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ARTICLE INFO ABSTRACT
Keywords: We present an optically pumped vertical external-cavity surface-emitting laser (VECSEL) that can
Vertical external-cavity surface-emitting laser emit two switchable wavelengths from a single chip, with a wavelength separation of more than

Quantum wells

Dual wavelength
Switchable wavelengths
InGaAs

40 nm. Quantum wells with two gain wavelengths are used in the active region of the gain chip.
The Fabry-Perot dips in the reflectivity spectra of the VECSEL are designed to support two
wavelengths. The VECSEL can simultaneously emit wavelengths of 955 and 997 nm at the pump
power of 15.4-16 W; the maximum dual-wavelength output power is ~250 mW. The emitting
wavelength can be switched between 950 and 1004 nm as the pumping power is changed. The
output power exceeds 280 and 500 mW at 955 and 1004 nm, respectively, mainly because of the
internal self-heating generated by the optical pumping process, which can quickly change the
temperature of the gain chip and cause redshift of the gain peak. The temperature rise of the gain
chip can change the offset between the gain peak and cavity mode, thereby changing the output
wavelength.

1. Introduction

Vertical external-cavity surface-emitting lasers (VECSELs) can provide high power outputs with excellent beam quality in a simple
and compact setup [1-3]. The unique external cavity structure of a VECSEL, coupled with a mature semiconductor band engineering
design, can cover a wide range of wavelengths, from visible to near-infrared light [4,5]. Further, UV output can be achieved by
inserting a nonlinear crystal into the external cavity of a VECSEL for frequency doubling [6]. By placing two different quantum wells
(QWs) in the gain region of the VECSEL, a dual-wavelength output can be obtained from a single chip [7]. A VECSEL can emit two
wavelengths from a single chip and can effectively extend the output wavelength to the terahertz frequency band through difference
frequency generation [8]. Terahertz waves offer many advantages, such as low photon energy, high resolution, and strong trans-
mission ability, which can be utilized in astronomy, life sciences, and information technology [9-12]. Recently, terahertz radiation
based on difference frequency generation has been widely reported. By inserting various optical devices in the resonant cavity and
adding an external modulation, the dual-wavelength vector laser can achieve fine adjustable control between dual wavelengths [13].
Although this VECSEL could achieve tunable terahertz emission, the optical device is very complex. A T-shaped cavity composed of two
gain chips can also realize terahertz emission through differential frequency [14]; however, it requires two separate pump light
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Fig. 1. Schematic of the developed VECSEL and its components. Inset: magnified view of the gain-chip structure.
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Fig. 3. Reflectivity spectrum of the gain chip after removing the substrate (blue solid line), and the photoluminescence (PL) spectra at the edge (red
solid line) and surface (black dashed line) of the gain chip. The heat sink temperature is controlled at —5 °C.

sources, and the efficiency is low. Terahertz output with very low conversion efficiency can be realized by using the etalon to realize
dual wavelength in the resonant cavity and inserting a difference frequency crystal [15]. Dual wavelength emission can be realized
using a multi folded cavity as well, which has the potential to generate waves in the terahertz band [16].

The key requirement for realizing terahertz waves is an efficient radiation source. Different setups are used to realize multi-
wavelength emission separately to generate terahertz waves through difference frequency generation [17-19]. The generation of
two or more wavelengths from different gain chips in a coaxial cavity has also been demonstrated recently [20,21]. However, a
two-wavelength emission from a single chip is considered to be a more effective terahertz source.

Therefore, in this study, a VECSEL capable of emitting two switchable wavelengths from a single gain chip was developed. Through
the simulation of the InGaAs QW thickness and Indium composition, two QWs with different emission wavelengths were selected and
placed at the belly of the corresponding standing wave. The optical cavity of the gain chip was designed to match the two wavelengths.
The separation between the two wavelengths could reach 40 nm. By increasing the pumping power, the emitted wavelength from the
VECSEL could be switched from 955 nm to 997 nm. The two wavelengths could also be emitted simultaneously, with the corresponding
output power under dual-wavelength lasing reaching nearly 250 mW.

