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A B S T R A C T   

Optically pumped external cavity semiconductor disk laser (SDL) combines the characteristics of semiconductor 
laser and solid-state laser, and has important research value. In this paper, an InGaAs SDL with different emission 
peak from others was designed. Under free-running operation and a cooling temperature of 12 ◦C, a few- 
longitudinal-mode continuous wave laser at 1037 nm with a maximum output power of 2.53 W and a slope 
efficiency of 41.3% with respect to an absorbed power of about 8.0 W was achieved. Based on this experiment, 
stable single-wavelength single frequency SDL with maximum output power of 1.79 W was obtained by inserting 
an etalon into the laser resonator. The single frequency laser was measured to have near-diffraction-limited beam 
quality. Flexible and continuous wavelength tuning from 1034.77 nm to 1041.10 nm of the single-wavelength 
single frequency SDL was also realized by introducing another etalon. Under this situation, we also obtained 
tunable dual-wavelength single frequency SDLs, for the first time to our knowledge. Compared to complex 
methods such as particular bandgap engineering design or multi-SDL resonator for generating dual-wavelength 
lasers, the method proposed in this work by using etalons is a simple, feasible, and low-cost solution.   

1. Introduction 

All solid-state bulk lasers pumped by semiconductor lasers typically 
use various laser crystals and ceramics as working materials. These la
sers have advantages such as robustness, compact structure, high effi
ciency, high reliability, long lifespan, easy operation, and low cost. 
However, the output performance of solid-state bulk lasers is influenced 
by many factors. For example, when the quality of the pump light beam 
is relatively poor, due to the gain medium having a certain size in the 
propagation direction of the pump light, the mode overlap efficiency of 
the pump beam and cavity mode is very low, resulting in low laser ef
ficiency. In addition, solid-state bulk laser is prone to form strong 
thermal lensing effect, which not only limits the output power of the 
laser, but also leads to poor beam quality of the output laser. Generally, 
it is difficult to obtain TEM00 mode laser output, which is very unfa
vorable for the application of lasers. Therefore, solid-state disk lasers 
with very thin crystals as gain media have emerged, which effectively 
solve the aforementioned problems of solid-state lasers. However, new 

problems also arise: due to the small absorption coefficient of crystal or 
ceramic materials and the very thin thickness of the disk, in order to 
achieve sufficient absorption of the pump laser, a very complex multi- 
pass pump structure needs to be used. For solid-state lasers, another 
prominent issue is that their lasing wavelength is limited by active ions. 

Compared to edge emitting semiconductor lasers, the advantage of 
vertical cavity surface emitting lasers (VCSELs) is that they can achieve 
diffraction limited beam quality. VCSEL is indeed a semiconductor 
material disk, and therefore theoretically it has advantages of power 
scaling and high beam quality as crystal disk lasers have. Although it is 
also very thin, due to the high absorption coefficient of semiconductors, 
this type of disk can have high absorption of pump light without the 
need for complex multi-pass absorption structures. Moreover, VCSEL 
can theoretically achieve a rich range of lasing wavelengths by adjusting 
semiconductor materials and structural design (band engineering), 
which can compensate for the shortcomings of conventional solid-state 
lasers. 

When replacing the crystal disk with a VCSEL as gain medium in an 
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external cavity configuration and pumping it with a diode laser, it be
comes optically pumped semiconductor (OPS) vertical-external-cavity 
surface-emitting laser (VECSEL, i.e. SDL). This new laser technology, 
which combines the technologies of solid-state laser and semiconductor 
laser, has been developed for more than 20 years since Kuznetsov et al. 
presented the first demonstration in 1997 [1]. At present, in addition to 
mode-locked SDL [2–6], which has been mostly investigated, the 
research on single-frequency SDL has also received attention. For 
example, in 1999, Holm et al. reported a 42-mW single frequency SDL at 
about 870 nm [7]. In 2006, Jacquemet et al. reported a 500-mW single 
frequency SDL at 1003.4 nm and its frequency doubling to 501.7 nm 
with an output power 62 mW [8]. In 2009, Laurain et al. presented a 0.3- 
W free-run single frequency SDL at 1.02 μm based on a short cavity (less 
than3 mm) configuration [9]. One year later, researchers from the same 
group improved the output power to 2.1 W by using a pump source with 
higher power and this time the authors found that single frequency 
lasing can still be achieved when the cavity was lengthened to 10 mm 
[10]. Rantamaki et al. [11] achieved a 4.6-W single frequency SDL at 
around 1.05 μm. In 2014, Zhang et al. reported a single-frequency SDL at 
1013 nm with a record output power of 23.6 W [12]. 

