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Abstract—We present a detailed analysis on 2-D (4 4
square-lattice) antiguided vertical-cavity surface-emitting laser
(VCSEL) arrays based on the effective-index model. The cal-
culation shows that the array can operate under 2-D resonant
coupling, provided that the resonance condition in both the
horizontal and vertical directions is satisfied. Consequently, the
resonant-mode edge radiation loss is inversely proportional to
the number of array elements along one direction for a
array. Low-edge-loss out-of-phase and adjacent array modes are
found to compete with the in-phase resonant mode. While the 3-D
gain overlap is not a significant factor in modal discrimination,
the introduction of inter-element loss allows the in-phase mode to
exhibit the lowest threshold gain for a wide range of inter-element
width, (� 0.5 m for 980-nm wavelength devices). The
2-D antiguided array results from shifting the cavity resonance
between the element and inter-element regions and is fabricated
by selective chemical etching and two-step metalorganic chem-
ical vapor deposition (MOCVD) growth. Diffraction-limited
in-phase and out-of-phase array mode operation is observed
from top-emitting arrays, depending on the inter-element width.
Substrate-emitting array structures are investigated as a means to
lower heating and increase the coherent output power.

Index Terms—Antiguide, in-phase mode, leaky waves, out-of-
phase mode, resonance, semiconductor laser arrays, thermal
effects, vertical-cavity surface-emmitting laser (VCSEL).

I. INTRODUCTION

COHERENT emission from the surface makes ver-
tical-cavity surface-emitting lasers (VCSEL) very

attractive light sources for many applications such as printing,
telecommunications and data storage. Due to the short gain
length and small emitting aperture, single-mode emission has
been limited to 5–10 mW from single-element monolithic
VCSELs [1], [2]. As an efficient means to increase the coherent
output power, phase-locked VCSEL arrays have been studied
extensively for the last few years. The coupled-lasing modes of
the VCSEL array represent the allowed bands of propagating
Bloch waves in the 2-D active 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-modessupported by the 2-D photonic lattice. The
conventional approaches start with a large-area VCSEL struc-
ture, and incorporate a means to separate the individual array
elements [3]–[6] such as: 1) pattern the array reflectivity so that
the elements under the higher reflectivity regions have a lower
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threshold gain [3], [4]; 2) restrict the gain (injection current)
to individual elements by selective ion implantation [5]; and
3) selectively etch the top surface so that the unetched regions
form the higher-cavity- array elements [6]. These attempts to
fabricate VCSEL arrays have successfully demonstrated phase
locking among the array elements, emitting partially-coherent
beams. However, stable, high-power, diffraction-limited beam
operation from 2-D VCSEL arrays has not been realized. In
addition, all previously reported phase-locked 2-D VCSEL
arrays operate in either the out-of-phase array mode or a
mixture of various array modes. This behavior is characteristic
of weakly-index guided or gain-guided phase-locked arrays
in which the highest-order (i.e., out-of-phase mode) is always
favored to lase over the in-phase mode [7]–[9], [41], [42],
with poor intermodal discrimination and mode stability. By
changing the phase relationships of adjacent array-elements,
such as patterning the 2-D array surface with an external
phase-shifter [10], “in-phase mode-like” emission was obtained
from optically pumped VCSEL arrays, although the beam is
quite broad (twice the diffraction-limit), indicating multi-mode
operation. The progress in phase-locked 2-D VCSEL arrays
parallels closely that of edge-emitting phase-locked arrays.
Weak coupling and poor inter-modal discrimination found in
evanescently coupled edge-emitting laser arrays has severely
limited their single-mode output power [11].

According to the coupled-mode theory employed to calculate
the modal behavior in weakly index-guided array systems, each
element only couples with its nearest neighbors by their weak
evanescent waves (series-coupling), and each array mode is a
superposition of individual element modes [8], [41], [9], [42].
For an 2-D VCSEL array, the coupled modes can be
labeled by the number of intensity nulls in each direction. Using
this nomenclature, mode (1, 1) is the fundamental in-phase
mode, and mode ( ) is the highest-order out-of-phase
mode [3], [12]. Results from 1-D edge-emitting laser arrays [7],
[8], [41], [9], [42] indicate that mode ( ) is always favored
to lase over other modes (simply because of a larger gain
overlap), and modal discrimination is relatively small. Simi-
larly, 2-D index guided VCSEL arrays also are found to operate
in the highest order mode ( ) or a mixture of high-order
modes [3]–[6], [12]. By contrast, antiguided array structures
exhibit strong leaky-wave coupling (parallel coupling) with
array-mode dependent lateral radiation loss, leading to high
inter-modal discrimination [13]. As a result, edge-emitting
antiguided arrays have demonstrated coherent output power
in the watt-range [14]. The large built-in index step (0.02)
and strong lateral radiation leakage from an antiguide make
them well suited for array integration. Moreover, the strong
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leaky-wave coupling enables the array structure with relatively
large element spacing. This may be more beneficial for the 2-D
array case due to the more severe heating problem. In contrast
with the positive-index guided VCSEL arrays, the antiguided
VCSEL array operates in the allowedleaky-mode bandsof the
2-D photonic lattice.

