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This paper reviewed the development of optically pumped GaSb based semiconductor disk lasers (SDLs) emission at 2 
μm wavelength region from the aspects of wavelength extending, power scaling, line-width narrowing and short-pulse 
generation. Most recently, the wavelength of GaSb based SDLs has been extended to 2.8 μm. The highest output power 
of the GaSb based SDLs has been reached to 17 W at the temperature of 20 ℃. By using active stabilization, the GaSb 
based SDL with line-width of 20 kHz and output power of 1 W was realized. Moreover, the shortest pulse obtained from
the GaSb based SDLs was generated as short as 384 fs by incorporating semiconductor saturable absorber mirrors
(SESAM) in the cavity.  
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Introduction 
Laser emission in 2 μm wavelength region is particular 
interest for gas spectroscopy and environmental moni-
toring due to the weak absorption to water vapor and 
strong absorption to some pollutant gases, such as CH4 
and HF1. At present, the laser emission in 2 μm wave-
length region can be obtained by GaSb based semicon-
ductor laser, fiber and solid-state lasers doped with Tm3+ 
and Ho3+ 2,3. Compared to the fiber and solid-state lasers, 
the GaSb based semiconductor lasers possess a number 
of outstanding properties due to the band 
gap-engineering of semiconductor gain structures. For 
example, the emission wavelength of GaSb based semi-
conductor laser can be designed from different quantum 
well structures and the pumping band-width of GaSb 
based semiconductor laser is usually wider than that of 
fiber and solid-state lasers. 

At present, the electrically pumped GaSb based semi-
conductor laser has already exhibited a relatively excel-
lent performance. However, the lasers used for gas spec-
troscopy, free-space optical communication, infrared 
countermeasures and other important applications need 
high power and good beam quality at the same time. 

While, the traditional electrically pumped semiconductor 
laser is difficult to obtain the laser with high power and 
circular diffraction limited beam. The edge emission laser 
has the limitation of beam quality, while the output pow-
er of the surface emission laser is low. Optically pumped 
semiconductor disk laser (OP-SDL) is also known as the 
vertical external cavity surface emitting laser. It combines 
the advantages of the wavelength flexibility of traditional 
semiconductor laser and high power with good beam 
quality of solid state laser4. Thus, it has attracted consi-
derable interest because of their excellent beam quality 
and potential high power output. A typical SDL cavity is 
presented in Fig. 1. The SDL chip is bonded to a heat sink 
and an external mirror is vertical positioned in front of 
the chip, such that the resulting cavity maintains geome-
tric optical stability. By using different semiconductor 
material systems, the SDLs emission in different wave-
lengths have been realized5-7. Furthermore, the GaSb 
based SDLs emission at the wavelength range of 2 μm 
with excellent beam quality and high power output have 
particularly important potential applications in many 
fields. At present, researchers have conducted a lot of 
work to improve their optical properties and have already 
reached a significant achievement. This paper reviewed 
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the development about GaSb based SDLs emission at 2 
μm wavelength region from the aspects of wavelength 
extending, power scaling, line-with narrowing and 
short-pulse generation. 

 

Development of GaSb based SDLs 

emission at different wavelength 
Owing to the advantages of varied wavelength features, 
different compounds were used to expand the wavelength 
range in the semiconductor structure. The wavelength of 
the GaSb based SDLs has been extended from 2.0 μm to 
2.8 μm and the gain element structures have been listed 
in the Table 18-15. 

Emission at 2.0 μm 
The GaSb based SDL emission at 2.0 μm was the first 
wavelength, of which the output power reached to watt 
level. As early as in 2008, Hopkins et al. reported a high 
power GaSb based SDL emission at 2.0 μm with good 
beam quality. At the temperature of 15 ℃, the output 
power of the GaSb based SDL can reach to 3 W and the 
beam quality M2 was tested to be in the range from 1.1 to 
1.4. Moreover, when the experimental temperature de-
creased to -15 ℃, the output power of 5 W was realized 
in the GaSb based SDL by using a diamond as heat sink. 
At this temperature, the slope efficiency of the GaSb 
based SDL was over 25%8. One year later, the output 
power of the GaSb based SDL emission at 2.0 μm was 
increased to 4 W at the temperature of 15 ℃ by Paajaste 
et al9. They designed two different gain structures and 
investigated the lasing characteristics of the GaSb based 
SDLs. They demonstrated that by using the quantum well 

structure of In0.2Ga0.8Sb/GaSb, an output power of 3.6 W 
was attained at room-temperature operation. At present, 
the highest output power of GaSb based SDLs was ob-
tained at the wavelength of 2.0 μm in 2016 as shown in 
Fig. 216. When the temperature of heat sink was set to be 
20 ℃, the output power of GaSb based SDL emission at 
2.0 μm can reach up to 17 W by optimizing the pump 
spot diameter and using a diamond as heat spreader. 

