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High-temperature operation of 
electrical injection type-II (GaIn)As/
Ga(AsSb)/(GaIn)As “W”-quantum 
well lasers emitting at 1.3 µm
C. Fuchs  1, A. Brüggemann1, M. J. Weseloh1, C. Berger1, C. Möller1, S. Reinhard1, J. Hader2,3, 
J. V. Moloney2,3, A. Bäumner1, S. W. Koch1 & W. Stolz1

Electrical injection lasers emitting in the 1.3 μm wavelength regime based on (GaIn)As/Ga(AsSb)/(GaIn)
As type-II double “W”-quantum well heterostructures grown on GaAs substrate are demonstrated. 
The structure is designed by applying a fully microscopic theory and fabricated using metal organic 
vapor phase epitaxy. Temperature-dependent electroluminescence measurements as well as broad-
area edge-emitting laser studies are carried out in order to characterize the resulting devices. Laser 
emission based on the fundamental type-II transition is demonstrated for a 975 μm long laser bar in 
the temperature range between 10 °C and 100 °C. The device exhibits a differential efficiency of 41 % 
and a threshold current density of 1.0 kA/cm2 at room temperature. Temperature-dependent laser 
studies reveal characteristic temperatures of T0 = (132 ± 3) K over the whole temperature range and 
T1 = (159 ± 13) K between 10 °C and 70 °C and T1 = (40 ± 1) K between 80 °C and 100 °C.

The development of efficient near-infrared lasers emitting at a wavelength of 1.3 μm is of great interest due to their 
application in optical telecommunications based on the O-band (1.26 µm to 1.36 µm). Present-day telecommuni-
cation systems typically use InP-based materials systems such as (GaIn)(AsP)/InP1 or (AlGaIn)As/InP2–5. While 
these materials have proven to be a spectrally suitable choice for telecommunication systems, their performance 
is considerably affected by Auger losses as well as potentially small hetero band offsets. A possible solution to 
these problems is the application of GaAs-based lasers which typically offer large hetero band offsets and mature 
(AlGa)As/GaAs-based technology. These improvements can prevent carrier leakage and facilitate the fabrica-
tion of sophisticated device structures such as vertical-cavity surface-emitting lasers (VCSELs). However, Auger 
recombination has to be considered as a loss mechanism which is primarily defined by the electronic structure of 
the active material. While the application of (GaIn)(NAs)/GaAs6–8 or Ga(AsSb)/GaAs9–11 as active materials are 
interesting due to their spectral properties, these materials systems do not provide a distinct route towards the 
suppression of Auger losses.

Type-II heterostructures were suggested as a possible solution to this problem12,13. The conduction and valence 
band states are dominated by different materials in these heterostructures and thus, it is possible to independently 
modify these energy levels which allows for a more flexible band structure engineering and offers the opportunity 
to tune the Auger coefficients. The successful demonstration of type-II emission based on metal organic vapor 
phase epitaxy (MOVPE)-grown (GaIn)As/Ga(AsSb) bilayer quantum wells (QWs)14 was followed by various 
attempts to fabricate lasers based on these materials. The first demonstration of an electrical injection laser based 
on a bilayer structure was reported by Klem et al.15. The device exhibited a differential efficiency of 38 % and a 
maximum optical output pulse power of 0.14 W per facet at a wavelength of 1.17 µm. The first attempt to improve 
the performance of these devices was reported by Ryu and Dapkus in 2002 by applying “W”-QW heterostructures 
(“W”-QWH) in order to improve the wave function overlap of the spatially separated electrons and holes16.

