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ABSTRACT   

Results of single mode and tunable GaSb-based VCSELs, with emission wavelengths above 2µm, are presented. Devices 
are aimed at trace gas sensing applications and operate in two important spectral windows – 2.3 µm and 2.6 µm. The first 
one is suitable for CO detection and in the second one strong absorption lines of H2S and H2O lie. VCSELs emitting at 
2.33 µm operate in continuous-wave (CW) up to heatsink temperatures of 90 °C and deliver the maximum single-mode 
output power of 0.8 mW at 0°C with an aperture diameter of 6µm. With the introduction of inverted surface relief on top 
of the processed device, single mode operation has been extended up to 12 µm large aperture devices. The maximum 
wavelength tuning range of 20 nm has been achieved. VCSELs emitting at 2.6 µm operate in CW mode up to 55 °C, 
with the maximum single-mode output power of 0.4 mW, at -20 °C. They offer single transverse mode emission up to 9 
µm large apertures. The maximum wavelength tuning of 10 nm is presented. Finally, first applications to trace gas 
sensing are also presented for 2.3 µm GaSb-based VCSELs. 
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1. INTRODUCTION  
The importance of sensing various hazardous gases has been growing recently due to security and environmental 
reasons. This creates an increasing demand in various gas-sensing systems. Until recently, various systems mainly based 
on electrochemical sensors have been used. However, they suffer from slow response times and ageing, when used in 
corrosive gas atmospheres. A perfect alternative here is offered by tunable-diode-laser-absorption-spectroscopy 
(TDLAS) [1-3]. TDLAS has an advantage of being a rapid and contactless technique for gas detection. Here, a tunable 
laser diode is used to scan the wavelength range of several nanometers with a frequency around 10 kHz. Typically, a 
sensor has a cell filled with gas, through which a light passes and a detector measures the intensity of transmission. 
Gases have sharp absorption lines at specific wavelengths, which act like fingerprints for the specie determination and, 
therefore, by tuning the laser wavelength one can scan through several absorption lines and identify the gases as well as 
their concentration. For such a TDLAS system, a longitudinal and transversal single-mode laser source is required. 
Additionally, it should be possible to tune the wavelength over few nanometers around the desired wavelength without 
mode-hopping. Finally, laser sources emitting in the near- and mid-infrared are preferable, as the absorption due to 
molecular vibrations is enhanced. Reasons mentioned above lead to an increased interest in developing single-mode 
tunable laser sources operating in the spectral range of 2 to 3 µm, where several important gases, like CO, CH4, N2O, 
CO2, etc. can be addressed (see Fig. 1). For example, wavelength range around 2.3 µm offers the first water absorption-
free spectral window for CO detection, what is of great importance for industrial applications. Here, a compact sensor 
with low-power budget is preferable. Vertical-cavity surface-emitting lasers (VCSELs) are ideally suited, because they 
inherently emit in a single longitudinal mode, have larger electro-thermal wavelength tunability, low power 
consumption, small beam divergence and low-cost fabrication due to a possibility of on-wafer testing. From the material 
point of view, GaSb-based heterostructures are a perfectly suited for covering the 2 – 3 µm range. Even though 
wavelength range up to 2.3 µm has been covered by InP-based devices [4], it seems that it is the limit for this material 
system. Growth and fabrication of GaSb-based VCSELs is still immature, when compared to InP-based devices. The first 
electrically pumped GaSb-based VCSELs, operating in pulsed mode with an emission wavelength of 2.2 µm, were 
reported by Baranov et al.[5] in 1998. It took 10 years until first electrically pumped VCSELs operating in continuous-
wave (CW) and emitting around 2.3 µm, were reported by Bachmann et al. [6].  
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This led to a rapid development of GaSb-based VCSEL technology and the first single-mode electrically-
pumped devices with an emission wavelength around 2.6 µm have been reported by Arafin et al.in 2009 [7]. 

 
Figure 1. Absorption lines of CO, CO2, H2S and N2O as a function of wavelength, in the spectral range from 2 to 3 µm. 

Data taken from [8]. 

 

In this work, we present recent progress on GaSb-based VCSELs emitting above 2 µm. The design and device 
fabrication, as well as device results of such electrically-pumped index-guided buried-tunnel junction (BTJ) VCSELs 
emitting around 2.3 µm and 2.6 µm are reported here. Devices operate in single mode and are suited for CO, CH4 and 
H2S sensing. 

