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Array Mode Analysis of Two-Dimensional Phased 
Arrays of Vertical Cavity Surface Emitting Lasers 

HOI-JUN YOO, J. R. HAYES, MEMBER, IEEE, EUNG GI PAEK, A. SCHERER, AND YOUNG-SE KWON 

Abstract-We have investigated the modal properties of two-dimen- 
sional phase-locked arrays of vertical cavity surface emitting lasers 
where the spatial coherency across the aperture comes from the eva- 
nescent coupling of the optical fields of the lasers. Typical two-dimen- 
sional arrays can be separated into three categories: the periodic ar- 
ray, the circular array, and the centered polygonal array (or concentric 
circular array). The circular array and centered polygonal array sup- 
port a more circular symmetric output beam than the periodic array 
which is a simple two-dimensional extension of a linear array. The far- 
field pattern of the two-dimensional array has an azimuthal angle de- 
pendence such that near zenith, the fundamental array mode shows a 
single-lobe beam but with increasing angle many sidelohes appear. The 
highest array mode has a double-lobed far-field pattern near zenith, as 
in the case of the linear array. The centered polygonal array shows the 
most circularly symmetric beam pattern of the three which can be con- 
trolled by varying the excitation amplitude of the center laser. We have 
shown that symmetry plays an important role in determining the array 
mode and that the use of VCSE lasers give a good longitudinal mode 
selection leading to dynamic single-mode operation. These results can 
be extended to a quantum box laser array to give better optical beam 
control. 

I. INTRODUCTION 
HE technology for fabricating laser arrays has contin- T ued to progress such that output powers as high as 

several watts CW can be easily obtained. This can lead to 
many applications such as laser printers, optical re- 
corders , solid-state laser pumps and space communica- 
tion, where very high output power, high-energy conver- 
sion efficiency, and good output beam quality are required 
[ 11, [2]. The output power emitted from a lasing source 
is proportional to the area occupied by the lasing mode. 
In order to increase the aperture area one approach has 
been to fabricate linear arrays of closely spaced narrow- 
stripe lasers and use the evanescent coupling between la- 
sers to bring coherency across the array aperture. How- 
ever, simple linear integration of the lasers leads to a long 
array that limits the possible output power and packing 
density. More recently, other approaches have been used 
to enlarge the area of the aperture using two-dimensional 
integration of surface emitting lasers [3]-[7] or vertical 
stacking of linear arrays of conventional edge emitting la- 
sers [8]. 
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For the implementation of a monolithic two-dimen- 
sional array, most research has focused on the use of con- 
ventional “horizontal cavity” laser that has a surface 
grating [3] or 45O-beam deflector [4]-[6] to couple the 
light out vertically. In these cases, the output beam has 
several one dimensional phased arrays separated by a few 
tens to several hundreds of microns from each other. 
Therefore, they cannot lock the phases of each array due 
to their large separation that clearly reduces their packing 
density. Also, a few attempts have been directed toward 
obtaining an incoherent array (not phase locked) using 
vertical cavity lasers [7], [9]. Very recently, the authors 
have demonstrated the first phase locked two-dimensional 
array of vertical cavity surface emitting lasers [ 101. 

In this paper, we examine a two-dimensional phase- 
locked array where the spatial coherency across the array 
comes from the evanescent coupling of the optical field. 
Also, we present the analysis of a planar array composed 
of vertical cavity surface emitting lasers using a coupled 
mode theory which has been successfully applied to the 
analysis of linear laser arrays [ 1 11. From the analysis, the 
allowed modes, “array modes,” of a phase locked two- 
dimensional array of different structures with weak cou- 
pling can be obtained. The near- and far-field pattern of 
the array modes can be derived analytically. In addition, 
we can solve the splitting of the oscillation frequency of 
the array modes from that of the individual emitters 
as a function of the coupling coefficient. 

A vertical cavity surface emitting (VCSE) laser diode 
comprises a small volume active region and vertically 
stacked layers which form mirrors that are intrinsically 
easy to integrate into a closely packed two-dimensional 
laser array [12]. There are many advantages of two-di- 
mensional phase locked arrays. The first advantage is their 
high-power capability. This occurs because the active area 
can be widened more than that of a linear array. Another 
advantage is its improved directionality. The direction- 
ality of the array depends on the emitting area of the laser 
and hence, a greater degree of directionality can be ob- 
tained from a two-dimensional array. Also, there is greater 
flexibility in the geometry of array structures in two di- 
mensions suggesting that the shape of the output beam can 
be better controlled to conform to the pattern which a spe- 
cific application requires. In addition, we can extend the 
well-developed principles of microwave phased array an- 
tenna theory into the optical region as well. In the follow- 
ing, we analyze the coupling characteristics between two 
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VCSE lasers. Based on this analysis, we will extend the I d I 
theory to two-dimensional coupled laser arrays. 

