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ABSTRACT 

 
This paper discusses the design and the internal device physics of novel  high-performance vertical-cavity surface-
emitting lasers (VCSELs) emitting at 1.32 µm wavelength. Our VCSEL design features intra-cavity ring contacts, 
strain-compensated AlGaInAs quantum wells, and an AlInAs/InP tunnel junction. The tunnel junction is laterally 
confined forming an aperture for current injection and wave guiding. Undoped AlGaAs/GaAs mirrors are bonded on 
both sides to the InP-based active region. These devices have recently demonstrated continuous-wave (CW) lasing at 
stage temperatures up to 134OC, the highest temperature reported thus far for any long-wavelength VCSEL. In order to 
increase the single mode output power at high temperatures, we simulate, analyze, and optimize our VCSEL using 
advanced numerical software tools. The two-dimensional model self-consistently combines electrical, optical, thermal 
and gain calculations. It gives good agreement with measurements after careful calibration of material parameters. 
Design optimization promises single mode output power of 2mW in CW operation at 80OC ambient temperature. 
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1. INTRODUCTION 
 
Long-wavelength vertical-cavity surface-emitting lasers (VCSELs) are desired low-cost light sources for applications in 
fiberoptic communication. In contrast to the rapid development of GaAs-based VCSELs emitting at shorter 
wavelengths, the performance of InP-based long-wavelength devices is severely limited by disadvantageous material 
properties.  With the lower bandgap of the InGaAsP active region, Auger recombination enhances non-radiative losses. 
With lower photon energy, free-carrier and intervalence band absorption (IVBA) lead to enhanced optical losses. Native 
InGaAsP/InP distributed Bragg reflectors (DBRs) only allow for a small variation of the refractive index that is about 
half the variation possible in AlGaAs. To obtain high DBR reflectances, a large number of mirror layers has to be 
grown causing significant diffraction losses. InGaAsP also exhibits low thermal conductivity due to disorder scattering 
of phonons. Thus, thick InGaAsP/InP DBRs  block the thermal flux to the stage and lead to a strong increase of the 
active region temperature in continuous-wave (CW) operation. Therefore, several alternative material and design  
concepts for 1.3 µm VCSELs have been developed, including GaAs-based and hybrid approaches.  
 
A main challenge with long-wavelength VCSELs is the simultaneous demonstration of high-temperature, high-speed, 
and high-power fundamental mode lasing. In order to achieve this goal, several design trade-offs need to be balanced 
carefully. For instance, large current apertures and thick InP cavity layers are advantageous for high-power and high-
temperature operation, respectively. However, single mode lasing requires small apertures and high-speed modulation 
requires thin vertical cavities.  Finding the optimum design by experimental methods is expensive and time-consuming.  
We here employ physics-based self-consistent VCSEL simulation software in order to analyze and optimize the internal 
device physics.1 Carrier transport is simulated using a  finite-element drift-diffusion model. The heat flux equation is 
included to address self-heating effects. Gain calculations are based on 4x4 kp bandstructure computations for the 
strained quantum wells. The transmission matrix method is employed for optical simulation in order to obtain the 
vertical optical intensity profile. The lateral optical modes are given by Bessel functions which are adjusted to measured 
VCSEL near fields. Further details of the model can be found elsewhere.2  Material parameters are carefully calibrated 
in the simulation in order to achieve good agreement with the measurements.    
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2. VCSEL DESIGN 
 

Our device design follows the hybrid approach by joining highly reflective GaAs-based mirrors and high-gain InP-
based active layers in  InP/GaAs wafer bonded VCSELs (Fig. 1, Tab. 1). Compared to our previous design of wafer-
bonded 1.55 µm VCSELs 3, this design  of  1.3 µm VCSELs  includes three main new features: 

(1) Strained AlGaInAs quantum wells (QWs) offering a larger conduction band offset than InGaAsP QWs which is 
essential to reduce electron leakage at high temperatures.  

(2) Intra-cavity contacts feed the current directly into highly conductive n-InP layers, without passing wafer-bonded 
interfaces, thereby reducing reliability risks. 

(3) A buried tunnel junction is located above the MQW region (Fig. 2). This junction has multiple advantages in our 
VCSEL, it reduces the intervalence-band absorption related to p-doping, it allows for lower threshold bias due to 
higher carrier mobility in n-InP, and it provides lateral electrical and optical confinement by selective etching. 

 

Fig. 1:  Schematic structure of our vertical cavity laser. 
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Fig. 2: Energy band diagram of the InP-based active 
region. 

We have studied different design approaches for the lateral confinement. Our first device generation combined a tunnel 
junction with the commonly used lateral oxidation layer within the top DBR.4 However, the performance was mainly 
limited by lateral current leakage due to the high carrier (electron) mobility between aperture and tunnel junction. We 
therefore explored the lateral under etching of the MQW active region which promises better current confinement.5 The 
performance of this second device generation was poor due to misalignment of etched aperture and top DBR pillar. The 
third alternative investigated was patterned wafer bonding  onto disk-shaped etched tunnel junctions.6 This approach 
allows for precise control of the aperture size which is not possible with lateral oxidation or etching. In order to 
accommodate intra-cavity contacts, our final design covers the etched tunnel junction by a re-grown n-InP contact layer 
before wafer bonding (Fig. 1).7 The etched tunnel junction introduces a step of about 30 nm in the top surface of the re-
grown contact layer. This surface is sufficiently planar to permit wafer bonding of  the top  AlGaAs/GaAs mirror. 

 
3. EXPERIMENTAL RESULTS 

 
We here discuss experimental results for three VCSELs with different tunnel junction aperture size and different gain-
mode  offset.8,9 This offset is illustrated in Fig. 3 and it is a crucial VCSEL design parameter in order to achieve high-
temperature operation.  With increasing temperature, the gain spectrum moves to longer wavelength at a faster rate than 
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the wavelength of the lasing mode. With negative gain-mode offset, as shown in Fig. 3, the modal gain increases with 
higher temperature. Larger gain – mode offset allows for lasing at higher temperatures. However, larger offset also 
reduces the available gain at room temperature and the maximum output power. Thus, careful tuning of the gain – mode 
offset is required for optimum performance (see Sec.  5). 

 
Fig. 3  Calculated gain spectra at different MQW temperatures (constant carrier density). The dashed vertical lines give the VCSEL 
emission wavelength at 20OC and 80OC, respectively, and the dots indicate the actual gain of the lasing mode.  

 
 

Fig. 4: Measured light-current characteristics in continuous-
wave (CW) operation at different stage temperatures ( 8µm 
aperture, 66 nm offset). 

        

 
 

 
 

Fig. 5: CW light-current and current-voltage characteristics 
measured at room temperature (12 µm aperture, 51 nm 
offset). 

 
All devices in this section employ 5 quantum wells, 25 top DBR periods and 31 bottom DBR periods.  The exact 
position of the gain peak wavelength is unknown, however, it is close to the peak of the measured photoluminescence 
(PL) spectrum, which is used in the following to determine an offset parameter. Figure 4 gives light-current (LI) 
characteristics for  66 nm PL – mode offset and 8 micron aperture. This large offset results in lasing up to a maximum 
stage temperature of 134OC, the highest temperature ever achieved with any long-wavelength VCSEL. For this device, 
the maximum output power at room temperature is slightly above 1 mW. 
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