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Comprehensive Modeling of Diffused Quantum-Well
Vertical-Cavity Surface-Emitting Lasers

W. M. Man and S.-F. Yu

Abstract—A numerical model for investigating the thermal,
electrical, and optical characteristics of vertical-cavity surface-
emitting lasers (VCSEL’s) with a diffused quantum-well (QW)
structure is presented. In the model, the quasi-three-dimensional
(quasi-3-D) distribution of temperature, voltage and optical fields
as well as the quasi-two-dimensional (quasi-2-D) diffusion and
recombination of carrier concentration inside the QW active
layer are calculated in a self-consistent manner. In addition, the
quasi-3-D distribution of implanted ions before and after thermal
annealing are computed. The variation of electrical conductivity
and absorption loss as well as the influence of impurity induced
compositional disordering on the optical gain and refractive
index of the QW active layer are also taken into consideration.
Using this model, the steady-state characteristics of diffused QW
VCSEL’s are studied theoretically. It is shown that significant
improvement of stable single-mode operation can be obtained
using diffused QW structure.

Index Terms— Interdiffusion, laser modeling, quantum-well
semiconductor lasers, vertical-cavity surface-emitting lasers.

I. INTRODUCTION

I MPURITY-induced compositional disordering in quantum-
well (QW) materials becomes a very important emerging

technology for the fabrication of photonic and optoelectronic
devices. This is because selective implantation or diffusion
can be achieved by masking into the desired regions of a QW
structure, a refractive index step can be obtained between the
as-grown and disordered regions due to the modification of
QW’s bandgap. Thus, this technology enables a planar process
to be used in the fabrication of three-dimensional (3-D) devices
such as optical waveguides, modulators and lasers on a single
substrate and makes optoelectronics integration a reality [1].

Recently, Fabry–Ṕerot and distributed feedback (DFB)
semiconductor lasers with diffused QW’s structures have been
proposed for high-power single-longitudinal-mode operation
[2], [3]. This is because the longitudinal distribution of
refractive index inside the laser cavities can be varied by the
interdiffusion technique. Hence, some undesired characteristics
of semiconductor lasers such as spatial-hole burning (SHB) of
carrier concentration, excitation of side mode and broadening
of linewidth can be minimized. Using the same technique,
it is expected that stable single-mode operation of vertical-
cavity surface-emitting lasers (VCSEL’s) can also be enhanced
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at high-power. In fact, it has been shown that VCSEL’s
with diffused QW structures exhibit stable fundamental mode
operation at high power [4].

In this paper, a comprehensive numerical model to analyze
the influence of interdiffusion on the steady static performance
of VCSEL is presented. One major advantage of this model
over the previous works [2]–[5] is the consideration of the
implanted ions profile inside the laser cavity after rapid thermal
annealing. Hence, the nonuniform distribution of electrical
conductivity and absorption loss can be evaluated. The varia-
tion of optical gain and refractive index inside the QW active
layer, arises from the interdiffusion, can also be calculated.
In this model, the nonuniform distribution of: 1) temperature
and voltage is solved by a finite-difference method; 2) optical
field is calculated by beam propagation method such that the
reflectivity of the Bragg reflector can be determined; and
3) carrier concentration along the QW active layer is also
computed by a rate equation of carrier concentration. Using
the above numerical techniques, the quasi-3-D distribution
of temperature, voltage and optical field are computed in a
self-consistent manner. This paper is organized as follows: In
Section II, a self-consistent model of VCSEL with diffused
QW structure is presented. In Section III, the steady-state
characteristics of a gain-guiding VCSEL with diffused QW
structure are analyzed. It can be shown that diffused QW
structure enhances single-mode operation at high power. Brief
discussion and conclusion are given in Section IV.

II. L ASER MODEL

A. Device Structures

VCSEL with diffused QW structure under investigation is
shown in Fig. 1. It is assumed that the laser has a circular
metal contact of diameter 10m on the expitaxial side (p-
side) for current injection. An active layer is sandwiched
between two undoped spacer layers and two Bragg reflectors.
The undoped spacer layers have thickness of half-wavelength
each ( 0.21 m). The Bragg reflectors are formed by alternate
layers of InP and InGaAsP with quarter-wavelength-thick
dielectric layers on both the n- and p-side, respectively. The
total number of layers is equal to 20 (2.1 m) on the p-
side and 46 ( 5.0 m) on the n-side. The active layer consists
of six In Ga As–InP QW with well width of 100Å and
barrier thickness of 150̊A. It is assumed that the total thickness
of the active layer is about half-wavelength (0.2 m). The
lasing wavelength, , of the device is set to 1.55m. Light
can be emitted from the n-Bragg reflector through a transparent
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Fig. 1. Schematic diagram of a VCSEL with diffused QW structure. The
diffused area forms the cladding region of the laser.

