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ABSTRACT

We present a GaSb-based vertical-external-cavity surface-emitting laser (VECSEL) tailored as a low-noise pump source for quantum fre-
quency conversion. The 2062.4 nm emitting VECSEL emits a single-frequency output power of 2.5W in a linear cavity with an intracavity
birefringent filter. With no additional means of wavelength stabilization, the emission wavelength drift over 15 hours was less than 7 pm after
the initial thermalization period. After locking the VECSEL to a frequency comb, the beating frequency between the laser and the comb light
was characterized. The measurement confirmed a linewidth of less than 350 kHz (FWHM), and the absolute wavelength deviation over
22 hours had a standard deviation of 103.6 kHz. Relative intensity noise (RIN) measurements showed an integrated RIN of 0.15% root mean
squared (RMS).

© 2025 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/10.1063/5.0293416

Vertical-external-cavity surface-emitting lasers (VECSELs)'
combine high output power with a circular beam profile and the
flexible, engineerable output wavelength of semiconductor gain mate-
rials. The highest output powers have been reported for GaAs-based
VECSELs emitting around 1 pm, reaching more than 100 W for mul-
timode operation” and more than 20 W for single-frequency opera-
tion.” VECSELs based on the GaSb material system emitting around
2 um have also been shown to reach up to 17 W in multimode oper-
ation,” but the highest reported single frequency output power has
been 1W.”

Recently there has been a growing demand for single frequency
sources in the 2pum wavelength range, e.g, for gravitational wave
detectors® and for quantum applications such as Rydberg-atom-based
radio frequency sensing’ or quantum frequency conversion (QFC).
Quantum frequency conversion (QFC) is a key enabling technology
for large-scale, fiber-linked quantum networks. It enables the transduc-
tion of photons emitted by quantum memories—typically in the visible
to near-infrared spectrum—into the low-loss telecom band around
1550 nm."” This process can be achieved through parametric down-
conversion via difference frequency generation in a periodically poled
lithium niobate (PPLN) waveguide, where single photons carrying

quantum information are mixed with a strong coherent laser beam in
the infrared, resulting in downconversion.

However, direct single-step conversion to 1550 nm from visible
wavelengths often requires a mixing laser with higher energy than the
target wavelength. This introduces significant conversion-induced
noise, primarily due to spontaneous parametric downconversion of
the high-energy pump laser.' "'

To mitigate this issue, recent developments in two-stage QFC
devices'*'* have demonstrated noise reduction by using a mixing laser
with only half the energy, i.e., double the wavelength. This approach
involves first converting the input photons to an intermediate wave-
length, followed by a second conversion to the target telecom wave-
length. For example, single photons emitted by tin-vacancy centers in
diamond at 619 nm can be down-converted to 1550 nm using a mixing
laser at 2062 nm in a two-step conversion scheme."”

Achieving optimal conversion efficiency in such systems requires
high pump powers, typically exceeding 1 W. Furthermore, the spectral
properties of the photons must be preserved during conversion: the
pump laser must provide a long-term stable output wavelength in
order to keep the converted photons indistinguishable as well as main-
tain a sub-MHz linewidth (it needs to be more than one order of
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magnitude narrower than the linewidth of the SnV sources in the
range of 20 MHz'®"”). In this paper, we will present a VECSEL fulfill-
ing all these requirements.

The semiconductor heterostructure used consists of 10 ternary,
compressively strained, 10 nm thick InGaSb quantum wells (QWs)
placed in a resonant-periodic gain arrangement in a 64/2 subcavity
made from lattice-matched Alj30Gag70AS002Sbgog barriers grown on
top of a DBR made of 22.5 pairs of GaSb and lattice-matched AsAsSb.
The structure is designed for a pump wavelength of 980 nm with a the-
oretical pump absorption of more than 92% in a single pass of the
active region. No pump resonance or pump DBR was used, ie,
the transmitted light not absorbed in the barriers will be absorbed in
the DBR and dissipated as heat. The number of QWs in the individual
antinodes of the optical field is determined by the absorbed pump
power in the associated barrier volume, resulting in a (1-)3-2-2-1-1(-0)
QW arrangement with one QW in the half antinode directly behind
the cap and window (10 nm barrier layer between window and the
QW), 3 QWs with a 20 nm barrier between QW in the first full anti-
node near the cap, and only 1 QW in the last full antinode near the
DBR. The structure was grown on 2" GaSb substrates in an “Epi 1040”
MBE from Veeco with a growth temperature of 530°C for the DBR
and around 415°C for the active region. The wafer was thinned to
80pm and cleaved to individual chips with an edge length of
3 x 3mm?, then liquid capillary bonded to uncoated 4 x 4 mm* SiC
intracavity heatspreaders with a thickness of 500 pm.