In our previous studies, we applied MOVPE in order to fabricate (GaIn)As/Ga(AsSb)/(GaIn)As “W”-QWHs 
for near-infrared laser applications. A comparison of experimental and theoretical photoluminescence spectra 
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obtained from a fully microscopic theory yielded an excellent agreement. Furthermore, material gain values sim-
ilar to those of type-I heterostructures were predicted17. In order to confirm the results obtained from theoretical 
modeling and to analyze the energy states that are involved in the optical transitions in these “W”-QWHs, photo-
modulated reflectance spectroscopy was employed. It was possible to confirm the existence of two bound electron 
states as well as up to three bound hole states depending on the antimony concentration18. These novel insights 
were used to fabricate vertical-external-cavity surface-emitting lasers (VECSELs) operating in the 1.2 µm wave-
length regime. A continuous wave output power of 4 W was achieved under multi mode operating conditions19. 
Furthermore, an output power of 0.35 W with a beam quality factor below 1.2 under transverse single mode oper-
ating conditions was observed at room temperature20. Low threshold electrical injection lasers emitting in the 
1.2 µm regime with differential efficiencies of 66 % and a maximum optical output pulse power of 1.4 W per facet 
were demonstrated using broad-area edge-emitting lasers under pulsed excitation conditions21. Additionally, a 
MOVPE growth study demonstrated the possibility to adapt the design of the active “W”-QWH for emission at 
1.3 µm by increasing the antimony concentration to approximately 27 %22.

In the present publication, a fully microscopic theory is applied to optimize the (GaIn)As/Ga(AsSb)/(GaIn)As 
“W”-QWH for an application as active region in lasers emitting at 1.3 µm. The structure proposed by this design 
study is fabricated using MOVPE and characterized by spectral measurements below and above laser threshold as 
well as measurements of laser characteristics in the temperature range between 10 °C and 100 °C.

Results
Theoretical design of the “W”-QWH active region. The “W”-QWH is designed using the fully micro-
scopic theory described by Berger et al. in Ref.17, which was previously applied to various type-I23 as well as 
type-II24 materials systems. Only nominal material parameters such as QW thicknesses and compositions are 
required as input for this approach. The systems used in our previous laser studies consist of 6 nm thick electron 
and 4 nm thick hole quantum wells containing 20 % In and Sb, respectively, resulting in an emission wavelength of 
1.2 µm. This design yields an overall thickness of the electron confinement potential of 16 nm. While the fabrica-
tion of these structures is possible, their application is challenging due to higher order type-II transitions that are 
predicted to dominate the material gain spectra at high charge carrier densities25. This behavior results from the 
electron energy states being nearly degenerate due to the large thickness of the electron confinement potential18.

The adaption of the active region for applications at 1.3 µm using the fully microscopic theory yields concen-
trations of 22 % In and 28 % Sb while maintaining layer thicknesses of 6 nm and 4 nm, respectively. Furthermore, 
the microscopic theory is applied to calculate the indium concentration that is required to retain a constant 
emission wavelength while decreasing the (GaIn)As QW thicknesses in order to increase the energetic separa-
tion between the electron ground state and the first excited electron state. A thickness of 4 nm is chosen since 
the increase in quantization energy requires an experimentally accessible indium concentration of 28 %. The 
Ga(AsSb) QW remains unchanged with an antimony concentration of 28 % and a thickness of 4 nm. Altogether, 
these changes result in a low excitation density photoluminescence peak at a wavelength of 1.34 µm for a carrier 
density of 0.002 × 1012 /cm2, a material gain value of 750/cm at a wavelength of 1.31 µm and a separation of the 
electron ground state and the first excited electron state of 22 meV for a carrier density of 3.0 × 1012/cm2. A com-
parison with the reference structure consisting of 6 nm thick (GaIn)As QWs containing 22 % indium and the 
same Ga(AsSb) QW yields improvements of the energetic separation of the electron ground state and the first 
excited electron state of 38 % as well as of the material gain value of 66 % at the above mentioned carrier density. 
Additionally, the strain thickness product per “W”-QWH is decreased by 11 % allowing for a more flexible device 
design in highly strained devices such as VECSELs19.