 

Emission at 2.3 μm 
In 2004, the GaSb based SDL emission at 2.3 μm with the 
maximum continuous-wave (CW) output power of 8.5 
mW was obtained. A circular TEM00 low-divergence laser 
beam was got in the CW mode operation at the experi-
mental temperature from 268 K to 308 K. This is the first 
time GaSb based SDL realized CW output11,12. In 2005, 
the CW output power of GaSb based SDL emission at 2.3 
μm was significantly increased to 300 mW at room tem-
perature operation. The semiconductor chip was bonded 
to a diamond heat spreader for effective thermal man-
agement17. In 2007, Rattunde et al. obtained the watt level 
GaSb based SDL operating at 2.3 μm18. Then, Rösener et 
al. reported that by using a SiC heat spreader for thermal 
management and a precise control of the tempera-
ture-dependent modal gain, a maximum CW output 
power of 3.4 W was obtained at heat sink temperature of 
10 ℃19. In 2009, Rösener et al. realized the highest output 

Fig. 2 | The output power curves of GaSb based SDL emission at 

2.0 μm with different pump spot diameters. Figure reproduced from 

ref. 16, the Institution of Engineering & Technology. 
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Fig. 1 | Schematic of typical SDL cavity 
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Table 1  Heterostructures for GaSb-based SDLs emitting at the range of 2.0~2.8 μm 

Wavelength (μm) Quantum-well/barrier composition Reference 

2.0 

Ga0.74In0.26Sb/Al0.30Ga0.70As0.02Sb0.98 

Ga0.8In0.2Sb/GaSb 

Ga0.76In0.24Sb0.90/Al0.30Ga0.70As0.02Sb0.98 

8 

9 

10 

2.3 
Ga0.65In0.35As0.10Sb0.9/ Al0.35Ga0.65As0.04Sb0.96 

Ga0.65In0.35As0.10Sb0.9/ Al0.35Ga0.65As0.03Sb0.97 

11 

12 

2.5 Ga0.65In0.35As0.09Sb0.9/Al0.35Ga0.65As0.035Sb0.965 13 

2.8 Ga0.55In0.45As0.19Sb0.81/ Al0.3Ga0.7As0.02Sb0.98 14, 15 
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power of GaSb based SDLs emission at 2.3 μm through a 
multiple gain elements configuration. When the pump 
power increased to 30 W, a maximum CW output power 
of 3.3 W was achieved at the heat sink temperature of 
20 ℃20. 

Emission at 2.5 μm 
In 2011, the wavelength of GaSb-based SDL was further 
extended to 2.5 μm. Paajaste et al. demonstrated the first 
GaSb-based SDL emission at 2.5 μm13. The gain element 
structure designed for emission at 2.5 μm containing 15 
pairs of strained In0.35Ga0.65As0.09Sb0.91 quantum wells. The 
quantum wells were sandwiched between two 
Al0.35Ga0.65As0.035Sb0.965 barriers and grown by Molecular 
Beam Epitaxy on the GaSb substrate. The M2 of the SDL 
was tested to be below 1.6, but the highest output power 
was only 0.6 W at operation temperature of 5 ℃. Up to 
2016, with an efficient heat dissipation, the output power 
of the GaSb-based SDL emission at 2.5 μm was signifi-
cantly improved, and a CW output power larger than 7 W 
was achieved when operated at the temperature of 20 ℃. 
In their work, a pumping source at the wavelength of 
1470 nm was used to replace 980 nm pumping source for 
barrier pumping the GaSb-based SDL. The 1470 nm 
pumping project can realize lower quantum deficit and 
higher pump absorption compared to the 980 nm pump-
ing project21. 

Emission at 2.8 μm 
To explore the potential of GaSb based SDLs for longer 
wavelength emission, Rösener et al. prepared a GaSb 
based SDL emission at 2.8 μm in 201014,15. Compared to 
the gain element structure of the SDLs emission at the 
wavelength from 2.0 μm to 2.5 μm, the gain element 
structure of the SDL emission at 2.8 μm contained the 
quantum well layers with more Arsenic and Indium con-
tents. Moreover, with the increase in the emission wave-
length, the thicknesses of active region and distributed 
Bragg reflector layer increase consequently, which makes 
more challenging to the epitaxial growth of the gain 
structure. The output power of the first GaSb based SDL 
emission at 2.8 μm was about 0.12 W at 20 ℃. Until 2017, 
the output power of the GaSb based SDL emission at 2.8 
μm at 20 ℃ has been improved to be 0.85 W by the same 
research group22. The gain element structure of the GaSb 
based SDL was carefully modified with low quantum 
defect and pumped by using a 1470 nm pumping laser for 
high conversion efficiency. These results for 2.8 μm GaSb 
based SDL demonstrated the possibilities to further ex-
tend the wavelength of GaSb based SDLs toward 3 μm 
with good emission properties for room temperature 
operation.  

Methods for power scaling 
Up until now, many attempts have been conducted for 

the high output power of the GaSb based SDLs23. At 
present, the maximum CW output power of GaSb based 
SDLs emission at different wavelength has been listed in 
Fig. 3.  

