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Dynamic Behavior of Vertical-Cavity
Surface-Emitting Lasers

S. F. Yu

Abstract—A quasi-three-dimensional dynamic model of index-
guided vertical-cavity surface-emitting lasers is developed. De-
tailed structure of Bragg reflectors and lateral optical confine-
ment are considered into the model. A three-dimensional wave-
guide problem is reduced to one dimension by using the effective-
index method. The dynamic response of optical field is solved by
the time-domain algorithm. In addition, the lateral variation of
carrier concentration, refractive index, and spontaneous-emission
profile are also determined in a self-consistent manner. Using
this model, the influence of carrier transport and hot carriers on
the dynamic behavior of vertical-cavity surface-emitting lasers
is studied. It is found that these nonlinearities have significant
influence on the relaxation-oscillation frequency and modulation
bandwidth of the devices.

I. INTRODUCTION

IGH-MODULATION speed, low-threshold current and
single-mode operation are the most attractive features of
vertical-cavity surface-emitting lasers (VCSEL’s) for the ap-
plication in optoelectronic integrated circuits. The high-speed
performance of VCSEL’s is the result of high photon density
inside device cavity and hence short stimulated lifetime. It was
demonstrated that the relaxation-oscillation frequency (ROF)
of VCSEL’s can be as high as 71 GHz [1]. However, the maxi-
mum modulation bandwidth of VCSEL’s is found to be limited
to 14 GHz [2]. This low modulation bandwidth of VCSEL’s is
attributed to the inherent nonlinearities of quantum-well lasers
such as carrier diffusion [3], carrier transport [4], and hot
carriers [5], as well as self- heating of active layer and Bragg
reflectors [6]. In addition, the dynamic response of VCSEL’s
is also varied with structure and dimension of the laser cavity
21, 71, 181
Recently, a number of models have been developed, using
a simple-rate equations approach with varying degrees of
approximation on the optical-field distribution and carrier-
hole burning [9]-[12], to analyze the transient response of
VCSEL’s. However, the detailed structure of Bragg reflectors
and lateral guidance of the optical-field profile have been ig-
nored in their calculation. In addition, the significant influence
of inherent nonlinearities on the modulation response of lasers
have not been taken into their analysis. In order to give a
guidance for laser design as well as to clarify the influence
of device structure and inherent nonlinearities on the dynamic
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properties of VCSEL’s, the development of a detailed model
for VCSEL’s is required.

In this paper, we analyzed the influence of inherent nonlin-
earities on the dynamic behavior of VCSEL'’s. Detailed three-
dimensional laser structure, including the Bragg reflectors, are
considered in our calculation. The three-dimensional problem
is converted into one-dimensional traveling-wave equations
through the effective-index method [13]. The dependence
of lasing conditions on the Bragg reflectors are evaluated
through the scattering method, and the dynamic behavior of
the traveling waves is solved by the time-domain algorithm.
Furthermore, the lateral variation of carrier concentration,
refractive index, and spontaneous emission inside the active
layer are determined in a self-consistent manner. Using this
model, the influence of carrier transport between spacer and
active layer as well as injection heating and hot carriers on the
modulation response of VCSEL’s are analyzed.

This paper is organized as follows: In Section II, we
present a self-consistent dynamic model of VCSEL’s with
the consideration of carrier transport and hot carriers. The
lateral variation of carrier concentration, refractive index, and
spontaneous-emission profile are taken into calculation. In
addition, the longitudinal and lateral distribution of optical
field is also modeled. In Section III, the dynamic responses
of VCSEL’s under the influence of 1) carrier transport and 2)
injection heating and hot carriers are compared and analyzed.
A brief discussion and conclusion is presented in Section IV.

II. Basic EQUATIONS

A. Device Structure

The schematic of the VCSEL used in our calculation is
shown in Fig. 1. The device has a built-in index-guided struc-
ture, and a circular metal contact is formed on the epitaxial
side (p-side) for current injection. The GaAs-ALg 3Gag7AS
quantum-well active layer is sandwiched between two undoped
spacer layers and two Bragg reflectors, which provide optical
feedback for lasing. The undoped spacer layers have thickness
of a half-wavelength each, and the Bragg reflectors are formed
by alternating layers of AlAs and AlGaAs with quarter-
wavelength thickness and consist of 15 such pairs on both
the n- and p-side. The active region consists of three GaAs-
Alg 3Gag 7As quantum wells with a well width of 100 A
and barrier thickness of 150 A. The corresponding built-in
longitudinal and lateral refractive-index distribution of the

0018-9197/96$05.00 © 1996 IEEE
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Fig. 1. Schematic of an index-guided VCSEL.

