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Multimode VCSEL Thermal and Spatial Model

Abstract. We present a VCSEL model that addresses the spatial dependence and thermal behavior of VCSELs based on multimode rate equations
without sacrificing the numerical efficiency demanded by the circuit-level simulation of optoelectronic systems. The model is more comprehensive
and parameters are easier to determine. The equivalent circuit of the model and expressions of circuit elements are given. It is implemented into
SPICE-like simulators to simulate the dc, ac and transient features of VCSELs. The simulated results exhibit good agreements with references.

Streszczenie. Zaprezentowano model lasera typu VCSEL (vertical cavity surface emitting laser). Analizowano wtasciwos$ci przestrzenne i termiczne.
Zaproponowano schemat zastepczy modelu i przeprowadzono symulacje. (Termiczny i przestrzenny model lasera typu VCSEL)
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Introduction

In recent years, the characteristics of VCSELs have
improved enormously [1-2] that they have attracted more
considerable interest due to their advantages, and they
have been studied as elements of a variety of systems,
including multichannel optical links, smart pixel systems,
optoelectronic switches, WDM applications, optical storage,
and laser printing [3-4].

There are various VCSEL models presented in
literatures. Some approaches employed quantum-well gain
calculations and finite-element analysis to model the
thermal gain, leakage, and spatial-dependence of VCSEL
[5]. While these models are comprehensive, their
computationally intensive nature makes them unsuitable for
circuit- and system-level design and simulation. Some
simpler approaches, however, have resulted in models
which generally provide an incomplete picture of a VCSEL'’s
behavior. For example, Mena [6], LIU [7] and Liang [8]
presented a VCSEL model which accounts for thermal
behavior, respectively. However, the models are limited to a
single mode and neglect spatial effects. Morikuni [9]
presented a VCSEL model which accounts for spatial
effects, but neglect thermal effects and multimode behavior.
The model developed by Mena [10], which accounts for
thermal, spatial and multimode behavior, is comprehensive
and suitable for circuit-level simulation. However, the model
utilized an empirical function to describe the VCSEL’s
electrical characteristics. It is somewhat unpractical for the
parameters of the model cannot extract directly. Moreover,
the effects of temperature dependent parasitic resistance
and reverse saturation current are not included in the
model.

In this paper, we present a VCSEL model including
thermal and spatial effects based on multimode rate-
equations. A general diode, including the thermal effect of
parasitic resistor and reverse saturation current, instead of
an empirical function, is adopted to model the current-
voltage relationship. The equivalent circuit of the model and
expressions of circuit elements are given. It is really simple,
and it can model basic laser behavior under both dc and
non-dc conditions.

Modeling
A. Rate-equations

Many characteristics of VCSEL behavior can be
modeled by a set of coupled rate equations, which describe
the relation between the carrier density and photo density.
The rate-equations of VCSEL including thermal and spatial
effects can be expressed as
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where S¢x and W ¢ are the total photon mumber and
normalized transverse mode profile in the kth transverse
mode, respectively; N is the electron populations; r denotes
position; t denotes time; T denotes temperature; n; is the
current injection efficiency; | is the spatially dependent
injection current; | is the thermal leakage current; q is the
electronic charge; Lerris the effective carrier diffusion length;
T, is the electron lifetimes; Gy is the gain coefficient of kth
mode; and B x and 1 , are the spontaneous-emission
coupling coefficient and photon lifetime, respectively, for the
kth mode; V and li: are input voltage and input current,
respectively; Po is the optical output power; T, is the
environment temperature; Ry is the VCSEL's thermal
impedance; T, is a thermal time constant.

