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Thermal Analysis: VCSELs on an SiOB
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Abstract—This paper introduces a method combining a general
electrothermal network π-model in system level and the associ-
ated mathematical technique, Green’s theorem, in terms of the
adopted materials and system geometries to build up an equiva-
lent electrothermal circuit model (EETCM) for efficient thermal
analysis and behavior prediction in a thermal system. Heat conduc-
tion and convection equations in integral forms are derived using
the theorem and successfully applied for the thermal analysis of a
3-D optical stack, vertical-cavity surface-emitting lasers (VCSELs)
on a silicon optical bench. The complex stack structure in con-
ventional simulators can be greatly simplified using the method
by well-predicting probable heat flow paths, and the simplifica-
tion can eventually achieve the goal of CPU time saving without
having complicated mesh designing or scaling. By comparing the
data from the measurement, the finite-element simulation, and the
method calculation shows that an excellent temperature match
within ±∼0.5 ◦C and 90% CPU time saving can be realized.

Index Terms—3-D optical stacks, Green’s theorem, conduction,
convection, equivalent electrothermal circuit model (EETCM),
general electrothermal network π-model, heat transfer equation,
silicon optical bench (SiOB), thermal management, vertical-cavity
surface-emitting laser (VCSEL).

I. INTRODUCTION

H IGH SPEED, low power consumption, robust perfor-
mance, and small form factor are four primary design

issues in the development of the next generation microelec-
tronic systems [1], [2]. However, undesired nonuniformly ther-
mal effects due to drastic increase of the power dissipation
within intensively operating chipsets have become significant
design problems in the system development [1]–[4] and even
restrained the design flexibility in terms of associated configu-
rations of device packaging system and maximum power per-
formance of integrated system circuits [1]. Several strategies
and techniques concerned with the predictions of the undesired
thermal effects on the microsystem performance and reliabil-
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Fig. 1. Scheme of the general electrothermal network π-model for thermal
management [8]. By analogy with the common electric circuit π-model, three
main blocks, heating sources, propagated resistances, and common base resis-
tances, are adopted to present the thermal sources, thermal flow paths, and the
common base, respectively.

ity have been presented to conquer the circumstance [1]–[8]. So
far, the establishment of equivalent electrothermal circuit model
(EETCM) is the most efficient thermal analysis scheme that can
be easily implemented in computer-aided design (CAD) pro-
grams for optimal system-IC designs to avoid undesired system
functionality degradation and device failure resulted by excess
thermal accumulation. In comparison with the other analytical
methods for the prediction of nonuniformly thermal effects, such
as numerical solutions based on Laplace’s equation [1], finite-
element analysis (FEA), or boundary element method (BEM) for
computer simulators [5]–[7], the EETCM can also effectively
prevent data unwieldiness and time consuming in the thermal
analysis resulted by the complicated boundary conditions (BCS)
associated with a system configuration. The complexity of BCS
will cause a large amount of meshing work in CAD simula-
tion, which would affect the accuracy of outcomes and raise the
analysis time and cost.

Therefore, for developing an efficient method for the ther-
mal analysis of a microelectronic system with corresponding
behavior predictions, this paper will illustrate a previously de-
veloped general electrothermal network π-model in the system
level [8], as shown in Fig. 1. By employing the concept of the
π-model in electronic transistors, a thermal system can be de-
composed into three main subcomponents, which are heating
sources, propagated resistances, and common base resistances,
respectively. From the model, the thermal interconnects from
one component to the others or to external boundaries can be
definitely clarified, and the external boundaries connected to the
main components can be decomposed into several thermal paths
to simplify the BCS. Thence, by introducing Green’s theorem
for resolving the boundary problems in the Poisson’s equation
of power density and heat flux gradient, new heat conduction
and convection equations in integral forms can be derived to
clearly specify the thermal propagations within the system, and
the thermal interactions between the system and its surrounding
environment. Therefore, the thermal fields within the system
and on the external surfaces under the prescribed thermal-field-
BCS can be defined, as well as the temperature distribution of
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the system, which can help designers easily identify the hottest
spot and the primary conducting paths of the heat flux in the
system.

