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Theoretical Analysis of Polarization Bistability in
Vertical Cavity Surface Emitting
Semiconductor Lasers

S. F. Y

Abstract—The polarization bistability of vertical cavity surface Extensive studies have concentrated on the polarization
emitting lasers under external optical injection is analyzed the- pistability of Fabry—Perot devices under external optical in-
oretically. It is found that on the condition where the optical —jaction [8] and it is expected that VCSEL’s will also exhibit
gain is blue-shifted relative to the cavity mode, the bistable °_. i h teristi H the bistabl hani f
characteristics of VCSEL'’s can be improved significantly: 1) low- similar C arac erIS'IC.S. . owever, the bistable mec an'S,m 0
optical power of the external injection light is required, 2) the VCSEL’s may exhibit differently to the Fabry—Perot devices
influence of self-heating effects is minimized, and 3) wide bistable due to 1) large gradient of quantum well gain spectrum
hysteresis loop width can be maintained. Furthermore, it is also contributes to the selection mechanism of orthogonal modes
shown that the reflectivity of Bragg reflectors should also be i, vcSEL's and 2) optical gain is red-shifted due to the
optimized to improve the performance of VCSEL'’s as bistable . , -
switches. self-heating effects of VCSEL's. In this paper, the polar-

. o . o ~ization bistability of VCSEL's is studied theoretically. A

Index Terms—Optical bistability, optical polarization, semi- ge|fconsistent rate-equation model with the consideration of
conductor device modeling, semiconductor lasers, vertical cavity . - - . . o
surface emitting lasers. different design of gain/cavity mode alignment, longitudinal

distribution of optical fields as well as Bragg reflectivity to
analyze the polarization bistability of VCSEL'’s. The influence
l. INTRODUCTION of self-heating effects on the bistable mechanism of VCSEL's

ERTICAL cavity surface emitting lasers (VCSEL’s) havawith external optical injection is also investigated.

attractive features such as high-modulation bandwidth,
low threshold current, single longitudinal mode operation with Il. BASIC ASSUMPTIONS AND MODEL
circular output beam profile and its feasibility to fabricate cost
effective, large, dense two-dimensional arrays with wafer-scafle Basic Assumptions
processing and testing [1]. Extensive effort has been conceny, index guided VCSEL’s with circular waveguide, the
trated on the improvement of the threshold current and tgiged fundamental mode has no azimuthal variation and
transverse mode properties. On the other hand, the polarizaig optical field distribution is only dependent on the lateral
control of VCSEL’s is also crucial for their applications iNnosition. Because there is no preferred axis of symmetry
polarization-sensitive equipment such as magneto-optic diskSthe circular cross section and the electric field can be
and coherent detection systems. Several methods have h§efi-teq so that it is everywhere parallel to one of an arbitrary
proposed to stabilize the polarization of VCSEL's such as willir of orthogonal directions. In addition, the two orthogonal
antisotropic trangverse cavity geometries [2] or anisotro%|arized lights receive same amount of optical gain due
stress to the gain layer [3], [4]. The other approaches URE the isotropic quantum well active layer such that the
polquzatlon—sen3|t|ve Bragg reflectors [5] or metal-interlaceg|,o orthogonal polarization states of VCSEL’s are almost
grating etched at the surface of Bragg reflector [6]. SOmggenerated. However, in some situations the output light
methods exhibit unreliable reproductivity of single polarizatiogs the devices is linearly polarized along the (011) orl)p1
ope_ration or others requirv_ed extensive re-e_nginegrin_g of t@l‘?/stal direction [2], [9], [10]. This may be caused by the
device’s structure. Alternatively, external optical injection Cafnisotropic stress applied on the active layer or strained active

be utilized to stabilize the polarization of lasers. Furthermorgy grown on misoriented substrate [4]. It is also shown the
fast modulation between two orthogonal polari;ation states ;%oylarization gain-dependence is due to the spectral splitting
VCSEL’S has been re'po'rted' by the externg.l op't|cal feedbackiftyeen the polarization cavity-resonance such that it produces
polarized light [7]. This implies that the utilization of externaksficient difference in gain to allow one polarization state to
optical injection, VCSEL's have the potential applications iominate [11]. In our model, the orthogonal TE polarization
all-optical switching and optical memory. states are assumed to be polarized inXheandY -directions

which are parallel and perpendicular to the crystal plane (011),

respectively. TheX-polarized light is lasing for the VCSEL's
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Gain saturation can be obtained through the irfptfiolarized where? is the Plank’s constant;x i is the facet reflectivity

light as the optical gain is depleted in the process of arof the right surface ofX-polarized light,I'; is the coupling

plifying the Y-polarized light, and thusX-polarized mode factor andw is the radius of the core region.

