, as shown in FIG. 2(d).

[0022] After formation of the optical coupler 240, an optically reflective coating (e.g.,
Au) is selectively applied to the mirror surface 245 using a technique such as lithographic
wet etching. As shown in FIG. 2(e), a second photoresist layer 205 suitable for forming
the waveguide core(s) is applied over the optical coupler and the exposed cladding layer
220. The second photoresist layer 205 is exposed through a mask 270 to pattern the
waveguide core(s) in FIG. 2(f) and the waveguide core(s) 250 are developed in step 2(g).
Finally, an upper cladding layer 280 is formed over the optical coupler and waveguide
core(s) as shown in FIG. 2(h).

[0023] In one illustrative embodiment of the optical interconnect arrangement that serves
as a test sample, the formation of which will be discussed in more detail below, the
cladding layer 220 was an 11 pm thick layer of Epoclad (Microresist Technology, Berlin,
Germany) that was spin coated onto a 500 um silicon substrate preconditioned by an
adhesion promoter HDMS. The cladding layer underwent a flood exposure (350 mJ/cm?
at 365 nm) using a model MA6 mask aligner (Suss Microtec, Germany), development
(90 sec bath, SU-8 developer) and hard bake (90°C for 5 min on a hot plate). Following
the hard bake, an 8 pm layer of positive photoresist, WPR-5100 (JSR, Sunnyvale, CA),
was spin coated (300 Orpm for 55sec) onto the cladding layer. Although, the final coupler
height was 5.5um, an 8um layer of resist was used during processing to accommodate a
loss of 2-3 um of mirror height during the development process. The positive photoresist
underwent a flood exposure (250 mJ/cm? at 365 nm) to pattern a latent image of the
mirror blank with a width of 13 pum.

[0024] As previously mentioned, after forming the latent image of the mirror blank, the
mirror surface with the proper orientation may be fabricated using maskless lithography.
A schematic diagram of one example of a suitable maskless lithography tool (MLT) 300
is shown in FIG. 3. The MLT 300 uses a flying spot scanning laser system to apply
exposure patterns using an 8-bit (0-255) grayscale. The grayscale level in the bitmap file

310 corresponds to the modulation of laser power, which is controlled by an Acoustic
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Optical Modulator (AOM) 320. The laser 350 is expanded (not shown), and relayed to
the AOM 320 by relay optics 340. The scan optics 360 employ a one-dimensional scan
along the x-direction while the sample stage 370 synchronously moves along y-direction.
All the components may be controlled by a processor such as a personal computer (PC)
320. This particular MLT 300 operates at a wavelength of 365nm with a typical
continuous laser power of 450mW.

[0025] The formation of a mirror surface that is both flat and oriented at the proper angle
(e.g., 45°) 1s controlled by both the location of the scanning laser beam and the dosage of
laser power to which the photoresist is exposed. It is important to note that two nonlinear
factors are involved. First, the response of the resist to dosage is non-linear. This is
illustrated with reference to FIGs. 4(a) and 4(b). FIG. 4(a) shows the dosage applied to a
layer of resist extending over a distance of 350 um. The dosage decreases linearly from
one end of the layer to the other. FIG. 4(b) shows the resist topology after removal of the
exposed resist by a development process. As the figures demonstrate, the removal rate of
the resist material increases as the dose decreases. At the dose levels that are employed,
there clearly is a region (from about 150 um to 250 um) in FIG. 4(b) where the removal
rate of resist material responds in a nonlinear manner to the applied dosage.

[0026] The second nonlinear factor that is involved in the formation of the mirror surface
is the intensity profile of the laser beam that applies the dose. As shown in FIG. 4(c), the
laser intensity has a Gaussian profile. In applying the laser beam to the resist, one side of
the laser intensity profile was used where the slope of the profile is nonlinear. This
nonlinear region is indicated in FIG. 4(c) for a beam spot that has a width of 2.1 um.
[0027] Those of ordinary skill in the art will recognize that the interplay of these two
nonlinear factors can be used to determine a suitable laser scan pattern and dosage that is
to be applied to the resist in order to achieve an optical coupler having a flat mirror
surface oriented at any desired angle. One technique for determining a suitable or optimal
scan pattern and dosage will be described below when forming the optical coupler shown
in FIG. 1 with the various illustrative materials and dimensions presented above in
connection with the aforementioned test sample. Once these exposure parameters have
been determined, they may used when performing the direct writing process shown in the

selective exposure step of FIG. 2(c).
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[0028] As discussed above and as further shown in FIG. 5(a), the mirror blank in the test
sample has a width of 13 pm and the resist layer in which the mirror blank is formed has
a depth or thickness of 8 um. FIG. 5(a) also indicates the direction in which the laser
beam is scanned.

