652 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 6, JUNE 2002

Modal Properties of Two-Dimensional Antiguided
Vertical-Cavity Surface-Emitting Laser Arrays
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Abstract—We present a detailed analysis on 2-D (4x 4 threshold gain [3], [4]; 2) restrict the gain (injection current)
square-lattice) antiguided vertical-cavity surface-emitting laser to individual elements by selective ion implantation [5]; and
(VCSEL) arrays based on the effective-index model. The cal- 3) sajactively etch the top surface so that the unetched regions
culation shows that the array can operate under 2-D resonant f the high it | ts [6]. Th it ts t
coupling, provided that the resonance condition in both the orm e higher-cavity? array elements [6]. These attempts to
horizontal and vertical directions is satisfied. Consequently, the fabricate VCSEL arrays have successfully demonstrated phase
resonant-mode edge radiation loss is inversely proportional to locking among the array elements, emitting partially-coherent
the number of array elements along one direction for aV. X N peams. However, stable, high-power, diffraction-limited beam
array. Low-edge-loss out-of-phase and adjacent array modes are operation from 2-D VCSEL arrays has not been realized. In

found to compete with the in-phase resonant mode. While the 3-D . .
gain overlap is not a significant factor in modal discrimination, addition, all previously reported phase-locked 2-D VCSEL

the introduction of inter-element loss allows the in-phase mode to arrays operate in either the out-of-phase array mode or a
exhibit the lowest threshold gain for a wide range of inter-element mixture of various array modes. This behavior is characteristic

width, s (As = 0.5 pm for 980-nm wavelength devices). The of weakly-index guided or gain-guided phase-locked arrays
2-D antiguided array results from shifting the cavity resonance in which the highest-order (i.e., out-of-phase mode) is always

between the element and inter-element regions and is fabricated .
by selective chemical etching and two-step metalorganic chem- favored to lase over the in-phase mode [7]-[9], [41], [42],

ical vapor deposition (MOCVD) growthl Diffraction-limited with poor intermodal discrimination and mode Stabl|lty By
in-phase and out-of-phase array mode operation is observed changing the phase relationships of adjacent array-elements,

from top-emitting arrays, depending on the inter-element width. such as patterning the 2-D array surface with an external
Substrate-emitting array structures are investigated as a means to phase-shifter [10], “in-phase mode-like” emission was obtained
lower heating and increase the coherent output power. 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

. INTRODUCTION evanescently coupled edge-emitting laser arrays has severely

OHERENT emission from the surface makes vefimited their single-mode output power [11].
tical-cavity surface-emitting lasers (VCSEL) very Accordingto the coupled-mode theory employed to calculate
attractive light sources for many applications such as printiniipe modal behavior in weakly index-guided array systems, each
telecommunications and data storage. Due to the short galament only couples with its nearest neighbors by their weak
length and small emitting aperture, single-mode emission hesmnescent waves (series-coupling), and each array mode is a
been limited to 5-10 mW from single-element monolithisuperposition of individual element modes [8], [41], [9], [42].
VCSELs [1], [2]. As an efficient means to increase the cohereRor an N x N 2-D VCSEL array, the coupled modes can be
output power, phase-locked VCSEL arrays have been studiatieled by the number of intensity nulls in each direction. Using
extensively for the last few years. The coupled-lasing modestbfs nomenclature, mode (1, 1) is the fundamental in-phase
the VCSEL array represent the allowed bands of propagatinpde, and modeN, N) is the highest-order out-of-phase
Bloch waves in the 2-D active photonic lattice. Previousiode [3], [12]. Results from 1-D edge-emitting laser arrays [7],
VCSEL array designs have attempted to select a single-md@g [41], [9], [42] indicate that model{, N) is always favored
(i.e., all elements phase locked) from the allowed bands wf lase over other modes (simply because of a larger gain
guided-modessupported by the 2-D photonic lattice. Theoverlap), and modal discrimination is relatively small. Simi-
conventional approaches start with a large-area VCSEL stri&rly, 2-D index guided VCSEL arrays also are found to operate
ture, and incorporate a means to separate the individual arimaythe highest order modeV, V) or a mixture of high-order
elements [3]-[6] such as: 1) pattern the array reflectivity so thatodes [3]—-[6], [12]. By contrast, antiguided array structures
the elements under the higher reflectivity regions have a lowexhibit strong leaky-wave coupling (parallel coupling) with
array-mode dependent lateral radiation loss, leading to high
Manuscript received October 2, 2001; revised February 28, 2002. This nger'mOdal discrimination [13]. As a result, edge-emitting
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leaky-wave coupling enables the array structure with relatively |-|| d |

