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ABSTRACT— Laser diode beam divergence is the 

main parameter for beam shaping and fiber 

optic coupling. Increasing the waveguide layer 

thickness is the conventional method to decrease 

the beam divergence. In this paper, the 

broadened asymmetric waveguide is introduced 

to decrease the divergence without increasing the 

optical power. The asymmetric waveguide was 

used to shift the vertical optical field to n-section, 

which has lower free carrier loss. The main 

target in this research is to minimize the internal 

loss to avoid the disadvantage of the broadened 

waveguide. Finally the beam divergence was 

decreased to 35 degrees that is very suitable for 

the conventional multi-mode optical fiber 

coupling and the optical power was increased to 

2400mW in the laser diode with 100μm stripe 

width and 1mm cavity length. In addition to the 

fiber coupling, this improvement can be used for 

other direct applications that need beam 

shaping. 

KEYWORDS: Asymmetric structure, Beam 

divergence, Cavity length, Internal loss, Laser 

diode. 

I. INTRODUCTION 

High power 980nm diode lasers are important 

for many direct applications and optical 

pumped sources such as fiber lasers. These 

applications require high optical output, high 

efficiency and small beam divergence, which 

prepare the high optical fiber coupling 

efficiency [1], [2]. But the low divergent beam 

needs a broadened waveguide. On the other 

hand, the broadened waveguide increases the 

threshold current that limits the optical power. 

As a result, these conflicting demands require a 

careful design of the diode structure with 

emphasis on the waveguide structure [1], [3]. 

High power diode lasers need a long cavity 

length. Increasing the cavity length, the internal 

optical loss must be decreased [4]. The free 

carrier loss is the main portion of the internal 

loss [5]. To use the long cavity structure, the 

free carrier loss must be minimized. 

Asymmetric waveguide structures can decrease 

the free carrier loss [6]–[8]. Therefore, an 

asymmetric non broadened waveguide 

structure was introduced to decrease the loss 

with increasing the refractive index of the n-

cladding layer [6]. It is obvious that in an 

asymmetric structure, the vertical optical 

profile is moved to the n-cladding layer. The 

free carrier loss in n-section is lower than the p-

section. Because the absorption cross section 

for an electron is 3-4 times lower than a hole. 

Some researchers used p-doping in the 

waveguide layer to improve the 

InGaAs/InGaAsP laser diode performance. In 

these structures the threshold current density is 

decreased to 150A/cm2, and the internal loss 

was also decreased to 2.2cm-1 [7]. In another 

study, Ryvkin et al introduced low power 

asymmetric GaAs/AlGaAs with a doped barrier 

interlayer. The threshold current density and the 

beam divergence in this structure were 

150A/cm2 and 29 degrees respectively [8]. 

In this study, an InGaAs/AlGaAs symmetric 

structure was improved by an asymmetric 

structure. Three strategies were used for 

improvement. First, the waveguide layer 

broadened to decrease the vertical beam 
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divergence. Second, the n-waveguide layer 

thickness was increased more than p-

waveguide layer, and also the aluminum mole 

fraction was decreased slightly (2%) in the n-

cladding layer to increase the refractive index 

of the n-cladding layer. increasing the 

waveguide thickness and the refractive index 

change was limited by the mode number. The 

last strategy is using a carrier confinement layer 

to increase the internal quantum efficiency and 

as a consequence increase the slope efficiency. 

II. THEORETICAL MODEL 

A. Internal Loss 

The internal losses are primarily controlled by 

the free-carrier light absorption. There are three 

main origins for the carrier absorption. The first 

one is the absorption in cladding layers which 

are doped with donors or acceptors. The second 

origin is the light absorption in the active region 

where the concentration of the non-equilibrium 

carriers is extremely high. The third origin is 

the light absorption in the undoped waveguide 

where non-equilibrium electrons and holes are 

injected to [9], [10]. The internal optical loss 

int  in heterostructure lasers can be determined 

by the summation of losses i  related to the 

free carrier absorption in all epitaxial layers in 

semiconductor lasers [5], [10]: 

= ,int i  l

iii  = , (1) 

where i  is the optical confinement factor of 

each layer i. The optical loss coefficient, l

i , 

and optical confinement factor, i , are 

expressed by [10]: 
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where n  and p  denote the electron and hole 

cross sections, respectively, n  and p  are the 

electron and hole densities, respectively, and E  

is the optical field.  

