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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
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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 lasers~VCSELs! 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 VCSELs 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. ©1999 American Institute of Physics.
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I. INTRODUCTION

Recently, selectively oxidation of AlAs or high Al con
tent AlGaAs has been successfully used to form a cur
confined aperture and a transverse waveguiding in verti
cavity surface-emitting lasers~VCSELs!. Record low thresh-
old currents of sub-100mA1–3 and power conversion effi
ciencies of 50%4 were achieved from oxide confine
VCSELs. The cavity mode characteristics,5–12 the transverse
mode control,13,14and the spontaneous emission factorb15,16

have attracted much attention in oxide confined VCSE
The highest value ofb was obtained from selectively oxi
dized VCSELs with double oxide layers,15 one above and
one below the active region. Lower threshold current den
and higher differential quantum efficiency were observed
the VCSELs with double oxide layers than that with a sin
oxide layer.17 A VCSEL with a thicker aperture or multiple
apertures might have lower loss eigenmodes, due to red
coupling between the modes in the aperture region and
erwise planar cavity.10

In this article, we investigate the effect of lateral prop
gating modes on the laser output characteristics in selecti
oxidized VCSELs. We first calculate the field distribution f
the lateral propagating modes in the aperture region and
oxidized region of VCSELs with single and double oxid
layers. The results show that the lateral propagating mo
may be trapped in the aperture region for the VCSELs w
sufficient thick double oxide layers, one above and one
low the active region, due to the unmatched field distrib
tions between the aperture and the oxidized regions. Then
investigate the output behaviors for a VCSEL with the qu
sitrapped lateral propagating modes by simplified rate eq
tions. The results show that the reabsorption of the lat

a!Electronic mail: yzhuang@red.semi.ac.cn
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propagating modes can result in a lower threshold curr
and a higher spontaneous emission factor.

II. THE EIGENVALUE EQUATION FOR LATERAL
PROPAGATING MODES

We consider a multilayer waveguide with thez coordi-
nate perpendicular to the layers to model the lateral pro
gating modes in the VCSEL as shown in Fig. 1. The late
propagating modes, which are equivalent to the laser mo
of edge-emitting lasers, propagate in thex-y plane, and the
VCSEL laser mode propagates along thez direction. For a
lateral propagating mode propagating along they direction,
we can write the mode wave function as

f~y,z,t !5c~z!exp~ iby2 ivt !, ~1!

where b5b r1 ib i is the complex propagation constant
the y direction. The mode gainG and the mode indexN for
the lateral propagating modes are related to the imagin
and real parts ofb by

G522b i , ~2!

N5b r /k0 , ~3!

with the free space wave numberk052p/l. f(y, z, t) rep-
resents the scalar components of electric or magnetic fi
in the Cartesian coordinate system.c(z) in the layerj, where
j 51,2,...,m, m is the total number of the layers of the plan
waveguide, can be written as

c~z!5Ajexp~ iK jz!1Bj exp~2 iK jz!, ~4!

where thez direction complex propagation constant in th
layer j is given by

K j5~k0
2nj

22b2!1/2, ~5!
9 © 1999 American Institute of Physics
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where nj5njr 1 ik j is the complex refractive index in th
layer j, k52g/2k0 is the extinction coefficient, andg is the
material gain. The wave function, Eq.~4!, can be considered
as the sum of rays propagating along the positive and
negativez directions with complex amplitudes ofAj andBj .
In the following analysis, we consider that there are o
outgoing waves in the outside regionsj 51 andm, i.e., A1

50 andBm50. So the positive and the negative propagat
waves are related to each other by reflectivity at the in
faces. Accounting rays reflect on the interfacezn21 between
the layersn andn21, and the interfacezn between the layers
n andn11(n,m) as waves impinge on the interfaces fro
the layern, we have

An exp~ iK nzn21!5Rn,1Bn exp~2 iK nzn21!, ~6!

