Chip-scale, CMOS-compatible, high energy passively Q-switched laser
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Abstract: Chip-scale, high-energy optical pulse generation is becoming increasingly important as we expand
activities into hard to reach areas such as space and deep ocean. Q-switching of the laser cavity is the best known
technique for generating high-energy pulses, and typically such systems are in the realm of large bench-top solid-
state lasers and fiber lasers, especially in the long wavelength range >1.8 pum, thanks to their large energy storage
capacity. However, in integrated photonics, the very property of tight mode confinement, that enables a small form
factor, becomes an impediment to high energy application due to small optical mode cross-section. In this work,
we demonstrate complementary metal-oxide-semiconductor (CMOS) compatible, rare-earth gain based large
mode area (LMA) passively Q-switched laser in a compact footprint. We demonstrate high on-chip output pulse
energy of >150 nJ in single transverse fundamental mode in the eye-safe window (1.9 um), with a slope efficiency
~ 40% in a footprint of ~9 mm2. The high energy pulse generation demonstrated in this work is comparable or in
many cases exceeds Q-switched fiber lasers. This bodes well for field applications in medicine and space.

Introduction: Soon after the invention of the laser, the ‘giant pulse’ laser was experimentally demonstrated by
McClung and Hellwarth [1]. Ever since its invention, Q-switching has remained the common technique for
generating pulses of very high energy which found applications in range finding and sensing, micromachining,
and medicine among others [2-11]. In the eye safe wavelength in the extended-short-wave infrared >1.7 um, which
is important for biological imaging, environmental monitoring, spectroscopy, free space communications and even
recently envisaged local area networks (where fiber loss is acceptable) [12-15], a high energy pulsed laser can play
a key role. For example, Q switched lasers are used in laser surgery for precise cutting of biological tissue, such
as in ophthalmic and spinal surgery [5-8]. They are used in the food, semiconductor and electronics industries for
humidity control, and in differential absorption LIDAR for mapping wind, water and carbon dioxide in the
atmosphere [5, 9-11].

Currently, the industry is dominated by large solid-state and fiber lasers that provide the desired power and
energy, thanks to their large energy storage capacity owing to large signal mode area and long cavity length (mode
area x length). Here, large mode area is beneficial because, a) it reduces the instability caused by optical
nonlinearities due to high intensity, and more importantly, b) it helps to increase the signal power or energy by
increasing the gain saturation power which is given as, Psa:=E'sat/ti, Where t; is the upperstate lifetime and the Esa
is the saturation energy of the gain medium which is proportional to the mode area, Esar o< Aefr,. In other words,
the larger volume increases the stored energy. Therefore, a high-power fiber laser typically employs LMA fiber to
reach power and energy levels usually enjoyed by solid state lasers [16, 17]. Achieving such a capability on a chip-
scale will have a disruptive impact in the point-of-care and field-deployable systems such as space-bound
instruments for earth and planetary LIDARs where size, weight and power (SWaP) is critical [9-11]. In integrated
photonics, however, the energy storage capacity is severely limited compared to its benchtop counterpart. This is
because the cavity length and the mode area are usually limited to around a few cms (with a reasonable loss) and
a few um?, respectively. Recently this limitation has been somewhat relaxed in one-dimension (length) by the
fabrication of low-loss long (0.5 m) silicon nitride (SiN) waveguides allowing high signal amplification [18], but
at the cost of a complex fabrication process. On the other hand, semiconductor gain media can achieve very high
gain over a short length due to their large emission cross-section [19, 20]. However, semiconductor gain media
face challenges with short upperstate lifetime, high thermal instability and high nonlinear losses such as two photon
absorption. Nevertheless, progress has been made with CW lasers such as those based on gallium antimonide
operating around 1.9 um, producing (albeit) a few milliwatts of power [21, 22]; moreover, large mode area
structures (currently for 1.55 um) are also being investigated for integration with silicon photonics [23, 24].

