Utilizing Antiguided Structures in
VCSEL-Based 2-D Active Photonic Lattices Enables
Single-Mode Operation with Larger Apertures

oupled vertical cavity surface-emitting laser (VCSEL) ar-

rays are an attractive means to increase the coherent out-

put power of VCSELSs. Single-mode VCSELSs, with output

powers greater than 10 mW, would be useful as telecom-
munication transmitters (A=1.3-1.55 um) or sources for optical in-
terconnects. Commercially available single-mode VCSELs, even at
shorter wavelengths (A=0.85 um), are generally lim-
ited to a few milliwatts of output power. The conven-
tional VCSEL structure incorporates a built-in positive-index
waveguide, designed to support a single fundamental mode. Prom-
ising results in the 3-5 mW range (A=0.85 um) have been obtained
from wet-oxidized, positive-index-guided VCSELs [1], [2] with
small emission apertures (less than 3.5 um-dia). The small aperture
size leads to a high electrical resistance and high current density,
which can impact device reliability.

By Luke J. Mawst

Alarger emitting aperture is essential to reduce thermal roll-
over and achieve higher output powers with reliable operation.
However, poor intermodal discrimination, gain-spatial-hole
burning, and thermally induced self-focusing prevent sin-
gle-mode outputs from larger aperture devices. Furthermore, to
minimize nonlinear above-threshold effects, a relatively large
built-in index step is desirable for mode stability in
active devices. Unfortunately, positive-in-
dex-guided structures posses an inherent tradeoff between aper-
ture size and index step, due to the modal cutoff conditions for
single-mode operation.

By contrast, antiguided VCSEL structures have shown prom-
ise for achieving larger aperture single-mode operation. To ob-
tain high single-mode powers with a larger emitting aperture,
the use of a negative-index guide (antiguide) is beneficial.
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Antiguides have demonstrated high-power, single-mode opera-
tion from edge-emitting lasers [3] and, more recently, have been
implemented in VCSELs [4]-[6]. This article discusses
antiguided structures and some of their advantages when incor-
porated in 2-D VCSEL array structures.

Antiguided Structures

Antiguided structures offer some unique advantages for spa-
tial-mode control in semiconductor diode lasers: 1) large
built-in refractive index step (An > 0.05) for mode stability
against thermal- and carrier-induced index variations, 2) strong
high-order mode discrimination based on edge radiation losses,
and 3) parallel coupling for high spatial coherence and stability
against coupling-induced instabilities [7]. These properties have
been experimentally verified, demonstrating single-mode CW
output powers in the 0.5 W range from resonant optical wave-
guide (ROW) phase-locked arrays [8].

An antiguide consists of a low-index core region, clad by
high-index regions [Figure 1(a)]. An optical mode can exist in
such a structure provided sufficient gain is introduced into the
low-index core to compensate for the loss due to refraction into
the high-index cladding layers. By contrast with a positive-in-
dex guide, an antiguide can propagate a single-mode even in a
large index-step structure, since high-order modes suffer ex-
cessively large edge radiation. This property of possessing a
large index step with strong mode discrimination makes the
antiguide a natural choice for the semiconductor diode laser
waveguide. Unfortunately, a single antiguide can have exces-
sively high edge losses (0=50-100 cm_l), even for the funda-
mental mode. To make practical use of the antiguide for diode
laser mode control, two different structures have been devel-
oped to lower the loss of the fundamental mode while main-
taining the advantages of the antiguide: 1) the ROW array [7]
and 2) the antiresonant reflecting optical waveguide (ARROW)
structure [9]. These two techniques have been successfully
demonstrated in edge-emitting diode lasers, resulting in
watt-range spatially coherent power levels.

In an antiguided array structure [Figure 1(b)], leaked radia-
tion from each antiguide element (low-index region) optically

couples neighboring elements to phase lock the structure as well
as lower the total edge radiation loss to an acceptable level. If an
additional lateral resonance requirement is met, which is that
each interelement region corresponds to an integral number of
lateral half-waves (A1/2, see Figure 1), then the leaked radiation
is fully transmitted throughout the entire structure resulting in
parallel coupling [7]. This so-called ROW array provides strong
mode discrimination, allowing the structure to oscillate only in
the resonant mode with mode stability demonstrated to
high-output power levels. Large aperture, Al-free, nearly reso-
nant arrays with 200 pm-wide (40 elements) emitting apertures
have recently demonstrated 10 W pulsed power with a beam
width of only 2x diffraction limit[10].