oscillation is suppressed. The reduction of carrier concen-In addition, the influence of self-heating effects can be taken

tration which accompanies the amplification Bfpolarized into calculation by [12]

mode also causes an increase in refractive index inside the

active region. If the wavelength of the inpuf-polarized Ctha—T = (Prv + Pyin — Pout) — ,{AT

light is set slightly longer than that of thg-polarized light ot Ry

cavity wavelength without external optical injection, dispersive . , . .

bistability is expected in botl - andY -polarization output [8] Whe_re Cin is defined as the thermal ca,paclltan&h Is the

of VCSEL'’s. However, the dispersive bistability of VCSEL'sequ'V""le.n.t therma] resistor of VC.SEL$ IS th_e the.rmal
fnductlvny, Py, is the power of inputY-polarized light,

(4)

may exhibit differently to that of Fabry—Perot devices du _p 2 is the total outout power of the
to the influence of self-heating effects. It is reported that®VT (= Pxou + YO‘“Q) . but p .
aser andPry (= J - mw? - Vy) is the total input electrical

mode-switching betweer- and ¥'-polarized modes can be ower. V; is the voltage across the active layer and is given
achieved with the change of cavity temperature [11]. Hencﬁe e 9 y 9

it is expected that the gain saturation power &f and y [12]

Y -polarized modes as well as the dispersive bistability of 1

VCSEL's are also temperature dependent. It must be noted Vi Ig[Eg + kpT - log {(exp (N/N.) — 1)

that the distribution of optical power inside the VCSEL'’s is ) _

determined by the design of Bragg reflectors. This implies that (exp (N/N. = D)}] ®)

the coupling strength between the ingttpolarized light and where B, (= 1.519-4.408 x 10~4(T?/(T + 204)) is the
active region as well as the gain saturation power are a'éﬂectiveg energy gap of the quantum well active layer and
dependent on the devices’ structure. Therefore, in order 15% is the Boltzmann constanty, and N, are the effective
analyze the polarization bistability characteristics of VCSEL'$onduction and valence edge density of states, respectively.
the dispersive effects, the thermal effects and the structuraLl-he effective photon lifetime of th& -polarized light,r,

effects have to be taken into consideration. given in (2) and the coupling factot;, given in (3) can
be determined with the structural and material parameters of

B. Modeling of Wavelength Bistability in VCSEL's VCSEL's (i.e., dimension and refractive index of the dielectric

It is assumed that simultaneot&polarized light amplifi- layers) taken into calculation. This can be done by using
cation takes place when H-polarized light is injected into the transfer matrix method to obtain the threshold condition
a laser diode. The term of carrier consumption due to tieé laser. The threshold condition requires the optical fields
Y -polarized light injection can be introduced into the ratt9 reproduce itself after each round trip under steady state
equation of carrier concentration as operating condition. This leads to the condition

oN __J
8t  eL.N, 7w

where J is the injection current density is the electron
charge, L. is the width of quantum well andV,, is the where the derivation of (6) can be found in the Appendix B.
number of wells.7y is the carrier lifetime andV is the Solving (6) gives the threshold gain, resonant frequency as
carrier concentration inside the active layétx(y) is the well as the intensity distribution profile of -polarized light.
average photon density inside the active layeg,y is the Thereforerx andl'x can also be evaluated from the threshold
confinement factor andxy is the group velocity of the condition of VCSEL's.
two nearly-degenerate orthogonal fundamental TE polarizationin order to describe the dispersive bistability in VCSEL's,
modes. The optical gait/x(y given in (1) is dependent onthe wavelength of the injected’-polarized light and its
the temperature and the oscillation wavelengthXefandY- dependence on the Bragg reflectors have to be taken into
polarized light. The calculation of optical gain and its methodonsideration. Therefore, the matrix method is again utilized
of implementation in (1) can be found in the Appendix A. to describe the injected fields inside the cavity of VCSEL.
The photon density of theX-polarized light can be de- Using the matrix method, the inpaf-polarized propagation

scribed by field, F;,, and outputy-polarized propagation field;,,, are

9S related by (7) at the bottom of the next page.