 

2. DEVICE FABRICATION 
VCSEL structures (Fig. 2) were grown by molecular beam epitaxy (MBE) using a solid-sourceVarian Mod Gen-II 
reactor with valved cracker cells for Sb2 and As2. Epitaxial growth of the device consists of two steps – in a first step a 
lattice matched AlAs0.08Sb0.92/GaSb distributed Bragg mirror (DBR), doped with Te to the level of , is grown. 
DBR is followed by n-doped GaSb current spreading layers and the active region, consisting of highly compressively 
strained (1.6%) GaInAsSb quantum wells. The first growth step is finished with a p++-GaSb/n++-InAsSb tunnel junction 
(p=n= ). After the first growth step, the devices are taken out from the MBE chamber and intracavity contacts 
(circular and elliptical) are defined by standard lithography and the following dry etching procedure. The samples are 
cleaned chemically and loaded into the chamber again. Here, an additional atomic hydrogen cleaning procedure is 
performed in high vacuum chamber, in order to remove remaining oxides and carbon contamination [9]. Only then the 
second epitaxial growth step is done, during which n-doped GaSb layer is grown and the structure is finalized by the 
growth of a low-resistive n++-InAsSb contact layer.  
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After the MBE growth, VCSEL mesas are formed by Cl2 reactive ion etching. Then, mesas are passivated by 
sputtering 200 nm of SiO2. This is followed by a lift-off step, where top contact is opened and wet-chemically structured 



 
 

 
 

into a ring structure, thus opening a top laser facet. Then, Ti/Pt/Au metal contacts are deposited on top, which form a 
low-resistive ohmic metal/n++-InAsSb contact [10]. On the backside, a large area Ti/Pt/Au contact is evaporated directly 

 
Figure 2. GaSb-based BTJ VCSEL structure. The structure is composed of an epitaxial AlAsSb/GaSb DBR, on top of 

which n-GaSb current spreading layers and MQW active region are grown. A BTJ above the active region serves 
as a current aperture. The structure is finalized with a dielectric a-Si/SiO2 DBR. 

 

on the substrate. The process is finished with the e-beam evaporation of a top dielectric DBR, consisting of 4 pairs of 
amorphous Si/SiO2 stack. 

3. DEVICE DESIGN 
3.1 Optical design  

Due to a very short cavity of a VCSEL, the gain length is limited to few micrometers and, therefore, highly reflective 
mirrors are required. The latter is achieved by using a distributed Bragg reflector, which is composed of quarterwave 
thick stacks of alternating layers of high- and low-refractive index. In GaSb-based VCSELs, a bottom DBR is composed 
of lattice-matched AlAs0.08Sb0.92 and GaSb alternating stack. Such a combination gives a refractive index difference 

 at 2.3 µm and has the advantage of achieving high reflectivity with relatively small number of pairs (typically 
around 24, for 2.3 µm VCSEL). The maximum reflectivity, however, is limited to 99.8 % by free carrier absorption [11], 
because of n-doping in the epitaxial DBR layers. The top mirror is a dielectric DBR (see Fig. 2). Here a combination of 
a-Si/SiO2 gives a refractive index difference 

0.7nΔ ≈

1.9nΔ ≈

3

(at 2.3 µm) and only four pairs are sufficient to achieve a 
reflectivity of 99.7 %. Optical cavity design also requires special attention, as inside it, one has a very highly doped BTJ 
layers and current spreading layers and additional care has to be taken in order to achieve low losses and keep the cavity 
short at the same. This is done by implementing λ -thick cavity, where current spreader is placed in between epitaxial 
DBR and active region and three such spreading layers in between the BTJ and dielectric DBR in order to keep electrical 
resistance low. Finally, a very important thing in the optical design is to place a node of the standing wave in the tunnel 
junction and an anti-node in the active region.     



 
 

 
 

3.2 Electrical design 

In order to achieve a single mode operation, a current aperture is necessary for a VCSEL. Since oxide apertures with 
sufficient blocking up to now have not been realized yet, a BTJ is used. In our GaSb-based VCSELs, a BTJ is made from 
lattice matched n++-InAs0.91Sb/p++-GaSb layers, which result in a broken gap (type-III) alignment, which is inherently 
favoring tunneling. Another advantage here is that for tunnel junction layers Si as a dopant can be used, due to its 
amphoteric character. Such a tunnel junction lead to low-resistive intracavity contacts with specific resistivities around 

[12]. The blocking part around the structured BTJ is realized by overgrowing it with n--GaSb. In such a 
way, a blocking np+ junction is formed, yielding blocking ratios (current density through the tunnel junction divided by 
the current density through the blocking part) around 20000 [13]. Thus, the current injected through the top ring contact 
is effectively confined to a BTJ and the pumped area is restricted to the BTJ diameter and additional radial broadening 
due to carrier diffusion in the quantum wells.   
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4. DEVICE RESULTS 
4.1 2.3 µm VCSEL results 

 
Figure 3. a) L-I characteristics of a 2.3 µm VCSEL with 6 µm BTJ diameter, at different temperatures under CW 

operation; b) emission spectra of a VCSEL with 6µm wide BTJ at driving current of 8 mA, at different 
temperatures; c) Threshold current and maximum optical output power as a function heatsink temperature. 