[0029] To identify a suitable location L along which the laser beam is to be scanned, a
number of different sacrificial mirror blank samples were fabricated and exposed by the
scanning laser beam at different locations L. As indicated in FIG. 5(b), this location L is
measured from the leftmost edge of the mirror blank. FIGs. 6(a)-6(d) show cross-
sectional SEM images for four different samples. Each sample was exposed to the
scanning beam at a different location L that was shifted to right from the previous
sample. Specifically, the locations L are at 8 um (FIG. 6a), 9 um (FIG. 6b), 10 um (FIG.
6¢) and 11 pm. In each case the exposure dose remained the same (1140 mJ/cm?). Also
indicated in the SEMs is the root-mean-square (RMS) error measured in waves (where A
= 1.55 um). The surface topology for each sample is plotted in FIG. 6(e), which also
shows a straight 45° line as a reference. As is evident from the figures, the sample that
exhibits the flattest surface is shown in FIG. 6(c) when the laser beam is scanned at the
location L=10 um. In contrast, the scans performed in FIGs. 6(a) and 6(b) are too close to
the left edge of the mirror blank to yield a satisfactory surface, and the scan performed in
FIG. 6(d) is too far from the left edge to yield a satisfactory surface.

[0030] While the surface topology that is produced in FIG. 6(c) is sufficiently flat, it is
oriented at an angle of 54° and not the desired angle of 45°. To address this problem and
reduce the angle another series of sacrificial mirror blanks were fabricated that were all
scanned at the location L = 10 um, but with different dosages. The overall shape of the

mirror blank was maintained by control of the dose D, which is given by:

D= NPw

v
where v is the beam speed, w is the beam spot size, P is the power density of the
beam, and N is the number of repeated exposure scans. In this series of samples the

parameters used were P =3.6x10°w/cm* | w=2.1x10"cm ,and v=2x10’cm/s.

[0031] FIGs. 7(a)-7(d) show cross-sectional SEM images for four different samples.
Each sample was scanned at location L= 10 um, which was determined to be the most

optimal location from the samples shown in FIG. 6. The dose D was increased for each
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subsequent sample, from D=266 mJ/cm? in FIG. 7(a) to D=1140 mJ/cm?in FIG. 7(d).
The dose was increased by increasing the number N of scans. Thus, FIGs. 7(a)-7(d) show
the variation in mirror angle as a function of dose. As shown in FIG. 7(b), a dose of 646
mJ/cm?, with N = 17, resulted in the desired angle of 45°. On the other hand, as seen in
FIGs. 7(a), (c), and (d), when the dose is greater than or less than 646 mJ/cm? the angle
is larger than 45 degrees. FIG. 7(d) indicates that as the dose is increased beyond 1100
mJ/cm? the surface takes on a concave shape. For the optimum dose the surface figure is
0.06 pm P-V (0.04 waves RMS for A =1.55 um) as summarized in the plot of Fig. 7(e),
which also shows a 45 degree reference line.

[0032] The results shown in FIG. 7 for selecting the proper dosage to form the mirror
surface at the desired angle can be explained in terms of the nonlinearities discussed
above. When multiple scans of the laser beam are performed over the mirror blank at the
same location (L = 10 um), more material is removed where the dose is lower (close to
the leftmost portion of the mirror blank), as compared to where the dose is higher (close
to the rightmost edge of the mirror blank). Thus, the angle of the mirror surface decreases
as the number of passes increases. This tendency continues up to a dose of 646 mJ/cm?
(Fig. 7(b)). Beyond this dose level, the angle of the slope once again increases while the
height of the mirror surface decreases and the boundary of the mirror starts shifting
towards the left. By scanning at the location L=10um the nonlinearity of the material
removal rate (depicted in FIG. 4b) balances the dose profile (arising from using one side
of the Gaussian intensity profile of the laser beam), thereby yielding a mirror surface with
a straight slope. As the dose increases further, the optimum condition for L is no longer
satisfied since more material is removed from the right edge of the mirror blank, as
indicated by the decrease in height and a shift of slope towards the left. Thus, the
effective value for L increases to >10 um for which the angle increases, as observed in
Fig. 6(d) for L=11um.