The electron and hole absorption cross sections 

are determined by [10]: 
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where q is the electron charge,   is the photon 

wavelength, n  and p  are the electron and 

hole mobilities, respectively, and nm  and pm  

are the effective masses of electrons and holes. 

rN  is the refractive index of the material, 0  is 

the electric constant and c is the velocity of light 

in vacuum. 

It is noted that the optical confinement factor is 

related to the thickness and refractive index of 

layers. The optical confinement factor of the 

active layer determines the threshold current 

and total optical power. The maximum 

achievable optical power CWMaxP  is determined 

by [11]: 

COMD

f

f

CW Max P
R

R
W

d
P

+

−


=

1

1
, (6) 

where d and   represent the thickness and the 

confinement factor of the active layer, 

respectively, W is the stripe width, and fR  is 

the front mirror reflectivity (output mirror) and 

COMDP  is catastrophic optical mirror damage 

level that is determined experimentally for 

different active layer materials and can be 

found in [11], [12]. 

B. Waveguide 

The thicknesses and refractive indices of the 

waveguide and n- and p-cladding layers in an 

asymmetric structure are determined by the 

mode number and the confinement factor. The 

analysis of the mode number in the waveguide 

is explained in [13]. The asymmetric parameter, 
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a and the normalized frequency, V are 

determined as follows [13]: 

22

22

ncladdW G

pcladdncladd

nn

nn
a

−

−
= , (7) 

22

ncladdWGWG
nnkdV −= , (8) 

where ncladdn  and pcladdn  denote refractive 

indices of the n- and p-cladding layer, 

respectively. W Gn  and WGd  are the refractive 

index and the thickness of  the waveguide layer, 

respectively. In cutoff condition, it is clear that 

m modes may be supported by the asymmetric 

waveguide if V  is between am 1tan −+ and 

am 1tan)1( −++   [13]. 

III. LASER STRUCTURE AND 

SIMULATION 

Our laser diode structure was simulated by 

PICS3D. The simulation used k.p method for 

the band structure calculation in the active 

region. For validation, results of the fabricated 

symmetric structure laser diode in INLC, was 

also simulated. Double heterostructure epitaxial 

layers of a laser diode are listed in Table 1. 

The laser diode in this study, is a single chip 

with a geometrical dimension of 500μm width 

and 1000μm cavity length. The stripe width of 

the laser is 100μm. The front and rear laser 

mirror reflectivities are 5% (single Al2O3 layer) 

and 95% (four pairs of Si and Al2O3 layers), 

respectively. The SiO2 layer (insulator layer) 

was utilized to confine the injection current 

laterally (Fig. 1). 

 
Fig. 1. Schematic view of a laser diode. 

The laser diode chip was mounted on a Cu heat 

sink and packaged in TO-3 packaging model. 

The laser diode heat sink temperature 

(T=293K) was controlled by a thermoelectric 

controller (TEC). 

Table 1. Laser diode epitaxial layers of the 

symmetric structure 

Cap layer: p-GaAs  200nm    

p-cladding layer: p-Al0.38Ga0.62As 500nm    

p-waveguide: p-Al0.24Ga0.76As  400nm    

Active layer QW: InGaAs    

n-waveguide: n-Al0. 24Ga0.76As 400nm    

n-cladding layer: n-Al0.38Ga0.62As   500nm    

Substrate: GaAs  

 

For comparison, Experimental and simulation 

current-power (L-I) results are shown in Fig. 2 

The results of the simulation have a good 

agreement with experimental results. 

 
Fig. 2. Comparison of  the experimental and 
simulation of the  light-current characterization in the 

symmetric structure. The front and rear facet 

reflectivities are 5% and 95%, respectively. The 

characterization temperature is 300ºK. 

