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Influence of lateral propagating modes on laser output characteristics
in selectively oxidized vertical cavity surface-emitting lasers
with double oxide layers

Yong-Zhen Huang®
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of Sciences, P.O. Box 912, Beijing 100083, People’s Republic of China
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The influence of lateral propagating modes on the threshold current and the spontaneous emission
factor in selectively oxidized vertical cavity surface-emitting lag®iGSELS is investigated based

on the mode behaviors of lateral propagating modes and the rate equation model. The numerical
results show that the lateral propagating modes may be trapped in the aperture region for the
selectively oxidized VCSEL with two oxide layers, one above and one below the active region. The
output characteristics of VCSELSs can be affected due to the reabsorption of the quasitrapped lateral
propagating modes. A lower threshold current can be expected for a VCSEL with double oxide
layers than that with a single oxide layer. The numerical results of rate equations also show that a
larger spontaneous emission factor can be obtained by fitting the output—input curves for the
VCSEL with double oxide layers. €999 American Institute of Physics.
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I. INTRODUCTION propagating modes can result in a lower threshold current

Recently, selectively oxidation of AlAs or high Al con- and a higher spontaneous emission factor.

tent AlGaAs has been successfully used to form a current

confined aperture and a transverse waveguiding in vertical-

cavity surface-emitting lasefY CSELS. Record low thresh- Il. THE EIGENVALUE EQUATION FOR LATERAL

old currents of sub-10QA%2 and power conversion effi- ~ ROPAGATING MODES

ciencies of 50% were achieved from oxide confined We consider a multilayer waveguide with taecoordi-
VCSELs. The cavity mode characteristits; the transverse nate perpendicular to the layers to model the lateral propa-

mode controf***and the spontaneous emission fagi5t*® gating modes in the VCSEL as shown in Fig. 1. The lateral
have attracted much attention in oxide confined VCSE'—Spropagating modes, which are equivalent to the laser modes
The highest value o was obtained from selectively oxi- of edge-emitting lasers, propagate in thg plane, and the
dized VCSELs with double oxide layets,one above and \cSEL |aser mode propagates along thdirection. For a

and higher differential quantum efficiency were observed inye can write the mode wave function as

the VCSELs with double oxide layers than that with a single _ )
oxide layert’ A VCSEL with a thicker aperture or multiple oy, z,t) = (z)expi By —iwt), (1)

apertures might have lower Io;s eigenmodes, du_e to reducgghere g=p,+iB; is the complex propagation constant in
coupling between the modes in the aperture region and othhey direction. The mode gais and the mode indeN for

erwise planar cavity® the lateral propagating modes are related to the imaginary
In this article, we investigate the effect of lateral propa-and real parts of3 by

gating modes on the laser output characteristics in selectively

oxidized VCSELs. We first calculate the field distribution for G=-25, @

the lateral propagating modes in the aperture region and the N=g, /Ko, 3

oxidized region of VCSELs with single and double oxide .

layers. The results show that the lateral propagating mode¥ith the free space wave numbey=2/\. #(y, z, 1) rep-

may be trapped in the aperture region for the VCSELs With_resents the s_calar components of ele_ctrlc or me_xgnenc fields

sufficient thick double oxide layers, one above and one bel the Cartesian coordinate systef(z) in the layerj, where

low the active region, due to the unmatched field distribuJ =1,2,--M, mis the total number of the layers of the planar

tions between the aperture and the oxidized regions. Then w¥aveguide, can be written as

investigate the output behaviors for a VCSEL with the qua-  y(z) =AjexpiK 2) + B exp —iK;2), (4)

sitrapped lateral propagating modes by simplified rate equa-

tions. The results show that the reabsorption of the Iatera“f;;g? itshgizv glnrebc;lon complex propagation constant in the

— (1212 2\1/2
3E|ectronic mail: yzhuang@red.semi.ac.cn Kj - (konj -B ) (5)
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Laser Output /\ R .= Ron-1tRn_11€Xp(2iK,_1dn_4)
"1+ Ry h- 1Ry 118Xp(2iK _qdp_p)

(11)

where d,_1=2z,_1—2,_» is the thickness of the layen
—1, and the reflection coefficient of the interface is

Rn,nflz(Kn_Kn—l)/(Kn+Kn—1)- (12

Similarly, a recursion relation in the same form as Ei)
can be obtained foR,, ,,. For TM modes/(z) =H,(z) and
the boundary conditions require the continuity of the mag-
netic fieldH,(z) and 1hj2[d H,(z)/dx]. The recursion rela-
tion, Eqg.(11), can be used for TM modes, the only difference
being thatK,, andK,,_; in Eq. (12) should be replaced by
Kn/n2 andK,_,/n2_,.