The used VECSEL chip was first characterized in multimode
operation with a linear resonator with a length of 30 mm and a con-
cave outcoupling mirror with —50 mm radius of curvature (ROC) and
96% reflectivity. The mode spot diameter on the chip was calculated
by the ABCD matrix method to be 255 pum. In this standard setup at
20 °C heatsink temperature and with a pump spot diameter of 720 um,
the VECSEL chip yielded a maximum output power of 4.8 W and a
slope efficiency (relative to transmitted pump power, i.e., with correc-
tion of the reflectivity of the front SiC surface) of 18.5% (Fig. 1). This
output power level is comparable to the values cited in other publica-
tions using 980 nm pumping and a SiC intracavity heatspreader.'”"”
At a heatsink temperature Tys=20°C, the central emission wave-
length shifted from 2040 nm near the laser threshold to 2085 nm at the
thermal rollover of the laser.

For single frequency operation, the chip was placed in a 51 mm
long linear resonator with a birefringent filter (3 mm thick quartz) for
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mirror with 96% reflectivity mounted on a piezo-actuator for control of
the cavity length. This resonator design results in a calculated mode spot
diameter of 430 pm on the chip without consideration of the thermal
lens forming in the SiC heatspreader and chip as an effect of the internal
heating.” Increasing the thermal lens has little to no effect down to a
focal length around 40 mm, where the mode spot diameter becomes
larger than 440 mm. This range of permissible focal lengths of the ther-
mal lens makes the resonator virtually invariant for all practically rele-
vant operating conditions.”’ To achieve single lateral mode operation,
the pump spot diameter was adjusted to the mode spot diameter within
the limits of measurement accuracy.

The emission wavelength was coarsely tuned using the birefrin-
gent filter placed in the linear cavity at Brewster’s angle. As the SiC
intracavity heatspreader acts as a Fabry-Pérot etalon, this coarse tun-
ing results in mode hops with a mode spacing of 1.6 nm. Fine tuning
of the emission wavelength can be achieved by varying the temperature
of the SiC etalon (i.e., the chip temperature) and the cavity length via
the piezoelectric transducer. The target wavelength could be achieved
with a heatsink temperature of 7 °C, resulting in the spectrum shown
in Fig. 2(a). As this temperature would lead to condensation of ambi-
ent air humidity, the laser-module had to be purged by nitrogen or dry
air. With this setup, the VECSEL emitted 2.5W of output power in
single frequency operation, which was confirmed by the Fabry-Pérot
interferometer (FPI) trace [Fig. 2(b)].

The stability of the output power and emission wavelength in this
free running state (without active wavelength stabilization, only tem-
perature stabilization of the submount, resonator, and pump laser, as
well as closed housing of the resonator with nitrogen purging) is
shown in Fig. 3, where the emission wavelength measured with a wave-
meter with 0.4 pm resolution is plotted vs time. After the initial ther-
malization period (=~1.1h), a stable operation without mode hops
(cavity mode spacing 40 pm) and a very low drift of the emission
wavelength of less than 7 pm over 14 hours of operation is reached.
The standard deviation over this time period was 1.17 pm, which is
equivalent to 82.5 MHz.

To meet the strict requirements of quantum frequency conver-
sion, the wavelength has to be stabilized to a reference. For this we
used a frequency comb from MENLO Systems with spectral lines up
to 2150 nm and 100 MHz spacing of the comb modes. The comb is ref-
erenced to an internal 10 MHz Oven Controlled Crystal Oscillator
(OXCO) with an absolute stability of 1.0 x 107?s ™" and a short-term

coarse wavelength tuning and a ROC = —150 mm, concave outcoupling stability of 1.0 x 10~ '%s™".
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In order to establish the feedback loop, we use the residual light
reflected from the intracavity birefringent filter. A small fraction of this
light was fiber-coupled (2mW in a single-mode PM fiber) and super-
imposed with the filtered comb light (1 nm bandpass filter at 2062 nm)
in the beat detection unit, resulting in a clearly resolved beat note with
a45dB SNR (100 kHz RBW). This CW beat was then compared to an
RF reference at 40 MHz and the resulting error signal is fed into a fast
PID controller, which controls the piezo-actuator changing the cavity
length of the VECSEL resonator. A phase lock with 1kHz bandwidth
was achieved, locking the beat frequency to the setpoint at 40 MHz.

Figure 4 shows the frequency spectrum of the beat note between
the VECSEL light and the light of one of the comb modes measured
with an integration time of 3.6 s, showing a full width at half maximum
(FWHM) value of 360 kHz. This value is equivalent to an upper limit
of the spectral linewidth of the VECSEL, as the beat frequency distribu-
tion is dominated by the linewidth of the VECSEL (the linewidth of
the comb is in the range of 10kHz). It should be noted that the free
running linewidth of the VECSEL is close to this value, as this setup is
designed to stabilize the center wavelength with a bandwidth of 1 kHz
but can only marginally reduce the linewidth of the laser for higher fre-
quencies. In order to establish an effective linewidth reduction, a faster
actuator would be needed.

g T T T T T T T o

% -

S ) 7pm _
£ e p— %, J
AN o]
£ ' =
[o2 =
5 3 =
T Qr J© o
& © S o
= I
- o
o @

% -

IS \ \ \ \ \ \ \ o

0 2 4 6 8 10 12 14 °
time [h]

FIG. 3. Emission wavelength (black) and output power (red) of the VECSEL mea-
sured over 15 hours with a wavemeter. No active wavelength locking was used for
this measurement, just thermal stabilization of the laser setup (submount, resonator,
and pump laser) and housing the resonator in a closed module purged with nitro-
gen. Part of the visible short time fluctuations correspond to the resolution limit of
the wavemeter of 0.4 pm.