Antiguided VCSELs have been demonstrated by either the
regrowth of high-index material in a buried heterostructure
design [15], selective oxidation [16] or by a cavity-induced
resonant shifted structure [17]. In 1999, Serklandet al. [18]
demonstrated leaky-wave coupling between two antiguided
VCSELs (coupled in-phase or out-of-phase) using structures
fabricated by selectively etching down the cavity to generate an
antiguiding effect. In 2000, we reported the first diffraction-lim-
ited (in-phase mode) on-axis emission from a monolithic 44
6 m-square-element antiguided VCSEL array [19]. Moreover,
the emission pattern (either in-phase or out-of-phase mode
operation) can be totally controlled by the 2-D array struc-
ture, such as by adjusting the array spacing or built-in index
step [18], [19]. In this paper, we conduct a comprehensive
cold-cavity study of the 2-D antiguided (square-geometry)
array modal behavior using the effective-index model and
fiber-mode approximation method [20]. Calculations show that
resonant coupling [21]–[23] for the in-phase (out-of-phase)
mode occurs when the inter-element spacing is close to an odd
(even) integral number of half-waves of the antiguide radiation
leakage, and that the use of inter-element loss together with the
mode-dependent radiation loss can be effective in suppressing
nonresonant modes. In addition, other array-geometries such
as triangular-lattice (6-nearest neighbors) can also exhibit
lateral resonant coupling, providing a broad design space for
optimization. CW output power from previously reported
top-emitting structures was limited to 1–2 mW, partly due to
the intensive heating resulting in output power saturation. Thus,
a bottom-emitting design is essential to improve the efficiency
and output power of large-number 2-D VCSEL arrays [24].

II. 2-D ANTIGUIDED VCSEL ARRAY STRUCTURE:
EFFECTIVE-INDEX MODEL

Due to the difficulties in studying a 3-D multilayer structure,
we utilize the effective-index model and fiber-mode approxima-
tion to calculate the modal behavior of the VCSEL array struc-
ture [20]. In this approximation, the array elements and outer re-
gions are simply represented by the effective indicesand ,
respectively, calculated from the 1-D transverse layered struc-
ture in each region. The 3-D structure is then transferred into a
2-D “fiber array,” as shown in Fig. 1. According to the effec-
tive-index model for a VCSEL proposed by Hadley [25], a red
shift of the resonant wavelength corresponds to an increase of
effective index, given by

(1)

where and are the effective index and resonant wave-
length, respectively, in the array element region.

One reason we apply this method here is that the array struc-
ture is only in the lateral direction; thus, we are interested in the

Fig. 1. Effective-index modeling structure for a 2� 2 array with�n = 0:05
andd = 6 �m: s represents the inter-element spacing andn is the effective
index of the element region.

modal behavior in this direction. The “fiber-modes” can readily
be solved by various numerical solutions of the scalar Helmholtz
equation, such as finite-difference calculations with the perfect
matched layer (PML) boundary conditions. For simplicity, we
studied the leaky mode behavior of a 44 antiguided VCSEL
array structure as shown in Fig. 1 (only a truncated 22 ver-
sion of the 4 4 array is shown). The 16-square regions rep-
resent the array elements that have effective-indices () lower
than that ( ) in the inter-element and background regions. Sim-
ilar to the 1-D antiguided array case [21], [22], these 2-D struc-
tures support leaky modes with the elements phase locked either
in-phase or out-of-phase, as well as intermediate modes with
varying phase relationships between elements. The leaky modes
have mode propagation constants which lie below the lowest ef-
fective index of the structure and exhibit mode-dependent edge
radiation losses. From the point of view of a simple summation,
we expect the optical coupling and modal discrimination of 2-D
array structures to be stronger than in the 1-D array case.

