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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, at high-power. In fact, it has been shown that VCSEL'’s
electrical, and optical characteristics of vertical-cavity surface- with diffused QW structures exhibit stable fundamental mode
emitting lasers (VCSEL'’s) with a diffused quantum-well (QW) operation at high power [4].

structure is p_resented. In the model, the quasi-three-di_men;ional In thi h . ical del t |
(quasi-3-D) distribution of temperature, voltage and optical fields n IS paper, _a Compre_ ensive numerica m(_) el to analyze
as well as the quasi-two-dimensional (quasi-2-D) diffusion and the influence of interdiffusion on the steady static performance
recombination of carrier concentration inside the QW active of VCSEL is presented. One major advantage of this model
layer are calculated in a self-consistent manner. In addition, the over the previous works [2]-[5] is the consideration of the
quasi-3-D distribution of implanted ions before and after thermal =5 anted jons profile inside the laser cavity after rapid thermal
annealing are computed. The variation of electrical conductivity . . L .
and absorption loss as well as the influence of impurity induced anneallr_lg_. Hence, the r_10nun|form distribution of elecmca_"
compositional disordering on the optical gain and refractive conductivity and absorption loss can be evaluated. The varia-
index of the QW active layer are also taken into consideration. tion of optical gain and refractive index inside the QW active
Using this model, the steady-state characteristics of diffused QW |ayer, arises from the interdiffusion, can also be calculated.
VCSEL'’s are studied theoretically. It is shown that significant 'this model, the nonuniform distribution of: 1) temperature
improvement of stable single-mode operation can be obtained - _ . . .
using diffused QW structure. a}nd \(oltage is solved by a flnlte-dlﬁerence 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
MPURITY-induced compositional disordering in quantumself-consistent manner. This paper is organized as follows: In
well (QW) materials becomes a very important emergingection Il, a self-consistent model of VCSEL with diffused
technology for the fabrication of photonic and optoelectronigw structure is presented. In Section Ill, the steady-state
devices. This is because selective implantation or diffusi@maracteristics of a gain-guiding VCSEL with diffused QW
can be achieved by masking into the desired regions of a Qdfucture are analyzed. It can be shown that diffused QW
structure, a refractive index step can be obtained between #4icture enhances single-mode operation at high power. Brief
as-grown and disordered regions due to the modification @kcussion and conclusion are given in Section IV.
QW’s bandgap. Thus, this technology enables a planar process
to be used in the fabrication of three-dimensional (3-D) devices II. LASER MODEL
such as optical waveguides, modulators and lasers on a single
substrate and makes optoelectronics integration a reality [L\. Device Structures

Recently, Fabry-&rot and distributed feedback (DFB) VCSEL with diffused QW structure under investigation is

semiconductor lasers with diffused QW'’s structures have been S . X
. : L .shown in Fig. 1. It is assumed that the laser has a circular
proposed for high-power single-longitudinal-mode operation

[2], [3]- This is because the longitudinal distribution Ofmetal contact of diameter 10m on the expitaxial side (p-

L . "~ . ide) for current injection. An active layer is sandwiched
refractive index inside the laser cavities can be varied by t %tween two undoped spacer lavers and two Braad reflectors
interdiffusion technique. Hence, some undesired characteristics b b Y 99 i

. . . e undoped spacer layers have thickness of half-wavelength
of semiconductor lasers such as spatial-hole burning (SHB).eoach (v0.2p1 um)? The Br);gg reflectors are formed by alternatgz

carrier concentration, excitation of side mode and broadenlpagg/ers of InP and InGaAsP with quarter-wavelength-thick

of linewidth can be minimized. Using the same techniqu . . .

o . . ._dielectric layers on both the n- and p-side, respectively. The
it is expected that stable single-mode operation of vertlca%o- | number of layers is equal to 28-2.1.m) on the p-
cavity surface-emitting lasers (VCSEL'’s) can also be enhanCéaI e and 4645.0um) on the n-side. The active layer consists

of six Ing 53G&y 47As—INP QW with well width of 1004 and
Manuscript received February 18, 1998; revised May 20, 1998. This woblarrier thickness of 158. It is assumed that the total thickness
was supported by a HKU-CRCG grant and RGC grant. . __of the active layer is about half-wavelength@.2,:m). The
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ing, University of Hong Kong, Hong Kong. asing wavelength,, of the device is set to 1.56m. Light
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! cladding region core region cladding region | is given by
10 N; z —(R,.))?
} - . F(r,z) = : exp{——(7 < p4>2) }
- r ] etal contact V2T (AR, Y{AR,.) 2(AR,.)
2.1um , p-Bragg reﬂector { <ARP7> { (W _ 7,)2 }
™ . % - i
0.64m pacer/active layers{iimss 2 <ARP7>
- NZas < W —r ) }
+ erfc 1
2 (AR, @)
5.0um where(R,,.) is the projection ranggAR,,.) and(AR,,.) are
—n-Bragg reflector the vertical and transverse projected standard deviation of the
—= implanted ion, respectively. The parametérs,.), (AR,.)