Although there have been some researches on single frequency SDLs, 
there are few studies involving active wavelength tuning of single fre
quency SDLs, and studies involving dual-wavelength single frequency 
SDLs have not yet been reported, to the best of our knowledge. In fact, 
dual-wavelength SDLs have ever been reported several times [13–16], 
however they are not operated in single frequency modes. Practically, 
compact dual-wavelength single-frequency lasers have important ap
plications, such as in generating millimeter or microwave signals via 
optical beating technique [17] and differential Lidar system [18]. 

In this work, by designing an InGaAs SDL with lasing peak at around 
1037 nm, i.e. different from other single-frequency SDLs as mentioned 
above, and using an 808-nm diode laser as pump source, we have 
operated simple, compact and stable single-frequency SDLs under the 
help of F-P etalons. Moreover, whether it is single-wavelength or dual- 
wavelength single frequency SDL as we obtained in the experiments, 
they all exhibited good flexibility in wavelength tuning. In addition, 
these single frequency SDLs show great beam qualities with M2 factors 
close to diffraction limit. 

2. Experimental details 

In Fig. 1, we present the schematic diagram of the diode-pumped 
single-frequency SDL. Firstly, the pump source is a fiber-coupled 808 

nm semiconductor laser with a core diameter of 105 μm and a numerical 
aperture of 0.15. The maximum output power of the pump source is 12 
W. In the experiment, two lenses with focal lengths of 30 and 40 mm 
were respectively used to collimate the pump beam. A lens with a focal 
length of 100 mm was used to focus the pump beam. Thus, the combi
nation of different collimating lenses and the same focusing lens will 
result in different pump spot sizes in the gain material. The pump laser 
strikes the semiconductor gain disk at an incidence angle of approxi
mately 30◦. Due to the lack of antireflection on the semiconductor sur
face, approximately one-third of the pump power is reflected off the 
surface of the semiconductor material, resulting in a maximum absorbed 
pump power of about 8 W in the experiments. Using several concave 
mirrors with the same curvature radius of 100 mm and different trans
missions to couple the cavity mode laser out of the resonator, we have 
further explored the output power performance of the disk laser. 

The structure of the SDL used in this work is the same as we used 
previously in Ref. [19]. It is composed of an active region with semi
conductor quantum-wells (QWs), distributed Bragg reflector (DBR) 
mirror and InGaP cap layer. It is grown in reverse order on GaAs sub
strates through metal organic vapor phase epitaxy (MOVPE). The DBR 
mirror is made up of 20 pairs of undoped AlAs/GaAs layers in order to 
have high reflectivity for target wavelengths. The active region includes 
10 layers of 8 nm InGaAs compressively strained QWs with GaAs barrier 
and a tensile strained GaAsP layer for strain compensation. Fig. 2(a) 
shows those QWs, which are distributed periodically at the optimized 
anti-node positions of the standing wave in the optical cavity to ensure a 
low threshold and homogeneous gain. Afterwards, there is a half 
wavelength InGaP cap layer to prevent carrier diffusion to the chip 
surface and to prevent nonradiative recombination there. The chip was 
bonded to a diamond heat spreader by pre-metallized diamond method 
and the substrate was removed by selective chemical etching. Fig. 2(b) 
shows the semiconductor disk after a series of treatments of pre- 
metallization. Moreover, due to the significant relationship between 
the output characteristics of semiconductor laser and temperature, as 
well as the need to consider thermal effects, we directly bonded this 
packaged semiconductor disk to a water-cooled copper block by weld
ing, and set the temperature of the water-cooling chiller to 12 ◦C. We 
used etalons to narrow the laser linewidth in order to obtain single 
frequency lasers while also ensuring good stability of the output lasers. 

3. Results and discussion 

In Fig. 2(c), we show the photoluminescence spectrum of the 

Fig. 1. Schematic of experimental setup of diode-pumped single-frequency semiconductor disk lasers.  
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semiconductor disk at the water-cooled temperature, from which one 
can see that the main emission peak of the disk is located at 1037.6 nm, 
with a half width of approximately 10.4 nm. There are about 8 sub peaks 
at the shorter wavelength, but the intensity and width of these sub peaks 
are much smaller than the main peak. Therefore, it can be foreseen that 
the main emission of the disk is around 1037 nm. 

