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An asymmetric laser heterostructure is developed to improve the beam properties of GaSb-based diode lasers with

no degradation in laser parameters. Employing the semivectorial finite difference method, the dependences of beam

divergence and optical confinement factor on waveguide width and refractive index step are investigated theoretically.

After carefully design, a particular asymmetric laser structure is proposed. Its beam divergence in the fast axis is reduced

from 61◦ to 34◦ compared with that of the broad-waveguide structure. The optical confinement factor is approximately

equal to 0.0362 and comparable to that of the conventional broad-waveguide structure.
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1. Introduction

GaSb-based quantum-well (QW) lasers emitting

around 2 µm (designated as 2.X µm below) have a

variety of applications, such as atmospheric pollution

monitoring, laser surgery, and optical pump sources

for solid-state or fiber lasers. Diode lasers based on

a (AlGaIn) (AsSb) material system have been well

developed in the past years. High-power lasers with

continuous-wave output powers of 1.7 W at 2.0 µm

and 0.5 W at 2.7 µm have been achieved.[1−3] A low-

threshold laser with a threshold density of 63 A · cm−2

per QW at 2.3 µm has been obtained.[4]

Generally, the broadened waveguide (BW) struc-

ture is adopted in 2.X µm diode lasers.[5,6] Due to

the small overlap between waveguide modes and the

highly doped p-cladding layer, the BW structure has

the advantage of low internal cavity loss.[7,8] More-

over, it helps to obtain a large equivalent transverse

spot size.[9] However, the large optical cavity will re-

sult in a large beam divergence in the fast axis of about

63◦ full width at half maximum (FWHM),[10−12] in-

creasing the difficulties in coupling the light into an

optical system efficiently. Nowadays, studies on im-

proving the beam properties of GaSb-based lasers have

attracted considerable attention. As reported in pre-

vious studies, the beam divergence can be reduced

greatly by narrowing the optical waveguide or reduc-

ing the refractive index step between the cladding and

waveguide layers.[13,14] However, effects of changing

these structure parameters on the optical confinement

factor in the QWs (ΓQW) have not been taken into ac-

count. Favourable reduction of the beam divergence

eventually brings on the unfavourable degradation of

threshold current and characteristic temperature. A

diode laser with the narrowest beam divergence is not

at a maximum output power level.[15,16]

In the present paper, we take the conventional

BW structure working at 2 µm for example to in-

vestigate dependences of optical confinement factor

and beam divergence on waveguide width and refrac-

tive index step theoretically. A properly designed

asymmetric laser structure is obtained, in which

both the beam divergence and the favourable optical

confinement factor are improved, thus guaranteeing

favourable laser performances.
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2. Theoretical model

The popular BW laser emitting at 2 µm is in-

vestigated numerically, and its typical device struc-

ture is as follows. The active layer consists of three

compressively strained 10-nm-thick Ga0.82In0.18Sb

QWs, separated by 20-nm-wide lattice matched

Al0.3Ga0.7As0.02Sb0.98 barriers. The QW region

is surrounded by the 400-nm-thick nominally un-

doped Al0.3Ga0.7As0.02Sb0.98 layers, followed by 1.5-

µm-thick Al0.9Ga0.1As0.07Sb0.93 n-doped and p-doped

cladding layers. It should be noted that the stripe

width and ridge depth of the device are taken to be

8 µm and 1.2 µm in the following calculations, respec-

tively.

The semivectorial finite difference method (FDM)

with nonuniform discretization is employed for the

theoretical analysis.[17−19] To simplify the problem,

the refractive index in the z direction is taken to be

constant. As shown in Fig. 1, the waveguide struc-

ture is divided into rectangles along the growth (y)

and lateral (x) direction. Variable grid spacings both

in x and y directions enable us to calculate a compli-

cated structure with small geometry accurately. Each

rectangle is represented by a corresponding cell point,

which is right in the centre of each cell. The refractive

index in each cell is assumed to be uniform, and the

index changes only at cell boundaries.