Consider a single antiguide (Fig. 2) with a core index of
and index step of . The lowest loss leaky mode
(fundamental antiguided mode) exhibits a radiating field into
the high-index cladding regions characterized by a lateral wave-
length . The lateral wavelength of the radiation leakage can
be approximated by [26]

(2)

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

For a 1-D antiguided array, each element leaks radiation into
neighboring elements, with a lateral wavelengthalso approx-
imated by (2). When the array inter-element spacing,, satisfies
the resonant condition

in phase mode resonance odd number
out-of-phase mode resonance even number

(3)

and the array exhibits resonant coupling due to the lateral radi-
ation leakage. As a result, the resonant mode (either in-phase
or out-of-phase) has a uniform near-field profile across the
array and negligible inter-element field. At resonance, each
leaky wave has maximum transmission passing through the
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Fig. 2. 1-D structure of a single antiguide: the dotted curve is the calculated
optical field for the fundamental leaky mode.

inter-element region and couples uniformly with other ele-
ments, causing very little light to be trapped in the inter-element
region. The leaky array modes can easily be calculated by the
means of a transfer matrix method [27], and are plotted in
Fig. 3 for selected modes. For a fixed index-step ( ),
Fig. 3(a)–(c) shows the resonant out-of-phase ( m),
resonant in-phase ( m) and its adjacent mode profiles,
respectively. It has been demonstrated both theoretically [28]
and experimentally [14] that the resonant (or near resonant)
mode with a uniform near field is relatively insensitive to
gain spatial hole burning and has the potential for high-power
single-mode operation. In order to select the resonant in-phase
mode that has an on-axis beam pattern, several mode selection
mechanisms have been studied in 1-D antiguided arrays, such
as inter-element loss [29], 2-D gain overlap factor [30], and the
Talbot-type spatial filter [31], [32]. While the spatial filter is
obviously not suited for the monolithic VCSEL array, the first
two mechanisms are built-in to the antiguide structure and their
role in mode selection for the 2-D VCSEL array needs to be
evaluated.

The number of standing wave nulls determines the mode
identification notation for a 1-D array with elements. That
is, the mode can be defined as (assume each element contains
a fundamental mode)

(4)

where is the number of standing wave peak in the inter-ele-
ment region [26]. For example, the mode in Fig. 3(a) represents
mode 9, and the one in Fig. 3(b) represents mode 12.

It is also logical to define the 2-D array’s leaky modes
as a superposition of two 1-D array modes. As we will show
later, we find that the leaky-wave coupling in the two directions
is independent. This means that, if in one direction the leaky
mode number is and the other direction is mode, then we
can define this 2-D array mode as mode ( ). The details will
be described in the following parts.

III. M ODAL BEHAVIOR (WITHOUT INTER-ELEMENT LOSS)

A. Mode Profiles

The 2-D in-phase and out-of-phase lateral modes are calcu-
lated using the effective-index approximation for an array with
element width of 6 m and index step , of 0.05 (

(a)

(b)

(c)

Fig. 3. Calculated field profiles of a 1-D four-element antiguided array.
(a) Resonant out-of-phase mode. (b) Resonant in-phase mode. (c) Adjacent
mode.

). From (2), the lateral wavelength of the radia-
tion leakage from each element is

m (5)

For a 1-D array with this design, the out-of-phase and in-phase
mode resonance occurs for interelement width (1.68

m) and 1.5 (2.5 m) respectively. While we expect similar
values for at resonance with the 2-D structure, there may be
some differences as a result of the 2-D geometry.

In order to examine the optical coupling behavior among
array elements, we follow the development of the out-of-phase
mode (9, 9) and the in-phase-mode (12, 12) while varying the
inter-element distance,, as shown in Fig. 4. Along each axis
of the 2-D mode field profile, the number of lobes between
two nearest square element regions corresponds to the number
of standing wave peaks as in the 1-D case which was shown
in Fig. 3. For example, there are always three peaks for mode
(12, 12) and two peaks for mode (9, 9) between any two nearest
squares of the 2-D array. For a 1-D array, either the in-phase
mode or the out-phase-mode will be cut off ifis not within
a certain range of resonance, such as a half-lateral wavelength
away from its resonance position [26]. Although there are
no analytical solutions for the more complicated 2-D array
geometry, the cutoff conditions can be determined from the
simulation directly. That is, for the 2-D case, we find a similar
situation to the 1-D array: mode (9, 9) is cut off whenis
larger than 3/2 ; mode (12, 12) exists only betweenvalues
of and 2 ; and mode (15, 15) exists only above .
Starting from m, the out-of-phase mode (9, 9) has
a very nonuniform (cosine shape) near field, characteristic of
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(a)

(b)

Fig. 4. Calculated 2-D field profiles of a 4� 4 antiguided VCSEL array with an index step�n = 0:05 for various inter-element spacings for: (a) out-of-phase
modes ats = 1.2, 1.6, and 2.0�m and (b) in-phase modes ats = 2.0, 2.4, and 2.8�m.

