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Abstract- A novel cladding structure is proposed and ana- 
lyzed for semiconduct~r quantum-well lasers to achieve a small 

eam divergence and a low threshold current density 
simu~~neously. This cladding structure is designed to guide a 
wide optical mode but with a high peak intensity in quantum 
wells. The wide expansion of the optical mlode results in a 
small beam divergence. In addition, the high optical intensity in 
quant~m wells causes a low threshold current dlensity. This novel 
c ~ ~ d d ~ n ~  structure is optimized. The result shows that this type 
of cladding structures can achieve a beam divergence as small as 
14.6" while the threshold current density remains small. 

I. INTRODUCTION 

EMICQNDUCTQR lasers with small beam divergence are 
desired for efficient coupling of laser output into another 

device. Especially for lasers used to pump fiber amplifiers, 
high pumping power is needed to achieve high gain. To 
obtain high pumping power, the pump lasers axe required with 
a small beam divergence as well as a high output power. 
However, in semiconductor quantum-well (QW) lasers with 
conventional uniform cladding layers, a small beam divergence 
is generally accompanied by an unacceptablle high threshold 
current. Undesired low conversion efficiency then results and 
degrades the performance in high-power operation. 

To cure this problem, several semiconductor lasers with 
unconventional cladding structures have been proposed and 
studied 111-[XI. Wu et al. utilized periodic-index optical con- 
fining layers in 980-nm semconductor lasers to achieve high- 
power coupling into a single-mode fiber [Ill, [2]. Cockerill 
et al. obtained a reduced beam divergence with acceptable 
low threshold current density by using a depressed index 
cladding graded barrier structure [3], 141. Chen et al. integrated 
passive waveguides in the cladding layers and obtained a 
beam divergence of 11.2' but with serious slide lobes [ 5 ] ,  [6]. 
Recently, the authors theoretically studied in detail the perfor- 
mance of the QW lasers with passive waveguides integrated 
in the cladding layers [7]. The results show that a small beam 
divergence without side lobes can be achieved at a price of 
only a slight increase in threshold current density. Using the 
structure, Ziari et al. achieved low-loss coulpling of only -1 
dB into a single-mode fiber 181. 
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Fig. 1. 
beam divergence. 

The desired lasing-mode profile for low threshold current and small 

These studies have revealed an important concept that the 
intensity profile of an optical mode can be engineered by 
manipulating the spatial variation of the refractive index of 
cladding layers. The desired optical mode profile for both 
low threshold current and small beam divergence is shown in 
Fig. 1. This profile is widely expanded but has a high intensity 
in the center (in the active region). For semiconductor QW 
lasers, a low threshold current density can be obtained due to 
the high optical intensity in the quantum wells. Meanwhile, 
a small beam divergence can be achieved since the optical 
mode is widely expanded. 

In this paper, we propose and analyze a novel type of 
cladding structure for semiconductor QW lasers to guide the 
desired optical mode shown in Fig. 1. The novel cladding 
structure is reached in the following way. We first start with 
a wave function that gives small beam divergence and low 
threshold. From the wave function, we then construct the 
laser structure that supports such a mode. Once the laser 
structure is obtained, detailed analysis is performed by exact 
calculation. The dependence of the threshold current density 
and the output beam divergence on the structure parameters 
is interpreted in detail. Based on the calculated results, the 
cladding structure is then optimized. The optimized structure 
can have a vertical far-field angle as small as 14.6" while 
maintaining a low threshold current density (180 A/cm2) 
for a 1-mm-long single QW InGaAs-A1GaAs laser. This 
paper is organized as follows. In the following section, we 
first search for the cladding structure that guides the desired 
optical mode. The resulting cladding structure is then analyzed 
and optimized by using exact calculation in Section 111. In 
Section IV, the sensitivity of laser performance to structural 
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parameters is discussed. Finally, we draw a conclusion in 
Section' V. 