TABLE 1
REFRACTIVE-INDEX DISTRIBUTION OF VCSEL

Refractive index of layers\regions Core Cladding Effective index
region region (ne) of each layer
Active layer 3.525 3.520 3.524
Spacer layer 3.395 3.390 3.393
High index layer of Bragg reflector 3.504 3.500 3.503
Low index layer of Bragg reflector 2.952 2.947 2.950

laser is given in Table I. It is assumed that the difference
of refractive index between the core and cladding region is
around 0.005 for each layer to ensure single lateral-mode
operation.

B. Wave Equations

The space-time evolution of the optical field E(r, z, t) inside
the dielectric layers of VCSEL is governed by the wave

equation, given as
e O*F
=€)

o2 9> 190
e tas Tt 5 === ;
<822 or? r dr) o2 2ot ot
where ¢ is the velocity of light in free space and ¢ is the
complex dielectric constant of the laser medium. In (1), it is
assumed that the optical field is uniform along the azimuthal
direction.
The calculation of the optical field can be further simplified

by separating the variable of r and (z,t) such that the
corresponding optical field can be expressed as

E(r,zt) =V (r; 2)[AT (2, 1) exp(i(wot — B2))
+ A7 (2, 1) exp(i(w,t + B2))] 2)

1 0e OF

where AT (z,t) and A~ (z,t) are the slowly-varying envelope
of the forward- and reverse-traveling waves, respectively,
along the longitudinal direction. ¥ (r; z) is the optical-field dis-
tribution along the lateral direction and [ is the longitudinal-
propagation coefficient to be determined. ¢ is a complex
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number, w,(= 2mc/A,) is the lasing frequency, and ), is the
operating wavelength. In (2), it is assumed that the lateral field
U(r; z), as well as the propagation coefficient /3, are constant
in each index layer. However, all these parameters are varied
between layers.

Substitute (2) into (1) and neglect the second derivatives of
A*(z,t) with respect to z and ¢, and we get

92U 1 9V L2 2 +
a2 Ty g Bk =p N’} 4
1 94T  94*
—oipl = 22 L 9% Vy
2%8(119 ot + 0z > @

where k, = (27/),) is the wavevector and the group velocity
vy = ¢/ng. The group index, n,, has an expression of
n; = e+ w(de/dw)/2. Equation (3) can be reduced to
one-dimension wave equations in the z direction by the
effective-index method [13]. We assumed that the lateral field
U satisfies

PU(r;z) 1 0¥(r;z)
or? +; aor
+ (e(r s )k — Flg(2))B(riz) =0 (@)

where (. is the effective-propagation coefficient in the lateral
direction. By substituting (4) into (3) and integrate over the
lateral dimension, we obtain

1 9A® | QA% 1

_— —-:——*'erAi Uit 5
vy Ot 0z ZZk cer A + Usp(t) ®)
In (5), Aceg is defined as

Aco = / AelU(r; 2)|*r dr d(9// [U(r; 2)|*r dr df
0 0
(©)

where

[ (—2An+i(g — as)/ke),
Ae = { —ices ko,

active layer
elsewhere

)

and «; is the scattering and absorption loss in optical wave-
guide, g is the optical gain, and An is the change of refractive
index inside the active layer. An extra term, Usip, is inserted
into (5) in order to take into account the spontaneous field
coupled to the longitudinal mode, and Usf) only appears within

the active layer.

C. Description of Wave in Bragg Reflectors
by Using Scattering Matrix

The lasing frequency and threshold gain of the device are
affected by the reflectivity of Bragg reflectors. The influence
of Bragg reflectors on the propagation fields, A™(z,¢) and
A~(z,t), can be introduced into (5) by the continuity condi-
tions (i.e., matching phase and amplitude of the propagation
fields) at the boundary between adjacent dielectric layers.
The continuity conditions between layers can be calculated
as follows.
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Fig. 2. Reflection and transmission of optical fields between the boundary
of the dielectric layers.

1) The equivalent refractive index of each layer is evaluated
by the effective-index method [13]. It is noted that
the core and cladding regions of each dielectric layer
have different refractive-index profiles. The equivalent
refractive index, ne, of each layer can be calculated by
(4) and is given as

ne = Lo [ko- (8)

2) The propagation fields at the boundary between dielec-
tric layers can be determined by the scattering matrix
[14]. The longitudinal propagation fields are considered
to be reflected or transmitted by the equivalent index
discontinuity. It is also assumed that the refractive index
is uniform within each layer. At the boundary between
two adjacent layers (Fig. 2), the traveling waves can be
related by a scattering matrix as

Aj_ _ 811 S12 Aj—
) i e[ o B

T
where A1, AT and A}, A are the incident and re-
flected waves, respectively. The elements of square
matrix in (9) corresponding to the transmission and re-
flection coefficients at the boundary and these parameters
are given as