11. COUPLING BETWEEN VCSE LASERS 
The vertical cavity surface emitting laser (VCSE laser) 

[12]-[16] which will be analyzed in this paper, has the 
same structure as that reported by Jewel1 et al. [13]. As 
shown in Fig. 1, it consists of multiple quarter wave- 
length AlAs-GaAs stacking layers that form a high re- 
flectance distributed Bragg reflector (DBR), an 
Alo,5Ga0,5As cavity layer of half wavelength thickness, 
and an 80 A-100 A thick InGaAs strained quantum well 
active region. The p-electrode is evaporated on the top of 
the cylindrical post which is etched by chemical ion beam 
etching, and the n-electrode is put on the backside of the 
n+ GaAs wafer. When sufficient bias is applied, lasing 
occurs and a laser beam of 1 pm wavelength emerges from 
the bottom of the substrate, since GaAs is transparent to 
the emitting wavelength. Usually, the laser has a cylin- 
drical shape to reduce the surface recombination current 
along the exposed sidewall. 

If the electron density along the active region is uni- 
form, we can approximate the laser structure as a cylin- 
drical dielectric waveguide. To determine the character- 
istics of light propagation in a dielectric cylinder, 
Maxwell’s equations must be solved in the cylinder and 
the cladding, subject to the boundary conditions that the 
tangential components of the electric and magnetic field 
vectors E and H must be continuous across the boundary. 
Using the cylindrical coordinates r and 0 ,  the solution of 
the Maxwell equation is given as Bessel functions [17]. 
In the laser, the ordinary Bessel function is chosen and in 
the cladding the modified Hankel function is chosen. From 
the solutions of the eigenvalue equation, which can be 
obtained by imposing the boundary conditions, the single 
transverse mode condition of the laser can be obtained 

The coupling coefficient between two VCSE lasers is 
given as the overlap integral of the E-field within the laser 
and E-field from the other laser. However, the explicit 
expression of the coupling coefficient between two VCSE 
lasers is complicated [I91 and numerical solutions are 
shown in Fig. 2. Fig. 2 shows the product of coupling 
coefficient c and the radius of a laser a as a function of 
d / a .  In calculating Fig. 2, we assumed that each laser 
supports the fundamental mode HEII .  Although the sin- 
gle-mode condition is not satisfied, this assumption is still 
effective. Because the TE,,, TMol,  and HE2, modes have 
nearly the same propagation constants, coupling between 
all three modes is possible. Linear combination of these 
three modes can be found that lead to linearly polarized 
modes. However, coupling between these modes are not 
stable throughout the round trip in the laser cavity due to 
their finite difference in propagation constants. 

It can clearly be seen from Fig. 2 that a larger coupling 
coefficient can be obtained due to the further penetration 
of the field into the cladding with a decrease of laser ra- 
dius. In the linear array, the coupling coefficient between 

~171.  

p - GaAs / AlAs p - GaAs i AlAs 
DBR 

InGaAs InGaAs 
Q. W. Q. W. 

n . GaAs / AlAs 

H.7 
Fig. 1. Schematic diagram of two closely spaced vertical cavity surface 

emitting lasers that are discussed in this paper. 
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Fig. 2. Product of coupling coefficient, 1 c I and radius of laser, between 
two identical vertical cavity surface emitting lasers with air cladding as 
function of d / a .  

lasers is of the order 10-3-10-4 [20]. If we choose a cou- 
pling coefficient of lop3, the distance between two 1 pm 
radius lasers has to be less than 0.2 pm for coupling. This 
critical distance can be increased by regrowth of an 
AlGaAs buried layer [18]. In this case, the small differ- 
ence of refractive index between the laser and cladding 
regions alleviates the critical design constraint of the laser 
for single-mode operation as well as the distance between 
lasers for significant coupling. 

111. TWO-DIMENSIONAL ARRAYS 
As described earlier, the use of a two-dimensional array 

leads to more freedom in the design of the arrays and in 
particular the structure of two-dimensional phase locked 
arrays. In this paper we will analyze three typical array 
structures, such as a periodic array, a circular array, and 
a centered polygonal array (or concentric circular array), 
as shown in Fig. 3.  The basic structure of a two-dimen- 
sional array is a periodic array in which each element re- 
sides on a two-dimensional lattice point [21] to form either 
a rectangular lattice or a triangular lattice as shown in Fig. 
3(a). The circular array in Fig. 3(b) is a unique two-di- 
mensional array [22] and understanding its behavior is 
helpful for the analysis of concentric circular arrays. The 
centered polygonal arrays (or concentric circular array) in 
Fig. 3(c) are of the most practical interest [23]. Since we 
will be investigating a simple concentric circular array, 
we can compare the beam patterns of concentric circular 
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. . .  
rectangular triangular 

(a) 

(C) 
Fig. 3.  Three schematics of two-dimensional arrays. (a) Periodic array in 

which only two arrays are of interest; rectangular and triangular arrays. 
(b) Circular array, where each element occupies vertex of polygon. (c) 
Centered polygonal array (or concentric circular array), which is circular 
array having centered laser. 

array with that of the circular array in order to understand 
the effect of the center laser to the resulting beam pat- 
terns. In what follows, we briefly summarize the coupled 
mode equations of two-dimensional arrays. 