Active Layer P-DBR

Oxide layer

N-DBR
Y X

z . Substrate

FIG. 1. The schematic diagram of a vertical-cavity surface-emitting lasen|]|. THE MODE BEHAVIOR OF LATERAL
with double oxide layers. The VCSEL laser mode propagates along the PROPAGATING MODES

direction, and the lateral propagating modes propagate in-thelane.
We consider a VCSEL, which consists of a 24.5-period

n-Al, Ga, ;As/GaAs quarter-wavén/4) distributed Bragg
wheren;=nj, +ix; is the complex refractive index in the reflector (DBR), a one-wavelength-thick cavityj cavity)
layer], k= —g/2k, is the extinction coefficient, anglis the with the resonant wavelength 8=980 nm, anql a 20-p_er|od
material gain. The wave function, E(), can be considered P-Alo.gGa&.As/GaAs M4 DBR. An 8-nm-thick strained
as the sum of rays propagating along the positive and thE'GaAs quantum wellQW) active layer is located in the
negativez directions with complex amplitudes & andB;.  ¢enter of the\ cavity, with 10 nm GaAs barriers and
In the following analysis, we consider that there are onlyl0osG&.7AS confinement layers. The refractive indices of
outgoing waves in the outside regiops 1 andm, i.e., A,  AIAS, GaAs, AbGaiAs, AlgsGa-As, InGaAs, and
—0 andB,,= 0. So the positive and the negative propagating\|AS—0xide are taken to be 2.88, 3.50, 2.93, 3.34, 3.6, and
waves are related to each other by reflectivity at the interd-55, respectively. The material gain of the QW region is
faces. Accounting rays reflect on the interfage, between t@ken to be 200 C,ml- The firsth/4 Alo §Gay.1As layers of the
the layers1 andn— 1, and the interface, between the layers N @ndp-DBR, which adjoin the\ cavity, are replaced by/4
nandn+1(n<m) as waves impinge on the interfaces from AIAS—AlogGa 1As layers, and the AlAs layers are selec-

the layern, we have tively oxidized to form a current aperture. 'I_'he outside layers
_ ) of the VCSEL waveguide structure are air and GaAs sub-

An expliKnzn—1) =Ry 1By exp(—iKz, 1), (6)  strate in thep-DBR andn-DBR sides, respectively. The field
B,y Xl —iK nZy) = Ry mAn €XP(iK 120, @) distributions of the lateral propagating TE modes in the ap-

erture and the oxidized regions are calculated for the

whereR, ; andR, ., are reflection coefficients including the multilayer slab waveguides, with the AlAs layers and the

effects of the layers—1 to 1 and the layersi+1 tom,  AJAs oxide layers, respectively. The complex propagating

respectively. Multiplying Eqs(6) and(7), we get an eigen-  constantg can be solved from the complex eigenvalue, Eq.

value equation of (8), for the lateral propagating modes under a given wave-

R, 1R, mexp(2iK d,) =1, (8) Ie_ngth, which is taken to b(_a 980 nm in this section. Wi_th the
o ) ) eigenvalueB, we can obtairB,, from Eq. (6) by assuming
V\{heredn=_zn—zn,l is the thickness of the Igye[ A recur- A,=1 (1<n<m), then obtain the amplitudes, andB; in
sion relation forR,; and R, ,, can be derived from the ye other layers from the values Af, andB,, by Egs.(9) and

boundary conditions. For TE modeg(z)=E.(z) and the (1) and finally calculate the field intensity(z) ¢* (z) from
boundary conditions require the electric fig(z) and its g (4.

derivativedE,(z)/dz to be continuous across the boundaries.

s - ! The normalized intensity for the fundamental lateral
The boundary conditions in the interfazg_, are

propagating mode in the aperture region and the oxidized

An_1expliKy 12, 1) +Byogexp(—iK, 12, 1) region are plotted as the solid and the dashed lines in Fig.
_ _ 2(a), respectively, for a VCSEL with two 25 nm oxide lay-
=AnexpiKnz,-1) +Bpexp —iKz,-1), (9 ers. The upper lines are the refractive index distributions and
: the dashed line is the refractive index of the oxide layers.
Kno1[An-1expiK,-1Z,-1)— By
n-1lAn-1 €XPIKG-120-1) = Bny The horizontal axis is the distance in thaxis as shown in
Xexp —iKn,-1Z7-1)] Fig. 1 with the zero point at the center of the active region.