Temperature-dependent spectral properties. Room temperature electroluminescence (EL) spectra of 
a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser are shown in Fig. 1. The EL peak wave-
length shifts from 1.320 µm at a current density of 0.1 kA/cm2 to 1.278 µm at 0.84 kA/cm2. A linear fit yields a blue 
shift of (42 ± 7) meV/(kA/cm2) which was also observed in previous laser studies21 and thoroughly analyzed using 
microscopic models17,25,26. The mode narrowing starting from 0.84 kA/cm2 results in laser operation at 1.275 µm. 
Thus, the double “W”-QWH design used for this device efficiently suppresses higher order type-II transitions by 
establishing suitable charge carrier densities per “W”-QWH.

Temperature-dependent spectral laser measurements directly above laser threshold are carried out in order 
to verify that the laser emission is based on the fundamental type-II transition up to a temperature of 100 °C. 
Therefore, the emission directly above laser threshold is analyzed for temperatures between 10 °C and 100 °C. The 
resulting spectra are presented in Fig. 2. A temperature-induced average shift rate of 0.28 nm/K is observed corre-
sponding to a shift of the emission wavelength from 1.272 µm (10 °C) to 1.296 µm (100 °C). However, no switching 
to higher order type-II transitions is observed and thus, stable laser operation based on the fundamental type-II 
transition up to a temperature of 100 °C is obtained using the present design.

Temperature-dependent laser studies. The knowledge of the emission wavelengths enables the measure-
ment of laser characteristics using an appropriate detector calibration for each temperature. Laser characteristics of 
a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser are shown in Fig. 3 for temperatures between 
10 °C and 100 °C. The room temperature measurement (20 °C) is carried out before and after the temperature series 
in order to verify that no device degradation occurs during the temperature series. A differential efficiency of 41 %, 
a threshold current density of 1.0 kA/cm2, and a maximum optical output pulse power of 0.68 W per facet at a 
power supply-limited current density of 4.5 kA/cm2 are observed at a wavelength of 1.275 µm. Furthermore, simple 
cavity length dependent studies of the present laser structure yield internal losses of (0.7 ± 1.6)/cm and an inter-
nal efficiency of (37.1 ± 6.4)% at a temperature of 20 °C. While this low internal loss value is excellent, additional 
experiments are underway in order to analyze whether cavity length dependent studies are an appropriate tool for 
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the characterization of internal losses in type-II lasers1,4,5. A possible reason for deviations may be the fact that the 
confinement potentials are distorted as charge carriers are filled into the active region resulting in a strong carrier 
density dependence of the wave functions. Thus, the internal efficiency as well as the internal losses might strongly 
depend on the actual carrier density in the type-II active region. Laser operation is obtained up to a setup-limited 
temperature of 100 °C and an output power of 0.18 W is achieved at this temperature. Thus, the present device con-
cept can be utilized under the typical operating conditions found in telecommunication laser applications.

Figure 1. EL spectra of a 975 μm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser at a temperature 
of 23 °C. All spectra shown here are recorded below laser threshold for current densities between 0.10 kA/
cm2 and 0.84 kA/cm2. The spectra are normalized with respect to the 0.84 kA/cm2 measurement and 
monochromator slit widths of 150 µm are used for all measurements.

Figure 2. Normalized laser spectra directly above laser threshold of a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)
As double “W”-QWH laser for temperatures between 10 °C and 100 °C. A linear fit of the peak wavelengths 
yields a shift rate of 0.28 nm/K.
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A plot of the threshold current density and the differential efficiency in combination with exponential fits 
reveals characteristic temperatures of T0 = (132 ± 3) K over the whole temperature range and T1 = (159 ± 13) K 
between 10 °C and 70 °C and T1 = (40 ± 1) K between 80 °C and 100 °C as shown in Fig. 4. These promising val-
ues for T0 and T1 up to a temperature of 70 °C once again underline the potential of type-II heterostructures. 
Additional experiments are underway to also quantify Auger losses in these type-II “W”-QWH lasers and to 
determine the origin of the decrease of T1 above 70 °C. A comparison with literature values of InP-based materials 
systems is difficult since the actual device design as well as facet coatings have an influence on the characteristic 
temperatures3. Typical T0 values reported in the literature are T0 = 50K – 80K and T0 = 100K – 120K for (GaIn)
(AsP)/InP1 and (AlGaIn)As/InP2–5, respectively, in case of ridge waveguide and buried-heterostructure lasers.