 
To increase the output power of the GaSb based SDLs, 

different methods have been investigated, such as epitax-
ial growth optimization, lateral lasing suppression, mul-
tiple gain elements and effective thermal management. 

Epitaxial growth optimization 
The typical epitaxial structure of GaSb based SDLs con-
sists of three different sections: distributed Bragg reflec-
tor (DBR), active region and confinement layer. The 
function of the confinement layer is to ensure carriers do 
not migrate to the surface of the chip. In the conventional 
growth procedure of GaSb based SDLs, the DBR is firstly 
grown on the GaSb substrate, then begin the growth of 
active region on the surface of DBR layer. There are some 
pairs of quantum well structures in the active region. 
Before and after the growth of active region, the growth 
of quantum well structures is interrupted at the interfaces. 
The interruption during the epitaxial growth will lead an 
accumulation of Indium at the interfaces, which is detri-
mental to the emission performance of the GaSb based 
SDLs24,25. Manz et al.26 optimized the epitaxial growth 
procedure and obtained a high quality GaSb based SDL 
structure by using a modified sequential growth process. 
In this modified growth process, the DBR, active region 
and confinement layer of the SDL are all grown separately. 
During the growth process, when the preceding section 
has been finished, the chip is transferred from growth 
chamber to buffer chamber. After the new group-III gas 
has been stabilized in the growth chamber, the chip is 
taken out of the buffer chamber and then put back to the 
growth chamber before the next grown step of the chip is 
launched. Using this growth scheme, the detrimental 
accumulation of Indium during the growth process can 
be avoided and the performance of the epitaxial structure 
of the GaSb based SDL is considerably improved. Using 

Fig. 3 | Maximum output power of GaSb based SDLs emission at 

different wavelength operation at 20 ℃. 
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this modified growth process, the output power of the 
GaSb based SDL has been improved by about 100%. With 
the SDL resonators well optimized, the maximum output 
power of the GaSb based SDL grown by traditional 
growth process is about 1.3 W, while the output power of 
the SDL grown by this new growth process can reach up 
to 2.6 W. 

Lateral lasing suppression 
Usually, the increase of pump spot size could realize the 
power scaling of the SDLs in experiment. However, the 
increased pump size would significantly enlarge the gain 
length of the chip on the horizontal plane, which ob-
viously amplifies the educed spontaneous emission. The 
amplified spontaneous emission (ASE) can produce a 
laser on the horizontal plane of the chip, if the edges of 
the chip provide enough feedback. Bedford et al. indi-
cated that the lateral lasing perpendicular to the vertical 
laser emission can occur as an unexpected light loss me-
chanism and limited the power scaling of the laser27. In 
2011, Hessenius et al. reported that the lateral lasing 
could be suppressed by eliminating the Fabry-Perot cavi-
ty generated by chip edges28. For GaSb based SDLs, 
Töpper et al. first investigated the influence of lateral las-
ing on the high power performance in 2012. As shown in 
Fig. 4, in order to suppress the lateral lasing phenomenon, 
the side facets of the GaSb based SDL chip with sizes of 3 
mm×0.6 mm were cut in a zig-zag pattern through the 
full thickness by using a picosecond UV-laser based mi-

cro-fabrication system. Then, this chip was bonded to a 
SiC heat spreader by liquid capillary method for heat 
dissipation. The experiment was conducted in a standard 
linear resonant cavity at heat sink temperature of 20 ℃ 
by using a 980 nm laser as pumping source. The zig-zag 
pattern destroyed the lateral cavity in the parallel direc-
tion of the SDLs chip formed by plano-parallel mirrors. 
Compared to the standard chip with cleaved side facets, 
no lateral lasing was observed for the modified chip. The 
output power of the GaSb based SDL emission at 2.0 μm 
was increased from 1.7 W to 2.3 W with the lateral lasing 
suppression10. 

Multiple gain elements 
Further power scaling in SDLs with a single gain element 
is usually obtained by enlarging the pump spot size on 
the chip at an identical pumping power density. While, as 
discussed previously, power scaling is usually restricted 
by diffraction losses, lateral lasing, as well as by insuffi-
cient heat extraction. If a further output power improve-
ment of the SDLs is demanded, a resonant cavity includ-
ing multiple gain elements should be employed. This 
conception has already been applied in the SDLs emis-
sion around 1 μm region29,30. These results clearly dem-
onstrated that the concept of SDLs with multiple gain 
elements can overcome the limitation of the power scal-
ing compared with the single gain element structure. For 
GaSb based SDLs, Rösener et al. realized an optically 
pumped SDL emission at 2.3 μm by using a configuration 
with two separately pumped gain elements as shown in 
Fig. 520. Compared to the SDL configuration containing 
one gain element, the multiple gain elements configura-
tion allowed inputting a greatly larger number of pump 
light on the surface of the SDL before thermal rollover. 
When absorbing a 30 W pump power, the GaSb based 
SDL by using the two gain elements configuration emit-
ted a maximum CW output power of 3.3 W. This record 
was the highest output power of GaSb based SDLs emis-
sion at 2.3 μm at heat sink temperature of 20 ℃ until 
now. 

