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We report a widely tunable optically pumped vertical-external-cavity surface-emitting laser. The multiple quantum
wells in the active region of the gain chip are generally designed to form the resonant periodic gain structure, and
three different methods are used to tune the oscillating wavelength. The maximum wavelength coverage of 45 nm
is obtained when a 2 mm thickness birefringent filter is introduced in a straight-line cavity, while the tuning range
of 8 nm is performed by employing a 0.15 mm thickness uncoated Fabry—Perot etalon. For the first time, to the best
of our knowledge, we present an 11 nm tuning range by the use of an inserted blade as the tuning element, and the
related wavelength tuning mechanism is analyzed. © 2021 Optical Society of America
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1. INTRODUCTION

Tunable lasers have significant applications in free-space laser
communications [1], optical sensing [2], lidar, laser medical
treatment [3], environment monitoring [4], and so on. One
important direction of development of tunable lasers is to intro-
duce new technical means or novel structure design to achieve
a wider tuning range and higher-precision wavelength tuning
capability to expand the application fields of tunable lasers.

As an early developed tunable laser, tunable dye lasers have
wide spectral cover and moderate tuning range. However, the
toxic solvent in which the gain medium (i.e., some kind of
organic dye) of a dye laser must be dissolved results in trouble-
some maintenance [5]. Meanwhile, photochemical and thermal
decomposition of the gain medium make laser frequency
unstable, with poor reliability and shortlife [6].

In comparison, solid-state lasers have compact structure,
good reliability, and long life. At the same time, they can out-
put high power [7] and good beam quality and also achieve
single-frequency [8,9] and frequency-doubled [10] operation.
Unfortunately, the emission wavelength of a solid-state laser
is restricted by the doped ions in the gain medium [11], and
its wavelength tuning range is very limited (Ti:sapphire lasers
should be excluded). Furthermore, the stability of a solid-state
laser is easily affected by the pump source, because the absorp-
tion band of active ions is very narrow, and the output of the laser
is very sensitive to the shift of the pumping wavelength [12].

Thanks to the state-of-the-art semiconductor material,
tunable semiconductor lasers are developing rapidly and have
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been widely used in atomic and molecular physics (such as atom
cooling and Bose Einstein condensation), optical communi-
cation, precision laser spectroscopy, etc. It is well know that
the emission wavelength of semiconductor lasers covers a wide
range from ultraviolet to mid-infrared, which is much larger
than that of dye lasers and solid-state lasers. Compared with
tunable dye lasers and solid-state lasers, tunable semiconductor
lasers also have the unique advantages of high efficiency, long
life, and small size, and they have high integration capacity.

Technically speaking, it is difficult to obtain high power and
good beam quality at the same time from a traditional electri-
cally pumped semiconductor laser. The output power of a single
edge-emitting semiconductor laser has exceeded 10 W, but the
laser is multi-transverse mode with poor beam quality. Although
a vertical-cavity surface-emitting laser (VCSEL) can produce
ideal beam quality, its output power is limited to the magnitude
of milliwatts due to its mode requirements.

Optically pumped vertical-external-cavity surface-emitting
lasers (VECSELs), or named as semiconductor disk lasers
(SDLs), combine advantages both of semiconductor surface-
emitting lasers and solid-state disk lasers and can yield high
power and good beam quality simultaneously [13-16]. The
reported output power of a VECSEL with fundamental trans-
verse mode was more than 20 W, and the M? factor of beam
quality was about 1.1 [17]. The demonstrated maximum out-
put power of a VECSEL has exceeded 100 W [18]. Based on the
mature band engineering, the emission wavelength of VECSELs
can be designed according to application needs. In addition, the
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wavelength of VECSELs can be extended to a wide coverage
from ultraviolet to mid-infrared if the technology of nonlinear
frequency conversion is employed.

