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Abstract: In this paper we reported on the optically pumped VECSELs with switchable lasing
wavelengths. The two lasing wavelengths of λ ≈ 954 nm and 1003 nm are generated at different
pumping powers from the same gain chip. The thermal rollover of output power is observed
twice, and the first rollover on the power curve indicates the switch of lasing wavelength. During
the operation of our VECSEL, the increase of pumping power changes the temperature within
the gain chip, and thus the gain spectrum is tuned to the one of two modes, which is defined by
the dips on the reflectivity spectrum. The maximum output power of each wavelength exceeds
2.2 W at -5 °C. The dual-wavelength emission at λ ≈954 nm and 1003 nm is also demonstrated,
and the output power of the dual-wavelength emission reached nearly 2 W.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Over the past years, optically pumped vertical external cavity surface-emitting lasers (VECSELs)
has been proved to be a flexible multi-wavelength emission platform with high brightness and
output power [1–3]. VECSELs can be designed for a wide range of fundamental operating
wavelengths from 670 nm to 2800 nm [4–6]. Also the external cavity design can provide an
excellent configuration for optical elements, thus the Q-switching, mode-locking and non-linear
wavelength changing can be realized [7–9]. The intrinsic advantages of the VECSEL can thus be
utilized for realizing unique operational requirements such as dual wavelength sources. High
brightness semiconductor lasers operating at two different wavelengths are of great interest in a
range of applications, including free-space wavelength-multiplexed optical communications and
intracavity nonlinear frequency mixing [10,11].
Several approaches have already been demonstrated to achieve dual-wavelength lasing until
now. The mostly used approach is to apply one external cavity with different gain chips for each
wavelength [12–14]. This solution is quite bulky, and always needs complex optics, such as the
vertical coupled-cavity. Generally, the most preferable solution is the single chip generating
dual-wavelength emission simultaneously in the same optical cavity. Morozove et al. proposed
the theoretical model for such a laser [15], and then dual-wavelength emission from an optically
pumped VECSEL was demonstrated [16]. The gain region of gain chip in such VECSEL system
is divided into two or three sections, including the long-wavelength section and short-wavelength

#405062
Journal © 2020

https://doi.org/10.1364/OE.405062
Received 18 Aug 2020; revised 19 Sep 2020; accepted 20 Sep 2020; published 14 Oct 2020

Research Article

Vol. 28, No. 22 / 26 October 2020 / Optics Express 32613

section. The optical field distribution in the gain region must be carefully designed to avoid the
optical absorption and interaction between the fields.
In this paper, we have developed optically pumped VECSEL with switchable emission
wavelengths which are separated near 50 nm. The gain region used in our gain chip is identical.
Dips on the reflectivity spectrum of our designed gain chip provide several possible emitting
wavelengths. And the well-designed photoluminescence (PL) position of gain region supports
the wavelength switch between two different wavelengths. The two emission wavelengths can be
switched by changing the pumping power. The two wavelengths can also emit simultaneously,
and the output power at dual-wavelength lasing reaches nearly 2 W. The Optical far-field intensity
distribution shows smooth circle shape.
2.