Fig. 2. Ion-implantation through the Bragg reflector into active layer.W is
the radius of the circular mask.

InP substrate. Alternatively, light can emit from the p-Bragg
reflector through an indium–tin–oxide transparent electrode
[6].

B. Implantation and Thermal Annealing

A circular mask of radius is used to cover the Bragg
reflector on p-side, see Fig. 2. Ion beam of desired concen-
tration and energy is bombarded into the unshielded region.
It is assumed that the energetic ions penetrating into the
semiconductor material will lose its energy through collisions
with the target lattice and electrons and finally come to rest.
Therefore, the depth of the penetration will dependent on the
ion used, the kinetic energy of the ion as well as the structure
of the target material. Using the approach given in [7], the
distribution of ions implanted through a circular mask

is given by

(1)

where is the projection range, and are
the vertical and transverse projected standard deviation of the
implanted ion, respectively. The parameters
and are the functions of implanting ions, implantation
energy and substrate material. is the implantation dose
and is the complementary error function. After ion-
implantation, diffusion of impurities takes place via rapid
thermal annealing. The ions diffuse thermally into the active
layer due to the concentration gradient. The annealing process
can be described by the diffusion equation given as follows:

(2)

where is the impurity concentration and ( 10
cm s ) is the diffusion coefficient of the impurity at a
specific annealing temperature. It is assumed that no impurity
is escaped from the device to the surrounding such that the
corresponding boundary conditions are given by

1) at the edge of the device;

2) at the top and bottom surface of the device.

The nonuniform distribution of has significant influence
on the p-side Bragg reflector region and QW active layer: 1)
the destruction of lattice alters the electrical conductivity and
optical absorption loss inside the p-side Bragg reflector, and
2) the impurities induced compositional disordering varies the
indium content of the QW active layer.

In the ion-implanted region of the p-Bragg reflector; it is
assumed that the electrical conductivity is dependent on the
distribution of impurity concentration, . Therefore,
the electrical conductivity of the ion-implanted area,
( cm ), can be approximated by [8]

(3)

where is the reduction factor. From (3),
is a reducing function of due to the strength of lattice
damage. Furthermore, the absorption loss,(cm ), due to
the implanted ion inside the p-side Bragg reflector can also
be approximated by

(4)

where ( 10 cm ) is the absorption loss without the
implanted ion and ( 0.05) is a scaling factor.
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Inside the QW active layer, the diffusion coefficient of
indium, , is proportional to the local impurity density .
The corresponding interdiffusion rate can be described by:

(5)

where is a numerical factor. In our model, it is indium ions
that diffuse from the barrier region, InP, into the quantum well,
In Ga As. Hence, the concentration profile of indium
atoms, , after thermal annealing can be calculated
from

(6)

where the boundary conditions are the following:

1) , at the edge of the device;
2) , at the interfaces between barrier and

well.

In the calculation, the initial concentration profile of indium
atoms is assumed the same as that of the as-grown QW. In
addition, the values of and are set to equal. If is
assumed to be time independent, and its derivatives can
be determined and utilized as the constant coefficients of (6).
Hence, in (6) can be solved numerically as if in (2).

The extent of interdiffusion inside the QW active layer is
characterized by a diffusion length defined as

(7)

where is the well width, is the initial concentration
of indium and is the annealing time. The influence of
interdiffusion on the refractive index and optical gain of the
QW active layer can also be calculated using the diffusion
length as the parameter. Detailed calculation of the optical
gain and the refractive index of the QW active layer under
interdiffusion can be found in [9] and [10].

C. Thermal Model

The heat equation which governs the steady state heat flow
in an axis-symmetric structure of VCSEL is given by

(8)

where is the absolute temperature in the laser,
(W cm K ) is the thermal conductivity of the semicon-
ductor material. It is assumed that the internal heat density

(in W cm ) is caused by 1) joule heating in both
p- and n-side Bragg reflectors and the spacer layers and 2)
nonradiative recombination and spontaneous radiation inside
the active layer. The expressions of different heat sources
inside the laser cavity are given in the Appendix.