8—tX = (wxI'xGx — 1/7x)Sx + K B;, N? (2) Furthermore, thé’-polarized fields distribution inside the

laser cavity are given by
where K is the spontaneous emission factdt,, is the bi-
molecular carrier recombination coefficient. The output power Fj, = (ry £ 125 p1y + p1o) Ry + prity e’ M Fy,
of X-polarized light from the right surfac#x.,; can be (8a)
expressed as Ry = (ry e 28 pyy + pag) Ry + porty e 2 By
Pxout = % hwrw? Tz M1 — 7% 5)Sx (3) (8b)

. 2 AL .
—uxI'xGxSx -y 'yGy Sy (1) mzairxre” ST 4 mxoe — TxR
. (mxllTXLeQ"/X,lALl + m$12) =0 (6)
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TABLE |
Parameters Symbol | Value
effective refractive index of active layer (X—polarization) NaX 3.524
cladding effective refractive index of active layer(Y—polarization) Ny 3.527
cffective refractive index of spacer layer (both polarization) | s 3.393
effective refractive index of high index Bragg layer (both) | fh 3.503
oo effective refractive index of low index Bragg layer (both) ny 2.950
core
Input Light Output Light
addi TABLE 1
cl N
~ A N Parameters Symbol | Value
Bragg reflectors  spacer active spacer Bragg reflectors
(n-type) layer layer layer (p-type)} wavelength of X—polarized light (at threshold) Ax 0.85um
B — wavelength of Y—polarized light (at threshold) Ly 0.85001pm
high index layer  low index layer group velocity of X—polarized light VX 0.86x10'%cm/s
) ) ) ) ] ) o group velocity of Y—polarized light vy 0.86x10'%em/s
Fig. 1. Schematic of an index guided vertical cavity surface emitting laser — -
used in our analysis confinement factor of X—polarized light I'x 0.998
' confinement factor of Y—polarized light Ty 0.997
free carrier absorption & scattering losses (X—polarization) | ®x 20.0cm™
h . ) h | ic fiel . . . free carrier absorption & scattering losses (Y—polarization) | %y 20.cm !
where k is an integer. The electric field&; given in (8) is | — — — —— — P 0
expressed as differential gain coefficient OG/ON 4x1076cm?
temperature coefficient of refractive index an/oT 1x1074K !
Rl — spontaneous emission factor K 1x107
-Fi bimolecular carrier recombination coefficient Bsp 1310 WVem3s!
(myl 1TY R — MY21 )tYL Y1 Al carrier lifetime in active layer ™N 3x107% s
. : —1
My22 — Ty RTMYo1 + (my21 — Py RMYLL )TYLGQWY’I AL Tlllcrmal resistance R, 1200cm
(9) thickness of quantum well L, 100A
number of quantum well Ny 3
. . . . radius of core region w 10pm
The derivation of (7), (8), and (9) are shown in the Appendix
C.
The optical power of the input-polarized light, Py iy, is
defined as [ll. RESULTS AND DISCUSSIONS