Figure 3. Laser characteristics of a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser at 
temperatures between 10 °C and 100 °C. All optical output pulse power values presented in this graph are single 
facet values. Laser emission is based on the fundamental type-II transition up to a setup-limited temperature of 
100 °C.

Figure 4. Temperature dependence of the of the threshold current density and differential efficiency of the 
of a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser. Exponential fits yield characteristic 
temperatures of T0 = (132 ± 3) K over the whole temperature range and T1 = (159 ± 13) K between 10 °C and 
70 °C and T1 = (40 ± 1) between 80 °C and 100 °C.
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Summary and Conclusion
In conclusion, the careful optimization of (GaIn)As/Ga(AsSb)/(GaIn)As “W”-QWHs for emission at 1.3 μm 
using a fully microscopic theory resulted in an improvement of the material gain values by 66 % compared to pre-
vious designs. The suggested structures were fabricated using MOVPE and their characterization yielded room 
temperature laser operation based on the fundamental type-II transition at 1.275 µm. Furthermore, a differential 
efficiency of 41 %, a threshold current density of 1.0 kA/cm2, and a maximum optical output pulse power of 
0.68 W per facet at a power supply-limited current density of 4.5 kA/cm2 were obtained from characteristics in 
case of a 975 µm long laser bar at room temperature. The temperature-dependent characterization of the device 
yielded operation based on the fundamental type-II transition up to a temperature of 100 °C as well as character-
istic temperatures of T0 = (132 ± 3) K over the whole temperature range and T1 = (159 ± 13) K between 10 °C and 
70 °C and T1 = (40 ± 1) K between 80 °C and 100 °C. These results indicate that the (GaIn)As/Ga(AsSb)/(GaIn)As 
materials system grown on GaAs substrate is a promising candidate for efficient and temperature-stable telecom-
munication lasers emitting at 1.3 µm. Further research should be carried out in order to improve the active region 
as well as the device design and the growth conditions of the active region in order to achieve a reduction of the 
threshold current density. The excellent threshold current densities obtained using (GaIn)(NAs)/GaAs active 
regions, which are considerably smaller than 1.0 kA/cm27,8, should serve as a benchmark during these investiga-
tions. Additionally, the suppression of Auger losses needs to be confirmed and advanced device concepts such as 
VCSELs and distributed feedback lasers based on this materials system should be demonstrated and investigated.

Experimental Methods
The epitaxial growth of the sample is carried out in an AIXTRON AIX 200 GFR (Gas Foil Rotation) reactor sys-
tem using H2 as carrier gas at a reactor pressure of 50 mbar. Triethylgallium (TEGa), trimethylindium (TMIn), 
and trimethylaluminum (TMAl) are applied as group-III, tertiarybutylarsine (TBAs) and triethylantimony 
(TESb) are applied as group-V, and diethyltellurium (DETe) and tetrabromomethane (CBr4) are applied as dopant 
sources, respectively. The n-GaAs (001) (± 0.1°) substrates are treated with a TBAs-stabilized bake-out procedure 
in order to remove the native oxide layer before depositing a tellurium-doped GaAs buffer as well as the laser 
structure. The laser structure consists of 1.4 µm thick (Al0.4Ga0.6)As cladding layers, 0.2 µm thick GaAs separate 
confinement heterostructures (SCHs), and two active “W”-QWHs. Furthermore, a 20 nm thick GaAs interme-
diate barrier is grown in between the “W”-QWHs in order to ensure quantum mechanically separated systems. 
A highly carbon-doped GaAs cap is added on top of the p-(AlGa)As cladding in order to ensure small contact 
resistances. This layer is doped using CBr4 as dopant sources while the p-(AlGa)As cladding is carbon-doped by 
employing a decreased V/III ratio. The growth of the n-GaAs buffer, the n- and p-(AlGa)As claddings, the SCHs, 
and the p+-GaAs cap is carried out at a growth temperature of 625 °C, while the growth temperature is lowered 
to 550 °C for the growth of the active regions as well as for the GaAs intermediate barrier. The resulting double 
“W”-QWH laser structure is processed as outlined in Ref.21. in order to obtain broad-area edge-emitting lasers 
with cavity lengths between 750 µm and 1990 µm.