The corresponding boundary conditions of the laser are
given as the following:

1) at the junction of the heatsink, where
( 300 K) is the temperature of heatsink;

2) , at the edge, top and bottom surface of
the device.

The first boundary condition assumed that heat flows trans-
versely to the heatsink with infinite capacity and the second
condition specified that there is negligible thermal energy
radiates from the surface of the device.

D. Poisson and Carrier Rate Equations

The behavior of carrier transport inside the Bragg, spacer
and QW layers can be determined by self-consistent compu-
tation of Poisson equation and carrier rate equations over the
laser cavity [11]. However, this numerical method requires
extensive computational effort such that another numerical
approach [12] is adopted in our calculation. This is done by
solving 1) the Poisson equation over the Bragg and spacer
layers for the nonuniform distribution of voltage and 2)
the carrier rate equation of electrons over the QW active
layer for the transverse distribution of electrons concentration.
Therefore, the self-consistent solution for voltage and carrier
concentration can be obtained by imposing the corresponding
boundary conditions between the interfaces of spacer and QW
active layers.

The Poisson equation used in this model is given by

(9)

where (Volt) is the potential distribution, (F/cm) is
the permittivity of semiconductor material and (C/cm )
is the charge density. in (9) can be solved as if (8) by
applying similar boundary conditions. It is noted that the Bragg
reflectors are usually doped to reduce electrical resistance such
that the external current injection has less influence on the
distribution of electric field and the assumption of
is roughly valid.

The carrier concentration, , along the transverse direc-
tion of the QW active region is described by

(10)

where is the electron charge, is the number and is
the thickness of QW. ( 10 cm s ) is the ambipolar-
diffusion coefficient, is the group velocity, is the trans-
verse field distribution inside the active layer andis the
mode number. is the optical gain to be determined. The
time dependent carrier-rate equation is solved subject to the
conditions that and its derivative are continuous everywhere
and at the axis of symmetry. The first derivative at take
the form, , due to the circular symmetry of the
carrier concentration. It is also required that as the ,

. The recombination loss of carrier concentration
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inside the active region is given by

(11)

where ( ns) is the carrier lifetime, ( 10
cm s ) is the Bimolecular carrier recombination coefficient
and ( 3 10 cm s ) is the Auger carrier re-
combination coefficient. The temperature dependence of the
threshold current density at or above 300 K is described
by the Arrhenius-type relation [13]

(12)

where is the threshold current at 300 K and is the
characteristic temperature. can be expressed as

where is the thresh-
old carrier concentration at 300 K.

Equations (9) and (10) are coupled via the voltage drop
across the QW active region which can be approximated by

(13)

where ( eV) is the energy gap between the first
quantized energy level of conduction and valence bands of QW
and is the Boltzmann constant. and are the effective
conduction and valence edge density of states, respectively,
and can be expressed as

(14)

where is the effective mass of elec-
tron/hole.

In (10), represents the magnitude of injected current
density at the interface of the QW-active layer and is defined as

(15)

where is the conductivity of the active layer and is the
longitudinal position of the active layer.

E. Optical Model

The space-time evolution of the optical field, ,
inside the dielectric layers of VCSEL is governed by the wave
equation given as

(16)

where is the velocity of light in free space and is the
complex dielectric constant of the laser medium. In (16), it is

assumed that the optical field is uniform along the azimuthal
direction. The optical field can be expressed as

(17)

where and are the slowly varying
envelope of the forward and reverse traveling waves, respec-
tively, along the longitudinal direction. is the longitudinal
propagation coefficient, is a complex number, and

is the lasing frequency.
The time dependent wave equations for the forward and

reverse fields and can be obtained by
substituting (17) into (16) and neglect the second derivative of

with respect to and . The corresponding wave
equations can be written as [14]

(18)

where is the wavevector. The group index, ,
has an expression of and (19), found at the
bottom of the page. In (19), is the difference of built-
in refractive index distribution of the device and is
the change of refractive index inside the QW active layer. An
extra term represents the generation of spontaneous field
inside the active layer coupled to the longitudinal propagation
waves.

The forward and reverse waves and
propagating along the Bragg reflectors can be described by
scattering matrix [14]. Consider the traveling waves at the
boundary between two adjacent layers (see Fig. 3), the trav-
eling waves reflected and transmitted at the boundary can be
related by

(20)

where , , , and are the incident and reflected
waves, respectively. The elements of the square matrix in (20)
correspond to the transmission and reflection coefficients and
these parameters are given as

(21)

(22)

where and are the corresponding effective refractive
index of the index layers. Detailed implementation procedures
of the above optical model can be found in [14].

active layer
elsewhere

(19)
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Fig. 3. Reflection and transmission of fields between boundary of index
layers.