Since late 1980s, it has been proposed to utilize silicon
substrate as a cost-effective optical bench to integrate optical
and microelectronic components for gigabit per second (Gbps)
high-speed optical data communication applications [9]–[11].
The implementation of the silicon optical bench (SiOB) can
greatly shrink packaging size and electrical interconnection
length accompanying the reduction of parasitic effects in the
optical transceiver system for high-speed data communication
applications. Meanwhile, the SiOB can provide several unique
packaging characteristics including precise optical alignment
for low coupling loss from optical components to fiber cores,
small thermal mismatch between the components for high relia-
bility of the chip system, excellent thermal conductivity of sili-
con substrate for good chip performance with better cooling, and
exact passive fabrication for good impedance matching of signal
transmission within components. Nevertheless, SiOB still has its
intrinsic shortcomings. Silicon is a lossy substrate material in
the RF/microwave/millimeter wave regime. Electrical signals
transmitted between on-chip circuitries can be easily coupled
into silicon substrate to generate substrate noise. Electrical loss
resulted by induced eddy current in the substrate would degrade
the performance of passive components in the circuitry. In order
to resolve the issue, a thick layer of dielectric, such as sili-
con oxide, nitride, or benzo-cyclo-butene (BCB), is utilized as
an electrical insulator for passive device fabrication, where the
loss can be greatly reduced [8]. Owing to the high thermal-resist
characteristic of the dielectrics, laser diode directly mounted on
the top of them would have an inevitable working temperature
raise that could affect the laser performance.

In this paper, an EETCM established according to the net-
work π-model is presented for the thermal behavior analysis
of the SiOB. A four-channel vertical-cavity surface-emitting
laser (VCSEL, BeamExpress, SA.) array is flip-chip bonded us-
ing Au–Sn solder with the SiOB as a Gbps optical transmitter,
where transmission lines are fabricated as electric interconnects,
as shown in Fig. 2. The SiOB is monolithically fabricated with
a 45◦ microreflector [see Fig. 2(b)] and a V-groove array that
can incorporate optical fibers with itself [see Fig. 2(c)]. The
reflectors and V-grooves can provide precise optical alignment
and coupling between fibers and VCSELs, simultaneously. De-
tail SiOB design consideration and fabrication process can be
referred to [11]. Using the presented network π-model and the
EETCM, the thermal behavior in the system and the interaction
between the system and the surrounding environment can be
well predicted, and the simplification of the geometrical struc-
ture used in the simulators is likewise achieved to provide a
quick solution for the optical system optimization as well as
thermal management.

II. THERMAL ANALYSIS OF VCSELS ON AN SIOB

Three main blocks labeled with heating sources, propagated
resistances, and common base resistances in the general elec-
trothermal network π-model, as shown in Fig. 1, represent the

Fig. 2. (a) Scheme of the 3-D-stacked VCSELs on a SiOB. It is obviously that
there should be complicated thermal behavior inside the SiOB due to its large
volume and aspect ratio. The insertion of upper right corner shows complicated
structure of the VCSELs, the adjacent contact pads, and the thermal via in detail.
The insertion of upper left corner shows the bottom structure of the VCSELs
and the interconnected thermal conducting channels. The detail profiles of the
(b) 45◦ micro-reflector and the (c) V-groove array that are monolithically fabri-
cated on the SiOB.