Despite the high output power of the reported VECSEL, this
measured spectral linewidth is comparable to other reported line-
width measurements of single-frequency, GaSb-based VECSELs with-
out active stabilization: For output powers up to 960 mW, Kaspar
et al”® reported a linewidth of 220 kHz (45kHz) measured with a
heterodyne beat-note technique with a much shorter sampling time
of 0.1s (100 pis), Reed and Bedford”' reported 500kHz at 120 mW.
For much smaller output powers around 5mW, there have been
reports of GaSb VECSELs with linewidths <20kHz.** A high-power,
InGaAs-based, single-frequency VECSEL emitting at 1013nm was
reported to have a linewidth of 1.78 MHz for a sampling time of 1s
(407 kHz for 1 ms).” For lower wavelengths around 670 nm and output
powers around 40 mW, there have been reports of very low linewidths
in the kilohertz range™ or even below™* by using a monolithic cavity
made from fused silica, which eliminates or reduces many environ-
mental influences.

Figure 5 shows the deviation of the beat frequency between one
comb mode and the temperature stabilized, nitrogen-purged, and fre-
quency locked VECSEL from the setpoint of 40 MHz over a time
period of 22 hours. The measurement documents a stable, locked oper-
ation over the whole measurement time without mode hops. The stan-
dard deviation of the beat frequency in this time frame was 103.6 kHz,
which is equivalent to 1.46 fm wavelength deviation, and much lower

beat amplitude [dBm]

38 39 40 41 42
beat frequency [MHz]

FIG. 4. Frequency spectrum of the beat note between the frequency locked
VECSEL and one of the spectral lines of the comb measured with an integration
time of 3.6s. The FWHM (measured at —3 dB of the maximum) of the distribution
is 360 kHz.
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FIG. 5. Deviation of the beat frequency Af,eot between the comb and the thermally
stabilized, nitrogen-purged, and frequency locked VECSEL from the set value over
a time period of 22 hours. The standard deviation of the values is 103.6 kHz.

than the limit of 1 MHz necessary for quantum frequency conversion
(see Introduction).

The relative intensity noise (RIN) of the VECSEL at 2.5W was
measured by analyzing the signal of a photodiode with a bandwidth of
20 MHz. The resulting RIN spectrum is shown in Fig. 6. The RIN val-
ues in both cases are above —100 dBc/Hz up until frequencies around
200 Hz, dropping to a noise floor of around —110 dBc/Hz up until fre-
quencies of 100kHz. The narrow peaks visible around and above
1 MHz are caused by interference in the measurement setup and not
caused by the laser itself. The second set of curves shows the integrated
RIN plotted against the upper integration limit (the lower integration
limit of the used equipment is 9 Hz), resulting in a very similar total
value of 0.14% RMS (root mean squared) and 0.15% RMS for the
locked and free running VECSEL, respectively. The differences
between locked and free running VECSEL are, as expected, small with
only minor differences.

In the GaAs material system and for a lower output power of
800 mW, Laurain et al.”’ reported comparable or higher RIN values
in the frequency range below ~300Hz and lower RIN levels for the
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FIG. 6. Relative intensity noise (RIN) of the single frequency VECSEL at an output
power of 2.5W in free running operation (red) and locked to the frequency comb
(black). The narrow peaks around and above 1 MHz are caused by interference in
the measurement setup and are not caused by the laser itself. The right axis shows
the integrated RIN plotted against the upper integration limit (the low frequency limit
of the used equipment is 9 Hz).
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remaining frequency range. The difference can be attributed to higher
pump induced noise in our case from the used multimode, multi-chip,
fiber-coupled 980nm pump module, as the pump RIN is directly
influencing the VECSEL RIN.” Using a monolithic cavity made from
fused silica, Lee et al.”” also showed higher RIN levels for low frequencies
up to ~10 kHz and lower RIN levels above that for a free running pump
source. Lee et al. reported that the VECSEL RIN dropped 30dB in the
frequency range below 1kHz when using active pump power stabiliza-
tion, highlighting the influence of the pump induced noise. The influence
of the pump noise is also visible in Ref. 27, where high pump noise results
in VECSEL RIN levels significantly higher than those presented here.

In conclusion, we presented a GaSb-based VECSEL with a single-
frequency output power of 25W and an emission wavelength of
2062.4 nm. The unlocked laser showed an emission wavelength drift
lower than 7 pm over 15hours after the initial thermalization. When
locked to a frequency comb, the long-term deviation from the setpoint
of the beat frequency between the comb and the laser emission had a
standard deviation of 103.6 kHz, and the linewidth was measured to be
360kHz (FWHM). The integrated RIN was measured to be 0.15%
RMS in the measurement bandwidth between 9 Hz and 20 MHz.

We would like to acknowledge the German Federal Ministry of
Research, Technology and Space for funding through the project
HiFi (Grant No. 13N15925).
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