











purely non-resonantly and maintains near-unity modal overlap (Fig. 1i).
Thus, insensitive to the spectral purity of the pump source, this laser
can be pumped with any laser diode in the range of 450-550 nm.
Figure 3c shows single-mode operation across greater than 50-nm
wavelength rangein asingle device. The geometryis optimized either
forlow-threshold pump power (as low as 6.9 mW) or for high efficiency
and output power (2.9% and 1.8 mW, respectively, in multimode opera-
tion), as shownin Fig.3b. Multimode lasing in the range of 790-930 nm
has been observed among the devices studied in this work. To realize
lasing across the full gain bandwidth of Ti** (650-1,100 nm), an opti-
mized filter-ring coupling geometry is necessary to compensate for
the nonuniformity in the gain profile (Fig. 2c).

We investigate the spectral stability and mode-hop-free tunability of
thelaser using a high-precision wavelength meter (WS7, HighFinesse).
By applying feedback to the microheater, we realize triangular tuning
across4 pmandwavelengthstabilization to 0.073 pmroot-mean-square
(RMS) (Fig. 3d). An even greater single-mode, mode-hop-free tuning
range is possible using pump power modulation. Figure 3d shows
mode-hop-free tuning of 91 pm (36.4 GHz), matching that of com-
mercial Ti:sapphire laser systems. Finally, we measure the instanta-
neous linewidth of 140 kHz by a heterodyne measurement against
a commercial Ti:sapphire laser (Fig. 3e). The laser linewidth can be
further reduced by increasing the effective waveguide cavity length
and by increasing the quality factor of the microring resonator®**, as
has been shown with integrated lasers based on semiconductor gain
media, or by self-injection locking to an external high-quality-factor
silicon-nitride microring resonator™,

Fortheresults presented so far, we have used atable-top green laser
(Verdi, Coherent) as the pump, because of its convenience and large
available power. However, these pump lasers are bulky (10 kg exclud-
ing power supply) and expensive (US$30,000). Thus, chip integration
ofthe Ti:sapphire laser without miniaturization of the pump does not
achieve scalability. Owing to the non-resonant, low-threshold Ti:SaOl
laser design presented in this work, the spectral coherence of the pump
isirrelevant, allowing us to use an off-the-shelf laser diode (OSRAM,
retail price US$37 on www.mouser.com) as a miniature pump. The
experimental details and lasing spectra are presented in the Methods
and Extended Data Fig. 1, respectively. This complete integrated sys-
temdrivenby acheapincoherentlight sourceis the decisive first step
towards democratizing the Ti:sapphire laser technology for real-world
applications.

Using a Ti:SaOl laser for optical control of cavity-
integrated artificial atoms

We proceed todemonstrate anapplication of the presented integrated
Ti:sapphire laser array in a practical laboratory setting. We performa
cavity quantum electrodynamics (QED) experiment with solid-state
artificial atoms in silicon carbide, with the Ti:SaOl laser array as the
sole light source. Colour centres in materials such as silicon carbide
and diamond* can enable scalable, integrated, optically interfaced
spin qubits for advancing quantum sensing*, quantum networks*
and many-body physics*®. Colour centres are typically integrated into
nanophotonic resonators to enhance their light-matter interaction,
as well as to mediate atom-atom coupling to build entanglement®*.
Theoperation of anatomic system requires multiple lasers with stable
and precisely tunable frequencies. Here we replace all table-top lasers
sources with a Ti:SaOl laser array.

The experimentis showninFig.4a. The output of two Ti:SaOl lasers
onone chipis coupledinto asingle-mode fibre and routed to the cav-
ity QED system. The cavity consists of a silicon carbide whispering-
gallery-mode resonator*® with a fibre interface, situated in a 4.5-K
cryostat. The details of the experiment follow closely our previous
work performed with table-top commercial lasersinref. 6. The system
canbe excited through the waveguide, or by free-space optical access

from above, which enables diffraction-limited imaging of the colour
centres in the resonator using scanning beams. The artificial atoms
used in this work are silicon vacancy (Vs;) colour centres. A simplified
level structure of the Vg, is shown in Fig. 4a. The V;; features two opti-
cal transitions, at 861.6 nm and at 858.9 nm, referred toas Vland V7',
respectively (ref. 52), and is also amenable to above-resonant excitation
with wavelengths below 830 nm.

