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Single-Mode Vertical-Cavity Surface-Emitting
Lasers Array With Zn-Diffusion Aperture for
High-Power, Single-Spot, and Narrow
Divergence Angle Performance
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Abstract— A single-mode vertical-cavity surface-emitting
laser (VCSEL) array at 850 nm with excellent performance
in terms of high output power, single-lobe far-field, and nar-
row divergence angle has been demonstrated. By use of the
Zn-diffusion process with proper sizes of oxide current-confined
and Zn-diffusion optical apertures, each unit of VCSEL in the
demonstrated array is highly single-mode (side-mode suppression
ratio >30 dB) with a narrow far-field divergence angle (~5°)
and an extremely high maximum single-mode output power
(~7.1 mW). Due to the excellent single-mode performance of each
VCSEL unit, the 10 x 10 array exhibits a single-lobe and nearly
circular symmetric far-field pattern, very narrow divergence
angle (~4°), and output power as high as around 187.4 mW.
Furthermore, its bias-dependent output optical spectra measured
in different positions of array shows very high similarity. This
result indicates that the excellent uniformity of single-mode
performance of each VCSEL unit in the array. The far-field
pattern simulation results indicate that although the coherence
in our array is low, its output beam quality is as high as that
of a single-mode unit VCSEL, which exhibits a near diffraction
limited M square factor (M 2n 2).

Index Terms— Semiconductor lasers, vertical cavity surface
emitting lasers.

I. INTRODUCTION

HE requirement of high-power infrared light sources has

tremendously increased due to its applications of infrared
lighting and security monitoring in the darkness. Recently, a
very high-power (1 Watt) and high-efficiency (~70 %) light-
emitting diode (LED) at infrared wavelength (850 nm) has
been demonstrated to meet such application [1]. As compared
to LEDs, vertical-cavity surface-emitting lasers (VCSELSs) [2]
at 850 nm wavelength naturally have more collimated output
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light beam, which can greatly save the cost of optics setup
for long range light sensing and detection, such as the case of
airborne light detecting and ranging (LIDAR) systems [3]. Fur-
thermore, 850 nm VCSELSs have attracted much attention due
to their several unique advantages, such as, two-dimensional
(2-D) array formation [4], [5], inexpensive device fabrication
and characterization.

High-output-power and a single-lobe (spot) output with a
low divergence angle and circular symmetry far-field pattern
of VCSEL are thus highly desired for the above-mentioned
applications. Increasing the effective diameter of the circular
light-emitting aperture of a VCSEL is necessary to achieve a
high output power. Extremely high output power (up to several
watt’s level) by paralleling a few hundred to a few 10,000’s
multi-mode VCSELs with advanced thermal package has
been successfully demonstrated [6]. However, due to the
multi-mode characteristic of each VCSEL unit, the divergence
angle of combined far-field pattern is as wide as ~20 degree.
In addition, the peak of combined 2-D far-field pattern is usu-
ally very spotty instead of a Gaussian like smooth profile [6].
Several methods have been developed for VCSELs with
single-mode and single-lobe output, such as the surface relief
structure [7], Zn-diffusion structure [8], the 2-D holey structure
(photonic crystal) [9], [10], anti-resonant reflecting optical
waveguide structure [11], [12], and the combined application
of implant and oxide apertures [13]. However, the maximum
single-mode output power of these reported VCSELs is
usually low (<7 mW) with a divergence angle at around
8 to 10° [7]-{13].

In order to further improve the performance in terms of
power, beam shape, and divergence angle of a single-mode
VCSEL unit, the photonic crystal (PC) based surface-emitting
laser (array) structures has been demonstrated [14]. Such laser
(array) can achieve large area coherent lasing with excellent
single-mode output power (~100 mW) and extremely nar-
row divergence angle (~2°) of circular symmetry far-field
pattern [14] under continuous wave (CW) operation. Neverthe-
less, mass production of such device with complex 3-D nano-
scale PC structure inside remains a challenge. In this paper,
by use of Zn-diffusion technique for optical mode control,
we demonstrate a 2-D single-mode VCSEL array structure
with excellent lasing performance. A stable (invariable) single-
lobe/near circular far-field pattern with a narrow full-width
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Fig. 1. (a) A conceptual cross-sectional view of unit VCSEL (W,/W/d:
6.5/9.5/1.5 pum), (b) top-view of unit VCSEL. x- and y- axes are used for
defining the directions of 1-D far-field pattern measurements and simulations.