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 el iy

VCSEL array operates in the allowéshky-mode bandsf the

2-D photonic lattice. ny=ngt An . 1‘
Antiguided VCSELs have been demonstrated by either the g

regrowth of high-index material in a buried heterostructure

design [15], selective oxidation [16] or by a cavity-induced Mg I

resonant shifted structure [17]. In 1999, Serklaridal. [18]

demonstrated leaky-wave coupling between two antiguided

VCSELs (coupled in-phase or out-of-phase) using structures '| 5

fabricated by selectively etching down the cavity to generate an

antiguiding effect. In 2000, we reported the first diffraction-limFig. 1. Effective-index modeling structure for 222 array withAn = 0.05

ited (in-phase mode) on-axis emission from a monolithic 4 _andd =6pum:s represents the inter-element spacing apds the effective

A index of the element region.
6 pm-square-element antiguided VCSEL array [19]. Moreover,

the emission pattern (either in-phase or out-of-phase mode e R .
operation) can be totally controlled by the 2-D array stru nodal behavior in this direction. The “fiber-modes” can readily

ture, such as by adjusting the array spacing or built-in ind solved by various numerical solutions of the scalar Helmholtz
step; [18], [19]. In this paper, we conduct a comprehensi\?@uation' such as finite-difference calculations with the perfect

: L tched layer (PML) boundary conditions. For simplicity, we
cold-cavity study of the 2-D antiguided (square-geometr ac : o
array modal behavior using the effective-index model a udied the leaky mode behavior of a4 antiguided VCSEL

fiber-mode approximation method [20]. Calculations show th&fr &y ‘:fttrﬁdzre :s ShOV\_m irr]] Fig. l_lgcr)]nlylg truncated 2 ver-
resonant coupling [21]-[23] for the in-phase (out-of-phasg]C" O th€ ax 4 array 1S s own). The 16-square regions rep-

mode occurs when the inter-element spacing is close to an Jggent the array elements that have effective-indiegglower

: - o that£.) in the inter-element and background regions. Sim-
(even) integral number of half-waves of the antiguide radiatidf2" I
leakage, and that the use of inter-element loss together with to the 1-D antiguided array case [21], [22], these 2-D struc-

mode-dependent radiation loss can be effective in suppresstiHr s support leaky modes with the elements phase locked either

nonresonant modes. In addition, other array-geometries stf¢ hase or out-of-phase, as well as intermediate modes with

as triangular-lattice (6-nearest neighbors) can also exhi grying phase relationships between elements. The leaky modes

lateral resonant coupling, providing a broad design space ve m_ode propagation constants wh_ic_h lie below the lowest ef-
optimization. CW output power from previously reporte ective index of the structure and exhibit mode-dependent edge

top-emitting structures was limited to 1-2 mW, partly due tfpdiation losses. From the point of view of a simple summation,

the intensive heating resulting in output power saturation. Thlyg? expect the optical coupling and modal discrimination of 2-D
ray structures to be stronger than in the 1-D array case.

a bottom-emitting design is essential to improve the efficien&F . X ) ) . ’
and output power of large-number 2-D VCSEL arrays [24]. an5|der asingle antiguide (Fig. 2) with a core index:gf
and index step of\n = ny — ng. The lowest loss leaky mode

(fundamental antiguided mode) exhibits a radiating field into
Il. 2-D ANTIGUIDED VCSEL ARRAY STRUCTURE the high-index cladding regions characterized by a lateral wave-
EFFECTIVEINDEX MODEL lengthX;. The lateral wavelength; of the radiation leakage can

Due to the difficulties in studying a 3-D multilayer structureP€ approximated by [26]
we utilize the effective-index model and fiber-mode approxima- _ 2 2 \2 4 921)2
tion to calculate the modal behavior of the VCSEL array struc- AL = o/ (ny —np+ Ag/4d) @

ture [20]. In this approximation, the array elements and outer (grare o is the vacuum wavelength andlis the low-index
gions are simply represented by the effective indicgandn:,  «;gre” width.

respectively, calculated from the 1-D transverse layered strucyq, 4 1-p antiguided array, each element leaks radiation into

ture in each region. The 3-D structure is then transferred i”tch@ighboring elements, with a lateral wavelengttalso approx-

2_-D _“fiber array,” as shown in Fig. 1. According to the eﬁecimated by (2). When the array inter-element spacingatisfies
tive-index model for a VCSEL proposed by Hadley [25], a reg,e resonant condition
shift of the resonant wavelength corresponds to an increase of

effective index, given by _ s =mA/2
in phase mode resonance m = odd number (3)

out-of-phase mode resonange = even number
Anfng = AN A ) urokp ’ vennu

and the array exhibits resonant coupling due to the lateral radi-

whereng and Ao are the effective index and resonant waveation leakage. As a result, the resonant mode (either in-phase
length, respectively, in the array element region. or out-of-phase) has a uniform near-field profile across the
One reason we apply this method here is that the array stracray and negligible inter-element field. At resonance, each
ture is only in the lateral direction; thus, we are interested in theaky wave has maximum transmission passing through the
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(@)

Index

Fig. 2. 1-D structure of a single antiguide: the dotted curve is the calculated
optical field for the fundamental leaky mode.