Bn exp~2 iK nzn!5Rn,mAn exp~ iK nzn!, ~7!

whereRn,1 andRn,m are reflection coefficients including th
effects of the layersn21 to 1 and the layersn11 to m,
respectively. Multiplying Eqs.~6! and ~7!, we get an eigen-
value equation of

Rn,1Rn,m exp~2iK ndn!51, ~8!

wheredn5zn2zn21 is the thickness of the layern. A recur-
sion relation forRn,1 and Rn,m can be derived from the
boundary conditions. For TE modes,c(z)5Ex(z) and the
boundary conditions require the electric fieldEx(z) and its
derivativedEx(z)/dz to be continuous across the boundari
The boundary conditions in the interfacezn21 are

An21 exp~ iK n21zn21!1Bn21 exp~2 iK n21zn21!

5An exp~ iK nzn21!1Bn exp~2 iK nzn21!, ~9!

Kn21@An21 exp~ iK n21zn21!2Bn21

3exp~2 iK n21zn21!#

5Kn@Anexp~ iK nzn21!2Bnexp~2 iK nzn21!#. ~10!

By dividing Eq. ~10! by Eq. ~9! and using Eq.~6! to define
the reflection coefficientsRn,1 and Rn21,1, we can obtain a
recursion relation as

FIG. 1. The schematic diagram of a vertical-cavity surface-emitting la
with double oxide layers. The VCSEL laser mode propagates along tz
direction, and the lateral propagating modes propagate in thex-y plane.
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Rn,15
Rn,n211Rn21,1exp~2iK n21dn21!

11Rn,n21Rn21,1exp~2iK n21dn21!
, ~11!

where dn215zn212zn22 is the thickness of the layern
21, and the reflection coefficient of the interface is

Rn,n215~Kn2Kn21!/~Kn1Kn21!. ~12!

Similarly, a recursion relation in the same form as Eq.~11!
can be obtained forRn,m . For TM modes,c(z)5Hx(z) and
the boundary conditions require the continuity of the ma
netic fieldHx(z) and 1/nj

2@dHx(z)/dx#. The recursion rela-
tion, Eq.~11!, can be used for TM modes, the only differen
being thatKn and Kn21 in Eq. ~12! should be replaced by
Kn /nn

2 andKn21 /nn21
2 .

III. THE MODE BEHAVIOR OF LATERAL
PROPAGATING MODES

We consider a VCSEL, which consists of a 24.5-peri
n-Al0.9Ga0.1As/GaAs quarter-wave~l/4! distributed Bragg
reflector ~DBR!, a one-wavelength-thick cavity~l cavity!
with the resonant wavelength ofl5980 nm, and a 20-period
p-Al0.9Ga0.1As/GaAs l/4 DBR. An 8-nm-thick strained
InGaAs quantum well~QW! active layer is located in the
center of thel cavity, with 10 nm GaAs barriers an
Al0.3Ga0.7As confinement layers. The refractive indices
AlAs, GaAs, Al0.9Ga0.1As, Al0.3Ga0.7As, InGaAs, and
AlAs–oxide are taken to be 2.88, 3.50, 2.93, 3.34, 3.6, a
1.55, respectively. The material gain of the QW region
taken to be 200 cm21. The firstl/4 Al0.9Ga0.1As layers of the
n- andp-DBR, which adjoin thel cavity, are replaced byl/4
AlAs–Al0.9Ga0.1As layers, and the AlAs layers are sele
tively oxidized to form a current aperture. The outside lay
of the VCSEL waveguide structure are air and GaAs s
strate in thep-DBR andn-DBR sides, respectively. The fiel
distributions of the lateral propagating TE modes in the
erture and the oxidized regions are calculated for
multilayer slab waveguides, with the AlAs layers and t
AlAs oxide layers, respectively. The complex propagati
constantb can be solved from the complex eigenvalue, E
~8!, for the lateral propagating modes under a given wa
length, which is taken to be 980 nm in this section. With t
eigenvalueb, we can obtainBn from Eq. ~6! by assuming
An51 (1,n,m), then obtain the amplitudesAj andBj in
the other layers from the values ofAn andBn by Eqs.~9! and
~10!, and finally calculate the field intensityc(z)c* (z) from
Eq. ~4!.

