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Abstract: We design the stadium-shaped and rectangular vertical-cavity
surface-emitting lasers (VCSELSs) to investigate the influence of boundary
shapes on the emission angular distributions and polarization states. For the
stadium-shaped VCSELs, the emission angular distribution prefers to be
almost omnidirectional because the lasing mode with purely scarred
structure is seldom to be excited. On the contrary, the rectangular VCSELs
usually generate dominant lasing modes with the morphology of quasi-
periodic linear ridges, which can make emission angular distribution to be
concentrated on the certain direction. From the polarization-resolved light-
current curves, the stadium-shaped VCSEL is quite prone to exhibit
numerous abrupt changes (kinks) associated with polarization switching
with increasing current, whereas for rectangular VCSEL there is no
conspicuous kink to be seen during a wide range of current changing from
near to far above lasing threshold.
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1. Introduction

Optical microcavities have been identified as attractive light sources because the generation of
high-Q light emission has great potential applications in optoelectronic circuits, optical
storage, and biological sensors [1-5]. Since changing cavity shape can drastically affect
optical confinement of light, understanding the influence of cavity shapes on resonant mode
behaviors has long been a significant issue [6—8]. From the viewpoint of practical use, it is
important to generate excited modes with high emission directionality [8—12]. However, the
emission angular distribution of microdisk lasers is difficult to be straightforwardly measured
due to the property of the lateral radiation [13—15].

Unlike microdisk lasers, vertical-cavity surface-emitting lasers (VCSELs) have a
dominant longitudinal wave vector k. that is not only single-valued but also significantly
greater than the transverse wave number. As a consequence, the relationship between the
near-field spatial patterns and far-field angular distribution can be directly explored with
simple optics. More advantageously, since the lateral oxide confinement of VCSELSs can act
as an excellently reflective boundary, the broad-area devices have been successfully
employed to demonstrate the phenomena of quantum chaos [16—18]. The nice demonstration
indicates that the oxide-confined broad-area VCSELs are practically convenient to be
exploited to explore the influence of the boundary shape on the emission angular distribution.
Furthermore, it is highly desirable to investigate the influence of the boundary shape on the
polarization characteristics, since the control of the polarization state is useful for numerous
applications with VCSELs [19-25].

In this works, we develop the stadium-shaped and rectangular-shaped broad-area VCSELs
to explore the boundary effect on the emission angular distributions and polarization states.
The transverse orders of lasing modes are widely varied with the cryogenic cooling to achieve
the detuning Aw = w,- ., where w, is the central frequency of the gain profile and w. is the
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frequency of the fundamental mode. For the stadium-shaped VCSELs, the emission angular
distribution is experimentally found to be nearly omnidirectional. Notably, the so-called
purely scarred modes [26] related to the unstable periodic orbit in ray optics are seldom
observed. On the other hand, the near-field patterns of lasing modes in the rectangular-shaped
VCSELs display the morphology of quasi-periodic linear ridges that leads to the emission
angular distribution to be concentrated on the direction parallel to the long sides of the device
shape. We believed that the results can provide a valuable prospect in designing a microcavity
laser with directional emissions. Moreover, it is also found that the polarization characteristics
of the VCSELs are strongly dependent on the boundary shape. The stadium-shaped VCSELs
tend to exhibit numerous abrupt changes associated with polarization switching in the
polarization-resolved light-current (L-I) curves, whereas the polarization instability is
experimentally confirmed to be rather weak in the rectangular-shaped VCSELs.

