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ABSTRACT

A typical self-mode-locked vertical-external-cavity surface-emitting laser must operate at the edge of the stable region of the resonant cavity.
Its minimal pump spot on the gain chip is used as a soft aperture. By comparing with a continuous-wave (CW) laser, the pulsed laser is
focused more tightly on the gain chip due to the Kerr-lens effect. This mitigates cavity loss of the pulsed laser in comparison with the CW
laser, such that successive mode-locking can be initiated. The disadvantage of the above method is that the relatively small pump spot, pro-
ducing relatively large thermal effect, limits the output power of the laser. To address this issue, we propose another method with the work
point of the laser moved slightly from the edge of the stable region and the pump spot moderately extended, with a spot of the pulsed laser
on the gain chip that could be smaller or larger than that of the CW laser. We achieve stable self-mode-locking with a record average output
power of 8.18W in a V-type resonator, limited by the applied pump power. The pulse repetition rate and width are 0.71GHz and 1.92 ps,
respectively, and the corresponding peak power is 5.6 kW.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0154291

The vertical-external-cavity surface-emitting laser (VECSEL)
combines the advantages of optically pumped solid-state and semicon-
ductor lasers,1–3 offering a broad range of emission wavelengths, excel-
lent beam quality, and high output power. Furthermore, its external
cavity facilitates the insertion of other optical components for wave-
length tuning, frequency converting, linewidth narrowing, etc.4–6

In a VECSEL, mode-locking is achieved by employing a saturable
absorber, such as the semiconductor saturable absorption mirror
(SESAM).7 In a SESAM mode-locked VECSEL, the laser beam must
be tightly focused on the SESAM to ensure that it saturates before the
gain medium, enabling build-up of the mode-locking. In this case, a
serious thermal effect is unavoidable, and the output power of the laser
is limited. To date, the highest achieved power of a SESAM mode-
locked VECSEL was 5.1W.8

Mode-locking can also be realized in a VECSEL by using the
Kerr effect in the active region of the gain chip, which is also referred
to as self-mode-locking.9,10 By comparing with the SESAM mode-
locked VECSEL, a self-mode-locked (SML) VECSEL requires no addi-
tional saturable absorber in the cavity, and the laser becomes more
compact and more cost-effective and has less limitations.

After constructing the first SML VECSEL with a 654 fs pulse
width, a 0.45W average output power and 2.17GHz repetition rate
were reported by Chen et al. in 2011.11 Kornaszewski et al. reported an
SML VECSEL with an output power of 700 mW and a pulse duration
of 1.5 ps at a 200MHz repetition rate.12 In their study, the origin of
mode-locking was first attributed to an intensity-dependent Kerr-lens
generated in the semiconductor gain medium. Later, Albrecht et al.
analytically predicted Kerr-lens mode-locking and experimentally veri-
fied it. An average output power of about 1.1W with a 500 fs pulse
width at a 1GHz repetition rate was obtained.13

Gaafar et al. provided clear evidence of mode-locking in an SML
VECSEL using nonlinear frequency conversion and long-time-span
autocorrelation measurements.14 They also demonstrated an SML
VECSEL in the fundamental and higher harmonic mode-locking15

and a quantum dot gain chip-based SML VECSEL.16 Furthermore,
self-mode-locking in an AlGaInP-based 666nm VECSEL was
achieved by Bek et al.17 and a dual-wavelength SML VECSEL was
reported by Shen et al. in 2022.18

In the above-mentioned previously reported SML VECSELs, the
laser was forced to work at the edge of the stable region of the resonant
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cavity, and a so-called soft aperture was introduced by using the pump
spot on the gain chip. In this case, the spot generated by the
continuous-wave (CW) laser on the gain chip would be significantly
larger than the pump spot. In contrast, owing to the Kerr-lens in the
active region of the gain chip, the pulsed laser could better focus on
the gain chip and suffer smaller cavity loss. In this way, mode-locking
could be initiated. However, the small spot formed by the tight focus-
ing of the pulsed laser, along with the smaller pump spot, results in
serious thermal effects and limits the output power of the laser to a
certain degree.