11. SEARCH FOR DESIRED CLADDING STRUCTURES 

To give a comprehensible concept of the characteristic of the 
novel structure, we first describe the optical mode guided by 
the structure in an illustrative way. The desired optical mode 
shown in Fig. 1 for QW lasers can be expressed in a linear 
combination of two functions gtc(x) and $~,~(x) as 

$(.) 1 Atc$tc(x) + Awe$we(x) (1) 

where gtc(x) is a wave function tightly confined in the core 
region and is a widely expanded wave function. $t,.(x) 
and $,,(x) are assumed to be normalized. At, and A,, 
are chosen so that $(x) is also normalized. If I$tc(x)12 >> 
I $,, (x) I in the quantum well, for example, I $tc (x) I M S( x) , 
it is possible to choose an At, so that At, << A,, but 
IAtc?,btc(x)I2 is still much lager than IAwe$we(x)12 in the 
quantum well. By At, << A,,, it means that most of the 
optical power of the mode is from the second term in (l), 
Aw,$,,(x), which, due to its wide expansion, causes a small 
beam divergence. The threshold current density is determined 
only by the optical intensity in the quantum well. Because 
IAtc$tc(x)12 is much lager than IAwe?,bwe(x)12 in the quantum 
well, the threshold current density can remain low and is not 
much affected by the wide expansion of the optical mode. 

The above illustration indicates that both a very small beam 
divergence and a very low threshold current density can be 
obtained simultaneously if Gt,(x) has a very high intensity in 
the quantum well. In reality, however, the spatial variation of 
the optical-mode profile is governed by the spatially varying 
refractive index throughout the laser structure. Due to the 
limitation of the available materials for semiconductor lasers, 
one can not obtain an optical mode with an arbitrary profile. 
The condition which restricts the optical-mode profile is that 
the spatially varying refractive index 

is within the limit of the available materials. Here, (2) is 
obtained from the one-dimensional wave equation. neff is the 
effective refractive index or the mode index and k~ is the wave 
number in free space. In spite of this inherent limitation, one 
can tailor the cladding structure to obtain an optical mode as 
close to that shown in Fig. 1 as possible. 

It is interesting to see what kind of cladding structures can 
result in the desired optical mode shown in Fig. 1. To do this, 
we first choose the tightly confined wave function ?,btc(x) and 
the widely expanded wave function Giwe(x) .  After the wave 
functions are determined, the cladding structure can be found 
by using the relation (2). Assume that the tightly confined 
wave gtc(x) is guided by the waveguide structure shown 
in Fig. 2, which is a linearly graded separate-confinement 
heterostructure (GRINSCH) generally used in QW lasers. The 
structure is composed of a 65-A In0,2Ga0.~As quantum well, 
two 150-8, GaAs confining layers, two linearly graded layers, 
and two uniform Al,Gal-,As cladding layers. We choose 

&,(x) with a large confinement factor by optimizing the 
thickness of the linearly graded layers and the A1 content x in 
the cladding layers. Fig. 3 shows the plots of the confinement 
factor, the threshold current density, the full width at half 
maximum (FWHM) of the far-field pattern versus the thickness 
of the graded layer for the lasing mode of the GRINSCH 
shown in Fig. 2. Three different AI contents, x = 0.4, 0.6, and 
0.8, of cladding layers are considered. Here, the optical modes 
are obtained by solving the one-dimensional wave equation 
using the Galerkin method 191. Since the structure is assumed 
to be symmetric and only the optical modes with the even 
parity are considered (because the optical modes with the odd 
parity never oscillate), the trigonometric cosine functions are 
employed as basis functions to expand the optical modes. The 
number of the basis functions is chosen to be one hundred so 
that the precision in the calculated results is assured. We have 
checked the accuracy of this method by comparing some of the 
results with those obtained by the conventional transfer-matrix 
method. Basically, no difference is observed. The advantage 
of the Galerkin method is that all the eigenmodes can be 
obtained simultaneously by diagonalizing a matrix, which 
significantly reduces the computation time. Once the optical 
modes have been calculated, the lasing mode which has the 
highest confinement factor of all the modes is selected. The 
far-field pattern of the lasing mode is then calculated using 
the expression [lo], [ l l ]  

where $(z) is the near field and 4(0) is the far field at angle 
0. The Huygen's correction factor g ( 0 )  is chosen as [lo] 

cos 0 
g(0 )  = cos 0 + neff.  