The flexible external-cavity structure and the typical gain
bandwidth of more than 100 nm make VECSELSs intrinsically
suitable for tunable operation, and much work has been done
successfully on tunable VECSELs at different wavebands and
with various tuning ranges. In the 1000 nm waveband, the
epitaxial growth of wafer is relatively well developed, and the
applications of laser are relatively broad [19]. By using a bire-
fringent filter (BRF) as the tuning element in a V-shaped cavity,
a 20 nm tuning range around a center wavelength of 980 nm
has been obtained [20], and this tuning range was extended
to 33 nm in a two-chip VECSEL [21]. Through parametri-
cally optimizing the layer structure of the gain element with
respect to a target function specifying a desired unsaturated
reflectance over a desired wavelength range, a continuously
tunable wavelength between 967 and 1010 nm, corresponding
to a tuning range of 43 nm, was reported [22]. By incorporating
semiconductor quantum dots (QDs) in the active region of a
laser, the effects of carrier confinement in all three dimensions
offered additional broad gain bandwidth, and a 60 nm tuning
range near the 1040 nm wavelength was realized [23]. Using
only high reflecting mirrors, an 80 nm tuning region with lasing
wavelength centered at 1034 nm was presented, and the authors
attributed such wide tunability to the unique broad effective
gain bandwidth of distributed Bragg reflector (DBR)-free SDLs
achieved by eliminating the active mirror geometry [24]. By
using only high-reflectivity mirrors in the resonator and con-
trolling the active region temperature through readjustment
of pump power and heat extraction, a record wide tunability of
95 nm was achieved at a 985 nm laser center wavelength [25].
However, it should be noticed that the 95 nm was the sum of
the tuning ranges of three different working stages under differ-
ent heatsink temperatures, and the lasing wavelength was not
continuously tuned over the entire 95 nm coverage.

The above mentioned VECSELSs with tuning range greater
than 40 nm need either complex quantum design (which also
means sophisticated epitaxial growth) of the active region or
removing the DBR on the bottom of the gain chip (which is
at the expense of the simplicity, compactness, stability, and
reliability of a VECSEL). Similarly, it needs a specially designed
wideband gain chip along with significantly changed operat-
ing temperature of the laser to change the lasing wavelength
substantially and obviously expand the tuning range.

We report a widely tunable VECSEL based on a usually
designed gain chip and a simple straight-line cavity. Different
tuning elements are used to obtain continuous tuning of the
laser wavelength, and the maximum tuning range of 45 nm
is performed. For the first time, we propose an easily available
blade as the tuning element in the cavity, and a wavelength
tuning range more than 10 nm is demonstrated. These tunable
VECSELs can meet the demands of most practical applications,
while the simplicity, compactness, stability, and reliability of the
laser are still maintained.
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2. GAIN CHIP AND ITS PHOTOLUMINESCENCE
CHARACTERISTICS

The gain chip used in the experiment is epitaxially grown in
reverse sequences. First, an etch stop layer of AlGaAs with high
Al composition is deposited on the GaAs substrate, then a pro-
tect layer of GaAs is grown. An AlGaAs layer with high barrier to
prevent the carriers from surface recombination comes next, and
following is the active region consisting of multiple quantum
wells. There are 12 InGaAs/GaAsP quantum wells in the active
region, and the content of In in InGaAs is designed to meet the
target laser wavelength of 976 nm. Since the GaAsP layer would
play three roles (i.e., the strain compensation layer, the barrier
layer, and the pump absorption layer) in the active region, the
content of P in GaAsP must be adequate to compensate the
strain and cannot be too much to absorb the pumping energy.

Above the active region is the DBR, which is composed of 30
pairs alternate of AlGaAs layers with high Al (lower refractive
index) and low Al (higher refractive index) composition. The
designed center wavelength and high-reflectivity bandwidth of
the DBR are 976 and 100 nm, respectively. The entire epitaxial
wafer is ended by an antioxidant GaAs layer. In a VECSEL,
the DBR at the bottom and the semiconductor—air interface at
the front of the chip form a microcavity, and this will result in
a laser standing wave in the active region. To get a higher gain
coefficient, the thickness of every single layer in the wafer, espe-
cially layers of multiple quantum wells, should be designed and
grown accurately to ensure that all quantum wells are located at
the peaks of the standing wave to form a resonant periodic gain
structure [26].