Based on the semivectorial approximation theory,

the components of electric and magnetic fields are

functions of x and y only. Thus wave equations for

the two-dimensional ridge waveguide can be derived

from Maxwell’s equations

∂2Ex

∂x2
+

∂2Ex

∂y2
+ (k̃2 − β̃2)Ex = 0,

∂2Ey

∂x2
+

∂2Ey

∂y2
+ (k̃2 − β̃2)Ey = 0,

(1)

where k̃ is the complex wavenumber and β̃ is the com-

plex propagation constant.

Wave equations at cell point of (xi, yj) could be

rewritten in the five-point difference form:

ai−1,jEi−1,j + ai+1,jEi+1,j + ai,j−1Ei,j−1

+ ai,j+1Ei,j+1 + ai,jEi,j = β̃2Ei,j . (2)

The sequence of cell subscripts (i, j) increases

with x and y increasing, respectively. Ei−1,j , Ei+1,j ,

Ei,j−1, Ei,j+1, and Ei,j are field amplitudes in corre-

sponding cells; ai−1,s, ai+1,s, ai,j−1, ai,j+1, and ai,j
are corresponding difference coefficients. For cells at

grid boundaries, field amplitudes are assumed to de-

cay exponentially in this calculation.

Fig. 1. (a) Two-dimensional ridge waveguide structure of

GaSb-based diode laser. The ridge width w and the ridge

depth h are 8 µm and 1.2 µm in the following calculations,

respectively. The directions of the axes are also shown. (b)

Nonuniformly discretized grid for an FDM scheme with a

cell point right in the centre of each cell. The number of

cells in the x and y directions in the following calculations

are 60 and 325, respectively.

The column vector Ẽ is composed of all the field

amplitudes in different cells, and the square matrix R

is composed of their corresponding coefficients. There-

fore, equations in the five-point difference form can be

converted into the algebraic eigenvalue problem:

RẼ = β̃2Ẽ. (3)

The shifted inverse power iteration method is em-

ployed to locate any required propagation eigenvalue

and its corresponding electric field profile for the mode

under investigation.[20,21] Far-field distributions can

be deduced from the field profiles in the following

form:[22]

S̃(r, θ, φ) =
4π2

ωµr2
(k2z + k2x,y) |Ax,y|2 k̃, (4)

where Ax,y is the Fourier transform of electric fields.
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3. Results and discussion

The quasi-TE fundamental mode profile and far

field distribution of the BW structure are calculated

as shown in Fig. 2. The near-field intensity profile

is located mainly in optical confinement layers, and

ΓQW approximately equals 0.0367. The BW struc-

ture has a beam divergence of above 60◦ full width

at half maximum (FWHM) in the fast axis. Such a

large divergence requires the optics with a numerical

aperture larger than 0.5 for efficient collection of the

light produced by diode lasers.

Fig. 2. Calculated intensity profile of quasi-TE fundamental mode for the conventional GaSb-based sym-

metric BW heterostructure. Inset shows the far field distribution of this structure. The optical confinement

factor ΓQW and the transverse beam FWHM θ1/2 are calculated.

In order to solve the problem of large beam diver-

gence and maintain the favourable optical confinement

factor as well, we investigate their relationships with

the waveguide width and refractive index step. As

shown in Fig. 3, the FWHM of the beam divergence

(θ1/2) below 50◦ can be obtained from the symmetric

heterostructure with waveguide width below 0.3 µm.

However, due to the increased overlap between waveg-

uide modes and the highly doped p-cladding, it dete-

riorates the BW design and thus brings on large in-

ternal loss. Besides, large ΓQW resulting from narrow

waveguide width leads to a small equivalent transverse

spot size, which restricts the maximum output power

of diode lasers.[23,24] Broadened waveguides with a

width of more than 1 µm can improve beam prop-

erties of the device as well, but they can cause sig-

nificant decrease in output efficiency at high currents

because of the quasineutral electron–hole plasma accu-

mulating in the optical confinement layers. Further-

more, thick waveguides increases the threshold cur-

rent of diode lasers due to the deteriorative optical-

confinement factor.[25−27] Figure 4 shows that there is

a serious modal leakage into highly doped cladding

layers due to small refractive index step. The in-

creased refractive index step is helpful for improving

active layer confinement factor, but it leads to de-

graded beam divergence. Therefore a tradeoff between

θ1/2 and ΓQW must be taken into account in the design

of conventional BW laser.

