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Abstract—In this study, nanosecond-pulse lasing was achieved
using a vertical-external-cavity surface-emitting laser (VECSEL)
with only a single gain chip. A simple linear-cavity setup was used
for the VECSEL, and pulsed lasing with a pulse width of∼9 ns and
a repetition frequency of∼54 MHz was achieved. Dual-wavelength
lasing at 974 and 978 nm was observed. The average output
power during pulsed operation exceeded 100 mW. As the pumping
power was increased, the laser output power could be switched off.
However, stable dual-wavelength emission was maintained. The
maximum output power under dual-wavelength operation could
reach 455 mW.

Index Terms—Pulsed lasing, nanosecond, dual-wavelength,
vertical-external-cavity surface-emitting laser.

I. INTRODUCTION

V ERTICAL-external-cavity surface-emitting lasers (VEC-
SELs) are compact and versatile laser sources that can

offer a high output power, flexible emission wavelength, and
diffraction-limited beam quality [1]–[5]. Since the first VEC-
SEL was demonstrated in 1997 [6], this technology has been
widely used in the sodium guide star, environment monitoring,
laser displays, and medical applications [7]–[10]. Owing to the
intrinsic advantages of the external cavity design, VECSEL can
be utilized to generate dual wavelength operation by introducing
a Fabry–Perot etalon in the cavity [11]–[13]. Although most
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studies have focused on continuous-wave operations, VEC-
SELs with pulsed operation have been widely reported recently
because of their design flexibility and excellent beam quality
[14], [15].

Semiconductor saturable absorber mirrors (SESAMs) are al-
ways employed to realize pulsed operation of a VECSEL [16],
[17]. As the operation of SESAM requires a rather high pumping
power density, the beam propagation path within VECSEL
should be carefully designed and adjusted [18], [19], and the
stability of the entire system should be appropriately main-
tained. Thus, gain chips with an integrated SESAM structure
have been proposed to fulfill the aforementioned requirements.
Rudin et al. presented a mode-locked integrated external-cavity
surface-emitting laser structure [20], which consists of a gain
region and a saturable absorber combined into one semiconduc-
tor structure. Thus, mode-locking can be achieved in a simple
linear cavity. Moreover, two distributed Bragg reflector (DBR)
mirror were used in the aforementioned structure to realize
optical oscillation of different wavelengths. Recently, Sylvain
et al. demonstrated the saturable absorbing effect of a single
InGaAs quantum well (QW) [21]. As the gain chip was pumped
by a mode-locked Ti:sapphire laser, it generated pulsed lasing.
In fact, pulsed operation of the gain chip can be realized even
without an internal DBR mirror between the gain region and
the SESAM. Mahmoud et al. reported a SESAM-free VECSEL
structure that can generate a stable pulsed signal [22]; this
structure is also called the self-mode-locked VECSEL. The
Kerr lensing effect inside the VECSEL chip is speculated to
be the main reason for the generation of the pulse signal. These
methods for pulsed lasing increase the complexity of the optical
path and the instability of operation.

Herein, we propose a new method to realize pulsed lasing
using a VECSEL with a single gain chip. Two groups of QWs
with different band gaps were combined in the active region
and were placed next to each other. A pulsed laser beam was
generated by the optical absorption and modulation effects of
the QWs with narrower band gaps. Dual-wavelength operation
was also realized at high pumping powers.

II. DESIGN AND FABRICATION

A scanning electron microscopy image of the active region of
the VECSEL is shown in Fig. 1(a). The active region consisted
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Fig. 1. (a) Scanning electron microscopy image of partial gain chip, whose
gain region is composed of two groups of quantum wells with different thick-
nesses. (b) Energy-band diagrams of active regions in the gain chip.