thermal sources, the thermal flow paths, and the common base
of thermal conducting system, respectively. The dash lines en-
closing each presented blocks in the network π-model represent
an adiabatic surface [1]. The impedance parameters Zi , where
i represents 1, 2, 3, and 4, can be defined as the thermal resis-
tance of heating source itself, nature or forced air convection,
thermal capacitance, and other specified BCS, etc. Boundaries
A and B can be the common base of the thermal flows, other
heating components of thermal conducting system with speci-
fied thermal conditions, external boundaries, or interconnections
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between different systems. It should be noted that icons of the
source of thermal flow and the block of heating source repre-
sent the generation and direction of the thermal flow and the
main heated component, respectively. As the three main blocks
are definitely determined, the impedance parameters and bound-
aries can be specified and derived according to the configuration
of the thermal system. The model can provide the flexibility in
resolving the analysis complexity of the thermal impedance and
the external boundary problems. Additionally, the BCS associ-
ated with their thermal behaviors could be further substituted by
the presented thermal impedances or Boundary A (or B). Thus,
the thermal behaviors could be likewise calculated qualitatively
and quantitatively by means of the Fourier’s law or the following
Green’s theorem in terms of temperature distribution.

Thermal phenomena of a long-wavelength VCSEL are com-
plicated due to its complex multilayered configuration, con-
taining an active region with several strained quantum wells
followed by a sandwiched layer, in which a heavily doped p–
n tunnel junction is embedded in two GaAs-based distributed
Bragg reflectors (DBRs) in our case [12]. Thus, the thermal
phenomena take place within the volume during operation will
include the mutually interrelated optical, electrical, thermal, and
electron-hole recombination phenomena [13]–[15]. Meanwhile,
anisotropic thermal behaviors from the nonuniformly multilay-
ered configuration are limited by the structural geometry of the
VCSEL, therefore an effective thermal conductivity should be
adopted for replacing the conventional values of each layers in
the configuration [16], [17]. In addition, the nature and location
of each heat source in the VCSEL are also critical characteris-
tics, because the Joule heating is equally important as the active
region and DBRs heating in the VCSEL [18], [19]. Therefore,
the source of thermal flow and the Z1 as shown in Fig. 1 are
merged into the block of heating source for definitely speci-
fying the exact location of the heating source. The location of
the thermal flow source is assumed at the geometrical center of
the VCSEL. Meanwhile, the complicated mutually interrelated
thermal phenomena will be tentatively substituted with an elec-
tricthermal energy transfer efficiency coefficient for the steady
state in the system level. In this paper, an effective thermal con-
ductivity of the VCSEL with the value of 44 W/m·K is utilized
for the EECTM model in the thermal analysis.

Fig. 3(a) and (b) show the electrothermal network π-model
and the associated EETCM of the aforementioned 3-D-stacked
VCSELs on the SiOB, respectively. The two parameters, the
source of thermal flow and the Z1 , are the components of the
heating source in the network π-model since the VCSELs are the
main thermal generators and also the main heated components
in the case. The parameters Z1 and Z2 , Z3 , and Z4 are thermal
resistances of the 3-D-stacked VCSEL (RVCSEL and R′

VCSEL ),
an infinite thermal resistance due to the negligence of nature air
convection, and the thermal capacitance of SiOB (CSiOB ), re-
spectively. Both the Boundaries A and B are the common bases
of thermal flows for the entire thermal conducting system. Ad-
ditionally, the blocks of propagated resistances are represented
by a serial connection of gold (RGold ) and BCB (RBCB ) layers,
which is parallel connected with air (RAir). The common base
resistance is the SiOB (RSiOB ). Four switches adopted for the

Fig. 3. (a) Scheme of the modified general electrothermal network π-model.
The source of thermal flow and Z1 are the components of the heating source due
to the VCSELs are main heating generators themselves in our case. (b) EETCM
of the VCSELs on the SiOB, where Z1 and Z2 , Z3 , and Z4 are thermal
resistances of VCSEL (RVCSEL and R′

VCSEL ), an infinite thermal resistance
due to without nature air convection here, and the thermal capacitance of SiOB
(CSiOB ), respectively.

sources of thermal flow indicate the VCSELs can be individu-
ally operated. In fact, it is the degree of freedom in arranging the
thermal impedances in the model as aforementioned. According
to the Fourier’s conduction law, RVCSEL , R′