Effective thermal management  
As the long lasing wavelength for GaSb based SDLs, the 
number of quantum well and DBR layers increase cor-
respondingly, leading to a high thermal impedance and 
difficult thermal management for lasing and power scal-
ing. In 2003, Cerutti et al. reported the first optically 
pumped GaSb based SDL. However, due to the limited 
effectiveness of thermal management, the first GaSb 
based SDL only can be operated in quasi-CW31.  

For CW operation, effective thermal management be-
comes imperative for GaSb based SDLs. In the year of 
2004, Cerutti et al. added a semiconductor heat spreader 
layer on the surface of the gain chip to enhance the heat 
dissipation capacity of the GaSb based SDL11,12. Finally, a 

Fig. 4 | Power characteristic of the GaSb based SDL chips with 

patterned side facets and with cleaved side facets pumped by two 

different pump spot sizes. Figure reproduced from ref. 10, AIP 
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maximum output power of 8.5 mW operating in CW at 
288 K was obtained. Moreover, to decrease the thermal 
load, researchers have made some efforts to reduce heat 
generation from pumping method. Normally, the com-
mercial diode laser in the wavelength of 780~980 nm is 
used as pump source, which would cause overheating due 
to a large quantum defects. Schulz et al. firstly introduced 
a concept of in-well pumping into the GaSb based SDL. 
The principle of in-well pumping is that the pumping 
light is absorbed directly in the quantum wells. Com-
pared to the barrier pumping, the absorbed light in the 
quantum wells is greatly enhanced by the high order mi-
cro resonator32,33. By utilizing a laser with 1.94 μm wave-
length as pumping source, the quantum deficit was de-
creased to about 18% and a slope efficiency of 10% was 
achieved. 

For high power operation of optically pumped GaSb 
based SDLs, two dominating methods have been re-
ported that can be effective to overcome the thermal 
problem. Figure 6 shows the schematic diagrams of the 
two kind of thermal management. The first one is to get 
rid of the GaSb substrate and make the DBR layer sol-
dered directly onto the surface of heat sink34,35. The ther-
mal resistance between gain element and heat sink is 

mainly caused by the thick DBR layers and the GaSb sub-
strate with low thermal conductivity. The substrate can be 
removed by chemically or mechanically methods and 
consequently could greatly decrease the thickness be-
tween the gain element and the heat sink. In order to get 
rid of the GaSb substrate, the epitaxial chips usually need 
to be grown in reverse order and insert an etching-stop 
layer between the substrate and the gain element struc-
ture.  

Another option for efficient heat dissipation is using a 
transparent heat spreader with high thermal conductivity 
bonding on the surface of the GaSb based SDL by the 
method of liquid capillarity. This method makes the heat 
spreader maximized near to the gain element where ma-
jority of the heat is formed36,37. As early as in 2006, Schulz 
et al38. reported that when utilizing an diamond heat 
spreader with high thermal conductivity bonded to the 
top surface of the SDL chip, the CW output power of the 
GaSb based SDL lasing at 2.3 μm was significantly in-
creased to >300 mW at heat sink temperature of -11.5 ℃. 
This thermal management method was used in the first 
multi-watt demonstration of a GaSb based SDL emission 
at 2.0 μm39 and was also the thermal management me-
thod used in the reported GaSb based SDL with highest 
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output power demonstrated by Holl et al16.  

Line-width narrowing 
Compared to the electrical pumped semiconductor, the 
optically pumped SDLs with external cavity process more 
flexibility. The optical components for spectral and beam 
control can be easily integrated into the resonant cavity. 
For example, by inserting a birefringent filter as wave-
length selective element into the resonator, a stable sin-
gle-frequency laser can be generated. Considering single- 
frequency GaSb based SDL, a laser emission at 2.3 μm 
with a line-width of less than 20 kHz has been reported 
in 2005. While, the output power of the GaSb based SDL 
with narrow line-width was relatively low (5 mW)17,40. 
Before long, an output power of 680 mW in a sin-
gle-frequency GaSb based SDL emission at 2.3 μm was 
reported by Hopkins et al. in 2007. However, the power 
improvement was at the cost of a significantly increase of 
line-width (in the MHz range)41. Up to the year of 2011, a 
combination of 200 mW output power and narrow 
line-width of 390 kHz performance for GaSb based SDL 
emission at 2.3 μm was achieved by Kaspar42.  