of two groups of InGaAs QWs. Three 6 nm InGaAs QWs
constituted Group 1, and two 7 nm InGaAs QWs constituted
Group 2. The In contents of these five QWs were identical.
GaAsP barrier layers were used near the QWs to partially
compensate for the strain from the QWs. Thus, the emission
wavelengths of these two QW groups were slightly different,
i.e., ∼975 nm for Group 1 and ∼978 nm for Group 2. Three
GaAs absorption layers were inserted near the GaAsP barriers
of Group 1, as shown in Fig. 1(b). Al0.22Ga0.78As separating
layers were inserted near the GaAsP barriers of Group 2, forming
a typical quantum-well-pumped structure. The energy bands of
the layers in the active region and the stand-wave distribution are
schematically shown in Fig. 1(b). The QWs were placed at the
antinodes of the standing wave. The strong optical absorption of
the 808 nm pumping laser appeared first in the GaAs absorption
layers; thereafter, the QWs of Group 1 facilitated the operation
of the VECSEL. As the energy band of the QWs in Group 2
was narrower than that of the Group 1 QWs, the output power
of the VECSEL could be modulated by the QWs in Group
2. As the power of the pumping laser was increased, strong
in-well pumping was observed for the QWs in Group 2. Thus,
dual-wavelength lasing from the QWs in Groups 1 and 2 was
observed.

The “bottom emitter” VECSEL structure [23] was utilized in
our investigation. The layer structures were grown on a GaAs

Fig. 2. Schematic of the VECSEL setup.

(001) substrate using a metal organic chemical vapor deposition
(MOCVD) AIXTRON 200/4 system. A GaInP etch stop layer
was first grown on the substrate. Then, the active region and
DBR structure were grown. The DBR structure consisted of 32
pairs of Al0.12Ga0.88As/AlAs layers. The center wavelength of
the reflectivity spectrum of the DBR was set to 975 nm. After the
growth of the epitaxy structure using MOCVD, the wafer was cut
into a 3 mm square piece. To maximize thermal management, the
epitaxial side was soldered onto a Cu mount. The substrate was
removed using selective etching. Then, the etching stop layer
was removed, and an anti-reflective mirror was deposited on the
gain chip. The other side of the Cu mount was in contact with
a copper heat sink, which was cooled using a thermal electric
cooler (TEC). The temperature of the heat sink was maintained
at 0 °C.

Fig. 2 illustrates the VECSEL laser setup. A linear laser cavity
with a single output mirror was used. The total length of the
linear cavity was approximately 70 cm. An external mirror with
a radius of curvature of 75 mm was used, and its reflectivity was
97% at a wavelength near 975 nm. The gain chip was optically
pumped (OP) by an 808 nm fiber-coupled diode laser, and the
laser beam was incident on the gain chip at an angle of ∼30°.
The pumping laser was coupled with a collimating and focusing
system; thus, the beam diameter on the gain chip could be varied
to improve the performance of the VECSEL.

III. RESULTS AND DISCUSSION

The substrate was removed, and the reflectivity spectrum of
the gain chip at 0 °C was measured, as shown in Fig. 3. A flat
reflectivity band with a bandwidth of approximately 60 nm was
observed. No dips were present in the reflectance, because the
noncoherent optical phase was designed to suppress the wave-
length selection. Thus, the output wavelength of our VECSEL
mainly depends on the position of the gain peak of the QWs.

The photoluminescence (PL) spectra at different pumping
powers are shown in Fig. 3 as well. To minimize the influence of
the optical reflection of the bottom DBR, the PL spectrum was
measured from the edge of the gain chip. Peaks were observed
in the PL spectrum. The PL peak at ∼975 nm corresponds
to a pumping power of 2.5 W, which indicates the emission
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Fig. 3. Measured reflectivity spectrum and photoluminescence spectra of the
gain chip under different pumping powers.

Fig. 4. Output power versus pump power for continuous-wave and pulsed
operation.

wavelength of the QWs within the active region. The emission
profile becomes broad at higher pumping powers because the
QWs in Group 2 get sufficient energy when the pumping power
exceeds 3.1 W. Although two groups of QWs were present within
the active region, only one peak at ∼975 nm was observed. The
main reason for this could be the negligible difference (<5 nm)
between the emission peaks of the two QW groups. The PL
intensity at the peak near 975 nm increased more rapidly than
that at the other peaks when the pumping power was increased.
This illustrates the efficient absorption in the active regions on
the pumping laser.

