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Due to their sub-millimeter spatial resolution, ink-based
additive manufacturing tools are typically considered less
attractive than nanophotonics. Among these tools, precision
micro-dispensers with sub-nanoliter volumetric control offer
the finest spatial resolution: down to 50 pm. Within a sub-
second, a flawless, surface-tension-driven spherical shape of
the dielectric dot is formed as a self-assembled plens. When
combined with dispersive nanophotonic structures defined
on a silicon-on-insulator substrate, we show that the dis-
pensed dielectric plenses [numerical aperture (NA) = 0.36]
engineer the angular field distribution of vertically coupled
nanostructures. The plenses improve the angular tolerance
for the input and reduces the angular spread of the output
beam in the far field. The micro-dispenser is fast, scalable,
and back-end-of-line compatible, allowing geometric-offset-
caused efficiency reductions and center wavelength drift to
be easily fixed. The design concept is experimentally veri-
fied by comparing several exemplary grating couplers with
and without a plens on top. A difference of less than 1dB
between incident angles of 7° and 14° is observed in the
index-matched plens, while the reference grating coupler
shows around 5 dB contrast.
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Integrated photonics implement complex photonic systems in
small chiplets, including optical trapping [1-3], biosensing
[4,5], quantum optics [6,7], and optical phase arrays for free-
space beam steering [8]. As the on/off-chip interface is critical,
many efforts have been dedicated to improving the perfor-
mance of couplers such as tapers [9-14], lensed fiber [15-17],
and directly coupled on-chip facets [18]. Near-unity coupling
efficiency has been demonstrated for grating couplers with fabri-
cation steps far beyond traditional foundry compliance [19-24].
Simultaneously achieving the desired beam shape, low inser-
tion loss, and the target operation wavelength may be beyond
the capacity of the in-plane design parameter space, which can
be compensated for by using out-of-plane design space [25,26].
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An additional layer of metasurface on top of the grating cou-
pler shapes the output beam to achieve the desired direction
and spread [27]. Three-dimensional (3D) direct laser writing
(DLW) with nanometer spatial resolution has pioneered the
optical packaging of high-contrast nanophotonics, including
freeform 3D optical couplers for integrated photonics [28-33].
Polymer-based couplers guide the mode conversion from the
sub-micrometer area in a single-mode waveguide to fiber (~10
um diameter), delivering broadband (>100 nm) and low inser-
tion loss (<1dB) coupling. Potential concerns with 3D DLW
include a slow printing speed (a few months for 10° cou-
plers per wafer) and additional scattering. Complementary to
DLW, ink-jet printing is an alternative additive manufacturing
(AM) tool with high throughput [34—36]. With the advancement
of technology, precision micro-dispensing with sub-nanoliter
volumetric control offers the finest resolution among these
solution-based printing tools, and features high throughput (5
dots per second). It has been widely adopted in micro-electronic
packaging, printed electronics, and biomanufacturing, but its
photonic applications are underexplored. Here we demonstrate
the advanced photonic functions enabled by the combination of
AM micro-dispensing and nanofabrication.

The design concept was experimentally implemented with
ebeam lithography-led nanophotonic fabrication and micro-
dispensing [Fig. 1(a)]. The grating coupler was fabricated on
a silicon-on-insulator (SOI) (100) substrate from Soitec, with
a 250nm device layer on a 3 um silicon dioxide layer. The
designed patterns (e.g., waveguides, grating couplers) were
defined in the positive resist, followed by resist development and
single-step dry etch procedures. A thin (less than 20 nm) sili-
con dioxide protection layer was deposited on the device layer
by plasma-enhanced chemical vapor deposition [36]. To print
the plenses, an AM approach was taken via the nScrypt 3Dn-
300 [Figs. 1(b) and 1(c)]. Refractive-index-matched UV-epoxy
(n=1.55) was then deposited on the grating coupler through
a micro-dispensing process. The nScrypt 3Dn-300 provided
subnanoliter volumetric control of the UV-curable one-part
adhesive. A nozzle diameter of 25 pm was employed to achieve
diameters ranging from 50 to 150 um by controlling the open
duration of the valve system (0.01-0.05 s). A print command
was then generated to open the valve of the dispensing tool for
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Fig. 1. Micro-dispenser-printed micro-lenses on grating cou-
plers. (a) Exemplary micro-droplets of lenses prepared by AM,
with the droplet in-plane radius varying between 50 and 100 um.
Their centers are aligned with grating couplers defined on an SOI
substrate. Optical images of (b) the printer and (c) the photonic
integrated circuits under the printer, captured by the top camera
installed on the printer. (d) Measured spherical radius R versus
measured in-plane radius r for the 10 micro-lenses produced by the
dispenser. Right y axis: corresponding numerical aperture. (e) Top
view and (f) perspective view of the measured 3D profile of a ulens
with refractive index matching gel (n = 1.55) by profilometry. Scale
bar: 50 um. (g) Schematic cross section of a device. The numerical
aperture of the ulens is set by the contact angle (@) at the interface.