Here, we propose another method, where the work point of the
laser is slightly drifted away from the edge of the stable region, and the
pump spot is moderately extended. The length of each arm of the cav-
ity can be carefully selected, such that the spot of the pulsed laser on
the gain chip is smaller (or larger) than that of the CW laser.
Meanwhile, the loss (or gain) difference between the CW and pulsed
laser is designed to be a reasonable value such that the mode-locking
can be initiated. Using this method, we achieved an average output
power over 8W under stable mode-locking in a simple V-type reso-
nant cavity, and the laser has not yet experienced the thermal rollover.

The gain chip used in our experiment was epitaxially grown in
reverse sequences, as shown in Fig. 1(a): the AlGaAs etch stop layer
with high Al composition; the GaAs protective layer; the AlGaAs win-
dow layer with a high barrier, the active region, and the distributed
Bragg reflector (DBR); and the antioxidant GaAs cap layer. There are
15 InGaAs/GaAsP quantum wells in the active region, and the content
of In in the InGaAs well layer is designed to meet the target laser wave-
length of 980nm. The content of P in the GaAsP barrier layer (which
also works as the strain compensation layer) must be adequate to com-
pensate for the strain, but not excessive to absorb the pumping energy.
The DBR is composed of 30 pairs of alternate AlGaAs layers with high
Al (lower refractive index) and low Al (higher refractive index) com-
position. Its designed center wavelength and high-reflectivity band-
width are 980 and 100nm, respectively.

When the grown wafer is split to small chips of 4� 4mm dimen-
sion, the epitaxial end face is sequentially metalized with titanium-
platinum-gold, after which the chip is bonded to a copper heatsink,
and the substrate is removed using a chemical etch. The heatsink is
mounted to a thermal-electronic cooler, which is then connected with
a water-cooling system.

The V-type resonant cavity is shown in Figs. 1(a) and 1(b). The
folded flat-concave mirror M1 with a 200mm radius of curvature is
high-reflectivity coated for the 980nm wavelength, and a flat mirror
M2 with 3% transmission is used as the output coupler. The angle of
two arms of the resonant cavity L1 and L2 is approximately 12�. An
808 nm fiber-coupled semiconductor laser is collimated and focused
on the gain chip at an incident angle of about 30�. The diameter of the
pump spot on the gain chip is about 400lm.

In the below experiment, the autocorrelation trace is measured
using a Femtochrome FR-103XL autocorrelator with>4Hz repetition
rate, >175 ps scan range, and <5 fs resolution. The laser spectrum is
recorded by a HORIBA iHR320 spectrometer with a wavelength range
of 150–1500nm and a resolution of 0.006 nm. The mode-locked laser
pulses are detected using a Thorlabs DET08C high-speed detector
with a bandwidth of 6GHz and a wavelength range of 800–1700 nm
and recorded by a Tektronix MSO68B oscilloscope with a 10GHz
bandwidth and a 50 Gs/s sampling rate. A Rigol DSA800 radio fre-
quency (RF) spectrum analyzer with a 7.5GHz bandwidth and a
100Hz–1MHz resolution is employed to measure the repetition rate
of the mode-locked pulse trains. The beam quality is measured by a
Thorlabs M2MS BC106N beam quality analyzer with 350–1100 nm
wavelength range, and the output power of the laser is obtained from
an Ophir 12A-P detector and a NOVA II power meter.

As shown in Fig. 2, two different methods are employed to initi-
ate the self-mode-locking. Method 1, the work point of the laser is cho-
sen at the “A” point, which is lightly drifted away from the edge of the
stable region of the laser cavity, as shown in Fig. 2(c1). The lengths of
the two arms of the cavity are L1� 90 and L2� 96mm. The evolution
of the mode size in the cavity is plotted in Fig. 2(a1), and the corre-
sponding spot sizes of the CW and pulsed laser on the gain chip are
xCW� 222 andxML� 174lm, respectively. The focal distance of the
Kerr-lens use in the above computation is estimated by fKerr � apx4/
(8n2PpeakL).

14 Parameter a can be chosen between 4 to 6 (we use 4 in
this study), and the typical value of the nonlinear refractive index is n2
� �10�12 cm2/W. The radius of the laser spot and the thickness of
the Kerr medium are chosen to be x � 200 and L� 3.5lm (i.e., the
thickness of the active region in the gain chip), respectively. The peak
power of the pulsed laser in the resonant cavity is Ppeak¼ P/(frep�Dtp),
and the average output power, pulse repetition rate, and pulse width
are all selected to be close to their typical values (which means also

FIG. 1. Schematics of SML VECSEL (a)
and top view of experimental setup (b).
The inset in the lower right corner in (a)
depicts the epitaxial structure of the gain
chip.
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close to our experiment). These are P� 4 W (3% transmission), frep
� 600MHz, Dtp � 2 ps. Hence, the circulating peak power inside the
cavity is calculated to be Ppeak � 110 kW, and as a result, the focal
length of the Kerr-lens is about fkerr� –3000mm.