The detailed device characterization is carried out under pulsed excitation conditions using a pulse length of 
400 ns at a repetition rate of 10 kHz. Laser characteristics are measured using a large-area germanium photode-
tector for the detection of the single-facet output power as a function of the injection current density. EL meas-
urements below laser threshold are performed using a custom-built setup in which the optical signal is dispersed 
by a grating monochromator (Jobin-Yvon THR 1000) and detected using a liquid nitrogen cooled germanium 
detector in combination with a lock-in amplifier (Stanford Research Systems SR510). EL measurements above 
laser threshold are carried out using an optical spectrum analyzer (Yokogawa AQ6370B). All EL measurements 
are carried out in a p-side up geometry and the temperature is adjusted using a thermoelectric heater.

References
 1. Phillips, A. F., Sweeney, S. J., Adams, A. R. & Thijs, P. J. A. The temperature dependence of 1.3-µm and 1.5-µm compressively strained 

InGaAs(P) MQW semiconductor lasers. IEEE J. Sel. Topics Quantum Electron. 5, 401–412, https://doi.org/10.1109/2944.78839 
(1999).

 2. Zah, C. E. et al. High-Performance Uncooled 1.3 μm AlxGayIn1-x-yAs/InP Strained-Layer Quantum-Well Lasers for Subscriber 
Loop Applications. IEEE J. Quantum Electron. 30, 511–523, https://doi.org/10.1109/3.283799 (1994).

 3. Chen, T. R. et al. Low-Threshold and High-Temperature Operation of InGaAlAs-InP Lasers. IEEE Photon. Technol. Lett. 9, 17–18, 
https://doi.org/10.1109/68.554156 (1997).

 4. Higashi, T. et al. Observation of reduced nonradiative current in 1.3 μm AlGaInAs-InP strained MQW lasers. IEEE Photon. Technol. 
Lett. 11, 409–411, https://doi.org/10.1109/68.752531 (1999).

 5. Sweeney, S. J., Higashi, T., Adams, A. R., Uchida, T. & Fujii, T. A comparison of AlGaInAs and InGaAsP-based 1.3 μm semiconductor 
lasers using high pressure. High Press. Res. 18, 49–55, https://doi.org/10.1080/08957950008200947 (2000).

 6. Höhnsdorf, F. et al. Reduced threshold current densities of (GaIn)(NAs)/GaAs single quantum well lasers for emission wavelengths 
in the range 1.28–1.38 μm. Electron. Lett. 35, 571–572, https://doi.org/10.1049/el:19990421 (1999).

 7. Kawaguchi, M. et al. Lasing Characteristics of Low-Threshold GaInNAs Lasers Grown by Metalorganic Chemical Vapor Deposition. 
Jpn. J. Appl. Phys. 40, 744–746, https://doi.org/10.1143/JJAP.40.L744 (2001).

 8. Tansu, N., Kirsch, N. J. & Mawst, L. J. Low-threshold-current-density 1300-nm dilute-nitride quantum well lasers. Appl. Phys. Lett. 
81, 2523–2525, https://doi.org/10.1063/1.1511290 (2002).

 9. Blum, O. & Klem, J. F. Characteristics of GaAsSb Single-Quantum-Well-Lasers Emitting Near 1.3 μm. IEEE Photon. Technol. Lett. 
12, 771–773, https://doi.org/10.1109/68.853495 (2000).

 10. Yamada, M. et al. Low-Threshold Operation of 1.3-μm GaAsSb Quantum-Well Lasers Directly Grown on GaAs Substrates. IEEE 
Photon. Technol. Lett. 12, 774–776, https://doi.org/10.1109/68.853496 (2000).