IV. ASYMMETRIC STRUCTURE 

The broadened asymmetric waveguide 

structure was utilized to increase the vertical 

beam spot size (near field) and so to decrease 

the vertical beam divergence. In the asymmetric 

structure the active region is embedded in an 

Al0.05Ga0.95As waveguide that is sandwiched 

between Al0.33Ga0.67As and Al0.30Ga0.70As p- 

and n-cladding layers, respectively. The 

refractive index n  and the bulk band gap gE  in 

AlxGa1-xAs material are calculated from [14]: 
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xn 05.31.13 −= , (9) 

xEg 277.1424.1 += , 4.00  x  (10) 

where x  is the Al mole fraction. The effective 

mass and the mobility of the electron and hole 

for AlxGa1-xAs was estimated from 

experimental data in [14], [15]. The light 

absorption cross sections of the electron and 

hole are shown in Fig. 3. There are sharp peaks 

in the electron cross section at 5.04.0  x . 

Therefore, the lower aluminum mole fraction 

( )0.4x   is suitable to minimize the absorption 

cross section and also to decrease the internal 

loss of the laser diode. Furthermore, in the 

cladding layer that is doped up to 1018cm-3, the 

cross section becomes several times larger than 

undoped AlGaAs (like the waveguide layer). 

 
Fig. 3. Light absorption cross sections of the electron 

and hole for undoped AlGaAs (solid line) and doped 
AlGaAs (dashed line). The cross section for the hole 

in doped condition must be multiplied by 2. 

Reducing the Al mole fraction decreases the 

band gap and increases the refractive index. The 

refractive index profile of both structures are 

compared in Fig. 4. The Al mole fraction of the 

waveguide was decreased, in the asymmetric 

structure, to increase the refractive index. The 

n-cladding layer refractive index is more than 

that of p-cladding layer and the thickness of n-

waveguide is larger than p-waveguide. These 

changes shift the optical field to n-section and 

decrease the free carrier loss. The waveguide 

thickness and the refractive index selection 

support only the first vertical mode 

(fundamental). 

 
Fig. 4. Refractive index profile and optical field 

profile in the symmetric structure (dotted line) and 

the asymmetric structure (solid line). The 

confinement factors in active layer are 1.41% and 

0.91% for the symmetric and asymmetric structures, 

respectively. 

The model-solid theory is often employed to 

estimate the band edge offsets at 

heterointerfaces [10]. There are high carrier 

densities in the waveguide and cladding layer 

interfaces in n- and p-section. The overlap of 

the high carrier density and the optical field 

produces the free carrier loss and increases the 

internal loss. Figure 5 shows the band diagram 

of the symmetric and asymmetric structures. 

Changing the material in the waveguide and 

cladding layer and also increasing the 

waveguide thickness, the overlap of the optical 

field and carrier densities can be decreased. 

 
Fig. 5. Band diagram of the symmetric (dotted line) 
and asymmetric structure (solid line). The band edge 

offsets heterointerfaces of waveguide and cladding 

layer are shown. 

The vertical optical field and the carrier density 

of two structures in the threshold current are 

shown in Fig. 6. In the asymmetric structure, 
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the overlap of the optical field with the hole 

carrier concentration is decreased. The overlap 

of the optical field and the free carrier loss are 

estimated by Eq. (2) and (3). The loss in each 

layer and the total loss is listed in Table 2. The 

optical loss in the asymmetric structure is 

decreased about 40%. 

Table 2 Internal loss for two Laser diode structures. 

Layer Symmetric Asymmetric 

)1-Loss(cm % Loss(cm-1) % 

n-cladd. 0.130 5 0.015 2 

n-WG 0.991 38 1.067 68 

p-WG 1.414 54 0.431 28 

p-cladd. 0.073 3 0.015 2 

Total loss 1-2.61 cm 1.54 cm-1 

 

 

 
Fig. 6. Vertical optical field and the carrier density of 

the symmetric structure (top) and the asymmetric 

structure (bottom) in the threshold current. The red 

and blue lines show the electron and hole densities, 

respectively. The semi Gaussian green line is the 

profile of the optical field. 

V. RESULTS 

A. Laser Characteristics 

The internal loss and the vertical mode number 

calculated in the pervious section, was utilized 

in the simulation. Lower optical confinement in 

the asymmetric structure causes higher 

achievable optical power. Figure 7 shows the 

electro-optical characteristics for two 

structures. The slope efficiency (SE) and power 

conversion efficiency (PCE) in the asymmetric 

structure are higher than the symmetric 

structure. And also the threshold current in the 

symmetric structure is lower because the 

waveguide thickness is thinner than the 

asymmetric structure. The far field profiles of 

two structures are shown in Fig. 8. In 

comparison with the symmetric structure, the 

beam divergence in the asymmetric structure 

was decreased 15% that is the main target in 

this research. The laser diode characteristics are 

listed in Table 3. 

