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Abstract The eigen transversemodesof the cylindrical V ertical-Cavity Surface-EmittingL aser

(VCSEL ) are investigated by numerical smulation The steady current and tenperature distri-
butions in the cavity are calculated self-consistently by the finite elanentmethod A t the steady
state, the solution of the transversemode equation in the active region isobtained by thematrix
eigenvaluemethod, taking thematerial themal properties and all the significant heat reurces
into consideration Theoutput light patterns above the threshold current are also danonstrated
in thispaper.
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1 Introduction

In the past fev years, theV ertical-Cavity Eurface-Emitting L asers (v CSEL ) was im-
proved considerably in its performance due to the introduction of the intracavity dielectric
gperture for the electrical and optical confinenent, w hichwasnomally formed by the non-
conductive A Oy from the selective wet oxidation of A 1A s '“? Because the gain-w ave
guide structure of theV CSEL isratherweak, I P. Zhang'®, Y. S Zhang'" andM orozov
et al ' drav a conclusion that the transversemodew as affected by the gain-distribution in
the active layer. Rahman et al ® noticed the effects of the carriers distribution on the
transversemode A nd the themal effects in the cavity w ere discussed by Zhang ! They
took these effects into account separately, but in fact these factors took effects smultane-
ously. Thecurrent (or thedriving carriers) distribution is the basic characteristic of an op-
toelectronic device, but the themal property plays a significant role asw ell because of the
non-om ission of its effect on the gain-distribution in the snall cavity. TheV CSEL trans
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verse-mode can beobtained from the solution of M axw ell equations in the gain-w ave guide
cavity. In thispaper, theV CSEL simulation ispresented and the current distribution, the
themal distribution and the optical transversemode are concerned in the steady state The
finite elanent method, the finite differencemethod and thematrix eigenvalue method are
used to obtain above distributionsand the eigenmode A saresult, the distributionsof the
current, temperature and light power in the cavity are presented at the different driving
currents under the confinement conditions

2 Calculation M odel

T he schanatic diagram of the cylindrical V CSEL cavity is showed in Fig-1 W o is the
diameter of light output window, Ro is the radiusof a cavity, ao is the radiusof a current
w indow. The transversemodes are detem ined by the follow ing factors

R, Optical confinement
e - -]
poe W ——f
20 Current confinement
L aaaaaar e |

Active layer

Substrate

FIG.1 Schamatic diagram of aV CSEL

2.1 The current distr ibution

At the steady state, once the biasvoltage is given, the static distribution of the cur-
rent is detem ined by M axw ell equations and the boundary conditions It can be formulat-
ed by using the conventional (r, 6, z) on cylindrical coordinates Due to the axis symmetric
structure of the VCSEL, the 3-dimension equation is reduced to a two-dmension one,
w ith the current being the solution of the equation

Qe 1a, By
_ar r or 0z 0
j=- o(r) V(r),

w here o(r) is the conductivity distribution in the cavity.
2.2 The thermal distr ibution

In the cylindrical coordinates, the basic heat equation givenw hich governs the steady-
state heat flow by Poison equation

Vk(r) = ®(r)]=- Q(r), (2

W here T (r), Q (r) and K(r) are repectively the atial variationsof the tenperature, the
internal heat sources and the material themal conductivity. The follow ing assumptions
are applied: (1) at the bottom junction betw een theV CSEL substrate and the heat sink,
w hich contactsw ith theV CSEL substrate, the tamperature is keegping constant, T= Ty,
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(2) at the top or the sidew all w ith adiabatic conduction, %II;‘ = Q Besides, thereare two

typesof heat soucrces
(i) the heat generated in the active region by nonradiation recombination

U () (1- Mhfg) . o :
g = L @ - as M) (3
(ii) the Joule's heat in the other regions
q(r) = j(r)*= P(1), (4)