(a) (b)

Fig. 5. Calculated 2-D Far-field patterns for: (a) in-phase mode and (b) out-of-phase mode of a 4� 4 array.

nonresonant modes [Fig. 4(a)]. At m ( ), the
out-of-phase mode (9, 9) exhibits a nearly uniform near-field
profile, characteristic of the lateral resonance. Asincreases
to 2.0 m, the field becomes more like a cosine-shaped profile
again. The nonuniform field profile of the nonresonant mode
is vulnerable to gain-spatial-hole-burning (GSHB) and thermal
lensing, leading to multi-mode operation. The reverse process
occurs for mode (12, 12), as shown in Fig. 4(b). At m,
it has a nonuniform near field, asapproaches 2.5m (1.5 ,
the in-phase resonance position), and the field profile becomes

increasingly uniform. After passing the resonant point, the
field becomes nonuniform again. The uniform field profile at
resonance leads to a reduced sensitivity to GSHB [28]. This 2-D
modal behavior demonstrates that the 2-D resonance occurs
while the inter-element spacing in both of the 1-D directions
closely satisfies (3).

Fig. 5 shows the calculated far-field patterns for both the
in-phase (all elements are in-phase) and out-of-phase (nearest
neighbors are out-of-phase) modes. Because of the square sym-
metry of the lattice, the in-phase mode always has the main
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TABLE I
COMPUTEDRADIATION LOSS OF THERESONANT IN-PHASE MODE FORN �N
ANTIGUIDED VCSEL ARRAYSWITH �n = 0:05, d = 6 �m,AND s = 2:4 �m

power in the center lobe with surrounding smaller lobes forming
a square pattern, and the out-of-phase mode has its power di-
vided into 4 primary lobes.

At resonance, the -element array has uniform field-inten-
sity with each element containing a fundamental mode. There-
fore, the entire array can be approximated as a single antiguide
with width and operating in the th-order mode,
which has peaks. Because the radiation loss for theth-order
mode of a single antiguide is proportional to the square of (
) and inversely proportional to , as given below [33]

(6)

where is the lateral confinement factor, the radiation loss of the
resonant in-phase or out-of-phase mode of an-element array
is roughly proportional to . Therefore, for an
array, the resonant mode loss should also be proportional to
provided that the coupling is independent along the vertical and
horizontal directions. That is, we expect

(7)

where and are the radiation losses for the
and 1 1 (a single square antiguide) array, respectively. The
computed radiation losses for 1 1, 2 2, and 4 4 arrays
resonant in the in-phase mode are shown in Table I. The nearly
linear relationship indicates that (7) is a good approximation for
the 2-D array losses. More generally, we expect the radiation
loss for a rectangular 2-D array to be

(8)

under the assumption that the coupling in the two directions is
independent.

B. Modal Discrimination

1) In-Phase and Out-of-Phase Modes:Designing the array
structure to favor oscillation in the desirable in-phase mode re-
quires an understanding of the intermodal discrimination mech-
anisms. One mode selection mechanism in the antiguided array
is lateral mode-dependent radiation loss. The calculated modal
edge radiation loss for selected array modes as a function of in-
terelement spacing,, is shown in Fig. 6. The resonant modes
(at 1.6, 2.5 m) have maximum loss, while the nonreso-
nant modes have lower losses with the anti-resonant modes (
2.2, 3.0 m) having the minimum. This can be explained qual-
itatively as follows. The intensity transmission rate of the lat-
eral leaky wave ( ) passing through the inter-element region is
given by the transmission of a Fabry–Perot etalon [27]

(9)

where is the intensity reflection at the boundary between el-
ement and inter-element regions and the phase-shift value

Fig. 6. Calculated radiation losses as a function of inter-element spacings
for in-phase mode (12, 12), out-of-phase modes (9, 9), (15, 15), and relevant
adjacent modes discussed in Fig. 2(b).

. Under the resonant condition when the inter-element
spacing is equal to an integer times of , the radiation from
each element has maximum transmission through it. While this
type of maximum transmission generates maximum coupling
among elements (resulting in a uniform near-field), the total ra-
diation is also a maximum and very little field is trapped in-
side the inter-element region. By contrast, whenis equal to an
odd number of quarter waves ( ) (anti-resonant condition),
the radiation undergoes minimum transmission through each
inter-element region and thus is trapped inside the high-index
interelement regions. Therefore, these anti-resonant modes have
weaker coupling (mostly via the trapped leaky waves from the
two nearest-neighbor antiguided elements), resulting in a co-
sine-shaped near-field that is similar to the “coupled mode” be-
havior. The high field intensity trapped in the inter-element re-
gions leads to a minimum array mode radiation loss.