[0033] In Fig. 7(d), the topology of mirror surface looks more concave because of the
residual material located at the right edge. The existence of the residual material is due to
the mismatch between the nonlinearity of the material removal rate with respect to the
nonlinear Gaussian profile of the applied dose. For this case, less material near the right

edge of the mirror was removed since a more intense part of the laser beam is no longer
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matched to the right edge of the mirror blank. In contrast, the left part of the mirror blank
is mostly intact but has a steeper angle because this portion is exposed to the tail of the
Gaussian intensity profile where there is less variation in intensity compared to the center
portion of Gaussian intensity profile.

[0034] After formation of the latent image for the mirror surface in the test sample
described above by exposing the mirror blank in a flood exposure step and a maskless
lithography step (see FIGs. 2b and 2c¢), the resist was developed using NMD-3 2.38%
(TOK, Milpitas, CA) for 5 min. Finally, the sample was hard baked using a hot plate for
60 min at 150°C. The mirror surface was then selectively coated with a 100 nm layer of
Au by using a lithographic wet etching technique (see FIGs. 2d and 2e).

[0035] After completion of the mirror surface by selectively coating it with Au, the
waveguide cores (s) 250 (FIG. 1) may be formed, as shown in FIGs. 2(e)-2(g). For the
test sample this process began by spin coating an 11 um thick layer of Epocore
(Microresist Technology, Berlin, Germany) over the mirror surface and the lower
cladding layer 220. The Epocore layer was patterned into the waveguide cores 250 using
an exposure dose of 350 mJ/cm?, developed (90 sec bath, SU-8 developer with IPA rinse)
and hard baked (90°C for 5 min on a hot plate) followed by an upper cladding layer of
Epoclad.

[0036] FIG. 8(a) is a top view of an illustrative embodiment of the optical interconnect
arrangement showing the Au coated mirror and the array of polymer waveguide cores
before the upper cladding layer is applied. In addition, a series of alignment stripes are
located above the Au coated mirror. These stripes, which are used for alignment purposes
only, will be discussed in more detail below. FIG. 8(b) is a cross-sectional SEM of the
optical coupler and FIG. 8(c) is a cross-sectional SEM of one of the waveguide cores.
FIG. 8(d) shows the optical output mode from the cleaved edge of one of the waveguides,
which is obtained by illuminating the other side of the waveguide via the mirror. The
optical output is shown fit to a Gaussian curve with a 1/e? diameter = 13.1 um.

[0037] Because two different tools are used in the exposure process, one using a binary
mask and the other using a direct write process, the structure is transferred from one tool
to another after the latent image of the mirror blank is formed. Therefore, it is important

to ensure that the structure is properly aligned after being transferred to the platform of

-10-



WO 2019/010495 PCT/US2018/041314

the MLT so that the secondary exposure can be performed at the proper location. For
instance, since the dimension of the mirror blank in the test sample was 13 um x 13 um
and the size of the focused spot used for exposure in the direct write process was 2.1 pum,
the effect of misalignment can be substantial. The location of the secondary exposure
performed with the MLT is important to the final mirror shape and ideally should be
determined to accuracy within 1 um. As explained below, a non-destructive alignment
technique that uses the aforementioned alignment stripes may be employed for this
purpose.

[0038] The alignment technique takes advantage of the change in refractive index that
arises in the latent image (the portion of exposed resist which has not been developed yet)
defined in the resist. That is, once exposed, the chemical properties of the resist are
changed such that there is a slight difference in its index of refraction. This difference can
be observed with an alignment camera having sufficient contrast.