If each individual laser waveguide, when isolated from 
its neighbors, supports a single HEll-like mode [17], the 
optical mode for a laser of index I and m can be described 
by its electric field as 

where I = 1 ,  2, - , N2 and plm 
is the complex propagation constant. The total electric 
field E of the array is given as 

* , N1 and m = 1 ,2 ,  

N I  N2 N I  N7 

E = c 2 = c 2 Alm(z)Elm(r ,  O)eiom 
1 = 1  m = l  1 = 1  m = l  

where AI, is a complex coefficient due to the interaction 
among the array elements. 

By substituting (2) into the usual Maxwell equation, we 
obtain a set of equations for the array modes as 

where Clmp, is a coupling coefficient between AI, and Apq. 
Assuming only nearest-neighbor coupling, the coupled- 
mode equations for a two-dimensional array can be solved 
analytically as shown in the following sections. 

The far-field pattern of the array can be obtained by the 
multiplication of the array factor and elementary envelope 
field [24]. The array factor of a two-dimensional array is 
calculated by summing the vector field of each element in 
the array at each point in space. The detailed analysis de- 

pends on the array structures, which will be discussed in 
following sections. 

A. Periodic Array 
The periodic array is a two-dimensional extension of 

the linear array. An ideal periodic array is constructed by 
the infinite in plane repetition of identical structural units. 
Generally, there are five Bravais lattices in two dimen- 
sions, one oblique lattice and four special lattices satis- 
fying the special point operations [25]. But if we charac- 
terize the lattice by the shape of its primitive translation 
vectors, we can select only two lattices in the two dimen- 
sions, rectangular and triangular. In this paper, the anal- 
ysis of only the rectangular array will be discussed. The 
triangular array, however, can be considered as the sum- 
mation of two rectangular subarrays. This is shown in Fig. 
3(a) as the superposition of a dashed and a solid lattice. 
The analysis follows the same mathematics as the rect- 
angular array. 

It is assumed that each laser couples to only its four 
nearest neighbors and Alm has a eisrm dependence. Also, it 
is assumed that every coupling coefficient between nearest 
neighbors along the x-direction is the same as C1 and along 
the y direction is the same as C2. Then, the coupled mode 
equation (3) becomes 

Alm = Cl(Alm+l + h m - 1 )  + G ( A l - 1 ,  + Al+lm)- 

( 4 )  

GNote that (4) reduces to the coupled mode equation of a 
linear array if C1 or C2 goes to zero. By substituting Alm 

cos E + 2C2 cos q where E and q will be determined by 
the boundary conditions. 

If the array has N1 x N2 elements as illustrated in Fig. 
4, then q and E are given as p7r / (N1  + 1 )  and q7r / (N2 
+ 1 ), respectively, from the boundary conditions that A,, 
= ANI,, = 0 and A,, = AmNz + = 0 ,  where p and q are 
integers from 1 to N1 and N2,  respectively. Therefore, 
A% is given as 

- - into (4), the eigenvalue is obtained as 6 = 2C1 

and the propagation constant of the p-th x q-th order ar- 
ray mode as 

yp4 = p + c1 cos ( N P :  ~ 1 )  + c2 ‘Os (&) 
The splitting in the propagation constants of the array 
modes is proportional to the coupling constants C1 and C2 
as in the case of the linear array [lo], [ 111. If N1 and N2 
are very large, the propagation constants of the array 
modes form a quasi-continuum in the range 

0 - 2(C1 + C2) < y < P + 2(C1 + C2). (7) 
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I I L  

I=N, 
I=N, 

Fig. 4. N ,  X N z  rectangular array. Distance between lasers along x direc- 
tion is d, and distance along y direction is d,,. 

If C1 = C2 = C, the maximum wavelength splitting in 
the longitudinal mode becomes 

Since the A h  of uncoupled lasers is given by hi/21n, 
where I is the cavity length and n, is the effective refrac- 
tive index of cavity, the A h of the array modes is smaller 
than the A h of the uncoupled lasers if CZ << 1. Because 
the cavity length of the VCSE laser is very short, this 
condition is easily satisfied. In addition, the mode split- 
ting between two adjacent array modes will be less than 
the maximum splitting. Therefore, it may be possible for 
the array to support multimode oscillation even if an el- 
emental laser has single-mode operation. This may be 
avoided if we increase the coupling coefficient that will 
lead to a larger AX between array modes as can be seen 
from (8). 