Fig. 3. Theoretical simulations of θ1/2 and ΓQW versus

the waveguide width for the GaSb-based symmetric BW

structure.
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Fig. 4. Theoretical simulations of θ1/2 and ΓQW ver-

sus the refractive index of cladding layers for the GaSb-

based symmetric BW structure, with the corresponding

Al-content in quaternary AlGaAsSb cladding layers vary-

ing from 90% to 35%. The refractive index of waveguide

layers stays unchanged during the simulation.

An asymmetric heterostructure with narrow

waveguides is proposed to solve the dilemma. Here we

will illustrate that the asymmetric structure is useful

for obtaining the favourable optical confinement factor

as well as the reduced beam divergence through care-

ful design, thus guaranteeing favourable laser perfor-

mances. Asymmetric waveguides would spread opti-

cal mode selectively into the n-cladding. Hence, there

is no substantial increase of the internal loss. Nar-

row waveguides with width below 300 nm are neces-

sary to obtain low θ1/2 and favourable ΓQW (Fig. 3).

Asymmetric claddings are also required to further im-

prove beam properties and maintain favourable op-

tical confinement factor. There are several options

for refractive indices of asymmetric claddings to meet

our requirements (Fig. 5). Therefore, properly de-

signed asymmetric structures provide chances to solve

the problem of large beam divergence for GaSb-based

diode lasers with no degradation in laser parameters.

Fig. 5. (colour online) Three-dimensional views of θ1/2 (a) and ΓQW (b) versus asymmetric cladding layer for GaSb-based

diode laser. Notice that the device structure is the same as the symmetric BW structure except for asymmetric cladding

layer. We can clearly see that with properly designed asymmetric cladding, both the low θ1/2 and favourable ΓQW can be

obtained.

In light of theoretical results calculated above,

we discuss a particular asymmetric laser structure.

Al-content values in p-type and n-type cladding lay-

ers reduce from 90% to 60% and 50%, respectively.

Waveguide widths of p-type and n-type layers reduce

to 150 nm and 100 nm, respectively. Considering the

strong shift of the mode into the n-type cladding, we

must increase the n-cladding thickness to prevent the

modal intensity from leaking into the high-index GaSb

substrate. Therefore, the n-cladding with a thickness

of 3.5 µm is employed in the asymmetric structure.

Figure 6 shows the fundamental mode and far

field distributions in the asymmetric structure. The

modal field is located mainly in the n-cladding layer,

so the internal loss from the highly doped p-cladding

can be reduced greatly. Besides, the high dop-

ing profile in the p-cladding guarantees that there

is no penalty in the laser electrical characteristics.

By shifting QW active region closer towards the n-

cladding, the reduced overlap between mode intensity

and waveguide layers is beneficial for the reduction

of optical loss induced by free carrier absorption at

high currents. The optical confinement actor approx-

imately is equal to 0.0362 and comparable to that

of the conventional BW structure. Meanwhile, the

FWHM of the far field intensity is reduced.
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Fig. 6. Calculated intensity profile of quasi-TE fundamental mode for the GaSb-based asymmetric heterostructure

with narrow waveguides. Inset shows the far field distribution of this structure.

4. Conclusion

For GaSb-based diode lasers, dependences of θ1/2
and ΓQW on the optical waveguide width and re-

fractive index step are investigated theoretically. An

asymmetric heterostructure is developed to improve

beam properties without any loss in laser perfor-

mances. After carefully designing the width of the

asymmetric waveguides and the refractive indices of

the asymmetric claddings, a particular asymmetric

laser heterostructure is discussed in detail. The beam

divergence in the fast axis is reduced from 61◦ to

34◦ FWHM compared with that of the BW structure.

Moreover, the optical confinement factors between the

two structures are comparable. Therefore, the prop-

erly designed asymmetric heterostructure is suitable

for GaSb-based diode lasers with favourable laser per-

formances. Conclusions drawn from diode lasers work-

ing at 2 µm are also applicable for the other GaSb-

based 2.X-µm diode lasers.
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