half maximum (FWHM) divergence angle (~4") under the full
range of bias current and a high maximum single-lobe output
power (187.4 mW) under CW operation can be achieved.
As compared to our previous work [15], significant improve-
ment in output power (187.4 vs. 104 mW) with a narrower
divergence (4° vs. 7.6%) has been achieved. Such superior
performance can be attributed to that the aperture (oxide and
Zn-diffusion) sizes and the spacing between each single unit
of VCSEL in the array have all been further optimized. These
results also indicate that the high uniformity in our single-
mode performance and weak in-phase (coherent) coupling
between each VCSEL unit in our proposed device structure.
A simple model has also been proposed to fit the measured
far-field patterns and estimate the coherence in our array.

II. DEVICE STRUCTURE AND MEASUREMENT RESULTS

Figure 1(a) and (b) show the conceptual cross-sectional
and top views of the demonstrated unit VCSEL, respectively.
As shown in Figure 1(a), there are three key parameters;
Wz, Wo, and d, which determines the mode characteristics
of device. Here, Wz and Wqp represent the diameter of
Zn-diffusion  aperture and oxide-confined aperture,
respectively. d is the Zn-diffusion depth. In order to
attain stable single-mode performance under the whole range
of bias current of each unit VCSEL, the relative sizes of
these three parameters must be carefully optimized [15], [16].
First, the sizes of W, and d must be usually less than around
6 and deeper than 1 um, respectively [8], [16]. This empirical
criterion is valid due to that we need a significant Zn-diffusion
induced loss in the peripheral region of a small optical aperture
to suppress the higher order mode. Lasing is suppressed in
the Zn-diffused DBR region due to free-carrier absorption
and reflectivity reduction caused by disordering [8]. Secondly,
we must let Wo > Wz in our single-mode structure to ensure
that there is a significant Zn-diffusion induced internal loss
(@) in our current-confined (gain) region. According to our
measurement results, such condition is the key to ensure the
high uniformity in single-mode lasing performance of each
unit VCSEL of array [16]. Here, we chose the values of
W,, W, and d, is around 9.5, 6.5, and 1.5 um, respectively.
Compared  with  the structure reported in  our
previous work [15], the sizes of W, (9.5 vs. 8 um) and W,
(6.5 vs. 5 um) have both been enlarged in order to further
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narrow down the far-field divergence angle, increase the
volume of optical cavity, and maximize the single-mode
output optical power. A further increase in the diameter
of Zn-diffusion aperture would result in output power
enhancement but may induce a lot of higher order modes
inside cavity.

The epi-layer structure, purchased from IQE! (IEGENS-
7-20), is composed of three GaAs/Alp3Gap7As multiple-
quantum-wells (MQWSs) sandwiched between a 30-pair
n-type and a 20-pair p-type AlpoGag1As/ Alg 12GagggAs
Distributed-Bragg-Reflector =~ (DBR) layers with an
Alp.9gGag g2 As layer (30nm thickness) just above the MQW's
for oxidation. The fabrication of array is started from the
Zn-diffusion process. A high-quality Si3Ny film is necessary
to serve as the mask for the high-temperature diffusion
process. The mask defined diameter of the optical aperture
(without Zn-diffusion) is around 8 um. By considering the
lateral Zn-diffusion, the final W, is around 6.5 um after the
finish of Zn-diffusion process with a ~1.5 ym depth (d). After
that, the mesa etching process is performed. An oxidation
technique is then used to define a circular current-confined
area 9.5 um in diameter. Under high-power and high-current
density operations, the reliability of oxide-confined VCSEL is
usually an issue [17]. In order to overcome such problem in
our array, the AlOx current-confined layer, has been removed
by use of selective chemical wet etching (oxide-relief). Due
to the excellent etching selectivity, such oxide-relief process
would not at all degrade the performance of VCSEL [16].
In addition, the improvement in reliability of our structure
can also be expected because of the elimination of oxide
layer induced stress onto the neighboring active layers [17].
After p-type contact metallization (Ti/Au; 50/200 nm), the
device is passivated by a SiO» layer (~150 nm) and a thick
(~1.5 um) polymethylglutarimide (PMGI) layer is then
deposited for planarization. Finally, a thick Ti/Au (~1 um)
layer is evaporated onto chip to parallel different VCSEL
units in the array and for on-wafer probing. As shown in
Figure 1(a), the fabricated device has a 28 um diameter active
mesa and the n-type contact is realized in the bottom side
of n-type GaAs substrate to uniform the current distribution
especially in the array structure.

