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ABSTRACT

Numerical simulations of the spatial dynamics of the light output of two-dimensional arrays of VCSELs are presented.
The cases presented include square and circular arrays of nine elements. For both configurations the spacing between
elements is varied to study the effects on the interaction between elements. In addition, the effects of index guiding
on the supermodes of the arrays will be shown. It was found that, with only a small amount of index guiding, the
interactions between elements of the VCSEL array are effectively eliminated for all spacings between elements. The
time evolutions of the spatial profiles of the laser intensity and carrier density are obtained by solving the Effective
Semiconductor Bloch-Maxwell equations by a finite-difference algorithm. The algorithm can handle devices with
multiple active regions of any shapes or pattern. There is no a priori assumption about the type or number of modes.
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1. INTRODUCTION
Two-dimensional arrays of verticalcavity surface-emitting lasers (VCSELs) are important for producing high-intensity
light13 and for tailoring the far-field intensity distribution for applications. Complex spatial dynamics have been
observed experimentally when the injected current is high3 with the laser output jumping between different mode
patterns. This jumping was attributed to spatial hole burning. In this paper, numerical simulations of the spatial
dynamics of the interactions between array elements are presented. The model can account for the effects of spatial
hole burning.4 The cases to be presented include square and circular arrays of VCSELs. For both configurations the
spacing between elements is varied to study the effects on the interaction between elements. In addition, the effects
of index guiding on the supermodes of the arrays will be shown.

The spatial dynamics of the VCSEL arrays are modeled by an approximation to the semiconductor Maxwell—Bloch
equations.5 The time evolution of the spatial profiles of the laser and carrier density is obtained by solving these
partial differential equations by a finite-difference algorithm. The algorithm is fairly general; it can handle devices
with one or multiple active regions of any shapes, which can be either gain or index guided. There is no a priori
assumption about the type or number of modes.The physical modeling includes the effects of nonlinear carrier
dependence and dispersion with respect to wavelength on the optical gain and refractive index. The modeling57 of
the optical susceptibility is based on first-principles and includes device details such as a quantum well structure and
many-body effects. Temporal dynamics as fast as on a picosecond scale can be resolved. In this paper, the VCSELs
are based on InGaAs/GaAs quantum well structures.
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2. GOVERNING EQUATIONS
The effective Maxwell—Bloch Equations can be written as:5'6
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Here E is the complex laser field envelope amplitude, N is the total carrier density, P0 and Pi are the effective material
polarization functions that have been constructed from microscopic theory,5 and J(x, y, t) is the pumping current
density. Further, 5n(x, y) is the guiding index profile arising from, e.g., oxide confinement, vI is the Laplacian in the
transverse plane, c is the speed of light, o is the permittivity of free space, w, is the optical carrier wave frequency
in radians per seconds, rib is the background index of refraction, n is the group index of refraction, =m is the
background relative permittivity, K = Wcflb/C 5 the optical wavenumber in the cavity with a background index of
refraction b, 1 is the cavity loss, DN is the carrier diffusion coefficient, is the nonradiative decay constant or
carrier loss rate due to spontaneous and nonradiative processes, ij is the quantum efficiency, e is the electron charge,
h = h/2ir, where h is Planck's constant, F is the confinement factor, and L is the cavity length.

Many-body effects are contained in the density-dependent coefficients o(N), the effective background susceptibility,
F1 (N), the gain bandwidth, wi (N), the detuning, and A1 (N), the strength of the Lorentzian oscillator. The derivation
of these four density-dependent coefficients, which model the optical susceptibility x(w,N), is given in References 5
and 6.

The simulations were conducted for arrays of VCSELs operating at 980 nm with circular current apertures of 5.6
1um in diameter. The cavity length L was 144 nm, the carrier diffusion coefficient was 20 cm2/s and the confinement
factor F was 0.25. The three parameters most important in determining the dynamics are the three decay rates
F1 , ic, and The inverse values of these parameters set the relevant time scales. In our calculations, 1/F1 (N)
was approximately 15 fs, (the material polarization P1 changed on that time scale). Introducing the scaled cavity
loss as = t/(ng/c), the photon lifetime, 1/k, was about 2 ps. Finally, the carrier lifetime, 1/y, was 2 ns. At the
nanosecond time scale, the time averages laser field was essentially steady for these calculations.