The grown wafer is split into small chips with 4 mm x 4 mm
dimensions. The epitaxial end face of the chip is metalized with
titanium-platinum-aurum sequentially, then the chip is bonded
to a copper heatsink, and the substrate is removed using chemi-
cal etch.

Photoluminescence (PL) spectra carry much direct or
indirect information of the epitaxial quality of the gain chip,
e.g., whether the composition and thickness of quantum wells
in the active region meet the design targets, if the thicknesses
of other epitaxial layers are accurate, and whether or not the
overall structure of the active region matches the requirements
of resonant periodic gain structure. In addition, because the
emission wavelength of semiconductor materials is very sensi-
tive to temperature, PL spectra are often used to characterize the
thermal dissipation of the entire gain chip.

It should be mentioned that there are two kinds of PL spec-
trum, the edge-emitting and the surface-emitting PL spectrum.
The former reflects the PL characteristics of quantum wells
in the active region directly and can be collected at any side of
the four sides of the gain chip, while the latter can be regarded
as an edge-emitting PL spectrum that has been modulated by
the multilayer structure of the chip [27]. Different from the
edge-emitting PL spectrum, a surface-emitting PL spectrum
directly reflects the cavity mode of the semiconductor microcav-
ity instead of the luminescence characteristics of the quantum
wells, and it can be easily measured on the front side perpendicu-
lar to the surface of the gain chip. The PL spectrum below refers
to the surface-emitting PL spectrum.
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Fig. 1.  PL spectra of the gain chip with different heatsink tempera-
tures. The inset shows the slope of peak wavelengths of PL spectra ver-
sus temperatures.

For a gain chip based on GaAs material system, the microcav-
ity mode will redshift ata rate of about 0.1 nm/K with increasing
temperature because of the temperature-caused change of the
material refractive index. Figure 1 shows the PL spectra of the
gain chip with different heatsink temperatures when the pump
power is 3 W. The slope of peak wavelengths of the PL spectra
(can also be understood as the cavity modes of the semicon-
ductor microcavity) versus heatsink temperatures, as can be
seen from the inset on the left of Fig. 1, is about three times
bigger than the typical value of 0.1 nm/K for a GaAs-based
material system. This value means that the actual temperature
in the active region is approximately three times higher than the
temperature of the heatsink, i.e., for the gain chip, the heat dis-
sipation is less efficient and the thermal effect is rather serious,
which would limit the output power of the laser significantly.
The marked peak emission wavelength is centered at 955 nm
under a condition of 25 °Cheatsink temperature and 3 W pump
power. Obviously, itis 21 nm shorter than the target wavelength
0f 976 nm, and this is another factor limiting the output power

ofour VECSEL.
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Fig.2. PL spectra of the gain chip under various pump powers. The
inset shows the slope of peak wavelengths of PL spectra versus pump
powers.

Research Article

Similarly, we plot the PL spectra of the gain chip under vari-
ous pump powers with 25°C temperature in Fig. 2, and the inset
shows the slope of peak wavelengths of the PL spectra versus
pump powers. The value of 0.5 nm/W suggests that the tem-
perature in the active region will rise by 5°C with the increase
of 1 W pump power. When the pump power reaches 10 W, the
peak wavelength redshifts 5 nm, and the estimated temperature
rise in the active region arrives at 50°C.