2 - diffused region T and(AR,,) are the functions of implanting ions, implantation
energy and substrate materi&¥;, is the implantation dose
and erfc() is the complementary error function. After ion-
implantation, diffusion of impurities takes place via rapid

n-substrate : . thermal annealing. The ions diffuse thermally into the active
* metal contact layer due to the concentration gradient. The annealing process
F_ig. 1. Schematic diagram qf a VQSEL with diffused QW structure. ThEanN be described by the diffusion equation given as follows:
diffused area forms the cladding region of the laser. ON; (7,7 2, t)
at
18 [ ONy(r, 2t O?N;(r, 2, t
:Dimp | 1(7777 ) + 1(7777 ) (2)
T Or ar 072

where N; is the impurity concentration anf);,,,, (=101t
cn?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

-

ON; .
1) =0 at the edge of the device;
ar
N; .
2) 88 ‘=0 atthe top and bottom surface of the device.
Z

p-Bragg region The nonuniform distribution ofV; has significant influence
on the p-side Bragg reflector region and QW active layer: 1)
the destruction of lattice alters the electrical conductivity and
n-Bragg region 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.
Fig. 2. lon-implantation through the Bragg reflector into active layEris In the ion-implanted region of the p-Bragg reflector; it is
the radius of the circular mask. . L '
assumed that the electrical conductivity is dependent on the
distribution of impurity concentrationN;(r, z). Therefore,
InP substrate. Alternatively, light can emit from the p-Bragthe electrical conductivity of the ion-implanted area
reflector through an indium—tin—oxide transparent electrod®@—' cm~!), can be approximated by [8]

[61. Ginp (s 2) % 7o(2) <1 - <1 - i) M) 3)

B. Implantation and Thermal Annealing Ki Ni

A circular mask of radiusV is used to cover the BraggWhere K _(Nloﬁ) is the reduction factor. From (3)gimp
reflector on p-side, see Fig. 2. lon beam of desired concdp-@ reducing function ofV; due to the strength of lattice
tration and energy is bombarded into the unshielded regidfgmage. Furthermore, the absorption lasg(cm™), due to
It is assumed that the energetic ions penetrating into tH&® implanted ion inside the p-side Bragg reflector can also
semiconductor material will lose its energy through collision® approximated by
with the target lattice and electrons _and finally come to rest. 1\ AR,.N;(r, 2) -1
Therefore, the depth of the penetration will dependent on the o (7, z) = a, <1 - ’Y<1 - f) N—> 4)
ion used, the kinetic energy of the ion as well as the structure ! "
of the target material. Using the approach given in [7], thehere o, (=10 cnT!) is the absorption loss without the
distribution of ionsZ(r, z) implanted through a circular maskimplanted ion andy (=0.05) is a scaling factor.
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Inside the QW active layer, the diffusion coefficient of The corresponding boundary conditions of the laser are
indium, Dy, is proportional to the local impurity density;. given as the following:
The corresponding interdiffusion rate can be described by: 1) T(r,0) = Tus at the junction of the heatsink, where
Tys (=300 K) is the temperature of heatsink;

D = nDinpNilr, 2, ) ®) 2) 9T = 9T — o, at the edge, top and bottom surface of
wheren is a numerical factor. In our model, it is indium ions the device.

that diffuse from the barrier region, InP, into the quantum wellhe first boundary condition assumed that heat flows trans-
Ing.53Gay.47AS. Hence, the concentration profile of indiunmversely to the heatsink with infinite capacity and the second
atoms, C(r, z,t), after thermal annealing can be calculatedondition specified that there is negligible thermal energy

from radiates from the surface of the device.
aC(r, z,t) »?C  8°C
It =D 92 T 92 D. Poisson and Carrier Rate Equations

r or and QW layers can be determined by self-consistent compu-
(6) tation of Poisson equation and carrier rate equations over the
laser cavity [11]. However, this numerical method requires