Throughout the experiment, the physical length of the laser cavity 
was maintained at approximately 7 mm. A free running continuous 
wave laser experiment using the 40-mm collimating lens (and the 100- 
mm positive lens for focusing) was firstly conducted and the experi
mental results are shown in Fig. 3(a). Using a 1.8% transmitted OC, the 
lasing behavior can be found at an absorbed power of about 1.0 W, 
which is a relatively low threshold situation for semiconductor disk la
sers. Increasing the pump power, we achieved a maximum output power 
of 2.09 W at a maximum absorbed power of 8.11 W, which led to a slope 
efficiency of about 29.5%. By replacing this lowest transmittance OC 
with another two OCs with 2.7% and 3.6% transmittances, we obtained 
maximum output powers of 2.33 W and 2.07 W, respectively, with 
corresponding slope efficiencies of 38.5% and 41.2%. Comparing these 
two results, it can be found that the 3.6% OC has higher efficiency, but 
the maximum output power is lower. This is because the output power 
shows a significant rollover phenomenon when the absorbed pump 
power exceeds 6.6 W. Relatively speaking, output power by using the 

2.7% OC shows better linearity. Although the slope efficiency decreases 
when the absorbed pump power exceeds 6.6 W, there is no rollover 
phenomenon. It could suggest that for the current laser the optimal 
transmittance of the OC should be a value between 2.7% and 3.6%. 

Fig. 3(b) shows the experimental results when using the 30-mm 
(focal length) lens for collimating the pump beam. In this case, the 
pump beam waist size (from about 260 μm) increases to 350 μm. A large 
pump spot size will result in a high laser threshold, but a large pump spot 
size will also be beneficial for thermal alleviation, which could result in 
better laser performance. For the OCs with transmittances of 1.8%, 2.7% 
and 3.6%, we have achieved maximum output powers of 1.81 W, 2.53 W 
and 2.08 W, respectively. The corresponding slope efficiencies are 
27.5%, 41.3% and 38.5%. Under this situation, these three sets of output 
power data all exhibit good linear characteristics, which is the result of 
alleviated thermal effect. Even to our surprise, we found that for the 
2.7% OC, the maximum power increased from 2.33 W to 2.53 W due to 
the data at high output powers maintaining the same slope efficiency as 
at low output powers. This is also the highest output power obtained in 
this work. 

We also evaluated the correlation between the output power of this 
SDL and the water cooling temperature, as shown in Fig. 3(c). The 
current maximum power of 2.53 W was obtained at a water cooling 
temperature of 12 ◦C. When we lowered the temperature to 6 ◦C, which 

Fig. 2. (a) The refractive index profile and the standing wave distribution in the active region of the designed SDL, (b) picture of the semiconductor disk after the 
treatment of pre-metallization and (c) measured photoluminescence spectrum of the semiconductor disk at cooling temperature. 
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was the lowest temperature to ensure that no water condensation was 
formed on the disk in the experimental environment at that time, we 
found that the output power increased to 2.60 W. The output power 
decreased to 2.30 W when we set the water cooling temperature to the 
highest of 26 ◦C. Therefore, by linearly fitting the data shown in Fig. 3 
(c), we can conclude that for every 1 ◦C change in temperature, the 
output power of the laser changes by 0.015 W. Or in other words, the 
thermal resistance is approximately 66.67 K/W. A very small ratio of 
power variation with temperature is very advantageous for the appli
cation of this SDL, especially in situations where the temperature 
changes significantly. It should be pointed out that although we fixed the 
pre-metallized semiconductor disk and water-cooled copper block 
together through welding, and due to the low pump power in the 
experiment, no significant temperature difference was found. However, 
since the semiconductor disk did not adopt active temperature control, 
the output power varying from temperature measured here may need to 
be further verified after more accurate temperature control and 
measurement. 