(b)
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 w/m J\/ W

means of a transfer matrix method [27], and are plotted in

Fig. 3 for selected modes. For a fixed index-sté&.(= 0.05),

Fig. 3(a)—(c) shows the resonant out-of-phase=( 1.7 um),

resonant in-phase & 2.5 xm) 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 tarig. 3. Calculated field profiles of a 1-D four-element antiguided array.

gain spatial hole burning and has the potential for high-powy Resonant out-of-phase mode. (b) Resonant in-phase mode. (c) Adjacent

single-mode operation. In order to select the resonant in-phﬁ%oé‘e'

mode that has an on-axis beam pattern, several mode selection )

mechanisms have been studied in 1-D antiguided arrays, stich 71 = 3-35). From (2), the lateral wavelength of the radia-

as inter-element loss [29], 2-D gain overlap factor [30], and 9N leakage from each element is

Talbot-type spatial filter [31], [32]. While the spatial filter is AL = 1.68 um. )

obviously not suited for the monolithic VCSEL array, the first

two mechanisms are built-in to the antiguide structure and theior a 1-D array with this design, the out-of-phase and in-phase

role in mode selection for the 2-D VCSEL array needs to bfiode resonance occurs for interelement wislth= \; (1.68

evaluated. pm) and 1.5 (2.5 :m) respectively. While we expect similar
The number of standing wave nulls determines the mogglues fors at resonance with the 2-D structure, there may be

identification notation for a 1-D array witlV elements. That some differences as a result of the 2-D geometry.

is, the modé. can be defined as (assume each element containgn order to examine the optical coupling behavior among

a fundamental mode) array elements, we follow the development of the out-of-phase

mode (9, 9) and the in-phase-mode (12, 12) while varying the

L=(m+1)=(N-1) ) inter—el(eme)nt distance,pas shown in (Fig. 4, %Iong eac%/ a?ds

wherem is the number of standing wave peak in the inter-el&f the 2-D mode field profile, the number of lobes between
ment region [26]. For example, the mode in Fig. 3(a) represef{{ nearest square element regions corresponds to the number
mode 9, and the one in Fig. 3(b) represents mode 12. of standing wave peaks as in the 1-D case which was shown
Itis also logical to define the 2-I¥ x IV array’s leaky modes N Fig. 3. For example, there are always three peaks for mode
as a superposition of two 1-D array modes. As we will shof-2, 12) and two peaks for mode (9, 9) between any two nearest
later, we find that the leaky-wave coupling in the two directiongquares of the 2-D array. For a 1-D array, either the in-phase
is independent. This means that, if in one direction the leaRyode or the out-phase-mode will be cut offsiis not within
mode number isn and the other direction is mode then we @ certain range of resonance, such as a half-lateral wavelength
can define this 2-D array mode as mode (n). The details will @way from its resonance position [26]. Although there are
be described in the following parts. 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
i situation to the 1-D array: mode (9, 9) is cut off wheris
A. Mode Profiles larger than 3/2;; mode (12, 12) exists only betwesrvalues
The 2-D in-phase and out-of-phase lateral modes are calofi-\; and 2\;; and mode (15, 15) exists only above= 1.5);.
lated using the effective-index approximation for an array witBtarting froms = 1.2 xm, the out-of-phase mode (9, 9) has
element widthd of 6 xm and index stegAn, of 0.05 g = a very nonuniform (cosine shape) near field, characteristic of

[ll. M ODAL BEHAVIOR (WITHOUT INTER-ELEMENT LOS9
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5=1_& um =20 pm
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Fig. 4. Calculated 2-D field profiles of a¥ 4 antiguided VCSEL array with an index st&p: = 0.05 for various inter-element spacingor: (a) out-of-phase
modes ats = 1.2, 1.6, and 2.¢em and (b) in-phase modes at= 2.0, 2.4, and 2.&m.
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Fig. 5. Calculated 2-D Far-field patterns for: (a) in-phase mode and (b) out-of-phase modexof adtay.

nonresonant modes [Fig. 4(a)]. At = 1.6 um (~X\1), the increasingly uniform. After passing the resonant point, the
out-of-phase mode (9, 9) exhibits a nearly uniform near-fiefield becomes nonuniform again. The uniform field profile at
profile, characteristic of the lateral resonance. Agicreases resonance leads to a reduced sensitivity to GSHB [28]. This 2-D
to 2.04m, the field becomes more like a cosine-shaped profiteodal behavior demonstrates that the 2-D resonance occurs
again. The nonuniform field profile of the nonresonant modshile the inter-element spacing in both of the 1-D directions

is vulnerable to gain-spatial-hole-burning (GSHB) and thermelosely satisfies (3).