According to the previous discussion, the cutoff value of the
inter-element spacing for any in-phase or out-of-phase mode
( ) can be approximated as

(10)

where and are the resonant positions for mode (
) and mode ( ), respectively. From our

simulation, as approaches the cutoff value, the cutoff mode
will transform into another mode, such as coupled guided-array
modes or coupled higher order leaky modes. The guided-array
modes can be eliminated effectively by placing absorptive ma-
terial within the high-index inter-element regions (as will be
discussed later). The coupled higher order leaky modes always
have large edge losses that suppress their lasing. We also see
from Fig. 6 that the higher order out-of-phase mode (15, 15) al-
ways has higher edge loss than the in-phase mode (12, 12) for

values in the range 2.6–3.0m. However, for the range of
between 2.0–2.5m, the lower order out-of-phase mode (9, 9)
will be favored to lase, based on edge radiation losses alone.

2) Adjacent Array Modes:Other than the in-phase and
out-of-phase leaky modes mentioned above, there are many
intermediate-order modes between them, calledadjacent
modes. For example, mode (9, 10) is an adjacent mode with
nine nulls in one direction and 10 nulls in another direction.
In a 1-D array, the adjacent modes exhibit larger radiation loss
than the in-phase mode on the longerside of the resonance
position [26], because of the large field intensity at the edges
of the array [see Fig. 3(c)], and thus can be suppressed. We
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Fig. 7. Calculated field profiles of adjacent modes with different coupling along the horizontal and vertical directions. (a) Mode (10, 11). (b) Mode(14, 12).
(c) Mode (14, 14). (d) Mode (12, 15).

TABLE II
COMPUTED RADIATION LOSS OF THERELEVANT ADJACENT

MODES FOR A4 � 4 ANTIGUIDED VCSEL ARRAY WITH

�n = 0:05, d = 6 �m, AND s = 2:4 �m

find this is not always true of the adjacent modes for the 2-D
array structure, due to the 2-D nature of the coupling. For
adjacent modes of the 2-D array with high field intensity at
the edges of the array, the losses are higher than the loss of
the in-phase or out-of-phase modes, similar to the 1-D case
[such as mode (11, 10)]. However, for the 2-D structure, there
also exist adjacent modes that have high loss in one direction,
but are resonant or antiresonant in the other direction [such as
mode (9, 10)]. We find these adjacent modes have radiation
losses comparable to the in-phase or out-of-phase mode. Other
adjacent modes [such as mode (9, 12)] have in-phase coupling
in one direction and out-of-phase coupling in another direction,
resulted an even lower radiation loss. Fig. 7 shows several adja-
cent modes [mode (10, 11), (14, 12), (14, 14) and (9, 12)] with
different modal properties in the two directions. Table II shows
the relevant adjacent mode losses at the in-phase resonant
position ( m). The calculated edge radiation losses as
a function of with only the most competitive adjacent modes
are plotted in Fig. 6. The conclusion is that the in-phase mode

(12, 12) isnot favored for between 2.6–3.0m (i.e., around
the resonant point) due to the competing low-loss adjacent
modes. However, the near-resonant in-phase mode possesses
the least field in the inter-element regions (refer to Figs. 3 and
4). As we discuss below, this factor allows the 2-D VCSEL
array to operate in a resonant or near-resonant in-phase mode,
if inter-element losses are introduced into the structure.

IV. RESONANT MODE SELECTION

A. 3-D Gain Overlap

In edge-emitting antiguided arrays, the 2-D gain overlap sup-
presses nonresonant modes, because they exhibit high field in-
tensity in the inter-element regions that have lower transverse
optical overlap with the active layer than the field in the element
regions have. However, in the antiguided VCSEL array with uni-
form current injection, the 3-D gain overlap is not expected to be
significantly mode-dependent. If we assume a unity lateral field
overlap (i.e., 1-D transverse structure), the threshold gain con-
dition for a VCSEL structure with average intrinsic losses
and in the active and passive regions (i.e., distributed Bragg
reflector (DBR) and spacer regions), respectively, is [34]

(11)
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Fig. 8. Calculated transverse standing wave distribution for: (a) low-index region and (b) high-index region.

where is the effective cavity length, is the total active
region thickness, is the modal radiation loss calculated in
Section III, and are the reflectivity of top and bottom
DBR mirrors, respectively, and is the transverse relative con-
finement factor given by

(12)

where the integrals are taken over the active and entire cavity
regions. If we now include a nonunity mode dependent lateral
field overlap, reflecting the fraction of optical field within each
VCSEL element of the array, the threshold gain equation should
be modified as