2. Experimental setup

Figure 1 illustrates the schematic diagram of the VCSEL devices and the experimental setup.
The aperture size for the rectangular VCSEL is about 47 x 22 pm®’ For stadium-shaped
VCSELs, it has been confirmed that the aperture size plays a key role for the mode selection
between chaotic and scarred modes [27]. Here we fabricated stadium-shaped VCSELs with
aperture sizes of 45 x 22 um® and 60 x 30 pm’ to perform investigations. The device
structures of the oxide-confined VCSELs were similar to those described in [28]. The
emission wavelengths of the VCSELs were approximately 780 nm. The VCSEL devices were
placed in a cryogenic system with a temperature stability of 0.1K in the range of 200-300 K.
A power supply providing current with a precision of 0.01 mA was utilized to drive the
VCSELs. The laser output is collimated by an objective lens (Mitutoyo, numerical aperture
0.9) and is divided into two parts of lights with equal intensities by beam splitter (BS). One
part of light is coupled into a charge-coupled device (CCD) camera (Coherent, Beam-Code)
to measure near-field patterns. Using a lens to perform spatial Fourier transform, the far-field
patterns can also be reimaged onto a CCD camera. The other part of light is split into two
orthogonal polarized lights by passing through a polarization beam splitter (PBS) for further
measurement. The light beam was identified as x-polarization (y-polarization) whose
direction of polarization is along horizontal-axis (vertical-axis) of the device.
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Fig. 1. Schematic diagram of the VCSEL devices and the experimental setup.
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3. Far-field characters of the lasing modes at threshold current

Figures 2(a)-2(d) depict the experimental near- and far-field patterns at lasing threshold for
the stadium-shaped VCSEL with area of 45 x 22 um’ when the operating temperatures are
held at 295 K, 250 K, 230 K, and 200 K. Their emission angular distributions are plot in Figs.
2(a’)-2(d’) in order to quantitatively realize the emission directionality of the lasing modes. At
the operating temperature of 295 K, the lasing mode behaves like a chaotic wave that can be
described by a random superposition of plane waves [29]. It can be seen in Fig. 2(a’) that its
far-field emission is extended over all angles and is lack of directionality. When the operating
temperature was decreased to below 250 K, the lasing modes are whispering gallery modes
(WGMs) with some irregular structures inside the interior region. In comparison with fully
chaotic waves, such modes have larger portion of light emissions distributed in the regime of
0°<0< 25°, 60°<0< 120°, and 150°<0< 180°, as shown in Figs. 2(b’)-2(d’). However, these far-
field patterns also do not present pronounced directional emissions.
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Fig. 2. Experimental near- and far-field patterns for the stadium-shaped VCSEL with area of
45 x 22 um? at the operating temperature of (a) 295 K, (b) 250 K, (c) 230 K, and (d) 200 K.
The emission angular distributions (a’)-(d”) correspond to (a)-(d), respectively.

Figure 3 illustrates the experimental results for the stadium-shaped VCSEL with larger
area of 60 x 30 um’ at different operating temperature. It can be seen that the near-field
patterns are mainly composed of two wave structures with WGMs and the scars. At the
operating temperature of 290K, the scarred structure of the lasing mode exhibits the diamond
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orbit. When the operating temperature was decreased to below 260 K, the scarred structure
will change to the double diamond orbit. From the emission angular distributions shown in
Figs. 3(a’)-3(d’), even scarred modes are spatially localized on definite geometric ray orbits,
these lasing modes are found still not to exhibit remarkable directional emissions. This
observation is attributed to the fact that the lasing mode is not purely scarred mode but is
composed of more than one wave structures, causing the far-field emission not to be
noticeably concentrated in any particular directions.
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Fig. 3. Experimental near- and far-field patterns for the stadium-shaped VCSEL with area of
60 x 30 um’ at the operating temperature of (a) 290 K, (b) 250 K, (c) 230 K, and (d) 200 K.
The emission angular distributions (a’)-(d’) correspond to (a)-(d), respectively.

We then explore the lasing patterns and the corresponding emission properties for the
rectangular VCSEL, as depicted in Fig. 4. The lasing patterns present the morphology of
quasi-periodic linear ridges from low to high transverse orders when the operating
temperature was changed from 295 K to 200 K. As can be seen in the far-field patterns, such
type of the lasing modes are superimposed by a number of transverse modes with &, > k,. The
results of emission angular distributions illustrated in Figs. 4(a’)-4(d’) reveal that the
emissions of these modes are mainly concentrated in the narrow regime of the directions
around 15° and 165°. That is, directional emissions are clearly attained. It should be
emphasized that based on the experimental results of numerous samples, the rectangular
VCSELSs are quite feasible to present high directionality in far-field emissions because they
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usually generate the lasing modes with structures of quasi-periodic linear ridges or other
superscarred structures.
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Fig. 4. Experimental near- and far-field patterns for the rectangular VCSEL at the operating
temperature of (a) 295 K, (b) 280 K, (c) 250 K, and (d) 200 K. The angle-resolved far-field
distributions (a’)-(d’) correspond to (a)-(d), respectively.

