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ABSTRACT

We report the development of a compact, highly stable, monolithic-cavity, GaInP/AlGalnP-based vertical-external-cavity surface-emitting
laser (VECSEL) with electronically tunable emission wavelength centered at 689.4425 nm for neutral strontium (Sr)-based applications. The
output power reaches 40 mW (pump-power-limited) with ultra-low frequency and intensity noise performance resulting in a free-running
linewidth of 720 Hz, reduced to 390 Hz when frequency locked to a reference cavity and verified via a heterodyne beat note measurement
with 2 s averaging time. For shorter averaging times (0.1 ms), the free-running linewidth is as low as 40 Hz. We estimate a Lorentzian, or
intrinsic, linewidth of 64 mHz from the frequency noise power spectral density at high frequencies, thus providing further evidence of the
ultra-narrow fundamental linewidth of VECSELs. High frequency stability was measured via Allan deviation resulting in 1.05 x 10 "2 at 2 s
and 2.11 x 10~ "2 at 7 s averaging times when the 689 nm monolithic cavity VECSEL is free-running and locked, respectively, suitable for neu-
tral Sr-based quantum technologies, such as optical clocks and atom interferometry.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0208564

Ultra-low noise and highly coherent lasers are a critical part of
the so-called quantum technologies (QT), such as optical clocks' and
atom interferometers,” being responsible for the creation and manipu-
lation of quantum matter, with direct effect on the overall efficiency
and accuracy of the QT system. For example, neutral strontium (Sr)
optical clocks require blue and red lasers with different brightness and
linewidth to target the singlet and triplet transitions, respectively, for
the production of ultra-cold atomic clouds.”” The linewidth require-
ments are more challenging at the red wavelengths where lasers at
689 nm, with kilohertz, and at 698 nm, with sub-hertz, spectral widths
are required to address the neutral Sr second cooling and clock
transitions, respectively. External cavity diode lasers (ECDLs)’ and
solid-state lasers (SSLs)" are commonly employed for this kind of
application but with limited short wavelength coverage, especially in
the visible part of the electromagnetic spectrum, and with low bright-
ness, thus limiting the number of atomic, molecular, and ionic species
that can be exploited. In addition, these laser technologies have
Schawlow-Townes-Henry (STH), or fundamental, linewidth limits”*
of kilohertz or greater, which is then broadened by environmental,
thermal, mechanical, and electronic noise leading to free-running line-
widths at the 100 kHz-level, thus preventing access to narrow atomic

transitions directly without complex frequency, intensity, and/or phase
stabilization stages. These extra modules, including those for power
scaling and beam profile correction, that are required to meet the
desired laser performance, have direct impact not only on the QT sys-
tem bulk, complexity, and portability, but also reduce or prevent
deployment capability for field trials.

Other laser technologies, such as vertical-external-cavity surface-
emitting lasers (VECSELs)—also known as semiconductor disk lasers
(SDLs)—have been explored as an attractive alternative given their
high brightness, extended wavelength coverage, and relaxation-oscilla-
tion-free (so-called class-A”) low-noise performance while having STH
limits at the millihertz-level."” This allowed us to demonstrate low
noise operation with sub-kilohertz linewidth of actively stabilized, air-
spaced cavity GaInP/AlGaInP-based VECSELs at 689 (Ref. 11) and
698 (Ref. 12) nm, the wavelengths required to target the red laser cool-
ing and clock transitions of neutral Sr atoms, with output power
exceeding 100 mW. More recently, to significantly reduce the impact
of environmental noise, we have introduced the concept of monolithic
cavity architectures, used, e.g., in nonplanar ring oscillator (NPRO)
lasers,"” to class-A VECSELs. The monolithic cavity VECSEL was
formed by a total internal reflection laser resonator created inside a
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right-angle prism, thus producing a wavelength customizable, high sta-
bility, class-A laser platform for high precision applications,"* in this
case oscillating at 672 nm with an output power of 19 mW and a free-
running linewidth of 1.9 kHz for a sampling time of 1 s.