511 = 822 = 2v/nemey, [(ne; + ney) (10)
891 = —819 = (nel - neh)/(nez + neh) 1D

where ne; and nej, are the effective refractive indexes
of adjacent layers and can be calculated from (8). In
derivation of (10) and (11), only lateral electric field
is considered. This is because the fundamental mode
of this circular waveguide has no azimuthal variation
and U only depends on the lateral position r. There
is no preferred axis of symmetry in the circular cross
section, and the electric field can be directed so that
it is everywhere parallel to one of an arbitrary pair of
orthogonal directions [15].
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D. Rate Equation of Carrier Concentration
Inside the Active and Spacer Layers

The rate equations for the carrier concentration inside the
spacer layer, N, and the active layer, Ny, are written as [4]

ONy(r,t) _ J(r.t) Ny(r,t)
8t a eLzNw - Rl(r? t) + T21
1 0 6N1 (7", t)
+Ds r or <r or ) (12
8N2(7"7t) _Nl(’f',t> '

ot T1o - Ry (T,t) - Ugg(NQNE(r, t)[z

+ Df% 9 (ra—]\—fa—m’ t)> (13)

or or

where e is the electron charge, L, and N,, are the thickness
and number of quantum wells, respectively. 715 is the carrier
diffusion and capture time across the spacer layers and 751
is the thermionic emission time from the quantum well. Dy
and D, is the ambipolar-diffusion coefficient of the active and
spacer layer, respectively. The recombination loss of carrier
concentration inside the spacer layers is represented by R
and that in the quantum wells layer is represented by 5. The
expression of Ry and Ry are given by

Nl(frvt) + Nl(r'/ t)

Ry(r,t) = (14)
TN1 T12
N. N.

Rz(ﬂ t) = \i__}_ + CAugNZ?)] + 2 + Rsp (15)
TN2 T21

where 71 and 72 are the carrier lifetime in spacer and active
layer, respectively. Ry, is the radiative recombination rate and
Claug 1s the Auger recombination coefficient.

In (12), J(r,t) is the current-density distribution along the
lateral direction. For the case of a circular-disc contact, J(r,t)
with the inclusion of current spreading effect can be expressed
as [16]

r<aw
T>w

Jir) = {Ja(ﬂ'/ (16)

Jo(t) exp(=(r —w)/ro),

where J, denotes the current density at the edge and within the
contact area (r < w), r, is the effective-diffusion length of the
injection carrier and w is the radius of circular-disc contact.
The value of r, can be determined with the sheet resistance
of the entire p-layer Bragg reflectors and the leakage curren
of the p-n junction. ‘

E. Numerical Technique

The distribution of A*(z,¢) along the laser cavity can be
represented by n + 1 traveling waves (forward and reverse),
located at the boundary of dielectric layers, where 7 is the total
number of dielectric layers. If we assume that the thickness of
jth dielectric layer is equal to Az; where j is an integer, the
position of boundaries between the jth and j + 1th layers is
zj + 1, then z; and z, + 1 are the position of facets.
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The time and spatial variation of wave (5) can be solved by a
first-order difference approximation to the partial differential
as [17]

dA*
ot

+
At —— 94 Az;
0z
t

~ AT (2 + Azj t 4+ At) —

AE(z;t) (AT
where we have neglected the second derivative 0% A* /920t
in derivation of (17). It is noted that the physical thickness
of index layer Az; is varied with its effective refractive
index such that their optical length are all equal to quarter
wavelength. If we choose the relation between time and spatial
steps in the longitudinal direction as At = Az; /v,; where vy
is the group velocity of jth dielectric layer and At is a constant
time step. Equation (5) can be rewritten as

Ai(Zj + AZj,t‘i" At) - Ai(Zj,t)

= [~ileegkZ AT (2, 1) /28 + UL (1)) Az (18)
Now, the longitudinal distribution of traveling waves can be
calculated by (18) and (9).

In the program, the traveling waves, A, are advanced from
one dielectric interface to another [using (18)] at each time
interval, At. At the same instant, the boundary conditions are
applied to the propagation fields at the dielectric interface [by
(9)] for the calculation of the reflectivity of the alternating
dielectric layers. Therefore, the reflectivity of Bragg reflectors
is evaluated in a time-dependent manner. For the output power,
the boundary conditions at the top and bottom surface of the
Bragg reflectors can be written as

A_(t, zn+l) = TRA+(t, Zn+1) and

AT (t,21) =rp A (L, 21) (19)

where rp and ry, is the reflectivity between semiconductor-
metal and air-semiconductor interface (Fig. 1), respectively.