B. Thermal effects modeling

The strong thermal dependence of VCSEL can account
for several mechanisms. The temperature dependent
parasitic resistance, reverse saturation current, optical gain
and the carrier leakage of the active region all play
important roles in the thermal behavior.
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Fig.1 Model of VCSEL'’s electrical characteristics
(a) in reference (b) in the paper

Rs(T)
lss(T)
D

While the VCSEL’s electrical characteristics could be
modelled in great detail based on the complex VCSEL
device structure, many references modelled them as a
voltage source controlled by injected current and
temperature by empirical function10 (shown in Fig.1(a)).
The empirical function has neither unified form nor physical
meaning, and its parameters are difficult to determine.
Moreover, the effects of the temperature dependent
parasitic resistance and reverse saturation current are not
included in the model. Here we model the VCSEL as a laser
diode including the effect of the temperature dependent
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parasitic resistance and reverse saturation current (shown
in Fig.1(b)), while the extrinsic parameters and intrinsic
parameters are extracted directly by method of Gao [11]. So
our thermal model is more practical than which proposed in
the reference 10.

The voltage-current (V-I) characteristic of VCSEL can be
described by the voltage-current (V-l) characteristic of diode
as

V=V, In[1/1(T)+1]+ IR (T)

where V7 is thermal voltage; lss is reverse saturation

current; R is parasitic resistance.

While the inject current increased, the temperature of
VCSEL will increase, thus the parasitic resistor Rs will
decrease, and saturation current lss will increase. The
parasitic resistor Rs and saturation current |lss are controlled
by temperature. To model this thermal effect, the parasitic
resistor Rs and saturation current Iss are described as

Rv(T)= el/(T_ez); Is.v(T)z flstn(T_fz)‘
where eq,efi,f, are fitting constants obtained from
experimental data. lsso is the reverse saturation current at
zero degree.

The temperature dependent gain can be expressed as a
linear function of the carrier number N and incorporate the
gain saturation with gain compression factor.

G.(r,t,T)=G, [(N(r,0)-N,)/(1+¢,8S,)]

mk

G, =G,((a, +aT +a,r?)/(b, + b,T +b,T*))

N, = NTO(Cn +c1T+c2T2)
where Gy is the temperature-independent gain coefficient,
Nto is the temperature-independent transparency carrier
number, respectively; ¢ mk is the gain saturation term of
mode k due to mode m; ap,ai,azbo,b1,b2,co,cq,c2 are
constants.

The leakage current can be modeled as a function of
temperature and carrier number

I,=1,exp|(-d, +d N +d,NT —d,/N)/T]
where dp,dq,d2,d3 are constants.

C.Spatial effects modeling

Spatial effects related to the transverse variation of the
active-layer carrier and mode profiles play an important role
in a VCSEL’s behavior as well as thermal effects. They can
limit a VCSEL's performance in the turn-off transient by
contributing to the secondary pulsations and so on.

The electron distribution can be representation as
Bessel series expansion by

ZN

The photon distribution can be represented in general
term by

) {akJ,f(ukr/Wm), 0<r<W,

r|j=

POk ) 2w K 0} >,
where a is the normalization constant, Jx and Kg are the
Bessel functions of the first and second kind, respectively,
and Wy, is a characteristic mode width. ux and o are
eigenvalue solution of the optical waveguide.

Then a separate electron rate equation is generated for
each term in the Bessel expansion.
T)/q]-G,(T)

Nﬁ(t)/dt = [77,1 (r,t,T)/q—N (t) T, —I,(NO
Z{no Zn
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where C ; is the current distribution constant; | is the
spontaneous emission constant; and h; is the diffusive
effects coefficients described as

=loL,/m)

The coefficient v ki, & i and A are integrals which
represent the overlap between the gain and mode profiles

where

j o /Wy (r)rar
J.J (or/w)J, (O' r/W),z/ Yrdr
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D. Optical output power modeling

The photon number Si in each mode can be related to
the corresponding optical output power Py using

R- = k/kSk

where kg is the output-power coupling coefficient of mode k.

