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Abstract　T he eigen transverse modes of the cylindricalV ert ical2Cavity Surface2Em itt ing L aser

(V CSEL ) are invest igated by num erical sim u lat ion. T he steady cu rren t and temperatu re distri2
bu tions in the cavity are calcu lated self2consisten t ly by the fin ite elem en t m ethod. A t the steady

state, the so lu t ion of the transverse mode equation in the act ive region is ob tained by the m atrix

eigenvalue m ethod, tak ing the m ateria l therm al p ropert ies and all the sign ifican t heat resou rces

in to considerat ion. T he ou tpu t ligh t pat tern s above the th resho ld cu rren t are also demonstrated

in th is paper.

PACC: 4255P, 7340L

1　 In troduction

In the past few years, the V ert ica l2Cavity Eu rface2Em it t ing L asers (V CSEL ) w as im 2
p roved con siderab ly in its perfo rm ance due to the in troduct ion of the in tracavity d ielectric

apertu re fo r the electrica l and op t ica l confinem en t, w h ich w as no rm ally fo rm ed by the non2
conduct ive A lxO y from the select ive w et ox ida t ion of A lA s. [ 1, 2 ] Becau se the gain2w ave

gu ide structu re of the V CSEL is ra ther w eak, J. P. Zhang [ 3 ] , Y. S. Zhang [ 4 ] and M o rozov

et a l. [ 5 ] drew a conclu sion tha t the tran sverse m ode w as affected by the gain2dist ribu t ion in

the act ive layer. R ahm an et a l. [ 6 ] no t iced the effects of the carriers d ist ribu t ion on the

tran sverse m ode. A nd the therm al effects in the cavity w ere d iscu ssed by Zhang. [ 7 ] T hey

took these effects in to accoun t separa tely, bu t in fact these facto rs took effects sim u ltane2
ou sly. T he cu rren t (o r the driving carriers) d ist ribu t ion is the basic characterist ic of an op2
toelectron ic device, bu t the therm al p roperty p lays a sign if ican t ro le as w ell becau se of the

non2om ission of its effect on the gain2dist ribu t ion in the sm all cavity. T he V CSEL tran s2



verse2m ode can be ob ta ined from the so lu t ion ofM axw ell equat ion s in the gain2w ave gu ide

cavity. In th is paper, the V CSEL sim u la t ion is p resen ted and the cu rren t d ist ribu t ion, the

therm al d ist ribu t ion and the op t ica l t ran sverse m ode are concerned in the steady sta te. T he

fin ite elem en t m ethod, the fin ite d ifference m ethod and the m atrix eigenvalue m ethod are

u sed to ob ta in above dist ribu t ion s and the eigen m ode. A s a resu lt, the d ist ribu t ion s of the

cu rren t, tem pera tu re and ligh t pow er in the cavity are p resen ted a t the d ifferen t driving

cu rren ts under the confinem en t condit ion s.

2　Ca lcula tion M odel

T he schem atic d iagram of the cylindrica l V CSEL cavity is show ed in F ig11. W 0 is the

d iam eter of ligh t ou tpu t w indow , R 0 is the rad iu s of a cavity, a0 is the rad iu s of a cu rren t

w indow. T he tran sverse m odes are determ ined by the fo llow ing facto rs.

F IG11　Schem atic diagram of a V CSEL

211　The curren t d istr ibution

A t the steady sta te, once the b ias2vo ltage is g iven, the sta t ic d ist ribu t ion of the cu r2
ren t is determ ined by M axw ell equat ion s and the boundary condit ion s. It can be fo rm u la t2
ed by u sing the conven t iona l (r, Η, z ) on cylindrica l coo rd ina tes. D ue to the ax is symm etric

st ructu re of the V CSEL , the 32dim en sion equat ion is reduced to a tw o2dim en sion one,

w ith the cu rren t being the so lu t ion of the equat ion
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w here Ρ(r) is the conduct ivity d ist ribu t ion in the cavity.

212　The therma l d istr ibution

In the cylindrica l coo rd ina tes, the basic hea t equat ion given w h ich govern s the steady2
sta te hea t f low by Po isson equat ion.

∃

[ϑ(r) õ

∃

T (r) ] = - Q (r) , (2)

W here T (r) , Q (r) and ϑ(r) a re respect ively the spa t ia l varia t ion s of the tem pera tu re, the

in terna l hea t sou rces and the m ateria l therm al conduct ivity. T he fo llow ing assum p tion s

are app lied: (1) a t the bo t tom junct ion betw een the V CSEL sub stra te and the hea t sink,

w h ich con tacts w ith the V CSEL sub stra te, the tem pera tu re is keep ing con stan t, T = T 0;
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(2) a t the top o r the side w all w ith ad iaba t ic conduct ion,
9T
9 r

_ = 0. Besides, there are tw o

types of hea t soucrces:

( i) the hea t genera ted in the act ive reg ion by non rad ia t ion recom b ina t ion

q (r) =
U (r) (1 - Γsp f sp )

d
[ j th + ( j ( r

_ ) - j th) (1 - Γi) ]. (3)

　　 ( ii) the Jou le′s hea t in the o ther reg ion s

q ( r
_ ) = j ( r

_ ) 2 õ Θ( r
_ ) , (4)

W here U ( r) and j ( r) a re the vo ltage drop and the cu rren t den sity in the quan tum w ell

(QW ) reg ion. W h ile j th ( r) , Γsp and f sp are the th resho ld cu rren t den sity, the in terna l

quan tum efficiencies of spon taneou s and the st im u la ted em ission, respect ively. W hen the

driving cu rren t is a t equal to o r h igher than the th resho ld, the vo ltage drop U ( r) can be

regarded as a con stan t U = V g. V g is the bu ild2in field. Fo r GaA s, V g= 112 eV.