The carrier distribution N; »(r, t) along the lateral direction
of the active layer can be represented from r1 = 0 to 7,
(m—1)Ar by m elements, where Ar is the separation between
two successive points in the r direction. The derivative of
carrier concentration at jth element (i.e., at » = r;) can be
also approximated by the finite difference

i 8N172 _ Nljz(TjJrl,t) — Nlﬁz("r’j,t:) (20)
ryoor | (j—1DAr2
92Ny 5 _ Nio(rje1,t) = 2N1o(ry, t) + Nio(rj—1,t)
ar? |, Ar?
(21)

for j > 1. The time variation of carrier concentration at jth
element can also be approximated by
ON 1,2
ot

At = Nyao(rj, t + At) —

T

N[ﬁg('f‘j,t) (22)

where At is identical to that given in (17) and the time
variation of carrier concentration is synchronized with the
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traveling waves. By substituting (20), (21), and (22) into (12),
the rate of carrier concentration N7 can be written as

Ni(rj,t + At) — Ny(r;t)
= arf T — oy, + )
n Dy [(Ni(rjy1,t) = Ni(ry,1))
Ar? =1

+ (Ni(rj41,t) = 2N1(r;, t) + Nl(%li))} } (23)

and (13) can also be expressed in a similar format.

The time dependent carrier-rate equations are solved subject
to the conditions that /V; 5 and its derivative are continuous
everywhere and at the element j = 1, the first and second
derivative take the form

0N 5
—= =0 24
Or " 24
O*Nip|  2(Nia(re,t) — Nia(ri,t)) 25)
or? |, - Ar? '

This is because of the circular symmetry of the carrier con-
centration. It is also required that as the total element number
m — very large, the carrier concentration change AN o — 0.

F. Gain Spectrum, Induced Refractive-Index Change,
and Spontaneous-Emission Rate

The effect of valence band mixing on the subband wave-
functions and dispersion can be calculated by k£ - p method.
Using the density-matrix approach, the optical gain with
photon generated in the direction perpendicular to the surface
of quantum-well layers is given as

o) = gt > [ Wbealbva ot

X L[Ep(k) — Eq(k) — hu]
X ASE(R)] = [ [Eq(R)]} dk

where m, is the rest mass of electron and M, is the optical
matrix. F, and E, are the pth-electron and gth-hole subband-
edge energy, respectively, and . and 1, are the envelope
wavefunctions for the electrons and holes, respectively. £
is the Lorentzian broadening factor with HWHM of 5 meV
and k£ is the wavevector. The summation in (26) is over
all the conduction and valence subbands, and P(k) is the
unpolarization factor. It must be noted that the value of P (k)
is the same as the TE-polarization factor due to the orientation
of the circular waveguide, as the lateral field is always parallel
to the plane of quantum wells. f¢ and fY are the quasi-
Fermi for the electrons in the conduction and valance bands,
respectively. The bandgap shrinkage caused by the injected
carriers is also taken into account using an N'/% dependence.
The method of gain-spectrum calculation is similar to that
in [18]. Fig. 3 shows the optical-gain spectra for various
levels of injection-carrier concentration. The temperature of

(26)
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Fig. 3. Calculated optical-gain spectrum of GaAs—-Aly.3Gag.7As quantum
well at room temperature with various levels of injection-carrier concentration.

the quantum well is assumed to be constant and is equal to
300 K through the whole calculation process.
The optical gain given in (26) can be implemented into (7)
with the following procedures:
1) The dependence of peak gain on injection-carrier con-
centration can be approximated by

g = an log(Na/N,) @27

where apy is a fitted parameter and N, is the carrier
concentration at transparency. These parameters can be
determined from Fig. 3. It is found that ay and N,
are equal to 1309.8 em~! and 2.3572 x 10'® cm~3,
respectively.

2) The frequency-dependent gain can be modeled using a
digital filter. A possible digital filter with unit peak gain
is [19]

Yiyar = By + (1 — B)ay (28)

where y; and z; are the output and input of the digital
filter at time ¢, respectively. B is a complex number
with |B|< 1. The phase of B determines the peak-
gain frequency, and the magnitude of B determines
the bandwidth of the digital filter. We assume B =
b exp(iwpAt), where b is a fitted parameter and w,
is the peak frequency. The frequency response of this
filter is

(1-b)*
L+ b2 —2b cos(w — wp) At)

g(w) = (29)
The parameter B can be estimated by numerically fitting
the calculated gain curve as shown in Fig. 3 with this
digital-filter gain. The peak frequency, w, is also a
function of injection-carrier concentration and can be
approximated by

Wp = Wpo + Awp

(30)

where the constant w;, and Aw, can be determined from
Fig. 3.
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The change of refractive index An(w) = n(w) - n,(w) can
be calculated from the change of gain coefficient Ag(w) =
g(w) — g,(w) through the Kramers—Kronig dispersion relation
[20]

= Agw)

e G1)

An(w) = PV /

¢ 0

where n,(w) and g,(w) are the refractive index and optical

gain at transparency, respectively. The symbol PV stands for

the Cauchy principle value.