To achieve tunable operation at the precise wavelengths of V1 and
VI’ transitions, we operate in the few-mode (two to five modes) las-
ing regime and filter the desired mode with an optical filter. In the
future, more complex Vernier filter design will enable robust purely
single-mode operation covering the entire tuning range without gaps.
For above-resonant excitation, in which higher power is required but
the wavelength does not need to be tuned precisely, we operate in
single-mode regime. The experiment begins by tuning the resonator
onto the V1 transition. This is done by cryogenic gas deposition while
monitoring the waveguide transmission®. Figure 4b shows a critically
coupled optical mode of the cavity scanned with the Ti:SaOl laser (and
acommercial laser for comparison). Once the cavity is on resonance,
raster-scanning of the Ti:SaOl laser is done at 823 nm (output power
0.160 mW) from free space to detect the spatial distribution of emit-
ters by waveguide-coupled photoluminescence (Fig. 4c) with photon
counting performed with asuperconducting nanowire single-photon
detector (SNSPD). However, other parasitic optically active defects are
excited as well, and not all fluorescence spots correspond to desired
artificial atoms. Ultimately, resonant excitation by V1’ optical transition
isthe optimal means of excitation. To verify whether a fluorescent spot
isasilicon-vacancy colour centre, we park the Ti:SaOl laser at one spot
and performresonantabsorption spectroscopy by continuous tuning
ofthelaser over 160 pmacross the V1’ optical transition and detection
of emissioninto the V1transition. This measurementis showninFig. 4d.
Finally, we confirm that the other fluorescence in the above-resonant
scan (Fig. 4c) does not correspond to silicon-vacancy colour centres
by performingraster-scanning of the laser beam parked at 858.925 nm
and observing no other dominant fluorescence spots (Fig. 4e). We have
thus identified the spatial location and exact frequency of a colour
centre after co-aligning it spectrally with the cavity to achieve Purcell
enhancement, using an integrated Ti:sapphire laser array. We note
that, in this experiment, the Ti:SaOl laser was used in a plug-and-play
configuration, replacing the table-top laser directly without any need
for modifications to the experimental setup. The demonstrated Ti:SaOl
platform will permit simultaneous control of many emitters at disparate
frequencies and play akey partinachieving scalability of both atomic
and solid-state quantum systems™,

Discussion

In this work, we have demonstrated chip-integrated, broadband tun-
able and scalable Ti:sapphire lasers and amplifiersinamonocrystalline
sapphire-on-insulator photonics platform. Already, without design
optimization, lasers in this study match or exceed the tuning range of
commercial solutions. The low threshold and non-resonantly pumped
compact Ti:SaOl lasers replace complex and expensive (>US$100,000)
Ti:sapphire laser systems, enabling areduction of three orders of mag-
nitude in cost and size, as well as adrop of two orders of magnitude in
power consumption of the full system. This will resultin ademocratiza-
tion of high-performance Ti:sapphire lasers, with a substantial impact
onresearch and technology.