3. TUNABLE OUTPUT

We test the output performances of the free-running VECSEL
before its tunable operation is implemented. As shown in Fig. 3,
a simple straight-line cavity is built, and a high-reflectivity
(99.9% reflectivity at 980 nm) coated plane-concave mirror
with 100 mm radius of curvature is chosen as the output coupler
(OC). The pumping source, an 808 nm fiber coupled output
semiconductor laser, is collimated by a 1:1 imaging lens pair and
then focused on the gain chip at an incident angle of about 30°.
Since the core diameter of the fiber is 200 pm, the cavity length
is chosen to be about 95 mm to make the laser spot on the gain
chip match the pump spot.

Figure 4 shows the output powers as a function of pump pow-
ers for the free-running VECSEL with fundamental transverse
mode under room temperature. The lasing threshold is approx-
imately 2.5 W, the maximum output power is 0.58 W, and the
slope efficiency (SE) is 7%. We believe that the rather serious
thermal effect mentioned before, the epitaxial deviation from
the design target wavelength, as well as the relatively small trans-
mittance of OC are the three main factors limiting the output
power and lowering the SE of the laser. We have found out from
Fig. 2 that the estimated temperature rise in the active region
will arrive at 50 °C when the pump power is close to 10 W, and
this is consistent with the case in Fig. 4. It is clear that the 50 °C
temperature will decrease the material gain of quantum wells
greatly and drop the output power of the laser significantly when
the pump power approaches to 10 W.

Because of the good mode discrimination, the continuous
tuning, the small insert loss, and the wide tuning range, BRFs
are frequently used in a laser as the tuning element. In our exper-
iment, three different BRFs with thicknesses of 2, 4, and 6 mm
are employed, and the corresponding tuning characteristics are
depicted in Figs. 5, 6and 7, respectively.

After the test of the free-running VECSEL has been done,
an uncoated 2 mm thickness fused quartz BREF is placed into
the straight-line cavity at Brewster’s angle, and the tuning curve
under room temperature is shown in Fig. 5. When the BRF is
rotated around the central axis perpendicular to its surface, the
wavelength can be continuously tuned from 943 to 988 nm,
indicating a wavelength coverage of 45 nm. As shown in Fig. 5,

pump

output coupler

[[)
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gamm \_\/ laser

chip

Fig.3. Schematics of the experiment.
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Fig. 5. Tuning characteristics including output powers and wave-
lengths of the VECSEL with a 2 mm thickness BRE The dotted line is
the PL spectrum of the gain chip under the same heatsink temperature
and pump power.
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Fig. 6. Tuning characteristics of the VECSEL with a 4 mm thick-
ness BRE

the maximum output power is 120 mW at the center wave-
length of 964 nm, and the minimum power is about 10 mW at
the longest wavelength of 988 nm when the pump power is set to
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Fig. 7. Tuning characteristics of the VECSEL with a 6 mm thick-
ness BRE

8.4 W. Compared with the case of free running (about 480 mW
output power versus 8.4 W input power), the maximum output
power of the tunable laser is reduced by a factor of 3/4, which
is mainly resulted from the insert loss of the BRE A dotted line
representing the PL spectrum of the gain chip under the same
pump power and room temperature is also plotted in Fig. 5. It
is shown that the output power of the tunable laser has a similar
outline of the PL spectrum in roughly the same wavelength
range, and this make sense if we consider that the mode gain of a
laser has a comparable outline to its PL spectrum.
The tuning equation ofa BRF is

(n, — n,)d sin*y

A= = Co(1 — cos’p cos?0y), (1)

m sin 0,

where 7, — n, is the refractive index difference, 4 is the thick-
ness of filter, y is the angle between the refractive ray and
the crystal’s optical axis, m is the interference level, 6, is the
Brewster’s angle. For Cy = (n, — n,)d /m sin8,, ¢ is the angle
between the crystal’s optical axis and the incident surface,
i.e., the tuning angle. According to the above equation, when
the wavelengths are tuned from 943 to 988 nm in Fig. 5, the
tuning angle can be varied between 6° and 70° under different
interference-level values of 7.