The array factor of the p th X q th order array mode is 
given as 

NI N2 

* sin e( ldx  cos 4 + md, sin 4 ) ] .  ( 9 )  

By substituting ( 5 )  into (6), we obtain the array factor as 
the product of two linear array factors that have been cal- 
culated by J.  K. Butler [lo], such as 

sin [ ~ ~ ( s  + e , ) / 2 ]  

sin [ ( s  + e p ) / 2 ]  
AF,,(O, 4 )  = 

\ ' I  
sin [(s - e , ) / 2 ]  

sin [ N 2 ( t  + 0,)/2] 

sin [ ( t  + e q ) / 2 ]  

sin [ ~ ~ ( t  - e , ) / 2  

sin [ ( t  - e , ) / 2 ]  
- ( -1), 

/$y@D 
mode 1 mode 2 mode t t  3 

( p 4 ,  q=1) (p=l, q=1) (p=1, q=2) 

(P=1, mode q=3) 4 (p=2, mode q=2) 5 

Fig. 5. Schematic illustration of near-field distribution of supermodes of a 
2 x 3 rectangular array. 

(p=2, mode q=3) 6 

where s = ked, sin 0 cos 4,  t = k,d, sin 0 sin 4,  0, = 
p a / ( N 1  + 1)  and 6, = q a / ( N 2  + 1 ). 

Fig. 5 shows the schematic illustration of the near-field 
pattern of the array modes of a 2 X 3 periodic array. Note 
that the excitation amplitude of the individual lasers is 
different across the array. The in-phase array mode has a 
field amplitude distribution peaked in the middle region 
of the array. Therefore, for uniform current injection, the 
gain in the outer region of the array is not fully utilized 
by the in-phase array mode. At certain injection levels, 
the unused gain may be sufficiently high to excite other 
higher order array modes. The highest order array mode 
has nulls in the optical field between each laser. Usually, 
the fundamental and highest order array modes have sim- 
ilar modal gains [26]. Therefore, the dominant array mode 
is determined by the amount of loss or gain in the inter- 
channel regions [27 ] - [29 ] .  If the cladding is lossy, the 
highest order array mode has the larger gain to oscillate 
as a main output beam due to its nulls in the interchannel 
regions. 

The far-field pattern of each array mode of a 2 x 3 
rectangular array is shown in Fig. 6. Fig. 6(a) and (b) 
show the far-field pattern along the x-z plane and the y-z 
plane, respectively. It is easily seen that Fig. 6(a) and (b) 
are the same as those of a two-element linear array and a 
three-element linear array of which amplitudes are mod- 
ified by the interaction with each other. 

The far-field pattern of the NI X N2 periodic array is 
just a multiplication of the NI -element linear array along 
the x direction with the &-element linear array along the 
y direction as can be seen in (10). That is, the far-field 
pattern is the intersection of the two narrow main beams, 
plus those sidelobes from each conical pattern of the lin- 
ear array which intersects with the conical main beam of 
the other linear array. Therefore, the fact that the funda- 
mental mode has a single lobed far-field pattern and the 
highest order mode has a double lobed far-field pattern, 
which were observed in linear array, is also true in a two- 
dimensional periodic array as seen in Fig. 6(a) and (b). 

We plotted the angular distribution of the output beam 
of 2 x 3 rectangular periodic array in which the center- 
to-center distance between lasers is 2 pm in Fig. 6(c). The 
outermost pattern and innermost pattern represent the an- 
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Fig. 6. Angular dependence of far-field patterns of 2 x 3 rectangular array. (a) Far-field distribution in x-z plane as a function 
of 8. (b) Far-field pattern in y-z  plane as a function of 8 .  (c) Far-field distribution as function on 6, with 8 as parameter. 8 is 
in range of 0 to 16" 
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gular distribution of the output beam at 8 = 0" and 8 = 
16", respectively. Therefore, there are five patterns for 8 
= 0, 4, 8 ,  12, and 16" in each circle of Fig. 6(c). For the 
convenience of illustration, their absolute magnitude has 
been changed and hence it is impossible to compare their 
relative amplitude out of this graph. We can observe that 
the two-dimensional array has a different angular distri- 
bution of the output beam at fixed 8 and the angle of the 
field maximum is changed with the variation of 8. For 
example, forp = 2 and q = 2 (i.e., 5th-order array mode) 
in Fig. 6(c), the far-field pattern has its maxima along the 
off-axis of the array. In addition, with the increase of 8, 
more sidelobes become pronounced. If many of the array 
modes are excited, the beam divergence increases and the 
directionalty of the beam deteriorates because each mode 
has a different angular dependence. 

B. Circular Array 
The circular array in Fig. 3(b) is also called a ring array 

[22]. The only difference of this type of array from those 
of the linear array are its cyclic boundary condition. Sim- 
ilar structure has been analyzed for the longitudinal-cou- 
pled laser that has a mode selectivity using coupling 
between lasers [30]. If N-elements in the array, as shown 
in F i g  7, support the same propagation constant, the cou- 
pled mode equation (3) becomes 

Assuming A, has an eisd dependence, this equation can 
be written 

pl c12 0 0 .  0 . .  