Figure 2(a) and (b) shows the measured light output
power (L-I) and optical spectra under different bias current
of a single VCSEL unit, respectively. The uniformity of
single-mode performance between different VCSEL units is
very high. Here, the measured L-I curves of three devices
on the same chip are shown in Figure 2(a) for reference.
As can be seen, the single device exhibits a threshold current
at 1.7 mA and can sustain highly single-mode operation
(side-mode suppression ratio (SMSR) >30 dB) under the full
range of bias current (from threshold to saturation) with a
maximum single-mode power up to 7.1 mW.

Such value is as high as the record of maximum single-
mode output power (~7 mW) of 850 nm VCSELs [7], [8].
Figure 3 shows the measured one-dimensional (1-D) (in the
x-direction) and 2-D far-field patterns of single device under
different bias currents. Regarding with the 1-D far-field pattern
measurement, it is realized by use of a rotational arm, which is
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Fig. 2. The measured (a) L-I curves and (b) optical spectra under different
bias currents of unit VCSEL.

3 1.0 = amA
&  [-e—6mA

X-direction

> 0-8f+—12ma

g 0.6 *—15mA

(]

§04

© 0.2

(9]

%o.o st

€ 15 10 5 0 5 10 15
6 Angle (degree)

Z

4mA 6mA 12mA 15mA
X 3.8 43° 5.8° 4.9°
Y 57° 54° 7.2° 5.1°

Fig. 3. The measured 1-D (in x-direction) and 2-D far-field patterns under
different bias currents of unit VCSEL. The inserted Table shows the FWHM
of measured divergence angles under different bias currents in both directions.

connected with a well-calibrated optical sensor head with a slit
mounted on its window. The distance between sensor head and
device under test is around 13 cm. During our measurement,
the width of slit is set as less than 1 mm. With a 13 cm
distance between slit and device under test, the resolution for
divergence angle measurement should be around 0.44 degree.
Such resolution is high enough to accurately measure the
divergence angles with the values what we will claim latter
(~5 degree) in this paper. For the case of 2-D measurement,
a charge-coupled device (CCD) camera is installed just above
the array for making pictures of its far-field pattern. In order
to avoid the saturation of camera and influence of optical
feedback effect on the measured patterns, neutral density (ND)
filters with a tilted angle are inserted between array and CCD.

The inserted Table in Figure 3 shows the measured FWHM
of divergence angles in both x- and y- directions under
different bias currents. Such two directions are specified on
the top-view of fabricated device, as shown in Figure 1 (b).
The values of divergence angles shown in this paper are all
measured by using the setup of rotational arm. We can clearly
see that due to its excellent single-mode characteristics as dis-
cussed in Figure 2, a far-field pattern with narrow divergence
angle (4°~5%) in both directions can be achieved. By use
of the far-field assumptions of Gaussian optics reported in
Ref. [18] and [19], our measured 1-D far-field distribution, as
shown in Figure 3, can be fitted by the following equation 1:

i 2
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Fig. 4. The measured bias dependent output optical spectra in different
portions of 10 x 10 array with a 40 xm spacing between neighbor units.

Where, I(r) is the intensity distribution function of the far-
field pattern, Iy is a constant, A is wavelength (0.85 xum), z is
the distance between light source and measurement point, and
wy is the minimum beam radius. By using the extracted values
of wp, we can then determine the M2 factor, which is an impor-
tant parameter to evaluate the laser beam quality [19], [20].
Here, z equals to 13 cm in our measurement setup, which
is much larger than the extracted values of wq (as discussed
latter). This indicates the validness of our far-filed assumption.