213　The carr iers d istr ibution in the active reg ion

T he carriers enhance the gain in the act ive reg ion then fo rm a gain w ave gu ide to m od2
ify the tran sverse m ode of the laser. Becau se the QW ’s w id th , 8nm , is m uch less than the

effect ive leng th of the cavity, the d ist ribu t ion equat ion can be reduced in to one2dim en sion
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D n, v g, # r and Σs are the d iffu sion coefficien t of the carriers, the group velocity of the ligh t

w ave in the cavity, the confinem en t facto r and the lifet im e of the carrier, respect ively. P i

is the pho ton energy fo r the i2th m ode; g (N ) is the ga in of the cavity, depending on the

carriers den sity.

g (N ( r
_ ) ) = a (T ) õ (N ( r

_ ) - N th) , (6)

N th is the den sity of the tran sparen t carriers.

214　Optica l f ield

T he op t ica l p roperty is m ain ly determ ined by the gain p rofile, the carrier d ist ribu t ion

and the tem pera tu re d ist ribu t ion in the act ive reg ion. A s assum ed above, it can a lso be re2
duced in to one2dim en sion. T he p 2th m ode of ligh t is the so lu t ion of the w ave equat ion
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W here k 0 is the p lane w ave vecto r, Βz is the com p lex p ropagat ion con stan t in the z direc2

t ion. W here Ε
～

and Εare the com p lex dielectric con stan t and the vacuum dielectric con stan t

respect ively.
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2k
, (9)

w here n0, g and Αto tal are d ielectric refract ion index, ga in s and to ta l lo sses of the cavity re2
spect ively.
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Table 1

Param eter V alue

V g the group velocity 8×109 cm ös

qe electron ic charge 116×10- 9C

N th t ransparen t carriers density 115×1018cm - 3

D n carrier diffusion coefficien t 418×10- 2cm ös

Σc carriers life t im e 2 ns

R 1, R 2 reflect coefficien t fo r top and bo ttom DBR 0199, 110

d w idth of the w ell 8nm

Ρ1 conductivity of the confinem ent region 10- 18 - 1·cm - 1

Ρ conductivity of o ther regions 5×1028 - 1·cm - 1

Ξ frequency of the ligh t 3×1014H z

　　T he param eters refer2
enced in th is paper are list2
ed in T ab le 1. N , qe and Ξ
are the carriers’ den sity,

electron ic charge, and the

frequency of the ligh t. n0,

and m 0 are the effect ive in2
dex of the act ive layer and

the effect ive m ass of the

carrier.

3　Ca lcula tion m ethod

T h ree ca lcu la t ion

m ethods w ere adop ted in th is sim u la t ion: the fin ite elem en t m ethod (FEM ) , the fin ite d if2
ference m ethod (FDM ) and the m atrix eigen m ethod. T he fin ite elem en t m ethod [ 8 ] is a

pow erfu l engineering too l fo r its f lex ib ility and versa t ility, especia lly in com p lica ted

boundary structu re. It w as em p loyed to so lve the electric and hea t d ist ribu t ion equat ion s.

In th is p rocedu re, the concerned structu re w as first au tom atica lly d ivided in to sm all sub re2
gion s, t riang le elem en ts. W ith these elem en ts, the com p lica ted structu re of the cavity can

be m odu la ted. T he m em o ry requ irem en t of the FEM p rogram does no t beyond 32M b to a

genera l personal com pu ter fo r the safe w o rk of the system. In the fin ite elem en t m ethod,

the 22dim en sion Po isson′s equat ion cou ld be exp ressed as fo llow ing m atrix equat ion.

[K ]õ [7 ] - [P ] = [0 ], (10)

[ K ] is a st ructu re facto r, w h ich cou ld be ob ta ined from com b ina t ion w ith the fin ite ele2
m en ts. [ 7 ] is the d ist ribu t ion of the field and [P ] is the field resou rce. T he elem en ts of

m atrix [K ] a re ob ta ined th rough the fo llow ing exp ression s.

K ii = 6
〈i〉

k e
ii　　K ij = 6

〈ij〉
k e

ij , (11)

〈i〉is the summ ation of the triang le elem en ts having the comm on vertex; 〈ii〉is the sum 2
m ation of the triang le elem en ts having the comm on hypo tenu se.