2p—1
Pyin = 3 wrw’T'y" Syin (10)  A. Laser Structure

where Sy, is the injected photon density. The corresponding[ The schematic of VCSEL with a built-in index guided

output power ofY-polarized lightPy ., can be obtained from ructur(_a is showr_1 in Fig. 1 The GaAsyGa As quantum-
@) well active layer is sandwiched between two undoped spacer

layers and two Bragg reflectors, which provide optical feed-
Pyouw = (1= 13 )| Fows|*/ | Finl?) Py i (11) back for lasing. The undoped spacer layers have thickness
of half-wavelength each and the Bragg reflectors are formed
by alternating layers of AlAs and AlGaAs with quarter-
wavelength thickness dielectric layers on both the n- and
p-side, respectively. The active region consists of three GaAs-
Alo3Ga7As quantum wells with well width of 106 and
k the total thickness of the active layer is half-wavelength. This
+ (1 + Rk A Ry PIAL /| o L Ny configuration of dielectric index layers (as shown in Fig. 1) is
(12) employed in our analysis for the reasons of maximum coupling
between optical intensity and active layer as well as minimum
where the right-hand side (RHS) of (12) represents the averdfgeeshold current.
photon power oft"-polarization inside the active layer. As the Furthermore, it is assumed that the Bragg wavelength of
input power of theY-polarized light and its wavelength arethe X-polarized light is equal to 0.8xm and the Bragg
defined, the value of y and.V can be solved self-consistentlywavelength of thel"-polarized light is 0.1A longer thanX-
by using (1), (2), (4), and (12). polarized light such that these two polarization states are spec-

The corresponding average photon denSityinside the active
layer is given by

Sy /Syin = D _[(1+ 72t Ab B2

Fou _ ty Rty LA (my mayas — myromys) 7)

g myaz + mya1ry L2 A — py p(myre + mynry pe?vafln)
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1.0,C:x = 0.9 and Dx = 0.45W cm~ ! C™!). The back-
ground temperature of the devices is set to 300 K, and it is
expected that temperature rise inside the laser cavity is due to
the absorption of inpul”-polarized optical power. Fig. (3a)
and (3b) shows the output poweK{ and Y- polarization
light) as a function of inpuk”-polarization light. It can be seen
that the outputX - and Y -polarization light exhibit bistability
with the inputY -polarization light. In general, the hysteresis

loop becomes narrower with the decrease ahd is started to
shift toward the left-hand side (low power sideYfpolarized
light) as « is less than 0.9 W cm C™1. But the hysteresis
Fig. 2. Schematic for the alignment of optical gain spectrum and cavil;?op VamShes for: less than O.'2 W em' C_l.' .
modes of VCSEL's at background temperature of 300 and 330 K. For the Fig. (3c) illustrates the carrier concentration as a function
background temperature of 300 K, the optical gain is blue-shifted while &f Y -polarization input power. When thg-polarized light is
330 K, the optical gain is red-shifted relative to the cavity mode. injected and increased by a small amount, for the case “A,”
carrier concentration is clamped at the level for stimulated
emission of X-polarized light. However, for the cases B,

trally nondegenerated due to polarization gain-dependenge.and D, carrier concentration is slightly reduced with the
For simple reasons, it is also assumed that the free cariighut Y -polarized light but still weakly clamped at the upper
absorption loss is identical for both polarization light in aljaye| This is due to the red-shifted of optical gain spectrum
dielectric layers. The corresponding effective refractive ind&ith the increase of cavity temperature which enhances the
of the dielectric layers is given in Table | and other lasejptical gain of theX-polarization light. Sudden drop of carrier
parameters used in the model are also given in Table Il. dancentration from its clamped level is observed for further
addition, to simplify our calculation, it is assumed that thg,crease of inpufy-polarization light. The refractive index
fundamental TE polarization states are maintained by the buﬂﬁange induced by the carrier concentration would result in
in guided structure. In the following calculations, lasers atg ghift of the Bragg wavelength, which will increase the
assumed to have symmetric Bragg reflectors on either sidagror loss and destroy the condition of laser emission. As
of active layer and antireflection coated on both left and ”gBtconsequence, th&-polarized light reduces to spontaneous
surface (i.e.;r = rr = 0). The number of dielectric layers gmjssion, instead, thé -polarized light amplification takes
of Bragg reflectors on the- and p- sides are both equal 0 pjace. Fig. (3d) shows the change of devices’ temperature
42. The deV|ce§ are b|as_eq gt it.]ts. threshold current value \,nder the influence of input -polarized light. Temperature
and theY -polarized light is injected into the left surface of thgncreases linearly with the input power and kinks are observed
VCSEL'’s with Wa\{,elength detuned toward the longer Brag@nstead of hysteresis loops) at the poitpolarized light is
wavelength by 1.A. quenched lasing.