The curve of the output power against the incident pump
power is shown in Fig. 4. The threshold pumping power was
nearly 1.8 W, and the maximum output power of 455 mW was
achieved at 0 °C. The maximum average output power during
pulsed operation reaches 104 mW. A thermal rollover occurred

Fig. 5. Emission spectrum of the VECSEL under pump powers of (a) 2.5 W,
(b) 3.5 W, and (c) 4.5 W; the beam profiles under different pumping powers are
also shown.

when the pumping power was increased further. Two kinks
on the power curve can be observed near pumping powers of
3.1 W and 4.1 W. The slope efficiencies of the VECSEL are
considerably different before and after reaching the pumping
powers corresponding to the kink points.

Fig. 5 shows the emission spectrum of the VECSEL under
different pumping powers. As the pumping power exceeds the
threshold value, a single lasing wavelength of ∼975 nm can
be observed in Fig. 5(a). Although two groups of QWs with
different emission wavelengths were present in the active region,
only the QWs in Group 1 could offer sufficient optical gain to
support laser oscillation. This is because in-well pumping of
the QWs in Group 2 requires a high pumping power [24], [25].
However, the QWs in Group 2 could absorb the emission laser
generated by the QWs in Group 1; thus, the slope efficiency of
the VECSEL under this condition was very low.

As the pump power was increased to 3.1 W, which corre-
sponds to the kink value, dual-wavelength emission was ob-
served, as shown in Fig. 5(b). The emission wavelengths under
dual-wavelength operation were ∼975 nm and ∼978 nm, which
correspond to the QWs in Groups 1 and 2, respectively. However,
the intensities of the two peaks in the spectrum change frequently
with time. The intensity of the peak value for each wavelength
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Fig. 6. Far-field distributions of the VECSEL under pumping power of 4.5 W;
the inset shows the beam profile.

could be much lower than that of the other. This is very similar
to the optical saturated absorption effect [26]–[28]. As the pump
power exceeds 3.1 W, the population inversion can be realized
in the QWs in Group 2, which absorb light emitted from QWs
in Group 1 and then emit laser. As the carrier in QWs in group
2 is exhausted, the QWs in Group 2 can absorb the light emitted
from QWs in Group 1 again. This process is repeated, which
leads to the intensities of the two peaks in the spectrum to change
frequently with time. Thus, the generation of a modulated pulse
can be expected during this process. The slope efficiency of
the VECSEL under this condition increases due to both Groups
of QWs could offer sufficient optical gain to support laser
oscillation.

As the pump power exceeded 4.1 W, stable dual-wavelength
emission was achieved. The two peak wavelengths were located
at 975 nm and 978 nm, and the intensity of the peak value for
both wavelengths was not changed with time. The lasing spectra
are shown in Fig. 5(c). The peak intensity of the spectrum at 978
nm was slightly lower than that of the spectrum at 975 nm. This is
mainly ascribed to the considerably higher carrier density in the
QWs in Group 1. As these QWs are surrounded by the absorption
layers, they can absorb enough pump light to produce enough
photo-generated carriers [29]. A high pump power ensures that
the population inversion in the QWs in Group 2 is maintained;
thus, the optical modulation of QWs in active region disappears,
and the stable dual-wavelength operation can be achieved. The
out-beam profiles under different pumping powers were also
measured and are shown in Fig. 5. A Gaussian-shaped optical
field was observed under different pumping powers. The far-
field of the VECSEL pumped at 4.5 W is shown in Fig. 6. The
divergence angles of full width at half maximum (FWHM) are
7.74° and 7.59° at two orthogonal directions, and the far fields
also show Gaussian cross-sections in both directions.

A biased Si detector was employed to observe the pulsed
operation of the VECSEL. The optical beam of the VECSEL was
directly collected using the Si detector, which was connected

Fig. 7. Pulse shape of the output laser beam from the VECSEL under pumping
powers of (a) 2.5 W, (b) 3.2 W, (c) 3.5 W, (d) 4.0 W, and (e) 4.5 W. (f) Enlarged
single pulse shapes under different pumping powers.