Gain suppression can also be introduced into our model by

assuming that it is independent of the carrier concentration,
and the optical gain can be written by

_ anN 10g(N2/N0)

1+ el B 32

where ¢, is the gain suppression factor.
The spontaneous-emission rate (of unit cm™> s~1) generated
inside the quantum-well layers is given by

Ry = [ ) MQZ [ Kbctbv)Pau(i)

Qb 32
C[Ep(/f)—Eq(k) he]

xS IEp(R)IHT = FY[Eq(k)]} dk

and the spontaneous fields, Us%(t), coupled into the longitu-
dinal mode can be estimated with the following assumptions
[17].
1) The spontaneous-emission fields coupled to the forward
and reverse waves have equal amplitude (i.e., Us,(t) =
U (1) = Ug(t)):
2) The emissions have a Gaussian distribution and satisfy
the correlation

(Ueo(OUZ(t")) = Cs Rep(t — )05 /L2 N,y
(Uep (1) Uip (1)) =0

where 6(¢t) is defined as the delta function and C; is the
spontaneous-emission factor of the longitudinal mode.
R}, can be calculated from (34) through the relation

Sp—] Rep|T( r)|2rdr//

In (34), the spontaneous emission is only coupled to the
traveling waves inside the quantum wells. The enhancement
of spontaneous emission inside the microcavity can be taken
into calculation with appropriate estimation of C [21].

(33)

(34

T(r)2r dr.  (35)

G. Injection Heating and Hot Carriers

In quantum-well VCSEL’s, the main source of external
heating is caused by the injection of energetic carriers into the
active region. This is because of small cavity dimensions and
high injection-current density within the quantum well. Relax-
ation of these energetic carriers via intercarrier collisions and
optical-phonon emission heating both carriers and phonons.
The dynamic behavior of lasers as well as optical gain are
varied with the temperature of carriers and phonons. Especially
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at high density of carrier injection, the role of hot carriers
cannot be neglected [S]. In this section, we investigate the
influence of injection heating and hot carriers on the dynamic
performance of VCSEL’s.

We adopt the analytical model given in [5], and the dynamic
behavior of VCSEL'’s is investigated with the consideration of
injection heating and hot-carrier effects. It is assumed that the
populations of carriers, phonons, and photons are dynamically
coupled together. Therefore, the dynamic behavior of carriers,
phonons, and photons can be calculated by the corresponding
rate equations.

The equation describing energy relaxation is given by

N dN 4 2
N, dt 3
hwro

.

k3T.(N. + Ny) pr

- [ne(wLo) — n(wro)]

“(Ne + Np)hwro + FJ (36)
where N., Nj, are the density of states per unit energy interval

in the conduction and valence subbands and can expressed as
[22]

m* m*
o/h 4168 x 1020 —<L"

Neyn =
/P 7Th2Lz my

(37

where m’ /h is the effective mass of electron/hole and L, (=

100 A) is the width of the quantum well. NV, is the reduced
density of states per unit energy interval, kg is the Boltzmann
constant, and 7, is the temperature of the electron. wr,o is the
average phonon frequency of LO modes and 7 is the phonon-
scattering time constant. n(wr,o) is the occupation number of
phonon and n.(wr,o) is the Bose~Einstein occupation number
when the phonon temperature equals the electron temperature
and is given by

1

exp(hwro/kpTe) — 1 (38)

Te (wLO) =

The effective electric field F' = AE,/ed and AFE, is the
bandgap discontinuities in the well minus the subband energies
and this parameter (AE,) describes the effects of junction
heating.

The phonon-occupation rate is described by

dn(;/tLO) =Tpn hﬁ:LO [ne(wro) — n(wro)]
(Ne+ Np)  [n(wro) = no(wro)]

2N (39)

Tpn

where I',,, is the confinement factor of phonon modes inside
the active region, and n,(wpo) is the occupation number
at thermodynamic equilibrium and can be calculated from
(38) with T. replaced by the lattice temperature. 7p, is
the corresponding phonon lifetime. Equations (36) and (39)
describe the influence of recombination heating and hot-
phonon effects on the dynamic behavior of lasers.
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TABLE 1II

