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Analysis of Temperature Effect on p-i-n Diode
Circuits by a Multiphysics and Circuit

Cosimulation Algorithm
Jun-quan Chen, Xing Chen, Senior Member, IEEE, Chang-Jun Liu, Senior Member, IEEE,

Kama Huang, Senior Member, IEEE, and Xiao-Bang Xu, Senior Member, IEEE

Abstract—A novel cosimulation algorithm that combines
physical-model-based multiphysics simulation with equivalent-
model-based circuit simulation is proposed. In the algorithm,
multiphysics simulation couples multiple physical equations (e.g.,
the electromagnetic, semiconductor transport, thermodynamics
equations, etc.) to be solved numerically by an iterative approach.
The multiphysics simulation is for modeling the electrothermal be-
havior of semiconductor devices, and then, it is incorporated into
the circuit simulation to extend the simulation from semiconductor
devices to circuits. Employing the proposed algorithm, sample
numerical results for the temperature effect on circuits comprising
commercial p-type–intrinsic–n-type diodes with a model number
of mot_bal99lt1 are obtained and compared to measurement data.
The comparison shows a good agreement between these two sets of
data, which validates the feasibility and accuracy of the proposed
algorithm. Moreover, the proposed algorithm can provide a use-
ful physical mechanism for understanding temperature effect on
semiconductor devices and circuits.

Index Terms—Circuit simulation, multiphysics, semiconductor,
temperature effect.

I. INTRODUCTION

T EMPERATURE has a significant impact on the perfor-
mance of semiconductor devices and circuits because vari-

ation in temperature may change the mobility of electrons and
holes, as well as the material properties in the devices. Hence,
temperature analysis of semiconductor devices and circuits has
been a subject of increasing interest for many years [1]–[3].
In the literature, a number of electrothermal analyses for semi-
conductor devices and circuits have been reported, employing
various methods to describe the temperature characteristics of
semiconductor devices [1]–[10]. For example, finite-difference
and finite-element simulation [4], [5], analytical methods [6],
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[7], and thermal resistance and thermal capacitance network el-
ement analysis [8], [9] are utilized for solving the heat diffusion
equation, and some thermal models are derived and extracted
from experimental results [10]. In addition, the thermal models
are coupled to the compact equivalent-circuit electrical models
based on knowledge of the power dissipated in the semicon-
ductor devices to formulate electrothermal model analysis [2],
[3]. However, those approaches suffer from limitations that
may preclude their application in some cases. The thermal
resistance and thermal capacitance network element analysis
is fundamentally an approximation and thus are inadequate for
modeling some kinds of semiconductor devices, such as power
devices [11]. The extracted thermal models vary for different
semiconductor devices under various conditions. Therefore, de-
riving the thermal models is a heavy experimental burden, and
it is impossible to cover all the different cases. The equivalent-
circuit electrical models may lose their accuracy in some spe-
cial cases such as high-power or high-frequency applications.
Moreover, most of them lack direct physical interpretation [12]
and thus cannot be easily used to predict the physical effect of
the semiconductor devices and circuits.

An existing method for the electrothermal analysis of semi-
conductor devices is the physical-model-based multiphysics
simulation [13], [14]. This method is essentially a coupled-field
analysis, which allows users to study the combined effects of
multiple physical phenomena (fields). In the analysis, multiple
physical equations (e.g., the electromagnetic, semiconductor
transport, and thermodynamic equations) are coupled to form a
system of equations, and then, the system of equations is solved
numerically.

However, the physical-model-based multiphysics simulation
is very complicated and costs much computation time, even
for a single semiconductor device. Hence, for a circuit that
contains various electronic devices and whose dimensions are
much larger than those of a single semiconductor device, it is
difficult to be analyzed employing a multiphysics simulation.
Researchers have devoted significant effort to develop a thermal
model reduction technique [11], [15], [16] that represents the
thermal characteristics of a circuit by utilizing the so-called
thermal nodes and thus performs the coupled electrothermal
simulation at the circuit level. However, this technique requires
explicit lumped-element RC network approximation or nodal
reduction, and it usually assumes the thermal subsystem to be
linear.