Under a 6 mA bias current, the extracted wp of single-
unit VCSEL in x- and y- directions is 4.3 and 3.4 um,
respectively. These values are close to the size of Zn-diffusion
apertures. All the extracted values of wy in different array
structure are given in Table II. The different values of wyq
in x- and y- directions imply an elliptical near-field pattern
in our VCSEL. Such discrepancy between ideal circular
Zn-diffusion apertures (~3.3 um in radius) is mainly due
to the unintentional misalignment between Zn-diffusion and
oxide apertures. We can clearly understand if two circles don’t
perfectly concentric alignment, their outline should look like
elliptical shape. This phenomenon explains that we why we
usually get larger values of divergence angles in one axis than
that of measured in other axis. The non-perfect alignment
between gain (oxide-aperture) and loss (Zn-diffusion) regions
in our single-mode VCSEL may also be used to explain the
randomly variation (broadening) of measured divergence angle
with the increase of bias currents (4 to 15 mA). With the
extracted values of wo, we can roughly estimate values of M>
factor, which is around ~1.2 in both x- and y-directions. Such
number represents that our single-mode VCSEL output beam
is nearly diffraction limited (M2 ~ 1) [19], [20].

Figure 4 and 5 shows the top-view of fabricated 10 x 10
array with different spacing between neighbor unit as 40 and
66 um (as specified on the Figures), respectively. As can be
seen, we simply parallel each unit VCSEL by connecting their
p-type metals with a large metal pad for probing or wire bond-
ing. All the unit devices are common ground through the use
of bottom n-type contact layer on the n-type GaAs substrate.

Here, two different spacing between units (40 and 66 um)
are chosen to fabricate our arrays. The 40 um spacing is the
minimum size we can fabricate for the 28 ym mesa diameter.
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Fig. 5. The measured bias dependent output optical spectra in different
portions of 10 x 10 array with a 66 um spacing between neighbor units.

To further down scale the mesa diameter and spacing between
VCSEL units would increase the difficulty in p-type contact
metallization and planarization processes, respectively. On the
other hand, by increasing the spacing to 66 um, we may expect
that there is an improvement in device heat-sinking under high-
power operation. The detail comparison of L-I performances
between 66 and 40 um spacing array will be discussed latter.

In contrast to most of the reported semiconductor laser
array [4], [5], where each light-emission aperture shares the
same optical cavity and its optical near-field usually has strong
overlap (coupling), in our proposed array structure the optical
near field of each single-mode unit (aperture) is isolated by
different mesa with a significant spacing. The strong phase
locking (coherent lasing) between different emitters and sig-
nificant narrowing of array’s far-field divergence angle thus
cannot be expected in our structure. Nevertheless, if each unit
in our proposed array structure has very similar single-mode
performance, we still can expect that the divergence angle of
array can be as narrow as that of a single-mode unit VCSEL
and the total output power can be as high as the summation of
power from all the VCSEL units. The detail working principal
of our proposed array structure will be discussed in the next
section about device modeling.

Figure 6 (a) and (b) shows the measured L-I curves of 6 x 6
and array 10 x 10 with different spacing (66 and 40 uxm)
between single units, respectively. Although we may expect
that the larger unit spacing can benefit the heat dissipation
of array under high power operation, the L-I performance of
40 pm spacing array is really superior to that of 66 #m spacing
for both the cases of 6 x 6 and 10 x 10 array, as shown in
Figure 6(a) and (b). The similar trend of result is repeatable
in different arrays across the whole chip. Here, two sets
(four traces) of measured L-I curves of 6 x 6 array are given
in Figure 6(a) for references. The better performance of 40 um
spacing array might be attributed to its smaller chip size and
more uniform device performance of single unit VCSEL in
the array as compared to that of 66 um spacing structure.
The non-uniform characteristic of single unit in the array
is mainly originated from misalignment between oxide and
Zn-diffusion apertures and the non-perfect uniformity of
VCSEL wafer itself. Both of them would become more
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Fig. 6. The measured L-I curves of (a) 6 x 6 and (b) 10 x 10 array with
a 40 and 66 um spacing between neighboring unit.