Antiguided VCSELSs have been realized either by surround-
ing a low-index core region by regrowth of a high-index mate-
rial [4] or by creating a low-index core region by shifting the
cavity resonance (towards longer wavelength) outside the core
[5], [6]. The latter structure relies on the cavity-induced in-
dex-step proposed by Hadley [11]. These devices display prom-
ising results; single-mode operation up to 5-15 x Iy for diame-
ters as large as 16 wm wide have been achieved [4]-[6]. On the
other hand, the power has been limited to less than 2 mW be-
cause of the relatively large radiation loss incurred for the fun-
damental mode, which is inherent to the antiguide structure
[12]. One attractive approach to reduce the edge losses of the
antiguide while maintaining mode selectivity is to form a cou-
pled 2-D VCSEL array using antiguides as the array elements.
In this way, the radiation leakage from each antiguide optically
couples other elements of the array, creating a large-area
VCSEL with high spatial coherence.

Active Photonic Lattices

Photonic-lattice structures in the near-IR wavelength region have
been recently the subject of intensive research, because of their
strong potential for creating novel device structures with high
performance. Three-dimensional periodic dielectric structures
(so-called photonic crystals or photonic lattices) can display com-
plete photonic bandgaps, as first described by Yablonovitch [13]
and John [14]. However, in practice, 2-D photonic lattice struc-
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1. (a) Schematic diagram of single antiguide. (b) Schematic diagram of antiguided array structure.
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matically in Figure 3(a). For example,
photonic-lattice structures such as
coupled VCSEL arrays [21] confine
light to the allowed optical modes
within the guided-mode bands. Laser
oscillation has also been reported from
2-D distributed feedback type struc-
tures constructed using organic or
polymer gain materials [20] as well as
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2-D photonic lattices consist of a gain
medium with periodic air holes form-

2. (a) One-dimensional periodic index profile representing an array structure.
(b) Schematic representation of the dispersion diagram illustrating the regions of
guided-mode bands and leaky-mode bands.

Single Index-Guide
n

Allowed Bands of Guided Modes

1-D Photonic Lattice
Gap

Single Antiguide

Allowed Bands of Leaky Modes

3. (a) Single waveguide guided modes and formation of guided-mode
bands in an array structure. (b) Single antiguided modes and
formation of leaky-mode bands in an array structure.

tures are considerably easier to fabricate and also can exhibit a
photonic bandgap in the plane of the lattice [15], [16]. These
structures can be classified into either passive photonic lattices,
with applications such as angular independent high-reflectivity
mirrors [17] and low-loss defect-waveguides [18], or active
photonic lattices, such as microcavity-defect lasers [19], 2-D dis-
tributed feedback-type lasers [20], 1-D antiguided phase-locked
laser arrays [7], and 2-D VCSEL phase- locked arrays [21].

A common attribute shared by photonic-lattice-based de-
vices, with the notable exception of antiguided-array struc-
tures [7], [8], [10], is that they are designed to operate within
the photonic bands bounded by the light line (representing
photon propagation in the low-index material) [16]. A sche-
matic dispersion diagram for a 1-D photonic lattice is shown in
Figure 2, indicating the allowed bands for guided and leaky
modes. For an infinite 1-D periodic dielectric structure, Bloch
function analysis can be used to determine the propagating
Bloch-wave solutions [22]. Bands of propagating solutions are
separated by forbidden gaps, corresponding to evanescently de-
caying solutions. The group of allowed bands below the light
line are called the guided-mode bands. This terminology stems
from the fact that the bands can be considered to originate from
the guided modes of “high-index” waveguides, as shown sche-
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ing either a triangular or square lattice
geometry. Laser action occurs in the
guided-mode bands of the photonic lat-
tice, since gain is supplied only in the
high-index regions of the lattice.