( 12) 
= 0. 

This equation can be solved numerically. However, if the 
separation between each laser is equal to give the same 
amount of coupling between the nearest neighbor laser, 
the above equation can be simplified and easily solved as 
in Appendix A. 

From (A.4), 

6, = -2Ccos (27rmlN) (13) 

/ 2 3  

Fig. 7.  N element circular array. Radius of array is R and each element is 
located on vertex of Nth polygon. 

where m = 1, 2 ,  
the mth order array mode is given as 

, N .  The propagation constant of 

ym = /3 + C cos (27rmlN). (14) 

Therefore, each array mode has a different propagation 
constant as is the case in the periodic array. Here again, 
the splitting in the propagation constant of the array mode 
is proportional to the coupling coefficient C. However, 
the range of the propagation constant is /3 - 2C < y < 
/3 + 2C. Therefore, the maximum splitting of the longi- 
tudinal mode becomes A h  = 4CG,/2rne which is half of 
that for the periodic array. It implies that the circular ar- 
ray has a narrower spectrum and hence the possibility of 
having several array modes operating degenerately that is 
consistent with the results in [30]. 

The array factor of the mth order array mode is given 
as 

l=N 

AF,(O, 4)  = c AI, exp [ik,R sin 8 
i = l  

* COS (4 - 2 a Z / N ) ] .  (15) 
From (B.4), A,, = ei2*(,- ')'IN and by substituting this 
equation into (15) the array factor of an N-element cir- 
cular array can be obtained. 

Fig. 8 is the schematic illustration of the near-field pat- 
tern of the six element circular array (or hexagonal array). 
Note that the fundamental mode has an equal amplitude 
of excitation across the array. Therefore, when each laser 
is pumped by uniform injection there is no unused gain 
unlike the case in the periodic array. We can observe that 
each supermode has a unique distribution of the saturated 
gain coefficient in each laser for a given injection level 
and a given total output intensity. As a result, the funda- 
mental mode and highest mode have the highest possibil- 
ity of lasing since every laser is equally excited. As is the 
case with the periodic array, the mode discrimination 
comes from the amount of loss or gain in the interchannel 
region. If the cladding is lossy, the highest order array 
mode would have the lowest threshold since the un- 
pumped region corresponds to an area of small modal in- 
tensity. 
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Fig. 8. Schematic illustration of near-field distribution of supermodes 
across six-element circular array (or hexagonal array). 

Fig. 9 shows the normalized far-field intensity distri- 
bution for the array modes of a hexagonal array of radius 
3 pm. It is interesting to note that Fig. 9 and Fig. 6 have 
many features in common. The direction of field nulls and 
maxima are very similar to each other. However, we can 
observe that Fig. 9(c) has more circular symmetry. Fig. 
9(a) and (b) are the far-field pattern of the hexagonal array 
along the x-z plane and the y-z plane, respectively. Note 
that the x and y direction are not always the direction for 
maximum field. Fig. 9(c) shows the azimuthal angle de- 
pendence of the circular array for various values of 8. Each 
circle has five patterns at 8 = 0, 4, 8, 12, and 16". The 
outermost pattern is at 8 = 0" and inner most pattern is 
at 16". Each pattern is normalized and hence it is impos- 
sible to compare their relative magnitudes out of this pic- 
ture as in the case of Fig. 6(c). The fundamental mode 
has a single center lobe near zenith, and with increasing 
8, six field maxima appear along the symmetric axis of 
the array. The highest order mode has a six field maxima 
near the zenith and with increase of 0, 12 field maxima 
appear which give a wider far-field beam divergence. If 
there are some nonlinearities such as nonuniform active 
layer thickness or nonuniform current injection, several 
array modes oscillate together giving a wide modal spec- 
trum and beam divergence. 

C. Centered Polygonal Array 
The centered polygonal array, shown in Fig. 3(c), may 

be called a concentric circular array [23], which can be 
considered to be the centered polygonal array with the 
addition of a center laser. This array structure has been 
analyzed and fabricated using optical fibers for the wave- 
length-insensitive mode coupler applications [3 11, [32]. 
This array is particularly interesting for understanding the 
effect of the center laser on the resulting supermodes. In 
addition, the physical understanding can be extended to 
the analysis of more complicated concentric circular ar- 
rays. 

The coupled mode equation can be simplified by the 
nearest-neighbor coupling approximation. In this case, 
each of the outer N lasers couples equally to its two neigh- 
bors in addition to the coupling to the center laser. As can 
be easily understood from Fig. 3(c) and the following 
analysis, the coupling between the center laser and the 
outer laser should occur between different propagation 
constants. Taking the mode difference into considera- 

tions, we get the coupled mode equation (3) as 

where C is the coupling coefficient between the two outer 
lasers and C is the coupling coefficient between the cen- 
ter laser and an outer laser. 