{aDIn <80> 0Dr, <8C>} Dy, 0C The behavior of carrier transport inside the Bragg, spacer

or \ or 1571 1571

where the boundary conditions are the following: extensive computational effort such that another numerical
1) % = 0, at the edge of the device; approach [12] is adopted in our calculation. This is done by

2) D, = Dy, 2C, at the interfaces between barrier angolving 1) the Poisson equation over the Bragg and spacer
well. layers for the nonuniform distribution of voltage and 2)

In the calculation, the initial concentration profile of indiu he carrier rate equatlon O.f el'ectrons over the QW act'lve
atoms is assumed the same as that of the as-grown QW'a‘}ﬁer for the transverse (_j|str|but|on pf electrons concentrathn.
addition, the values ab), and D, are set to equal. IfV; is T erefore,.the self—con5|st.ent solu_tlon fqr voltage and carrier
assumed to be time independent,, and its derivatives can concentration can be obtained by_lmposmg the corresponding
be determined and utilized as the constant coefficients of (g?qndary conditions between the interfaces of spacer and QW
Hence,C in (6) can be solved numerically asN; in (2). active layers.

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

The Poisson equation used in this model is given by
V- (e(r, 2)VV(r,2)) = Q(r, 2) 9)

z+L. z+L./2 1 Lz + 25
/ﬂ C(r.€,7a) dg :w"/ <1 B {§erf< 4Ly ) where V(r, z) (Volt) is the potential distributions (F/cm) is

==L z—L./2
/ L. -2 the permittivity of semiconductor material agX{r, ) (C/cn?)
+ f< iL )D d¢ is the charge densityi/(r, z) in (9) can be solved as if (8) by
d

7 applying similar boundary conditions. It is noted that the Bragg
() reflectors are usually doped to reduce electrical resistance such
where L. is the well width. w. is the initial concentration that the external current injection has less influence on the

of indium andr, is the annealing time. The influence O1_distribution of _electric field and the assumption@fr, z) = 0
interdiffusion on the refractive index and optical gain of th& roughly valid. _ _
QW active layer can also be calculated using the diffusion 1 N€ carrier concentrationy(r), along the transverse direc-
length ., as the parameter. Detailed calculation of the opticPn Of the QW active region is described by

gain and the refractive index of the QW active layer under ., ] i
interdiffusion can be found in [9] and [10]. éNO) = I(za,7) +Df13 7>8N(7)
ot qN.L, r or or
C. Thermal Model —R(N) = vyg(N) Y _|E;(r)]>  (10)
J

The heat equation which governs the steady state heat flow

in an axis-symmetric structure of VCSEL is given by whereg is the electron chargey. is the number and.. is

V- (e(r, 2)VT(r, 2)) = —p(r, 2) (8) the thickness of QWD; (=10 cnts) is the ambipolar-
diffusion coefficient,, is the group velocity £ is the trans-

where T is the absolute temperature in the lasewz verse field distribution inside the active layer apds the
(W-cm~1.K~1) is the thermal conductivity of the semicon-mode numberg(N) is the optical gain to be determined. The
ductor material. It is assumed that the internal heat denstisne dependent carrier-rate equation is solved subject to the
p(r,z) (in W-cm~2) is caused by 1) joule heating in bothconditions thatV and its derivative are continuous everywhere
p- and n-side Bragg reflectors and the spacer layers andagy at the axis of symmetry. The first derivativerat 0 take
nonradiative recombination and spontaneous radiation insithe form, %H:o = 0, due to the circular symmetry of the
the active layer. The expressions of different heat sourcesrier concentration. It is also required that as the: o,
inside the laser cavity are given in the Appendix. N — 0. The recombination loss of carrier concentratiin
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inside the active region is given by assumed that the optical field is uniform along the azimuthal
N direction. The optical field® can be expressed as
R(r) = =~ + BN%(7) + CaueN3(7) (11)
n E(r,z,t) = U (r, 2, )P £ 0 (r, 2, £)e1H52) (17)