7/10‘ Wz

8, =2/

Complete model

The VCSEL can be described as a four-port device, pe,
ne are the input ports, and po, no are the output ports,
respectively. The symbol is illustrated in Fig.2 (a). The
equivalent circuit of VCSEL is composed of input sub-
circuit, temperature sub-circuit, zero order sub-circuit, jth
order sub-circuit, k mode optical sub-circuit, and output sub-
circuit, as shown in Fig.2 (b).

In input sub-circuit, pe and ne are the VCSEL’s electrical
interface. C, is the pad capacitance, L, is a series
inductance representing the wirebond, and R; is the contact
resistance, respectively. Cs is the parasitic capacitance of
Bragg mirrors, Rs is the parasitic resistance of Bragg
mirrors, respectively. The input  voltage-current
characteristic is modeled by a laser diode including the
effect of the temperature dependent parasitic resistance
and reverse saturation current instead of a controlled
voltage source.

In the temperature sub-circuit, td is the terminal which
models the temperature T. The sub-circuit elements are

given as
C,= Tm/ R, :

I :T(‘)/Rr/:—i'_lsz_Z})k
k

tem
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Fig.2 VCSEL model (a)symbol (b)equivalent circuit

In zero order sub-circuit, nO is the terminal whose node
voltage models the zero order carrier number. The sub-
circuit elements are given as
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In jth order sub-circuit, nj is the terminal whose node
voltage models the jth order carrier number. The sub-circuit
elements are given as
1,’ = U;g/l . an —Tn/(qZ ( +h, )) an

1, =4G, ((é,l +a,v, +a,v, )/(b ))
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In the optical sub-circuit, mk is the terminal whose node
voltage models the phonon number in the kth mode. The
sub-circuit elements are given as

R, = k/kz-p/f ka = Z/krk
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In order to demonstrate the ability of our VCSEL model
to replicate the basic thermal, spatial and multimode
behavior of actual VCSEL operation, we implemented our
model into a conventional SPICE-like simulator. We

Istmk generated example simulations of the two-mode VCSEL

under dc, ac, and transient conditions. The parameters are
taken from references [10]. In the simulations, mode 0
represent LP01, and mode 1 represent LP11.The results
allowed us to verify that our model is capable of replicating
the basic thermal and spatial behavior typical of VCSEL.

Fig. 3 illustrates the variation of NO , N1 and N2 for the
25°C and 40°C LI curve. As the current increases, N1 and
- N2 begin to increase because of spatial hole burning. NO
also begins to increase in order to maintain an above-
threshold modal gain.

Fig.4 illustrates the VI characteristics and LI
characteristics for the two-mode VCSEL with leakage at
various ambient temperatures of 25°C and 40°C. As LI
curves shown, the threshold current of VCSEL is depended
by temperature and output power rollover. The mode 1 has
a higher threshold. Once the mode 1 begins to lase, there is
a kink in the output power of mode 0. As VI curves shown,
while the inject current increased, the parasitic resistor will
decrease, and saturation current will increase.

Fig. 5 illustrates the resulting transfer function at
ambient temperatures of 25 and 40°C. The resonance
frequency decreases with temperature. The amplitudes of
mode 1 are much smaller than mode 0.

Fig. 6 illustrates the transient response to a square-
pulse-train input current at various ambient temperatures of
25°C and 40°C. Similar to Fig.4, there is an additional delay
before the mode 1 can lase because of SHB. This result
provided an initial verification of our model's spatial
capabilities. This result provided an initial verification of our
model’s thermal, spatial and multimode capabilities.
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Conclusions

In this paper, we present a comprehensive circuit-level
VCSEL model that addresses the spatial and thermal
behavior of VCSEL based on the multimode rate-equations.
A general diode, including the thermal effect of parasitic
resistor and reverse saturation current, instead of an
empirical function, is adopted to model the current-voltage
relationship. The model is more comprehensive and
parameters are easier to determine. The equivalent circuit
of the model and expressions of circuit elements are given.
It is really simple, and it can model basic laser behavior
under both dc and non-dc conditions. The simulated dc, ac
and transient features compare favorably with references.
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