In this work, we demonstrate CMOS compatible large mode area waveguides [25] that support several tens of
um? mode area and long cavities within a compact footprint [26, 27], and have demonstrated Q-switched high
energy laser with fiber laser-level performance. Our LMA design is based on a single thick silicon nitride layer
that allows tighter bends for compact footprint (which also allows seamless integration of conventional nonlinear
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photonics components [28]). The thickness of the SiN can vary depending on wavelength and foundry process
which simplifies fabrication and allows adaptation to different CMOS foundries (unlike previous designs with
multiple SiN layers that support a small mode area and higher order modes [29-31]). Our LMA design, unlike an
LMA fiber laser, supports only fundamental mode propagation and allows high overlap of pump and sighal modes
even when they are spectrally far apart [25-27]. Since the optical modes are mainly guided in the gain film, the
gain waveguide propagation loss is mainly determined by the film loss which is intrinsically lower than that of an
etched waveguide [32, 33]. In this work, using the LMA waveguide and rare earth gain medium (now used in
integrated photonics [34-46]), we have demonstrated a Q-switched high energy laser achieving pulse energies over
150 nJ around 1.9 um within a small device footprint of ~ 9 mm?. The Q switched pulse energy demonstrated here
is ~20 dB higher and the slope efficiency is ~ 40% as compared to 1% in the previous demonstration [29]. More
importantly, the slope efficiency is higher, and the pulse energy is comparable or in many cases higher than many
benchtop Q-switched all-fiber lasers using true saturable absorbers [47-55]. Moreover, higher peak power with
shorter pulses can be achieved by tuning the saturable absorber, provided that we operate within the optical damage
threshold of the SiN waveguide as one can reach intracavity pulse energy close to the damage threshold of SiN
waveguides with nanosecond pulses [56-58].

a) b)
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Figure 1. a) Principle of Q-switching. b) A compact integrated LMA pulsed laser. WDM —wavelength division multiplexer;
SA — saturable absorber; H1,2 — high and low power heater arms. The pump is coupled into the gain section through a
WDM towards the serpentine waveguide. Within the green box region, the LMA sections are over the straight SiN
waveguides. The integrated SA is a nonlinear Michelson interferometer (NLI) which splits the signal into two arms through
a directional coupler and backreflects via loop mirrors. Inset: LMA waveguide cross-section is shown along with signal
mode profiles at the LMA gain region and at a compact bend. ¢) An optical image of the chip containing the laser (dashed
region on the chip indicated by an arrow) against a 50 cent euro coin.

Integrated Q-Switched laser: For decades, Q-switching has been a technique to generate highly energetic pulses
from a laser by modulating the loss and thus the quality factor (Q) of the cavity. When the Q of the cavity is low,
that is when the stimulated emission is suppressed, the pump excites the gain ions to an upper state storing energy
until a high population inversion is achieved. Sudden change of Q to a high state (by reducing the loss) allows
stimulated emission to take place causing an instantaneous conversion of stored energy in the gain medium into
signal photons and a rapid buildup of a high power circulating signal. In doing so, the photons deplete the gain
causing signal amplification to stop as soon as the gain drops below the cavity loss, which results in a giant Q-
switched pulse emission. A cartoon showing this process is shown in Fig, 1a. Switching of the cavity Q can be
attained actively or passively. Active Q-switching requires an externally controlled intracavity modulator such an
electro-optic device, which makes the system complex and bulky. Passive Q-switching on the other hand, requires
a saturable absorber whose loss drops with pulse intensity, which is a cost effective, compact and robust technique.
For this reason, there is a strong desire in the fiber community to develop passively Q-switched high energy lasers,
and several groups have tried different types of saturable absorbers over the past decade that are durable,
inexpensive, have a high damage threshold, and require little space [47-55, 59-63].