Design and fabrication

A typical “bottom emitter” VECSEL design [17] is utilized in our investigations. The active
region of ten InGaAs multi-quantum wells (MQWs) is grown on an undoped GaAs substrate,
and then a high reflectivity (R>99.9%) distributed Bragg reflector (DBR) mirror was grown
following the active region. A GaInP etch stop layer between the active region and the substrate
is used to ease the chemical substrate removal [18], and then removed by second selective etch.
The active region consisted of nine 8-nm InGaAs quantum wells, and each QW is surrounded by
12-nm GaAsP strain-compensated barriers. The GaAs layers are used as the pump-absorbing
layers. The thickness of GaAs layers was optimized such that each quantum well is positioned at
an antinode of the optical field within the gain chip. Thus, the resonant periodic gain can be
achieved [19]. The DBR stack mirror is made up of 27.5 pairs of alternating GaAs/AlAs layers.
In order to maximize the thermal management, the epitaxial side of the VECSEL wafer was
solder bonded on a chemical vapor deposition (CVD) diamond. After the removal of the GaAs
substrate, the devices are tightly fixed on a copper heat sink. The temperature of heat sink is
controlled by a thermo electric cooler (TEC), and the hot side of TEC is mechanically mounted
on the water-cooled heat sink.
Figure 1(a) shows the basic schematic of VECSEL cavity used in our experiment. An
optical mirror with a reflectivity of 96% and a radius of curvature of 80 cm was used as the
output mirror. The total length of the linear cavity is ≈70 cm. The samples were optically
pumped by a fiber coupled 808 nm laser diode with a pump spot diameter of around 200 µm.
The pump beam was focused onto the VECSEL chip at an angle of 30 ° with respect to the
surface normal. Figure 1(b) presents the refractive index and optical field distributions of our
wavelength-switchable VECSEL. The periodic antinode of optical standing wave is designed
exactly at the position of QWs. And this arrangement avoids spatial hole burning effects and
leads to a wideband gain enhancement around the design wavelength Semiconductor disk lasers
for the generation of visible and ultraviolet radiation [20].
For optimum performance, the gain spectrum of active region should be designed corresponding
to the dip on the reflectivity band [21]. The presence of such a dip provides a wavelength selective
enhancement of the gain chip. However, the gain peak of QWs shifts nearly 5 times faster than the
reflectivity band of VECSEL. Thus, the gain offset is considered in our design, as shown in Fig. 2.
And this gain offset can compensate the thermal detuning at higher temperatures and powers
at the expense of a slight increase in threshold power. In Fig. 2, the reflectivity spectrum at 0
°C shows that the mirror stop-band is 65 nm-broad, and the resonance marked by a reflectivity
dip (dip 2) is at 978 nm. A detuning between QW gain peak and microcavity resonance reaches
nearly 25 nm at 0 °C. And the reflectivity dip near the center of stop band can hardly receive
any effective gain at 0 °C. But another reflectivity dip near the stop band (dip 1) can match the
gain peak well. As the temperature of VECSEL is increased, the gain peak shifts quickly toward
the reflectivity dip near the center of stop band. Thus, the gain spectrum can support another
resonant wavelength at higher temperatures.
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Fig. 1. (a) The schematic of 980-nm VECSEL device. (b) The simulated standing-wave
distribution of VECSEL structure.

Fig. 2. Gain spectra (red dashed line) of QWs at 0 °C and 60 °C when the carrier density
within QWs is 5×10 18 cm−3 , and the reflectivity spectrum (blue solid line) of gain chip.

3.

Result

The designed gain chip structure was grown on the Si-doped GaAs substrate by Aixtron 200/4
MOVPE system. Side view sketch of a typical VECSEL gain chip by scanning electron
microscope image (SEM) are shown in Fig. 3(a). DBR layers with high thickness uniformity are
achieved. The thickness of repeated layers in the stack mirror is nearly the same as the others,
thus we can get the proper constructive interference between all the layers. The active region is
right next to the DBR layers. The GaInP etch stop layer can be clearly distinguished by its light
color in Fig. 3(a), as the electron and hole mobility of GaInP material are rather low than that of
AlGaAs materials.
A 3 × 3 mm2 piece of the wafer was soldered on a 300 µm thick CVD diamond. After the
substrate removal, the sample is mounted on a copper holder. The measured reflectivity spectrum
at 0 °C is shown in Fig. 3(b). The dip in reflectance clearly indicate the wavelength of FP
resonances, which is 974 nm. Dips near the reflectance stop band indicate other wavelengths
near the 930 nm. The PL spectrum unmodified by the microcavity is taken from the edge of
gain chip and shown in Fig. 3(b). The PL peak is blue shifted about 25 nm with respect to
the FP wavelength. Thus, the PL spectrum already matches the dips near the stop band at this
temperature.
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Fig. 3. (a) SEM image of gain chip with active region and stacked DBR mirror, the bright
layer indicates GaInP etch stop layer. (b) The reflectance R and PL spectra for the gain chip
at 0 °C. The PL spectrum is taken from the edge of gain chip.

The PL spectra measured from the surface and edge of gain chip are shown in Fig. 4. The
PL spectrum from the surface is obviously modified by the microcavity, and peaks on this PL
spectrum corresponds to the dips on the reflectance spectrum in Fig. 3(b). The two main peaks on
the PL spectrum from the surface indicate emission at wavelengths near the 940 nm and 980 nm,
respectively. The waveform near the 940 nm seems much wider than that near the 980 nm, and
many peaks near the 940 nm appears. The much stronger emission intensity of 940 nm than that
of 980 nm indicates the priority of emission at the wavelength of 940 nm. The peak on the PL
spectrum from the edge of gain chip is also affected by the FP resonance. Two peaks appear
on the PL spectrum, and this represents the identical parameters of periodic QWs in the active
region and the FP resonance spectrum.

Fig. 4. PL spectra from the edge and surface of gain chip under the 808 nm-pumping power
of 3 W.