significant when the chip area is increased. This is supported
by the measurement results of single-unit reference VCSELSs,
which were fabricated along the edges of our array. Compared
with 66 um spacing array with a larger chip size, the difference
in L-I performance of reference unit VCSELs along four
edges of 40 um spacing array is usually less pronounced. The
other possible reason for superior performance of array with
40 um spacing to that of 66 um spacing one is its smaller
lateral resistance. A less device heating and better high-power
performance of 40 yum spacing array can thus be observed.
The measured differential resistances of 10 x 10 array with
a 40 and 66 um unit spacing under a 500 mA forward bias
current is around 2.5~4 Q and 8.5~10 €, respectively. During
array measurement, we always probe on one of its edges
and the injected current would thus laterally spread out the
whole chip and terminate at the bottom side n-contact on
the n4+ GaAs substrate. The higher differential resistance of
66 um spacing device can thus be attributed to its larger lateral
distance for current spreading.

The maximum output power of 6 x 6 and 10 x 10 array
(40 um spacing) is as high as 140 and 187.4 mW, respec-
tively. Compared with the maximum output power reported
in our previous work [15], the significant improvement
(140 vs. 104 mW) in power performance for the same size
of array (6 x 6) is due to that we adopt a larger diameters
of oxide and Zn-diffusion apertures (Wy: 9.5 vs. 8 um;
W;: 6.5 vs. 5 um), which would lead to a larger size of optical
cavity, smaller differential resistance, and better device heat-
sink under high-power operation. Furthermore, we can clearly
see that although the number of VCSEL units greatly increase
from 36 to 100, the improvement in maximum output power
is marginal (140 to 187.4 mW). This implies that the device
heating seriously limits the maximum output power of our
array structure [15]. An improved package, which considers
thermal effect, is definitely necessary to further increase the
number of VCSEL units in our proposed array structure and
its maximum output power [6]. Figures 4 and 5 shows the
measured bias dependent output optical spectra of 6 x 6 and
10 x 10 array (at different portions of array), respectively.
As can be seen, although the phase-locking between each unit
VCSEL in the array is small, which will be discussed in next
section, the measured spectra in different portion of array is
highly single-mode (SMSR >30 dB) and very similar. This
indicates that the uniformity of single-mode performance of
each VCSEL unit in our array is high. In addition, a less
device-heating phenomenon of 40 um spacing array is also
supported by the measured optical spectra. Figure 7 shows the
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measured optical spectra of 10 x 10 array with 40 and 66 um
spacing at “position A”, as specified in Figure 4 and 5. Both
devices are measured under the same output optical power
(~100 mW) and have the same starting central wavelengths
at 848 nm when the bias current is just above threshold. The
longer central wavelength of 66 ym spacing array than that of
40 pm one indicates the higher junction temperature in 66 um
one.

Figure 8 and 9 shows the measured 1-D and 2-D far-field
patterns under different bias current of 6 x 6 array with
40 and 66 um spacing, respectively. Take the structure with
66 um spacing for example, if a perfectly (100 %) phase-
locking phenomenon happens in this structure with such a
large area (330 x 330 um?), the theoretical diffraction-limited
divergence angle should be as small as around 0.1°. However,
this value doesn’t match which we have measured (4~5°).

Figure 10(a) and (b) shows the detail comparison of 1-D far-
field patterns of single-element VCSEL, 6 x 6, and 10 x 10
array with 40 and 66 um spacing between neighbor units,
respectively. As can be seen, the measured far-field divergence
angles of 6 x 6 or 10 x 10 arrays are very similar with
that of single reference device (~4° vs. ~5%). We may thus
conclude that the in-phase-locking effect in our array is weak
and the detail would be discussed in the following section.

The in-phase (coherent) lasing phenomenon is highly
desired in the semiconductor laser array structure due to
it can greatly narrow down the far-field divergence angle.
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Fig. 9. The measured 1-D (x-direction) and 2-D far-field patterns under
different bias currents of 6 x 6 array with 66 xum spacing between neighbor
units. The inserted Table shows the FWHM of measured divergence angles
under different bias currents in both directions.
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Fig. 10. The measured 1-D (x-direction) far-field patterns of single device
6 x 6, and 10 x 10 array under 15, 300, and 600 mA bias currents,
respectively, with (a) 40 and (b) 66 um spacing between neighbor unit.