In this work, we demonstrate an integrated passively Q switched laser utilizing an artificial saturable absorber
that is durable and has high damage threshold limited only by the damage threshold of the SiN waveguide [25, 30,
56]. The laser mainly consists of a gain section, cavity mirrors and a saturable absorber (Fig. 1b). Here, the pump
is coupled to the gain section through an integrated wavelength division multiplexer (WDM), which guides the
pump to the gain medium and in reverse the signal to an integrated loop mirror reflector. The pump is then
adiabatically coupled into the gain medium, which is based on thulium doped aluminum oxide film (~820 nm
thick) which is cladded with 1 um thick PECVD silica layer. The cross-section of the LMA gain waveguide is
shown along with the simulated fundamental TE mode profile of the signal in Fig. 1b (inset). The signal mode area
= 28 um? and the pump mode area = 27 pm? giving a pump-signal overlap of >99%. The thickness of the silicon
nitride (SiN) layer in the gain section is 800 nm (h), interlayer oxide thickness = (g) 300 nm and the width (w) =
290 nm. The TE mode power of the signal is ~75% in the aluminum oxide gain film, 0.2% in the SiN layer and
11.8% and 13% in the top and the bottom silica layer, respectively. A narrow SiN layer not only reduces scattering
loss (due to a weak modal confinement) but also helps to maintain only the fundamental mode in the gain section.
The pump and signal can be coupled efficiently into the large fundamental TE mode in the gain with adiabatic
tapers, the tapers also help to pull the large modes back into the SiN layer to allow tighter bends [25]. To obtain a
long cavity while keeping the footprint small, we use a serpentine shaped gain waveguide with circular bends as
shown in Fig. 1b (3D). Near the output end of the gain section the signal is adiabatically coupled into a wide SiN
waveguide, which leads to an integrated saturable absorber. We use a fast Kerr-type saturable absorber based on
nonlinear Michelson interferometer (NLI-SA) [25, 30]. It acts as an intensity dependent reflector - the reflectivity
back to the cavity increases as the signal intensity increases, favoring a shorter pulse in the cavity, which supports
pulse formation, for details see [25]. The NLI-SA consists of a non-3dB coupler and two symmetric arms
terminated with loop mirrors (or gratings in other configurations). The non-3dB coupler splits the signal into two
arms with different power, which, by propagating in nonlinear waveguides, acquire a power dependent Kerr phase
shift difference with respect to each other that increases with signal power (a & phase difference, for example,
allows for full signal reflection back to the cavity).
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Figure 2. a) The optical spectrum in logarithmic and linear scale. b) The coupled pump and on-chip output average signal
power. ¢) The pulse train of the Q-switched signal, and d) a zoomed in section showing a pulse

Experiment and Results: The passive layer of the device was fabricated in a silicon photonics foundry (Ligentec).
A thick SiN layer was deposited, polished, patterned, and subsequently cladded with a silica layer. A local oxide
opening is created where the silica layer is removed from the top of the SiN region down to the point where it’s
only ~ 300 nm (g) above the the SiN layer and a gain layer is deposited (green box Fig.1b). For the gain deposition,
a back end of the line 820 nm thick thulium-doped alumina gain layer (Tm3*Al,O3) is deposited by RF sputtering
with an estimated thulium ion concentration of 3.2x10%°cm3. The passive film loss is measured separately with
the prism coupling technique (Metricon) to be 0.83dB/cm @ 450nm, and 0.55dB/cm @ 520nm which corresponds
to a loss <0.1dB/cm beyond 1.55 um as measured in ref. [32, 33]. The refractive index of the film was estimated
at 1.9 um to be 1.70 using an ellipsometer with Sellmeier fitting. In the gain section, the bend loss is measured to
be less than -0.0008 dB/180 degree of a bend radius of 90 pm.



The broadband spectral response of the passive components is measured with a supercontinuum source (NKT).
The WDM has a bandwidth of 130 nm (@ 1 dB level) around the signal at 1.89 pum, and the pump port (at 1.61
um) has >90% transmission. The measured 3dB crossing point of the cross port and through port of the directional
coupler of the loop mirror is centered ~ 1.89 um, giving an estimated to reflection bandwidth of 170 nm (@ 1 dB
level). The power splitter (a directional coupler) of the NLI-SA (saturable absorber) has a split ratio of 80:20 at
1.9 um resulting in modulation depth of >50%. Heaters are integrated to compensate for fabrication uncertainties,
i.e. to properly bias the NLI-SA (i.e. to compensate for the phase offset between the two arms caused by fabrication
tolerances), and to vary the self-amplitude-modulation parameter of the NLI-SA. The NLI-SA bias is the key
parameter to control the mode of operation of the laser (i.e. pulsed or CW) as we explain later in more detail.