W hereU (r) and j (r) are the voltage drop and the current density in the quantum well
(QW ) region W hile jn(r), ', and f  are the threshold current density, the internal
quantum efficiencies of gpontaneous and the stimulated anission, regectively. W hen the
driving current is at equal to or higher than the threshold, the voltage drop U (r) can be
regarded as a constantU =V g4 Vg is the build-in field For GaA s, V= 1.2 &/.
2.3 The carriersdistribution in the active region

The carriers enhance the gain in the active region then form a gainw ave guide to mod-
ify the transversemode of the laser Because theQW 'sw idth , 8nm, ismuch less than the
effective length of the cavity, the distribution equation can be reduced into one-dimension

o, (1) - M yrgn () pi= - T (5)

Dn, vg, I'rand Tsare the diffusion coefficient of the carriers, the group velocity of the light
w ave in the cavity, the confineanent factor and the lifetime of the carrier, regpectively. P
is the photon energy for the i-thmode, g (N ) is the gain of the cavity, depending on the
carriers density.
giN (r)) = a(™)* N (r) - Nuw), (6)

N n is the density of the trangarent carriers
2.4 Optical field

Theoptical property ismainly determ ined by the gain profile, the carrier distribution
and the temperature distribution in the active region A sassumed above, it can al® be re-
duced into one-dimension The p-th mode of light is the solution of thew ave equation

2
*}ﬁ r%?+ ké‘g— - Bw=o0 )

(0 = ﬁe’me (8)

W here ko is the planew ave vector, f: is the complex propagation constant in the z direc
tion W here € and € are the complex dielectric constant and the vacuum dielectric constant
regpectively.

‘g: nd+ 2(n)no+ i ” , (9)

w here no, g and ot are dielectric refraction index, gains and total lossesof the cavity re-
Fectively.
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The parameters refer- Table 1

enced in thispaper are list- Param eter V alue

ed in Tablel N, Qe and w Vg the group velocity 8x 10°an /s

are the carriers density, ge electronic charge 1.6x 10 °C

electronic charge, and the Nt transparent carriers density 1.5% 10%gn- 3
Dn carrier diffusion coefficient 4.8x 10" 2an/s

frequency of the light no, T carriers life tme 2ns

and mo are the effective in- Ry, R, reflect coefficient for top and bottom DBR 0.99, 1.0

dex of the active layer and d  width of thewell 8nm

the effective mass of the 01 conductivity of the confinement region 100t an !t

carrier o oonductivity of other regions 5x 10°Qr ' an- !
w __ frequency of the light 3x 10%Hz

3 Calculation method

Three calculation

methodsw ere adopted in this simulation: the finite elenentmethod (FBM ), the finite dif-
ference method (FDM ) and the matrix eigen method The finite elenent method™® is a
pow erful engineering tool for its flexibility and versatility, egecially in complicated
boundary structure Itwaseamployed to solve the electric and heat distribution equations
In thisprocedure, the concerned structurew asfirst automatically divided into snall subre-
gions, triangle eleanents W ith these elements, the complicated structure of the cavity can
bemodulated Thememory requirenent of the FEM progran does not beyond 32V b to a
general personal computer for the safework of the systan. In the finite elenent method,
the 2-dimension Poisn’s equation could be expressed as follow ing matrix equation

[K]* [¥]- [P]= [O], (10)
[K ] isa structure factor, which could be obtained from combination w ith the finite ele-
ments [W] is the distribution of the field and [P ] is the field resource The elanents of
matrix [K ] are obtained through the follow ing expressions

Ki= D.ki Ky= Dk, (11)
i ]
i isthe summation of the triangle elanents having the common vertex; ii isthe sum-
mation of the triangle elenents having the common hypotenuse
The themal distribution w asobtained by the traditional FEM. W ithout the ource in
the electric field, the electric equationw as reduced to L aplace equation T he carrier distri-
bution equation w as treated upon FDM °! and the Optical field equation w as reduced to a

set of linear equations, w hichw as treated by thematrix eigen process **

. Thefinal results
w ere obtained by recursion self-consistently. The output of the n step w as set as the input
of then+ 1 step. A nd the stepped calculation would be stopped until the difference of re-

sults betw een two continuous steps is less than 0. 01%.
4 Numerical Reaults

Two structures, with the current confinenent window radii, 2um and 10um respec-
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tively, are smulated as the exanples Theused structureparanetersare given in Table 2