The line-width narrowing research of the GaSb based 
SDL emission at 2.0 μm was later than that of 2.3 μm. In 
2011, Rösener et al.43 demonstrated that a GaSb based 
SDL emission at 2.0 μm with a line-width of 9 kHz was 
achieved by utilizing a frequency stabilization configura-
tion. The laser emission was in a single longitudinal 
mode and the output power was about 100 mW. In 2012, 
Kaspar et al.44 reported that a single-mode GaSb-based 
SDL emission at 2.0 μm with an output power of 960 mW 
and a line-width of 60 kHz was fabricated. Furthermore, 
in the next year45, they demonstrated a further improve-

ment in the emission properties of a single-mode SDL 
emission at 2.0 μm by using a modified Pound-Drever- 
Hall locking structure. By using this active stabilization, 
up to 1 W output power and 20 kHz line-width were ob-
tained in the GaSb-based SDL emission at 2.0 μm. This 
significant enhancement in output power was obtained 
by using a modified cavity structure, which made a high-
ly spatial overlapping between the cavity mode and 
pumping spot. As shown in Fig. 746, for preventing the 
wavelength stability of GaSb based SDL from environ-
mental noise, the cavity structure was packaged by an Al 
box. The character of narrow line-width with high output 
power makes GaSb based SDLs especially attractive for 
remote sense and photo-communication. 

Short-pulse generation 
Besides CW lasers, we also benefit from short pulse SDLs 
in this wavelength range. Because the short pulse SDLs 
emission at 2 μm wavelength range can be used as seed 
source of mid infrared super-continuum source47 or for 
pumping mid infrared optical parametric oscillator. The 
earliest pulse generation of GaSb based SDLs was 
pumped by a pulse laser emission from Nd :YAG laser 
operating at 1.064 μm48,49. The pumping laser was a di-
ode-pumped Nd:YAG laser that was continuously 
pumped and repetitively Q-switched by an acousto-optic 
Q-switch. In 2009, the 70 W peak output power at 2.0 μm 
was obtained when the pulse was about 300 ns48. While in 
the next year49, a peak power of 342 W with a 143 ns 
pulse width was obtained, which was the highest reported 
peak power to date from a GaSb based SDL. 

In the same year50, Härkönen et al. reported a passively 
mode-locked GaSb based SDL emitting a stable picose-
cond pulse at 2.0 μm. A basic repetition rate of 881.2 
MHz was achieved by using a semiconductor saturable 
absorber mirror (SESAM). The function of SESAM was 
to attain a self-starting mode-locked operation in the 
resonant cavity. The pulse energy and duration generated 
in the GaSb-based SDL was about 30 pJ and 1.1 ps, re-
spectively. This was the first report on the passively mode 
locked picosecond GaSb based SDLs emission at 2.0 μm. 
In 2011, they reported a GaSb-based SDL emission at 2.0 
μm, which was passively mode locked to generate a near 
transformation limit pulse of 384 fs as shown in Fig. 851. 
It was the shortest pulse achieved by a GaSb based SDL 
emission at the wavelength range of 2 μm. As shown in 
Fig. 9, the resonant cavity was designed in Z-shaped 
structure. The mode locking element SESAM was also 
utilized in the resonant cavity. The InGaSb/GaSb quan-
tum wells in the gain element and the SESAM provided 
the sufficient gain and absorption. Moreover, in 2012, 
Kaspar52 reported a 2.0 μm electro-optically cavity- 
dumped SDL emitting pulses 3 ns in length with a peak 
power of 30 W. For generation of nanosecond pulse in the 
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frequency emission. Figure reproduced from ref. 46, IEEE. 
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GaSb based SDL, an intra-cavity Brewster-angled pola-
rizer prism and a Pockels cell were used in a 35 cm reso-
nant cavity. Through the full reflection in the birefringent 
polarizer, the pulse was coupled from the side of the cav-
ity. These various 2 μm SDLs emission in nanosecond 
pulse are very suitable for high accuracy optical detection 
and ranging, as well as the material processing after fur-
ther power scaling.  

Future outlook 
As discussed above, the GaSb based SDL has run up to a 

fast developing moment, making them very attractive for 
practical applications. Despite these achievements, there 
are still some developing stages that need to realize new 
capability and upgrade the technology to the level suita-
ble for practical application. 

While, in the future research stage, the research em-
phasis for GaSb based SDLs will be still focused on the 
aspects of wavelength extending, power scaling, 
line-width narrowing and ultra-short pulse generation. 
Wavelength extending has an inherent connection with 
the development of the new semiconductor structure, 