VCSEL , RGold , RAir ,
and RBCB can be easily calculated as tj /kj Sj , where j, t, k, and
S are the adopted material, thickness, thermal conductivity, and
contact area of the materials, respectively. CSiOB is equal to
Q/ΔT, where Q and ΔT represent dissipated power and temper-
ature difference between the bottom of the SiOB and ambient
environment, respectively. For the purpose of convenient and
fair comparison, Table I shows the dimension and thermal con-
ductivity of each adopted material utilized in both of the model
calculation and the simulation.

Generally, after obtaining all thermal characteristics of the
components in the thermal conducting system, paths of thermal
flux and the highest temperature on the system can be uniquely
and rapidly determined using the presented EETCM. The
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thermal behaviors within the heating sources (the 3-D-stacked
VCSELs), however, are always more complicated than the other
components, since they are also the power generators in the
system and simultaneously contact the surfaces of the internal
system and the external environment. Thus, it is necessary to
employ a new mathematical technique to exactly evaluate the
temperature distribution on these contacted surfaces. By realiz-
ing the requirement, the mathematical technique of the Green’s
theorem is adopted in the paper to sufficiently and qualitatively
describe the thermal characteristics of the 3-D-stacked optical
transmitter.

III. HEAT TRANSFER EQUATIONS IN INTEGRAL FORMS

A. Green’s Theorem

Green’s theorem is a mathematical tool for dealing with the
problems of specified BCS fixing the field values at all points in
the interesting volume [20]–[23]. As long as field sources within
the volume and net field flux on the surfaces enclosing the vol-
ume are known, the physical characteristics of the field inside
the volume can be uniquely determined as well as the trans-
fer properties on the surrounding surfaces. Differing from the
previously presented graphical method of the finite-difference
equations [24], Green’s theorem provides more degrees of free-
dom for dealing with the problems of isothermal surfaces. Once
isothermal surfaces of a heating system are predicted, heat con-
duction flux as well as adiabatic surfaces could be likewise
quantitatively determined. Thus, Green’s theorem is one of the
candidates to mathematically and physically define the thermal
characteristics of the presented EETCM of the 3-D-stacked op-
tical transmitter.

Starting from the second Green’s theorem [22]∫
v

[
ϕ (r̄′)∇′2ψ (r̄′) − ψ (r̄′)∇′2ϕ (r̄′)

]
d V ′

=
∮

s

[ϕ (r̄′)∇′ψ (r̄′) − ψ (r̄′)∇′ϕ (r̄′)] · n̂da′ (1)

where ϕ (r̄′) and ψ (r̄′) are two arbitrary scalar fields. The pa-
rameters r̄′, V′, n̂, and a′ are the position of the field source,
the interesting volume, the normal unit vector of the surround-
ing surface enclosing the volume, and the surrounding sur-
face, respectively. In order to describe the temperature dis-
tribution of the thermal characteristics of the heating system
by means of the Green’s theorem, the two scalar fields should
beartificially chosen

ϕ (r̄′) =
1

|r̄ − r̄′| (2)

and

ψ (r̄′) = T (r̄′) (3)

where T and ⇀
rare the temperature distribution and the observed

point, respectively. By substituting (2) and (3) into (1), and using
the identity

∇′2ϕ (r̄′) = ∇′2 1
|r̄ − r̄′| = −4πδ (r̄ − r̄′) (4)

the temperature distribution is then calculated as follows:

T (r̄) = − 1
4π

∫
v

∇′2T (r̄′)
|r̄ − r̄′| dV ′

+
1
4π

∮
s

[
∇′2T (r̄′)
|r̄ − r̄′| − T (r̄′)∇′

(
1

|r̄ − r̄′|

)]
· n̂da′.