0018-9383/$31.00 © 2012 IEEE
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In the authors’ previous work [17], a cosimulation algorithm
is proposed, which incorporates the physical-model-based field
simulation into an equivalent-model-based circuit simulation
to simulate the electrical characteristics of circuits. This work
extends the cosimulation algorithm to analyze temperature ef-
fect on circuits. In the algorithm, the multiphysics simulation is
employed for analyzing the crucial and sensitive semiconductor
devices in a circuit, and then, a cosimulation algorithm that
incorporates the multiphysics simulation into an equivalent-
model-based circuit simulation is utilized to estimate the elec-
trothermal behavior of a whole circuit. Since the multiphysics
simulation is based on a physical model, it is naturally able
to accurately simulate the electrothermal behavior of semicon-
ductor devices under various conditions, and it can be used for
predicting the physical effect; on the other hand, the equivalent-
model-based simulation at the circuit level can avoid employing
the multiphysics simulation to analyze a whole circuit and thus
greatly reduce the computation burden.

In this paper, the proposed cosimulation algorithm is applied
to analyze temperature effect on circuits comprising commer-
cial p-i-n diodes with model number mot_bal99lt. Then, a
serial of experiments are conducted to validate the proposed
algorithm. The remainder of this paper is organized as the
follows: The proposed cosimulation algorithm is formulated
in Section II. Then, in Section III, the simulation results of
temperature effect on p-i-n diode circuits are presented and
compared to measurement data. Finally, conclusions are drawn
in Section IV.

II. PRINCIPLE AND FORMULATION OF THE

COSIMULATION ALGORITHM

A. Multiphysics Simulation for Semiconductor Devices

In principle, the electrothermal behavior of semiconductor
devices can be described by a multiphysics equation system
coupling the following physical equations [14]:

1) Poisson Equation:

∇2ϕ = −q

ε
(p− n+Nt) (1)

where ϕ is the electrostatic potential; ε is the permittivity; q
is the elementary charge; n and p are the electron and hole
concentration, respectively; and Nt is the doping concentration.

This equation, which describes electromagnetic field
variation inside semiconductor devices, is reduced from the
Maxwell equations based on the fact that the active region
of semiconductor devices is much smaller than the minimum
wavelength of signals. For most semiconductor devices, this
approximation holds for frequencies up to gigahertz [18], even
terahertz [19], [20].

2) Continuity Equations for Electrons and Holes:

∂n

∂t
=

1
q
∇−→

J n −R (2)

∂p

∂t
= − 1

q
∇−→

J p −R (3)

where t is the time; �Jn and �Jp denote the current densities
caused by electrons and holes, respectively; and R is the
electron–hole recombination rate.

3) Current Equations With Temperature Effect [21]:

−→
J n =μnkb(T∇n+ n∇T ) + qμnn∇ϕ (4)

−→
J p = − μpkb(T∇p+ p∇T ) + qμpp∇ϕ (5)

I =A(
−→
J c +

−→
J d) ·

−→
δ

=A

(
−→
J n +

−→
J p + ε

∂
−→
E

∂t

)
· −→δ (6)

where μn and μp are the effective mobility of electrons and
holes; T is the temperature; kb is the Boltzmann constant; I
is the branch current; �Jc and �Jd are the conduction current
density and the displacement current density, respectively; A
is the cross-sectional area; and �δ is a unit vector normal to the
cross section.

The continuity equations (2) and (3), together with the cur-
rent equations (4)–(6), are the drift-diffusion approximation for
the Boltzmann transport theory [22], which reveals the physics
of carrier transport inside semiconductor devices for the sake of
simplicity.

4) Heat Diffusion Equations:

ρc
∂T

∂t
=∇ [κ(T )∇T ] + g (7)

g =

(
−→
J n +

−→
J p + ε

∂
−→
E

∂t

)
· −→E (8)

where κ(T ) is the temperature-dependent thermal conductivity,
ρ is the specific mass density, c is the specific heat capacity, and
g is the rate of heat generation.