to an oscilloscope. The pulse shapes of the emission lasers
under different pump powers are shown in Fig. 6. The VECSEL
functioned in the continuous-wave mode under a pumping power
of 2.5 W, as shown in Fig. 7(a). Stable pulsed operation was
achieved when the pump power was increased from 3.1 W to
4.1 W, as shown in Figs. 7(b)–(d). The pulsed signal started
at a pump power of nearly 3.1 W, which corresponds to the
previously mentioned kink on the power curve in Fig. 4. Thus,
the alternately enhanced intensities of different wavelengths in
Fig. 5(b) indicate pulsed operation of the VECSEL. This pulsed
operation was enabled by the QWs in Group 2 modulating
the optical intensity generated by the QWs in Group 1. The
modulation amplitude decreased with increasing pump power,
as shown in Figs. 7(b)–(d), main because of the enhanced in-well
pumping of the QWs in Group 2. As the pump power was
increased, the photogeneration carriers in the QWs in Group
2 also increased. The optical absorption of the QWs in Group
2 was eliminated when the carrier density reached the value of
the transparency carrier density of the QWs [30]. Subsequently,
non-optical modulation occurred in the gain chip, and pulsed
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Fig. 8. Dual-wavelength emission spectrum of the VECSEL under different
pumping powers.

operation of the VECSEL is switched to continuous wave op-
eration, this can be observed in Fig. 7(e). Therefore, the power
slope efficiency of VECSEL decreases when pumping power
exceeds 4.1 W which is the terminal power of pulsed operation as
shown in Fig. 4. The oscilloscope traces show different baselines
because the output power of the laser increases with increasing
pump power, and the baseline represents the output power level.
In addition, the repetition rate of 54 MHz (period of nearly
18.5 ns) was almost unchanged during the pulsed operation. The
pulse characteristics is related to the relaxation time of carriers
in QWs. As the pump power has little effect on the carrier re-
laxation time, the repetition rate is almost unchanged. The QWs
in both groups could support stable optical oscillations as the
pump power was increased further. Thus, stable dual-wavelength
operation could be achieved at higher pump powers, as shown
in Fig. 5(c).

The enlarged pulse shapes under the pumping powers of 3.2,
3.5, and 4.0 W are shown in Fig. 7(f). The pulse shape appeared
to be highly smooth. A pulse width (full-width half-maximum)
of approximately 9 ns was observed. In addition, the pulse widths
increased slightly with the pumping power. This is because with
increasing pumping power, the carrier concentration increased,
which resulted in broadening of the luminescence of the QWs
in Group 2; moreover, the thermal effect of increasing the
pump power enhanced the exciton scattering [31]. However,
the intensity increased as the pumping power was increased
further. Thus, the output power of the VECSEL increased as
well. The amplitude of the pulse decreased with increasing
pumping power, which indicates that the modulation depth of
the QWs in Group 2 was reduced. The main reason for this is
that the QWs in Group 2 tended to be transparent under strong
in-well pumping at a higher pump power [18].

The emission spectra under different pumping powers over
4.1 W are shown in Fig. 8. Stable dual-wavelength emis-
sion was achieved when the pumping power exceeded 4.1 W;
moreover, the emission wavelengths with a wavelength space

of 3 nm were maintained. A slight red-shift of the emission
spectrum was also observed due to accumulation of heat in
the active region with increasing pump power. Thus, stable
dual-wavelength emission could be maintained by the gain
chip consisting of two QW groups with different energy bands.
The method to realize the VECSEL, which can achieve both
dual-wavelength and pulse operation, will be investigated in
future research. We believe that the proposed method to gen-
erate dual-wavelength emission with pulse modulation would
be highly effective in building neural network architectures for
computing [32].

IV. CONCLUSION

To summarize, we demonstrated dual-wavelength and pulsed-
operation of an OP-VECSEL comprising a single gain chip and a
simple linear cavity. Three different operating mechanisms were
observed under different pumping powers. Under pulsed opera-
tion, the VECSEL exhibited a ∼9 ns pulse width at a repetition
rate of ∼54 MHz. The output power under pulsed operation
was more than 100 mW. Stable dual-wavelength operation was
also achieved, and a maximum output power of 455 mW was
attained. The developed VECSEL with dual-wavelength and
nanosecond pulsed operation has considerable potential to be
used for creating neural network architectures.
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