However, the fundamental mode of array structure is usu-
ally out-of-phase (180° phase difference) lasing mode, which
would induce donut-shape far-field patterns [4], [5], [21].
In addition, the far-field pattern of phase-locking array usually
varies seriously with the increase in bias current [4], [5], [21]
and accompanies with lots of side-lobes. On the other hand,
although in our proposed array structure the phase locking
phenomenon is weak as discussed, the uniformity of single-
mode characteristic of each lasing unit is very high. This
would lead to that the far-field pattern and divergence angle
of free-space combined optical beams of array is as good as
that of our single VCSEL unit, as discussed in Figure 3.
Furthermore, a strong enhancement in total output power,
which is proportional to the number of VCSEL units in the
array, can also be obtained due to free-space optical power
combining.

Among all the discussed device structures in this paper,
the demonstrated array with 40 um device spacing has the
best performance in terms of power and divergence angle.
Figure 11 shows its 1-D (x-direction) and 2-D far-field
patterns under different bias currents. As can be seen, even
under saturation bias current (600 mA), our device can
sustain a ~4° divergence angle with extremely high output
power (187.4 mW). Furthermore, its single-spot and narrow
far-field distribution can be sustained from near threshold till
saturation. Table I shows the benchmark of high-performance
single-mode  surface-emitting laser (SEL) array at



792

10X10, Space:40pm

5 1.0—250mA m 3
30 —e— 400mA ]
2 [ 600mA x-direction| y-direction
0.6
f=
£04
©0.2
@
200 N
€ 1510 5 0 5 10 15§ 15 10 -5 0 5 10 15
5 = Angle (degree)
P Angle (degree) 2
250mA 400mA 600mA
Fig. 11. The measured 1-D (in x- and y- directions) and 2-D far-field patterns

under different bias currents of array with 40 zm spacing between neighboring
units. The FWHM of divergence angle is specified.

TABLE 1
COMPARSION OF FIGURE OF MERIT FOR STATE-OF-THE-ART
SINGLE-MODE SEL ARRAY

Kyoto UWM?™ | UIUC'™ | NCU NCU this
University?? previous | work
Work's

Efficiency(%)

Divergence <2 1.61° 3 4.2~7.6° 3~4

angle
Output
power(Max)

Operation
Mode

60mwW <10mW 1.4mW 104mW 187.4mW

Cw Pulse Ccw Ccw Cw

850 [10], [12], [15] and 960 nm [14], [22] wavelengths.
We can clearly see that our demonstrated structure can
achieve excellent slope efficiency with very-high output
optical power and sustain a narrow far-field divergence angle
among the reported single-mode SEL array structures.

III. SIMULATION AND MODELING RESULTS

As shown in Figure 10, compared with single-device,
the measured divergence angle of array still shows slightly
narrowing and this reflects that the “non-zero” coherence
exists in our array structure. In order to roughly estimate
the value of weak coherence in our array, in this section,
we propose a model to fit and explain the measured far-field
patterns of single VCSEL and VCSEL array. According to
the fitting and modeling results, we can then determine the
coupling coefficient between each unit light emitter in our
array. Figure 12(a) and (b) shows the conceptual diagram of
our mathematical model used for single element and array’s
far-field patterns calculation, respectively.

As shown in Figure 12(a), we divide our light-emitting
aperture (with a ~6.5 um diameter) into several meshes
(40 x 40 pixels) and the far-field pattern contributed by each
pixel can be expressed by equation 2 as follows:

2
I(r)O((// 2,, e Jk(r— r)dx/dy)
aperture

Here, we adopt the plane wave assumption (Fraunhofer diffrac-
tion formula [23]) with a Gaussian (normal) distribution in our

)
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Fig. 12. The conceptual diagram for far-field pattern calculations of
(a) single VCSEL and (b) VCSEL array.
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Fig. 13. The simulated far-field pattern in x- and y- axis of single VCSEL
under 6 mA bias current.

far-field pattern [18]. Where, I (r) is the intensity distribution
function of the far-field pattern, ¢ is the standard deviation of
Gaussian far-field distribution, and k is the wave number. The
definitions of r and r’ are specified on Figure 12(a). By use
of such established model, we can then fit the measured far-
field pattern of our single device as discussed in Figure 3.
Figure 13 shows the simulated far-field patterns in x- and
y- directions. In order to get good fitting results with the
measured divergence angle under 6 mA bias current, the values
of ¢ in x- (ox) and y- (oy) directions must be chosen carefully.
Their values are specified on the Figure.