. . The corresponding optical confinement factor is 2.49% and
= K[ AnexXpliKnZn—1) = Brexp —iKnzo—y)]. (10 0.128%, respectively, for the modes in the aperture region
By dividing Eqg. (10) by Eq.(9) and using Eq(6) to define and the oxidized region. The results show that the optical
the reflection coefficient®, ; andR,_,;, we can obtain a waveguide is very weak in the oxidized region, because the
recursion relation as low refractive index of the oxide layers results in a low av-
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FIG. 2. Thenormalizedintensity distributions for{a) the lateral propagat-
ing fundamental mode an@) the laser mode plotted as solid and dashed
lines, respectively, in the aperture and oxidized regions for a VCSEL with
two 25 nm oxide layers. The upper lines(@® are refractive index distribu-
tions, the dashed line is the refractive index of oxide layers.

FIG. 3. Therelativeintensity distributions for the lateral propagating modes
in the oxidized region of a VCSEL with two 30 nm oxide layers (a): the
center part of the cavity an@) the substrate.

mode number. To express this more clearly, we only plot the
intensities for the zeroth, first, and second order transverse
erage index in the center. The intensity distributions for themodes in Fig. &). The results show that the mode intensi-
VCSEL laser mode in the aperture and oxidized regions, i.eties increase exponentially in the substrate, so the modes are
the mode propagates along thdirection, are also plotted in radiating modes as the oxide layers are sufficiently thick.
Fig. 2b) as the solid and dashed lines, respectively. A one- In Fig. 4, the mode index and the optical confinement
dimensional waveguide is used to calculate the intensity distactor versus the oxide layer thickness are plotted for the
tribution for the VCSEL laser mode. As the distance in-fundamental lateral propagating mode in the VCSEL with
creases fromz=0.146 to 0.230um, the intensity of the double oxide layers. The solid and dashed lines are results as
VCSEL laser mode varies from the peak to the node, anthe material gain of the QW is 200 and 1000 cmrespec-
that of the lateral propagating mode only decreases fronively. In addition to the VCSEL with single QUWSQW), we
1.20 to 0.69, based on Fig. 2. The variation of the intensity of
the lateral propagating modes with the distance is much
slower than that of the VCSEL laser mode. Placing the oxide
layers adjoining the GaAs layers of tipeDBR andn-DBR

3.28

instead of thex cavity, i.e., at the node of the VCSEL laser % 326
mode intensity, we have the optical confinement factor of 2324
0.47% for the lateral propagating modes in the VCSEL with §

two 40 nm oxide layers. And the optical confinement factor =322

approaches zero in the VCSEL with two 41 nm oxide layers,
because the field intensity is exponentially increased in the 3200510 15 20 25 30 35 40 45 50
substrate. Based on the effective index mdfleln effective Oxide Layer Thickness (nm)
index step for the VCSEL laser mode is 0.077 with the two 0.10
25 nm oxide layers as in Fig. 2, and the step is 0.022 in the
case with the above two 40 nm oxide layers. So we can
design a VCSEL with a weak transverse waveguiding effect
for the laser mode, and still have a low average index in the
center for the lateral propagating modes. Taktive inten-
sities for the lateral propagating modes in the oxidized region
are plotted in Fig. 3 for a VCSEL with two 30 nm oxide
layers. Figures @) and 3b) show the mode intensity distri-
butions around the active region and in the substrate, respec-
tive|y, the symbols Oth, 1st, 2nd, 3rd, 4th, and 5th mark theFIG. 4. The(a) mode index andb) optical confinement factor of the lateral
results for the fundamental, the first, the second, the thirgProPagating fundamental mode in the oxidized region are plotted as func-
. ' ’ ! tions of the thickness of the oxide layer for a VCSEL with two oxide layers.
the fourth, and the fifth order transverse modes. The numbei’;QW and 3QWs indicate that the active region containing a single quantum
of the zero points of the intensity distribution indicates thewell and three quantum wells, respectively.
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3 the two oxide layers, one above and one below the active
) region, are sufficiently thick.
2, 20n
£ IV. MODELING VCSEL OUTPUT BY RATE EQUATIONS
§ 1l The quasitrapped lateral propagating modes will com-
e 85n pete with the VCSEL laser mode based on their loss and the
5’{ o~ mode gain. The optical confinement factodis-1.52% and
_01.5 0 05 00 05 10 15 I''=2.42% for the laser mode and the lateral propagating
Distance (um) modes for the VCSEL with the single 8 nm InGaAs quantum
well,?® and the mirror loss for the laser mode is,