2. Experimental details

Fig. 1 shows the experimental configuration used in the study, which is a linear cavity design. The gain chip comprises an etch-stop
layer, AlGaAs window layer, active region, and high reflection distribution Bragg reflector (DBR) (Fig. 1). The gain chip is welded to
the gold-plated diamond heat sink and then installed on the copper radiator cooled by a thermoelectric cooler (TEC). Closed-cycle
water cooling is used to dissipate the excess heat from the TEC. The temperature of the cooling water is set at 15 °C. An 808 nm
fiber-coupled diode laser is used as the pump source, and the beam is focused on the chip surface through two convex lenses, as shown
in Fig. 1. The angle between the pump system and gain chip is nearly 45°. The pump spot size of the pump system on the surface of the
gain chip is ~400 um. Based on stability calculations of the linear cavity, the spot size of the output coupler feedback to the gain chip is
matched with the pump plate, and stable straight cavity output can be achieved [22]. The spot size of the pump light and the distance
between the output coupling mirror and the gain chip can be varied to obtain the best output. In the linear cavity of the laser, a concave
mirror with a curvature radius of — 75 mm is used. The transmission rate of the mirror is 3%.

The gain chip is grown on GaAs (100) substrates using an Aixtron 200/4 metal organic chemical vapor deposition system. A typical
“bottom-emitter” structure was utilized in this study [23]. The active region is grown on top of an GaInP etch-stop layer and a
30-nm-thick AlGaAs window layer. The AlGaAs window layer can prevent the surface accumulation effect of photogenerated carriers.
Two sets of compressively strained InGaAs QWs are used in the gain chip, and the gain peaks of the QWs are designed for two different
wavelengths, 930 and 980 nm. Fig. 2(a) shows the calculated In content and the corresponding thickness of the InGaAs QWs at
different gain-peak wavelengths. Both the In content and QW thickness should be adjusted to maintain the gain-peak wavelength. For a
fixed In content, increasing the QW width can redshift the gain-peak wavelength due to the reduced energy-band splitting of the QWs
[24]. However, if the width of the quantum well is very high, the separation of the first and the second energy levels will be insufficient,
and the gain peak will decrease in height [25]. Excessive In content in the quantum well would lead to an increase in material strain
and affect the growth quality of the material. To realize a more accurate wavelength and better material growth quality, the width of
the quantum well is selected as 6 nm, and gain peaks at 930 and 980 nm are achieved for the 14.5% and 22% components,
respectively.

A GaAs layer exists on both sides of the InGaAs QWs as an optical absorption layer to absorb the pump light, and a GaAsP strain
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Fig. 4. PL spectra from the surface of the gain chip under different pump powers. The heat sink temperature is controlled at —5 °C.

compensation layer exists on the GaAs layer to compensate for material strain [26]. The optical cavity of the gain chip is specially
designed to support two lasing wavelengths of 950 nm and 1000 nm [27]. Moreover, the QWs are placed in the antinodes of a
standing-wave pattern to achieve effective coupling between the photo-generated carriers and photons, as shown in Fig. 2(b) [28]. To
avoid optical absorption at 930 nm, the InGaAs QWs with a gain peak at 980 nm are placed in the nodes of the 930 nm standing-wave
pattern; additionally, the GaAsP layer acts as a barrier to prevent the carrier diffusion generated by the pump [29]. The DBR is grown
on the active region, and pairs of GaAs/AlAs layers are used to improve the heat dissipation of DBR.

After the wafers are grown, they are cut into 3 x 3 mm? chips and soldered onto diamond heat-spreaders. Next, the 300 ym GaAs
substrate must be removed. First, mechanical thinning is used to remove ~200 um of the substrate. The remaining substrate thickness
is removed via selective chemical etching. A solution of aqueous ammonia and hydrogen peroxide in the ratio of 1:20 is used as a
corrosive. A GalnP corrosion barrier layer on the surface of the gain chip ensures that the gain-chip structure is not damaged when the
substrate is removed. An anti-reflective coating is then deposited on the gain chip to improve its emitting efficiency. The heat-spreaders
are subsequently mounted on the heat sink with the TEC for cooling.

3. Results

The reflectivity spectrum of the gain chip after removal of the substrate is shown in Fig. 3. Two dips, located at 948 and 997 nm, can
be observed in the reflectivity band, which represent the resonance wavelengths of the Fabry—Perot (FP) cavity [30]. The FP dip at
948 nm is deeper than that at 997 nm. Thus, the optical phase match within the gain chip at 948 nm is considerably better. The
maximum value in the reflectivity spectrum reaches nearly 100%, which indicates the high reflectivity of the DBR structure.