lensing, leading to multi-mode operation. The reverse processig. 5 shows the calculated far-field patterns for both the
occurs for mode (12, 12), as shown in Fig. 4(b)sAt 2.0 um, in-phase (all elements are in-phase) and out-of-phase (nearest
it has a nonuniform near field, asapproaches 2.bm (1.5\;, neighbors are out-of-phase) modes. Because of the square sym-
the in-phase resonance position), and the field profile beconmastry of the lattice, the in-phase mode always has the main
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TABLE |
COMPUTED RADIATION LOSS OF THERESONANT IN-PHASE MODE FORN X N
ANTIGUIDED VCSEL ARRAYSWITH An = 0.05,d = 6 pm,AND s = 2.4 um

n
«

n
(=]

—-—-mode (9, 9)

mode (12, 12)
—--—mode (15, 15)
------ adjacent mode

Array Size 4x4 | 2x2 | 1x1
Radiation Loss (cm™) | 11.16 | 22.45 | 44.33

-

<

\
v
/

Radiation Loss (cm")
o

(&
L

power in the center lobe with surrounding smaller lobes formin ’ ; '
a square pattern, and the out-of-phase mode has its power 1 15 2 25 3 35
vided into 4 primary lobes. s (um)

At resonance, thév-element array has uniform field-inten-_. . , . ,

. . . Fig. 6. Calculated radiation losses as a function of inter-element spacing
sity with each element containing a fundamental mode. Thekgrin-phase mode (12, 12), out-of-phase modes (9, 9), (15, 15), and relevant
fore, the entire array can be approximated as a single antiguég@cent modes discussed in Fig. 2(b).
with width V « d and operating in théN — 1)th-order mode,
which hasV peaks. Because the radiation loss fortith-order 275/);. Under the resonant condition when the inter-element
mode of a single antiguide is proportional to the squareof{ spacings is equal to an integer times &f /2, the radiation from
1) and inversely proportional t@*, as given below [33] each element has maximum transmission through it. While this

type of maximum transmission generates maximum coupling
ar = (m+1)" oM /(dno) 6)  among elements (resulting in a uniform near-field), the total ra-
wherel is the lateral confinement factor, the radiation loss of tH#iation is also a maximum and very little field is trapped in-
resonant in-phase or out-of-phase mode ofNaglement array Side the inter-element region. By contrast, wheésiequal to an
is roughly proportional td /(N d?). Therefore, for anV x v 0dd number of quarter waves,(/4) (anti-resonant condition),
array, the resonant mode loss should also be proportionaNo the radiation undergoes minimum transmission through each
provided that the coupling is independent along the vertical alfiér-élement region and thus is trapped inside the high-index

horizontal directions. That is, we expect interelement regions. Therefore, these anti-resonant modes have
weaker coupling (mostly via the trapped leaky waves from the
anxn = a1x1/N (7) two nearest-neighbor antiguided elements), resulting in a co-

o sine-shaped near-field that is similar to the “coupled mode” be-
whereayxy andai x, are the radiation losses for thé x N payior. The high field intensity trapped in the inter-element re-
and 1x 1 (a s_mgle square antiguide) array, respectively. Thﬁons leads to a minimum array mode radiation loss.
computed radiation losses ford 1, 2 x 2, and 4x 4 arrays  ~ according to the previous discussion, the cutoff value of the

resonant in the in-phase mode are shown in Table I. The negei._element spacing,, for any in-phase or out-of-phase mode
linear relationship indicates that (7) is a good approximation for, m) can be approximated as

the 2-D array losses. More generally, we expect the radiation
loss for a rectangulai/ x N 2-D arraya s« x to be Sm—3 < Sm < Sm+3 (10)

apxn = aix1(1/M +1/N)/2 (8)  wheres,,_3 ands,, s are the resonant positions for mode-{
Z%Sm — 3) and mode . + 3, m + 3), respectively. From our
simulation, ass approaches the cutoff value, the cutoff mode
will transform into another mode, such as coupled guided-array
B. Modal Discrimination modes or coupled higher order leaky modes. The guided-array
- modes can be eliminated effectively by placing absorptive ma-
1) In-Phase and Out-of-Phase ModeBesigning the array oo yithin the high-index inter-element regions (as will be
strycture to favor osc!llanon n Fhe deswablg m—lph.ase. mode | iscussed later). The coupled higher order leaky modes always
quires an understanding of the intermodal discrimination me sve large edge losses that suppress their lasing. We also see

anisms. One mode selection mechanism in the antiguided arg Fig. 6 that the higher order out-of-phase mode (15, 15) al-
is lateral mode-dependent radiation loss. The calculated modagcns ha:s higher edge loss than the in-phase mode (12’ 12) for
edge radiation loss for selected array modes as a function of In- '