5) Characteristic Parameter Equations:

ε(T ) = ε [1 +Bε(T − 300)] (9)

Ni(T ) =Ns exp

(
− Eg

2kbT

)
(10)

μn,p(T ) =μ0
n,p ×

(T/T0)
−α

(1 + (E/Ec)β)
1
β

(11)

τn,p(T ) = τ0n,p ×
(

T

T0

)γ

(12)

where Bε is the Blakemore constant; Ni is the intrinsic carrier
concentration, i.e., the number of electrons in the conduction
band (and also the number of holes in the valence band)
per unit volume in semiconductor that is completely free of
impurities and defects; Ns is the effective density of states
in the conduction band; Eg is the energy gap; μ0

n,p are the
effective mobility of electrons and holes at room temperature
T0 = 300; τ0n,p are the lifetime of electrons and holes at room
temperature T0 = 300; Ec is the critical field; and α, β, and γ
are coefficients.
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These equations relate the temperature with some character-
istic parameters [22], such as the permittivity (9), the intrinsic
carrier concentration (10), the effective mobility of electrons
and holes (11), and the lifetime of electrons and holes (12).

Equations (1)–(12) form a multiphysics equation system,
which is a system of coupled nonlinear partial differential
equations. Practically, it is impossible to obtain closed-form
solutions of such a set of equations. Hence, an iterative nu-
merical method is employed to solve this system of equations.
Let us refer, for the sake of simplicity, to a 1-D physical model
that is taken in consideration in the present implementation of
this work.

The electrical part of the system (1)–(6), as T is a known
value, can be solved using the method described in [23]. The
whole procedure can be simplified to the solution of an incre-
ment equation

AΔy(k−1) +BΔy(k) +CΔy(k+1) = H(k) (13)

where y = [ϕ n p]T ; Δy = [Δϕ Δn Δp]T ; A, B, and C are
3 × 3 matrices; and H is a 3 × 1 matrix.

Based on the thermal equilibrium and zero space-charge
condition, for a semiconductor device located between x = 0
and x = w, it can be described as

n0p0 =nwpw = 0 (14a)

Nt0 + p0 − n0 =Ntw + pw − nw = 0 (14b)

ϕ0 =Uj

(
kbT

q

)
ln

(
p0
Ni

)
(14c)

ϕw =

(
kbT

q

)
ln

(
nw

Ni

)
(14d)

where Uj is a given terminal voltage. Then, the increment
equation (13) can be solved by using the chasing method [24].

For the thermal equation (7), as n, p, and ϕ are known values
and in view of the principle described in [25] that the partial
differential equation may be discretized into a finite number of
first-order ordinary time-dependent differential equations, it can
be rewritten as

Tk+1 − Tk

hk,k+1
− Tk − Tk−1

hk−1,k
+ g =

dCk.Tk

dt
(15)

where Ck and hk,k+1 are the discretization coefficients. By
using the Newton iteration method, the increment equation can
be rewritten as

aΔy(k−1) + bΔy(k) + cΔy(k+1) = h (16)

where y = [T ]; Δy = [ΔT ]; and a, b, c, and h are the coeffi-
cients. Based on the thermal boundary condition [1], i.e., the
convection boundary condition

∂T

∂r
= −hc(T − Ta) (17)

where Ta and hc represent the ambient temperature and convec-
tion coefficient, respectively, the increment equation (16) can
also be solved by using the chasing method.

The iterative procedure for the multiphysics simulation is
given here.

1) Initializing the parameters such as terminal voltages Uj

and ambient temperature T0.
2) Solving the increment equation (13) to get the electrical

characteristics of the semiconductor device and updating
the corresponding parameters n, p, and ϕ.

3) Using the updated parameters n, p, and ϕ to solve the in-
crement equation (16) to get the thermal characteristics of
the semiconductor device and then obtaining the variation
of the temperature ΔT0.