By pumping the gain chip at a low power level, the photoluminescence (PL) spectrum of the gain chip is recorded at the front and
edge of the gain chip; the results are shown in Fig. 3. Two PL peaks, at 945 and 992 nm, can be observed in the PL spectrum recorded on
the plane of the gain chip. This is consistent with the FP dips in the reflectivity spectrum. This can be attributed mainly to the fact that
the output PL spectrum from the gain-chip surface is modulated by the FP cavity formed by the active region and DBR structure. The PL
intensity at 945 nm is considerably higher than that at 992 nm. This results in a higher output efficiency near 945 nm at a lower pump
power.

The PL spectrum in the edge direction is also shown in Fig. 3. This spectrum provides information on the emission of the QWs,
which is unmodified by the FP cavity. Two major peaks with nearly the same intensity are observed. The peak wavelengths, originating
from the two sets of QWs, are located at 928 and 975 nm. The full-width-at-half-maximum (FWHM) of the PL spectrum with the longer
peak wavelength is considerably wider than that of the spectrum with shorter wavelength. The wider FWHM of the wider-well (lower
energy and longer-wavelength) PL is primarily because of the lesser degree of quantum confinement of the carrier, as opposed to the
narrower well. The PL spectra with lower energy indicates optical transition from the light-hole to the first conduction band. For QWs
with longer peak wavelengths, the pump light exhibits a strong well pumping effect. In-well pumping can transport more carriers to the
subbands in the valence and conduction bands. Thus, the FWHM of the PL spectrum can be increased by combining the PL generated
from different energy levels.



Z. Zhuo et al.

T T T T
so0 | (2) o
—~ --4--5°C :;»_»
= 400 -%--0°C }/_\
o)
B 300 4
=
=
=200} _
=]
=)
-
Q| i
0ha A==l |
0 5 10 15 20
Pump power (W)
T T T T T T
19 _(b)V (—@— First thermal rollover - 1025
\‘\ [—V¥— Second threshold
18 - N @ Wavelength at first thermal rollover
§ N V- Wavelength at second threshold
17 (N V.
~ v *\:\" V-\r\'" A A A SRR A A v {1000
S L N N
o 16 o\‘ .
3 AN
e 15k N ~
= N ~.
o. .
o 4F ~o TS 975
E ~ .. \'W
= 13 - > ~ \‘\
& . .
............ @ e @ene s N - e N
] ¢ LN * loso
\.
~
11 ‘\.
10 L L 1 1 1 1
-15 -10 -5 0 5 10

©

Intensity

TEC controlled temperature (°C)

997.3nm
N

996.6nm
g ‘
'

954.7nm —, ! | ‘

,— 956.2nm ‘ \

,1004.4nm
(

Poump=23.1 W

/ [ 996.3nm

g

Fpump

Ppump=15.4 W

920

940 960 980 1000 1020
‘Wavelength (nm)

Poump=58 W

Wavelength (nm)

/ Ppump=17.1 W
w

Optik 264 (2022) 169409

Fig. 5. (a) Variation in output power with pump power at heat-sink temperatures of -5, 0, and 5 °C. (b) Variation in first rollover power and second
threshold power with the heat-sink temperature, and the corresponding emitted wavelengths. (¢) Variation in lasing wavelength with pump power

at —5°C.
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Fig. 6. One-dimensional far-field patterns of the VECSEL measured under pump powers of (a) 8.3 W and (b) 14.3 W. The heat sink temperature is
controlled at —5 °C. Inset: Beam profiles from the VECSEL.

The PL spectra at the front of the gain chip, at different pump powers, were measured with the TEC controlled at — 5 °C; the results
are shown in Fig. 4. Two PL peaks can be observed at 945 and 992 nm (Fig. 3). As the pump power increases, the temperature of the
active region rises. Thus, the PL peaks redshift slightly. The intensity of the two PL peaks also increases with the pump power. The peak
at 945 nm is much more intense than that at 992 nm when the pump power is lower than 14.3 W. As the pump power is increased, the
intensity of the peak at 992 nm exceeds that of the peak at 945 nm. This phenomenon is caused mainly by the rapid redshift of the gain
spectra of the QWs. The temperature redshift coefficient of the gain spectra is nearly three times that of the cavity mode [31]; therefore,
as the pump power increases, the PL peak from the surface of the gain chip shifts to the second FP cavity mode.