Figure 5(a) shows the output power obtained from our device. The power curve shows two
ranges of linear dependency on the pumping power. The first linear region has the threshold
pumping power of 3 W. The thermal rollover would appear on the output power curve after a
linearly increase with the pumping power. But the output power would increase again after the
first rollover as the pumping power is further increased. The pumping power corresponding to the
start point of the second linear range is called the second threshold power. The threshold power
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at the first range of power curve doesn’t differ too much at different operating temperatures, but
the second threshold power differs with each other. As the operating temperature is decreased
from 5 °C to -5 °C, the second threshold power is increased from 12 W to 17 W. And this means
that the second range of power curve is related to the internal heat accumulation of gain chip.
The rollover would also appear on the second range of power curve, especially for the sample
operating at 5 °C. The thermal rollover power on the first linear curve can be improved from 1.2
W to 2.2 W if the operating temperature is decreased from 5 °C to -5 °C in Fig. 5(a). And the
corresponding pump efficiency of the first linear curve can be improved from 0.1 to 0.15. At
higher temperature of 5 °C, the second linear curve starts to rollover before reaches the maximum
output power of 2.5 W. The maximum output power can reach nearly 3W when the temperature
of heat sink is controlled at 0 °C and -5 °C.

Fig. 5. (a) Light output power against pump power at different heat-sink temperatures when
the temperature of heat sink was controlled at −5 °C, 0 °C and 5°C. (b) the lasing wavelength
changing with pump powers at −5 °C.

Figure 5(b) depicts the lasing spectra changing with pumping powers at -5 °C. Two different
wavelengths of λ ≈950 nm and 1000 nm can be emitted from a single VECSEL device at different
pumping powers. Near 50 nm-wavelength-jump can be observed when the pumping power is
increased from 15 W to 18 W. And the most important is that the dual-wavelength can also
be emitted simultaneously when the pumping power is around 17 W-18 W, corresponding to
the pumping powers of rollover region at the first range of power curve, as shown in Fig. 5(a).
The internal self-heating effect caused by the increased pumping power changes the emitting
wavelength of our VECSEL device. As shown in Fig. 3(b), the large gain offset of nearly 25 nm
is used in our VECSEL structure. And the wavelength of 940 nm is firstly emitted at lower
pumping power, which can also be seen in Fig. 4. The temperature within the gain chip increases
rapidly with increased pumping power due to the self-heating effect [22]. The gain spectrum is
red shifted at higher pumping power, due to the increased temperature. Thus, the gain spectrum
would deviate from 940 nm and move toward 1000 nm, then the rollover of 940 nm-emission is
observed on the output power curve in Fig. 5(a). As the pumping power is further increased, the
gain spectrum would be shifted to match the microcavity resonance wavelength of 1000 nm. And
the wavelength switch from 940 nm to 1000 nm is realized at last.
The far-fields of VECSEL device pumped at 11 W and 20 W are measured and illustrated in
Fig. 6, and the emitting wavelength is 950 nm and 1000 nm at these pumping powers, respectively.
Both the two far fields show Gaussian cross-sections in both dimensions. The divergence angles
of full width at half maximum (FWHM) are 8.16 ° and 8.12 ° at two orthogonal directions in
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Fig. 6(a), and 8.08 ° and 7.84 ° in Fig. 6(b). Although the emitting wavelength changes with the
increasing pumping power, the output far field is still unchanged.

Fig. 6. Emission far-fields of VECSEL device under the pumping power of 11 W (a) and
20 W (b), measured at heat-sink temperature of -5 °C, inserted is the output beam profile
captured by a CCD camera.

The beam quality M2 of the VECSEL device is measured by a commercial beam propagation
analyzer M2MS-BP209. Figure 7 shows the beam quality M2 of the VECSEL device under
various pump powers from 7 W to 23 W at -5 °C. The M2 is slightly better at the pump power
below 17 W. When the pumping power is increased from 17 W to 18 W, the value of M2 is higher
than 2. This is because the competition between λ ≈950 nm and 1000 nm emitting modes results
in the poor beam quality M2 . The value of M2 drops below 2 with the further increase of pump
power. The measured value of M2 is 1.74 at pump power of 20 W, as shown in the inset of Fig. 7.
As the pump power continues to increase, the M2 curve shows the fluctuation, which may be
resulted from the competition of high-order modes. Although the value of M2 for the VECSEL
is higher under the dual-wavelength operation, the VECSEL device suffers from reduced beam
quality along with power scaling on the overall trend.

Fig. 7. Beam quality M 2 factors of the VECSEL device at -5 °C. The inset is the M2
measurement at the 20 W pump power.
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Conclusion

The optically pumped VECSELs device with switchable emitting wavelengths is presented. By
the structure with large gain offset, the lasing wavelength of VECSEL can be switched between
954 nm and 1003 nm from a single gain chip. The dual-wavelength emission is also demonstrated
under specific pumping powers. The maximum output power of each wavelength exceeds 2.2
W at -5 °C. Gaussian-shape far fields in both dimensions are gained under different pumping
powers. The results we presented suggest the potential of VECSELs in WDM and generating
THz wavelengths.
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