PARAMETERS OF THE GaAs-AiGaAs QW MATERIAL
Parameter” Symbol Formulas
effective mass (GaAs) of electron M, (GaAs) 0.0665-1.848x 10" xT%/(T+204)
effective mass (GaAs) of light hole My (Gaasy | 0.0951-3.902x 1075 xT2(T+204)
effective mass (GaAs) of heavy hole m;,,,((;a As) 0.3319624+0.002029xT

—4.896x10~6x12
effective mass (Al,Ga;_,As) of electron mE (AlGaAs) | 0.09096
effective mass (Al, Ga|_,As) of light hole th( AlGaAs) | 0.08802
effective mass (Al,Ga;_,As) of heavy hole m;m( AlGaAs) | 0.56+6.803% 1074xT
energy bandgap of GaAs Eg(GaAs) 1.519-5.408x 10 *xT%/(T+204)
energy bandgap of Al,Ga; ,As Eo AlGaAs) 1884634
permittivity of GaAs £0(GAAS) 12.40x(1+1.2x1074xT)
permittivity of Al,Ga,_, As € AlGaAS) 12.24
TABLE III
FITTED PARAMETERS OF THE OPTICAL GAIN
Symbol Value Symbol Value

ag 2478 3cm”! o —2.2199x1072

a —7.6369cm K" <y ~4.6154x1075K~!

a, | 1.3177x10 %em K2 c ~3.0319x10°K?

by 8.4226x10om 3 do 1.2059x10'3cm>

b, [ 5.0670x10%m Pk | q; | 4.3653x10Mem73K !

A complete set of rate equations can be obtained with
the addition of traveling waves and carrier-rate equations.
The dynamic behavior of VCSEL’s under the influence of
injection heating and hot carriers can be calculated by solving
these rate equations self-consistently. The optical gain used in
the traveling waves and carrier-rate equations is now also a
function of electron temperature.

The temperature dependence of optical gain can be cal-
culated from (26), however, the knowledge of temperature
dependence of electron/hole mass, Fermi energy level, as well
as bandgap have to be determined before the computation of
optical gain. A list of these empirical formulas are given in
Table II, and the temperature dependence of optical gain can
be estimated.

Using the above parameters, a simple expression of optical
gain with the dependent of temperature can be obtained (by
curve fitting) and is given by

g =an log(Ns/N,) (40)

and the temperature dependence of ay and N, are expressed
as

aN(T) =ag+a1T + 0,2T2

NO(T) =bg+ 6T (41

where a,,a1,0a2,b, and b, are some constants and can be
found in Table III. In addition, the change of refractive index,
An, with the variation of temperature can also be deduced
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TABLE 1V
LASER PARAMETERS

Parameter Symbol | Value

radius of the circular contact w 2.5um
effective diffusion length of injection carrier Tg 0.02pum
lasing wavelength Ag 0.85um
velocity of light in free space c 3x10'%my/s
scattering & absorption loss in waveguide o 10 cm™!
spontaneous emission factor C 0.001

gain compression factor €, 0.5%10"em’
carrier lifetime in active layer N 32107 s
carrier Jifetime in spacer layer N 3x107% s
Auger 1 biuation rate Cae 3x10 BemSs7!
phonon scattering time constant” T L70f8
phonon lifetime” Ton 4ps

average phonon energy of LO modes™ Ao 34meV
phonon confinement factor” Fon 0.158

lefi facet reflectivity I, 0.55
right facet reflectivity R 0.974

+ parameters are obtained from [5].

from the Kramers—Kronig dispersion relation [20]. A simple
expression of An is given by

An = bN(T)IOg(NQ/Nb(T))

and the temperature dependence of an and N, are given as

(42)

bN(T) =co+ 11 + C2T2

No(T) =do + di T 3)

where c,,¢1,cg,d,, and d; are some constants and can also
be found in Table III. The peak-wavelength shift due to
the variation of temperature of the active region is also
approximated by

oA
AN

where A, is the peak wavelength andAT and AN, are the
small change of temperature and carrier concentration above
threshold. The magnitude of A,, 9A/9T and OA/I Ny can also
be estimated from the temperature-dependent gain curve (by
curve fitting).

Awp, = — AT +

27rc<8/\ 44)

32\ aT

III. NUMERICAL RESULTS

In the following analysis, we assumed that the injection
current is well confined in the core region and 7, given in
(16) is set to 0.02 pm. It can be shown that the modulation
response of the lasers is less dependent on r,. Other device
parameters used in the following calculations can be found in
Table IV.