Under these conditions, the relationship between the pump spot,
CW laser, and pulsed laser spots on the gain chip is illustrated in Fig.
2(b1). For the CW laser, the pump spot works as an aperture, which
makes it suffer additional losses. For the pulsed laser, because of Kerr-
lens, under the condition of L1� 90 and L2� 96mm, the laser spot is
smaller than the pump spot, and the calculated difference of the spot
radius between the CW and pulsed laser is Dx¼xCW–xML� 48lm.
Considering that the angle between L1 and L2 is not zero (e.g., 12� in
our experiment), the tangential and sagittal focus lengths of M1 are
ft¼ f�cos h and fs¼ f/cosh, respectively. Replacing the focal length f
used in Fig. 2 with the focal lengths ft and fs, results show that the dif-
ference between the recalculated and the original Dx is about 2%.
Thus, the relatively small angle does not significantly affect the build-
up of mode-locking and the output power of mode-locked laser in this
experiment.

By using Dx � 48lm and integrating the Gaussian spot, we can
compute the additional loss experienced by the CW laser at about 3%
compared to the pulsed laser. It is this additional loss that suppresses
the CW laser, starts the mode-locking, and maintains the stable opera-
tion of the pulsed laser.

The selection of Dx follows the rules listed below. First, to
achieve good mode-matching during the mode-locked operation, thus
effectively improving the power of the mode-locked laser, the size of
the pulsed laser spot must be as close as possible to the pump spot.
Second, Dx must be large enough to make the cavity loss or gain of
the CW laser significantly higher or lower than that of the pulsed laser,
respectively, hence, to initiate the mode-locking. Third, if Dx is exces-
sively large, it will cause the laser and pump spots to deviate

significantly from the mode-matching of CW operation, making it diffi-
cult for the laser to oscillate. Therefore, Dx must assume a compromised
value. In our experiment, the maximum output power was achieved
whenDx was about 12% of the pump spot diameter (400lm).

Figure 3(a1) shows the mode-locked pulse train, and the inset
indicates the uniformity of mode-locked pulses over a microsecond
time extension. Figure 3(b1) depicts the measured repetition rate of
SML laser pulses. The RF signal strength exceeds 60 dB, and the repeti-
tion rate of 0.81GHz corresponds to the cavity length of 186mm. The
inset in the upper-right corner includes the higher-order harmonics of
the repetition rate, whose rapid attenuation is caused by the bandwidth
limitation (7.5GHz) of the RF spectrum analyzer employed in the
experiment. The output power of the SML laser is shown in Fig. 4.
When the pump power is 35W, the obtained maximum output power
is 4.86W, and the slope efficiency is 16.8%. The maximum output
power of the SML laser is limited by our pump source. To date, the
laser has not experienced thermal rollover and is still stably mode-
locked.

Method 2, the work point of the laser is chosen at the “B” point,
as shown in Fig. 2(c2). The lengths of the two arms of the cavity are
L1� 103 and L2� 105mm. The evolution of the mode size in the cav-
ity is plotted in Fig. 2(a2), and the corresponding spot sizes of the CW
and pulsed laser on the gain chip are 148 and 195lm, respectively.

The relationship between the pump, CW laser, and pulsed laser
spots is shown in Fig. 2(b2) for the laser working at the “B” point. In
this case, the lengths of L1 and L2 are carefully selected such that the
spots of the CW and pulsed laser on the gain chip are all smaller than
the pump spot. Among them, the CW laser spot is suppressed to be
the smallest one, while the spot size of the pulsed laser is pushed as
close to the pump spot as possible. When the two arms of the cavity
are L1� 103 and L2� 105mm, the radius difference between the
spots of the CW and the pulsed laser is about Dx¼xCW–xML

� –47lm. The pulsed light is estimated to obtain approximately 10%
more gain from the pump than the CW light. This larger gain enables
the pulsed laser to win in the mode competition and plays a crucial
role in the initiation of the mode-locking.