Regarding with the calculation of array’s far-field pattern,
it can be realized by use of equation 3 [18], [23] as follows:

0 ([ )

The only difference between equation 2 and 3 is only
in the variable r” in the Gaussian distribution function.
As shown in Figure 12 (b), for the case of array, r’ and
r” represents the spatial variable between different light-
emitting aperture (LEA) and inside a single LEA, respectively.
During simulation of array, the extracted values of ox and
oy of single VCSEL, as discussed in Figure 13, have been
adopted for calculation. In addition, in equation 3, any random
variation of phase (non-coherence) between different LEAs
is not considered. It means that the coherence in this array
is 100% and Figure 14 shows the simulated results. We
can clearly see that due to the above assumption (perfect
coherence), the FWHM of main lobe’s divergence angle in the
simulated far-field pattern is as narrow as 0.17° for the case of

(r//)2

22 e K=" qx'dy’ A3)



YEN et al.: SINGLE-MODE VCSELs ARRAY

Fit for 6X6 array
with a 40 um spacing
100% coherent

S

0.17°

A

5 0 S
Far Field Angle (degree)

Optical Intensity (a. u.)
[ R SRR VRS e T R =)

10 15

O

-10

Fig. 14. The simulated far-field pattern in x- and y- axis of array
(40 um spacing) with 100% coherence.

TABLE 11
EXTRACTED VALUES OF STANDARD DEVIATION (o), MINIMUM BEAM
RADIUS (W(), AND COUPLING COEFFICIENT (y ) OF SINGLE VCSEL
AND VCSEL ARRAY (SAPCING: 40 um) AT x- AND y- AXES

Injected | Measured o Wo Y
Size | Direction | Current Angle
(um) | (um) | (%)
1x1 X 6mA 4,32 4.7 4.3 -
6x6 X 200mA 4.3¢2 4.7 4.3 8x10~
10x10 X 400mA 3.32 10.4 5.6 4.6
1x1 y 6mA 5.42 2.6 3.4 --
6x6 y 200mA 5.2¢2 2.8 3.5 0.13
10x10 y 400mA 4.3° 4.7 4.3 1.7

6 x 6 array (40 um spacing). Such simulated result apparently
doesn’t match with the measurement results as shown in
Figures 8 to 11 and indicate the weak coherence in our array.
In order to estimate the value of coherence in our array,
the following approach has been adopted. First, by use of
equation 2 and the simulated main lobe in the far-field pattern
of array, as shown in Figure 14, we can extract the values
of ox and oy. These two values are the key parameters which
determine the far-field pattern of 100 % coherent array. On the
other hand, the values of ox and oy of single unit VCSEL, as
discussed in Figure 13, is just the case of 0 % coherence in
the array. According to our measured far-field pattern of array,
we can further extract its corresponding values of ox and oy.
Based on this value and the values of ox and oy in two extreme
cases of coherence (0 and 100%), we can finally determine the
coherence in our array on both axes (x- and y-axes) through the
use of linear interpolation. Table II shows the extracted values
of coherence (y), near-field minimum beam radius (wg), and
far-field o of single device and arrays (40 xm spacing) at both
x- and y- axes under different bias currents. As can be seen,
the coherence in our array structure is very low as discussed.
Nevertheless, the far-field pattern of our array is close with
that of single-mode unit VCSEL, which has a near diffraction-
limited beam quality (M? ~ 1.2), as discussed in Figure 3.

IV. CONCLUSION

In conclusion, we demonstrate a novel single-mode
VCSEL array structure. By properly controlling the sizes of
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Zn-diffusion and oxide apertures, each unit VCSEL in the
whole array has highly uniform single-mode performance.
An excellent lasing phenomenon has been observed in our
10 x 10 array, and it exhibits a stable single-lobe/near circular
far-field pattern with a narrow FWHM divergence angle (~4)
under the full range of bias current and a high maximum
single-lobe output power (187.4 mW) under CW operation.
The far-field pattern simulation result indicates that although
the coherence in our array is low, the output beam quality is as
good as a single-mode unit VCSEL with the near-diffraction
limited output optical beam (M? 10 x 10).
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