 11. Quochi, F., Kilper, D. C., Cunningham, J. E., Dinu, M. & Shah, J. Continuous-Wave Operation of a 1.3-μm GaAsSb–GaAs Quantum-
Well Vertical-Cavity Surface-Emitting Laser at Room Temperature. IEEE Photon. Technol. Lett. 13, 921–923, https://doi.
org/10.1109/68.942647 (2001).

 12. Zegrya, G. G. & Andreev, A. D. Mechanism of suppression of Auger recombination processes in type-II heterostructures. Appl. Phys. 
Lett. 67, 2681–2683, https://doi.org/10.1063/1.114291 (1995).

http://dx.doi.org/10.1109/2944.78839
http://dx.doi.org/10.1109/3.283799
http://dx.doi.org/10.1109/68.554156
http://dx.doi.org/10.1109/68.752531
http://dx.doi.org/10.1080/08957950008200947
http://dx.doi.org/10.1049/el:19990421
http://dx.doi.org/10.1143/JJAP.40.L744
http://dx.doi.org/10.1063/1.1511290
http://dx.doi.org/10.1109/68.853495
http://dx.doi.org/10.1109/68.853496
http://dx.doi.org/10.1109/68.942647
http://dx.doi.org/10.1109/68.942647
http://dx.doi.org/10.1063/1.114291


www.nature.com/scientificreports/

6SCientiFiC REPORTS |  (2018) 8:1422  | DOI:10.1038/s41598-018-19189-1

 13. Meyer, J. R. et al. Auger coefficients in type-II InAs/Ga1−xInxSb quantum wells. Appl. Phys. Lett. 73, 2857–2859, https://doi.
org/10.1063/1.122609 (1998).

 14. Peter, M. et al. Realization and modeling of a pseudomorphic (GaAs1−xSbx-InyGa1−yAs)/GaAs bilayer-quantum well. Appl. Phys. 
Lett. 67, 2639–2641, https://doi.org/10.1063/1.114321 (1995).

 15. Klem, J. F., Blum, O., Kurtz, S. R., Fritz, I. J. & Choquette, K. D. GaAsSb/InGaAs type-II quantum wells for long-wavelength lasers 
on GaAs substrates. J. Vac. Sci. Technol., B 18, 1605–1608, https://doi.org/10.1116/1.591437 (2000).

 16. Ryu, S. W. & Dapkus, P. D. Room temperature operation of type-II GaAsSb/InGaAs quantum well laser on GaAs substrates. Electron. 
Lett. 38, 564–565, https://doi.org/10.1049/el:20020410 (2002).

 17. Berger, C. et al. Novel type-II material system for laser applications in the near-infrared regime. AIP Adv. 5, 047105, https://doi.
org/10.1063/1.4917180 (2015).

 18. Gies, S. et al. Excitonic transitions in highly efficient (GaIn)As/Ga(AsSb) type-II quantum-well structures. Appl. Phys. Lett. 107, 
182104, https://doi.org/10.1063/1.4935212 (2015).

 19. Möller, C. et al. Type-II VECSEL with Watt Level Output Powers at 1.2 μm. Appl. Phys. Lett. 108, 071102, https://doi.
org/10.1063/1.4942103 (2016).

 20. Möller, C. et al. Fundamental transverse mode operation of a type-II vertical-external-cavity surface emitting laser at 1.2 µm. 
Electron. Lett. 53, 93–94, https://doi.org/10.1049/el.2016.3732 (2017).

 21. Fuchs, C. et al. Electrical injection type-II (GaIn)As/Ga(AsSb)/(GaIn)As single ‘W’-quantum well laser at 1.2 μm. Electron. Lett. 52, 
1875–1877, https://doi.org/10.1049/el.2016.2851 (2016).

 22. Fuchs, C., Beyer, A., Volz, K. & Stolz, W. MOVPE growth of (GaIn)As/Ga(AsSb)/(GaIn)As type-II heterostructures on GaAs 
substrate for near infrared laser applications. J. Cryst. Growth 464, 201–205, https://doi.org/10.1016/j.jcrysgro.2016.10.052 (2017).