0.5 seconds and then close it to lay down the adhesive with-
out drooling. No heat was applied to the print nozzle or print
bed. After dispensing the ulens array, temporary curing was
applied by a UV flashlight (wavelength of 365 nm at 15 W) for 1
minute for rapid solidification and to avoid deformation during
the movement. Then the sample was removed from the print bed
and placed in a UV light chamber for 25 minutes to fully cure
the lens (wavelength of 365 nm at 93 mW/cm?).

The cross-sectional profiles of the plenses were measured by
comparing the results obtained from an imaging surface profiler
and a surface profilometer. The former provided a 3D contour
of the surface and the latter provided a one-dimensional (1D)
contour with higher precision. A laser confocal microscope sys-
tem, the Keyence VK-X3000 3D surface profiler characterized
the top profile of each ulens [Figs. 1(e) and 1(f)], examining the
imperfections and roughly estimating the in-plane radius (r) and
height (h). Then we selected a few exemplary plenses to accu-
rately measure the r and 4 under a Dektak surface profilometer.
The curvature R [see the inset of Fig. 1(d)] can be derived as:
R= ’51 + % Given the cured polymer refractive index (n) and
R, we estimated the focal length f and the numerical aperture

(NA) of each plens using f = £ and NA = m where

© = 505 (¢ + 7). The contact angle between the UV polymer
and SOI substrate « is set by the interface interaction and vis-
cosity of the polymer: r = Rsine [35]. After replacing R with
the expression containing 4 and r, we derive == = % + £ After
substituting this factor into the expression for NA, we obtain

f_ _1

NA=z 1 (1)

. 2
1 + (sina(n—l))
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Fig. 2. plens-modified fiber—chip coupling spectra. (a) Cross-
sectional schematic indicating the incident angle 6. Transmission
spectrum versus incident angle for (b) the adiabatic grating cou-
pler defined on SOI and (c) the same device with a plens. (d) Peak
transmission versus incident angle at the optimal transmission wave-
lengths in (b) and (c) obtained without (blue) and with (orange) a
ulens. (e) Extracted full width at half maximum bandwidth of the
transmission spectrum versus the incident angle for both conditions.

Equation (1) reveals that NA should be independent of the
droplet size r. The lack of dependence of NA on r was exper-
imentally verified for multiple droplets [Fig. 1(d)]. For the
droplets with an in-plane radius r of less than 80 um, the NA
stays around 0.36 [orange circles in Fig. 1(d)], and the curvature
or spherical radius R remains around 100 pm [blue squares in
Fig. 1(d)]. The size-independent NA aligns with the numerical
prediction in Eq. (1), where the contact angle « is derived to be
0.78 rad on the glass surface [Fig. 1(d)]. Larger droplets result
in a reduced NA. As r can be simplified and quantified under an
optical microscope, it can be used to quickly estimate the NA
values of newly prepared droplets.

Numerical evaluation of the index-matched plens atop the
grating coupler was performed by the 3D finite-difference-time-
domain method (FDTD). The grating couplers’ settings were
fully etched and anodized as the ones in fabrication [Fig. 1(a)].
By varying the fiber incident angle (0) [Fig. 2(a)], we examined
the transmission spectra of the grating coupler before [Fig. 2(b)]
and after adding the plens [R =100 pm, Fig. 2(c)]. In grating-
coupler-only substrates, the FDTD-simulated peak efficiency
is 15% at an incident angle of 15° [blue curve in Fig. 2(d)].
Note that the peak wavelength varies with the incident angle
[Figs. 2(b) to 2(c)]. With a similar parameter sweep from 0° to
40°, the same grating coupler design with a plens on top shows a
maximum transmission of around 35% at 20°. It is noted that the
20% enhancement of the peak transmission is mostly attributed
to the / adjustment. An increased full width at half maximum
bandwidth (10-20nm) is observed at incident angles between
10° and 30°, which is attributed to the curvature of the plens
[Fig. 2(e)].