 

Fabricated devices were characterized on a temperature controlled copper stage and light output-current-temperature (L-
I-T) characteristics have been measured under CW operation (Fig. 3a). Devices exhibit single-mode operation, up to 
90 °C heatsink temperature with an aperture diameter up to 6µm in diameter (Fig. 3b). The side-mode suppression ratio 
(SMSR) is 25 dB. At 0 °C, the maximum output power of 800 µW is found, with a threshold current as low as 1.2 mA, 
corresponding to an effective threshold current density of 1.8 kA/cm2, where a radial carrier diffusion length of 1.6 µm 
on each side has been considered. It can be noticed that threshold current is increasing and the optical output power is 
dropping with increasing temperature (Fig. 1c) and the minimum of the threshold current is below 0 °C. Such a behavior 
is due to an unintentionally misaligned cavity mode and gain maximum. Which is often the case in GaSb-based 
VCSELs, because the in-situ annealing during the overgrowth step causes a blueshift in the emission wavelength [14-
16], which is difficult to predict accurately. Electro-thermal wavelength tunability of the devices has also been 
investigated. Wavelength shift of 1.03 nm/mA and a tuning range of 10 nm have been achieved by self-induced heating, 
at 20 °C. Tunability by temperature yielded a value of 0.24 nm/K and the total tuning range of 20 nm between 0 and 
80 °C has been achieved. The achieved single mode output powers around 0.8 mW are already sufficient for gas sensing 



 
 

 
 

and first such measurements with our devices have been carried out by Siemens, resulting in a 57 ppm detection of CO 
[17]. However, output powers above 1 mW would be more desirable to increase the sensitivity further. Typically, larger 
apertures are used to generate more output, on the other hand they emit in multiple lateral modes and are not useful for 
TDLAS applications. An approach, called inverted surface-relief, was used to extend the single-mode operation to larger 
diameter BTJ-VCSELs [18]. Here, an additional 4

λ a-Si ring, with an inner diameter of 60% of the BTJ-diameter is 
deposited on top of the dielectric DBR and, in such a manner, reflectivity is reduced and losses are increased at the outer 
part of out-coupling mirror. Since higher-order later modes typically have the highest intensity away from the mesa 
center, their gain is reduced and fundamental lateral mode is favored. Using this technique we are able to achieve single-
mode operation for BTJ diameters up to 12 µm, however the maximum output power was limited to only 0.6 mW at 
20 °C, whereas the device without ISR had an output power of 0.55 mW [19]. This is due to increasing injection 
inhomogeneity for larger BTJ diameters and spatial hole burning. 
 
4.2 2.6 µm VCSEL results 

 
 

Figure 4. a) L-I characteristics of a 2.6 µm VCSEL with 6 µm BTJ diameter, at different temperatures under CW 
operation; b) emission spectra of a VCSEL with 6µm wide BTJ at 10 °C, at different driving currents; 
c) Threshold current and maximum optical output power as a function heatsink temperature. 

  

 

2.6 µm VCSELs were fabricated in the same way as the ones emitting at 2.3 µm and L-I-T characteristics have been 
measured under CW operation (Fig. 4a). Devices exhibit single-mode CW operation for mesa apertures up to 9 µm in 
diameter and exhibit CW operation up to 55°C heatsink temperature (Fig. 4a). Here, the side mode suppression ratio 
above 25 dB is found and a maximum output power of around 400 µW at -20 °C has been achieved (Fig. 4b). 2.6 µm 
VCSELs exhibit higher threshold current than 2.3 µm devices, what can be expected due to increasing Auger and free-
carrier losses at longer wavelengths. However, here, again, the cavity mode is misaligned with the gain, as can be seen 
from Fig.4c. The reasons for such a behavior are the same as explained in the previous section. The minimum threshold 
current lies below -20 °C and there is definitely a lot of room for performance improvement.  2.6 µm VCSELs exhibit 
electro-thermal tunability of 0.5 nm/mA and an overall tuning range of 4 nm. The overall thermal tuning range of 10 nm 
has been achieved in the temperature range of -15 to 25°C. A smaller current tunability than that of 2.3 µm VCSELs can 
be explained by the fact that thicker current spreading layers were used, which also act as heat spreaders, and the same 



 
 

 
 

change in current results in smaller change of device temperature. The extended single mode operation up to 9 µm is due 
to a reduced index guiding defined by the BTJ [20].  
 

 

5. CONCLUSIONS 
In summary, single-mode and tunable VCSELs emitting around 2.3 and 2.6 µm have been presented. Devices emitting at 
2.3 µm exhibit CW single-mode operation up to 90 °C heatsink temperature with SMSR above 20 dB. Total tuning range 
of 20 nm in the temperature range of 0 – 80 °C has been demonstrated. Pilot CO sensing measurements have been 
carried out and a sensitivity of 57 ppm has been achieved. VCSELs emitting at 2.6 µm demonstrate CW single-mode 
operation up to 55 °C with a SMSR of around 20 dB. Total tuning range of 10 nm has been achieved in the temperature 
range from -15 to 25 °C. Such device performance shows a great potential of GaSb-based VCSELs for trace gas sensing 
applications. 
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