(5)

For simplifying the prescribed BCS, the surrounding surface
a′ can be flexibly assumed as an isothermal surface. Thus, tem-
perature distribution of the third term in (5) becomes a constant
distribution, and the Green’s theorem for the temperature distri-
bution can be further modified as a temperature difference

T (r̄) − T (r̄′) ≡ ΔT

= − 1
4π

∫
v

∇′2T (r̄′)
|r̄ − r̄′| dV

+
1
4π

∮
s

∇′T (r̄′)
|r̄ − r̄′| · n̂da′. (6)

Eventually, the difference of temperature distribution for a
heating system with prescribed BCS could be clarified in detail
by treating the volume and surface integrals in (6) carefully.

B. Heat Conduction Equation

By analogy with the Poisson and electric-field equations in a
steady state [22], the thermal sources in the volume and surface
integral in (6) can be modified as follows:

∇′2T (r̄′) = − qV

kV
(7)

and

∇′T (r̄′) = − qS

kS

(
r̂ − r̂′

)
(8)

where qV and qS are the volume power density in W/m3 gener-
ated within the interesting volume and the surface power den-
sity in W/m2 radiated from the surrounding surface, respec-
tively. The kV and kS are the thermal conductivity in W/m·K
for volume and surface integrals, respectively. As the physical
meanings of the conduction, the power densities mentioned in
(7) and (8) represent the volume and surface densities of the
thermal sources at specified points, respectively. Therefore, it
indicates that the power densities of the conduction heat transfer
also obey the Gauss’s law.

By substituting (7) and (8) into (6), the difference of temper-
ature distribution for the heat conduction, as shown in Fig. 4 can
be derived as follows:

ΔT =
1
4π

∫
V

qV

kV |r̄ − r̄′|dV ′ − 1
4π

∮
S

qS

(
r̂ − r̂′

)
· n̂

kS |r̄ − r̄′| da′.

(9)

For constant power density and isotropic thermal conductiv-
ity, (9) could be further simplified by setting the field source on
the original point

ΔT =
qV

3kV
|r̄ − r̄′|2 − qS

kS
|r̄ − r̄′|

(
r̂ − r̂′

)
· n̂. (10)
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Fig. 4. Scheme of conduction heat transfer sphere with specified volume and
surrounding surface. The parameters qv and qs are the volume power density
in W/m3 generated within the interesting volume and surface power density in
W/m2 radiated from the surrounding surface, respectively. The propagation di-
rection of the surface power density is outward and parallel with the normal unit
vector. The difference of the temperature distribution could be well determined
using the derived conduction heat transfer equation in integral form.

Physically and conceptually, (10) could be simply tackled
as a one-dimension problem by assuming 3kV = kS = k and
realizing the vector difference to be the thermal conducting path
ΔL, and it will become

ΔT =
qV

k
ΔL2 − qS

k
ΔL (r̄ − r̄′) · n̂ (11)

or

k
ΔT

ΔL
= qV ΔL − qS

(
r̂ − r̂′

)
· n̂ ≡ qΔL − qn . (12)

Equation (11) indicates that the subtraction of the power den-
sity radiated from the surrounding surface from the power den-
sity generated within the interesting volume will be equal to the
product of the temperature gradient and the thermal conductiv-
ity in one-dimension for the case in a steady state. In a source
free volume, (12) definitely becomes the so-called Fourier’s law
in heat conduction [24] that also validates the correction of the
equality assumption of 3kV = kS = k. The aforementioned (9)
is, thus, the integral form of the heat conduction equation. Mean-
while, the thermal resistances specified in the EETCM shown
in Fig. 3(b) can be derived as follows:

R =
[
3q

∫
V

dV ′

|r̄ − r̄′| − qn

∮
S

da′

|r̄ − r̄′|

] /

[
4πkqn

∫
S

(
r̂ − r̂′

)
· n̂da

′
]

. (13)

C. Heat Convection Equation

By recalling (6) and considering that there is no power source
in the mechanism of heat convection, the temperature difference
resulted by the convection, as shown in Fig. 5, can be described
as follows:

ΔT =
1
4π

∮
S

∇′T (r̄′)
|r̄ − r̄′| · n̂′da′. (14)

Fig. 5. Scheme of convection heat transfer sphere with specified surrounding
surface. The propagation direction of the surface power density is outward and
antiparallel with the normal unit vector n̂′ . The difference of the temperature
distribution could be well determined using the derived convection heat transfer
equation in integral form.

