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Abstract: Small signal equivalent circuit model and modulation properties of vertical cavitysurface emitting lasers

(VCSEL’s) are presented. The modulation properties both in analytic-equation calculation and in circuit model sim—

ulation are studied. The analytic-equation calculation of the modulation properties is calculated by using Mathead

program and the circuit model simulation is simulated by using Pspice program respectively. The results of calcula—

tion and the simulation are in good agreement with each other. Experiment is performed to testify the circuit mod—

el.
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1 Introduction

Vertical cavity-surface emitting lasers
(VCSEL’s) have been very useful for various ap—
plications for the last few years. The recent work
was done in the understanding of the underlying
physics, in the fabrication technology, and in the
growth design to allow their commercial availabil—-
ity at low cost. The most significant attributes of
VCSEL’s include a low threshold current, single—
longitudinal-mode operation, a circular beam pro—
file, high-speed-modulation capabilities and wafer
illtegrahilityll‘gl. VCSEL’s are attractive as com—
pact light sources for applications in optical com—
munications and interconnects. An important con—

sideration for such applications is the modulation
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properties of VCSEL’s under high-speed. In order
to study the relationship between the modulation
properties and material parameters, we developed
two ways to calculate the modulation properties.
They are analytic calculation and circuit model
calculation. The analytic solutions of the modula-
tion properties are calculated by using Mathcad
program and the circuit model is simulated by us—
ing Pspice program respectively. The results of
both calculation and simulation are is good agree—
ment with each other. Experiment was performed

to testify the calculations.

2 Modeling modulation properties
of VCSELs

The adopted rate equations proposed by Lu
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et al'™" to describe the carriers inside the spacer
layer N, and the active layer N, and photon num-
ber S in a quantum well (QW ) semiconductor
laser are given by
ans _

I _Ns_ N,

dt q T T (1
dv _ Ns N  G(N)S (2)
dt = = T 1+ €S
dS_QLALLS_iJrDﬁBL (3)
dt = 1+ €S T T

The QW semiconductor laser’s rate equations are
suitable to VCSELs for the reasons of below.
The first, a VCSEL of semiconductor is with the
QW structure, the second, the spacer region in
VCSEL is the same structure as the separate con-
finement heterostructure ( SCH) region in QW
semiconductor laser. So we can redefine Ns and
Ts. Where Ns represents the carrier density in the
spacer region, Ts is the time of carrier transport
across the spacer region'”. Therefore, the equa—

tions can describe a VCSEL. The parameter [ is

the injection current, T is the bimolecular recom—
bination lifetime, T is the photon lifetime, I' is the
optical confinement factor, f is the spontaneous e—
mission factor and G(N)= go(N— N.) is the car—
rier number dependent gain function'™", V. is the
transparency carrier number, € is compression fac—
tor.

The small-signal solution of the equations is
done by first making following substitution:

+ it jiot T et

I = Io+ ie" ,Ns= Nso+ n.em,f\‘ = No+ n.em,
juot jot
S= So+ se" ,(; = Go+ gnsem.

After the small-signal quantities are substi-
tuted into Eqs. (1) ~ (3). the steady-state quanti-

ties are set to zero. T he small-signal equations are

jns = /g + anns (4)
jun = aans + axnn+ axss (5)
jus = ann+ ass (6)

The results are expressed in the transfer matrix

A(w)

s an — jw 0 0 nal . i/q.

Al(w) | n|= a a2 — jw azs nl=-10 (7)

N 0 132 @3 — jw_ L8 L0

where

_ 1 1 _ 1 _ 1 goSo

== T - T’ = =’ @ = Ts B €So (8}
_ G(Na) L goSo LB _ _G(Nao) o

W= L ST T iy St w P (1r o) B (9)

The modulation response normalized to the re-

sponse at zero(de) frequency, M(w).is given by

_ detA(0)
M@ =" jeia (w)
_ A
T (= jw)’+ Ax- jw)+ A(jw) + Ao

(10)

where detA (w) is the determinant of the matrx

A(w), and

Ao= ananas - ananan
A= anan+ anan + apan — anaxn

(11)

A= an+ an+ an

3  Small signal equivalent circuit

model of a VCSEL

Multiplying both sides of equation (4) with
aV./V..Vais the active layers volume and V. is the
spacer region volume, let

is= gnsV./(V.1) (12)
where is is the small signal current for spacer re—
gion. Multiplying both sides of equation (5) with
g- Multiplying both sides of equation (6) with nVr/
(Noax), let