4. Characters of light emissions in the two orthogonal polarizations

VCSELSs have the striking feature of polarization instability that arises from the competition
between two orthogonally polarized modes. When the mode competition takes place, light
emissions of VCSELs present an abrupt change (kink) in the light-current curves (L-I curves)
of the two orthogonal polarizations, which is the so-called polarization switching. The
suddenly power degradation in a certain polarized mode would limit the practical applications
of VCSELs. It has long been an important task to study how to control or to prevent
polarization switching [22-25]. Introducing cavity anisotropy has often been used to obtain
the lasing modes that can retain stable linear polarization state [24, 25]. The stadium-shaped
and rectangular VCSELSs are such typed devices. However, for our cases, the aperture sizes of
the VCSELs are so large that the generation of multiple high order transverse modes would
notable affect behaviors of light emission. It is thus interesting to explore the emission
properties for the two VCSELs.

Figure 5 shows the L-I curves and the lasing patterns in x- and y-polarizations at different
operating temperature for the stadium-shaped VCSEL with area of 45 x 22 um’. At both
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cases, the VCSEL starts to lase the y-polarized modes at the threshold current and the x-
polarized modes will subsequently be excited with the current slightly larger than the
threshold value. When the injected current increases, numerous kinks can be seen in the
slopes of the polarization resolved L-I curves. The observation indicates that the two
orthogonal polarized modes undergo keen competition with varying injected current. Light
emission in each polarization thus becomes very unstable. When the injected current further
increases to approaches to the thermal rollover current, x-polarized modes will then dominate
the output power emission and light emission in y-polarization gradually degrades to saturate.
This can be explained as follows. At both temperatures, the transverse orders of lasing modes
in y-polarization are obviously higher than the modes in x-polarization. As the injected
current is well above threshold, due to thermal lensing effect, high-order modes will
experience larger loss than high-order modes. Consequently, the saturation phenomena for y-
polarized modes take place.
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Fig. 5. The polarization resolved L-I curves for the stadium-shaped VCSEL with area of 45 x
22 um?® at the operating temperature of 295 K, 250 K, 230 K, and 200 K.

Figure 6 depicts the experimental results for the rectangular VCSEL. For both temperature
treatments, the lasing modes are in y-polarization component at the threshold current.
However, in contrast to the stadium-shaped VCSEL, x-polarized modes cannot exhibit
pronounced light emission until the injected current increases to very high value, as the black
circle labeled in Fig. 6. More importantly, during the current regime in which x-polarized
modes have low emitted power, light emissions can increase monotonically without
conspicuous kinks. Such current range will become wider with decreasing operating
temperature. The kinks can only be shown when the injected current is so high that thermal
effect would be considerable to affect the gain competition between the two orthogonally
polarized modes. In other words, the rectangular VCSELs are more suitable to achieve light
emissions without polarization switching rather than the stadium-shaped VCSELs. This
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finding also provides the meaningful evidence that cavity shape is important for affecting the
tendency of polarization switching of the dominant lasing mode for broad-area VCSELs.
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Fig. 6. The polarization resolved L-I curves for the rectangular VCSEL at the operating
temperature of 295 K, 250 K, 230 K, and 200 K.

4. Conclusion

We have studied the boundary effect on the emission angular distributions and polarization
states for the stadium-shaped and the rectangular VCSELs under cryogenic cooling operation.
For the stadium-shaped VCSELSs, since the lasing mode with purely scarred structure is rare to
be generated, the emission angular distributions are usually lack of directionality. In contrast,
the rectangular VCSEL is prone to excite the lasing modes with the morphology of quasi-
periodic linear ridges that can obviously present highly directional emissions in the far-fields.
Furthermore, polarization properties for the two types of VCSELs have also been found to be
quite distinct. The stadium-shaped VCSEL has been found to exhibit numerous abrupt
changes (kinks) associated with polarization switching in the polarization-resolved L-I curves.
In the case of the rectangular VCSEL, light emission in the two orthogonal polarizations can
increase monotonically without conspicuous kinks in the wide range of current changing from
near to far above lasing threshold. In other words, the rectangular VCSELs are feasible to
generate light emissions without polarization switching.
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