Slightly different from the definition of the surrounding sur-
face in (9), the surface of heat convection mechanism could be
extended to the surrounding, where the surface temperature T∞
maintains as a constant and will not be influenced by the in-
ternal heating systems. Thus, by substituting (8) into (14), the
temperature distribution resulted by the heat convection can be
obtained by the derived temperature difference. Using similar
approaches of (10) and (11), the temperature difference can be
simplified as follows:

ΔT = −qS

k
ΔL (r̄ − r̄′) · n̂′ =

qn

h
(15)

or

qn = hΔT = h [T (r̄′) − T∞] (16)

where h is k/ΔL and called the convection heat transfer coeffi-
cient in W/m2 ·K. It is noted that the direction of the normal unit
vector n̂′ is inward to the surface and opposite to the direction of
the n̂. Equation (16), therefore, becomes the so-called Newton’s
Law of cooling [24], and then, (14) is the integral form of the
heat convection equation.

It is noted that there are three physical mechanisms of heat
transfer for the heating system, i.e., conduction, convection, and
radiation. Although the integral forms of the conduction and
convection mechanisms have been qualitatively derived previ-
ously, the mechanism of the radiation is still not clearly defined
in this paper. The difficulty to definitely determine the integral
form of the radiation is due to its nature of the heat transfer.
Being different from the mechanisms of the conduction and
convection, i.e., random molecular and bulk motions of fluid,
only an isothermal surface should be undertaken in the integral.
The mechanism of the radiation has to deal with the energy
interchanges between two surfaces from the system and the sur-
rounding environment, respectively. Thus, it needs the Green’s
theorem with more complicated configuration. Fortunately, ac-
cording to the Stefan–Boltzmann law, the radiation mechanism
only can dominate at a very high temperature region, therefore,
the mechanism can be neglected in the case concerned in the
microelectronic systems [24]. At final, it is more convenient to
use the integral forms for the thermal analysis rather than the
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Fig. 6. Isothermal surfaces determined by means of the conduction and con-
vection heat transfer equations. In the case, only the lateral single laser is turned
on, where the heat source region is represented using the symbol “+”. The
input current is limited at 8 mA and the electricthermal energy transfer effi-
ciency is 85.7% to meet the standard specification of the semiconductor-made
VCSELs [25]. The theoretical temperature at the hottest spot is 78.4 ◦C.

conventional Fourier’s law and Newton’s law of cooling, since
these forms could easily elucidate the associated characteristics
between the isothermal surface and the power density simulta-
neously in all thermal conducting components.

IV. METHOD VALIDATION

A. Simulation Validation

Four VCSELs are stacked on a 625-μm-thick SiOB, which is
operated in air without having artificial convection. The bottom
of the SiOB is an isothermal surface, where it is set at 75 ◦C to
imitate the operation environment of a typical optical transceiver
system. All other surfaces are adiabatic, where no heat flux is
allowed, as mentioned by the EETCM for the thermal analysis.
According to the presented EETCM, as shown in Fig. 3(b), the
contributions of thermal resistances of air within the propagated
resistances and that of SiOB within the common base resistances
could be ignored, since they have a large thermal resistance
values in the part of parallel connection and a small resistance
value in the part of serial connection, respectively. The materials
of air and SiOB could be reasonably removed both in the model
calculation and the CoventorWare simulation [7], therefore more
than 80% reduction of required meshes can be achieved as well
as the requirements of CPU time and memory operation in this
case.