In the experiment, the pump at a wavelength of 1.61 pm was launched into the chip with a lensed fiber. The
laser starts to operate in CW-mode, and as the pump power increases inherent relaxation oscillations build up and
passively Q-switched high energy pulses emerge, which is due to the presence of a loss modulator such as a
saturable absorber as mentioned above. The optical spectrum of the signal measured at 400 mW of coupled pump
power in the cavity is shown in Fig.2a which is measured at the output port. The measured slope efficiency of the
laser is 40% and the lasing threshold pump power is around 20 mW (Fig. 2b). The pulses are produced at <1 MHz
repetition rate with a pulse width of 250 ns and an energy over 150 nJ. The signal is centered at 1.89 um which is
also the maximum transmission and reflection wavelength of the pump and signal combiner (WDM) and the loop
mirror, respectively. One can apply a narrow bandpass filter at the output or co-integrate a narrowband filter to
extract the narrowband signal around 1896 nm, which dominates the signal energy (as seen in Fig 2a, linear plot)).

As mentioned earlier, due to fabrication uncertainties the NLI-SA reflectivity is tuned with an integrated phase
shifter to ensure that the signal lies on the positive reflectivity slope of the NLI-SA to allow for pulse formation
with high energy (as in Q-switching). The ideal reflectivity curve of an NLI-SA is shown in Fig. 3a. Here ®@(p) is
the input peak power dependent nonlinear differential phase shift of the light in the two interferometer arms. With
a non-3dB splitter the two arms have different signal power, therefore, ®(p) and the reflectivity back to the cavity
increase with signal power. The modulation depth, the magnitude of the reflectivity slope (self-amplitude-
modulation coefficient) and the signal power required to reach the peak reflection increase as the power splitting
ratio of the coupler increases [25]. In the positive slope (increasing reflectivity) in Fig. 3a, the laser cavity tends to
form pulses such as through Q-switching, Q-switch mode locking and CW mode locking and in the negative slope
(decreasing reflectivity) pulse formation is suppressed and the laser operates in the CW-mode.
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Figure 3. a) An ideal NLI-SA reflectivity curve as a function of power dependent differential phase shift. Green and red arrows
indicate pulsed operation region (positive slope) and CW operation region (negative slope), respectively. b) The NLI reflectivity
curve of an ideal (1), fabricated (F) and the case where the curve is tuned for Q-switching (Q). ¢) Measurement of thermally
tuned NLI reflectivity variation of coupled input signal of an optical power equivalent to @(p)~0 to help extract the overall
curve. The inset shows a cartoon of how the reflection strength varies (for a signal with @(p)~0) due to the movement of the
curve with thermal phase shift which helps to trace the as-fabricated NLI-SA reflectivity curve, Fig. 4b (dashed curve). d)
Simulated time domain response of the laser showing a Q-switched pulse train and variation in gain.



With an integrated phase shifter, the NLI-SA can be tuned to switch the laser between the pulsed and the CW-
lasing mode. This may find applications in laser surgery where the two modes of operation are used, such as CW-
laser for neurosurgery and pulsed laser for spinal surgery [5].