T he therm al d ist ribu t ion w as ob ta ined by the trad it iona l FEM. W ithou t the sou rce in

the electric f ield, the electric equat ion w as reduced to L ap lace equat ion. T he carrier d ist ri2
bu t ion equat ion w as trea ted upon FDM [ 9 ] and the Op tica l f ield equat ion w as reduced to a

set of linear equat ion s, w h ich w as trea ted by the m atrix eigen p rocess[ 10 ]. T he fina l resu lts

w ere ob ta ined by recu rsion self2con sisten t ly. T he ou tpu t of the n step w as set as the inpu t

of the n+ 1 step. A nd the stepped ca lcu la t ion w ou ld be stopped un t il the d ifference of re2
su lts betw een tw o con t inuou s step s is less than 0101%.

4　Num er ica l Results

Tw o structu res, w ith the cu rren t confinem en t w indow radii, 2Λm and 10Λm respec2
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t ively, a re sim u la ted as the exam p les. T he u sed structu re param eters are g iven in T ab le 2.

Table 2

Param eter V alue

R 0 radii of the cavity 15Λm

L eff effective length of the cavity 115Λm

w 0 the radii of the ligh t2outpu t w indow 6Λm

d the po sit ion of resistance region 016Λm

T he resu lts show that the th resho ld of first

st ructu re w as reduced to 01515 mA , w h ile

tha t of the second w as 1147mA. How ever,

the cu rren t den sit ies in the act ive reg ion s

reach 2500 A öcm 2 and 1300 A öcm 2 fo r the

strong and w eak confinem en t st ructu res re2
spect ively. T he con tou r m ap of the confined cavity is p resen ted in F ig12 and F ig13.

F IG12　T he con tou r m ap of the electric field of

the strong confinem en t structu re

F IG13　T he con tou r m ap of the electric field of

the w eak confinem en t structu re

F ig14 and F ig15 (see last page É ) respect ively show the ou tpu t pa t tern of ligh t in ten2
sity fo r tw o structu res, w hen the cu rren t I is 3 t im es of the th resho ld cu rren t I th. T he ou t2
pu t pa t tern as the tran sverse m ode is the num erica l resu lt of the op t ica l equat ion in the ac2
t ive layer. In ou r m odel, a ll the ga in2gu ide elem en ts w ere trea ted num erica lly, and the

eigen tran sverse m ode series con ta in the m odes w h ich are like the ground and the first

m ode, no t sam e as the ex ist ing of h igher m ode tha t in the d ielectric gu ide. Bu t fo r the

w eak confinem en t one, the ou tpu t pa t tern is concen tra ted in the cen ter.

F ig16 and F ig17 (see last page É ) show the cu rren t den sity d ist ribu t ion s in the cavi2
ty. T he strong confinem en t ben if its to concen tra te the cu rren t den sity in the act ive reg ion

to a h igher level, a t the sam e tim e of the reduct ion of the th resho ld.

T he tem pera tu re d ist ribu t ion s are a lso p resen ted in F ig18 and F ig19 ( see last page

Ê ). In F ig17, the cu rren t peak is far aw ay from the hea t peak, w h ich m ean s tha t the hea t

resou rce is dom inated by the non2rad ia t ion p rocess. T he tem pera tu re peak of the strong

confined structu re is sligh t ly h igher than the w eak one, though the average tem pera tu re is

low er than the la t ter.

W ith the increm en t of the driving cu rren t, the ho le2bu rn ing takes p lace. A t abou t 5I th

it appears in the ou tpu t pa t tern of the w eak confinem en t device w h ile a t abou t 6I th in the

8301 半　导　体　学　报 20 卷



st rong one. T he confinem en t ham pers the ho le bu rn ing. F ig110 and F ig111 (see last page

Ê ) p rove the ou tpu t pa t tern in the bu rn ing2ho le reg ion.

F IG112　T he th resho ld cu rren t I th as the function of the

radii of the confinem en t w indow W 0

Fu rtherm o re,

the rela t ion sh ip

betw een the

th resho ld cu rren t

I th and the rad iu s

W 0 of the confine2
m en t w indow is

fit ted.

In F ig112, I th

can be given as the

funct ion of W 0

I th

= -
0. 00288

1 +
W 0

x 0

p +

0. 00333, (12)

w here x 0 =

12187454, p = 2133218. T h is resu lt agrees very w ell w ith the experim en ta l resu lts of

O h. [ 11 ]

5　Conclusion

O u r sim u la t ing resu lts dem on stra te severa l characters of V CSEL at steary sta te. T he

key ro le of the h igh resistance confinem en t layer is p resen ted clearly. T he strong confined

structu re no t on ly focu ses the cu rren t, bu t a lso com pacts the cu rren t pa t tern effect ively.

Becau se it concen tra tes the cu rren t den sity in the act ive reg ion (F ig17) to a h igher level,

the th resho ld cu rren t is reduced and the ho le bu rn ing is ham pered do fu rther. T he o ther

dynam ic effects such as m icrocavity effect et a l. , w ill be con sidered in fu tu re sim u la t ion.
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