Fig. 4 illustrates the bistability characteristics of VCSEL'’s
) with different thermal conductivityx (A:x = o0,B:x =
and Self-Heating Effects 0.9,C:x = 0.2, and Dx = 0.1W cm 1 C™!). The back-

In VCSEL's, due to the spectral splitting of ti¢- andY- ground temperature of the devices is set to 330 K. Fig. 4(a)
polarization modes, under the condition of blue-shifted gaiand (b) shows the output powgk - andY -polarization light)
the shorter wavelength mode will experience enhanced gaisa function of injection power of inptit-polarization light. It
overlap, while for red-shifted gain, longer wavelength modean be seen that the outplit andY -polarization light exhibit
will dominate such that switching of polarization modes is podistability with the inputY -polarization light. In general, the
sible through the thermal effects as the optical gain spectrinysteresis loop becomes narrower with the decreaseavfd
can be red- or blue-shifted dependent on the cavity temperatigrstarted to shift toward the right-hand side (high power side
[11]; see Fig. 2. Therefore, in the design of VCSEL's foof Y -polarized light) ass is less than 0.9 W cmt C™1.
polarization bistable operation, the choice of Bragg wavelengthFig. (4c) illustrates the carrier concentration as a function
is critical due to the high thermal resistance of VCSEL'9f Y -polarization input power. In case A, the carrier concen-
In this section, we analyze the bistable characteristics whtion is clamped in the level of laser emission for tkie
VCSEL's with optical gain blue- and red- shifted relative tgolarized light but slightly increase for cases B, C, and D (still
the Bragg wavelength. This can be done by considering thva¢akly clamped at the upper level) by a small amount increase
the operating temperature of the device is at 300 and 330 K lmiitinput Y'-polarized light. This is because the optical gain
keeping the cavity mode of the VCSEL's fixed at 0.85Q0m profile is red-shifted with the increase of cavity temperature
(see Fig. 2). At 300 K the gain peak wavelength is 0.844@&Uch that the amount of carrier concentration is increased for
pm and at 330 K the gain peak wavelength is 0.851p#8 the maintenance of optical gain level. Sudden drop of carrier
such that polarization switching is avoided for temperature risencentration from its clamped level is observed for further
less than 15 K inside the laser cavity. increase of inputY’-polarization light. Fig. (4d) shows the

Fig. 3 illustrates the bistability characteristics of VCSEL'shange of devices’ temperature under the influence of ikput
with different thermal conductivityx (A:x = oo,B:x = polarized light. Temperature increases linearly with the input

wavelength

B. Influence of Gain/Cavity-Mode Alignment
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Fig. 3. The steady state characteristics of VCSEL with background temperature of 300 K-ga)arized light output versu¥ -polarized light input,
(b) Y-polarized light output versu¥ -polarized light input, (c) carrier concentration versuspolarized light input, and (d) temperature rise versus input
Y -polarized light input. Solid line—forward process and dashed line—reverse process.

power and kinks are observed (instead of hysteresis loops)Taerefore, in order to utilize VCSEL'’s as optical switch or

the pointX-polarized light is quenched lasing.

optical memory, it is required the gain should be blue-shifted

The influence of cavity mode/gain alignment as well as selfelative to the cavity mode for the reasons of low input power
heating effects on the polarization bistability of VCSEL's arand less heat dissipation inside the laser cavity.

compared and summarized as follows.

1)

2)

3)

The influence of input wavelength af-polarized light on
The hysteresis loops shift toward left- or right-hanf1€ bistable mechanism of VCSEL'’s is also analyzedl. We
side on the input/output plots (see Figs. 3 and 4) af@nsider the case where the laser kas- 0.9W cm~t C”
dependent on the alignment between the optical gain afildd background temperature is set to 300 K. It can be shown
cavity mode. For the gain which is blue-shifted relativ CSEL’s demonstrate polarization bistability for the wave-
to the cavity mode, hysteresis loops exhibit left-shifted t@ngth detur;led toward the 'O”QE” _Brag_g wgyelc_angth by not
low input power side. However, the opposite is observdgore than 9A; however, no polarization bistability is recorded
for the red-shifted gain design. for the wavelength detyneql tpward the_shorter Bragg wave-
Low-power dissipation in the blue-shifted gain design jgngth by more than . Similar behavior of VCSEL's is
obtained. This is because low input power is required fgpserved at the background temperature of 330 K.