4) Updating the characteristic parameters ε, Ni, μn, and μp

by employing the previously obtained parameters n, p, ϕ,
and T0. In this way, the electrical and thermal effect on
the semiconductor device are considered simultaneously
and correlated to each other in the simulation.

5) Repeating steps 2–4 using the updated temperature T0 +
ΔT0 until reaching a convergence criterion, which may
be defined as the temperature variation ΔT0 being less
than a preset smaller value.

6) The final temperature T0 and the electrical parameters n,
p, and ϕ are used to obtain the branch current Ij in the
device from (6).

In this way, the corresponding branch current Ij in a semi-
conductor device can be simulated for the given terminal volt-
age Uj under the temperature effect. In other words, in the
macroscopic view, the electrothermal behavior of the semicon-
ductor device is represented by the relationship between the ter-
minal voltage Uj and the branch current Ij in the multiphysics
simulation.

B. Multiphysics and Circuit Cosimulation Algorithm

For a circuit, using the modified nodal analysis method
described in [26], its simulation can be simplified to the solution
of a system of equations⎧⎪⎪⎨

⎪⎪⎩
f1(U1, U2, . . . , Uk) = 0
f2(U1, U2, . . . , Uk) = 0

...
fk(U1, U2, . . . , Uk) = 0

(18)

where U is the node voltage, and k is the index of the node.
Using the Newton–Raphson algorithm, the solution procedure
of the nonlinear (18) is converted to an iterative operation, with
the iterative equations [26]

Un+1 = Un − J−1(Un)f(Un) (19)

where U = [U1, U2, . . . , Uk]
T , f(U) = [f1(U), f2(U), . . . ,

fk(U)]T , n is the iteration index, and J is the Jacobian matrix

J =

⎡
⎢⎣

∂f1
∂U1

· · · ∂f1
∂Uk

...
. . .

...
∂fk
∂U1

· · · ∂fk
∂Uk

⎤
⎥⎦ . (20)

For a device in the circuit, its branch currents are related to
the terminal voltages. For example, assuming a device is located
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in the jth branch and between the (k − 1)th and kth nodes,
the relationship between the branch current Ij and the given
terminal voltages Uk−1 and Uk can be described as

Ij = ψ(Uk, Uk−1). (21)

To simplify the simulation and reduce the computation bur-
den, in this work, only the crucial and sensitive semiconductor
devices in the circuit are simulated by the previously intro-
duced multiphysics simulation. As for other circuit elements,
such as resistors, capacitors, etc., (21) can be derived from
their equivalent-circuit models that can be established from the
devices’ manuals or some circuit simulation softwares.

Substituting (21) into (20) and using two trial solutions UΔ
k−1

and UΔ
k to approximately calculate the partial derivatives of Ij ,

we can express a matrix element in (20) by

∂fj
∂Uk

=
∂fj
∂Ij

∂Ij
∂Uk

+
∂fj
∂Uk

=
∂ψ(Uk−1, Uk)

∂Uk
+

∂fj
∂Uk

≈
ψ
(
Uk−1, U

Δ
k

)
− ψ(Uk−1, Uk)

UΔ
k − Uk

+
∂fj
∂Uk

. (22)

Then, the iterative equation (19) are rewritten as

Un+1=Un

−

⎡
⎢⎢⎢⎢⎢⎣

∂fn
1

∂Un
1

· · · ∂fn
1

∂In
j
Δ1+

∂fn
1

∂Un
k−1

∂fn
1

∂In
j
Δ2+

∂fn
1

∂Un
k

∂fn
2

∂Un
1

· · · ∂fn
2

∂In
j
Δ1+

∂fn
2

∂Un
k−1

∂fn
2

∂In
j
Δ2+

∂fn
2

∂Un
k

...
. . .

...
...