(4) 

In calculating the threshold current density, we assume the 
laser is 1 mm long and use the empirical formula 

where JO = 50 A/cm2 is the transparency current density, 
7% = 0.97 is the internal quantum efficiency, bo = 24 c d A  
is the gain coefficient, and at = 20 cm-' is the total loss for 
a 1-mm-long cavity. These parameters have been determined 
experimentally for the GRINSCH laser shown in Fig. 2 1121. 
From Fig. 3(a), one can find that too thin or too thick graded 
layers are not preferable for a high confinement factor. The 
confinement factor reaches the maximum when the graded 
layer thickness is 1000 A and the A1 content in cladding 
layers is 0.8. We choose these structure parameters for the 
waveguide shown in Fig. 2 and calculate the lasing mode to 
obtain the tightly confined wave function &,(x). Note that for 
this structure, although the threshold current density reaches 
the minimum, the FWHM of the far-field pattern is 60°, which 
is unacceptable for the actual application in optical coupling 
to fibers. 
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Fig. 2. The waveguide structure (the conventional GRINSCH) guiding 
the tightly confined wave &(z). The structure is composed of a 65-8, 
In0 2Gao BAS quantum well, two 150-8, GaAs confining layers, two linearly 
graded layers, and two uniform A1,Gal -,As cladding layers. 

The widely expanded wave function ?liWe(x) is, for illustra- 
tion purposes, assumed to be 

for L large enough.' 
Once &(x) and gWe(x) have been determined, one can 

investigate the laser performance resulting from the combined 
wave function $(x) = Atc&(z) fA,,~,,(x) by varying the 
coefficient At, and the width L of the optical mode [see (6)]. 
Fig. 4 shows the plots for the combined wave function +(z), 
the confinement factor, the threshold current (density, FWHM 
of the far-field pattern, and the standard deviation of far field 
angle, crg (the rms of far-field angle), versuis the coefficient 
At, with the width L as a parameter ( L  = 2, ,4, 6, and 8 pm). 
The standard deviation of far field angle, ag, is defined as 

Here, a g  is considered because FWHM is not a good measure 
of the beam divergence when serious side lobes appear. 
As expected, in Fig. 4(a), the confinement factor increases 
with the amplitude At, of the tightly confined wave and 
decreases with the width L of the widely (expanded wave. 
The resulting threshold current density shown in Fig. 4(b) 
therefore decreases with At, and increases with the width 
L. The threshold current density, however, changes slowly 
when At, > 0.5 because the argument of the exponential 
function in formula ( 5 )  remains small for At, > 0.5. This 
small argument of the exponential function is generally true 
for long cavity 980-nm InGaAs-AlGaAs lasers. From Fig. 4(c) 
and (d), one can find that FWHM and crg decrease with 

'The assumption of the wave function Gwe(z) in 1(6) implies that the 
waveguide structure guiding &,,(z) has an infinite change in the refractive 
index at z = &L/2. It is impossible in practice to have an infinite change 
in the refractive index. However, when L is large enough, even for a 
slight change in the refractive index at z = f L / 2  most of the optical 
field of the widely expanded mode Gwe(z) is distributed within the region 
-L/2 < 5 < L/2 and a negligible amount of optical field penetrates out of 
this region. In this situation, the cosine function in (6) is a good approximation 
for the real optical mode. 
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Fig. 3 .  (a) The confinement factor, (b) the threshold current density, and (c) 
FWHM of the far-field pattern versus the thickness of the graded layers for the 
conventional GRINSCH laser. Three different A1 contents of cladding layers, 
z = 0.4, 0.6, and 0.8 are considered. 

the decrease of At, more rapidly than the threshold current 
density increases with the decrease of At,. This makes it 
possible, by a properly chosen At, ( ~ 0 . 5 ) ,  to significantly 
improve the beam divergence by paying only a very small 
price in the threshold current density. We also notice that 
for large L's, around At, M 1, FWHM decreases much 
more drastically with the decrease of At, than crg does. 
Here, a small FWHM does not mean a good beam diver- 
gence because crg is still large. This implies that the far-field 
pattern has serious side lobes. For a smaller L, i.e., for a 
narrower GWe(x), the beam divergence is not improved as 
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Fig. 4. 
mode $(z) = Atc+tc(z) + Awe~we(z). Four L's, L = 2, 4, 6, and 8 pm, are considered. 

