AI P ‘ .JQ?)I:)rll:eacll (ghysics

Vertical coupling of laser glass microspheres to buried silicon nitride ellipses and
waveguides
D. Navarro-Urrios, J. M. Ramirez, N. E. Capuij, Y. Berencén, B. Garrido, and A. Tredicucci

Citation: Journal of Applied Physics 118, 093103 (2015); doi: 10.1063/1.4929825

View online: http://dx.doi.org/10.1063/1.4929825

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/118/9?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Q-switched Nd:YAG channel waveguide laser through evanescent field interaction with surface coated graphene
Appl. Phys. Lett. 105, 101111 (2014); 10.1063/1.4895621

Switching operation of lasing wavelength in mid-infrared ridge-waveguide quantum cascade lasers coupled with
microcylindrical cavity
Appl. Phys. Lett. 96, 171104 (2010); 10.1063/1.3413949

Monolithic rare-earth doped sol-gel tapered rib waveguide laser
Appl. Phys. Lett. 92, 221104 (2008); 10.1063/1.2936961

Direct-UV-written buried channel waveguide lasers in direct-bonded intersubstrate ion-exchanged neodymium-
doped germano-borosilicate glass
Appl. Phys. Lett. 81, 3522 (2002); 10.1063/1.1519103

Efficient channel-waveguide laser in Nd:GGG at 1.062 pm wavelength
Appl. Phys. Lett. 75, 1210 (1999); 10.1063/1.124644



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1765719734/x01/AIP-PT/JAP_ArticleDL_1115/AIP-2639_EIC_APL_Photonics_1640x440r2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=D.+Navarro-Urrios&option1=author
http://scitation.aip.org/search?value1=N.+E.+Capuj&option1=author
http://scitation.aip.org/search?value1=B.+Garrido&option1=author
http://scitation.aip.org/search?value1=A.+Tredicucci&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4929825
http://scitation.aip.org/content/aip/journal/jap/118/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/105/10/10.1063/1.4895621?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/17/10.1063/1.3413949?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/17/10.1063/1.3413949?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/92/22/10.1063/1.2936961?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/81/19/10.1063/1.1519103?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/81/19/10.1063/1.1519103?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/75/9/10.1063/1.124644?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 118, 093103 (2015)

@ CrossMark

Vertical coupling of laser glass microspheres to buried silicon nitride

ellipses and waveguides

D. Navarro-Urrios,"® J. M. Ramirez,2 N. E. Capuj,® Y. Berencén,?® B. Garrido,?

and A. Tredicucci*

'NEST, Istituto Nanoscienze—CNR and Scuola Normale Superiore, Piazza San Silvestro 12, Pisa 1-56127,
Italy

*Departament d'Electronica, Universitat de Barcelona, Barcelona 08028, Spain

3Depto. Fisica, Universidad de la Laguna, 38206, La Laguna, Spain

4NEST, Istituto Nanoscienze and Dipartimento di Fisica, Universita di Pisa, Largo Pontecorvo 3,

Pisa I-56127, Italy

(Received 26 June 2015; accepted 18 August 2015; published online 1 September 2015)

We demonstrate the integration of Nd®>" doped barium-titanium-silicate microsphere lasers with a
silicon nitride photonic platform. Devices with two different geometrical configurations for
extracting the laser light to buried waveguides have been fabricated and characterized. The first
configuration relies on a standard coupling scheme, where the microspheres are placed over strip
waveguides. The second is based on a buried elliptical geometry whose working principle is that of
an elliptical mirror. In the latter case, the input of a strip waveguide is placed on one focus of the
ellipse, while a lasing microsphere is placed on top of the other focus. The fabricated elliptical
geometry (ellipticity =0.9) presents a light collecting capacity that is 50% greater than that of the
standard waveguide coupling configuration and could be further improved by increasing the
ellipticity. Moreover, since the dimensions of the spheres are much smaller than those of the ellipses,
surface planarization is not required. On the contrary, we show that the absence of a planarization
step strongly damages the microsphere lasing performance in the standard configuration. © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929825]

I. INTRODUCTION

The most efficient strategy for extracting light on-chip
from whispering gallery mode (WGM) lasing resonators
such as disks, rings, or toroids is to exploit the evanescent
coupling to bus waveguides.'™ However, in the thoroughly
studied spherical or ellipsoid geometries,”™ this is not neces-
sarily true, since the energy exchange is restricted to the lim-
ited set of WGMs with propagating vectors below the light
line of the waveguide.’ This is not an issue if the pumping
light is coupled-in through the same bus waveguide,'®'" but
in a far-field pumping configuration,'*'? a sizeable fraction
of the emitted light is unavoidably lost. A direct consequence
when aiming for sensing application'? is that, although
WGM lasing microspheres provide a high interaction sur-
face, most of it is unexploited.