∂fn
k

∂Un
1

· · · ∂fn
k

∂In
j
Δ1+

∂fn
k

∂Un
k−1

∂fn
k

∂In
j
Δ2+

∂fn
k

∂Un
k

⎤
⎥⎥⎥⎥⎥⎦

−1

f(Un)

(23)

in which

Δ1 =
ψ
(
UnΔ
k−1, U

n
k

)
− ψ

(
Un
k−1, U

n
k q

)
UnΔ
k−1 − Un

k−1

Δ2 =
ψ
(
Un
k−1, U

nΔ
k

)
− ψ

(
Un
k−1, U

n
k

)
UnΔ
k − Un

k

UnΔ
k−1 =Un

k−1 +Δ

UnΔ
k =Un

k +Δ

where Δ is a small constant (such as 1.0 × 10−6) selected based
on experience for a convergent solution.

To obtain the transient response of a circuit, the simulation
procedure is divided into many time intervals. It starts from
an initial state of the circuit, which is usually—although not
necessarily—the dc state, and proceeds until reaching a time
required by the simulation. For each time interval, (23) is solved
repeatedly until its convergence condition is satisfied. In the
iterative matrix of (23), the terms ψ(Un

k−1, U
n
k ), ψ(U

nΔ
k−1, U

n
k ),

and ψ(Un
k−1, U

nΔ
k ) for crucial semiconductor devices are ob-

tained by the multiphysics simulation, whereas that for other
devices are derived from the circuit simulation based on the
equivalent-circuit models [26]. In this way, the multiphysics
simulation and the circuit simulation are integrated into a
unified algorithm.

Fig. 1. p-i-n diode with model number mot_bal99lt1.

Fig. 2. One-dimensional and 3-D physical model of a p-i-n diode.

III. APPLICATIONS OF THE PROPOSED ALGORITHM

In this section, the proposed cosimulation algorithm is
employed for the analysis of temperature effect on circuits
comprising commercial p-i-n diodes with model number
mot_bal99lt1. The p-i-n diode is depicted in Fig. 1, where its
physical dimension is compared to a one-Yuan coin. To validate
the proposed algorithm, the simulated results are compared to
the experimental data.

A. Physical Model of the mot_bal99lt1 p-i-n Diodes and Its
Parameters Extracted by a GA-Based Curve-Fitting Approach

The physical model of a p-i-n diode is shown in Fig. 2.
Using the GA-based curve-fitting approach, which has been
introduced in the author’s previous work [17], and from the
measured dc volt–ampere curve, the 1-D physical parameters
of the mot_bal99lt1 p-i-n diode are extracted as follows: the
lifetime τ0p = 5.0 × 10−9s and τ0n = 5.0 × 10−9s for p- and
n-type carriers, respectively; the thickness of p-layer Xa =
5.0 μm, i-layer Xb = 1.55 μm, and n-layer Xd = 0.5 μm; the
cross-sectional area A = 0.7 cm2; the coefficient Na = 1.8 ×
1016/cm3; Nb = 0.5 × 1010/cm3; and Nd = 1.8 × 1016/cm3.
The doping profile is shown in Fig. 3.

B. Temperature Effect on the DC Characteristics of the
mot_bal99lt1 p-i-n Diode

The dc volt–ampere curve of the p-i-n diode at different
ambient temperatures Ta ranging from 27 ◦C to 200 ◦C is
simulated by the proposed cosimulation algorithm and com-
pared with that obtained from experiment and ADS, which is
a famous circuit simulation software based on the equivalent
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Fig. 3. Doping profile of the p-i-n diode.

Fig. 4. (a) Test circuit. (b) DC volt–ampere curves at different ambient
temperatures.

circuit model, as shown in Fig. 4. From the comparison, one
observes that they are in good agreement, which validates the
accuracy of the proposed algorithm. In addition, the results
illustrate that the branch current of the p-i-n diode becomes
larger as the ambient temperature increases.