By making the substitutions, 

W z )  = AoW (18)  

and Po - P = A, where /3 = PI = , * - , = PN, we can 
reduce the coupled mode equation of the centered poly- 
gon array to a simple two mode problem as shown in Fig. 
10. That is 

Therefore, we can get the array mode propagation con- 
stant as follows: 

_+ Ja2 + ~ ~ 1 2 .  (22) Po + P - 2 c  
2 Y =  

The "+" and ''-" are for the propagation constant of 
the even mode and odd mode as shown in Fig. 10. Note 
that the splitting in mode propagation constant between 
even and odd modes becomes large with the increase of 
N .  From the symmetry of the structure, it can be easily 
shown that the high-order array modes of a centered po- 
lygonal array are the same as those of a circular array of 
N-elements. 

Fig. 1 1  shows a schematic of the near-field intensity 
distribution of the centered hexagonal array. Compared 
with Fig. 8 the high-order array modes have the same 
near-field intensity distribution as the hexagonal array. 
The first mode is the even mode and the second mode is 
the odd mode. Note that the in-phase array mode has a 
field amplitude distribution peaked on the center laser. As 
is the case for the periodic array, the gain of the laser in 
the outer ring of the array is not fully utilized by the in- 
phase array mode. At a certain injection level, the unused 
gain may be sufficiently high to support other higher array 
modes. One interesting observation in the case of the cen- 
tered polygonal array is that the first- and second-order 
array modes are the possible oscillation modes. Since the 
higher array modes do not excite the center laser, it is 
difficult for this to occur under uniform current injection 
conditions. The modal discrimination comes from the 
amount of loss or gain in the region between the ring and 
center laser. If the cladding is lossy, the second-order ar- 



1046 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 26, NO. 6. JUNE 1990 

0 -  

-10 

-20 

d8 
-30 

/-- - r- 

- 

~ 

i 

0 -  

-10 

-20 

-30 
d0 

4 -  

- 

" ?  

-10 'I O I  
-10 1 
-20 t 

dB .30t 

" L  

4 
Mode 60 -30 )I I " ,  '1 

"I I i 2 

O r -  . " ,. r\ 

F 
-10 1 

Mode 
3 

.=A-- 
0 10 20 30 40 50 €U 70 60 40 

thela 

O r  

Mode 
4 ' I  

O i  

-lo 1 
dO:L 40 

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0  
-50 

lh.1. 

Mode 
5 

.m O L- 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 W  

IM. 

Mode 
6 " t  

Fig. 9. Angular dependence of far-field patterns of six-element circular 
array. (a) and (b) Far-field distribution as function of 0 in x-z  plane and 
y-z plane, respectively. (c) Far-field distribution as function of 4 with 0 
as parameter. 0 is in range of 0 to 16". 



Y O 0  et al . :  VERTICAL CAVITY SURFACE EMITTING LASERS 1047 

I I 

I I 

Fig. 10. Two-channel coupled waveguide. 

mode 1 mode 2 mode 3 

mode 4 mode 5 mode 6 

A I 

mode 7 

Fig. 1 1 .  Schematic illustration of near-field distribution of supermodes 
across a centered hexagonal array. 

ray mode would have the lowest threshold since the un- 
pumped region corresponds to a field null. 

The far-field pattern of the array modes of a centered 
polygonal array are the same as those of the circular array 
for the higher order array modes. For the first- and sec- 
ond-order array modes, the array factors are given as 

mrn(8, 4 )  = mcircu~ar + B m  
N 

= C A~ exp [ i k o ~  sin e 
1=1 

* COS (+ - 2 d / N ) ]  + B, (23) 
where 

JA' + N C ' ~  - A 

J B, = 

where "+" and "-" are for m = 1 and 2 , respectively. 
The effect of the addition of B, is to neutralize the side- 
lobes of the beam pattern, as seen in Fig. 12, which shows 
the far-field pattern of the first- and second-order array 
modes of the centered hexagonal array for various values 
of excitation amplitudes of the center laser. The far-field 
pattern of the remaining higher order array modes is sim- 
ilar to that of the hexagonal array and is omitted here. The 

difference in the far-field pattern between the first- and 
second-order array modes is that the first mode has less 
pronounced sidelobes at large 8 and the second mode has 
more pronounced sidelobes at large 8, as seen in Fig. 12. 
As can also be seen in Fig. 12, the beam pattern can be 
made more symmetric by increasing the excitation ampli- 
tude of the center laser. 