The mode-locked pulse train is presented in Fig. 3(a2), and the
inset in the upper-right corner over a microsecond indicates a consis-
tent amplitude and the absence of a modulation envelope, demonstrat-
ing stable mode-locking. Figure 3(b2) describes the repetition rate of
mode-locked pulses, and the evident peak at 0.71GHz matches the
208mm cavity length of the SML VECSEL. The inset depicts the RF
spectrum of the first seven harmonics within a 5GHz range. The
absence of other beat frequency signals indicates good stability and
continuity of mode-locking.

The autocorrelation measurement of SML pulses is shown in Fig.
3(c2). The full width at half maximum (FWHM) of the Gaussian fit is
1.93 ps. Figure 3(d2) shows the mode-locked laser spectrum with an
FWHM of 1.36 nm. The time-bandwidth product of the mode-locked
pulse is 0.819, nearly twice the value (0.441) of the Fourier-transform
limit of an ideal Gaussian pulse. This suggests that there is evident
chirp in the mode-locked pulse, which may result from the nonlinear
refractive index in the active region of the gain chip.

The output power with respect to the absorbed pump power of
the SML laser is plotted in Fig. 4. The maximum output power of
8.18W is achieved when the pump power is 35W, and the slope effi-
ciency is 25.2%. The maximum output power is limited by our pump

FIG. 2. (a1) and (a2) Calculated evolution of mode sizes of CW and pulsed lasers
in the cavity. (b1) and (b2) Relationship between the spots of the pump, CW, and
pulsed laser on the gain chip. (c1) and (c2) Work point in the stable region of the
resonant cavity of the SML VECSEL. Subscripts 1 and 2 correspond to the two
methods employed in the experiment.
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source, and the laser is stable with steady mode-locking and without
thermal rollover.

The measured beam quality factor M2 is plotted in the inset
of Fig. 4, and the values of 1.04 in the x-direction and 1.03 in the
y-direction indicate a near-diffraction-limited Gaussian beam. The
two-dimensional distribution of the light intensity is also given.

By comparing with the commonly used approach for soft-
aperture-started self-mode-locking (where the pump laser has the
smallest spot on the Kerr medium, while the pulsed laser is focused
tightly and is closer to the pump spot than the CW laser), the strategy
of expanding the pump spot employed in this article holds evident
advantages in improving the output power of an SML VECSEL. Owing
to the significant reduction of the thermal effect of the laser for both
methods described in this paper, the lasers all have not yet experienced
thermal rollover while maintaining steady mode-locking. In Fig. 4, the

maximum average output power and slope efficiency obtained using
method 2 are significantly higher than those obtained using method 1.
The reason is that the spot of the pulsed laser in method 2 is larger and
more similar to the pump spot, which is superior tomethod 1 in terms of
reducing the thermal effects and improving pump utilization. Thus,
method 2 is preferred, because the mode difference between the CW and
pulsed lasers is greater than inmethod 1, and because the resonant cavity
has stronger ability to distinguish modes, such that the laser maintains a
relatively stablemode-locking at a higher power level.

In summary, we demonstrated the power scaling of an SML
VECSEL by moderately extending the pump spot and carefully design-
ing the mode size of the CW and pulsed laser on the gain chip. Mode-
locking can be initiated by the loss difference between the CW light
with a spot larger than the pump and the pulsed laser with a spot
smaller than the pump. This mode-locking can also be initiated by the

FIG. 3. (a1) and (a2) Pulse train of SML
VECSEL. (b1) and (b2) RF spectrum of
repetition rate of the mode-locked laser
with a 10 kHz resolution bandwidth. (c)
Autocorrelation trace of SML pulses and
(d) laser spectrum centered at 976.5 nm.
Insets in (a1) and (a2) show the pulse
train in microsecond time extension, while
insets in (b1) and (b2) indicate higher-
harmonics of the repetition rate of SML
pulses.
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gain difference between the CW laser with the smallest spot and the
pulsed laser with a spot larger than the CW but smaller than the
pump. In the second method, stable self-mode-locking with a slope
efficiency of 25.2% and a record average output power of 8.18W,
which is limited by the used pump power, is achieved in a V-type reso-
nator. The pulse repetition rate is 0.71GHz, the pulse width is 1.92 ps,
and the corresponding peak power of the laser pulse is 5.6 kW.
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