Beyond vastly increasing the accessibility of Ti:sapphire lasers,
Ti:SaOl also unlocks new modalities of this traditional laser crystal.
Through nanophotonic confinement, the highly efficient genera-
tion of ultrabroad ASE shown in this work would serve as a versatile
fibre-coupled source for high-resolution optical coherence tomog-
raphy®. Overcoming the limitations of I1I-V semiconductor ampli-
fiers, the demonstration of a Ti:SaOl waveguide amplifier, with a peak
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Fig. 4| Quantum photonics with artificial atoms drivenby integrated
Ti:SaOllasers. a, lllustration of the demonstration. ATi:SaOl laser array is used
to controlasolid-state cavity QED systemin silicon carbide. Lasers control the
system by free-space excitation as well as by awaveguide interface. The level
structure of the Vg colour centreis shown ontheright. b-e The flow of the
cavity QED experiment. b, The resonator frequency is tuned until an optical
mode overlaps with the V1transition of the colour centre, as confirmed by the
cavity transmissionscan. Detuningis relative to 861.649 nm. For comparison,
we show the transmissionrecorded both withatable-top Ti:sapphire laser

and withourintegrated Ti:SaOl laser. ¢, With the cavity onresonance,

gainof 64 dB cm™and operating at 1.0 kW peak output power, opens
the doors to unprecedented high-power, distortion-free amplifica-
tion of both continuous-wave and pulsed light within the ultrawide
bandwidth of 650-1,100 nm. This work addresses one of the main
challenges in the development of on-chip mode-locked lasers and
self-referenced optical frequency combsin asought-after wavelength
range previously out of reach®**. Beyond laser technologies, the
monocrystalline sapphire-on-insulator platform shown in this work
may find uses in demanding applications in the blue and ultraviolet
range, owing to its ultrawide bandgap of 10 eV and pristine crystal
quality®®.

Theintegration of Ti:sapphire technology on chipis a decisive step
towards massively scalable Ti:sapphire systems, both monolithic and
integrated with passive materials. The approach presented in this work
is compatible with co-integration in platforms such as silicon nitride
and lithium niobate torealize sub-micron-wavelength frequency-agile
Ti:sapphire lasers, integrated frequency-doubled lasers*, on-chip
supercontinuum generation® and integrated optical parametric
amplifiers®.
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anabove-resonant raster scanis performed at 823 nm. A fluorescence spot
(dashed circle) isidentified as acolour centre candidate. d, The free-space
laser beamis focused on the spot, and resonant absorption spectroscopy is
performed by tuning the laser across 120 pmto identify the V1’ transition.
Detuningisrelativeto 858.925 nm. e, Theraster scanis repeated with the
resonantlaser at the absorptionline peak. The high contrastscanshows thata
single colour centreis coupled to the resonator, whereas the other featuresin
care parasitic fluorescence. uve and ve’represent the electron orbitals® a.u.,
arbitrary units; GND, ground.
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Methods

Device fabrication

Thin-film Ti:SaOl is produced by an adaptation of the grinding-
and-polishing approach for silicon-carbide-on-insulator platform
described in ref. 37. Several approaches and different crystal orien-
tations are explored in this work: to produce the thin films used to
demonstrate a microdisk laser, a c-plane (0001) Ti:sapphire wafer
die (absorption coefficient at 532 nm a;, = 0.53 cm™, 5 mm x 5 mm) is
bonded to an undoped sapphire wafer using aninterfacial SiO, layer
(thickness of 3 pum) deposited by plasma-enhanced chemical vapour
deposition, which serves as the buried oxide layer. The stack is then
processed inawafer grinder (DAG810, Disco), followed by chemical-
mechanical polishing (POLI-400L from G&P Technology) and thinning
by reactive-ion etching in BCl; plasma (PlasmaTherm Versaline ICP)
to the target thickness of 350 nm. The fabrication method does not
constrain the thickness of the Ti:sapphire layer, which can be precisely
controlled by the final dry etching step. For subsequent amplifier
and waveguide demonstration, we use an a-plane (1120) Ti:sapphire
wafer die (@53, = 6.2 cm™, 6 mm x 8 mm), bonded to undoped sap-
phire using the same process. The bonded Ti:sapphire dies are then
ground and polished in a precision lapping system (PM5, Logitech),
followed by the same reactive-ion etching process to reach a target
thickness of 450 nm.