(13)

where is the lateral overlap factor for the field in the el-
ement regions, and are the transverse relative confine-
ment factors, defined by (12), in the element and inter-element
regions, respectively. It is clear from (13) that, if is larger
than , the resonant modes (having less field in the inter-ele-
ment regions, and thus larger) will have lower threshold gain
than the nonresonant modes. From a 1-D VCSEL simulation
using the transfer matrix method, is always larger than
but the difference is small. This can be seen from the calcu-
lated transverse field profiles in the element and interelement
regions (Fig. 8). For our antiguided VCSEL array (as described
in Section VI) with , , ,

cm , cm , cm , m,
%, %, and 0.98 and 0.92 for the res-

onant and nonresonant modes, respectively, we obtain from (13)
that the threshold gain difference between resonant and nonres-
onant modes is 1 cm , which has a negligible effect
on the threshold current densities.

Fig. 9. Calculated modal losses (radiation loss+ absorption loss) of
competing 2-D array modes for a structure including the addition of inter-
element loss (100 cm ). For this structure, the in-phase mode is favored over
a large range of interelement spacing (s).

B. Inter-Element Loss

If the intrinsic loss is different between the element and
inter-element regions, such as in the element region and
in the inter-element region, (13) can be rewritten as

(14)

In order to suppress the nonresonant modes with larger (
), an increase of should be beneficial. For example, if we

keep cm and increase to 120 cm , and use the
previous parameters, we obtain cm and

cm . We can then calculate the threshold
current density for the resonant and nonresonant mode:

and . With the assumption that
cm , cm ,

cm s and , the threshold current density is calculated
to be A/cm and A/cm .
By comparison, if we convert the threshold gain from the pre-
vious section (no inter-element loss) into , we obtain

A/cm The above discussion shows that: 1) the introduc-
tion of inter-element loss can effectively suppress the nonreso-
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Fig. 10. The calculated near-field and far-field profiles of a 19-element triangular lattice 2-D array for an: (a) in-phase mode and (b) out-of-phasemode.

nant mode and 2) it has a very small effect on the resonant or
nearly-resonant mode which exhibits very little inter-element
field.

The effect of enhanced modal discrimination in favor of the
resonant modes, by the introduction of 100 cmloss into the
inter-element regions, is demonstrated for the 44 antiguided
array using the effective index model. The influence of the in-
terelement loss on the total modal loss (i.e., edge radiation loss
plus absorption loss) for the in-phase mode (12, 12), the lower
out-of-phase mode (9, 9) and relevant (lowest loss) adjacent
modes are shown in Fig. 9. As a result, for m, all
modes other than the in-phase mode (12, 12) can be suppressed
by high radiation loss. Thus, Fig. 9 demonstrates that a 44
array structure designed with an inter-element loss of 100 cm
and an inter-element width in the range of 2.3–2.8 m
is expected to operate in the stable in-phase array mode. The
additional loss can be obtained by many ways, such as intro-
ducing a highly absorbing layer outside of the cavity region but
inside the effective cavity length region, or by reducing the re-
flectivity of the inter-element region. For example, for our struc-
ture (described in Section VI), we can introduce a 7-nm InGaAs
(980 nm) quantum well (QW) inside the thin spacer layers after
we grow the first pair of the top DBR. The optical confinement
factor of this 7-nm-wide InGaAs QW within the effective cavity

length is calculated to be %. Assuming a bulk absorption
coefficient of cm , the modal loss due to this absorp-
tion layer is about cm . The amount of interelement
loss can be adjusted by varying the thickness of the QW (within
the critical thickness constraint) as well as its position within
the DBR.

The uniform or near-uniform field profile makes the resonant
device less sensitive to GSHB and thermal effects, making it
suitable for high-power single-mode operation. However, a de-
tailed above-threshold analysis considering mode competition
for the 2-D array is still necessary.

V. TRIANGULAR GEOMETRY 2-D VCSEL ARRAY

Resonant leaky-wave coupling will occur for other array ge-
ometry as long as condition (3) is satisfied. For example, the use
of a triangular structure may allow for stronger optical coupling,
since there are six nearest neighbors (instead of four neighbors
in the previous structure) around each array element. To confirm
resonant coupling in a nonrectangular lattice, we studied the res-
onance behavior of a 19-element triangular geometry array. The
calculated in-phase mode near-field and far-field profiles, for
two different array element spacings, are shown in Fig. 10(a),
indicating that resonant behavior can indeed be achieved for
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Fig. 11. Schematic cross section of a 4� 4 antiguided VCSEL structure
emitting at 980 nm with element widthd = 6 �m: H ion implantation is used
for the current confinement to the array.

such a structure. The large radiation losses at resonance, evident
from the field profile, are reduced as the number of elements in
the array increases. Out-of phase mode behavior [Fig. 10(b)]
is more complicated than in the rectangular lattice structures
due to the increased number of nearest neighbors. Generally
speaking, stronger coupling leads to better modal discrimina-
tion in favor of the resonant modes although a comprehensive
investigation is still underway.