In contrast, structures such as antiguided arrays act to confine
light within the allowed photon modes corresponding to the
leaky-mode bands of the photonic lattice [i.e., above the light line
(see Figure 2)], as long as there is enough gain to compensate for
radiation losses. The leaky-mode bands originate from the modes
confined to the high-gain, low-index regions (antiguides) of the
lattice [Figure 3(b)]. The Bloch-function formalism has been
shown to be useful for analyzing the leaky modes of both infinite
[24] as well as finite 1-D antiguided array structures [25]. The cal-
culated photonic band structure, using Bloch-function analysis,
for an infinite 1-D lattice is shown in Figure 4(a). The allowed
leaky-mode solution bands lie below the low index of the structure
(n=3.3) and are separated by forbidden gaps (dark regions). The
leaky modes for the finite array structure have been shown to fall
within the allowed bands of the infinite structure, as shown in Fig-
ure 4(b) for selected finite array modes [25]. The resonant modes
correspond to regions where the band edges cross (i.e., no forbid-
den gap), and this occurs when the interelement width becomes
equal to an integer number of half-lateral wavelengths. As active
structures, 1-D antiguided arrays have also been theoretically
investigated above lasing threshold [26], allowing an under-
standing of the modal behavior in the presence of nonlinear gain
effects. However, the leaky-mode photonic band structure of 2-D
antiguided structures has been largely unexplored. Further-
more, a comprehensive theoretical analysis of the leaky-mode
behavior above laser threshold is needed to optimize such struc-
tures for stable, single-mode operation. Nonlinear effects such
as gain-spatial-hole burning (GSHB) and self-focusing and
defocusing of the optical mode under carrier- and thermally in-
duced index variation need to be considered to understand the
modal behavior of actual devices above laser threshold.

Photonic-lattice-based microcavity laser structures localize
light to a defect mode generally within a forbidden gap lying be-
tween the guided-mode bands [19]. This type of localized mode
can exhibit a high cavity Q and a small modal volume, making
the structure ideal for the waveguide of a microcavity laser.
Villeneuve et al. and Krauss et al. demonstrated the possibility of
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4 (a) Calculated photonic band diagram (i.e., modal index versus high-index spacing) for an infinite 1-D array structure. Allowed leaky-mode solw
tion bands (below 3.3 index) are separated by forbidden gaps (dark regions). (b) Calculated finite array modes and positions within the allowed in
finite bands for resonant in-phase, nonresonant in-phase, and adjacent modes.
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forming defect states in the forbidden gaps between leaky-mode
bands [16], [27]. Such photon states are less localized than the
guided-mode defect states and, due to radiation losses, exhibit a
lower cavity Q. Although the transmission characteristics of
photonic lattices with a leaky-mode defect were analyzed [27],
active devices have not been investigated. The existence of local-
ized defect states above the light line (i.e., in the gaps between
leaky-mode bands) may allow for the possibility to fabricate
novel active structures with properties dependent on the sup-
porting photonic lattice. These types of leaky-mode defect struc-
tures are currently being studied in the form of ARROW-type
VCSELs [28].

2-D VCSEL Array Structures

The coupled-lasing modes of the VCSEL array represent the al-
lowed bands of propagating Bloch waves in the 2-D active

Ny Ny
Ng+ An s
T

Moy Ny

s

5. Effective-index modeling structure for 2x2 array with An=0.05 and
d=6 um: s represents the interelement spacing and nyis the effective
index of the element region

photonic lattice. Previous VCSEL array designs have attempted
to select a single mode (i.e., all elements phase-locked) from the
allowed bands of guided-modes of the 2-D photonic lattice. How-
ever, stable, high-power, diffraction-limited beam operation
from 2-D VCSEL arrays has not been realized [21], [29], [30]. All
previously reported phase-locked 2-D VCSEL arrays operate in
either out-of-phase mode or a mixture of various modes, charac-
teristic of weakly index-guided arrays, with poor intermodal dis-
crimination. To achieve in-phase-like emission characteristics,
external phase-shifters have also been used on optically pumped
VCSEL arrays [31]; however, the resulting beam is quite broad.
The progress in phase-locked 2-D VCSEL arrays parallels closely
that of edge-emitting phase-locked arrays. Weak coupling and
poor intermodal discrimination found in evanescently coupled
edge-emitting laser arrays have severely limited their single-
mode output power due to gain spatial hole burning at the array
level [32].

In contrast to positive-index-guided VCSEL arrays,
antiguided VCSEL arrays operate in the allowed leaky-mode
bands of the 2-D photonic lattice. As a result, the antiguided ar-
ray structure exhibits strong leaky-wave coupling leading to
high intermodal discrimination [7]. The large built-in index
step and strong lateral radiation leakage from antiguides make
them well suited for array integration. Serkland et al. [33] has
recently demonstrated leaky-wave coupling between two
antiguided VCSELs (coupled in-phase or out-of-phase) using
structures fabricated with a cavity-induced resonance shift. We
have recently demonstrated that 2-D (4 x4) 16-element VCSEL
arrays can be designed to operate in a stable in-phase mode in

good agreement with theory [34], [35].
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Since the VCSEL elements are coupled
by traveling-wave radiation, resonant
coupling [34], [35] for the in-phase
(out-of-phase) mode occurs when the
interelement spacing corresponds to an
odd (even) integral number of
half-waves of the antiguide radiation
leakage.