In the system, the hottest spot should be determined for realiz-
ing a reliable 3-D optical stack. Using the derived heat conduc-
tion and convection equations, the isothermal surface surround-
ing the source could be uniquely determined. The value of the
volume power density in the source can be obtained by means
of the product of the input power of the VCSEL per volume and
its efficiency

qV =
I2Rh

Vh
η (17)

where I, Rh , Vh , and η are the input current, electric resistance of
the heating source, volume of the heating source, and the elec-
tricthermal energy transfer efficiency coefficient, respectively.
As shown in Fig. 6, while the lateral single laser is turned on,
the configuration of the isothermal surfaces reveals the probable
location of the hottest spot according to the calculation of the

Fig. 7. (a) Scheme of the EETCM of simplified thermal conducting system
with single operating VCSEL established by the network π-model. (b) Simula-
tion result of simplified thermal conducting system. According the associated
EETCM, the material of air and SiOB were removed in the system to reduce the
required meshes as well as the CPU time and computer memory. The tempera-
tures of node points A, B, and C are 78.9, 76.8, and 75 ◦C, respectively, while
the input current is limited at 8 mA.

EETCM. After determining the hottest spot within or on the
surface of the heating source, the temperature distribution could
then be determined using (9) and (14) by evaluating the thermal
distribution from the other two main components and the ex-
ternal BCS, which are surrounded by free air without artificial
convection. The thermal resistance of each component can be
also derived using (13). Fig. 7 shows the associated EETCMs
and the simulation results after removing the air and SiOB in
the thermal conducting system. Since the VCSELs have poor
thermal conductivity than that of the thermal vias (see Table I),
and the thickness of the operating VCSEL and the adjacent one
can have two-order magnitudes larger than that of thermal vias,
the thermal vias would become the main path of the thermal
flow, as expected in this associated EETCM.

Meanwhile, the paths of the thermal flow depicted in Fig. 7
and extracted from the simplified thermal conducting system
constructed in the simulation verify the validation of the EETCM
by showing the possible paths of thermal flows on the main com-
ponents. The simulation results cannot only obviously present
the main paths of thermal flow as the prediction of the EETCM,
but also indicate the hottest spot is at the outermost corner of the
operating VCSEL. In the design and optimization stage, it is im-
portant to find out the hottest spot caused by a great quantity of
thermal accumulation due to its direct correlation to undesired
functionality degradation or even failure of the VCSELs in the
optical system. In fact, according to the indications of the derived
EETCM, the hottest spot could always take place at the joints of
the heat source to the source of thermal flow, and the temperature
in the spot strongly correlates to the characteristics of device ma-
terial and geometry of Z1 and the conditions of Boundary A, as
shown in Fig. 7(a). Fig. 7(b) shows the simulation results, where
the lateral VCSEL is operated with 8-mA input current and 2-V
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bias voltage. The temperatures show at node points A, B, and C
are 78.9, 76.8, and 75 ◦C, respectively. The hottest temperature
at node A is close to the result that on the isothermal surfaces
calculated by the EETCM, as shown in Fig. 6. The simulation
results reveal that the hottest temperature happens at node A and
the main path of thermal flow is from node A to C, which has an
excellent match with the prediction of the simplified EETCM,
as shown in Fig. 7(a). Therefore, for system-IC designers and
engineers, the EETCM derived based on the electrothermal net-
work π-model can indeed provide a quick and accurate way to
analyze the worst cases at those joints by further investigating
the thermal behaviors of Z1 and Boundary A.