The normalized intensity for the fundamental latera
propagating mode in the aperture region and the oxidi
region are plotted as the solid and the dashed lines in
2~a!, respectively, for a VCSEL with two 25 nm oxide lay
ers. The upper lines are the refractive index distributions
the dashed line is the refractive index of the oxide laye
The horizontal axis is the distance in thez axis as shown in
Fig. 1 with the zero point at the center of the active regio
The corresponding optical confinement factor is 2.49% a
0.128%, respectively, for the modes in the aperture reg
and the oxidized region. The results show that the opt
waveguide is very weak in the oxidized region, because
low refractive index of the oxide layers results in a low a

r
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erage index in the center. The intensity distributions for
VCSEL laser mode in the aperture and oxidized regions,
the mode propagates along thez direction, are also plotted in
Fig. 2~b! as the solid and dashed lines, respectively. A o
dimensional waveguide is used to calculate the intensity
tribution for the VCSEL laser mode. As the distance
creases fromz50.146 to 0.230mm, the intensity of the
VCSEL laser mode varies from the peak to the node,
that of the lateral propagating mode only decreases f
1.20 to 0.69, based on Fig. 2. The variation of the intensity
the lateral propagating modes with the distance is m
slower than that of the VCSEL laser mode. Placing the ox
layers adjoining the GaAs layers of thep-DBR andn-DBR
instead of thel cavity, i.e., at the node of the VCSEL las
mode intensity, we have the optical confinement factor
0.47% for the lateral propagating modes in the VCSEL w
two 40 nm oxide layers. And the optical confinement fac
approaches zero in the VCSEL with two 41 nm oxide laye
because the field intensity is exponentially increased in
substrate. Based on the effective index model,18 an effective
index step for the VCSEL laser mode is 0.077 with the t
25 nm oxide layers as in Fig. 2, and the step is 0.022 in
case with the above two 40 nm oxide layers. So we
design a VCSEL with a weak transverse waveguiding eff
for the laser mode, and still have a low average index in
center for the lateral propagating modes. Therelative inten-
sities for the lateral propagating modes in the oxidized reg
are plotted in Fig. 3 for a VCSEL with two 30 nm oxid
layers. Figures 3~a! and 3~b! show the mode intensity distri
butions around the active region and in the substrate, res
tively, the symbols 0th, 1st, 2nd, 3rd, 4th, and 5th mark
results for the fundamental, the first, the second, the th
the fourth, and the fifth order transverse modes. The num
of the zero points of the intensity distribution indicates t

FIG. 2. Thenormalizedintensity distributions for:~a! the lateral propagat-
ing fundamental mode and~b! the laser mode plotted as solid and dash
lines, respectively, in the aperture and oxidized regions for a VCSEL w
two 25 nm oxide layers. The upper lines in~a! are refractive index distribu-
tions, the dashed line is the refractive index of oxide layers.
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mode number. To express this more clearly, we only plot
intensities for the zeroth, first, and second order transve
modes in Fig. 3~a!. The results show that the mode intens
ties increase exponentially in the substrate, so the modes
radiating modes as the oxide layers are sufficiently thick

In Fig. 4, the mode index and the optical confineme
factor versus the oxide layer thickness are plotted for
fundamental lateral propagating mode in the VCSEL w
double oxide layers. The solid and dashed lines are resul
the material gain of the QW is 200 and 1000 cm21, respec-
tively. In addition to the VCSEL with single QW~SQW!, we

h

FIG. 3. Therelative intensity distributions for the lateral propagating mod
in the oxidized region of a VCSEL with two 30 nm oxide layers in:~a! the
center part of the cavity and~b! the substrate.

FIG. 4. The~a! mode index and~b! optical confinement factor of the latera
propagating fundamental mode in the oxidized region are plotted as f
tions of the thickness of the oxide layer for a VCSEL with two oxide laye
SQW and 3QWs indicate that the active region containing a single quan
well and three quantum wells, respectively.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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also present the mode index and the optical confinement
tor for a VCSEL with three QWs~3QWs!. The results show
that the mode index and the optical confinement factor
crease with the increase of the oxide layer thickness. As
mode index approaches the average index of the DBR,
mode cannot be confined in the center part of the waveg
and the optical confinement factor approaches zero. The
tical confinement factor approaches zero at the oxide la
thickness of 26 and 51 nm for the SQW and 3QWs cas
respectively. Because the QW has the highest refractive
dex, the thicker oxide layers are needed to get a diverge
wave function in the case of 3QWs rather than the case
SQW. In Fig. 5, we plotted the normalized intensity for t
fundamental lateral propagating mode in the oxidized reg
for a VCSEL with a single oxide layer, which also adjoin
the l cavity. The solid and dashed lines are results for
VCSEL with a 20 and 85 nm oxide layer, respectively. T
results show that the wave function extends on the side w
out the oxide layer and the intensity is an asymmetric dis
bution. The optical confinement factor only decreases fr
2.38% to 2.0% as the thickness of the oxide layer increa
from 20 to 85 nm. We can expect that the coupling betwe
the lateral propagating modes in the aperture and the
dized regions is strong for the VCSEL with a single oxi
layer.