F. Numerical Procedures

In the above sections, all the equations required for the
numerical analysis of VCSEL with a diffused QW structure
have been derived. The flowchart for calculating the steady
state behavior of VCSEL is shown in Fig. 4 and the operational
principle of this model is outlined as follows.

1) At the beginning of the program, the quasi-3-D dis-
tribution of electrical conductivity and absorption loss
inside the p-Bragg reflector as well as the refractive
index and optical gain along the QW active layer are
calculated under the influence of ion-implantation and
rapid thermal annealing.

2) Using the information given in step 1), the quasi-3-D
distribution of voltage inside the laser cavity and the
nonuniform distribution of carrier concentration along
the QW active layer are solved by the finite-difference
method.

3) The quasi-3-D distribution of optical wave are computed
using beam propagation method.

4) The quasi-3-D distribution of heat source and tem-
perature are determined by the information of voltage
distribution, carrier concentration and optical field pro-
file obtained in the previous calculation.

5) It must be noted that the refractive index and optical gain
are updated in each step between step 2) and step 4).

6) The above procedures, step 2) to step 5), are repeated
until the convergence of voltage, carrier concentration,
optical field and temperature is achieved.

III. N UMERICAL ANALYSIS

In the following calculations, the background electrical
conductivity of the -Bragg reflector, p-Bragg reflector,
spacer/active layer and n-substrate are set to 1.5 cm ,
7 cm , 3 cm and 500 cm , respectively.
The background thermal conductivity of n-Bragg reflector,
p-Bragg reflector and spacer/active layer are equal to 0.07
W cm K , and that of n-substrate is equal to 0.45
W cm K , at 300 K. In addition, their dependence on

Fig. 4. Flowchart for the operational principle of the laser model.

temperature are assumed to be proportional to . It is
assumed that the built-in refractive index of active layer,
spacer layer, high index and low index of Bragg reflectors
are equal to 3.524, 3.393, 3.503 and 2.950, respectively.
The dependence of temperature and carrier concentration on
the optical gain and refractive index of the diffused QW are
calculated using the model similar to that given in [9] and [10].

Boron is adopted as the implanted impurity because the
implantation of boron ions into In Ga As–InP QW in-
creases the rate of diffusion on the group III sublattice. The
enhancement of group III diffusion rate increases the indium
content of the wells and its bandgap energy is decreased
[15]. This implies that the refractive index of QW can be
increased by interdiffusion technique. In the calculation, boron
with concentration and energy of 10cm and 240 keV,
respectively, is penetrated into the InGa As–InP QW
active layer through the p-Bragg reflector. The parameters,

, , and , used in the calculation are equal
to 0.54, 0.193, and 0.183m, respectively. Impurity induced
compositional disordering is accomplished in the QW active
layer by rapid thermal annealing at 500 K for about 30 s.
The implanted area of p-Bragg reflector forms the cladding
region and the diffused area of QW active layer establishes an
antiguiding structure of the VCSEL. Fig. 5 shows the effective
refractive index of spacer/active layers after ion-implantation
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Fig. 5. Effective refractive index of spacer/active layers of VCSEL after
implantation (using circular mask ofW = 3.5 �m) and rapid thermal
annealing.

(with circular mask of radius 3.5 m) and rapid thermal
annealing. It is observed that the refractive index increases
near the cladding region but remains unchanged near the core
region. It is expected that the influence of spatial hole burning
and thermal lensing can be suppressed by the antiguiding
structure such that single-mode operation is maintained at high
power [4].

Fig. 6(a) and (b) shows the quasi-3-D distribution of elec-
trical conductivity and absorption loss inside the p-Bragg
region. Only half of the profile is shown in the diagram
due to the symmetric distribution of the implanted ions. As
we can see, the electrical conductivity decreases but the
absorption loss increases near the cladding region of the p-
Bragg reflector. The corresponding quasi-3-D distribution of
voltage and temperature inside the laser cavity is shown in
Fig. 7(a) and (b). Only half of the profile is shown in the
diagram due to the symmetric distribution of voltage and
temperature along the transverse direction. It is shown that
the potential across the QW active layer is roughly equal to
0.8 V. On the other hand, it is observed that the magnitude
of temperature is maximum inside the core region of the QW
active layer. This is because of the high joule heating and
the nonradiative recombination spontaneous radiation occurred
inside the QW active layer. The discontinuity of temperature
distribution between n-Bragg reflector and substrate is due
to the large difference of thermal conductivity between these
layers.