[0039] FIG. 9(a) shows a plan view of sample on which five mirror blanks 401, 402, 403,
404 and 405 have been formed. The fifth mirror blank 405 may serve as the actual mirror
surface of the optical coupler, while the remaining mirror blanks serve as alignment
stripes. After a coarse alignment of the sample has been performed on the MLT using
conventional techniques, a set of three squares 420, 430 and 440 are exposed onto the
alignment stripes. The additional exposure on top of the already exposed alignment
stripes produce a blank space in the stripe. As FIG. 9(a) shows, the squares, which are
vertically offset from one another, each have dimensions (e.g., 29.5 pum x 29.4 um) that is
equal to the period of the test stripes. The squares are also separated from each other
horizontally by this same amount.

[0040] By design, a perfectly aligned image would produce two consecutive blank spaces
in the third test stripe 403 and a blank space in the fourth test stripe 404. For example,
FIG. 9(a) shows an image with correct alignment and blank spaces 450, 460 and 470. If
this order is not observed or if stripes other than the third and the fourth contain blank
spaces, the alignment is not correct. The alignment error can be quantified by measuring
the location of the blank spaces with respect to the stripes using the alignment camera
and the translation stage. For example, while FIG. 9(b) shows an image with correct

alignment, FIG. 9(c) shows an image with an incorrect alignment, which occurs when the
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square pattern is printed too low by one half of a stripe period. This is an extreme
example of misalignment, but even fractions of a period can be observed down to a 1pum
accuracy. Both the horizontal and vertical alignment can be assessed using this method.
[0041] In some embodiments, such as shown in FIG. 9(a), the length of the alignment
stripes is sufficient to accommodate multiple instances of the square pattern. This allows
an iterative approach to be used. If the alignment is shown to be off after exposure of the
square image, an adjustment can be made to the printing coordinates and another square
pattern can be exposed without removing the sample. This allows the alignment to be
completed on a single sample without the need for development or SEM. While the
examples shown in FIG. 9(a) employs four alignment stripes, in general at least two, and
more preferably at least three alignment stripes should be employed. Of course, more
than four alignment stripes may be employed as well.

[0042] While the test sample described above shows an out-of-plane optical waveguide
having particular dimensions (e.g., a height of 5.55 um), more generally the techniques
described herein may be used to fabricate an out-of-plane optical waveguide with
different dimensions as well. For instance, in some embodiments a height of 10 um or
more may be desired while maintaining the flat mirror surface at a 45° angle. To
accomplish this, the initially deposited positive photoresist layer needs to be thicker than
is employed in the test sample. Suitable photoresist materials are available which can be
at least 20 um thick. Also, the intensity profile of the laser beam (a side of Gaussian
intensity profile of a focused laser) and the total accumulated dose (number of scans) may
need to be increased. Likewise, the 1/e* width of the laser beam may need to be increased
from the value of 2.1 um that was used to form the test sample. For a thicker film the
beam width needs to be increased to take advantage of the same nonlinear resist response
over a larger area. The beam width may be increased, for example, by using a lower NA
focusing optics (e.g., 0.05 instead of 0.1) or by reducing the beam size with an inverse
telescope type optical arrangement while continuing to use a focusing lens with an NA of
0.1. The angle of the mirror surface can be controlled by the number of passes of the laser
beam, which will need to be increased since the volume of photoresist to be removed is

greater when the optical coupler height is increased.
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[0043] In some embodiments the waveguide(s) that receive the reflected light from the
optical coupler may have an air interface at its upper surface instead of the upper
cladding layer described above. That is, the waveguide(s) may have a cladding-core-air
configuration instead of a cladding-core-cladding configuration. The former
configuration may be advantageous in some cases because it reduces the required height
of the optical coupler by pushing the optical mode closer to the substrate. In this way the
coupling efficiency of the mirror surface can be improved.

[0044] Although the subject matter has been described in language specific to structural
features and/or methodological acts, it is to be understood that the subject matter defined
in the appended claims is not necessarily limited to the specific features or acts described

above. Rather, the specific features and acts described.
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Claims

1. A lithographic method for making an out-of-plane optical coupler, comprising:
forming a photoresist layer of positive photoresist material over a

substrate;

flood exposing the positive photoresist layer to light through a binary
mask to pattern a latent image of a mirror blank in the photoresist layer;

scanning a laser beam over the latent image of the mirror blank to apply
controlled dosages of light at specified locations to form a latent image of a planar mirror
surface that is oriented at a prescribed non-zero angle to a plane in which the substrate
extends; and

developing the positive photoresist material so that a remaining portion of
the developed positive photoresist material forms an out-of-plane optical coupler having

a planar mirror surface that is oriented at the prescribed angle.