Evanescent coupling to tapered optical fibers is the
standard way of exciting and collecting laser light from
WGM resonators, but those fibers are extremely fragile and
sensible to the environment conditions."” In the case of
microspheres, vertical coupling to buried waveguides is the
straightforward configuration to achieve some degree of inte-
gration and out-of-the-laboratory applicability. Those wave-
guides can be part of more complex photonic circuits with
additional functionalities. The use of buried planar lightwave
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circuits provides further benefits, since the vertical coupling
approach allows controlling the gap width with extreme pre-
cision and the selective exposure of the resonator to the envi-
ronment for sensing applications. The first demonstration of
an integrated system of this kind was reported by Murugan
et al.,'® where Nd*"-doped borosilicate microsphere lasers
were successfully coupled to channel waveguides fabricated
by ion exchange.

In the present work, we demonstrate a novel coupling
strategy based on the vertical evanescent coupling to a bur-
ied SizN, ellipse, which enables a 50% enhancement of the
light collecting capacity when compared to vertically
coupled buried waveguides made of the same material. We
have exploited one of the most interesting properties of the
ellipse in optics, being that when a ray of light originating
from one focus reflects off its inner surface, it always
passes through the other focus. We have placed a lasing
sphere over one of the foci and the input of a strip wave-
guide in the other, so that light emitted from the micro-
sphere is focused on the entrance of the waveguide. This
configuration integrates a range of azimuthal angles that
satisfy the condition of total internal reflection and lie
below the light line of the waveguide.

Il. FABRICATION

One of the advantages of using glass microsphere reso-
nators is the material flexibility, both in the glass composi-
tion and in the dopant specie. In this work, the microspheres
were fabricated from Barium-Titanium-Silicate (BTS) glass

© 2015 AIP Publishing LLC
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FIG. 1. Scheme of the fabricated struc-
tures and the two possible focal planes

(focal plane waveguide and focal plane

sphere) related to the microscope O2
position (see Figure 3). On the left, an
optical image of an ellipse (notice the
hole in the top focus) and a SEM
micrograph of one of the fabricated
microspheres. On the right, a geometri-
cal cross section of the coupled geome-
try for the buried elliptical geometry at
the focal point. The geometrical
dimensions are also highlighted. Please
note that the lateral dimensions of the
ellipse are much greater than those of
the sphere and the hole.

doped with Nd** ions with the composition of 40%BaO—
20%Ti0,—40%Si0, and doped with 1.5% Nd,O; (in the
molar ratio). The glass is reduced to dust by means of a mortar
and is heated up to its fusion temperature, which is around
900 °C. Most of the splinters melt and, when the temperature
decreases, solidify in a spherical shape of tens of micro-
meters'’ (see Figure 1 for a SEM micrograph of one of the
fabricated microspheres). Details of the light emission proper-
ties of these microspheres can be found elsewhere.'*"?

The photonic platform was fabricated using standard
CMOS processes (Figure 1). As a first step, a 2 um thick
SiO, layer was thermally grown on top of a crystalline sili-
con wafer. A 0.5 um thick layer of stoichiometric Si3Ny (re-
fractive index n; =2) was then deposited using the low-
pressure chemical vapor deposition technique. The thickness
of this layer was chosen to ensure monomodal behavior in
the vertical direction at 1 pum. Subsequently, different pho-
tonic geometries were defined by standard photolithographic
techniques. The strip waveguides are 5 um wide and the
ellipses have an ellipticity e =c/a=0.9 (where ¢ = 650 um is
the distance from the center to a focus, a=725 um is the
major semi-axis, and b is the minor semi-axis), which were
defined and then covered by another SiO, cladding layer
(refractive index n, = 1.45) of 0.65 um via a second thermal
evaporation step. No mechanical polishing was applied to
the surface of the resulting layer. Finally, 0.5 um deep circu-
lar holes were opened in the top layer by means of a second
step of photolitography. Different hole diameters (w) were
fabricated to perfectly fit microspheres in correspondence to
their radii. When inserted in the hole, the microspheres are
aligned in one case with respect to a buried waveguide and
in the other to the focal point of an ellipse (see Figure 1 for
an optical image of one of the ellipses). The vertical gap
between the top of the Siz;N,4 layer and the bottom part of the
microsphere is about 0.15 pum, the two structures being in an
under-coupled configuration for light at 1 yum. This conserva-
tive design allows keeping the overall quality factor high
enough to enable lasing action under a far-field top pumping
configuration.