VI. DEVICE PERFORMANCE

A. Structure and Fabrication

Top-emitting antiguided array structures ( m,
) were fabricated using a two-step MOCVD growth process

[20] as shown in Fig. 11. It consists of 32.5 pairs of AlAs–GaAs
n-DBR, 23 pairs of Al GaAs–GaAs p-DBR, and 1-optical
cavity that includes three InGaAs QWS GaAs barrier layers, and
Al GaAs confinement layers for 980-nm emission. The first
growth consists of n-DBR, cavity, 1 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 inter-element and element regions. The calculated effective
index step for this structure is [20].

We use HPO : H O : H O (1 : 1 : 5) and HCl : HO (4 : 1)
to selectively etch away the GaAs and GaInP thin layers under
the emitting elements area, and then regrow the remaining top
p-DBR. The following processes include defining the current
aperture by H ion implantation, and making top and bottom
ohmic contacts as well as opening the optical window. The inter-
element (high-index region) widthwas adjusted to be between
2–3.5 m to select either the in-phase or out-of-phase resonance
condition. Note that in these initial structures we do not inten-
tionally include absorbing layers for inter-element loss to aid
the suppression of nonresonant modes, as discussed above.

B. Spectrum and Far Field

CW single-mode in-phase emission is observed from arrays
with inter-element widths of m with the charac-
teristics of an on-axis-lobe far-field pattern. At m,
single out-of-phase mode operation with the resulting four-lobe

(a)

(b)

Fig. 12. Measured CW far-field patterns for a 4� 4 array operating in the:
(a) in-phase mode (s = 2:5 �m) and (b) out-of-phase (s = 3:0 �m) mode.

far-field pattern is obtained. The measured CW far-field emis-
sion pattern for an array with m (in-phase) and

m (out-of-phase), as captured by a CCD camera, are shown
in Fig. 12. As the driving current increases, the minor side-lobes
become viewable, in excellent agreement with the calculated
far-field shown in Fig. 5. The angular lobe separation and widths
are obtained from the 1-D scan (Fig. 13) of the far-field intensity
for the arrays with a full width half maximum (FWHM) for the
in-phase mode of about 2, and a side lobe separation of 13.5,
in agreement with the calculation. We have also fabricated 22
and 3 3 arrays, operating in-phase, and the measured far-field
FWHM of the central lobe is shown in Fig. 14 as a function of
the number of array elements, (for a array), showing
excellent agreement with theory. The emission patterns remain
stable up to the maximum thermally limited CW output power
( 1–2 mW), and pulsed output power greater than 10 mW. The
measured CW spectrum is shown in Fig. 15, indicating all ele-
ments remain phase locked at the same frequency over the CW
operating range.

Higher CW output powers are mainly limited due to
the unoptimized top DBRs and intensive heating for such
closely packed arrays. Nevertheless, our results are in general
agreement with the calculation shown in Fig. 6, provided
that the modal loss curves are shifted toward either higher
or lower values by approximately 0.8m ( ). For this
case, the in-phasenonresonantmode will have lowest loss at

m. This shift can occur due to a smaller index step
( ) than the design target of . Since the
fabricated structure does not contain inter-element loss, the
lasing modes observed correspond to either thenonresonant
in-phase (for m) or thenonresonantout-of-phase
(for m). Recently, we have successfully implemented
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(a)

(b)

Fig. 13. 1-D scan of the measured far-field patterns in Fig. 12: (a) in-phase
mode and (b) out-of-phase mode.

Fig. 14. Comparison between theory and measured FWHM of the central
far-field lobe for 2� 2, 3� 3, and 4� 4 arrays operating in the in-phase mode.

inter-element loss into the above-described nonresonant array
structures, thereby achieving the first observation ofresonant
in-phase emission [35]. Although these 44 arrays (threshold
currents are about 25 mA with a 40 40 m pumping area)
exhibit maximum CW power limited to 2 mW due to thermal
effects and misalignment between the gain and optical mode,
they exhibit high peak-pulsed power of over 40 mW. Future
work will be focused on how to effectively minimize heating
and include the inter-element loss to select the resonant or
near-resonant in-phase mode.

C. Thermal Effects on Array Performance

For the densely packed top-emitting array (can be approxi-
mated as a large modal area device) with a thick substrate, as
shown in Fig. 11, the output is mainly thermally limited under
higher driving currents due to the lowered differential quantum

(a)

(b)

Fig. 15. Measured CW spectrum at (a)I and (b)2 � I for the in-phase
mode (s = 2:5 �m).

