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Abstract 

 
In-plane micro-photoluminescence (µ-PL) and micro-reflectivity measurements have been performed at room 
temperature by optical excitation perpendicular to the surface of two different structures: a complete vertical 
surface emitting laser (VCSEL) structure and a VCSEL without the upper p-type distributed Bragg reflector (P-
DBR). The two structures were both laterally oxidized and measurements were made on top of oxidized and 
unoxidized regions. We show that since the photoluminescence (PL) spectra consist of the cumulative effect of 
InGaAs/AlGaAs multi quantum wells (MQWs) luminescence and interferences in the DBR, the presence or not 
of the P-DBR and oxide layers can modify significantly the spectrum. µ-PL mapping performed on full VCSEL 
structures clearly shows oxidized and unoxidized regions that are not resolved with visible light optical 
microscopy. Finally, preliminary degree of polarization (DOP) of the PL measurements have been made on a 
complete VCSEL structure before and after an oxidation process. We obtain an image of DOP measured by 
polarization-resolved µ-PL. These measurements allow us to evaluate main components of strain.  
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INTRODUCTION 
 
Significant advances made in vertical cavity surface emitting lasers (VCSELs) emitting at 850 nm have increased the 
interest in high speed data communications applications, and particularly in data centers [1]. In this context, these 
laser diodes, which have been developed for commercial applications, are subject to very stringent performance and 
reliability requirements. These requirements have direct consequences on the geometry of the semiconductor laser 
diode, and particularly, specification of the multi quantum wells (MQWs) and cavity mirrors is crucial for good 
performance. In order to extract important operating parameters, different studies led by T. J. C. Hosea have been 
performed using spectroscopic characterizations as photo-modulated reflectance for retrieving the optical properties 
of VCSEL devices and the gain region [2-3]. Today, electrical and optical confinement is achieved by selective wet 
oxidation of AlxGa1-xAs (x>0.90) layers within the VCSEL’s vertical structure [4-5]. These aluminum oxide (AlOx) 
layers might constitute the main source of internal stress and these layers might be more critical since they are located 
close to the active area of the VCSEL [6-7]. Degradation mechanisms have been observed as extended dislocations 
originating from highly stressed areas pointing to the active region [8]. Much work has been done using different non-
destructive strain measurements on AlOx confined structures [9-11].  
 
In this work, in-plane micro-photoluminescence (µ-PL) and micro-reflectivity measurements were realized along the 
vertical direction normal to the surface of VCSEL structures in order to characterize the active area. In a second part, 
preliminary degree of polarization (DOP) of the photoluminescence (PL) measurements have been made on the same 
complete VCSEL structures. Analysis of the DOP has been shown to be a useful technique for mapping the strain 
field owing to device processing in GaAs based materials [12]. These first measurements allowed us to evaluate the 
main components of strain induced by the critical steps of the manufacturing process of the VCSEL structures. 
 

EXPERIMENTAL 
 
The samples for this study are VCSELs structures grown by metalorganic vapor phase epitaxy on (100) GaAs 
substrates for emission at 850 nm. The Si-doped lower DBR and the C-doped upper DBR are both made of pairs of 
Al0.12Ga0.88As / Al0.9Ga0.1As. The active region is undoped and consists of InGaAs/AlGaAs MQWs to obtain emission 
at 850 nm. On top of the active area, there are 2 or 4 layers, 15 to 30 nm thick, of Al0.98Ga0.02As for the oxide 
confinement. Following the epitaxial growth, the investigated samples were etched by inductively coupled plasma 
reactive ion etching in order to expose, on the mesa edges, the Al0.98Ga0.02As layers to oxidizing species. Rectangular 
and circular shapes of mesas were formed with dimensions from 20 to 250 µm. Some samples were then laterally 
oxidized. The lateral extension of the Al0.98Ga0.02As oxidation was measured to be 30 µm for the samples 
characterized by µ-PL and micro-reflectivity and around 10µm for the samples characterized by DOP. 
 