A. The Large-Signal Dynamic Behavior of VCSEL’s

A typical large-signal dynamic response of VCSEL’s is
shown in Fig. 4. In our calculation, the influence of carrier
transport and hot carriers have been ignored. It is assumed
that the laser is initially biased at threshold and modulated
with a step-current. Fig. 4(a) shows the transient response
of optical power with damped oscillations. The frequency
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Fig. 4. Time evolution of (a) output power, (b) transient chirp, and (c) lateral
carrier concentration of VCSEL with Dy = 5s~tem?.

chirp during the laser switch-on is given in Fig. 4(b), and
the frequency change is caused by the variations of refractive
index inside the active layer that is related to changes of the
carrier concentration, as given by (42). The time evolution
of lateral variation of carrier concentration is also shown
in Fig. 4(c). Lateral spatial-hole burning (LSHB) of carrier
density occurrs during the first overshoot of optical power due
to the stimulated recombination.
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Fig. 5. Relaxation-oscillation frequency of VCSEL’s (without carrier trans-
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Fig. 6. The (a) AM and (b) FM responses of VCSEL’s (without carrier
transport) for Dy = 5 and 20 s~! cm? and steady-state optical power is
varied between 0.25 and 2.0 mW.

B. Influence of Carrier Transport on the Modulation
Response of VCSEL’s

In this section, the influence of carrier transport on the
modulation response and LSHB of VCSEL’s is analyzed. First,
the dynamic behavior of VCSEL’s without the consideration
of carrier transport is studied, then the results with carrier
transport are compared with the previous analysis.
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Fig. 5 shows the ROF of VCSEL’s for the case without the
influence of carrier transport. The carrier-diffusion rate Dy is
varied between 5 and 20 s~! em?. It is noted that the ROF
(at 0.25 mW) is increased by more than 6 GHz for Dy < 15
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s~ cm? but remains at a low value of 2 GHz for Dy > 15

s~lem?. The enhancement of ROF can be explained by the
severe LSHB due to the short carrier-diffusion length inside
the active layer. This is because the differential gain, ax /N2,

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 32, NO. 7, JULY 1996

x10
6 -

T
£
N
g ¢
g
s 3
5]
<
3
o 2
.b dEg=00eV
£ } dEg~03eV -----
<O 1 | dEg=075ev

i

0
0 1 2 3 4 5
Radius, r (micro)
(@
x1018

w

dEg=00eV

dEg=03eV

Carrier concentration, (cm™)

dEg =075 eV

0 : ! 1 .

0 1 2 3 4 5
Radius, r (micro)
(b)
Fig. 11. Distribution of lateral carrier concentration for the cases (a) D =
557! cm? and (b) Dy = 20 s~ cm?. In the calculations, AE, is varied

from O to 0.75 eV and the steady-state optical power is set to 0.25 mW.

increases with the spatial-hole burning near the center of the
core and hence the ROF is enhanced. The corresponding AM
and FM responses of VCSEL’s are also shown in Fig. 6. The
steady-state output power of the devices is maintained between
0.25 and 2.0 mW. As we can see in Fig. 6, D affects the
ROF and modulation bandwidth of VCSEL’s, however, the
carrier-diffusion rate has less influence on the rolloff of the
AM response.

Fig. 7 shows the influence of carrier transport on the ROF of
VCSEL'’s. In the calculation, the carrier diffusion and capture
time, 719, is set to 20 ps and the thermionic emission time,
T91, 18 varied between 50 and 200 ps. These value of 7i2
and 791 are typical for the dimension of quantum wells and
spacer layers we used in our model [4]. The carrier-diffusion
coefficient of the active and spacer layers (Dy and D, are
assumed to have equal magnitude) are set between 5 and 20
s~! cm?. Significant influence of carrier transport on the ROF
is observed when compared with Fig. 5. It is shown in Fig. 7
that the ROF (at 1 mW) is increased by 5 GHz for large carrier-
diffusion rate (i.e., D, s = 20 s7! cm?). The corresponding
AM and FM responses of VCSEL’s are also shown in Fig. 8
for comparison. In the calculation, the value of 72 and 79,
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Fig. 12. Distribution of clectron temperature for the cases (a) Dy = 55!
cm? and (b) Dy = 20 s™! cm?. In the calculations, AE, is varied from 0
to 0.75 eV and the steady-state optical power is set to 0.25 mW.

is set to 20 ps and 200 ps, respectively. As we can see for
the case Dy(= D,) = 20 s~' cm?, the ROF as well as the
modulation bandwidth are enhanced by the presence of carrier
transport.

Fig. 9 shows the steady-state distribution of carrier concen-
tration for the cases with and without carrier transport taken
into calculation. The output power is set to 0.25 mW for all
cases, and the value of 712 and 75 is equal to 20 ps and
200 ps, respectively. As we expected for the case without
consideration of carrier transport, LSHB is enhanced for small
value of D¢(= 5 s~! cm?) but it is minimized by the presence
of transport effects. This is because carrier transport allows
N to refill the depletion of carrier concentration inside the
active layer. Therefore, with suitable design on the dimension
of spacer layers and quantum wells, LSHB can be minimized
by carrier transport.