FIG. 5. The norma_lized intensity _distribqtion for_the fundamental _Iateral =7cm L The suppression of the lateral propagating modes

propagating mode in a VCSEL with a single oxide layer. The solid and . . .

dashed lines are results with a 20 and 85 nm oxide layer, respectively. requires that their loss b_e larger thRp/T : 1.59 tlmes_ the
laser mode loss. Taking the material absorption
=5cm !, we find that the threshold gain for the laser mode

also present the mode index and the optical confinement fags [a;(1-T')+ a, /T’ =784 cml The suppression of the

tor for a VCSEL with three QW$3QWS. The results show |ateral propagating modes requires that their lass which

that the mode index and the optical confinement factor deis determined by the aperture size and the mode reflectivity

crease with the increase of the oxide layer thickness. As thgt the interface between the aperture and the oxidized re-

mode index approaches the average index of the DBR, thgions, be larger than 14.1 ¢th Assuming the lateral propa-

mode cannot be confined in the center part of the waveguidgating modes are suppressed, we investigate their effect on

and the optical confinement factor approaches zero. The ophe VCSEL output characteristics based on the following rate

tical confinement factor approaches zero at the oxide layegquations:

thickness of 26 and 51 nm for the SQW and 3QWs cases, S N

respectlvely. Becat_Jse the QW has the highest refrgctwe in- ——=v [[g—(1-T)a;— ap]S+Ty—, (13)

dex, the thicker oxide layers are needed to get a divergence dt Ts

wave function in the case of 3QWs rather than the case of S N

SQW. In Fig. 5, we plotted the normalized intensity for the E=Vg[th|—(1—Tt)ai—at]5|+rt7|—, (14

fundamental lateral propagating mode in the oxidized region Ts

for a VCSEL with a single oxide layer, which also adjoins dN J N

the A cavity. The solid and dashed lines are results for the =gy~ -~ Va(9S+ S0, (15

VCSEL with a 20 and 85 nm oxide layer, respectively. The S

results show that the wave function extends on the side withwhereS g=a(N—Ng), and¥(S;, g;, andy,) are the pho-

out the oxide layer and the intensity is an asymmetric distrifon density, the optical gain, and the spontaneous emission

bution. The optical confinement factor only decreases fronfactor for the laser modéhe Ith mode of the lateral propa-

2.38% to 2.0% as the thickness of the oxide layer increase8ating modef respectively.vg=c/ng is the optical group

from 20 to 85 nm. We can expect that the coupling betweerspeedN is the carrier densityrs is the carrier lifetime,] is

the lateral propagating modes in the aperture and the oxthe injection currenty is the volume of the active region,

dized regions is strong for the VCSEL with a single oxideand e is the electron charge. We simply use a total mode

layer. S=XS to model the effect of the total lateral propagating

The propagation of the lateral propagating modesnodes under the assumption@B=2g,S . The spontane-

through the interface between the aperture and the oxidize@us emission factor of the total mode y6=X vy, which is

regions is greatly affected by the field distributions of themuch larger thary. Based on the above assumptions, we get

two regions. However, the exact solution for the mode transa rate equation for the total mode by summing Edl) for

mitted through the interface is a very complicated problenthe total lateral propagating modes:

and exceeds the scope of this article. We intend to get some N

heuristic conclusions from the field distributions and then E:Vg[rtgt_(l_rt)ai_at]st—"rt'yt:- (16)

discuss its effect on the VCSEL characteristics. The above s

numerical results show that the spatial overlap integral fofThe relative position of the laser mode wavelength and the

the lateral propagating modes in the aperture region and thgain peak wavelength can greatly affect the laser behaviors

oxidized region is negligible for the VCSEL with sufficient of a VCSEL?! The wavelength of the lateral propagating

thick double oxide layers. Based on Figga2and 3, we can mode in the gain or absorption spectrum region will deter-

conclude that the fundamental mode in the aperture regiomine whether the mode is reabsorbed or stimulated. Most of

cannot be expressed as a sum of the lateral propagatirige spontaneous emission is in the absorption spectrum re-

modes in the oxidized region. The lateral propagating modegion, and therefore they should have a larger transparent car-

will experience a large reflectivity at the interface betweenrier density and a higher differential gain than the laser

the aperture and the oxidized regions, because the mode neode?? We simply takeg,=a,(N—N,) with a,=2x10"*°

flectivity is greatly affected by the mode field distributions of cm? andN,=5x% 10*® cm™2 to represent the optical gain for

the waveguided’ The lateral propagating mode will be a the total modea=4x10 %cn? and Ny=1.4x 10'%cm 2

quasitrapped mode in the aperture region of the VCSEL, afor the laser mode, andy=4, a;=5 cml, 7=2%x10°%s

ol
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_ AN ' ' FIG. 7. The modeled laser output for a VCSEL with multitransverse modes

g 10 @ =10cm andy=0.01 andy,=0.1. The solid and dashed lines are the output power of

8 the fundamental mode and the total output power. The dashed—dotted line is

= the result of single mode rate equations.