In this article, we report the achievement of sub-kilohertz free-
running linewidth of a green-diode-pumped, monolithic cavity
AlGalnP-based VECSEL with output power reaching 40 mW at an
emission wavelength of 689.4425nm’” to target the second cooling
transition of neutral Sr atoms. We also introduce frequency-locking of
the monolithic resonator via a bonded shear piezoelectric transducer.
Low relative intensity and frequency noise were observed with a
free-running linewidth of 720 Hz, reduced to 390 Hz when frequency-
locked to a moderately high finesse reference cavity via the Pound-
Drever-Hall technique,'® measured via a heterodyne beat note against
an independent air-spaced cavity, narrow linewidth red VECSEL sys-
tem. Furthermore, the frequency stability of the monolithic laser was
measured via Allan deviation to be 1.05 x 107'% (2 s) and 2.11 x 1073
(7 s) while free-running and locked, respectively, suitable for high per-
formance applications, such as QT and metrology. Finally, the ultra-
narrow Lorentzian, or intrinsic, linewidth was estimated to be 64 mHz
for the VECSEL presented here, which is still orders of magnitude
lower than that being demonstrated for hybrid and heterogeneously
integrated semiconductor lasers."” "'’ In conjunction with a compact,
intensity-stabilized green diode pump, this low noise VECSEL archi-
tecture has the potential to reduce even further the laser system bulk
and complexity, and an even narrower linewidth moving toward the
VECSEL fundamental limit, with an overall stability suitable for QT
and metrology.

The monolithic cavity VECSEL resonator Is formed inside an
off-the-shelf, 25 mm, fused silica right-angle prism,"* see Figs. 1(a)
and 1(b). The laser mode is folded twice via the total internal reflec-
tion between the distributed Bragg reflector (DBR) of the gain struc-
ture and a 1% planar-convex output coupler, both capillary-bonded
to the hypotenuse surface of the prism with reasonably high tolerance
of the transverse alignment (> mm), given the 4-mm width of the
uniform gain structure. An AlGalnP-based VECSEL gain structure,
similar to that reported in the literature by our group,'' was selected
for emission at 689 nm when optically pumped at green wavelengths,
being formed of compressively strained GalnP quantum wells,
grouped in pairs, separated by AlGaInP barrier layers for resonant
periodic gain (RPG), grown on top of a high reflectivity (>99.99%)
AlGaAs/AlAs distributed Bragg reflector (DBR) mirror on a GaAs
substrate [see Fig. 1(c)]. First, the VECSEL sample is capillary-bonded
to a crystalline heatspreader for thermal management, and then, opti-
cal contact bonding is used for securing the sample and heatspreader
to the prism, which is then placed in a brass mount, temperature-
stabilized at 18 °C (tunable between 10 and 30 °C with sub-mK preci-
sion). A shear piezoelectric transducer (PZT) is mounted on the top
of the right-angle prism for wavelength tuning and frequency stabili-
zation. Finally, an intensity-stabilized, green diode laser is used as an
optical pump,”’ with a maximum power of 1050 mW delivered to the
gain structure via a multimode fiber and f= 50 mm lens through one
of the lateral faces of the prism (coupling efficiency = 85% and focus
spot size diameter ~61 pum).

Single frequency emission with a pump-power-limited maxi-
mum output power of 40 mW at 689.4425nm is achieved, with a
threshold of 630(20) mW and a conversion efficiency of 8.4(1)% [see
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FIG. 1. (a) AlGalnP-based monolithic cavity VECSEL experimental apparatus. (b)
Total internal reflection VECSEL cavity schematic. (c) AlGalnP-based VECSEL gain
structure schematic. (d) Frequency locking setup schematic (when implemented).
MM fiber: multimode fiber; FC: fiber coupler; PZT: piezo-electric transducer; OC:
output coupler; f: lens; Ol: optical isolator; HWP: half-wave plate; PBS: polarizing
beam splitter; PD: photodiode; DBR: distributed Bragg reflector; freq.: frequency;
PM fiber: polarization maintaining fiber; (F)PD: (fast) photo-detector; RIN: relative
intensity noise; EOM: electro-optical modulator; and QWP: quarter-wave plate.

Fig. 2(a)]. In contrast to air-spaced configurations, no intracavity fil-
tering is implemented for wavelength tuning. Instead, the emission
wavelength is electronically tunable without mode hopping via the
monolithic cavity mount temperature (also affecting the gain
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FIG. 2. (a) Monoalithic cavity VECSEL power transfer. (b) Coarse tuning achieved
using the cavity temperature. (c) Fine tuning via the shear PZT measured by send-
ing a sawtooth function directly to the device.
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structure temperature), and the shear PZT mounted on the top of
prism. The former provides coarse wavelength tuning at a rate of 2.87
(2) GHz/°C, or 3.32(3) pm/°C [see Fig. 2(b)], which directly affects
the wavelength stability given that it also controls the VECSEL gain
structure temperature. The latter is used for fine wavelength tuning in
a frequency span of 50.9(4) GHz, or 81(1) pm [see Fig. 2(c)]. All sub-
sequent noise characterization reported here was measured at the
maximum VECSEL output power of 40 mW.