. . - s values in the range 2.6-3im. However, for the range of
terelement spacings, is shown in Fig. 6. The resonant mOde%etween 2.0-2.5m, the lower order out-of-phase mode (9, 9)

ats ~ 1.6, 2.5um) have maximum loss, while the nonresos, . ot
( ' ) . will be favored to lase, based on edge radiation losses alone.
nant modes have lower losses with the anti-resonant medes ( 2) Adjacent Array ModesOther than the in-phase and

2.2, 3.0pm) having the minimum. This can be explained qualﬁut-of-phase leaky modes mentioned above, there are many

itatively as follows. The intensity transmission rate of the Ia‘htermediate-order modes between them, caltjacent

eral leaky wave X;) passing through the inter-element region i
given by the transmission of a Fabry—Perot etalon [27]

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

Thodes For example, mode (9, 10) is an adjacent mode with
nine nulls in one direction and 10 nulls in another direction.
T=(1-R)?/[(1— R)?+4Rsin? ¢| ©) Ina1-D array, the adjacent modes exh_ibit larger radiation loss
than the in-phase mode on the longeside of the resonance
whereR is the intensity reflection at the boundary between eposition [26], because of the large field intensity at the edges
ement and inter-element regions and the phase-shift valkse 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). (W4Mttle
(c) Mode (14, 14). (d) Mode (12, 15).

. . LTABLE I . A (12, 12) isnot favored fors between 2.6-3.@m (i.e., around
,\/CI’(“)";’ESTEF%RA;’AAEOQ‘ AﬁféU?EETDH\E/CESLEKAX;RA?C&%T the resonant point) due to the competing low-loss adjacent
An = 0.05,d = 6 um, AND 5 = 2.4 um modes. However, the near-resonant in-phase mode possesses
the least field in the inter-element regions (refer to Figs. 3 and
Mode Number 0, 1) | (9,12) | (10,12) | (11,11) | (12,12)  4). As we discuss below, this factor allows the 2-D VCSEL
Radiation Loss (em™) [ 9.10 [6.80 [1039 1449 [11.16 array to operate in a resonant or near-resonant in-phase mode,

if inter-element losses are introduced into the structure.

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 IV. RESONANT MODE SELECTION

adjacent modes of the 2-D array with hi_gh field intensity 8t 3.p Gain Overlap

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" €dge-emitting antiguided arrays, the 2-D gain overlap sup-
[such as mode (11, 10)]. However, for the 2-D structure, thepgesses nonresonant modes, because they exhibit high field in-
also exist adjacent modes that have high loss in one directiégnsity in the inter-element regions that have lower transverse
but are resonant or antiresonant in the other direction [suchagical overlap with the active layer than the field in the element
mode (9, 10)]. We find these adjacent modes have radiaticegions have. However, in the antiguided VCSEL array with uni-
losses comparable to the in-phase or out-of-phase mode. Otbein current injection, the 3-D gain overlap is not expected to be
adjacent modes [such as mode (9, 12)] have in-phase couplighificantly mode-dependent. If we assume a unity lateral field
in one direction and out-of-phase coupling in another directiogyeriap (i.e., 1-D transverse structure), the threshold gain con-
resulted an even lower radiation loss. Fig. 7 shows several a,‘&ﬁl‘on for a VCSEL structure with average intrinsic losses
cent modes [mode (10, 11), (14, 12), (14, 14) and (9, 12)] witlyq . in the active and passive regions (i.e., distributed Bragg

different modal properties in the two directions. Table Il Sho"‘?%flector (DBR) and spacer regions), respectively, is [34]
the relevant adjacent mode losses at the in-phase resonant ’ ’

position (s = 2.4 pm). The calculated edge radiation losses as 1 12
a function ofs with only the most competitive adjacent modegt = @ + 1y " d™ [@i(Les — ) + arLeq + In(1/ Ry R2) ™7
are plotted in Fig. 6. The conclusion is that the in-phase mode (12)
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Fig. 8. Calculated transverse standing wave distribution for: (a) low-index region and (b) high-index region.

where L.g is the effective cavity length{ is the total active 7

region thicknessqg is the modal radiation loss calculated ir |

Section Ill, R, and R, are the reflectivity of top and bottom < ., |

DBR mirrors, respectively, arid, is the transverse relative con- 12 |

finement factor given by

------ mode (9, 9)
mode (12, 12)
—-—- adjacent mode

Total Modal Lo

J|E@))?de L

b= B d

8
61

(12) ..
2
0

where the integrals are taken over the active and entire cax , 02 o4 25 28 5
regions. If we now include a nonunity mode dependent latel ... s (u)
field overlap, reflecting the fraction of optical field within eachrig. 9. calculated modal losses (radiation logs absorption loss) of