The tuning characteristics including the changed wave-
lengths and the corresponding output powers of the VECSEL
with 4 and 6 mm thickness BRF are shown in Figs. 6 and 7,
respectively. It can be concluded from the figures that the tuning
range and the maximum output power of the tunable laser
all decrease with increasing thickness of the BRE The tuning
ranges of the VECSEL with 2, 4, and 6 mm thickness BRF are
45, 28, and 17 nm, respectively, while their maximum output
powersare 120, 113,and 38 mW.

For a BRE, the wavelength tuning range, i.e., the free spectral
range (FSR) can be expressed as

)“2
And’
where A is the laser wavelength, An =, — 7, is the birefrin-

gence index difference of quartz material, which has a typical
value of 9 x 1072, and 4 is the thickness of BRE The above

Ahp = (2
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Fig. 8. Tuning characteristics of the VECSEL by the use of a

0.15 mm thickness uncoated FP etalon.

formula predicts a decreasing tuning range of BRF with increas-
ing thickness, which is identical with Figs. 5—7. Theoretically,
thinner BRF can produce a larger tuning range. However, in
an actual tunable laser, the wavelength tuning range not only
depends on the thickness of the BRF but also relates to the
bandwidth of the gain medium. In fact, most of the tuning range
provided by BRF is beyond the need of the experiment itself. For
example, the free spectrum range of the 2 mm thick quartz BRF
used in our experiment is 102.4 nm, which has exceeded the
gain bandwidth and even the fluorescence spectrum width of
the chip. It also should be noted that the output laser is a polar-
ized beam because the BRF is placed into the cavity at Brewster’s
angle.

Besides BRFs, Fabry—Perot (FP) etalons are also widely used
as intracavity tuning elements to adjust the output wavelength
ofalaser. However, the insert loss of an etalon is relatively higher,
and its FSR is much smaller than that of a BRE In addition, its
mode discrimination ability is not as good as a BRE so the tun-
ing of the laser wavelength is often not continuous, and mode
hopping may happen during the tuning process. Figure 8 shows
the tuning characteristics of the VECSEL using a 0.15 mm
thickness uncoated FP etalon and that the laser wavelength can
be tuned monotonically to the short wavelength direction. The
maximum output power of the tunable laser is about 80 mW,
and the wavelength tuning range is 8 nm.

Although their work mechanism is completely different
(BRFs use the interference of polarized light, FP etalons use the
interference of multibeam), in terms of the final effect, we can
always think that the reason why BRF and FP etalon can tune
the wavelength is that when their position or attitude in the
cavity is changed, they have different transmittance for different
wavelengths. In other words, they have different losses for vari-
ous wavelengths. According to the same principle, we propose
the following method to tune the laser wavelength by using a
blade as the loss-adjustable element.

In a VECSEL with a straight-line cavity, the size of the laser
spotatany position in the cavity satisfies the formula

w2=4’\TL L/(R—-1L), (3)
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Fig. 9. Tuning performances of the VECSEL using a blade as the
tuning element.

where A is the laser wavelength, L is the length of the observation
point from the gain chip, and R is the curvature radius of the
output coupler. Obviously, the laser mode with longer wave-
length will have larger spotssize. Therefore, if an aperture (can be
inany form) is placed into the resonator, the insert loss for a laser
mode with longer wavelength is bigger than that for alaser mode
with shorter wavelength when the diameter of the aperture is
decreased gradually. Then, the mode competition will force
the laser wavelength to change to a shorter value to meet the
requirement of oscillation, and the output wavelength thus can
be tuned along the short wavelength direction in a certain range.
It should be noticed that for better mode discrimination, the
laser spot should be as big as possible, i.e., the inserted aperture
should be as near to the OC as can as possible.