The monolithic cavity VECSEL output beam is collimated and
divided using polarization optics for the heterodyne beat note setup
and for the noise characterization/locking stage [Fig. 1(d)]. The latter
stage is used to frequency stabilize the monolithic cavity VECSEL to a
moderately high finesse, air-spaced reference cavity (finesse = 1k and
free spectral range = 300 MHz) via the Pound-Drever-Hall technique
(EOM modulation =74 MHz and bandwidth =500 Hz),"' with the
error signal sent back to the shear PZT mounted on the top of the
prism.'* The overall performance of the VECSEL is characterized in
terms of frequency and intensity noise, Allan deviation, and linewidth
when the laser is free-running and locked.

First, the relative intensity noise, or RIN [see Fig. 3(a)] is mea-
sured to be below —112 and —124dB/Hz when free-running and
locked, respectively, for frequencies between 100 mHz and 1.5 MHz.
The low frequency intensity noise is significantly reduced when the
laser is locked, but sharp peaks can still be observed between 10 Hz
and 7 kHz, related to mechanical, electronic, and pump-injected noise
[also shown in Fig. 3(a)], indicating that further improvements in the
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FIG. 3. Monolithic VECSEL noise analysis in terms of intensity noise and frequency
noise (FN) while free-running (blue) and locked (red). (a) Relative intensity noise,
including the monolithic cavity VECSEL shot noise (orange dash) and stabilized
laser diode (LD) pump (green) for frequencies below 2 MHz. (b) FN power spectral
density (FNPSD), including the (3 separation line (grey dot-dash), which divides the
FNPSD into two regions: high frequency Lorentzian “wings” and the low frequency
Gaussian line shape, and a (purple) line indicating the far-from-carrier white-fre-
quency-noise level used to determine the intrinsic linewidth. Inset: FNPSD for high
frequencies from 20 to 200 MHz, calculated for a sampling time of 400 ns.
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mechanical stabilization and pump intensity stabilization are required
to lower the RIN noise floor.

A frequency noise power spectral density (FNPSD) was generated
using the residual error signal from the servo controller, presented in
Fig. 3(b), recorded over a sampling time of 20 s to account for low fre-
quency noise contributions. Similar to the RIN measurements, residual
pump intensity noise injected in the VECSEL and mechanical and
environmental noise affecting the laser setup and (non-monolithic)
pump beam pointing are the main frequency noise components. Also
included in Fig. 3(b) is the B-separation line, which is defined as
Sg = (8n2In2)f, where f is the Fourier frequency, used to divide the
FNPSD into two regions: frequency noise above and below the
[-separation line contributing to the central (Gaussian), or laser
linewidth, and to the wings (Lorentzian) of the line shape, respectively.
The shape of the optical field can be reconstructed via auto-
correlation and the Wiener-Khintchine theorem”' to estimate the line-
width of the monolithic VECSEL, resulting in a FWHM of 830(10)
and 480(10) Hz when free-running and locked, respectively, for sam-
pling times of 20 s.

At the time scales (>1 s) presented here, the linewidth can be
understood as “integrated,” given that different FN components, such
as random walk (or 1/f 2) and flicker-noise (or 1 /), will be responsible
for the broadening of the Gaussian part of the line shape, thus broad-
ening the laser intrinsic, or Lorentzian, linewidth. The Lorentzian con-
tribution is negligible at long time scales but very relevant at more
instantaneous scales (<1 ps), where the laser noise spectrum is domi-
nated by white frequency noise,”” presenting the narrowest achievable
spectral purity if all external noise can be suppressed. A narrow
Lorentzian linewidth is also desirable in the “integrated” linewidth case
given that it will result in negligible contributions to the wings of the
laser line shape. The Lorentzian linewidth can be measured from a
ENPSD for frequencies far-from-carrier where the 1/f-noise is no lon-
ger relevant, with the noise spectrum dominated by white frequency
noise.””** For the monolithic cavity VECSEL presented here, the
white noise-only region in the FNPSD measurement [see Fig. 4(b)] is
achieved for frequencies above 1 MHz and is maintained for frequen-
cies up to 150 MHz [see Fig. 4(b) inset], resulting in an intrinsic line-
width of 63.5 mHz. This ultra-narrow Lorentzian linewidth is in
accordance with the predicted STH limit for VECSEL technology, but
might also be affected by the injection of excess electronic noise in the
error signal used to generate the FNPSD, drifts and pump noise being
injected in the VECSEL cavity out with the correction bandwidth of
the intensity stabilization. More precise measurements of the intrinsic
linewidth can be performed with higher resolution frequency discrimi-
nator systems, such as ultra-high-finesse ultra-stable cavities’ and
Mach-Zehnder interferometers.”””* Nevertheless, the monolithic cav-
ity VECSEL performance presented here highlights the potential of
this class-A laser technology for the development of ultra-coherent,
ultra-low noise laser systems with even narrower free-running line-
widths. This kind of performance might enable the use of monolithic-
cavity VECSELs for optical coherent and free-space communica-
tions,”” where the signal-to-noise ratio is severely affected by the laser
frequency, phase noise performance, and linewidth. In addition, line-
widths even closer to the STH linewidth limit, estimated to be ~0.5
mHz, might be achievable with VECSEL technology advantages,
including external cavity architecture that reduces the effect of the line-
width enhancement, or Henry, factor in the frequency noise.”
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FIG. 4. (a) Free-running and (b) locked monolithic cavity VECSEL heterodyne beat
note measurement (averaging time of 2 s) against a locked, air-spaced VECSEL at
689nm with an estimated linewidth of 200 Hz (via the residual error signal mea-
sured for a sampling time of 40 s). (c) Heterodyne beat-note full-width at half-
maximum vs averaging time. (d) Allan deviation derived from the heterodyne beat
note measurement.