AFM measurements revealed a protuberance on the floor
of the circular opening on the standard coupling configuration,
which reflects the vertical profile of the buried waveguide

(Figures 2(b) and 2(d)). This effect is obviously not observed
on holes placed on top of an ellipse, where the profile of the
hole bottom is completely flat (Figures 2(a) and 2(c)).

The optical losses of the SizN, waveguides were assessed
to be less than 0.8 dB/cm at 780 nm (about the maximum sen-
sitivity of our setup),'® showing a monotonic decreasing
behavior with wavelength.

The microspheres were deposited over the photonic plat-
form and driven into the circular openings by gently pushing
them with micrometric needles mounted on a micro-precision
stage. Once inserted in the holes, the microspheres are stable
enough to allow the wafer physical transport even without cov-
ering the surface. The samples were cut in a way that the dis-
tance from the sample edge to the microsphere was about 3 mm.

lll. EXPERIMENTAL SETUP

For the optical measurements (see Figure 3), a continu-
ous wave laser diode at 808 nm is focused on a spot of
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FIG. 2. 3D AFM images of the holes drilled over (a) the waveguide and (b)
the ellipse. Dotted white lines define the location of the AFM profiles for the
waveguide (c) and for the ellipse (d).
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1.5 x 10 % cm? using an infrared objective (O1). A single
microsphere can be aligned with the pump beam using a xyz
micro-precision stage, the spot size being large enough to
guarantee homogeneous spatial pumping over the micro-
sphere volume. Indeed, the spatial profile of the photolumi-
nescence emission looks spatially homogeneous (see optical
image of Figure 3). The emitted signal is collected by
another objective (0O2) placed in front of the microsphere.
Since the working distance of O2 is about 4 mm, i.e., bigger
that the distance from the sample edge to the microsphere, it
is possible to have the collection focus either at the micro-
sphere position (Focal Plane Sphere, FPS from now on) or at
the waveguide output (Focal Plane Waveguide, FPW from
now on). Both focal planes are illustrated in Figure 1. The di-
ameter of the microspheres is far greater than the spatial re-
solution of the collection system (about 5 ,um).19 Thus, when
02 is at FPS, the collected emission comes out from a local-
ized volume, which was specifically chosen to be close to
the north-pole of the microsphere. The spatial resolution
along the collection axis is directly related with the depth of
focus of 02, which is below 6 um. A long-pass filter with a
cut-off wavelength of 950 nm is used to filter out the laser
beam excitation. Collected light is then focused at the en-
trance slit of a 750 mm monochromator. For signal detection,
a CCD is placed at one of the monochromator output ports
and directly connected to a computer. The dimensions of the
microspheres are quantified by forming the device image in
the CCD and using a structure of known size as calibration.
In this work, we have used nearly equivalent microspheres
with radii R &~ 20 um. More details concerning the experi-
mental setup and the nature of the collected modes when O2
is at FPS can be found elsewhere.'*!?

The significant transitions among the energy levels of
Nd** ions are reported in Figure 3. The incoming laser
pumps the ions from the ground state (419/2) to the 4F5/2 and
2H9/2 levels, from where a rapid non-radiative thermalization
to the “Fs, level takes place. Population inversion is
achieved between the 4F3/2 and the 411 1,2 states, whose radia-
tive transition is well known to be very efficient.”® Finally,
the system thermalizes to the ground state. Hence, this is
effectively a four-level system, where Ny, N3, Nj, and N;
correspond to the number of ions populating the 4F5/2, *Fspa,
1, 2, and 419/2 levels, respectively. Laser action at around
1064 nm occurs in a given eigenmode of the WGM cavity if

\
\
\
\
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FIG. 3. Scheme of the optical setup.
The image on the left shows the spatial
profile of the emitted PL below thresh-
old, which has been taken directly from
the microscope using a filter that elimi-
nates the scattering from the pumping
laser. The sphere contour is highlighted
for clarity. The bright spot is associated
with a localized scattering region within
the sphere. Note that some signal comes
from below the sphere, which is due to
reflection on the substrate. On the right,

“Fs2 Hop N,

4F3/Z 3

1064 nm

a m,
iss2

4
b2
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a1z N,

\ a schematic diagram of Nd** energy

\
i, N, levels under excitation at 808 nm.