µ-PL measurements were performed at room temperature (RT) under excitation by a CW 633 nm laser source. The 
PL emission from the sample was collected through a 10 times microscope objective. The spectral resolution of the 
setup was 0.1 nm whereas the spatial resolution was 2µm. We inserted in the same optical set-up a white light source 
illuminating the sample perpendicular to its surface to perform reflectivity measurements. 
DOP characterization was performed using 633nm excitation, at RT. Details on this technique can be found in [13]. 
We just recall here that the DOP signal measured along direction “y” can be written as: 
 

DOPy =  Lx−Lz
Lx+Lz

= −Cε(εxx − εzz) , (1) 
 
where x and z denote the 2 directions perpendicular to y, and therefore belong to the plane of the surface being 
measured. Lx and Lz are the components of the spectrally-integrated PL with polarization along these 2 directions. εxx 
and εzz are the linear crystal deformations. Cε is a calibration constant which has been determined experimentally for 
some GaAs surfaces [12]. Note that in all the figures discussed here, x and z are the horizontal and vertical directions 
respectively. As shown in [13], the sensitivity of the DOP technique is such that deformations of 10-5 can be detected. 
DOP is sensitive to non-biaxial deformations perpendicular to the beam propagation direction, so we can measure 
only anisotropic strain inside the structure. 
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RESULTS AND DISCUSSION 
 
A combination of in-plane µ-PL with micro-reflectivity measurements on top of a periodic structure like VCSEL is 
very useful for understanding the µ-PL spectra [14-15]. PL and reflectivity at RT in the in-plane geometry on top of 
unoxidized region from a complete VCSEL structure yield the spectrum shown in Fig. 1. For the reflectivity 
measurements we could not use a reference to normalize the intensity; the approach is then more qualitative than 
quantitative. We observe maxima in the wavelength range before 830 nm. Nevertheless, around 850 nm, where we 
expect the MQWs luminescence, we only measure a peak with a very low intensity. We can clearly see that a 
minimum of reflectivity corresponds to a maximum of PL. The luminescence of the Al0.12Ga0.88As layers from the P-
DBR around 790 nm is filtered by the periodic structure of the VCSEL. The low intensity peak in the PL spectrum at 
850 nm is at the same position as the dip in the reflectivity spectrum originating from the Fabry-Perot resonance of 
the cavity. This shows that most of the excitation is absorbed in the Al0.12Ga0.88As layers of the P-DBR so we don’t 
excite too much the MQWs. This weak luminescence from the MQWs is then mostly filtered by the highly reflective 
P-DBR. In this configuration, we cannot determine the luminescence wavelength of the MQWs. 
 
One way to characterize correctly the MQWs is by removal of the P-DBR [14]. We etched away most of the P-DBR 
layers and deposited a  λ/4 thick SiNx layer acting as an anti-reflective coating in order to attenuate the dip of the half 
cavity. Fig. 2 shows that after etching away most of the P-DBR layers prior to wet oxidation, we can clearly see 
oxidized and unoxidized regions. 
 
Fig. 3 shows the µ-PL and micro-reflectivity spectra of the structure after the removal of most of the mirror layers. 
We observe that the dip corresponding to the mode of the cavity at 850 nm is now wider and shallower. This is the 
combined result of the P-DBR removal and the SiNx layer deposited on top of the half cavity. The InGaAs/AlGaAs 
MQWs PL is now more intense and the real shape of the PL from the MQWs is now observable since a strong 
degradation of the cavity resonance has occurred. A determination of the PL wavelength is possible. This process can 
be useful in order to evaluate the PL wavelengths of the MQWs after the growth. However, this method is a 
destructive and time-consuming technique. 
 
Next we studied the difference between oxidized and unoxidized regions on the complete VCSEL structure. We made 
both micro-reflectivity and µ-PL measurements on top of the oxidized and unoxidized regions. Fig. 4a and 4b show 
respectively in-plane micro-reflectivity and µ-PL both on top of oxidized and unoxidized regions. From the 
reflectivity spectra, we can observe that the dip corresponding to the mode of the cavity at 850 nm disappears from 
measurements on top of the oxidized region. From the µ-PL spectra, we observe the same difference: the small peak 
corresponding to the MQWs luminescence disappears from measurements on top of the oxidized region. This is 
explained by the fact that after the oxidation of the Al0.98Ga0.02As layers into AlOx layers, the refractive index of these 
layers is almost divided by 2. This process completely changes the cavity properties. In these oxidized areas, the 
cavity becomes anti-resonant and the resonant mode is then shifted out of the stop-band of the VCSEL. 
 
Based on this observation and this difference between oxidized and unoxidized regions, we performed µ-PL mapping 
on a large rectangular mesa and we then made a map of the integrated intensity of the MQWs. Fig. 5a and 5b show 
respectively the camera image of the sample and the corresponding µ-PL mapping. We can clearly see oxidized and 
unoxidized regions that are not resolved with visible light optical microscopy. This method is a non-destructive 
technique that can be useful in order to identify oxidized and unoxidized regions through the surface. 
 