bistable operation such that the influence of self-heating o

effects at the active region can be minimized. C. Influence of Bragg Reflectivity

The thermal conductivity (as well as thermal resistiv- The longitudinal distribution of optical field inside the
ity) of VCSEL'’s should be confined at some range o¥/CSEL’s is dependent on the design of Bragg reflectors.
magnitude for achieving polarization bistability. In order to obtain polarization bistability in VCSEL's, it is



YU: POLARIZATION BISTABILITY IN VCSEL'S 1037

016 07 r

T=330 o6 | _—

5 0.12 E os} T /
E £
= ol 2 PRIt g
éﬂ ‘g 04 _r—';“';* D
-] , -
§ oos 5 o C A
5 £ 03 i (AB) §
£ 006 > Do
] 5 <
3 g o2 Y Y
g o004 © . 1(BCD)
S Al
0.02 01 b
(A,B) D
0 : . . . 0 . ~ .
0 05 ! 15 0 0.5 1 15
Input Y-Polarized light (mW) Input Y-Polarized light (mW)

(@) (b)

carrier concentration (cm -3)

29 . A ) L s L
0 0.5 1 15 0 05 1 1.5
Input Y-Polarized light (mW) Input Y-Polarized light (W)
(© (d)

Fig. 4. The steady state characteristics of VCSEL with background temperature of 330 K-p@lparized light output versus -polarized light input and
(b) Y-polarized light output versu¥ -polarized light input. (c) Carrier concentration verstispolarized light input and (d) temperature rise versus input
Y -polarized light input. Solid line—forward process and dashed line—reverse process.

required to consider the influence of Bragg reflectors on ti@ckground temperature of 330 K and similar characteristics
coupling strength between the external injection light arale observed.

active layer for reasonable injection power and hysteresis loops

width. In this section, the influence of Bragg reflectivity on the IV. CONCLUSION

bistable mechanism of VCSEL's is studied. The parameterstne influence of spectral mismatch between the gain and

used are the same as Fig. 3 except 1W cm™* C™* and  cavity mode, self-heating effects as well as the Bragg reflec-
the number of layers of Bragg reflectors on battandp-side  tjyity on the polarization bistability of VCSEL'’s is studied. It is
are varied between A: 46, B: 42, and C: 38. Fig. 5 shows th§nd that 1) input power required for achieving polarization
bistable characteristics of VCSEL's with different number qgistab”ity is dependent on the alignment between gain and
dielectric layers. As we can see, width of hysteresis loops dgvity mode. When the gain is blue-shifted relative to the
increased with the number of dielectric layers; however, higlavity mode, the hysteresis loops shift toward the low power
input optical power is required. This is because the increaseside of inputY -polarized light especially for devices with
number of dielectric layers enhance the reflectivity of Bradgw ~. However, the opposite is observed for the red-shifted
reflectors such that high external optical injection is requiredlignment. 2) The influence of self-heating is minimized for
On the other hand, increase in number of dielectric layetise blue-shifted alignment due to low injection power is
enhance the coupling strength between the injected optieatjuired for the bistable operation. 3) The reflectivity of Bragg
power and active layer such that the wide hysteresis loopsréslectors affects the bistable characteristics of VCSEL's.
obtained. The above analysis is also repeated for devices wiibr devices with low reflectivity (by reducing the number
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Fig. 5. The steady state characteristics of VCSEL with background temperature of 30Q¥&-p@grized light output versus -polarized light input and (b)

Y -polarized light output versu¥ -polarized. (c) Carrier concentration verskispolarized light input and (d) temperature rise versus inpupolarized
light input. Solid line—forward process and dashed line—reverse process.

of dielectric layers of Bragg reflectors), low input powemnjection; however, the alignment of optical gain/cavity mode
is required to achieve bistable mechanism but the coupliag well as Bragg reflection should be taken into consideration
strength between the injected light and active layer is reduciedorder to minimize the requirement of high input power, to
(i.e. narrow hysteresis loops). On the other hand, for VCSEL&soid self-heating effects as well as high tolerance of input
with high reflectivity, coupling strength is improved but at thgpower level (i.e., wide hysteresis loop width).
expense of low external injection power.