The propagation of the lateral propagating mod
through the interface between the aperture and the oxid
regions is greatly affected by the field distributions of t
two regions. However, the exact solution for the mode tra
mitted through the interface is a very complicated probl
and exceeds the scope of this article. We intend to get s
heuristic conclusions from the field distributions and th
discuss its effect on the VCSEL characteristics. The ab
numerical results show that the spatial overlap integral
the lateral propagating modes in the aperture region and
oxidized region is negligible for the VCSEL with sufficien
thick double oxide layers. Based on Figs. 2~a! and 3, we can
conclude that the fundamental mode in the aperture reg
cannot be expressed as a sum of the lateral propaga
modes in the oxidized region. The lateral propagating mo
will experience a large reflectivity at the interface betwe
the aperture and the oxidized regions, because the mod
flectivity is greatly affected by the mode field distributions
the waveguides.19 The lateral propagating mode will be
quasitrapped mode in the aperture region of the VCSEL

FIG. 5. The normalized intensity distribution for the fundamental late
propagating mode in a VCSEL with a single oxide layer. The solid a
dashed lines are results with a 20 and 85 nm oxide layer, respectively
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the two oxide layers, one above and one below the ac
region, are sufficiently thick.

IV. MODELING VCSEL OUTPUT BY RATE EQUATIONS

The quasitrapped lateral propagating modes will co
pete with the VCSEL laser mode based on their loss and
mode gain. The optical confinement factor isG51.52% and
G t52.42% for the laser mode and the lateral propagat
modes for the VCSEL with the single 8 nm InGaAs quantu
well,20 and the mirror loss for the laser mode isam

57 cm21. The suppression of the lateral propagating mod
requires that their loss be larger thanG t /G51.59 times the
laser mode loss. Taking the material absorptiona i

55 cm21, we find that the threshold gain for the laser mo
is @a i(12G)1am#/G5784 cm21. The suppression of the
lateral propagating modes requires that their lossa t , which
is determined by the aperture size and the mode reflecti
at the interface between the aperture and the oxidized
gions, be larger than 14.1 cm21. Assuming the lateral propa
gating modes are suppressed, we investigate their effec
the VCSEL output characteristics based on the following r
equations:

dS

dt
5vg@Gg2~12G!a i2am#S1Gg

N

ts
, ~13!

dSl

dt
5vg@G tgl2~12G t!a i2a t#Sl1G tg l

N

ts
, ~14!

dN

dt
5

J

eV
2

N

ts
2vg~gS1gtst!, ~15!

whereS, g5a(N2N0), andg(Sl , gl , andg l! are the pho-
ton density, the optical gain, and the spontaneous emis
factor for the laser mode~the lth mode of the lateral propa
gating modes!, respectively.vg5c/ng is the optical group
speed,N is the carrier density,ts is the carrier lifetime,J is
the injection current,V is the volume of the active region
and e is the electron charge. We simply use a total mo
St5SSl to model the effect of the total lateral propagatin
modes under the assumption ofgtSt5SglSl . The spontane-
ous emission factor of the total mode isg t5Sg l , which is
much larger thang. Based on the above assumptions, we
a rate equation for the total mode by summing Eq.~14! for
the total lateral propagating modes:

dSt

dt
5vg@G tgt2~12G t!a i2a t#St1G tg t

N

ts
. ~16!