Fig. 5(a) shows the output power of the output coupling mirror, with a transmission rate of 3%, as a function of the power of pump
source, for radiator temperatures of — 5, 0, and 5 °C. The gain chip pump light absorption efficiency is ~75%. Fig. 1 shows the
experimental configuration used. The two ranges over which the output power is linearly dependent on the pump power can be
observed. The power rollover between the two ranges can also be observed from the power curve. A wavelength difference of nearly
50 nm between the emitted wavelengths appears at different heat-sink temperatures, as shown in Fig. 5(b) and 5(c). As shown in Fig. 5
(b), the pump power, at both the first thermal rollover point and the second threshold (concave point of power curve), decreases as the
operating temperature is increased. The first thermal rollover point refers to the first inflection point in the power curve. With the
increase in pump power, the first wavelength redshift is higher and the cavity mode is gradually detuned, consequently increasing the
temperature in the active region and decreasing the output power. The second threshold indicates the threshold of the second
wavelength. With the second wavelength redshift matching the cavity mode, the carrier deposited in the active region decreases and
the output power increases with the second wavelength lasing. Thus, thermal effect is the main reason for the change in wavelength.



Z. Zhuo et al. Optik 264 (2022) 169409

This corresponds to the change in PL with pump power, as depicted in Fig. 4. However, the separation of the two emitted wavelengths,
at different temperatures, remains almost unchanged.

The lasing wavelengths under different pump powers at the heat-sink temperature of — 5 °C are shown in Fig. 5(c). Different lasing
wavelengths can be observed near the power rollover. The first power curve at a lower pump power corresponds to the emission at
~955 nm. In this emission state, the maximum output power is ~280 mW at — 5 °C, as shown in Fig. 5(a). The pump power continues
to increase, resulting in thermal inversion of the emission at the first wavelength; moreover, a second threshold appears, leading to the
emission at the second wavelength, which is ~997 nm. The maximum output power at this wavelength exceeds 500 mW. With further
increase in the pump power, the emission wavelength can reach 1004.4 nm. The second wavelength appears at the pump power of
15.4 W. With increasing pump power, the temperature of the active region increases. The wavelength drift with temperature leads to a
more accurate cavity mode matching of the second wavelength compared with that of the first wavelength. Thus, the output of the
second wavelength will increase and that of the first wavelength will decrease; when the pump power exceeds 16 W, the first
wavelength disappears. Therefore, dual-wavelength emission for pump powers of 15.4-16 W is possible. The output power under dual-
wavelength emission can reach nearly 250 mW for a pumping power of 16 W. Moreover, the relative intensity between the two
emission wavelengths can be controlled effectively by varying the pump power.

The far-field pattern of the developed VECSEL is shown in Fig. 6 at an operating temperature of — 5 °C. Fig. 6(a) shows the far-field
pattern under a pumping power of 8.3 W. The emission wavelength is 955 nm, and the divergence angles of the FWHM along the two
orthogonal directions, at this wavelength, are 6.93° and 6.48°. The far-field pattern under a pumping power of 14.3 W is shown in
Fig. 6(b). Dual-wavelength lasing can be observed under this pumping power, as shown in Fig. 5(b). The far-field patterns also show a
two-dimensional Gaussian cross-section. The divergence angles are 7.72° and 7.16°.

4. Conclusions

With a specially designed gain chip consisting of QWs with two different gain wavelengths, we fabricated a high-power VECSEL
with switchable emitting wavelengths. The gain-chip structure with two cavity modes enables effective switching of the lasing
wavelength between 955 and 997 nm. This VECSEL with a dual-wavelength output in the same cavity on the same chip can generate
output in the terahertz band through nonlinear crystal differential frequency. Its unique compact cavity and high power output are
obvious advantages in the generation of the terahertz band. Output powers of VECSEL exceeding 280 and 500 mW were achieved at
emission wavelengths of 955 and 1004 nm, respectively. Moreover, dual-wavelength emission with an output power of more than
250 mW was demonstrated under specific pumping powers. These results highlight the potential of VECSELs for wavelength-switching
and difference frequency terahertz-wave generation.
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