For a single antiguide with a core in-
dex of ng and index step of An=n1-ng, the
antiguided fundamental mode exhibits a

$=2.8 um

6. Calculated near-field intensity profiles for the in-phase mode as a function of low-index (ele-

ment) spacing s. At s=2.4 um, the structure is laterally resonant.
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7. Calculated far-field pattern for a 4x4 array operating
in an in-phase mode.
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radiating field into the high-index clad-
ding regions characterized by a lateral

wavelength A1 that can be approximated
by [7]

1/2
A =x0/(n12-n§+x%/4d2) O

where A is the vacuum wavelength and d is the low-index “core”
width.

In a 1-D antiguided array, each element has radiation loss
into the neighboring high-index regions with a lateral wave-
length A1 also approximated by (1). The lateral traveling waves
within the structure couple all elements together and form vari-
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ous array modes:
in-phase modes, out-of-
phase modes, and adja-
cent modes (neither
in-phase nor out-of-
phase; i.e., varying
phase between ele-
ments). When the array
interelement spacing s
satisfies the resonant
condition, that is

s =mh;/2 (2)

where m is an integer number, the array exhibits resonant cou-
pling (even values of m correspond to the out-of-phase mode res-
onance and odd values corresponds to the in-phase resonance).
As a result, the resonant modes have uniform near-field profile
across the array and negligible interelement field. While we ex-
pect similar values of s for resonance in the 2-D array structure,
there may be some differences as a result of the 2-D coupling.

Due to the difficulties in studying a complete 3-D multilayer
structure, we utilize the effective-index model and fiber-mode
approximation to calculate the modal behavior of the 2-D VCSEL
array structure [34], [35]. In this approximation, the array ele-
ments and outer regions are simply represented by the effective
indices n¢ and 71, respectively, calculated from the 1-D trans-
verse layered structure in each region. The 3-D structure is then
transferred into a 2-D “fiber array.” For simplicity, we studied
the leaky-mode behavior of a 4 x 4 antiguided VCSEL array, a
truncated version of which is shown in Figure 5. The 16 square
regions represent the array elements that have effective indices
(10) lower than that (r21) in the inter-element and background
regions. In this calculation, the element width ¢=6 um and index
step An=0.05 (n9=3.3, n1=3.35). From (1), the lateral wave-
length of this design at vacuum wavelength A0=980 nm is
A1=1.68 um. From (2), the out-of-phase and in-phase mode reso-
nance occurs for interelement width s=A1(1.68 um) and 1.5 A
(2.5 um), respectively.

As described previously [35], we de-

Photonic-lattice structures in the near-IR
wavelength region have been recently the
subject of intensive research, because of their
strong potential for creating novel device
structures with high performance.

characteristic  of
nonresonant modes. At
s=2.4 um (~3\1/2), the
mode exhibits a nearly
uniform near-field pro-
file, characteristic of
the lateral resonance.
As s increases to 2.8
um, the field becomes
more like a co-
sine-shaped profile
again. The nonuniform
field profile of the nonresonant mode is vulnerable to GSHB
and thermal lensing, leading to multimode operation. There-
fore, it is desirable to design the structure to operate in the
resonant mode.

The calculated far-field intensity profile for an array operat-
ing in the in-phase mode is shown in Figure 7. A central on-axis
lobe occurs with side lobes, which are dependent on the array fill
factor. Because of the square symmetry of the lattice, the
in-phase mode always has the main power in the center lobe with
surrounding smaller lobes forming a square pattern, and the
out-of-phase mode has its power divided into four primary lobes.

Because of the desirable far-field pattern, we would like to
design the 2-D array to operate in the resonant in-phase
mode. Therefore, it is important to understand the mode se-
lection mechanisms in the antiguided structure. There are
three primary mechanisms that result in mode selectivity: 1)
lateral edge radiation losses, 2) 2-D modal overlap with the ac-
tive layer gain, and 3) modal absorption losses due to placing
lossy layers within the structure (typically in the
interelement, high-index regions). In antiguided VCSEL ar-
rays, the 2-D modal gain overlap is similar for all supported
modes in a uniformly pumped device, so this plays a small role
inmode selection. Calculations indicate that the combination
of lateral radiation losses, which are highly mode dependent,
and interlement losses result in a design space allowing the
resonant in-phase mode to oscillate. This is because losses
placed in the interelement regions of the array selectively af-

fine the 2-D array mode as mode (2,n)
where m is the number of standing
wave nulls in the horizontal direction