Fig. 8 shows the light output versus current (– ) curves
of VCSEL with and without interdiffusion. It is observed that
a kink occurs in the – curves with the excitation of first-
order mode. The kink is shifted upward and stable fundamental
mode operation can be maintained at a higher power level.
The corresponding refractive index profile of VCSEL with and
without interdiffusion operating at 1 mW is shown in Fig. 9.
As we can see for the case without interdiffusion, the refractive
index of the active layer increases near the center of the
core. Due to the self-focusing effects, transverse modes move
toward the center region and first order mode is excited. On
the other hand, the increase in refractive index is counteracted
by the diffused QW structure such that single-transverse-mode
operation is maintained.

(a)

(b)

Fig. 6. The quasi-3-D distribution of (a) electrical conductivity and (b)
absorption loss inside the p-Bragg reflector of VCSEL.

IV. DISCUSSION AND CONCLUSION

The increase in refractive index inside the core region of
QW active layer, arising from SHB and thermal lensing, ex-
cites high-order transverse modes in VCSEL. This is because
the self-focusing effects collimate transverse modes into the
core region of VCSEL such that the threshold gain of the
transverse modes reduces. As a result, multiple transverse
modes operation is observed in VCSEL at high power. In order
to overcome the influence of self-focusing effects, gain-guided
VCSEL with diffused QW structure is proposed. Due to the
properties of interdiffusion using boron as the implanted ions,
refractive index of In Ga As–InP QW can be increased
such that an antiguiding structure is obtained against the
influence of self-focusing effects. In addition, the current
confinement along the transverse direction is improved due
to the reduction of electrical conductivity inside the cladding
region of the p-Bragg reflector. Other advantages of gain-
guided VCSEL with diffused QW structure over devices
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(a)

(b)

Fig. 7. The quasi-3-D distribution of (a) voltage and (b) temperature inside
the laser cavity of VCSEL.

Fig. 8. L–I curves of gain-guided VCSEL with (solid line) and without
(dotted) diffused QW structure.

with passive antiguiding design [16] are 1) simple processing
technique and 2) low production cost.

In conclusion, a quasi-3-D model of VCSEL with diffused
QW structure is developed. The nonuniform distribution of
electrical conductivity and absorption loss inside the p-Bragg
reflector due to implanted ions are taken into consideration.

Fig. 9. Effective refractive index distribution of VCSEL with (solid line)
and without (dotted) diffused QW structure.

The influence of impurity induced compositional disordering
on the optical gain and refractive index of the QW active
layer is also introduced into the model. Furthermore, the
nonuniform distribution of temperature, voltage, and optical
field is determined in a self-consistent manner. Using the
model, the influence of implanted impurities on the steady-
state characteristics of VCSEL is analyzed. It is shown that
the single-mode operation of gain-guided VCSEL is enhanced
by a diffused QW structure. The maximum output power
for stable-fundamental-mode operation can be increased by
double.

APPENDIX

For VCSEL with diffused QW structure, the electric con-
ductivity is nonuniformly distributed. This is because of the
continuous variation of electric conductivity due to the pro-
file of ion-implantation. Furthermore, the heterojunction in
the Bragg reflectors act as the anisotropic conductivity in
the multilayer stacks. The specific resistance of the
heterostructure in the p-type InP–InGaAsP Bragg reflectors is
assumed equal to 2.510 cm and the resistance of the
n-type heterojunction is approximated to be a factor of
10 lower than [8]. In our model, the total resistance of
the Bragg reflectors is approximated by adding the resistivity
of the heterojunction to the ohmic resistance,, of the
dielectric layers [8].

The spatial variation of ohmic power loss per unit volume,
p(W/cm ), is given by [8]

(A1)

where (A/cm ) is the current density and ( cm ) is
defined as

implanted region
elsewhere

(A2)

where and are the region with and without
ion-implantation, respectively. If a heterointerface is located
in the cylinder segment of thickness , we add the power
density

(A3)
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to the ohmic loss. ( cm ) is the resistivity of the
heterojunction. The power dissipated inside the QW active
layer, , is described by [17]

(A4)

where ( cm ) is the resistivity of the active layer and
(W cm ) is the power density at active layer defined as

(A5)

where is the plank constant, is the operation
frequency and (cm ) is the photon density at active layer.
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