Microdisk resonators are fabricated by photolithography. Pho-
toresist (S1822, Shipley) is spun on a Ti:SaOl film and patterned in a
direct write lithography system (Microwriter ML3, Durham Magneto
Optics). An optimized photoresist reflow process is then applied®,
and the pattern s transferred to the Ti:sapphire layer through a BCl,
plasmareactive-ion etch that minimizes surface roughness. A surface
roughness of 1.6 A RMS is measured using atomic force microscopy.
Afterwards, the underlying SiO, is undercut in hydrofluoric acid.

Amplifiers and waveguide lasers are fabricated using electron-beam
lithography. A chromium hardmask (200 nm) is deposited on the
Ti:SaOl film by electron-beam evaporation. Chromium is chosen
to allow for the etching of sapphire with sufficient selectivity (4:1).
Electron-beam photoresist (FOx-16, Corning) is spun afterwards and
a50-keV electron-beam lithography system (Voyager, Raith) is used
to define the pattern. Limitations of the lithography system neces-
sitated the confinement of devices to a 0.5 x 0.5 mm area to avoid
stitching errors. The pattern is transferred into the chromium mask
byaCl,and O, plasma, and subsequently into sapphire by aBCl, etch.
Subsequently, the chromium hard maskis stripped through wet etch-
ing using chromium etchant and Piranha solution. Devices are then
capped with an initial layer of flowable oxide (FOx-16, Dow Corning),
followed by an extra SiO, layer through high-density plasma chemical
vapour deposition (PlasmaTherm), and were annealed at 800 °C in
air. Facets for edge coupling of devices were created either through
wafersaw dicing followed by focused-ion-beam milling or through
laser stealth dicing (see Supplementary Fig. 1 for anillustration of
fabrication process flow).

Device design

Waveguide spirals for the amplifiers are designed following ref. 62 to
minimize mode mixing during propagation. The spiral waveguides have
athickness of 450 nm and a width of 1.5 um. These dimensions were
chosen to reduce scattering losses by the sidewalls, provide optimal
confinement of both the pump and signal mode and allow for low-loss
bends. Amplifiers with lengths of 3.4 mm, 8.1 mm and 0.485 mm are
studied in this work. The shortest amplifier is a straight waveguide
with a width of 900 nm, extending across the chip.

Thewaveguide lasers use aspiral waveguide amplifier with alength
of 3.2 mm, a thickness of 450 nm and a width of 1.5 pm. A microring
resonator with adiameter of 80 umand width of 650 nmis used as the
re-circulating element, and coupling gaps 0of 325 nm, 375 nmand 425 nm

were studied. The width of the ring waveguide was chosen such that a
single transverse electric mode is supported at a given wavelength. A
platinum microheater is patterned on top of the microring resonator
for thermo-optic wavelength tuning. Although not included in this
work, athermal phase-shifting element on the waveguide section would
allow for an additional degree of freedom in the laser tuning control.

Quantum efficiency of waveguide gain medium

A reduction of the gain medium efficiency through introduction of
non-radiative decay rates would be measured asareduced excited-state
lifetime. We characterize the Ti:SaOl waveguide fluorescence in the
time domain by exciting withaweak modulated pump and by detecting
emission rate using a superconducting nanowire single-photon detec-
tor, and we observe a purely single-exponential decay with a lifetime
of 3.09 ps, consistent with the lifetimes reported in the literature for
bulk Ti:sapphire®.