2. The lithographic method of claim 1, further comprising applying an optically

reflective material to the planar mirror surface

3. The lithographic method of claim 1, further comprising selecting the controlled
dosages of light applied at the specified location from a range of dosages over which a
removal rate of the positive photoresist material decreases in a nonlinear manner as the

dosage increases.

4. The lithographic method of claim 3, wherein the laser beam has a Gaussian
intensity profile and scanning the laser beam over the latent image of the mirror blank
includes scanning only one side of the Gaussian intensity profile of the laser beam over

the latent image of the mirror blank.

5. The lithographic method of claim 1, wherein the prescribed angle is a 45° angle.

-14-



WO 2019/010495 PCT/US2018/041314

6. The lithographic method of claim 1, wherein forming the positive photoresist
layer includes forming the positive photoresist layer on a lower cladding layer disposed

on the substrate.

7. The lithographic method of claim 1, further comprising:
applying a second photoresist layer over the out-of-plane optical coupler
and an exposed portion of the lower cladding layer.
exposing the second photoresist layer to light through a second mask to
pattern a latent image of at least one waveguide core in the second photoresist layer; and
developing the second photoresist layer to form the at least one

waveguide.

8. The lithographic method of claim 7, wherein the at least one waveguide is

oriented to receive light reflected by the planar mirror surface.

0. The lithographic method of claim 8, further comprising forming an upper

cladding layer over the at least one waveguide and the out-of-plane optical coupler.

10.  The lithographic method of claim 1, wherein scanning the laser beam over the

latent image of the mirror blank includes scanning the laser beam in a single dimension.

11.  The lithographic method of claim 10, wherein scanning the laser beam in a single

dimension includes a single scan or multiple scans.
12.  The lithographic method of claim 1, wherein scanning the laser beam over the
latent image of the mirror blank includes scanning the laser beam over the latent image of

the mirror blank using a direct writing tool having a numerical aperture of 0.1 or less.

13. An out-of-plane optical coupler constructed in accordance with the method of

claim 1.
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14. A method for making an optically reflective planar surface on a structure,
comprising:

forming a latent image of a mirror blank in a photoresist layer using a first
lithographic technique;

forming a latent image of the structure in a region defined by the latent
image of the mirror blank using a second lithographic technique different from the first
lithographic technique such that after development of the photoresist layer a remaining
portion of the photoresist layer defines the structure, the structure having a planar surface
that is oriented at a prescribed non-zero angle to a plane in which the substrate extends;

developing the photoresist layer; and

selectively applying an optically reflective coating onto the planar surface.

15. The method of claim 14, wherein the first lithographic technique includes a flood

exposure and the second lithographic technique includes a direct writing technique.

16.  The method of claim 15, wherein the direct writing technique is performed using

a scanning laser.

17. The method of claim 14, further comprising aligning the photoresist layer on a
platform used to support the photoresist layer while forming the latent image of the
structure using the second lithographic technique by:

forming a first latent image of a first plurality of alignment markers in the
photoresist layer using the first lithographic technique;

forming a second latent image of a second plurality of alignment markers
that each overlap at least one the first plurality of alignment markers at least in part using
the second lithographic technique; and

assessing an alignment error based on overlapping regions of the first and

second latent images.

18. The method of claim 17, wherein assessing the alignment error includes

quantifying the alignment error by measuring a location of the second plurality of

-16-
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alignment markers with respect to the first plurality of alignment markers based on
observation of refractive index differences between the overlapping regions of the first

and second latent images and nonoverlapping regions.

19.  The method of claim 14, wherein forming the latent image of the structure using
the second lithographic technique includes applying controlled dosages of light in the
region defined by the latent image, the applied controlled dosages being selected from a
range of dosages over which a removal rate of the photoresist material decreases in a

nonlinear manner as the dosage increases.
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