 
Fig. 7. Light-current (L-I) and the power conversion 

efficiency (PCE) characterization of the symmetric 

structure (dashed line) and the asymmetric structure 

(solid line). 

Table 3 Laser diode characteristics of the symmetric 

and asymmetric structure with L=1mm. 

parameters Unit Sym. Asym. 

Optical power mW 2500 3100 

Threshold current mA 155 210 

PCE % 58 62 

Slope efficiency W/A 1.00 1.02 

Series resistance mΩ 78 63 

divergence degree 42 35 
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Fig. 8. Vertical far field (fast axis) profile of 

symmetric structure (dashed line) and asymmetric 

structure (solid line). 

The laser emission wavelength and the active 

layer temperature for both the symmetric and 

asymmetric structures are shown in Fig. 9 and 

10, respectively. The results show that the 

wavelength shift for the asymmetric structure is 

lower than the symmetric structure. On the 

other hand, the asymmetric structure has a 

better wavelength stability. 

 
Fig. 9. Active layer temperature vs. current of th 

symmetric structure (dashed line) and the 

asymmetric structure (solid line). 

 

Fig. 10. The laser diode emission wavelength vs. 

current of the symmetric (dashed line) and the 

asymmetric structure (solid line). 

B. Internal Loss and IQE 

External Differential quantum efficiency d  is 

calculated from the slope efficiency of the laser 

diode [2]: 

( )

( )
d

dP Iq

hc d I


 = , (11) 

where h is Planck’s constant, )(IP  is the output 

optical power and I is the injection current. The 

internal quantum efficiency (IQE) i  and the 

internal optical loss i  are calculated from [2]: 

1 1 1

1
ln

i

d i i

f r

L

R R



  
= +

 
 
 

, (12) 

where L  and rR  denote the cavity length and 

the rear mirror reflectivity, respectively. The 

inverse External Differential quantum 

efficiency in deferent laser cavity lengths (1, 2 

and 4mm) is shown in Fig. 11. The results show 

that the internal losses are 2.61cm-1  and 1.51 

cm-1  for the symmetric and asymmetric 

structures, respectively. Furthermore IQE is 

0.89 for both structures. 

 
Fig. 11. Differential efficiency of the symmetric 

(dashed line) and asymmetric structures (solid line) 

in different cavity length to calculate the internal 

quantum efficiency and the internal optical loss. 
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C. Cavity Length 

The threshold current density of the laser diode 

with different cavity lengths is shown in Fig. 

12. The threshold current density is decreased 

with the cavity length. Furthermore, the results 

show that in long cavity devices the difference 

between threshold current densities for both 

structures is lower than that of the short cavity. 

In long cavity length devices, the asymmetric 

structure have higher achievable optical power 

because this structure can support higher optical 

power load on the front mirror. 

 
Fig. 12. Threshold current density for different cavity 

lengths of the symmetric (dashed line) and the 

asymmetric structure (solid line). 

Finally the LIV laser diode characteristics for 

different cavity lengths in the asymmetric 

structure is shown in Fig. 13. With L=4mm the 

power conversion efficiency is 55%. 

Furthermore the series resistance in the long 

cavity length laser diodes is lower than that of 

the short cavity length lasers. 

 
Fig. 13. Light-current (L-I), Voltage-current (V-I) 

and power conversion efficiency (PCE) 

characterization of the asymmetric structure in 

different cavity lengths. 

VI. CONCLUSION 

In this paper we introduced the broadened 

asymmetric waveguide structure for 980nm 

InGaAs/AlGaAs laser diode. The main target of 

this paper is decreasing the vertical beam 

divergence and the internal optical loss. The 

results showed that by using the proposed 

structure, the internal loss and the vertical beam 

divergence can be decreased up to 1.51 cm-1 

and 35 degrees, respectively. Furthermore PCE 

and SE were increased in the asymmetric 

structure. The asymmetric structure was used to 

avoid the disadvantage of broadened 

waveguide. It’s concluded that in long cavity 

length devices, the broadened asymmetric 

waveguide can be used to achieve the higher 

optical power without any significant increase 

in the threshold current. 
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