3. COMPUTED RESULTS
Computed results are presented for square and circular VCSEL arrays of nine elements each. For the square array,
the current density at each VCSEL was set at 1.73 kiloamps per cm sq, and the separation between element centers
was 6.6, 7.6, 8.6 and 9.6 sam. For the circular array, the current density at each VCSEL was set at 1.15 kiloamps
per cm sq. Results are shown in which the diameter of the circle on which the element centers are located was 22.4
and 19.2 /m. For all cases, both gain guiding and index guiding were used, (for index guiding a change of refractive
index of 0.005 was used). The initial light and carrier density fields were determined under conditions in which there
were no interactions between elements. In the figures, the spatial profiles of the intensities of the laser (top row) and
carrier density (bottom row) fields are shown with time averaged (periods indicated) light fields and instantaneous
(at the end of the light field period above) carrier density fields.
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3.1. Square Array; Gain Guided
Figure 1 shows two consecutive light fields averaged over two hundred picoseconds and a light field averaged over four
nanoseconds, as indicated in the figure. While there is light dynamics on the shorter time scale due to interactions
between the array elements, on the longer time scale, the resulting intensity pattern is static with an enhanced light
output from the center element. As might be expected, the carrier density field below the center element is the most
depleted.

Fig. 1. The light intensity (top row) and carrier density (bottom row) fields of a square
element centers separated by 9.6 jtm, no index guiding.

3.2. Ring Array; Gain Guided

array of nine VCSELs,

Figure 2 shows two consecutive light fields averaged over two hundred picoseconds and a light field averaged over
four nanoseconds. Initially the light field is symmetric, but it evolves into an asymmetric pattern that is maintained
over the longer time scale. The asymmetry is reflected in the carrier density field.

Fig. 2. The light intensity (top row) and carrier density (bottom row) fields of a ring array of nine VCSELs, ring
diameter is 22.4 ,am, no index guiding.
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3.3. Square Array; Gain Guided; Various Element Separations
Figure 3 shows the effects of decreasing the separation between elements, with the interactions becoming stronger
until they are acting essentially as one large VCSEL.

r—
Fig. 3. Comparison of four separation distances, 9.6 pm, 8.6 pm, 7.6 pm, and 6.6 pm; all light fields are four
nanosecond averages.

3.4. Ring Array; Gain Guided; Two Ring Diameters
Figure 4 shows the effects of decreasing the ring diameter, with the light field again an asymmetric pattern. The
carrier density field shows a strong peak where the light field has been suppressed due to the interaction of the
VCSELs.

Fig. 4. Comparison of two ring diameters, 22.4 pm, and 19.2pm; all light fields are four nanosecond averages.
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3.5. Square Array; Effects of Index Guiding
Figures 5 and 6 shows the effects of index guiding on the interaction between the elements for various distances of
element separation. Now the elements act essentially independently, although there is some slight interaction as can
be seen in the carrier density fields. Also the peaks in the carrier density fields have craters, which are a result of
spatial hole burning in producing the peaks in the light fields.

Fig. 5. Comparison of no index guiding and index guiding at separation distances , 9.6 pm , and 8.6 pm.
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Fig. 6. Comparison of no index guiding and index guiding at separation distances, 7.6 pm, and 6.6 pm.
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3.6. Ring Array; Effects of Index Guiding
Finally, Figure 7 shows the effects of index guiding on the interaction between the elements for the two diameters.
As in the square array case, the elements act essentially independently. Again there are craters in the carrier density
fields, which are a result of spatial hole burning.

A new algorithm has been developed for modeling the spatial dynamics of the light field of two-dimensional arrays of
vertical-cavity surface-emitting lasers. The model can account for the effects of spatial hole burning. Two types of
arrays were studied: (1) a square array of nine elements and (2) an array of nine elements in a circle. In both cases
the spacing between elements was varied to see the effects on the pattern of the light output in the near field. The
results showed that as the elements were brought closer together the light fields became coupled so that the light
intensities at some elements were enhanced while at other elements they were diminished. However, by adding only
a small amount of index guiding (refractive index change of 0.005), the interactions between elements of the VCSEL
array were effectively eliminated for all spacings between elements.
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Fig. 7. Comparison of no index guiding and index guiding at ring diameters 22.4 1am, and 19.2gm.

4. CONCLUSION
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