 
Finally, we realized preliminary measurements of the DOP of photoluminescence on oxidized and unoxidized circular 
complete VCSELs structures. 
 
For the unoxidized VCSEL structure, results are shown in Fig. 6. In this configuration, x and z are respectively the 
horizontal and vertical directions in the planes of the epitaxial layers. We observe that the highest values of DOP are 
located mainly close to the edges of the structure. Along the vertical axis (z direction), from the edge to the center of 
the mesa, we can see that the DOP is negative with a pronounced maximum value of the order of 8 % and then 
becomes positive and decreases. The same trend is observed along the horizontal axis (x direction) but with opposite 
sign of the DOP values. For a circular mesa, because of the symmetry, we could expect a circular distribution of the 
strain. Here, we can see that the symmetry is radial and it confirms the assumption. Based on that, along the 
horizontal axis (x direction) the DOP can be written as: 
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DOPy = −Cε(εxx − εzz) =−Cεεxx  , (2) 
 
Hence, along the horizontal axis, 8 % DOP converts into a linear deformation εxx of the order of 1.6x10-3

 (compressive 
deformation close to the edges). This strain measured in the structure is mainly due to the effect of the etching process 
that induces crystal deformations. 
 
Fig. 7 shows the same measurements after the oxidation process. First, we observe on the PL map that the unoxidized 
window is not circular as expected but more like a “square shape”. This means that the oxidation reaction is not 
completely isotropic and the velocity of the reaction is different along specific crystallographic directions. Then, on 
the DOP map, we still have high values of DOP of the order of 10 % (absolute value) close to the edges of the mesa 
but we also measure strain close to the level of the oxidation fronts. We measure positive DOP along the horizontal 
axis (x direction) and negative along the vertical axis (z direction) both in the order of 1% (absolute value). These 
DOP measurements clearly show that the oxidation process induces some non-negligible anisotropic strain at the 
oxidation fronts in the VCSEL structure.  
 
We performed in-plane micro-PL and micro-reflectivity measurements at RT on laterally oxidized VCSELs 
structures. We characterized the active area and we showed that since the PL spectrum consists of the cumulative 
effect of InGaAs/AlGaAs multi quantum wells (MQWs) luminescence and interferences in the DBR, the presence or 
not of the P-DBR and oxide layers can modify significantly the spectra. After removing most of the top mirror layers 
and then measuring the in-plane PL, characterization of the active region can be done. Finally, using polarization 
resolved µ-PL, we realized preliminary DOP measurements on a complete VCSEL structure before and after 
oxidation. Signatures owing to strain inside the structure are clearly visible. We can see that the etching process and 
the oxidation process induce anisotropic strain that can be observed with this technique. Further improvements on 
DOP measurements, finite element simulations, and other characterizations will be investigated to evaluate, with 
accuracy, processing-induced defects for these components.  
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 FIGURE CAPTION 
 

Fig. 1. In-plane PL (blue) and reflectivity (dashed red) spectrums from the complete VCSEL structure on top of the 
unoxidized region. 

Fig. 2. In-plane view of rectangular mesas (550 µm × 230 µm) after etching and SiNx deposition by visible light 
optical microscopy.  

Fig. 3. In-plane PL (blue) and reflectivity (dashed red) spectrums from the half cavity on top of the unoxidized 
region. 

Fig. 4. In-plane micro-reflectivity (a) and µ-PL (b) spectrums from the complete VCSEL structure on top of oxidized 
(black) and unoxidized (dashed red) regions. Inset shows the MQWs luminescence. 

Fig. 5. (a) Camera image of two rectangular complete VCSEL structures (550 µm × 230 µm), including lateral 
oxidation. (b) Corresponding µ-PL cartography of integrated intensity (in counts/s) of the QW luminescence. Bright 
and dark zones correspond respectively to the unoxidized and oxidized regions. 

Fig. 6. Color scale maps of the DOP (a) and PL yield (b) for a 25 µm diameter circular unoxidized VCSEL structure. 
Measurements are along the normal to the (100) surface. Values for the DOP are indicated in % on the color scale to 
the right of the map. PL yield is given in counts (color scale to the right of the corresponding map). 

Fig. 7. Color scale maps of the DOP (a) and PL (b) yield for a 22 µm diameter circular VCSEL structure after 
oxidation. 
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