(a) The confinement factor, (b) the threshold current density, (c) FWHM of the far-field pattern, and (d) cre versus At, for the combined optical 

much as for large L's because the optical mode is not widely 
expanded. 

Shown in Fig. 5(a) and (b) are the near-field and the far-field 
intensities, respectively, for the tightly confined wave Gtc ( x ) ,  
the widely expanded wave $ ~ ~ . ( x ) ,  and the combined wave 
$(x) = Atc$tc(x) +Awe$we(x) with At, = 0.5. The width L 
for is chosen to be 6 pm. One can see from Fig. 4 that 
if At, = 0.5 and L = 6 pm, low threshold current and small 
beam divergence can be obtained simultaneously. Although 
the confinement factor of $ ( x )  is significantly different from 
that of Gtc(x), the threshold current density of $(.)(E 180 
A/cm2) is less than twice of that of $tc(x)(% 100 A/cm2). 
However, FWHM and ag are improved from 60" and 37" for 
$tc(x) to 12.8" and 13.1" for $(x), respectively. 

Now that the desired combined optical mode $(x) is 
determined [e.g., the solid curve in Fig. 5(a)], the spatially 
varying refractive index which guides the combined wave 
$(x) can be obtained by using the relation (2). Neglecting 
the existence of the Ino.2Gao.aAs quantum well and assuming 
the refractive index at x = 0, n(O), is that of GaAs, we 
obtain the spatially varying refractive index n(x) shown in 
Fig. 6. The dotted line in the figure represents the effective 
refractive index n,R of the combined mode. From the figure, 
we find some interesting features. First, there are two low 
refractive-index layers around the active region. The two 
low-index layers similar to the depressed layers used in [3] 
tend to tightly confine the optical field in the active region. 

Additionally, the effective refractive index n,ff of the optical 
mode is lowered by these two layers. As n,tf moves toward the 
refractive index of the flat cladding region, the optical intensity 
decays slowly outside of the two low-index layers and the 
optical mode is widely expanded. If the effective refractive 
index n,ff is much higher than the refractive index of the 
flat cladding region, the optical field will decay rapidly in 
the cladding, resulting in an undesirable narrow optical mode. 
However, if the effective refractive index n,R is lower than 
the refractive index of the flat cladding region, the danger of 
higher order mode oscillation may result. This is because the 
mode with the highest confinement factor may come from a 
higher order mode. Similar behavior has been observed for 
QW lasers with passive waveguides [7] and explained using 
the coupled-mode theory. In this situation, the far-field pattern 
of the laser becomes very poor. To avoid this danger of higher 
order mode oscillation but still maintain a widespread mode, 
one has to control the lasing mode with the mode index safely 
higher but close to the refractive index of the flat cladding 
region. 

It is worth mentioning that in our calculated results (Fig. 6), 
the effective refractive index of the fundamental mode (indi- 
cated as the dotted line) is slightly lower than the refractive 
index of the flat cladding region. This results from the assump- 
tion of the cosine function in (6) for &,,(x). If one assumes 
that the has exponentially decaying tails, as in real 
situations, one will obtain the lasing mode index  ne^ higher 
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Fig. 5.  (a) The near-field and (b) the far-field intensities for the combined 
wave $(z) with At, = 0.5 (the solid line), the tightly confined wave dkc(z) 
(the dashed line), and the widely expanded wave lClwe(z) (the dotted line) 
with the width L of 6 hm. 

d 3.1 i (  

3.0 ' 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I  L 

-3 -2 -1 0 1 2 3  
position x (pm) 

Fig. 6. The spatially varying refractive index of the stmcture guiding the 
combined wave +(z) with At, = 0.5 and L = 6 p m  (the solid line) and 
that guiding the tightly confined wave &(z) (the dashed line). The dotted 
line is shown for the effective refractive index of the optical mode. 

than the refractive index of the flat cladding region, and there 
will not be any mode instability. 