Table 2 The results show that the threshold of first

Parameter value  structurewas reduced to 0.515mA, while

Ro radii of the cavity 15um that of the secondwas 1. 47mA. How ever,
L &t effective length of the cavity 1. 5um

the current densities in the active regions
reach 2500 A /an? and 1300 A /am? for the
strong and w eak confinement structures re-
gectively. The contour map of the confined cavity ispresented in Fig- 2 and Fig- 3

wo the radii of the light-output w indow 6m

d the position of resistance region 0. 6um

R/pm R/pm
12.0 9.6 7.2 4.8 2.4
12.0 9.6 7.2 4.8 2.4 T T .
. . . . n” 7
124 / o2 1%
ou—"
0.63 -~ d 48
0.56/ 4.8 0. 0= "
£
0. 4] g = ___—/_:__’,__—-—————'_‘_‘“ i
0.28 0.42 .35 % §' B 0.17 R
0. 1557 == 3 7. N i P —
5= 2l 12 \ 0.1
0.10
{96 \ 0.07 4 9.6
0.03
12.0 12,0
FIG.2 The contour magp of the electric field of FIG.-3 The contour mgp of the electric field of
the strong confinement structure thew eak confinement structure

Fig- 4 and Fig. 5 (see last page 1) respectively show theoutput pattern of light inten-
sity for two structures, w hen the current | is 3 timesof the threshold current 1w T heout-
put pattern as the transversemode is the numerical result of the optical equation in the ac-
tive layer. In our model, all the gain-guide elanentsw ere treated numerically, and the
eigen transverse mode series contain the modes w hich are like the ground and the first
mode, not sane as the existing of higher mode that in the dielectric guide But for the
w eak confinanent one, the output pattern is concentrated in the center.

Fig. 6 and Fig. 7 (see last page 1) show the current density distributions in the cavi-
ty. The strong confinenent benifits to concentrate the current density in the active region
to a higher level, at the same time of the reduction of the threshold

The temperature distributions are alo presented in Fig. 8 and Fig.9 (see last page
II). InFig.7, thecurrent peak isfar avay from the heat peak, w hich means that the heat
resource is dominated by the non-radiation process The tamperature peak of the strong
oconfined structure is slightly higher than thew eak one, though the average temperature is
low er than the latter.

W ith the increment of the driving current, the hole-burning takesplace A t about 51w
it appears in the output pattern of theweak confinenent devicew hile at about 61n in the
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strong one T he confinenent hanpers the hole burning Fig. 10 and Fig- 11 (see last page
II) prove the output pattern in the burning-hole region

Furthemore,
the relationship
betw een the
threshold current
I and the radius
W o of the confine-
ment window is
fitted

In Fig- 12, I
can be given as the
function of W o

| th

= - W p+
1+ |-
Xo

Q 00333, (12)
w here X0 =

I'hreshold Current/mA

2.6

1.

12. 87454, p = 2.33218

Oh [11]

5 Conclusion

R

| | 1 [ !

2 1 6 8 10 12

Radii of the Current Confinement Window /um

FIG.12 The threshold current I as the function of the

radii of the confinementw indow W o

This result agrees very well with the expermental

14

results of

Our simulating results danonstrate several charactersof V CSEL at steary state The
key role of the high resistance confinement layer ispresented clearly. The strong confined
structure not only focuses the current, but also compacts the current pattern effectively.
Because it concentrates the current density in the active region (Fig.7) to a higher level,
the threshold current is reduced and the hole burning is hanpered do further.
dynamic effects such asmicrocavity effect et al. , will be considered in future simulation
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