IV. DISCUSSION 
From the previous analysis, it can be seen that the sym- 

metry and periodicity of the array structure plays an im- 
portant role in determining the array mode of a planar ar- 
ray. The symmetry gives a finite phase relationship among 
elementary lasers of the array leading to an array mode. 
The lowest order mode is the most symmetric and highest 
array mode is the least symmetric as easily seen in Fig. 
5, 8 and 11.  We have shown that the analysis can be made 
easy by using the symmetry operations as outlined in Ap- 
pendix B. For the lossy cladding the highest order array 
mode lases easily, except in the case of the centered po- 
lygonal array, since it has the optimum overlap of the 
electron distribution and the optical field distribution 
leading to a wide beam divergence, which was observed 
in linear array experiment [33]. This can be avoided if we 
reduce the loss in the interchannel region by insertion of 
net gain in the interchannel region [28] , [29]. 

When 4 symmetry (azimuthal angular symmetry) of the 
output beam pattern is important, the circular array fits 
the symmetry requirement. The periodic array has a rel- 
atively poor +-symmetry as shown in Fig. 6. The side- 
lobes along the off axis are the result of the intersection 
of a conical sidelobe of the x directed linear array with a 
conical sidelobe of the y directed linear array. The reduc- 
tion of these sidelobes results to the broad beamwidth of 
the far-field pattern [24]. But as we can see in Fig. 9, the 
particular example of hexagonal array is not likely to have 
a superior +-symmetry. However, if we increase the num- 
ber of elements in a circular array, the array pattern ap- 
proaches that of a continuous ring to give a J 1  ( koR sin 
8 ) / k o R  sin 8 beam pattern which has no &dependence 
[24]. This case is also true for the centered polygonal ar- 
ray. Based on the results of analysis of the circular array 
and centered polygonal array, we can derive the beam pat- 
tern of the more complicated concentric circular array as 
just the superposition of the array factor of each circular 
array [23]. By using this concentric circular array, we can 
make the beam pattern more circular (better + symmetry). 
In addition, we can understand that a more symmetric 
beam pattern can be realized by forcing only the funda- 
mental mode to oscillate by proper design, such as the 
variation of the distance between each ring (varying the 
coupling coefficient) [34] or variation of the laser radius 
in a different ring [35], as shown in Fig. 13. For example, 
if the lasers in the rings near the center have a larger ra- 
dius than lasers in outer rings, such as in a chirped array 
[35], the gain distribution across the array prefers to sup- 
port a single circular output beam as the fundamental 
mode. 



1048 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 26. NO 6, JUNE 1990 

Amplitude = 0.5 1 
(a) 

2 

40 

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0  
theta 

0 10 20 30 40 50 60 70 80 90 
theta 

x-z Y-Z 

Amplitude = -0.5 -1 -2 
(b) 

Fig. 12. Far-field distribution of centered hexagonal array. (a) and (b) Far- 
field pattern for various excitation amplitudes of center laser for first- 
and second-order supemode, respectively. 

o. --0 -. -0 With an array covering a much wider active area than 
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Fig. 13. Schematic diagram for modified array structure for obtaining cir- 
cular symmetric far-field pattern. (a) Chirped array. (b) Variable spacing DBR-high reflectance mirror, which the VCSE laser 
array. 
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tive layer is a thin quantum well which gives a narrower 
gain spectrum [37]. These properties may bring mode sta- 
bility to a two-dimensional VCSE laser array such that 
even dynamic single-mode operation can be achieved 

For a pure array mode to occur, a given phase relation- 
ship must be maintained from the reflection at the laser 
facet. If there are imperfections in the mirror, extra rela- 
tive phase shifts will be introduced in the reflected beam 
of each laser. Under this condition, array modes are cou- 
pled to give an admixture of array modes to satisfy the 
lasing condition which brings about a broad beam diver- 
gence [39]. However, the VCSE laser has a multiple 
quarter wavelength AlAs - GaAs layers, which are pre- 
cisely grown by MBE, for distributed reflection achieving 
very high reflectance of more than 99% and hence negli- 
gible imperfections [40] the admixture of array modes due 
to mirror imperfections can be avoided. In contrast, we 
can bring artificial mirror imperfections to the mirror re- 
flectivity distribution across the array simply changing the 
number of AlAs-GaAs layers. This can be done using a 
conventional etching process. That is, we can control not 
only the phase of each laser but also the far-field beam 
pattern of the two-dimensional array using a simple etch- 
ing process. 

One interesting application of the result of the two-di- 
mensional array analysis is the design of a quantum box 
laser array. If we reduce the diameter of the VCSE laser 
to several hundred angstroms, each laser behaves as a 
quantum box laser [41]. These structures have potential 
advantages such as reduced threshold current density, im- 
proved field spectrum linewidth and improved tempera- 
ture dependence [42]. Usually the quantum box laser has 
an array structure for the efficient interaction betvveen the 
optical mode and closely confined electrons. As in the 
previous analysis, the optical field distribution has a peak 
in the middle of the array and in the outer region the op- 
tical gain is not fully utilized under uniform current injec- 
tion. This excess gain may bring spectral instability to an 
array of quantum box lasers. Therefore, we can apply the 
previous results to bring mode stability such as varying 
the distance between the quantum boxes or varying the 
size of the quantum box. 