VCSEL element of the array, the threshold gain equation shogRinpeting 2-D array modes for a structure including the addition of inter-
be modified as element loss (100 cmt'). For this structure, the in-phase mode is favored over

a large range of interelement spacing. (

(gin — g)d(TTe + (1 = TL,) B. Inter-Element Loss

= i(Lest — d) + arles + In(1/R1Ry)Y?  (13) If the intrinsic losscy; is different between the element and
inter-element regions, such ag in the element region and,

wherel'; is the lateral overlap factor for the field in the el-in the inter-element region, (13) can be rewritten as
ement reglonsre- andT’; are the transverse reIat|ye confine- (g — a@)d[Lile + (1 — T
ment factors, defined by (12), in the element and inter-element
regions, respectively. It is clear from (13) that[if is larger =l (Len = d) + (1 = T)es(Len — d)
thanl’;, the resonant modes (having less field in the inter-ele- +arLen + hl(l/Rl/R?)l/Q' (14)
ment regions, and thus largiy) will have lower threshold gain  In order to suppress the nonresonant modes with laidger (
than the nonresonant modes. From a 1-D VCSEL simulatidia), an increase of; should be beneficial. For example, if we
using the transfer matrix methoH, is always larger thaf; keepa; = 20 cm™! and increaser, to 120 cm'!, and use the
but the difference is small. This can be seen from the caldgfevious parameters, we obtaj,....,... = 1877cm ! and
lated transverse field profiles in the element and interelemehtmonrconane = 2072 cm~*. We can then calculate the threshold

regions (Fig. 8). For our antiguided VCSEL array (as describ ;Sntdde‘nsiné jf\?r th_e ]r\(fasogrj?/rlg a\r;\;j_tﬁ(:r?resonant Pddte; t
in Section VI) with An = 0.05, T, = 1.744, T, = 1.724, g/ and Ny, = Nyzcter /a0, With the assumption tha

20 eml o — 20 -1  loeml L =19 Ny = 1.8%10%¥ em™3, g0 = 2100 cm™!, B = 10710
O = 20CM 7, o = 20CM 7, ap = 10CM 5, Leg = 1.2 iM, - op3g1 andy, = 1, the threshold current density is calculated
R; =99.5%, Ry = 99.9%, andl’; = 0.98 and 0.92 for the res- to beJy, — 651 Alem? andJ, — 783 AlomZ.

onant and nonresonant modes, respectively, we obtain from (83) comparison, if we convert the threshold gain from the pre-
that the threshold gain difference between resonant and nonkggus section (no inter-element loss) infg,, we obtainJ;, =

onant modes ig\g,, ~ 1 cm~!, which has a negligible effect 613 A/cm®. The above discussion shows that: 1) the introduc-
on the threshold current densities. 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) outrafdehase

nant mode and 2) it has a very small effect on the resonantlength is calculated to b ~ 1%. Assuming a bulk absorption
nearly-resonant mode which exhibits very little inter-elemewrbefficient ofo ~ 10* cm™1, the modal loss due to this absorp-
field. tion layer is aboul'a = 100 cm~*. The amount of interelement
The effect of enhanced modal discrimination in favor of thioss can be adjusted by varying the thickness of the QW (within
resonant modes, by the introduction of 100dnioss into the the critical thickness constraint) as well as its position within
inter-element regions, is demonstrated for the 4 antiguided the DBR.
array using the effective index model. The influence of the in- The uniform or near-uniform field profile makes the resonant
terelement loss on the total modal loss (i.e., edge radiation las/ice less sensitive to GSHB and thermal effects, making it
plus absorption loss) for the in-phase mode (12, 12), the lowsitable for high-power single-mode operation. However, a de-
out-of-phase mode (9, 9) and relevant (lowest loss) adjaceailed above-threshold analysis considering mode competition
modes are shown in Fig. 9. As a result, for> 2.3 um, all  for the 2-D array is still necessary.
modes other than the in-phase mode (12, 12) can be suppressed
by high radiation loss. Thus, Fig. 9 demonstrates thaba4
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 Resonant leaky-wave coupling will occur for other array ge-
is expected to operate in the stable in-phase array mode. P@etry as long as condition (3) is satisfied. For example, the use
additional loss can be obtained by many ways, such as intfd-a triangular structure may allow for stronger optical coupling,
ducing a highly absorbing layer outside of the cavity region bgtnce there are six nearest neighbors (instead of four neighbors
inside the effective cavity length region, or by reducing the réa the previous structure) around each array element. To confirm
flectivity of the inter-element region. For example, for our strugesonant coupling in a nonrectangular lattice, we studied the res-
ture (described in Section VI), we can introduce a 7-nm InGaAsance behavior of a 19-element triangular geometry array. The
(980 nm) quantum well (QW) inside the thin spacer layers aftealculated in-phase mode near-field and far-field profiles, for
we grow the first pair of the top DBR. The optical confinemertivo different array element spacings, are shown in Fig. 10(a),
factor of this 7-nm-wide InGaAs QW within the effective cavityindicating that resonant behavior can indeed be achieved for

V. TRIANGULAR GEOMETRY 2-D VCSEL ARRAY
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Fig. 11. Schematic cross section of ax44 antiguided VCSEL structure & ‘; ‘ ‘
emitting at 980 nm with element width= 6 ¢m: HT 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 discrimir@?-i
tion in favor of the resonant modes although a comprehensive
investigation is still underway.