Therefore, in order to utilize VCSEL's for the application in
all-optical switching and optical memory, it is recommended APPENDIX A
that the gain should be blue-shifted relative to the cavity modeThe gain spectrum of GaAs/MGa ;As quantum wells’
for low input power requirement and less influence of selfictive layer can be obtained by using the p method and
heating effects. Furthermore, reflectivity of Bragg reflectotbe detailed calculation can be found in [13]. However, direct
should also be optimized for suitable hysteresis loops widtiplementation of the calculated data into our model required
In conclusions, a rate-equation model is developed with teduge database which is not practicable. Therefore, the optical
consideration of gain/cavity mode alignment, distribution cdain is approximated as follows.
longitudinal optical power and self-heating effects, to analyze 1) The dependence of peak gain on the injection carrier
the polarization bistability of VCSEL's under external optical concentration and temperature is approximated by
injection. It is shown that all-optical switching and memory
operation can be achieved in VCSEL'’s by external optical Gp = anlog (N/N,) (A1)
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r. t r effective refractive index of thgth (j 4 1th) dielectric layer.
L “L R tR . . . .

ALjy, is the thickness of thg + 1th dielectric layer and
F— Fk— FE— F,™/T"F,, vx,j+1 is defined as

1 2 oo ese ]
R =~ R R‘n_ %(FXGX,j-i—l —Oéx)—i-'LQWTLaZH_l/)\X
: 2 n Xl = active layer (B2)
s —%OéX +i27rﬂ$j+1/)\x
AL, elsewhere

Fig. 6. Schematic of a multi-dielectric layers optical model for verticayhere ; = v—1,c is the velocity of Iight in free space,
cavity surface emitting laser,, and R,, is the forward and reverse field, Ay is oscillation wavelength of the lasing mode and:
respectively, and\ L, is the thickness of theth dielectric layer.Fy, is the /'~ . h - .

injection FLu is the output fieldr;, andt; (rr andtr) is the reflection IS the free carrier absorption loss &f-polarized light. The
and transmission coefficients on the left (right) surface. boundary conditions for th& -polarized light at the right and

left surfaces are given as
where the temperature dependencez@f and N, can R, =rxpF, and F| = gxpe?x1A0R, (B3)
be expressed as

whererx g andrx, is the reflectivity at right and left surface,

(T) = T + apT? , : :
an(T) =ao+ aT +ay respectively. Therefore, using (B1) and (B3), the eigenvalue

No(T) =bo + 0. T (A2) equations forF,, and R; can be obtained and is given by
where ag = 2478.3cm™t,a; = —7.6369cm 1K™, maryrx LA e —1 1[R, 0
ar = 13177 x 1072cm™! K_Q,bo = 8.4226 x m-TQlTXLCQ’yX’IALl + mxos _7’XR:| |:Fn:| = |:0:|
101 cm=3 andb; = 5.0679 x 10> cm—3 KL, (B4)

2) For the injection carrier concentration large than

3 x 10'® cm™, the gain peak is almost independenihe threshold gain and the oscillation frequency of VCSEL

on the injection concentration. Hence, the variation Qfan be determined from the root of the determinant of (B4)
gain peak wavelength),, with temperature can beyhich is

approximated by

. 2"/)( IALl a
mxo17 e ’ + mxos — 7
)\p = Ao+ MT (A3) 217X L 22 XR

. (ma:llTXLeQA’X*lALI +mz12) =0 (B5)
where )¢ = 0.76904um and \; = 2.501 x 10~*
pmK-L, such _that the value of effective photon lifetimg and the
3) If the operation wavelength of the VCSEDsyy) is coupling factorl'z can also be calculated.
shifted less than or equal t610 nm away from the gain
peak, the gain spectrum can be approximated by APPENDIX C