A, =808 nm

pump

N3 > Ny, and the passive losses of the specific trajectory are
compensated. In this work, we mainly deal with modes that
lie within vertical planes containing the north and south
poles of the spheres. Collected light comes out of the
microspheres from one of the poles with a propagating vec-
tor angle equal to the azimuthal angle of the plane contain-
ing the particular WGM. The real and imaginary parts of
the effective refractive index of a given WGM depend on
the geometry of the cavity and the optical losses. The latter
are mainly associated with scattering'® when direct absorp-
tion from the ion species is negligible, which is the case of
the four-level system under study. In our microspheres,
losses are dominated by the local characteristics of the
microsphere surface and volume. Provided that the pump-
ing source is spatially homogeneous, the previous com-
bined characteristics allow lasing action only for specific
ranges of azimuthal angles where losses are low enough. In
addition, lasing modes associated with different azimuthal
angles appear at different wavelengths due to the slight
asphericity of the resonators and to small local variations of
the gain spectrum.

IV. LIGHT COLLECTING CAPACITY: ELLIPSE VS
WAVEGUIDE

In order to quantify the light collecting capacity of the
ellipse configuration, we first define ®; as the polar angle
with respect to the focus in which the microsphere is placed.
®, can also be interpreted as the azimuth angle of a given
WGM of the microsphere contained in a vertical plane per-
pendicular to the substrate. The reference direction is taken
towards the center of the ellipse origin. Thus, starting from
the ellipse formula in polar coordinates with respect to a

(@) = —al=¢&)
focus (;(®;) = T o (0]
surface as measured from the focus i=1, 2) and using the
relation r; + 1, =2a, it is straightforward to write an expres-

sion linking ®; and ®, (see top scheme of Figure 4)

, I; being the distance to the ellipse

~ 2¢e—cos(®,)(e? + 1)

cos(@) = 1 —2ecos(®,) +e2

ey

The minimum angle that is accepted by the waveguide
(®1,wp) is calculated by imposing @, = oty = cos’l(:f—f) in
Eq. (1)
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FIG. 4. Calculation of the maximum internal reflection angle within the
ellipse (red curve) and the minimum waveguide acceptance angle (green
curve) referred to the focus where the microsphere is placed. The black
curve represents @ j;— O, Which is half of the light collecting capacity
of the ellipse. Horizontal dashed curves represent the acceptance angle in
the buried waveguide configuration (orange) and the collection angle of
microscope O2 (blue). The curves are represented as a function of the ellip-
ticity. The top scheme depicts the previous angles referred to the ellipse con-
figuration. Notice that the microscope O2 is not on scale.

2e—(2+1)2
1 n

@l,wg = COS ) 5 B N 5
—zZe——Te
ny

(@)

However, the ellipse will only behave as a perfect mirror
below the minimum angle (®,;) ensuring total internal

reflection within the ellipse
+2cos ™! <Q> =0.
ni

3)

| [2e—cos(® ;) (e +1)
1 —2ecos(® ;) + €2

®, +cos”

Therefore, the optimum working range of the ellipse is
O} we <Oy <Oy ;. Within this range, light emitted by the
microsphere is totally reflected in the inner elliptical surface
and focused at the entrance of the waveguide, where it prop-
agates below the light line. In Figure 4, we have represented
O, v, and O as extracted from Egs. (2) (green curve)
and (3) (red curve) as a function of the ellipticity (we have
used SizN4 and SiO, as the high and low index materials,
respectively). The difference between those two angles
(0©1,+—0 ) is represented as the black curve. We have also
plotted the minimum propagation angle ensuring total internal
reflection in the waveguide (o, =43°, dashed orange curve).
The ellipse configuration starts collecting light above e > (0.72
and beats the standard waveguide configuration for e > 0.82,
which occurs for @ ;;—© g > o,,,. For the fabricated devi-
ces (vertical dashed line), the light collecting capacity of

J. Appl. Phys. 118, 093103 (2015)

the ellipse configuration 2 X (@, ;—0 ) is 130°, which is
about 50% greater than that of the waveguide (2 X «,,, = 86°)
and could reach 100% for even higher ellipticities. It is worth
noting that the light collecting capacity increases with the re-
fractive index contrast, and therefore a suitable selection of
materials could provide better results. In our case, we have
used SizN4 due to the extremely low propagation losses in the
spectral range covered by the 4F3/2 — 4111 , transition of the
Nd** ions.