The as-fabricated NLI-SA, however, doesn’t have an ideal behavior due to fabrication uncertainties, causing the
reflectivity curve to be shifted (Fig. 3b). One can extract the reflectivity response of the as-fabricated NLI-SA in
a laser as shown in Fig. 3c. In that, we couple a very weak test signal (supercontinuum NKT source) in the NLI-
SA such that ®(p)~0 and then gradually increase the thermal phase shift (with an integrated heater), which varies
the reflectivity curve, and collect the reflected light which varies in power (due to the change in reflectivity). As
shown in Fig. 4c (inset), the reflectivity curve is tuned to the left and the reflected power measured near (®(p)~0)
varies accordingly - first it drops to a minimum and then increases (in an ideal case it should start by increasing
from the minimum). Using this method, we trace out the response of the fabricated NLI-SA, as shown in Fig. 3b.
We note that the peak to peak difference (in Fig. 3b) is < 40% instead of being larger as expected for a DC with
80:20 splitting ratio at 1.9 um (Fig.2c), this is mainly due to using a broadband source for testing causing higher
signal reflection (from unwanted spectral bands) than is expected from a narrow band source around 1.89 pm.
Once the NLI curve is known, it can be shifted either to the right or to the left against the horizontal axis with the
heater tuning of the two arms so that the lasing signal falls on the positive slope of the curve. To obtain Q-switched
high energy pulses we shifted the curve to the right (blue curve (Q) in Fig. 4b) until the reflectivity back to the
cavity is increased for higher intracavity power and high energy pulses formed (on the positive NLI-SA slope),
which happened around ®@(p) ~ 0.1, corresponding to an intracavity pulse peak power of ~ 6-10W. The curve can
also be shifted to the left such that the signal falls near the bottom of the positive slope, however, in that case the
reflectivity is low thus only low energy pulses can be extracted. We note, for every pump power the reflectivity
curve of the NLI-SA is slightly readjusted with the heaters such that the signal falls close to the peak reflectivity
in the positive slope region. For high power CW operation, the NLI can be tuned such that signal lies on the
negative slope near the peak of the reflectivity. The thermal cross talk between the two arms of the NLI is expected
to be negligible as they were separated by 30 um. We simulated the behavior of the Q-switched laser by solving
coupled rate equations [64, 65] with a modified saturable absorber loss function (cosine function to account for
the NLI-SA). Since we are operating near the very peak on the positive slope of the NLI reflectivity curve the
effective saturable absorber’s modulation depth and the saturation power of the saturable absorber is low. This
results in a very weak gain modulation (well below a percent), as shown in Fig. 3d, causing long pulse formation.

We monitored the stability of the output power of the Q-switched signal over 25 minutes, as shown in Fig. 4.
The fluctuation is about 1 to 2 % which is mainly due to the mechanical drift in the alignment of the chip against
the lensed fibers; with realignment the signal remained stable for several hours (not shown).
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Figure 4. The normalized output power of the Q-switched laser over a period of several minutes.

Conclusion and outlook: In summary, we have demonstrated CMOS-compatible Q-switched high energy laser
in a compact footprint which is comparable to, and many cases exceeds, a benchtop fiber laser. This bodes well
for wide range of applications where size, weight and power are important, such as in deep space and ocean and
point-of-care medical applications. Higher energy can be extracted with even larger mode area which will increase
the gain saturation power over the current design, reaching mode sizes comparable to fiber lasers, and energy in
the several microjoule range can be obtained. Furthermore, shorter pulses (sub-nanosecond range) with high peak
power can be extracted by increasing the NLI’s saturable loss and saturable power by thermal tuning while
maintaining a higher energy per pulse. However, caution must be exercised in order to limit the intracavity pulse
energy (which can reach over a microjoule level) to be within the damage threshold of the SiN waveguide (which



scales with the pulse width as ~t° for t >10 ps) [57]. Such thresholds are easy to reach in the regions where the
modes are tightly confined such as in the SiN bends, which can have a damage threshold in the range of 100s of
nanojoule to a microjoule (for nanosecond pulses) [56-58]. Moreover, our design is scalable to different
wavelength windows, such as telecom window (1.55 pm) and high-power laser window at 1 pum (based on
ytterbium dopants), where optical loss of the SiN and aluminum oxide is fairly low. The device footprint can be
further reduced down to <5 mm? with Euler bends and uniform Bragg grating reflectors. One can also integrate
apodised chirped grating in place of the loop mirrors to manage the cavity dispersion. This will allow one to
achieve high peak power Q-switched mode locking (QSML) or CW mode locking for ultra-stable pulse generation
for application requiring high peak power and low noise pulse train.
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Methods:

Fabrication: As mentioned above, the device was fabricated in a silicon photonics foundry (Ligentec) using
stepper photolithography on a 100 mm wafer. The standard variation in SiN thickness and refractive index was +
5%, and 0.25%, respectively. The photonic stack consists of silicon, bottom silicon dioxide, silicon nitride, top
silicon dioxide and aluminum oxide. The thickness of silicon substrate ~ 230 um, bottom oxide = 4 um and the
top oxide thickness = 3.3 um. The sidewall angle of the SiN waveguide is 89°. After the patterning of the SiN
layer an opening was created (after etching >300 um wide silica away) on top of the SiN waveguide. The SiN
layer and the opening was separated by a thin layer of silica of 300 nm thickness (designed value). Fill patterns of
SiN were fabricated to maintain high enough density of SiN (>20%) across the reticle to avoid fabrication
complications. The gain layer was deposited at University of Twente with an RF sputtering tool. The chip was
mounted in a holder and is loaded into a AJA ATC 15000 RF reactive co-sputtering system through a load-lock
and is placed on a rotating holder in the main reaction chamber. A two-inch aluminum target (99.9995% purity)
and thulium target are powered through their own RF sources. A power of 200 W is used on the aluminum target
and 18 W is used on the thulium target which determines the ion concentration in the film. The deposition
temperature is around ~400C (measured with a thermocouple) and the rate of deposition is around 4 to 5 nm/min
amounting to 3 hours of deposition. The devices are subsequently protected by a PECVD silica cladding layer, we
note that a silica cladding layer can be replaced with a CYTOP layer, which is a well-established long wavelength
cladding material [66]. The heaters were deposited at Aalto University with 10 nm of titanium and 400 nm of gold.

Experiment (Q switching): In the experiment, the device was optically pumped by an amplified low noise CW
laser (Alnair labs, TLG 220). We used a high power polarization maintaining L band amplifier (IPG EAR-10-
1610-LP-SF). The pump was launched through a half and quarter waveplate into a 99:1 fiber splitter followed by
a lensed fibre (OZ optics, 3 um spot size) which was followed by the chip. The pump was monitored with a 1%
drop port of the splitter. The coupling to chip loss was measured to be between 2.5 dB to 3 dB at the pump
wavelength, and at the signal wavelength it was slightly higher than 3 dB. The lasing signal was measured with an
extended InGaAs integrating sphere photodiode (Thorlab 148C), and is subsequently measured on the OSA
(Yokogawa AQ6376). The pulses were measured with an extended InGaAs 12 GHz detector (EOT ET 5000
F/APC) and an oscilloscope with a bandwidth of 300 MHz (RS pro RSDS 1304 CFL).

NLI tuning experiment: To determine the NLI reflectivity curve after fabrication. We coupled a very weak signal
around 1.9 um from a broadband NKT source (FIU-15). The broad band source was first filtered with a long pass
filter (>1.5 pm) and then a bandpass filter with a 200 nm bandwidth (Thorlab FB 1900-200). The light was coupled
into a fiber based 2x2 3-dB splitter which was coupled through a lensed fiber to the NLI of the laser under test.
The heater on one of the arms of the NLI was tuned with the current ranging from 0 mA to 55 mA with the
resistance varying from 125 Q to 135 Q amounting to a maximum electrical power of 400 mW. The back reflected
signal was measured through the 3 dB splitter while care was taken to avoid collection of signal from the facet
reflection, which obviously did not change in power with heater tuning. The peak of the NLI reflectivity curve
(shown in Fig. 3) is dependent on the propagation loss in the NLI waveguides (1.8 pm wide) which we estimate,
as an upper limit, to be 0.15 dB/cm, giving >90% reflectivity at the peak. With lower propagation loss the peak
reflectivity increases further.

Refractive index: The optical constants were measured of an Al,O3 film with an ellipsometer having a wavelength
span from 240 nm to beyond 11 um. The refractive index at 1.9 um ~ 1.7.
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