Vi= Win/N,

= g(- ax)s (13)

i
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where 1 is the injection constant, Vr= kT /g, where
Vit is the thermal voltage, k is Boltzman’s constant,
T is the absolute temperature, ¢ is the electron
charge. V1 represents the small signal voltage drop
of VCSEL, and i1 represents the small signal pho—

ton number s. Then we get

T X jwis = Vo/Ve= is — isT5/T (14)
C XjwVi=is— Vi/R- i (15)
L X jwi.= Vi— Rsciw (16)

where C is the usual diffusion capacitance resulting
from the storage effect of the injected carriers, R is
a modified differential diode resistance.
C= gNo/(MV1), R=[CX (- an)]'
(17)
L=[CX(- anan)]” L(- a»)(18)

Because each parameter in equations ( 14) and ( 15)

I.,R-u- -

has current dimension and each parameter in equa-—
tions ( 16) has voltage dimension, the equations
(14) ~ (16) can be set up for a circuit model. T he
VCSEL small signal model is represented by the
right hand of the dashed line of equivalent circuit in
Fig. 1. In Fig. 1

iv= i(Ve= V) /V., ia= & X juis,

is= isT/T, 17= 1V./V. (19)
iL represents the optical intensity of VCSEL.
s= Gu., Gi= l/q(— azz) (20)

oY

Fig. 1

Small signal circuit model of VCSEL

The circuit model also gives the parasitic pa—
rameter in Fig. 1. L, is a series inductor represent—
ing the wirebond, a shunting capacitor Cy repre—
senting the contact capacitance, and a series resis—
tor R. representing the contact resistance and the

Bragg mirror stacks.

4 Calculation results, simulation re—
sults and experiment results of
modulation response

The parameters used in calculations are from
References| 4, 5], == 3nS, Ta= 3nS, = 4pS, go= 1
X10°S" ', 7= 0.158, = 1X10°°, V.= 6.2X 10"
m . No= L.1X10, e= 1X10°7, Vo/V.= 0.8. Nso,
No and So are calculated by solving the steady state
equations of the Eqs. (1) ~ (3). The parasitic pa—
rameters are R.= 76Q, L.= 2.28nH, C.= 0.39pF'".

Figure 2 shows the results of calculating equa-
tion ( 10) by using Mathcad program. Figure 3
shows the results of Pspice program simulation by
using the circuit model in Fig. I. For the purpose of

comparison. parasitic parameters are not used in
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Fig. 2 Calculation results of frequency response

in Mathcad program
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Fig. 3 Simulation results of frequency re—

sponse in Pspice program

Fig. 3, That is,let R.= L.= C.= 0 in Fig. 1. The

two kinds of results are very close to each other
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because the calculations used for the results have
the same parameters. T he difference is that the two
results of calculations were generated from differ—
ent ways. Figure 4 shows the experimental results
by using a network analyzer, mode HP 8720D, to
test a VCSEL. The device product number of the
VCSEL is 8085-1000 by EMCORE Corp. The
threshold current of the device is 3mA and the op-
erating current are 5, 6, 7, 8mA respectively. The
bandwidth in Fig. 4 is lower than those in Figs. 2

and 3. The reason is that the practical measured

6 —a— SmA
—9—6mA
0 —o—TmA

—a—8mA

Frequency/ GHz

Fig. 4 Simulation results of frequency response

in Pspice program with parastic parameters

5 Conclusion

We use the rate equations of QW semiconduc—
tor laser to deseribe those of VCSEL and redefine
the N. and T in spacer ragine. We developed two
ways to calculate the frequency response of a VC-
SEL. They are the analytic-equation calculation
and the circuit model simulation. The results of
calculation and the results of simulation are in good
agreement with each other. Experiment was per—

formed to testify the circuit model. The two ways

are useful for the design and application of VC-

SEL.
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VCSEL is in packaging, so the parasitic parameters
must be considered. If one compares the measure-
ment with circuit model, the model must be added
with parasitic parameters. Figure 5 shows the sim-
ulation results with parasitic parameter in Fig. 1.
Comparing the Fig. 4 with Fig. 5, one can see the
experimental results are approximate with the sim-
ulation results. This testifies that the circuit model
is correct. T he calculations we listed above are use—

ful for the design and application of VCSEL.
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Fig. 5 Experimental results of frequency re-

sponse of a VCSEL
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