Fig. 16. Calculated temperature distribution across a 4� 4 VCSEL array
assuming 5-mW power dissipation per VCSEL element.

efficiency. The thermal impedance of such structure can be ex-
pressed as

(15)

where is the average material thermal conductivity between
the active region and heat sink,is the whole width of the 2-D
array [36]. The temperature increase under driving currentis

(16)

where is the dissipated power inside the device:
in which is the wall-plug efficiency and is the

input power

(17)

where is the series resistance, is the current-independent
series voltage, and is the ideal diode voltage.

For a rough approximation, assuming that the current is in-
jected uniformly from the p-side (no current crowding effect for
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Fig. 17. Computed field profiles corresponding to the resonant in-phase mode including the thermally induced index profile for: (a) junction-up and
(b) junction-down configuration. Strong self-focusing occurs for the junction-up geometry.

a large array), is proportional to the square of. Thus, from
(15)–(17), is roughly proportional to . Moreover, thermal
cross talk for such closely packed phase-locked arrays will raise
the temperature even further [37]. These increased temperatures
will inevitably modify the device waveguiding characteristics
and resulting beam shape, and reduce the differential quantum
efficiency and output power. Because the heat is primarily gen-
erated in the cavity and thin top p-DBR regions, mounting the
p-side down on an effective heat sink will be beneficial, which
has been proven in the large-aperture VCSEL and large spa-
tially-incoherent 2-D VCSEL arrays [24].

A 3-D finite element analysis is employed to study the
thermal behavior of a typical 4 4 array for both of the
top-emitting and bottom-emitting cases, and the resulting 1-D
cut of the cavity region’s temperature increase is plotted in
Fig. 16. These calculations assume a copper heatsink held at
25 C for both junction-up and junction-down configurations.
We use this data to modulate the thermally adjusted array
built-in refractive index profile, assuming that the temperature
coefficients of the refractive index for GaAs and AlAs are

K [38] and K [39], [40], respec-
tively. Fig. 17 shows that, for a resonant mode with a uniform
near-field, as shown in Fig. 4 for m, the thermal
effect is different for the top-emitting and bottom-emitting
designs. While the modal intensity of the top-emitting array is
severely focused into a cosine shape profile, the bottom-emit-
ting array’s modal profile is much less affected. We also
observe that the modal radiation loss for the top-emitting and
bottom-emitting cases are increased and reduced, respectively.
Therefore, bottom-emitting array implementation is essen-
tial for high-power, coherent 2-D VCSEL array operation.
Preliminary results from junction-down devices demonstrate
10 mW CW coherent emission, a significant improvement
from the junction-up structures. Further improvement is ex-
pected through the use of high thermal conductivity diamond
heat-spreaders and further device optimization.

VII. CONCLUSION

2-D antiguided VCSEL arrays support a multitude of leaky
modes, which are highly dependent on the array geometry.
When the inter-element spacing is equal to an integer number
times of the half lateral wavelength, the array is under a
resonance condition with its resonant in-phase or out-of-phase
modes having uniform near-field and negligible inter-element
field, which is less vulnerable to GSHB and thermal effects.
The radiation loss of the resonant mode is found to be inversely
proportional to the array number with .

Intermediate-order or adjacent modes are quite complicated
due to the 2-D array geometry. Most of theses modes have
higher edge radiation loss than the in-phase or out-of-phase
mode, except for those exhibiting a resonant or nonresonant
behavior in at least one direction of the array. Nevertheless, they
all have significant inter-element fields, allowing inter-element
losses to be used to suppress lasing.

Due to the small variance of the transverse relative optical
confinement factor, the 3-D gain overlap is not a significant
factor in mode selection. However, inter-element loss can sup-
press the nonresonant modes effectively and make the resonant
or near-resonant in-phase mode favored to lase. Other 2-D array
geometries, such as a triangular lattice, also exhibits resonant
behavior, provided that the inter-element spacing satisfies the
1-D resonant condition.

Fabricated ( ) antiguided VCSEL arrays
show that, with suitable inter-element spacing and index step,
the array can select either the in-phase or out-phase mode. The
measured beam profiles for both the in-phase and out-of-phase
modes are diffraction-limited, indicating single-array mode op-
eration. Due to the inherent heating problem of the large-area
VCSEL device, the output power is quite limited for the large
top-emitting arrays (1–2 mW CW and 40 mW pulsed). From
a thermal analysis, we have shown that the top-emitting struc-
ture will result in strong self-focusing due to thermal lensing.
By comparison, a bottom-emitting structure is found to be more
suitable for coherent high-output-power emission.
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