Here we use a blade as a half-slit aperture. When the blade is
inserted perpendicularly into the cavity and moved gradually
to the optical axis, the laser wavelength can be tuned continu-
ously from the initial longer wavelength to the eventual shorter
wavelength. Figure 9 shows the performance of the tunable
VECSEL using the above method. The x axis represents the
laser wavelength, the y axis represents the spectral intensity, and
the z axis indicates the relative position (which is directly read
from a one-dimensional translation stage used to fix the blade)
of the blade. As shown in Fig. 9, the laser wavelength is changed
from the first longer 976 nm to the last shorter 965 nm when
the blade is moved to the optical axis (i.e., the center of a laser
spot) over a distance of 140 um. After that, too deep of an insert
of the blade, which means too much intracavity loss of the laser,
means the laser cannot maintain the oscillation any more. The
obtained wavelength coverage is 11 nm, wider than that of the
laser with 0.15 mm thickness FP etalon but narrower than that
of the laser with 2 mm thickness BRE.

For a Gaussian beam whose intensity satisfies the following
equation:

2 2
I(r) = Iy exp <—é) ) (4)

where [ is a constant, r is the radial coordinate, and w is the
radius of the beam waist, the transmittance of a Gaussian beam
through an aperture with radius of C can be expressed as

0
[ 2 1(r)2mrdrde

C r2m
I(r)2mrdrdd
e fo (r)2mrdr ®)
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Laser spectra of the free-running VECSEL and the tunable VECSELs with different tuning elements.

It can be estimated that when the blade is inserted to 140 pm,
the transmission rate is reduced by 36% compared to the initial
uninserted blade.

Finally, we pay attention to the laser linewidth of the free-
running VECSEL and tunable VECSELs with different tuning
elements, and the results are shown in Fig. 10. It can be con-
cluded from Fig. 10 that when a BRF or a blade is used, the
laser linewidth obviously decreases to about half of that of a
free-running VECSEL. However, when 2 0.15 mm FP etalon is
employed as the tuning element, the reduction of laser linewidth
is not very clear. The three parts on the left side of Fig. 10 indi-
cate that in the VECSELs with a BRE the linewidth of the
output laser decreases with the increasing BRF thickness, but
the change is not significant. The smaller laser linewidth of a
BRF or FP etalon tuning VECSEL can be easily understood
because the BRF or FP etalon itself has the effect of narrowing
the laser linewidth. As for a blade-tuning VECSEL, when a
blade is inserted into the resonant cavity, it works as a half-slit
aperture, so to limit the size of the laser transverse mode further
partly improves the longitudinal mode of the laser, because the
inserted blade reduces the transverse mode of the laser in the
cavity as well as the laser spot on the gain chip. This will improve
the uniformity of the lasing region in the gain chip, reduce the
line broadening of the laser, and produce a narrower output laser
spectrum.

4. CONCLUSIONS

In summary, we have demonstrated tunable VECSELs with
various methods. When a BRF is used as the tuning element, the
range of changeable laser wavelength decreases with the increas-
ing BREF thickness. The maximum tuning range of 45 nm and
the maximum output power of 120 mW are obtained from
a VECSEL with 2 mm thickness uncoated fused silica BRE
The oscillating wavelength can be tuned over an 8 nm range by

using 2 0.15 mm thickness FP etalon. Particularly, we propose
a method employing an easily available blade as the tuning
element to adjust the lasing wavelength. The output wavelength
of the laser can be tuned from the initial longer wavelength to
the final shorter wavelength continuously, and the wavelength
coverage is more than 10 nm. The BRF method can produce
the widest tuning range of 45 nm, and further extension of
the wavelength coverage needs a gain chip with wider gain
spectrum, such as a gain chip that consists of QD material or
quantum wells with different composition or different well
width. The presented tunable VECSEL only needs a generally
designed gain chip and uses the simplest, most compact, and
most stable straight-line cavity. It has great application value in
cases where miniaturization, stability, reliability, hundreds of
milliwatts of output power, and tens of nanometers of tuning
range of the laser are highly demanded.
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