At the highest output power, using an optical spectrum analyzer with 
resolution of 0.1 nm, we measured the laser spectrum as shown in Fig. 3 
(d). It can be seen that the peak wavelength of the laser is 1037.32 nm, 
and the full width at half value of the laser wavelength is about 0.26 nm. 
Since the semiconductor disk is very thin, the influence of its high 
refractive index (about 3.0) on the longitudinal mode spacing in the 
cavity can be ignored. As a result, we calculate that the longitudinal 
mode spacing is about 0.077 nm. In this way, the 0.26-nm linewidth 
corresponds to approximately three longitudinal modes. So, this is 
indeed a few-longitudinal-mode laser, which should thank to the short 
laser resonator providing a large free spectral range. According to the 
theoretical calculation, a cavity with length of about less than 3 mm 

could lead to single frequency laser generation in free-running mode [9]. 
Moreover, we found that by adjusting the orientation of the OC, there
fore adjusting the resonator loss, single-longitudinal-mode operation 
can also be achieved. But in this case, the stability of the single frequency 
is not satisfying, always hopping between single longitudinal mode and 
few longitudinal modes. 

The above results have prompted us to further achieve stable single 
longitudinal mode laser operation. We therefore placed a thin BK-7 plate 
with a thickness of approximately 0.1 mm into the laser cavity, which 
plays a role as F-P etalon and has been demonstrated previously for 
single-frequency laser generation [20] and wavelength tuning [21]. 
Fig. 4 shows the experimental results after inserting the etalon. We only 
used the 2.7% OC, i.e. the one we achieved the highest output power in 
the above experiment, to carry out the single-frequency laser experi
ment. The introduced insertion loss is not significant and does not result 
in a significant increase in the laser threshold. We estimated the inser
tion loss of the etalon by using this expression as L = 2θRd/nw [22], 
where θ is the incident angle, R is the etalon reflectivity for the angle θ, 
d the thickness, n the refractive index, and w the beam waist radius onto 
the etalon. The calculated insertion loss is approximately on the order of 
less than 0.3%. However, the maximum output power has decreased to 
1.79 W (see Fig. 4(a)), which is approximately 29% lower than the 
previous maximum power of 2.53 W. This may be due to the etalon 
inserted into the laser cavity at a very small angle, and in this case, the 
transmission of the etalon for the laser is not 100%, thus introducing 
losses. The slope efficiency of the laser is linearly fitted to be about 
29.6% with respect to the absorbed power. 

In Fig. 4(a), we also show the laser wavelength peaking at 1037.08 
nm with a FWHM of about 0.078 nm. Due to the laser resolution being 
only 0.1 nm, the measured linewidth is very likely to be limited by the 

Fig. 3. (a) Output power versus absorbed power of the semiconductor disk laser in free-running operation with a 40-mm (focal length) collimating lens and a 100- 
mm focusing lens, (b) output power versus absorbed power of the semiconductor disk laser in free-running operation with a 30-mm collimating lens and a 100-mm 
focusing lens, (c) the maximum output power as a function of temperature and (d) typical laser spectrum under free-running operation with a peak at 1037.32 nm. 
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resolution. In addition, in Fig. 4(b), we show the maximum output 
power stability of the achieved laser within 20 min and a stability value 
(RMS) of about 0.78% can be found. In comparison to the free-running 
laser operation, the present stability of the laser was greatly improved. 
In order to check the longitudinal mode property, we injected the output 
laser into an F-P scanning interferometer (SA210-8B, Thorlabs Inc.). The 
result is reported in Fig. 4(c), which clearly indicates the present laser 
operating in single longitudinal mode. Moreover, its linewidth is found 
to be about 202.3 MHz. Since the used F-P scanning interferometer has a 
resolution of 67 MHz, the measured linewidth is basically reliable. The 
linewidth corresponds to a wavelength FWHM of approximately 
0.00072 nm at this wavelength, which is far less than the value that we 
measured using the optical spectral analyzer. More accurate measure
ment of laser linewidth may require the use of other means, such as 
commonly used delayed self-heterodyne method [23]. A small beam 
spot can be observed far from the OC by using an infrared sensor card, 
which should indicate a small divergence angle of the output laser and a 
good beam quality. We then injected the single frequency laser beam 
into a focusing lens with a focal length of 50 mm and then used a 
WinCamD-LCM CMOS beam profiling camera (DataRay Inc.) to measure 
the size of the spot before and after the focusing position. The results are 
shown in Fig. 4(d). By fitting the data with the expression of beam 
propagation factor M2, we can deduce that the M2 factors of the output 
laser in the x and y directions are 1.10 and 1.36, respectively, indicating 
that the single frequency laser has excellent beam quality near the 
diffraction limit. It is well-known that multi-longitudinal mode and 
high-order transverse mode are important causes of laser instability. 
Therefore, from this point of view, single longitudinal mode laser with 
fundamental mode beam quality obtained in this experiment is an 