 23. Hader, J., Moloney, J. V., Koch, S. W. & Chow, W. W. Microscopic Modeling of Gain and Luminescence in Semiconductors. IEEE J. 
Sel. Topics Quantum Electron. 9, 688–697, https://doi.org/10.1109/JSTQE.2003.818342 (2003).

 24. Hader, J., Moloney, J. V., Koch, S. W., Vurgaftman, I. & Meyer, J. R. Microscopic analysis of mid-infrared type-II “W” diode lasers. 
Appl. Phys. Lett. 94, 061106, https://doi.org/10.1063/1.3080216 (2009).

 25. Chow, W. W., Blum Spahn, O., Schneider, H. C. & Klem, J. F. Contributions to the Large Blue Emission Shift in a GaAsSb Type-II 
Laser. IEEE J. Quantum Electron. 37, 1178–1182, https://doi.org/10.1109/3.945323 (2001).

 26. Chow, W. W. & Schneider, H. C. Charge-separation effects in 1.3 μm GaAsSb type-II quantum-well laser gain. Appl. Phys. Lett. 78, 
4100–4102, https://doi.org/10.1063/1.1379784 (2001).

Acknowledgements
The authors gratefully acknowledge the funding provided by Deutsche Forschungsgemeinschaft (DFG) in the 
framework of Sonderforschungsbereich 1083 - Structure and Dynamics of Internal Interfaces, U.S. Air Force 
Office of Scientific Research in the framework of STTR Phase II, grant # FA9550-16-C-0021, and U.S. Air Force 
Office of Scientific Research in the framework of contract # FA9550-14-1-0062.

Author Contributions
C.F. conceived the experiments and carried out the epitaxial growth of the laser structures. S.R. fabricated 
broad-area edge-emitting lasers. C.F. and A.Br. carried out the experimental device analysis. C.M. supported the 
spectroscopic experiments. C.F. evaluated the experimental data and wrote the manuscript. W.S. supervised the 
experimental work. A.B., M.J.W., and C.B. carried out the theoretical studies. A.B. carried out the design analysis 
presented in this study. S.W.K., J.H., and J.V.M. supervised the theoretical work. W.S., S.W.K., J.H., and J.V.M. 
secured the funding to support this study. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1063/1.122609
http://dx.doi.org/10.1063/1.122609
http://dx.doi.org/10.1063/1.114321
http://dx.doi.org/10.1116/1.591437
http://dx.doi.org/10.1049/el:20020410
http://dx.doi.org/10.1063/1.4917180
http://dx.doi.org/10.1063/1.4917180
http://dx.doi.org/10.1063/1.4935212
http://dx.doi.org/10.1063/1.4942103
http://dx.doi.org/10.1063/1.4942103
http://dx.doi.org/10.1049/el.2016.3732
http://dx.doi.org/10.1049/el.2016.2851
http://dx.doi.org/10.1016/j.jcrysgro.2016.10.052
http://dx.doi.org/10.1109/JSTQE.2003.818342
http://dx.doi.org/10.1063/1.3080216
http://dx.doi.org/10.1109/3.945323
http://dx.doi.org/10.1063/1.1379784
http://creativecommons.org/licenses/by/4.0/

	High-temperature operation of electrical injection type-II (GaIn)As/Ga(AsSb)/(GaIn)As “W”-quantum well lasers emitting at 1 ...
	Results
	Theoretical design of the “W”-QWH active region. 
	Temperature-dependent spectral properties. 
	Temperature-dependent laser studies. 

	Summary and Conclusion
	Experimental Methods
	Acknowledgements
	Figure 1 EL spectra of a 975 μm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser at a temperature of 23 °C.
	Figure 2 Normalized laser spectra directly above laser threshold of a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser for temperatures between 10 °C and 100 °C.
	Figure 3 Laser characteristics of a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser at temperatures between 10 °C and 100 °C.
	Figure 4 Temperature dependence of the of the threshold current density and differential efficiency of the of a 975 µm long (GaIn)As/Ga(AsSb)/(GaIn)As double “W”-QWH laser.