Fig. 4 also demonstrates that the simulation results generated
by the proposed algorithm are closer to the measurement results
than those obtained from ADS, particularly when dc voltage
US becomes high. To further compare the precision of the two
simulation methods, the dc voltage is extended to higher than
2.0 V (in such case, branch current Id may rise up to 500 mA).
Fig. 5 depicts the simulation errors, which are defined as the
discrepancy between the simulation and measurement results,
of the two methods at room ambient temperature Ta = 27 ◦C. It
is obvious that the simulation error becomes bigger with the rise
of the dc voltage, but the proposed algorithm possesses much
higher precision, in comparison with ADS.

When a large branch current goes through a p-i-n diode,
it would generate heat due to its ohmic dissipation, which
can be calculated by the heat diffusion equation (16) in the
proposed algorithm. Fig. 6 presents the measured and simulated
temperature Ts on the p-i-n diode’s surface at room ambient
temperature Ta = 27 ◦C. The simulated and measured results
shown in this figure agree with each other and clearly illustrate
the heating effect of the large branch current. However, it
is worth noting that ADS does not possess the capacity of
simulating the heating effect of a large current due to lack

Fig. 5. Simulation errors of the proposed approach and ADS against the dc
voltage US at room ambient temperature Ta = 27 ◦C.

Fig. 6. Measured and simulated temperature on the p-i-n diode’s surface at
room ambient temperature Ta = 27 ◦C.

of related equivalent models, and this deficiency makes ADS
unable to accurately simulate a p-i-n diode with a large branch
current, just as what has been illustrated in Fig. 5.

Moreover, the previously inferred temperature effect, i.e., the
branch current of the p-i-n diode becomes larger as the ambient
temperature increases, can be clearly and intuitively analyzed
by the proposed cosimulation algorithm. As depicted in Fig. 7,
the simulation results of the proposed algorithm indicate that
the p-i-n diode’s intrinsic carrier concentration Ni would rise
with the ambient temperature. In particular, the intrinsic carrier
concentration Ni inside the p-i-n diode is only on the order of
1.0 × 1010/cm3 at Ta = 27 ◦C, but it would be up to be on
the order of 1.0 × 1014/cm3 at Ta = 200 ◦C. The rise of the
intrinsic carrier concentration leads to the increase in carrier
concentration but a drop in the effective mobility of carriers
inside the p-i-n diode, as illustrated in Figs. 8 and 9. However,
the increase in carrier concentration is much higher than the
drop of effective mobility, which brings about the increase in
conduction current inside the p-i-n diode and finally results
in the enhancement of the p-i-n diode’s branch current that is
composed solely of the conduction current under a dc terminal
voltage.

In this example, the proposed cosimulation algorithm
demonstrates great advantages in comparison with the
equivalent-model-based circuit simulation, e.g., higher simu-
lation precision, capacities of simulating the heating effects
caused by a large current and providing the physical mechanism
for semiconductor devices and circuits.
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Fig. 7. Intrinsic carrier concentration inside the p-i-n diode versus the ambient
temperature.

Fig. 8. Carrier concentration of the p-i-n diode at different ambient tempera-
tures (US = 0.5 V).

Fig. 9. Effective mobility of electrons and holes of the p-i-n diode at different
ambient temperatures (US = 0.5 V).

C. Temperature Effect on the AC Characteristics of the
p-i-n Diode

Fig. 10 shows a circuit consisting of a mot_bal99lt1 p-i-n
diode, an ac source with voltage Us = 2.5 V, and a resistor
Ra = 100 Ω. Its ac characteristics at frequencies of 1 MHz
and under different ambient temperatures (50 ◦C, 100 ◦C, and
150 ◦C) are simulated by the proposed algorithm. The simula-
tion results are compared to the measurement data obtained by
using a Tektronix TDS1012 oscillograph and a ZTE-202-00AB
thermostatic system.

Fig. 10. Circuit containing a mot_bal99lt1 p-i-n diode.

Fig. 11. Measured and simulated branch current and terminal voltage for the
p-i-n diode circuit under different ambient temperatures. (a) Branch current.
(b) Terminal voltage.