Gxvy=Gp - Go(Axy) — )\p)Q (A4) The forward and reverse propagation fields, and R,, at
the right hand surface can be expressed as (see Fig. 6) [14]
whereG is a constant and is equal to 6.2510°cm—*

pm~2 for Axy)> A, but equal to 1.254x 10°cm . ﬁ ewiit1ALi 0
1 pum™2 for Ax(yy <A, in order to take into account 0 e~ waniAlin

R,| 1
of the asymmetric gain profile. =

nY+1 T NY; DY — Y
27’Lyj+1 27’Lyj+1 Fl
APPENDIX B " nyj41 —ny; Ny +ny; [RJ
The forward and reverse propagation fields of tRe 2nyj41 2nYj 41
polarized light,F,,, and R,, at the right-hand surface can be _ {myu myn} |:F1:| (C1)
expressed as (see Fig. 6) [14] mya myz2 | |14
F, ol r vk 1AL 0 where ny;;41) is the effective refractive index of thgth
|:Rn:| = H { 0 e—wX,jHALHl} (j+1th) dielectric layer AL, is the thickness of thg+ 1th
j=1 dielectric layer andyy ;41 is defined as
NTj+1 +NT;  NTj41 — NLy
27’L.’Iij+1 27’L.Ij+1 |:F1 :| % (FyGqu_l - Oéy) + 27(7’Lyj+1/)\y
NTj1 — NT;  NTj+1 + 1T | | Ry o active layer (C2)
201 2nx 41 Sl — %oy +i2mnyj11 /Ay
_ {mxll m.’1712:| {Fl} (B1) elsewhere
mxo1 MMIoo Rl

wherei = /-1, ¢ is the velocity of light in free space\y
where F7 and R; are the propagation fields at the interfaces optical wavelength of the injection light and- is the free
between first and second matrix sectiom ;1) is the carrier absorption loss df -polarized light. Inside the active
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AL
Four ty rty L€ 2 (my11my2e — my1amyar)
F my + myo1ry L2t —ry p(myra + myry pe?rvasi)

(C9)

. 1AL
R (myi1ry R — mya )ty gl 1o
I mys2 — ry RMYy21 + (Myo1 — ry Rmyr1 )ry ey 180

(C12)

layer, the carrier induced index changen, is approximated Substituting (C10) into (C1), we get

by 0 _|-"vr 1) |myr myi2
amy 0G on 0 0 O0][|myn my2

=TIy 2~ AN+ — C3
An v g AN 4 SR AT (C3) [WLG%/Y,IALIRI +tYLG’YY,1AL1Fin:| 1
where «,, is the linewidth enhancement facta9G/9N is 15l '

the differential gaingn/JT is the temperature coefficient of after further simplification, the expression & /F}, is given
refractive index AT is the change of temperature addV is by (C12) shown at the top of the page.

the change of carrier concentration above threshbldand  The photon density inside theth dielectric layer can be
R, are the propagation fields at the interface between first agghressed as
second matrix section. 1

The boundary conditions for th&-polarized light at the [Fk} H [GWHIALHI 0 }

right and left surfaces are given by Ry | ™ 0 e~ it1Alip
R, =rypF, and F,u =tyrF, (C4) nyg;l + ny; ﬂyg;l — nyj -
. / NYj+1 NYj+1 1
Py =type™ S By ey 2R (CH) e =y e [RJ
wherery r(r) and ¢y g(r) is the reflection and transmission 2nyj+1 2nyj+1
coefficient at the right (left) surface, respectively. Substitute = {pll pl?} {F . } (C13)
the boundary conditions into (C1) gives p21 p22 | |1

1 Using the boundary conditiongy. and R, can be written as
{myn mym} [ F, }

2vy,1 AL AL
mya1 Y22 rvrE, Fy =(ryre” ™ 2 pyy + pro) Ry + puty e = Fy,
7’YL62’YY*1AL1 0] Ry I tYLG’YY*lALlFin (C14)
1 0JL0 0 ' Ry = (ry e 20 poy 4 pao) Ry + party 1™ 2 By,
(C6) (C15)
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