Fig. 9 | Experimental setup and optical measurement arrangement. Figure reproduced from ref. 51, the Institution of Engineering & Technology.
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which can implement wavelength selection and increase 
the function. In any case, the emission wavelength of 
electrically pumped edge-emission GaSb based semi-
conductor laser has reached up to beyond 3 μm under 
CW operation53,54. Thus, it is hopeful for GaSb based 
SDLs to extend their wavelength to 3 μm region with 
careful deign of band-gap engineering. The wavelength 
extending is a key factor that has a great influence on the 
development of new applications. Power scaling for GaSb 
based SDLs is still restricted by epitaxial structure, lateral 
lasing and effective thermal management55. In the future 
work, the heat dissipation approaches of heat spreader 
and substrate removing combined with in-well pumping 
will become the optimal thermal management method 
for further improving the output power of GaSb based 
SDLs. In addition, lateral lasing will be the other impor-
tant limitation on the further power scaling in the GaSb 
based SDLs. It must be considered in the design of epi-
taxial gain element to suppress the transverse waveguide 
and later feedback26. In recent years, the research focuses 
of GaSb based SDLs are turning on the aspects of 
line-width narrowing and ultra-short pulse generation45,46. 
At present, significant advances have already been 
achieved in wavelength extending, power scaling, narrow 
line-width and short-pulse operation. In the future, more 
efforts will be also conducted on these directions, which 
enable realization of GaSb based SDLs emission at 2~3 
μm region with sufficient power and beam quality for 
sensing, infrared counter measures or LIDAR. 

References 
1. Nikitichev A A, Stepanov A I. 2-micrometer lasers for optical 

monitoring. J Opt Technol 66, 718–723 (1999).  

2. Mikhailova M P, Titkov A N. Type II heterojunctions in the GaI-

nAsSb/GaSb system. Semiconduct Sci Technol 9, 1279–1295 

(1994).  

3. Baranov A N, Cuminal Y, Boissier G, Nicolas J C, Lazzari J L et 

al. Electroluminescence of GaInSb/GaSb strained single quan-

tum well structures grown by molecular beam epitaxy. Semi-

conduct Sci Technol 11, 1185–1188 (1996).  

4. Tilma B W, Mangold M, Zaugg C A, Link S M, Waldburger D et 

al. Recent advances in ultrafast semiconductor disk lasers. 

Light: Sci Appl 4, e310 (2015).  

5. Korpijärvi V M, Kantola E L, Leinonen T, Isoaho R, Guina M. 

Monolithic GaInNAsSb/GaAs VECSEL operating at 1550 nm. 

IEEE J Sel Top Quantum Electron 21, 1700705 (2015).  

6. Kantola E, Leinonen T, Ranta S, Tavast M, Penttinen J P et al. 

1180nm VECSEL with 50 W output power. Proc SPIE 9349, 

93490U (2015).  

7. Kantola E, Leinonen T, Penttinen J P, Korpijärvi V M, Guina M. 

615 nm GaInNAs VECSEL with output power above 10 W. Opt 

Express 23, 20280–20287 (2015).  

8. Hopkins J M, Hempler N, Rösener B, Schulz N, Rattunde M et 

al. High-power, (AlGaIn)(AsSb) semiconductor disk laser at 2.0 

m. Opt Lett 33, 201–203 (2008).  

9. Paajaste J, Suomalainen S, Koskinen R, Härkönen A, Guina M 

et al. High-power and broadly tunable GaSb-based optically 

pumped VECSELs emitting near 2 μm. J Cryst Growth 311, 

1917–1919 (2009).  

10. Töpper T, Rattunde M, Kaspar S, Moser R, Manz C et al. 

High-power 2.0 μm semiconductor disk laser—Influence of lat-

eral lasing. Appl Phys Lett 100, 192107 (2012).  

11. Cerutti L, Garnache A, Ouvrard A, Genty F. High temperature 

continuous wave operation of Sb-based vertical external cavity 

surface emitting laser near 2.3 μm. J Cryst Growth 268, 

128–134 (2004).  

12. Cerutti L, Garnache A, Ouvrard A, Garcia M, Cerda E et al. 2.36 

µm diode pumped VCSEL operating at room temperature in 

continuous wave with circular TEM00 output beam. Electron Lett 

40, 869–871 (2004).  

13. Paajaste J, Koskinen R, Nikkinen J, Suomalainen S, Okhotnikov 

O G. Power scalable 2.5 μm (AlGaIn)(AsSb) semiconductor disk 

laser grown by molecular beam epitaxy. J Cryst Growth 323, 

454–456 (2011).  

14. Rösener B, Rattunde M, Moser R, Kaspar S, Manz C et al. 

GaSb-based optically pumped semiconductor disk lasers emit-

ting in the 2.0-2.8 μm wavelength range. Proc SPIE 7578, 

75780X (2010).  

15. Rösener B, Rattunde M, Moser R, Kaspar S, Töpper T et al. 

Continuous-wave room-temperature operation of a 2.8 μm 

GaSb-based semiconductor disk laser. Opt Lett 36, 319–321 

(2011).  

16. Holl P, Rattunde M, Adler S, Bächle A, Diwo-Emmer E et al. 

GaSb-based 2.0 μm SDL with 17 W output power at 20°C. 

Electron Lett 52, 1794–1795 (2016).  

17. Ouvrard A, Garnache A, Cerutti L, Genty F, Romanini D. Sin-

gle-frequency tunable sb-based VCSELs emitting at 2.3 μm. 

IEEE Photonics Technol Lett 17, 2020–2022 (2005).  