important stability guarantee of the output laser. 
In theory, in comparison to single etalon, dual etalons combination 

exhibits more powerful capacity in wavelength discrimination and 
linewidth narrowing. In the experiment, the relevant investigation was 
further fulfilled by inserting another etalon with a thickness of 0.5 mm 
into the laser resonant cavity. Under this situation, the cavity was a little 
bit lengthened for flexibly tilting the etalons. According to the trans
mission expression of etalon [24], we simulate the transmission curves, 
as shown in Fig. 5(a). It can be seen that at 1037.08 nm the transmission 
is 100% induced by the two etalons. Moreover, by finely tilting the 
angles of the two etalons to form different angle combinations, the 
maximum transmission can shift to other low-gain wavelengths and 
resultingly generate large losses on high-gain wavelengths. Using this 
method, we not only achieved wavelength tuning of the single- 
wavelength single frequency laser, but also further achieved tunable 
dual-wavelength single frequency laser. The drawback is that inserting 
another etalon will cause extra round-trip loss. According to the above 
expression we can estimate that the relatively thick etalon will introduce 
an additional intracavity loss of 1.5% if we don’t consider the slight 
changes in the size of the beam spot. Fig. 5(b) shows the single- 
wavelength single frequency laser wavelengths obtained in this experi
ment from 1034.77 nm to 1041.10 nm with their corresponding output 
powers. Fig. 5(c) shows the achieved dual-wavelength single frequency 
lasers with different combinations as 1034.70 + 1037.28 nm, 1036.12 
+ 1038.72 nm, 1036.80 + 1039.36 nm, 1037.00 + 1039.48 nm and 
1037.48 + 1040.00 nm. During the experiment, we made efforts to 
maintain the two wavelengths with similar intensities as much as 
possible by finely tilting the angles of the two etalons (see in Fig. 5(c)). 
We also measured the spectral characteristics of these single frequency 

Fig. 4. (a) Output power versus absorbed power when the 0.1-mm etalon was inserted into the cavity and the corresponding laser spectrum with peak at 1037.08 
nm, (b) power stability of the 1037.08 nm single frequency laser, (c) F-P interferometer scanning spectrum and (d) beam radius at different distance for assessing the 
M2 factor of the SDL. 
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lasers by using the F-P scanning interferometer. Fig. 5(d) is a typical 
measurement result of the 1034.70 + 1037.28 nm laser at maximum 
output power of 635 mW. According to this measurement, the linewidth 
was estimated to be about 122.8 MHz, i.e. about 0.00043 nm, which is a 
much narrower linewidth than that we achieved for a single-wavelength 
single-frequency laser. Obviously, the newly inserted etalon further 
narrowed the laser linewidth. In addition, basically, the stabilities of 
these dual-wavelength single frequency lasers are worse than that of 
single-wavelength single frequency lasers, for example, the stability of 
1034.70 + 1037.28 nm single frequency laser measured within 20 min is 
about 0.92%. The relatively degraded stability should be due to longi
tudinal mode competition between the two wavelengths. 

Last but not least, whether for single-wavelength or dual-wavelength 
single frequency lasers, mode hopping phenomenon exists, mainly due 
to air disturbance and mechanical vibration in our laboratory environ
ment. This mode hopping can be greatly improved through strict sealing 
and modular design of the laser prototype. 

4. Conclusion 

By constructing a simple and compact external cavity SDL, we ob
tained a 2.53 W continuous wave laser that operates in few longitudinal 
modes. Under the help of a 0.1-mm etalon, single-wavelength single 
frequency laser at 1037.08 nm was also realized with a maximum output 
power of 1.79 W. By inserting another etalon with thickness of 0.5 mm, 
we achieved tunable single-wavelength single frequency laser with a 
range of about 7 nm and tunable dual-wavelength single frequency la
sers. In the near future, whether for single-wavelength or dual- 
wavelength single frequency lasers, we will be committed to 

significantly increasing the output power of these single frequency lasers 
while also narrowing the linewidth of single frequency lasers to the 
domain of kHz through feedback technology. Moreover, with the help of 
feedback technology, the frequency stabilization of the single frequency 
lasers will also be more reliable, eliminating the occurrence of mode 
hopping. 
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