Characterization of the waveguide amplifier

Light is coupled from free-space on-and-off chip using microscope
objectives (M-plan NIR 100, Mitutoyo). The temperature of the sam-
ple substrate is maintained at 290 K throughout the experiments.
The 532-nm pump source is a frequency-doubled diode-pumped
solid-state laser (Verdi V10, Coherent) and is delivered onto the chip
either from one or both facets of the waveguide or in the opposite
direction to the signal. Unless otherwise stated, single-side pumping
is used. For continuous-wave amplification experiments, acommer-
cial Ti:sapphire laser (SolsTiS, M Squared) is used, which has a tuning
range of 700-1,000 nm. Small-signal gain per unit length is measured
for an input power of 0.10 mW. For characterization of small-signal
gain in the 0.485-mm long waveguide (Fig. 2b) requiring a resolu-
tion of less than 0.1 dB, the pump and the signal are chopped and the
amplification is extracted from the time-dependent signal recorded
on asilicon photodetector. For small-signal gain characterizationin
8-mm amplifiers, an optical spectrum analyser (Yokogawa AQ6370D)
is used to obtain the output signal with and without the pump laser.
This measurement does not take into account the passive waveguide
losses. Wavelength-dependent passive waveguide loss is measured
from the statistical analysis of waveguides of different lengths. Total
passive transmission through the 8-mm amplifier, including inser-
tionlosses, is 14 dB. Cumulative off-chip amplificationis represented
by the difference between the measured on-chip amplification and
passive loss at the given wavelength in Fig. 2c. The finite-difference
time-domain simulationsindicate back reflections from facets of less
than 7%. To record the maximum amplified power output (Fig. 2d),
the double-side pumped scheme is used. To infer the output power at
the chip, the measured output power is corrected for objective losses
(transmission of 0.85). For the pulsed-amplification experiment, a
picosecond mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics)
is used. The sech?fit to the spectrum of the pulse shows a pulse dura-
tion of 2.2 ps, inagreement with the auto-correlator measurement. To
measure the dependence of amplification and output pulse energy on
therepetitionrate, theintrinsic repetition rate of the laser (80 MHz) is
reduced by an electro-optic modulator pulse picker (Conoptics) with
ameasured rejection ratio of 6.2 x 10°.

Waveguide laser measurement

Laser characterization experiments use the same setup described in
the waveguide amplifier section, with the addition of electrical micro-
probes to deliver power to the microheater. For precise and accurate
measurement of the lasing wavelength, a wavemeter is used (WS7,
HighFinesse). Using real-time wavelength reading, a feedback loop is
implemented to tune and stabilize the laser within a mode-hop-free
tuning range of the microheater (Fig. 3d). The heterodyne linewidth
measurement was performed with a commercial Ti:sapphire laser
(SolsTiS, M Squared). The photodetector signal was analysed with an



electrical spectrum analyser (Agilent PXAN9030A) with a resolution
bandwidth of 100 kHz.

The demonstration of Ti:SaOl laser in diode-pumped operation was
performed as follows. A single-mode green laser diode with a maxi-
mum output power of 110 mW was used (PLT5 5jo20B from OSRAM, in
aTO-56-3 package). The laser diode wasinstalledin a TE-Cooled Mount
(LDMS56, Thorlabs) and powered by a laser diode driver (LDC210C,
Thorlabs). The laser diode output was collimated and coupled to the
Ti:SaOl chip by free space. Single-mode lasing at two wavelengths of
operationis demonstrated by tuning the microheater (Extended Data
Fig.1). The efficiency of pump coupling to chip was limited to about
16%but canbe improved substantially with mode overlap engineering
and efficient direct-contact coupling, as demonstrated previously for
silicon-nitride photonics®. This approach can enable tunable Ti:SaOl
chip-scale lasers in a butterfly package, as has been previously dem-
onstrated in other platforms®,

Data availability

The dataused tosupportthe findingsin thiswork are presentedin the
main text and Supplementary Information.
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Extended DataFig.1|Diode-pumped on-chip Ti:Sapphirelaser. (a) Diagram  ofsingle-modelasingat 848.7 nmand 858.3 nm, withaSMSR of 23.2dB and

of the measurement setup used in the diode-pumping experiments (MM:

22.2dB, respectively. (Inset) Image of the diode package used in these

multi-mode, OSA: optical spectrumanalyzer). (b) Measured optical spectrum experiments.