Qo

=

3 1

o

S

go 1 length difference between different transverse modes is usu-

<Z3 ' ) ) . . X ally much smaller than the width of the gain spectrum. The
04 06 08 10 12 14 optical confinement factor of the higher order transverse

Normalized Injection Current modes is taken to be 90% of the fundamental mode because

a weak optical confinement in they plane for the higher
FIG. 6. (8 The modeled laser output vs the injection current for a VCSEL grder transverse modes. The mirror loss takes the same value
with trapped lateral propagating modes 0.01 andy,=0.4. The solid -
and dasphped lines arg reF;ugI]tSaatg 1000 an?fo cmt, regg)ectively(b) The of Zlc.m " as the fundame.ntal mode, but an extra loss of .5
normalized laser output vs the normalized injection current for a VCSELCM ~ Is assumed for the higher order transverse modes. Fig-
with y,=0.4. The solid lines are results at=1000 cnv* andy=0.01and  ure 7 shows the output power versus the injection for a VC-
0.02, respectively, and the dashed line is the results,at50 cm ! and SEL with y,= 0.1 for the total higher order transverse modes
y=0.0L and y=0.01 for the laser mode. The solid line is the output
power of the laser mode, i.e., the fundamental mode, and the
dashed line is the total output power including the laser
are used in the calculation. Dividing the spontaneous emismode and the higher order transverse modes. The results
sion in the three directions, we can expect that the amount a§how that two threshold currents exist from the output—input
the spontaneous emission in tkend they directions, i.e., curves of the total output power and the output power of the
the lateral direction of the VCSEL, is about two thirds of the fundamental mode. The threshold current of the fundamental
whole spontaneous emission. In the following simulation, wemode is 39.4uA, which is larger than 33.7:A of the total
take y;=0.4 for the total mode of the lateral propagating output power. Although the increase of the spontaneous
modes, and calculate the laser output power as a function @mission factor can reduce the laser threshold cufrethie
the injection current for a VCSEL with the aperture area ofabove threshold current difference is not caused by the dif-
2X2 e, ference betweeny,=0.1 and y=0.01. The dashed—dotted
Figure Ga) shows the laser output versus the injectionjine in Fig. 7 is the result of single mode rate equations for
current aty,= 0.4, y=0.01, where the solid and the dashedthe laser mode, and the threshold current is 388 which
lines are results for the loss of the total modg s almost the same as that of the total output power in the
=1000cm ! and 50 cm?, respectively. Figure ®) shows multitransverse modes case.
the normalized laser output versus the normalized injection
current aty,=0.4, y=0.01 and 0.02, and,=1000cm ! as
the solid lines, and af;,=0.4, y=0.01, anda;=50cm ! as
the dashed line. The results show that a lower threshold cuf;, cONCLUSIONS
rent can be obtained for a VCSEL with a lowey for the
lateral propagating modes. The reduction of the threshold We have analyzed the effect of the lateral propagating
current can be attributed to the enhancement of the carrienodes on the laser output behaviors in selectively oxidized
lifetime due to the self-absorption of spontaneously emitted/CSELs. The results show that the lateral propagating
photons?® Fitting the measured output—input curves to themodes may be trapped in the aperture region for a VCSEL
results of the rate equations modélyve can obtain a larger with double oxide layers, one above and one below the ac-
spontaneous emission factor because of the reabsorption tife region. A simplified rate equation model shows that the
the lateral propagating modes as shown in Fi@).6 reabsorption of the trapped lateral propagating modes may
Finally, we model the laser output behaviors for aresult in a lower threshold current and a higher apparent
VCSEL with multitransverse modes. The rate equatib®)  spontaneous emission factor for the laser mode. The influ-
is used for the higher order transverse modes where the gagnce of multitransverse modes on the output behaviors is
0 is equal to the gain of the laser mode because the wavedso discussed.
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