where 7,, (=3 ns) is the carrier lifetime,B (=1x 101°
cmPs™1) is the Bimolecular carrier recombination coefficienwhere U*(r, z,¢) and ¥~ (r,z,¢) are the slowly varying
and Ca,e (=3x1072 cmPs™!) is the Auger carrier re- envelope of the forward and reverse traveling waves, respec-
combination coefficient. The temperature dependence of tiely, along the longitudinal directions is the longitudinal
threshold current density;;, at or above 300 K is describedpropagation coefficient, (=/—1) is a complex number, and
by the Arrhenius-type relation [13] w is the lasing frequency.
T 300 The time dependent wave equations for the forward and
) (12) reverse fieldst*(r, z,t) and ¥~ (r,z,t) can be obtained by
T, substituting (17) into (16) and neglect the second derivative of
where J, is the threshold current at 300 K arif], is the Y*(r,z,t) with respect toz and¢. The corresponding wave
characteristic temperaturel, can be expressed a§ = equations can be written as [14]
qN.L.(Nu,/Tn+ BNZ, + CaweN3,) Where Ny, is the thresh-
old car(rier {:oncentrat&ion at 300 2< 1 9¥%(r, 2, 1) 1 OU*(r, 2,t)
Equations (9) and (10) are coupled via the voltage drdpy ot 0z
across the QW active region which can be approximated by _ Fg <73> n As(T,z,t)kE} WE(r, 2, 1) + U$(t)
LF.(r) — Fyn(r) rdr\_ Or

B, k(N )N - 1) -

Jth = Jo exp<

(exp(N(r)/N,) — 1)} (13) wherek, = (27/X,) is the wavevector. The group indei,,
has an expression ef = e+w(de/dw) and (19), found at the
where E, (=0.7199 eV) is the energy gap between the firsbottom of the page. In (190yn, (r, 2) is the difference of built-
quantized energy level of conduction and valence bands of Gwrefractive index distributiom, (7, z) of the device and\n is
andk g is the Boltzmann constan, and V,, are the effective the change of refractive index inside the QW active layer. An
conduction and valence edge density of states, respectivéitra termlUZ represents the generation of spontaneous field

and can be expressed as inside the active layer coupled to the longitudinal propagation
waves.
* 2
Nepo = mepkpT/mh” L. (14)  The forward and reverse waves(r, z,t) and U= (r, z, 1)

where m? , (=0.041/0.62) is the effective mass of elec- propag.atlng alqng the Bragg reflectors can be described by
e/l scattering matrix [14]. Consider the traveling waves at the
tron/hole. : .
In (10), J(z,, ) represents the magnitude of injected currerl?Oundary between two adjacent layers (see Fig. 3), the trav-
AR etling waves reflected and transmitted at the boundary can be

density at the interface of the QW-active layer and is defined Hated by
oV (r,2)
I(zam) = _aaCt(T)T s (15) ot _ |51 s f (20)
e \111_ S91 S99 \I/Z_
whereo,.; is the conductivity of the active layer ang is the
longitudinal position of the active layer. where U, ¥, ¥+, and ¥ are the incident and reflected
. waves, respectively. The elements of the square matrix in (20)
E. Optical Model correspond to the transmission and reflection coefficients and
The space-time evolution of the optical field(r, z,#), these parameters are given as
inside the dielectric layers of VCSEL is governed by the wave
equation given as s11 = S22 = 2y/nepner/(nen + ney) (21)
2 2 19 c 2E 1 0cOF s21 = —s12 = (nen — ney/(ney, + ney) (22)
AT I T 1
<822 + ar? + r 87’) 2 o2 + 2 ot Ot (16)

wherene;, andne; are the corresponding effective refractive
where ¢ is the velocity of light in free space andis the index of the index layers. Detailed implementation procedures
complex dielectric constant of the laser medium. In (16), it isf the above optical model can be found in [14].

Ae — 42 (r, 2)(Any(r,z) + An(N)) +i(g(N) — «)/k,, active layer
T 2ny (r,2)Ang(r,z) —ia/k,, elsewhere
(19)
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Index layer <Rpz>, <ARp:> & <ARpr>

Fig. 3.
layers.

F. Numerical Procedures

In the above sections, all the equations required for the
numerical analysis of VCSEL with a diffused QW structure

have
state

principle of this model is outlined as follows.

1)

2)

3)

4)

5)

6)

In

Ton-Implantation
F(r,z) T
Annealing
Diffusion Equation

+ -
ne, T WV, l v Nyr2)

conductivity, abosrption loss
v

diffusion length
1 r ofrz), afrz) & Lu(r)

ne;

Yes V(rz), T(nz), ¥rz) V(r2), T(rz), ¥z} & N(r)

N(r) converge ?