C. Influence of Injection Heating and Hot Carriers on
the Dynamic Response of VCSEL’s

In this section, we concentrate on the analysis of injection
heating and hot carriers on the modulation response of VC-
SEL’s, and the influence of carrier transport is ignored in the
calculation. Fig. 10 shows the influence of injection heating
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Fig. 13. Influence of injection heating and hot carriers on the (a) AM and

(b) FM responses of VCSEL’s with Dy =5 s~ cm? and the (c) AM and
(d) FM responses of VCSEL’s with D = 20 s~ cm?. In the calculations,
AE, is varied from 0 to 0.75 eV and the steady-statc optical power is set
to 0.25 mW.

and hot carriers on the ROF of VCSEL’s. It is assumed that
the lattice temperature of the quantum well is equal to 300 K,
AE, is varied between 0 to 0.75 eV, and Dy is set between 5
and 20 s7! em?. AF, = 0 is the ideal case with no injection
heating and hot carriers in the VCSEL’s. For AF, > 0 and
Dy =5 s7! cm?, ROF (at 0.55 mW) is reduced by more
than 6 GHz with the increment of AFE, [see Fig. 10(a)], but
the opposite happens for D; = 20 s™! cm? [see Fig. 10(b)].
As we can see, the ROF of VCSEL’s is dependent strongly
on both Dy and AF,, however, in Fabry—Perot lasers the
dependence on AFE, is only obvious at high output power
[5].

The steady-state distribution of carrier concentrations shown
in Fig. 11 for different values of Dy and AFE,. The output
power of the devices is maintained at 0.25 mW. It is shown
that for Dy = 5 s~! cm®, LSHB is reduced with the increase
of AE,, however, for Dy =20 s—1 cm?, the opposite is
observed. The corresponding variation of electron temperature
inside the active layer is shown in Fig. 12.

The AM and FM responses of VCSEL’s under the influence
of injection heating and hot carriers are also shown in Fig. 13
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Fig. 13. (Continued.) Influence of injection heating and hot carriers on the

(c) AM and (d) FM responses of VCSEL’s with D¢ = 20 s™* cm?. In the
calculations, AE, is varied from 0 to 0.75 eV and the steady-state optical
power is set to (.25 mW.

for the cases Dy = 5 and 20 s™! cm? and the values of AE,
is set to 0, 0.3, and 0.75 eV. As we can see, the magnitude of
FM response is reduced significantly at low-frequency range
for large values of AE,(= 0.75 eV). The variation of ROF
and modulation bandwidth given in Fig. 13 is attributed to the
LSHB.

IV. DISCUSSION AND CONCLUSION

The inherent nonlinearities of VCSEL’s have significant
influence on its lateral carrier distribution inside the active
layer. It is expected that carriers with short diffusion length
enhances spatial-hole burning due to stimulate recombination.
However, with the influence of carrier transport or hot carriers,
a contradictory conclusion can be obtained. In the situation
with carrier transport taken into consideration, LSHB is en-
hanced for carriers with long diffusion length. This is also
true for the inclusion of injection heating and hot carriers into
calculation.

We have shown LSHB enhances ROF as well as the modu-
lation bandwidth of VCSEL’s. This is because the differential
gain of quantum well, ay/Ns, increases with the reduction
of carrier concentration. On the other hand, high-order lateral
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modes may be excited by LSHB at high output power. This
is the tradeoff between the high modulation bandwidth and
single-mode operation, but single-mode operation of VCSEL’s
can be maintained by using tapered optical waveguide [23]
or diffused quantum-well structure [24] without reduction of
LSHB.

In conclusion, a quasi-three-dimensional dynamic model
of VCSEL’s is developed. The detailed structure of Bragg
reflectors and lateral optical confinement are considered into

the

model. The nonuniform distribution of optical power,

carrier concentration, refractive index, as well as spontaneous-
emission profile are determined self-consistently. Using this
model, the influence of carrier transport between the spacers
and wells as well as injection heating and hot carriers are taken
into calculation. It is shown that the carrier transport as well
as hot carriers have significant influence on the modulation
response of VCSEL’s. The ROF and modulation bandwidth
of VCSEL’s can be altered by more that 5 GHz by the
carrier-diffusion rate and bandgap discontinuities. We have
demonstrated the importance of nonlinearities on the modu-
lation response of VCSEL’s. Ignoring these effects may result
in an inaccurate estimation or interpretation of the performance
of VCSEL’s. Therefore, this is required to consider these
nonlinearities into the laser model in order to understand and
to design VCSEL’s for high-speed operation.
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