18. Rattunde M, Schulz N, Ritzenthaler C, Rösener B, Manz C et al. 

High brightness GaSb-based optically pumped semiconductor 

disk lasers at 2.3 μm. Proc SPIE 6479, 647915 (2007).  

19. Rösener B, Schulz N, Rattunde M, Manz C, Kohler K et al. 

High-power high-brightness operation of a 2.25-μm (Al-

GaIn)(AsSb)-based barrier-pumped vertical-external-cavity sur-

face-emitting laser. IEEE Photonics Technol Lett 20, 502–504 

(2008).  

20. Rösener B, Rattunde M, Moser R, Manz C, Kohler K et al. 

GaSb-based optically pumped semiconductor disk laser using 

multiple gain elements. IEEE Photonics Technol Lett 21, 

848–850 (2009).  

21. Holl P, Rattunde M, Adler S, Bächle A, Diwo-Emmer E et al. 

Optimization of 2.5 μm VECSEL: influence of the QW active re-

gion. Proc SPIE 9734, 97340S (2016).  

22. Holl P, Rattunde M, Adler S, Scholle K, Lamrini S et al. 

GaSb-based VECSEL for high-power applications and 

Ho-pumping. Proc SPIE 10087, 1008705 (2017).  

23. Holl P, Rattunde M, Adler S, Kaspar S, Bronner W et al. Recent 

advances in power scaling of GaSb-Based semiconductor disk 

lasers. IEEE J Sel Top Quantum Electron 21, 1501012 (2015).  

24. Manz C, Yang Q K, Rattunde M, Schulz N, Rösener B et al. 

Quaternary GaInAsSb/AlGaAsSb vertical-external-cavity sur-

face-emitting lasers—A challenge for MBE growth. J Cryst 

Growth 311, 1920–1922 (2009).  

25. Manz C, Yang Q, Köhler K, Maier M, Kirste L et al. High-quality 

GaInAs/AlAsSb quantum cascade lasers grown by molecular 



                Opto-Electronic Advances      DOI: 10.29026/oea.2018.170003 

 

170003‐9 

© 2018 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved. 

beam epitaxy in continuous growth mode. J Cryst Growth 280, 

75–80 (2005).  

26. Manz C, Köhler K, Kirste L, Yang Q K, Rösener B et al. Output 

power enhancement of 100% for quaternary GaInAsSb/ Al-

GaAsSb semiconductor disc lasers grown with a sequential 

growth scheme. J Cryst Growth 311, 4158–4161 (2009).  

27. Bedford R G, Kolesik M, Chilla J L A, Reed M K, Nelson T R et 

al. Power-limiting mechanisms in VECSELs. Proc SPIE 5814, 

199–208 (2005).  

28. Hessenius C, Fallahi M, Moloney J, Bedford R. Lateral lasing 

and ASE reduction in VECSELs. Proc SPIE 7919, 791909 

(2011).  

29. Fan L, Fallahi M, Hader J, Zakharian A R, Moloney J V et al. 

Multichip vertical-external-cavity surface-emitting lasers: a co-

herent power scaling scheme. Opt Lett 31, 3612–3614 (2006).  

30. Saarinen E J, Härkönen A, Suomalainen S, Okhotnikov O G. 

Power scalable semiconductor disk laser using multiple gain 

cavity. Opt Express 14, 12868–12871 (2006).  

31. Cerutti L, Garnache A, Genty E, Ouvrard A, Alibert C. Low thre-

shold, room temperature laser diode pumped Sb-based VEC-

SEL emitting around 2.1 µm. Electron Lett 39, 290–292 (2003).  

32. Schulz N, Rattunde M, Manz C, Köhler K, Wild C et al. 

GaSb-based VECSELs emitting at around 2.35 μm employing 

different optical pumping concepts. Proc SPIE 6184, 61840S 

(2006).  

33. Schulz N, Rattunde M, Ritzenthaler C, Rösener B, Manz C et al. 

Resonant optical in-well pumping of an (AlGaIn)(AsSb)-based 

vertical-external-cavity surface-emitting laser emitting at 2.35 

μm. Appl Phys Lett 91, 091113 (2007).  

34. Perez J P, Laurain A, Cerutti L, Sagnes I, Garnache A. Tech-

nologies for thermal management of mid-IR Sb-based surface 

emitting lasers. Semiconduct Sci Technol 25, 045021 (2010).  

35. Devautour M, Michon A, Beaudoin G, Sagnes I, Cerutti L et al. 

Thermal management for high-power single-frequency tunable 

diode-pumped VECSEL emitting in the near- and Mid-IR. IEEE 

J Sel Top Quantum Electron 19, 1701108 (2013).  

36. Liau Z L. Semiconductor wafer bonding via liquid capillarity. 

Appl Phys Lett 77, 651–653 (2000).  

37. Kaspar S, Rattunde M, Schilling C, Adler S, Holl P et al. Mi-

cro-cavity 2-μm GaSb-based semiconductor disk laser using 

high-reflectivity SiC heatspreader. Appl Phys Lett 103, 041117 

(2013).  