LUl

and n is the number of nulls in the ver-
tical direction. Therefore, fora4 x4 ar-
ray, mode (9,9) is an out-phase mode,
mode (12, 12) is an in-phase mode
(corresponds to 3-half lateral waves),
and mode (12, 14) is an adjacent mode.
The calculated in-phase mode (12,12)
is shown in Figure 6, as a function of
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8. (a) Top view and (b) cross-section view of the 4x4 antiguided VCSEL arrays: d is the element
(low-index) width and s is the interelement (high-index) spacing.
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fect the nonresonant
modes, which have rela-
tively large field intensity
in the high-index regions
of the array.

Top-emitting antiguided
array structures (d=6 um,
An=0.05) were fabricated
using a two-step MOCVD
growth process [34] and se-
lective wet chemical etch. It consists of 32.5 pairs of AlAs/ GaAs
n-DBR, 23 pairs of Alg.15GaAs/GaAs p-DBR, and 1-A optical cavity
that includes 3-InGaAs quantum wells, GaAs barrier layers, and
Alp3GaAs confinement layers for 980 nm emissions. The first
growth consists of n-DBR, cavity, one pair of p-DBR, and two thin
spacer layers of GaAs (10 nm) and GaInP (12 nm). The purpose of
these thin layers is to generate an effective index step between the
interelement and element regions. The calculated effective index
step for this structure is An=0.05. A schematic cross section of the
2-D array structure is shown in Figure 8.

We use H3PO4:H202:H20 (1:1:5) and HCI:H20 (4:1) to selec-
tively etch away the GaAs and GaInP thin layers under the emitting
elements area and then regrow the remaining top p-DBR. Follow-
ing processes include defining the current aperture by H" ion im-
plantation, making top and bottom ohmic contacts, as well as
opening the optical window. The interelement (high-index region)
width s was adjusted between 2 and 3.5 um to select either the
in-phase or out-of-phase resonance condition. Note that in these
initial structures we do not intentionally include absorbing layers
for interelement loss to aid the suppression of nonresonant modes,
as discussed above. It’s noteworthy to point out that, because the
metal contact on top of the high-index regions (as shown in Figure
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9. Measured CW far-field patterns for a 4x4 array operating in the
in-phase mode, showing good agreement with theory (Figure 7).
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In contrast to positive-index-guided VCSEL
arrays, antiguided VCSEL arrays operate
in the allowed leaky-mode bands of the
2-D photonic lattice.

8) introduces additional
losses for the guided-array
modes, we expect the array to
operate only in the leaky
modes even though the array
is uniformly pumped. In
fact, these metal losses may
also be effective in suppress-
ing nonresonant leaky
modes.

CW single-mode in-phase emission is observed from arrays
with interelement widths of s=2.5 um with the characteristics
of an on-axis-lobe far-field pattern. At s=3.0 pm, single
out-of-phase mode operation with the resulting four-lobe
far-field pattern is obtained. The measured CW far-field emis-
sion pattern for an array with s=2.5 um (in-phase), as captured
by a CCD camera, is shown near laser threshold in Figure 9. The
angular lobe separation and widths are obtained from the 1-D
scan of the far-field intensity for the arrays with the full-width
half-maximum (FWHM) for the in-phase mode of about 2°, and
the side lobes separation of 13.5°, in agreement with the calcu-
lation. The emission patterns remain stable up to the maxi-
mum thermally limited CW output power (~1-2 mW) and
pulsed output power greater than 40 mW (Figure 10).

Future Optimization and Conclusions

By placing gain in the low-index lattice sites of the 2-D
antiguided VCSEL array we can excite the leaky modes and ex-
ploit the unique properties of this 2-D active photonic lattice. As
aresult, large aperture sources with high spatial coherence can
be achieved. Numerical simulation indicates scaling to over 100
elements can be achieved, while maintaining single-mode emis-
sion. Recently, we have fabricated 2-D VCSEL arrays as large as
20 x 20 (i.e., 400 elements), which demonstrate in-phase mode
operation. However, strong heating in these devices will require
junction-down heatsinking with substrate side emission to
avoid thermal lensing problems.

Relative Intensity

A A
-30 20 -10 0 10 20 30

Degree (°)

10. Measured 1-D scan of the in-phase mode’s far-field distribution at
40 mW pulsed output power.
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