12°
(b)

12. Measured CW far-field patterns for ax44 array operating in the:
n-phase modes(= 2.5 m) and (b) out-of-phase (= 3.0 xm) mode.

far-field pattern is obtained. The measured CW far-field emis-
VI. DEVICE PERFORMANCE sion pattern for an array with = 2.5 um (in-phase) and =
3.0 um (out-of-phase), as captured by a CCD camera, are shown
in Fig. 12. As the driving current increases, the minor side-lobes
Top-emitting antiguided array structures £ 6 xm, dn = become viewable, in excellent agreement with the calculated
0.05) were fabricated using a two-step MOCVD growth procegar-field shown in Fig. 5. The angular lobe separation and widths
[20] as shown in Fig. 11. It consists of 32.5 pairs of AIAs—GaAsre obtained from the 1-D scan (Fig. 13) of the far-field intensity
n-DBR, 23 pairs of Al 1;GaAs—GaAs p-DBR, and 3-optical for the arrays with a full width half maximum (FWHM) for the
cavity thatincludes three InGaAs QWS GaAs barrier layers, afifiphase mode of abouf 2and a side lobe separation of 13.5
Al 3GaAs confinement layers for 980-nm emission. The firglh agreement with the calculation. We have also fabricate®2
growth consists of n-DBR, cavity, 1 pair of p-DBR and two thimaind 3x 3 arrays, operating in-phase, and the measured far-field
spacer layers of GaAs (10 nm) and GalnP (12 nm). The purpads@/HM of the central lobe is shown in Fig. 14 as a function of
of these thin layers is to generate an effective index step betwegs number of array element¥, (for a N x N array), showing
the inter-element and element regions. The calculated effectisgellent agreement with theory. The emission patterns remain
index step for this structure ian = 0.05 [20]. stable up to the maximum thermally limited CW output power
We use HPO; :H202:H20 (1:1:5) and HCI:HO (4:1) (~1-2 mW), and pulsed output power greater than 10 mW. The
to selectively etch away the GaAs and GalnP thin layers undfaeasured CW spectrum is shown in Fig. 15, indicating all ele-
the emitting elements area, and then regrow the remaining d@nts remain phase locked at the same frequency over the CW
p-DBR. The following processes include defining the curremfperating range.
aperture by H ion implantation, and making top and bottom Higher CW output powers are mainly limited due to
ohmic contacts as well as opening the optical window. The intefhe unoptimized top DBRs and intensive heating for such
element (high-index region) widthwas adjusted to be betweerclosely packed arrays. Nevertheless, our results are in general
2-3.5um to select either the in-phase or out-of-phase resonangfreement with the calculation shown in Fig. 6, provided
condition. Note that in these initial structures we do not intefthat the modal loss curves are shifted toward either higher
tionally include absorbing layers for inter-element loss to aigk lower s values by approximately 0.8m (A\1/2). For this
the suppression of nonresonant modes, as discussed abovecase, the in-phaseonresonanmode will have lowest loss at
] s = 2.5 pum. This shift can occur due to a smaller index step
B. Spectrum and Far Field (An = 0.036) than the design target df» = 0.05. Since the
CW single-mode in-phase emission is observed from arrafgbricated structure does not contain inter-element loss, the
with inter-element widths ok = 2.5 um with the charac- lasing modes observed correspond to eitherrtberesonant
teristics of an on-axis-lobe far-field pattern. At= 3.0 um, in-phase (fors = 2.5 um) or the nonresonanbut-of-phase
single out-of-phase mode operation with the resulting four-lol§ior s = 3.0 ;m). Recently, we have successfully implemented

A. Structure and Fabrication
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Fig. 14. Comparison between theory and measured FWHM of the centggficiency. The thermal impedance of such structure can be ex-
far-field lobe for 2x 2, 3x 3, and 4x 4 arrays operating in the in-phase mode.

pressed as

inter-element loss into the above-described nonresonant array Zp = (26D)* (15)

structures, thereby achieving the first observatiomesbnant i . o
in-phase emission [35]. Although thesex#4 arrays (threshold where¢ is the average material thermal conductivity between

currents are about 25 mA with a 40 40 um? pumping area) the active region and heat sink,is the whole width of the 2-D

exhibit maximum CW power limited to 2 mW due to thermaf'™@y [36]. The temperature increase under driving curfesit