Poisson's Equation
Carrier Rate Equation
Virz). N(r)

Reflection and transmission of fields between boundary of inde]

Ras

V(rz), Nir)

Gain
Refractive Index

been derived. The flowchart for calculating the steady Aa0/Gt)

behavior of VCSEL is shown in Fig. 4 and the operationa

Agr)/G(r)

Wave Equation
Wave Profiles
¥rz)

Heat Equation
I(rz)

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 refractivd
index and optical gain along the QW active layer are

calculated under the influence of ion-implantation and (stor ]

rapid thermal annealing.

Using the information given in step 1), the quasi-3-[Big. 4. Flowchart for the operational principle of the laser model.
distribution of voltage inside the laser cavity and the

nonuniform distribution of carrier concentration alongemperature are assumed to be proportionalltd-2. It is
the QW active layer are solved by the finite-differencgssumed that the built-in refractive index of active layer,

V(rz), Hrz) & N(r)

Output Results

method. . o _ spacer layer, high index and low index of Bragg reflectors
The quasi-3-D distribution of optical wave are computegre equal to 3.524, 3.393, 3.503 and 2.950, respectively.
using beam propagation method. The dependence of temperature and carrier concentration on

The quasi-3-D distribution of heat source and temhe optical gain and refractive index of the diffused QW are
perature are determined by the information of voltaggalculated using the model similar to that given in [9] and [10].
distribution, carrier concentration and optical field pro- Boron is adopted as the implanted impurity because the
file obtained in the preViOUS calculation. imp]antation of boron ions into Wx3Gay 47As—INP Qw in-

It must be noted that the refractive index and optical gaiiteases the rate of diffusion on the group Il sublattice. The
are updated in each step between step 2) and step 4pnhancement of group Il diffusion rate increases the indium
The above procedures, step 2) to step 5), are repeaigdtent of the wells and its bandgap energy is decreased
until the convergence of voltage, carrier concentratiopi5]. This implies that the refractive index of QW can be
optical field and temperature is achieved. increased by interdiffusion technique. In the calculation, boron
with concentration and energy of ¥0cm=2 and 240 keV,
respectively, is penetrated into theyj3Gay 47As—INP QW
active layer through the p-Bragg reflector. The parameters,
the following calculations, the background electricalR,,.), (AR,.), and(AR,,.), used in the calculation are equal

IIl. NUMERICAL ANALYSIS

conductivity of the n-Bragg reflector, p-Bragg reflector,to 0.54, 0.193, and 0.183m, respectively. Impurity induced
spacer/active layer and n-substrate are set to 1.5'c&dT!, compositional disordering is accomplished in the QW active
7 e Q7L 3 enr Q! and 500 crt-Q %, respectively. layer by rapid thermal annealing at 500 K for about 30 s.
The background thermal conductivity of n-Bragg reflectofhe implanted area of p-Bragg reflector forms the cladding
p-Bragg reflector and spacer/active layer are equal to O.@gion and the diffused area of QW active layer establishes an
W-cm™'-K~!, and that of n-substrate is equal to 0.4@ntiguiding structure of the VCSEL. Fig. 5 shows the effective
W-cm~1.K—1, at 300 K. In addition, their dependence omefractive 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 of” = 3.5 pm) and rapid thermal
annealing.

p-Bragg
(with circular mask of radiug¥ =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 higfi‘n
power [4]. -
Fig. 6(a) and (b) shows the quasi-3-D distribution of elect 5
trical conductivity and absorption loss inside the p-Bragg
region. Only half of the profile is shown in the diagrams
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(a2) 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 (b)
0.8 V. On the other hand, it is observed that the magnituggy 6. The quasi-3-D distribution of (a) electrical conductivity and (b)
of temperature is maximum inside the core region of the QW#sorption loss inside the p-Bragg reflector of VCSEL.
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 . ] o o )
distribution between n-Bragg reflector and substrate is duelhe increase in refractive index inside the core region of

to the large difference of thermal conductivity between the§&W active layer, arising from SHB and thermal lensing, ex-
layers. cites high-order transverse modes in VCSEL. This is because