In order to characterize the laser frequency stability and validate
the monolithic cavity VECSEL linewidth, a heterodyne beat note mea-
surement was performed against a second air-spaced VECSEL at
689 nm with an estimated linewidth of 200 Hz'' for an averaging time
of 40 s. The two lasers had emission wavelength separated by a fre-
quency difference of 300 MHz. The VECSEL beams were then com-
bined on a 50:50 splitting ratio non-polarizing beam splitter and sent
to the detection system via a polarization-maintaining fiber, with the
resulting radio frequency (RF) beat note peak signal being measured
by a fast photodetector (bandwidth 1GHz), and recorded with an
oscilloscope and an electric spectrum analyzer. The beat note peaks for
the free-running and locked VECSEL shown in Figs. 4(a) and 4(b),
respectively, have full-width at half-maximum of 720(60) and 390(50)
Hz, respectively, for an averaging time of 2 s, in good agreement with
the estimated spectral width values calculated from the FNPSD for a
sampling time of 20 s. It is also important to note that free-running
linewidths of 40Hz, as shown in Fig. 4(c) inset, are measured for
shorter averaging times between 10 and 100 ps and then broadened by
excess noise and cavity drifts for longer times, maintaining sub-
kilohertz linewidth up to time averaging of 10 s.

Finally, the Allan deviation, calculated from the heterodyne beat
note data recorded for different ranges of averaging times, was used to
measure the frequency stability of the monolithic cavity VECSEL
against the reference-cavity-locked, air-spaced VECSEL."" While free-
running, a frequency stability of 1.05 x 10~ '? is measured for an aver-
aging time of 1s, staying < 5 x 10~ '* for longer times up to 40 s. The
locked stability is measured to be 2.11 x 10~ for averaging time of 2
and 7 s. The increase in the Allan deviation for longer averaging times
is mainly caused by drifts of the reference and air-spaced VECSEL cav-
ities, which were not compensated for in this frequency stability mea-
surement. Regardless of the frequency stability incremental due to
reference cavity drifts and environmental noise, the linewidth and fre-
quency stability performance demonstrated here presents a more sta-
ble performance than free-running air-spaced VECSEL counterparts
at the same wavelength.' """

pubs.aip.org/aip/apl

In conclusion, we have demonstrated sub-kilohertz linewidth
operation of a free-running VECSEL using a GalnP/AlGaInP-
based monolithic cavity at 689nm optically pumped by an
intensity-stabilized green diode laser. Free-running and locked
linewidth were measured to be 720 Hz (1 s) and 390 Hz (7 s), with
a sub-kilohertz free-running linewidth maintained for averaging
times up to 40 s. In addition, examination of the FNPSD at high
frequencies showed the monolithic cavity VECSEL has an ultra-
narrow intrinsic linewidth of 63.5 mHz. Finally, the frequency sta-
bility was measured in terms of Allan deviation to be 1.05 x 10~ ">
(1 s) while free-running, which is improved to 2.11 x 1072 (7 )
when active stabilization is implemented. The high-performance
and stability presented here can be further improved by reducing
the mechanical, electronic, and thermal noise still affecting the
overall laser performance, e.g., with better isolation of the prism
and increasing pump stability. Increasing the correction bandwidth
of the shear PZT in the first instance will allow for tighter fre-
quency locks, resulting in even lower intensity and frequency noise
to move further toward the VECSEL fundamental limit. This can
be achieved, for example, with further miniaturization of the
monolithic cavity geometry and mount design, thus allowing for a
higher correction bandwidth while avoiding mount mechanical
resonances; by a tighter intensity stabilization of the pump laser to
reduce injection of excess pump noise into the VECSEL cavity; and
by improving the thermal management of the VECSEL gain struc-
ture. Nevertheless, the monolithic cavity VECSEL at 689 nm pre-
sented here exceeds the target performance in terms of brightness,
intensity and frequency noise, linewidth, and frequency stability
required by high precision quantum technology applications, such
as neutral Sr optical lattice clocks.
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