[381. 

V. CONCLUSION 
We have investigated the properties of a two-dimen- 

sional array of vertical cavity surface emitting lasers. The 
evanescent coupling between VCSE lasers brings spatial 
coherence across the array aperture for phase locking be- 
tween lasers. Since the VCSE laser has a very short cavity 
length, the longitudinal mode spacing can be very large. 
Also, the VCSE laser has a quantum.-well active layer 
that has a narrow spectral gain. Therefore, the two-di- 
mensional array comprising of VCSE laser has good 
modal selectivity that can achieve dynamic single-mode 
operation. The coupling between two VCSE lasers de- 
pends on the radius of the lasers, distance between lasers 
and the surrounding medium. A larger coupling coeffi- 
cient is obtained due to the farther penetration of the field 

into the cladding with the decrease of the laser radius and 
increase of the cladding refractive index. 

Typical two-dimensional arrays are a periodic array, a 
circular array and a centered polygonal array (or concen- 
tric array). When there exists a finite coupling between 
lasers, the optical mode of the array can be represented 
by the superposition of array modes. Each mode has its 
characteristic near-field distribution across the array and 
a different propagation constant. We found that for the 
same number of elements the maximum splitting of the 
propagation constants of the array modes of the periodic 
array is twice that of the circular array. The near-field 
pattern of the array mode suggests that the fundamental 
mode and highest array mode have the highest possibility 
of lasing under uniform current injection conditions. In 
addition, the mode discrimination between the fundamen- 
tal mode and highest mode comes from the amount of loss 
or gain in the interchannel region. If the cladding is lossy, 
the highest array mode of the periodic array or circular 
array and the second order array mode of the centered 
polygonal array would have the lowest threshold. In a two- 
dimensional array, the field maximum of the far-field pat- 
tern has an azimuthal angle dependence. The fundamental 
mode has a single center lobe near the zenith. But with 
the increase of 0 it has several field maxima. The circular 
array and centered polygonal array have better 4-sym- 
metry in the far-field pattern. Also, the centered polyg- 
onal array has a more circularly symmetric beam pattern 
that can be controlled by varying the excitation amplitude 
of the center laser, Single-mode operation can come from 
the reduction of loss in the interchannel region, varying 
the distance between lasers (varying the coupling coeffi- 
cient) or varying the radius of the lasers, as in the case of 
the linear array. 

The symmetry of an array structure in two dimensions 
plays an important role in determining the array modes. 
Also, the beam broadening due to imperfections in the 
mirror can be avoided in VCSE lasers since precisely con- 
trolled epi-growth by MBE is used. Alternatively, we can 
control the mirror imperfections by simply etching to in- 
troduce phase changes among the elementary lasers. If the 
radius of the lasers reduces to the quantum limit, each 
laser behaves as a quantum box laser. The results of the 
above analysis can be employed in the control of the mode 
characteristics of the quantum box laser arrays to bring a 
single mode operation. 

APPENDIX A 
Since every coupling coefficient is the same, (5) be- 

comes 
X l O O  

1 x 1 0  r 0 1 x 1  

L 

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  

1 1 

X 

I] AN 
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wherex = - 6 / c .  For the existence of nontrivial solution, 
its determinant must be zero. Since it is an nth order cyclic 
determinant, it becomes nth order x equation such as 

N 

JJ 
I =  1 

) = 0. (A2) (. + e2sil/N + e-2ril/N 

Therefore, the solution is given by 

x = - 2  COS ( 2 ~ l / N ) ,  I = 1, 2 ,  * . * , N (A3) 
and the 6 is given as 

6 = - 2 c  cos (27rZlN). (A41 

APPENDIX B 
If the array has a rotational symmetry by 2 n / N  rota- 

tion, its array mode has 0, symmetry where 0, is the 
symmetry operator such as 

0 CN $ 1 - - e2alk/N $L k = 0 ,  1 ,  * a *  , N -  1 (B l )  
N N 

c AimOcNE,,, = c Al,,,e2”ik/NEm 
m =  1 m = l  

N N 

c AI,,, E,,, - = c Al,,,e2”ik~NE,,, 
m = l  m = l  

N N 

where E, = E N  and AI,+ = A i l .  Therefore, we can get 
the relationship between Aim + and AI,,, as 

AI,,, + = AI, e2aik/N. 033) 
If we choose A i l  = 1 ,  

A~,,, = exp [ 2 n ~ k ( m  - I ) /N] ,  

k = 0, 1,  * , N - 1. (B4) 

If array modes are degenerate, we can remove the degen- 
eracy by superposition of the array modes. For example, 
in a hexagonal array the second- and third-order array 
modes are degenerate and the fourth- and fifth-order 
modes are degenerate. Therefore, we choose second- (or 
fourth-) order mode as the summation of two modes and 
third- (or fifth-) order mode as the difference of the two 
modes such as 
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