Fig. 8 shows the light output versus curredt-{) curves the self-focusing effects collimate transverse modes into the
of VCSEL with and without interdiffusion. It is observed thagcore region of VCSEL such that the threshold gain of the
a kink occurs in thel.—I curves with the excitation of first- transverse modes reduces. As a result, multiple transverse
order mode. The kink is shifted upward and stable fundamentapdes operation is observed in VCSEL at high power. In order
mode operation can be maintained at a higher power levil.overcome the influence of self-focusing effects, gain-guided
The corresponding refractive index profile of VCSEL with and CSEL with diffused QW structure is proposed. Due to the
without interdiffusion operating at 1 mW is shown in Fig. 9properties of interdiffusion using boron as the implanted ions,
As we can see for the case without interdiffusion, the refractivefractive index of 19 ;3G& 47As—InP QW can be increased
index of the active layer increases near the center of thech that an antiguiding structure is obtained against the
core. Due to the self-focusing effects, transverse modes mawttuence of self-focusing effects. In addition, the current
toward the center region and first order mode is excited. @anfinement along the transverse direction is improved due
the other hand, the increase in refractive index is counteractedhe reduction of electrical conductivity inside the cladding
by the diffused QW structure such that single-transverse-motgion of the p-Bragg reflector. Other advantages of gain-
operation is maintained. guided VCSEL with diffused QW structure over devices
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Fig. 7. The quasi-3-D distribution of (a) voltage and (b) temperature insi
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(b)

the laser cavity of VCSEL.

Power (mW)

05F

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

5 6 7 8
Current (mA)

(dotted) diffused QW structure.

721
3.64 |
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E 3.635
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2
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g 3.63
[
B
2
& 3.625
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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-
%fle of ion-implantation. Furthermore, the heterojunction in
the Bragg reflectors act as the anisotropic conductivity in
the multilayer stacks. The specific resistankg.; , of the
heterostructure in the p-type InP—InGaAsP Bragg reflectors is
assumed equal to 2:5610~% ©.cm? and the resistance of the
n-type heterojunctiorRy,. ,, iS approximated to be a factor of
10 lower thanfyet , [8]. In our model, the total resistance of
the Bragg reflectors is approximated by adding the resistivity
of the heterojunctiony.; 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]

P(r,2)
o(r, z)

whereJ (Alcm?) is the current density and (Q2—*-.cm™1) is
defined as

o(r,z) = {aiml’(T’ %),

oo(2),

p(r.7) = (A1)

implanted region

elsewhere (A2)

with passive antiguiding design [16] are 1) simple processif§1€r€ oimp (7, z) and o, (z) are the region with and without
technique and 2) low production cost.

In conclusion, a quasi-3-D model of VCSEL with diffusedn the cylinder segment of thicknessz, we add the power
QW structure is developed. The nonuniform distribution diensity

electrical conductivity and absorption loss inside the p-Bragg
reflector due to implanted ions are taken into consideration.

ion-implantation, respectively. If a heterointerface is located

Rhet J2 (7)7 Z)

s (A3)

p(r,2) =
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to the ohmic loss.Ri.. (Qcn?) is the resistivity of the well semiconductor lasers/EEE J. Quantum Electronigs/ol. 29, pp.
heterojunction. The power dissipated inside the QW acti\f?z] 346-354, Feb. 1993.

R. Papannareddy, W. Ferguson, and J. K. Butter, “Current spreading

layer, pac:, is described by [17] and carrier diffusion in zinc-diffused multiple-stripe-geometry lasers,”

9 Appl. Phys. Lett.vol. 50, no. 19, pp. 1316-1318, 1987.
Dact (1) = Ract J 1t (r)/ L. — Sno(r) (A4) [13] N. K. Dutta, J. Lopata, D. L. Sivco, and A. Y. Cho, “Temperature
dependence of threshold of strained quantum well laséyspl. Phys.

where R,.. (Q-cn?) is the resistivity of the active layer and Lett, vol. 58, no. 11, pp. 1125-1127, 1991.

She (W-cm—32) is the power density at active layer defined ad

4] S. F.Yuand C. W. Lo, “Influence of transverse modes on the dynamic
response of vertical cavity surface emitting lasemlgbc. Inst. Elect.
1 Eng.-J, Optoelectroni¢svol. 143, no. 3, pp. 189-194, 1996.
Sho(r) = v h f5(2,)| ¥ (r, Za,)|2/Lz (A5) [15] J. H. Marsh, S. A. Bradshaw, A. C. Bryce, R. Gwilliam, and R. W.
2 Glew, “Impurity induced disordering of GalnAs quantum wells with
barriers of AlGalnAs or GalnAsP J. Electron. Mater, vol. 20, no. 12,

where h (J — s) is the' plank constantf i.s the operation pp. 973-978, 1991,
frequency andS (cm~2) is the photon density at active layer.[16] Y. A. Wu, G. S. Li, R. F. Nabiev, K. D. Chogquette, C. Caneau, and C. J.

Chang-Hasnain, “Single-mode, passive antiguide vertical cavity surface

emitting lasers,”IEEE J. Select. Topics Quantum Electrowol. 1, pp.
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