The relative position of the laser mode wavelength and
gain peak wavelength can greatly affect the laser behav
of a VCSEL.21 The wavelength of the lateral propagatin
mode in the gain or absorption spectrum region will det
mine whether the mode is reabsorbed or stimulated. Mos
the spontaneous emission is in the absorption spectrum
gion, and therefore they should have a larger transparent
rier density and a higher differential gain than the las
mode.22 We simply takegt5at(N2Nt) with at52310215

cm2 andNt5531018 cm23 to represent the optical gain fo
the total mode.a54310216cm2 and N051.431018cm23

for the laser mode, andng54, a i55 cm21, ts5231029 s

l
d
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3523J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Yong-Zhen Huang
are used in the calculation. Dividing the spontaneous em
sion in the three directions, we can expect that the amoun
the spontaneous emission in thex and they directions, i.e.,
the lateral direction of the VCSEL, is about two thirds of t
whole spontaneous emission. In the following simulation,
take g t50.4 for the total mode of the lateral propagatin
modes, and calculate the laser output power as a functio
the injection current for a VCSEL with the aperture area
232 mm2.

Figure 6~a! shows the laser output versus the injecti
current atg t50.4, g50.01, where the solid and the dash
lines are results for the loss of the total modea t

51000 cm21 and 50 cm21, respectively. Figure 6~b! shows
the normalized laser output versus the normalized injec
current atg t50.4, g50.01 and 0.02, anda t51000 cm21 as
the solid lines, and atg t50.4, g50.01, anda t550 cm21 as
the dashed line. The results show that a lower threshold
rent can be obtained for a VCSEL with a lowera t for the
lateral propagating modes. The reduction of the thresh
current can be attributed to the enhancement of the ca
lifetime due to the self-absorption of spontaneously emit
photons.23 Fitting the measured output–input curves to t
results of the rate equations model,24 we can obtain a large
spontaneous emission factor because of the reabsorptio
the lateral propagating modes as shown in Fig. 6~b!.

Finally, we model the laser output behaviors for
VCSEL with multitransverse modes. The rate equation~16!
is used for the higher order transverse modes where the
gt is equal to the gain of the laser mode because the w

FIG. 6. ~a! The modeled laser output vs the injection current for a VCS
with trapped lateral propagating modes andg50.01 andg t50.4. The solid
and dashed lines are results ata t51000 and 50 cm21, respectively.~b! The
normalized laser output vs the normalized injection current for a VCS
with g t50.4. The solid lines are results ata t51000 cm21 andg50.01 and
0.02, respectively, and the dashed line is the results ata t550 cm21 and
g50.01.
Downloaded 17 Jun 2010 to 159.226.100.156. Redistribution subject to A
s-
of

e

of
f

n

r-

ld
er
d

of

in
e-

length difference between different transverse modes is u
ally much smaller than the width of the gain spectrum. T
optical confinement factor of the higher order transve
modes is taken to be 90% of the fundamental mode beca
a weak optical confinement in thex-y plane for the higher
order transverse modes. The mirror loss takes the same v
of 7 cm21 as the fundamental mode, but an extra loss o
cm21 is assumed for the higher order transverse modes.
ure 7 shows the output power versus the injection for a V
SEL with g t50.1 for the total higher order transverse mod
andg50.01 for the laser mode. The solid line is the outp
power of the laser mode, i.e., the fundamental mode, and
dashed line is the total output power including the la
mode and the higher order transverse modes. The re
show that two threshold currents exist from the output–in
curves of the total output power and the output power of
fundamental mode. The threshold current of the fundame
mode is 39.4mA, which is larger than 33.7mA of the total
output power. Although the increase of the spontane
emission factor can reduce the laser threshold current,25 the
above threshold current difference is not caused by the
ference betweeng t50.1 andg50.01. The dashed–dotte
line in Fig. 7 is the result of single mode rate equations
the laser mode, and the threshold current is 33.8mA, which
is almost the same as that of the total output power in
multitransverse modes case.

V. CONCLUSIONS

We have analyzed the effect of the lateral propagat
modes on the laser output behaviors in selectively oxidi
VCSELs. The results show that the lateral propagat
modes may be trapped in the aperture region for a VCS
with double oxide layers, one above and one below the
tive region. A simplified rate equation model shows that t
reabsorption of the trapped lateral propagating modes m
result in a lower threshold current and a higher appar
spontaneous emission factor for the laser mode. The in
ence of multitransverse modes on the output behavior
also discussed.

L

FIG. 7. The modeled laser output for a VCSEL with multitransverse mo
andg50.01 andg t50.1. The solid and dashed lines are the output powe
the fundamental mode and the total output power. The dashed–dotted l
the result of single mode rate equations.
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