38. Schulz N, Rattunde M, Manz C, Köhler K, Wild C et al. High 

power continuous wave operation of a GaSb-based VECSEL 

emitting near 2.3 μm. Phys Status Solidi C 3, 386–390 (2006).  

39. Härkönen A, Guina M, Okhotnikov O, Rößner K, Hümmer M et 

al. 1-W antimonide-based vertical external cavity surface emit-

ting laser operating at 2-μm. Opt Express 14, 6479–6484 

(2006).  

40. Cerutti L, Garnache A, Ouvrard A, Garcia M, Genty F. Vertical 

Cavity Surface Emitting Laser sources for gas detection. Phys 

stat solidi A 202, 631–635 (2005).  

41. Hopkins J M, Maclean A J, Riis E, Schulz N, Rattunde M et al. 

Tunable, single-frequency, diode-pumped 2.3 μm VECSEL. Opt 

Express 15, 8212–8217 (2007).  

42. Kaspar S, Rösener B, Rattunde M, Topper T, Manz C et al. 

Sub-MHz-linewidth 200-mW actively stabilized 2.3-μm semi-

conductor disk laser. IEEE Photonics Technol Lett 23, 

1538–1540 (2011).  

43. Rösener B, Kaspar S, Rattunde M, Töpper T, Manz C et al. 2 

μm Semiconductor disk laser with a heterodyne linewidth below 

10 kHz. Opt Express 36, 3587–3589 (2011).  

44. Kaspar S, Rattunde M, Töpper T, Manz C, Köhler K et al. Sem-

iconductor disk laser at 2.05 μm wavelength with <100 kHz li-

newidth at 1 W output power. Appl Phys Lett 100, 031109 

(2012).  

45. Kaspar S, Rattunde M, Töpper T, Rosener B, Manz C et al. 

Linewidth narrowing and power scaling of single-frequency 2.X 

μm GaSb-based semiconductor disk lasers. IEEE J Quantum 

Electron 49, 314–324 (2013).  

46. Kaspar S, Rattunde M, Töpper T, Moser R, Adler S et al. Recent 

advances in 2-μm GaSb-Based semiconductor disk la-

ser—power scaling, narrow-linewidth and short-pulse operation. 

IEEE J Sel Top Quantum Electron 19, 1501908 (2013).  

47. Price J H V, Monro T M, Ebendorff-Heidepriem H, Poletti F, 

Horak P et al. Mid-IR supercontinuum generation from nonsilica 

microstructured optical fibers. IEEE J Sel Top Quantum Electron 

13, 738–749 (2007).  

48. Yarborough J M, Lai Y Y, Kaneda Y, Hader J, Moloney J V et al. 

Record pulsed power demonstration of a 2 μm GaSb-based 

optically pumped semiconductor laser grown lattice-mismatched 

on an AlAs/GaAs Bragg mirror and substrate. Appl Phys Lett 95, 

081112 (2009).  

49. Lai Y Y, Yarborough J M, Kaneda Y, Hader J, Moloney J V et al. 

340-W peak power from a GaSb 2-μm optically pumped semi-

conductor laser (OPSL) grown mismatched on GaAs. IEEE 

Photonics Technol Lett 22, 1253–1255 (2010).  

50. Härkönen A, Paajaste J, Suomalainen S, Alanko J P, Grebing C 

et al. Picosecond passively mode-locked GaSb-based semi-

conductor disk laser operating at 2μm. Opt Lett 35, 4090–4092 

(2010).  

51. Härkönen A, Grebing C, Paajaste J, Koskinen R, Alanko J P et 

al. Modelocked GaSb disk laser producing 384 fs pulses at 2 

μm wavelength. Electron Lett 47, 454–456 (2011).  

52. Kaspar S, Rattunde M, Töpper T, Schwarz U T, Manz C et al. 

Electro-optically cavity dumped 2 μm semiconductor disk laser 

emitting 3 ns pulses of 30 W peak power. Appl Phys Lett 101, 

141121 (2012).  

53. Shterengas L, Belenky G, Hosoda T, Kipshidze G, Suchalkin S. 

Continuous wave operation of diode lasers at 3.36 μm at 12 °C. 

Appl Phys Lett 93, 011103 (2008).  

54. Hosoda T, Kipshidze G, Shterengas L, Belenky G. Diode lasers 

emitting near 3.44 μm in continuous-wave regime at 300K. 

Electron Lett 46, 1455–1457 (2010).  

55. Kemp A J, Valentine G J, Hopkins J M, Hastie J E, Smit S A et al. 

Thermal management in vertical-external-cavity sur-

face-emitting lasers: finite-element analysis of a heatspreader 

approach. IEEE J Quantum Electron 41, 148–155 (2005).  

 

 

 

Acknowledgements 
We are grateful for financial supports from the Major Program of National 
Natural Science Foundation of China (61790584).  

Competing interests 
The authors declare no competing financial interests. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