111. ANALYSIS AND OPTIMIZATION OF CLADDING STRUCTURE 

Based on the description presented in the pirevious section, 
we can now propose the structure shown in Fig. 7 for low 
threshold current and small beam divergence. The structure 
is similar to the one shown in Fig. 6, except that in Fig. 7 
the outer graded layers (with thickness C) are assumed to 

position 

Fig. 7. The proposed structure for low threshold current and small beam 
divergence. The structure is composed of a 65-A 1no.zGao.xAs quantum well, 
two 150-8, GaAs confining layers, two 1000-8, inner linearly graded layers 
with A1 content from 0 to 0.8, two outer linearly graded layers with thickness 
of C and AI content from 0.8 to zg , and two cladding layers with thickness of 
D and AI content zg. Out of these layers are two high-Al-content (z = 0.8) 
layers for confining the optical field. 

be graded linearly. In this structure, the quantum well, the 
confining layers, and the inner linearly graded layers are 
assumed to be the same as those shown in Fig. 2 with 80% 
A1 content in the cladding layers. The A1 content in the outer 
graded layer is linearly changed from 2 = 0.9 to 2 = Z D ,  

where then the A1 content is kept constant for a length D 
before it is increased to z = 0.8 in the outermost layers. 
The layers with A1 content of XD and thickness of D are 
called, for convenience, the flat cladding layers. The high-Al- 
content (z = 0.8) layers outside the flat cladding layers are 
used to force the optical intensity to attenuate rapidly. In the 
following, we will analyze the performance of this type of laser 
by varying the outer graded layer thickness C,  the flat cladding 
layer thickness D ,  and the A1 content XD of the flat cladding 
layers. The laser cavity length is assumed to be 1 mm. As 
before, the optical modes of the entire structure are calculated 
exactly using the Galerkin method with one hundred cosine 
functions as the basis. The far-field pattern and the threshold 
current density are calculated using (3) and (5 ) ,  respectively. 

In Fig. 8, we show the plots of the threshold current density, 
FWHM of the far-field pattern, and ug versus Ihe A1 content, 
L C D ,  of the flat cladding layers for different flat cladding 
layer thicknesses, D = 1, 2, 3, and 4 pm. The outer graded 
layer thickness C is 0.2 pm. From Fig. 8(a), we see that the 
threshold current density remains very low whm X D  is larger 
than 0.45 for all the four flat cladding layer thicknesses. This 
means that the two low-index layers maintain high optical 
intensity in the active region for XD > 0.45. However, the 
W H M  shown in Fig. 8(b) is improved significantly from 60" 
(for 21) = 0.8) to M 10" (for XD M 0.45) for thick flat cladlng 
layers, such as D = 3 or 4 pm. This means that the optical field 
leaks out of the active region with the decrease of XD. The far- 
field pattern is more sensitive to the expansion of the optical 
mode than is the threshold current density. A,s a result, one 
can choose D = 3 or 4 pm and XD M 0.45 to ;simultaneously 
achieve a very low threshold current density and a very good 
beam divergence. The improvement on the beam divergence 
for D = 1 pm is not so much as that for D = 3 or 4 pm. 
This is because for D = 1 pm, the optical field is more tightly 



YEN AND LEE: A NOVEL CLADDING STRUCTURE FOR SEMICONDUCTOR QUANTUM-WELL LASERS 1593 

is00 

1400 

1200 - 
8,1000 

2 v 800 

-5 600 

400 

200 

n 
0.3 0.4 0.6 0.8 0.7 0.8 

A1 content xD 

(a) 

80 I A.! 3 I I 

70 - 60 
e 0 50 

?!. 40 

8 30 
E 20 

10 

I 
0.8 0.4 0.6 0.6 0.7 0.8 

A1 content xD 

60 

40 

e 
& 30 
e a 
v 

b” 2o 

10 

0 ‘  I 
0.3 0.4 0.5 0.6 0.7 0.8 

A1 content xD 

(c) 

Fig. 8. (a) The threshold current density, (b) FWHM, and (c) U@ versus the 
A1 content in the cladding layers z g  for different cladding layer thicknesses, 
D = 1, 2, 3, and 4 pm. The outer graded layer thickness C is 0.2 pm. 

confined than for larger D’s. It can be also seen from these 
figures that the performances for D = 3 pm differ very little 
from those for D = 4 pm when XD > 0.45. The reason is that 
for very thick flat cladding layers with XD > 0.45, the optical 
intensity attenuates to nearly zero at the interfaces between 
the thick flat cladding layers and the two outermost layers. 
Therefore, the outermost layers become useless. For practical 
considerations, 3-pm cladding layers are preferred to the 4- 
pm or thicker flat cladding layers because of easier material 
growth and better electrical and thermal properties. 