V. OPTICAL MEASUREMENTS

As it can be observed in Figures 5(a) and 5(b), both cou-
pling geometries allow for laser light extraction through the
waveguide. Two different lasing microspheres were studied
in each configuration, all of them pumped at the same photon
flux. In the case of direct coupling to the waveguide, the
obtained spectra for the two possible focal positions of
microscope O2 are very similar, since the range of collection
angles starts from zero. However, in the ellipse configura-
tion, lasing modes appear at different wavelengths. The ori-
gin of such divergence lies in the fact that the range of
collection angles overlaps only slightly, i.e., the ellipse
collects angles in the range ©,,,<®;<0O;; and the
microscope only in the range between 0 and the collection
angle of the microscope O2 (o,,; = 24°, dashed blue curve of
Figure 4). Consequently, lasing modes that are efficiently
collected at FPS are weak or even absent at FPW and vice
versa. The inset of Figure 5(a) illustrates the previous state-
ment. The logarithmic vertical scale of the graph evinces
that a lasing mode that is collected efficiently at FPS is much
less intense than others when collecting at FPW.

In Figure 5(c), we plot the intensity of the most intense
lasing mode as a function of the photon flux for micro-
spheres deposited over an ellipse (black curve) and over a
waveguide (red curve). Remarkably, the ellipse configura-
tion presents a lower lasing threshold and much higher
emitted intensity. This behavior is not associated with the
specific characteristics of the microspheres, which behave
similarly to the black curve when measured in an isolated
configuration (deposited over a SiO, substrate).13 Thus, we
can conclude that microspheres placed on the holes created
over waveguides suffer higher scattering losses than those
placed over ellipses. We think that the protuberance on the
hole floor associated with the presence of the buried wave-
guide is responsible for such an effect. Indeed, the micro-
sphere is probably misaligned with respect to the center of
the waveguide and stands over two points (one at the hole
top boundary and the other at the highest part of the hole
ground, see insets of Figure 5(c)). Therefore, we believe
that a careful optimization of a mechanical polishing pro-
cess is mandatory if the waveguide configuration is to be
exploited. However, as it is described in detail in Ref. 21, it
is not straightforward to achieve optimum flatness and con-
trol of the gap distance in this process. This issue is, evi-
dently, not present over the ellipse; hence, no further
optimization of the fabrication method is required in this
regard.
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E FIG. 5. Spectra of different micro-
spheres in a lasing regime under a pump
photon flux of 5.4 x 10* (ph/cm?s) ver-
tically coupled to ellipses (Panel (a)) and
waveguides (Panel (b)). The black (red)
spectra are collected with the objective
02 placed at FPS (FPW). In the inset of
panel (a), we plot a part of the collected
spectra in logarithmic scale. (c) Emitted
intensity of a lasing mode as a function
of the photon flux for a microsphere
coupled to an ellipse (black) and to a
waveguide (red). A scheme of the possi-
1 ble accommodation of the microspheres
inside the hole for each case is also
: included.
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VI. CONCLUSIONS

The results presented in this work demonstrate that the
elliptical configuration is a reasonable strategy for coupling
lasing microspheres to a photonic platform. In fact, this
approach presents lower fabrication complexity than the
more conventional waveguide configuration, since it allows
skipping a planarization step. Above a specific value of the
ellipticity (e =0.82 in the case of using SizN4 and SiO, as
the high and low refractive index materials, respectively), it
also shows higher light collecting capacity, achieving 50%
of improvement for the structures fabricated in the current
work (e =0.9) and potentially reaching 100% for ellipticities
close to unity. This enhancement could be exploited in sens-
ing applications, given that light collecting capacity is
directly related with the microsphere surface able to be
tested in the optical measurements. A straightforward strat-
egy to improve further the performance of this configuration
would be to increase the refractive index contrast between
the ellipse and the surrounding medium. A more complex
upgrading would be that of integrating a Distributed Bragg
Reflector (DBR) in the back part of the ellipse, where the
reflectivity of the standard ellipse is quite low.
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