As an example, we compared their transmission spectra at
incident angles of 7° and 14° [Figs. 3(a) and 3(b)]. For the given
design of a fully etched grating coupler [37] defined in 250 nm
SOI substrate, peak transmission of near to 20% is obtained at
both incident angles [blue curves in Fig. 2(a)]. The plens on top
increases the transmission peak to 36% and 42% for incident
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Fig. 3. Measured optical characteristics. (a) Numerically pre-
dicted and (b) measured transmission spectra of the plens atop a
grating coupler with (orange) and the same design without a plens
(blue) at the incident angles of 7° (dashed curves) and 14° (solid
curves). (c) Peak transmission of a ulens atop a grating coupler
versus the height of the plens for an incident angle of 7° (blue) and
14° (orange).

angles of 7° and 14°, respectively (orange curves). Experimen-
tally, we prepared 11 plenses atop grating couplers and compared
their angle-dependent transmission spectra to those of another
11 samples with identical grating coupler designs [Fig. 1(d)].
A precision angle controller (Thorlabs Nanomax 300) was used
to fine-tune the incident angle of the single-mode fiber between
5° and 15°. A tunable laser fed continuous waves to the chip
through a polarization controller. The output light from the grat-
ing coupler was collected by another single-mode fiber (fixed
angle) and sent to a power meter. We plot the peak transmis-
sion of the plens atop the grating coupler versus the height &
in Fig. 3(c). Transmission increases with A for both incident
angles. Note that the fluctuations in transmission intensity are
due to fabrication variation and misalignment of the plens. Here
the plenses were manually aligned, and the center misalignment
was less than 2 pm. Numerical studies show that the efficiency
variation is less than 2.5% for misalignment of +3 um in the y
direction and 1 pm in the x direction. A steep drop (>5%) in
coupling efficiency is observed for misalignment of +4 um in
the y direction and +2 pm in the x direction.

Then we explored the use of the grating couplers as emitters
in the near and far fields (Fig. 4). With the laser wavelength
placed at the peak of the transmission, cross-sectional views of
in-plane to out-of-plane light conversion before [Fig. 4(a)] and
after [Fig. 4(b)] adding the plens were compared. Without the
top cladding layer, the optical field is confined in the first half of
the grating coupler (10 um length in total). The angular spread
in the far field is plotted in Fig. 4(c) (blue curves). Depending on
the input laser wavelength, the peak angle can vary from 0° to
40°. Asitis the inverse process to fiber—chip coupling [Fig. 2(d)],
the far-field peak transmission increases with the plens cladding
as well [orange curves in Fig. 4(c)]. The curve surface helps
to reduce the angular spread, as illustrated in Fig. 4(b), which
results in a reduced spot size in the far field. At an incident
wavelength of 1.5 um, a nearly 50% reduction in the angular
spread is expected [Fig. 4(d)].

In this work, we explored the feasibility of using an ink-
based AM method for the optical packaging of grating couplers.
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Fig. 4. plens-modified far-field projection for dispersion-based
beam steering. Cross-sectional views of the grating coupler with
in-waveguide excitations (a) before and (b) after adding the ulens
(R=100 pm, A =2.75 pm). (c) Incident-wavelength-dependent far-
field projection for a bare grating coupler (blue) and a grating
coupler with a plens (yellow). (d) Selective far-field projection at an
input laser wavelength of 1.50 pm (at a distance of 1 m).

The micro-dispenser approach allows high throughput, has a
relatively low cost, and is compatible with back-end-of-line pro-
cessing in silicon photonic foundry manufacturing. In addition
to reducing the insertion loss, the contact-angle-defined NA of
the plens is around 0.36, which expands the angle tolerance of
the input fiber and suppresses the angular spread of the output
beam from the grating coupler in the far field. We experimentally
measured the NA of a micro-droplet dispensed on SOI sub-
strate and characterized the transmission spectra of exemplary
grating couplers before and after adding the plens. In particu-
lar, the plenses atop grating couplers were more tolerant of the
fiber incident angle deviation. This fully automated and high-
throughput micro-dispenser is capable of printing on large arrays
of grating couplers (typically 10° couplers) on an 8-inch wafer
within 5.5 hours, compared to 2 months of continuous writing
for DLW.
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