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 heatingyhere Pp, is the dissipated power inside the devidey —

and include the inter-element loss to select the resonant]@r(l — 1) in which 7, is the wall-plug efficiency and?,, is the
. 1n m
near-resonant in-phase mode. input power

AT = Z4+Pp (16)

2
C. Thermal Effects on Array Performance P =I"R, + I(Vs + Va) 17)

For the densely packed top-emitting array (can be approxhereR; is the series resistanck, is the current-independent
mated as a large modal area device) with a thick substrate sasies voltage, and; is the ideal diode voltage.
shown in Fig. 11, the output is mainly thermally limited under For a rough approximation, assuming that the current is in-
higher driving currents due to the lowered differential quantupacted 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 @¥. Thus, from VII. CONCLUSION
(15)~(17),AT is roughly proportional td). Moreover, thermal 2-D antiguided VCSEL arrays support a multitude of leaky

cross talk for such closely packed phase—_locked arrays will raﬁ%des, which are highly dependent on the array geometry.
the temperature even further [37]. These increased temperaty{gin, the inter-element spacing is equal to an integer number
will mewta_bly modify the device wavegwdmg chara_cterlstmﬁmes of the half lateral wavelength, the array is under a
and resulting beam shape, and reduce the differential quantgBonance condition with its resonant in-phase or out-of-phase
efficiency and output power. Because the heat is primarily gefmdes having uniform near-field and negligible inter-element
erated in the cavity and thin top p-DBR regions, mounting thgald, which is less vulnerable to GSHB and thermal effects.
p-side down on an effective heat sink will be beneficial, whiclthe radiation loss of the resonant mode is found to be inversely
has been proven in the large-aperture VCSEL and large speoportional to the array numbe¥ with ay xn = a1x1/N.
tially-incoherent 2-D VCSEL arrays [24]. Intermediate-order or adjacent modes are quite complicated
A 3-D finite element analysis is employed to study theue to the 2-D array geometry. Most of theses modes have
thermal behavior of a typical 4« 4 array for both of the higher edge radiation loss than the in-phase or out-of-phase
top-emitting and bottom-emitting cases, and the resulting 1+Dode, except for those exhibiting a resonant or nonresonant
cut of the cavity region’s temperature increase is plotted rehavior in at least one direction of the array. Nevertheless, they
Fig. 16. These calculations assume a copper heatsink held@lhhave significant inter-element fields, allowing inter-element
25 °C for both junction-up and junction-down configurationslosses to be used to suppress lasing.
We use this data to modulate the thermally adjusted arrayPue to the small variance of the transverse relative optical
built-in refractive index profile, assuming that the temperatu@@nfinement factor, the 3-D gain overlap is not a significant

coefficients of the refractive index for GaAs and AlAs ard@ctor in mode selection. However, inter-element loss can sup-
B =4x10*K![38] andl x 10~* K1 [39], [40], respec- P'eSS the nonresonant modes effectively and make the resonant

tively. Fig. 17 shows that, for a resonant mode with a unifor@ near-resonant in-phase mode favored to lase. Other 2-D array
near-field. as shown in I’:ig 4 for = 2.4 um, the thermal geometries, such as a triangular lattice, also exhibits resonant

effect is different for the top-emitting and bottom-emittin behavior, prowded_t_hat the inter-element spacing satisfies the
designs. While the modal intensity of the top-emitting arra |s_D resonant condition.
gns. Y P 9 YIS FabricatedV x N (N = 2, 3, 4) antiguided VCSEL arrays

s_everely f?cused Into a cosine shape profile, the bottom-engh—ow that, with suitable inter-element spacing and index step,
ting array's modal profile is much less affected. We alsye 41ray can select either the in-phase or out-phase mode. The
observe that the modal radiation loss for the top-emitting afgh 55, red beam profiles for both the in-phase and out-of-phase
bottom-emitting cases are increased and reduced, respectiglyges are diffraction-limited, indicating single-array mode op-
Therefore, bottom-emitting array implementation is esseBration. Due to the inherent heating problem of the large-area
tial for high-power, coherent 2-D VCSEL array operationyCSEL device, the output power is quite limited for the large
Preliminary results from junction-down devices demonstraggp-emitting arrays (1-2 mW CW and 40 mW pulsed). From
10 mW CW coherent emission, a significant improvemert thermal analysis, we have shown that the top-emitting struc-
from the junction-up structures. Further improvement is exdre will result in strong self-focusing due to thermal lensing.
pected through the use of high thermal conductivity diamorBly comparison, a bottom-emitting structure is found to be more
heat-spreaders and further device optimization. suitable for coherent high-output-power emission.
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