Note that there is an abrupt change in the beam divergence 
around XD M 0.45. This is because when XD < 0.45, the 
lasing mode index neff falls lower than the refractive index of 

the flat cladding layers. As described in the previous section, 
once this situation occurs, the lasing mode switches from the 
fundamental mode to a higher order mode. The far-field pattern 
thus becomes very poor [see Fig. 8(b) and (c)]. In addition, 
because the optical modes are no longer bound by the flat 
cladding layers, the confinement factor of the lasing mode 
becomes very small. Therefore, the threshold current density in 
Fig. 8(a) drastically increases for large D’s when XD crosses 
over the critical value, 0.45. In Fig. 8(b) and (c), the far-field 
divergence reaches a minimum around XD M 0.45. In order to 
achieve small beam divergence one should control XD to be 
within 0.45 N 0.5. In the current material growth technologies, 
it is not difficult to control the A1 content within this region. 

Fig. 9 shows the plots of the threshold current density, 
FWHM, and oe versus the outer graded layer thickness C 
for various AI contents of the cladding layers (XD = 0.45, 
0.5, 0.6, and 0.8). Here the flat cladding layer thickness D 
is chosen to be 3 pm. It can be seen from Fig. 9(a) that for 
XD = 0.5, 0.6, and 0.8, the threshold current density is low 
for all C’s. This is because the lasing mode is tightly confined 
due to a large difference between the lasing mode index and 
the refractive index of the flat cladding layers. However, for 
XD = 0.45, the threshold current density changes rapidly with 
C. This is because the lasing mode index is sensitive to the 
variation of the thickness C for XD M 0.45. As C increases 
from 0 to x 0.23 pm, the lasing-mode index decreases. Since 
the lasing-mode index becomes closer to the refractive index 
of the flat cladding layers, the optical field which leaks out of 
the active region becomes significant and then the threshold 
current increase rapidly. As the thickness C further increases 
and exceeds the critical value 0.23 pm, the lasing-mode index 
crosses over the refractive index of the flat cladding layers, 
and the lasing mode switches from the fundamental mode 
to a higher order mode. This lasing-mode switching causes 
the abrupt hops in the beam divergence [see the curves for 
XD = 0.45 in Fig. 9(b) and (c)]. So, for XD M 0.45, one 
should control the thickness C smaller than 0.23 pm for the 
fundamental operation. 

Note that in spite of the low threshold current density for 
XD = 0.5, 0.6, and 0.8, the beam divergence is not improved 
as much as for XD = 0.45. From Fig. 9(c), we see that the 
improvement on the beam divergence is significant for XD = 
0.45 and C x 0.2 pm. Fortunately, for this value of C, 
the threshold current density is still low [see Fig. 9(a)]. It is 
therefore possible to achieve small beam divergence and low 
threshold current for a QW laser by choosing XD M 0.45 and 
C M 0.2 pm. 

Fig. 10 shows the normalized near-field intensities and the 
far-field intensities for two different structures. One is the pro- 
posed structure shown in Fig. 7 with C = 0.2 pm, D = 3 pm, 
and XD = 0.46. The other is the conventional structure shown 
in Fig. 2 with 340-A linear graded layers and 40% AI-content 
cladding layers. These parameters are chosen intentionally so 
that the confinement factors for the two structures are the same. 
From Fig. 10(a), we see that although the optical intensities 
in the quantum wells of the two structures are the same, the 
optical mode expands much more widely for the proposed 
structure than for the conventional one. This wide expansion of 
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Fig. 9. (a) The threshold current density, (b) FWHM, and (c) U@ versus the 
outer graded-layer thickness C for various AI contents in the cladding layers 
(zg = 0.45, 0.5, 0.6, and 0.8). The cladding layer thickness D is chosen 
as 3 um. 