B. Apparatus Setup, Calibration, and Experimental Validation

InfraScope II, Thermal Imaging Microscope, (Quantum Fo-
cus Instruments Corp, Vista, CA) is employed for both thermal
mapping and hot-spot detection in the measurement. Two main
effects, vibration coupling and thermal air current, that could af-
fect the measured accuracy have been carefully considered and
controlled. The InfraScope is mounted on a vibration-isolated
table and the measurement environment is located away from
air flux. The entire 3-D VCSELs optical stack is fixed on the
thermal stage of the InfraScope, where a bias temperature is
set at 75 ◦C to imitate the conventional operation environment
of typical optical transceiver systems. The optical stack starts
with an unpowered state for measurement calibration. Radi-
ance calibration is adopted to create the correlation between the
output of infrared detector and the infrared radiance. The refer-
ence established in the unpowered state is used to calibrate the
radiance units by accurately measuring the infrared radiation
emitted by each pixel area of the optical stack. Then, the ex-
tracted emissivity map is utilized as a reference frame for each
of the subsequent thermal images from the powered 3-D optical
stack. The map can, therefore, be processed immediately for
the temperature acquisitions. At final, by means of zooming in
the region of the heating source adequately, i.e., the region of
the VCSELs, the temperature distribution of the hot spot can be
definitely determined, as well as the hottest temperature on the
surface of the VCSELs.

Fig. 8 is the detected infrared-ray (IR) thermal image that
shows the temperature distribution of the SiOB heated by the
singly operated VCSEL. The bottom of SiOB is constrained
with a bias temperature of 75 ◦C for fair comparison. Only
a laser diode is operated by probe B with 8-mA input cur-
rent and 2-V biased voltage. The measured hottest temperature
shown in Fig. 9 validate the simulation and model predictions,
as shown in Figs. 6 and 7, respectively. The comparison be-
tween the CoventorWare simulation results with and without
air and SiOB, respectively, also verify the simplification indi-
cated by the EETCM. In order to further show the model accu-
racy in dealing with the thermal crosstalk between two operated
lasers, Fig. 10 shows the thermal image of the optical transmit-
ter, where two lasers are simultaneously operated. Each laser
diode is operated with 8-mA input current and 2-V biased volt-
age. Fig. 11 shows the comparison between the measured data,
the simulation, and the EETCM calculation. Excellent temper-

Fig. 8. Measured temperature distribution of SiOB heated by the operating
VCSEL using IR microscope. Only a laser diode is operated by probe B with
8-mA input current and 2-V bias voltage.

Fig. 9. Comparison between the EETCM with single laser turned on, measure-
ment data, and simulated results with and without air and SiOB, respectively.

ature matches within ∼0.5 ◦C verify the EETCM accuracy and
show the practicality of the simplified structure, in which we
can have 90% CPU operation time saving due to 80% mesh
number reduction. In addition, the slight temperature mismatch
should be caused by the thermal impedance mismatch between
the interfaces and the phonon vibration. Further investigation
and model improvement are still undergoing.

V. CONCLUSION

The paper physically and conceptually presents a method of
thermal analysis by means of a general electrothermal network
π-model in system level and an associated EETCM solved using
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Fig. 10. Measured temperature distribution of SiOB heated by the operating
VCSELs using IR microscope. Two laser diodes are operated with 8-mA input
current and 2-V bias voltage.

Fig. 11. Comparison between the EETCM with two lasers turned on, mea-
surement data, and simulated result, respectively.

a proposed mathematical technique, the Green’s theorem. By de-
composing the thermal conducting system into three main com-
ponents, a complex heating structure can be efficiently simpli-
fied without degrading the analytical accuracy. The derived heat
conduction and convection equations in integral forms could
help the designers and engineers realize the thermal behaviors
within the integrated circuits and the thermal interconnections
between the system and the external surrounding surfaces. By
finding the isothermal surfaces within the heating source com-
ponents, the hottest spot, and the probable paths of the thermal
flow can be uniquely determined, therefore, the thermal sys-
tem could be further optimized to avoid the device failure or
breakdown. Furthermore, the associated circuit model can be

readily used for design optimization via CAD programming in
terms of the structure geometry and physical characteristics of
materials used in the device or system. The model can also
lead a way for structure simplification and system optimization
with high accuracy and achieve the goal of CPU time saving
in 3-D FEA simulation without complicated mesh studying or
scaling.
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