the optical mode causes a significant improvement on the beam 
divergence [see Fig. 10(b)]. The threshold current densities for 
the two structures are both 180 A/cm2 in our calculation. The 
FWHM and ag for the conventional structure are 25.8" and 
15.6', respectively, but for the proposed structure, they are as 
small as 14.6" and 10.7", respectively. Good far-field patterns 
with FWHM smaller than 20" are easily achieved while the 
threshold current density can remain very small by using the 
proposed cladding structure. This very small beam divergence 
in the direction perpendicular to the heterointerfaces makes the 
output beam more symmetric and therefore makes the optical 
coupling more efficient. 
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Fig. 10. (a) The normalized near-field intensities and (b) the far-field inten- 
sities for two different structures. One is the proposed structure (shown in 
Fig. 7) with C = 0.2 pm, D = 3pm, and z~ = 0.46 (the solid line). The 
other is the conventional structure (shown in Fig. 2) with 340-A linear graded 
layers and 0.4 Al-content cladding layers (the dashed line). 

IV. DISCUSSION 

We have shown theoretically that by properly designing the 
cladding structure, it is possible to achieve a semiconductor 
laser with a vertical far-field angle smaller than 15' while 
maintaining a low threshold current density at the same time. 
However, to obtain such a narrow beam divergence, one has 
to precisely control the structure parameters, such as the A1 
content XD of the flat cladding layers and the thickness C of 
the outer graded layers. For the best result, these values need to 
be close to but not beyond the critical values ( 2 ~  M 0.45 and 
C M 0.23 pm). However, when they are close to the critical 
values, the laser performance becomes very sensitive to the 
variation of the structural parameters because of the possible 
higher order mode oscillation. To reduce the sensitivity and 
maintain a robust design, one should give up pursuing the 
limit of small beam divergence and sacrifice some of the beam 
divergence. For example, one can choose XD M 0.48,C M 0.2 
pm, and D M 3 pm. In this case, the far-field angle is still 
acceptably small (M 20") but without the danger of higher 
order mode oscillation. 

Because of the two low-index (or high-barrier) layers used 
in our structure, one may question the possibility of the block- 
ing of the injected carriers by the barriers. This is, however, not 
possible because the low-index layers and the cladding layers, 
including the flat cladding layers and the outermost layers, 
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are all heavily doped. Under forward bias, the movement 
of majority carriers are more or less free in these regions. 
Very recently, a high-performance InGaAs-AlGaAs QW laser 
with two low-index layers similar to ours was demonstrated 
experimentally [13]. A vertical far-field angle of 18’ and an 
optical output power of >500 mW were achieved. This small 
beam divergence and high output power resulted in a 60% 
coupling efficiency and >250 mW power coupling to a single- 
mode fiber. Additionally, the characteristic temperature was 
improved compared to the conventional structure and the series 
resistance was as small as M 1.5 52. These results indicate 
that the low-index (or high-barrier) layers will not cause any 
problem in the laser operation. Although the majority carrier 
injection is not affected by the low-index layers, the leakage 
current (caused by the minority carrier flow) is suppressed by 
the addition of the two wide-bandgap low-index layers. This 
will improve the characteristic temperature of the new laser 
structure. 

V. CONCLUSION 
We have proposed and analyzed a novel cladding structure 

for QW semiconductor lasers to simultaneously achieve low 
threshold current density and small beam divergence. This 
proposed structure has a tendency to tightly confine the optical 
field in the active region but tends to loosen the optical field 
outside of the active region. The threshold current density 
which is determined by the optical intensity in the quantum 
well can therefore remain low. Meanwhile, the output beam 
divergence is improved significantly by the widely expanded 
field outside of the active region. The structure has been 
optimized and the result shows that the FWHM can be 
improved to be as small as 14.6” while the threshold current 
density remains small (180 A/cm2) for a I-mm-long 980-nm 
InGaAs-AlGaAs laser with the proposed cladding structure. 
We have also discussed the problem of the sensitivity of laser 
performance to the structure. By sacrificing some of the beam 
divergence, one can obtain a stable laser output with a low 
threshold and still a small beam divergence. It is believed 
that this type of cladding structure will be very useful for 
semiconductor lasers. 
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