As shown in Fig. 11, the measured and simulated results are
in good agreement, despite only a little discrepancy in the peak
value of direct current. The branch current goes up with the
increase in ambient temperature, and the threshold level of the
p-i-n diode slightly decreases with the increase in the ambient
temperature in the forward-voltage period.

As just explained in the last section, the rise in ambient
temperature leads to the increase in the p-i-n diode’s intrinsic
carrier concentration, which brings about a rise in the carrier
concentration, as shown in Fig. 12, and a drop in the effective
mobility of carriers inside the p-i-n diode, as depicted in Fig. 13.
In addition, they, in turn, result in an enhancement of the
conduction current. Under an ac terminal voltage, there exist
two kinds of current densities inside a p-i-n diode, i.e., the
conduction current density �Jc and the displacement current
density �Jd. The former �Jc = �Jn + �Jp is due to the drift-
diffusion movement of the n- and p-type charge carriers, and
the latter �Jd = ε(∂ �E/∂t) is caused by variation of the electric
field inside the diode. For a p-i-n diode during the forward
voltage period, it is in turn-on state, and its displacement current
density is negligible in comparison with the conduction current
density, as shown in Fig. 14, because the electric field varies
slowly at a frequency of 1 MHz. Hence, a rise in the conduction
current also results in considerable increase in branch current
in the p-i-n diode, with the ambient temperature just like
that under a dc terminal voltage. Meanwhile, a higher carrier
concentration means that the p-i-n diode has better electrical

Authorized licensed use limited to: SICHUAN UNIVERSITY. Downloaded on October 13,2022 at 06:18:28 UTC from IEEE Xplore.  Restrictions apply. 



CHEN et al.: TEMPERATURE EFFECT ON CIRCUIT BY MULTIPHYSICS AND CIRCUIT COSIMULATION ALGORITHM 3075

Fig. 12. Carrier concentration inside the center i-layer of the p-i-n diode.

Fig. 13. Effective mobility of carriers inside the center i-layer of the p-i-n
diode.

Fig. 14. Simulated current densities at the center of the i-layer under ambient
temperature Ta = 50 ◦C.

conductivity and can be in turn-on state, even under a lower
positive terminal voltage, which results in a slight decrease in
the diode’s threshold level.

D. Temperature Effect on a p-i-n Diode Limiter

To further demonstrate the capacity and accuracy of the
proposed cosimulation algorithm, it is applied in the analysis of
a limiter, as shown in Fig. 15, consisting of two mot_bal99lt1

Fig. 15. Limiter circuit composed of two mot_bal99lt1 p-i-n diodes.

Fig. 16. Measured and simulated waveforms of Uo under different ambient
temperatures.

p-i-n diodes, an ac source with voltage Us = 2.5 V and the
frequency of 1 MHz, two resistors (RS = 1 kΩ and RL =
1 kΩ), and a capacitor CL = 22 pF. The characteristics of the
limiter at the frequency of 1 MHz and under different ambient
temperatures are simulated by the proposed algorithm and are
measured by a Tektronix TDS1012 oscillograph and a ZTE-
202-00AB thermostatic system.

Fig. 16 compares the measured and simulated voltage wave-
forms of the limiter’s output voltage Uo under different ambient
temperatures (e.g., 50 ◦C, 100 ◦C, and 150 ◦C). From the
comparison, one observes that the two sets of data are in good
agreement, which demonstrates the capacity and accuracy of
the proposed algorithm for simulating a relatively complicated
circuit.

The output voltage Uo ranges from 0.36 to 0.53 V with an
exciting voltage Us = 2.5 V, which clearly illustrates the limit-
ing effect of the limiter. Meanwhile, it can be observed from the
figure that the clipping voltage of the limiter slightly decreases
with the increase in ambient temperature. For the limiter, two
p-i-n diodes are connected in parallel, so that, at any time,
one of them is in turn-on state. Because the diode’s threshold
level decreases with the increase in the ambient temperature,
as pointed out in the last section, the slightly decrease in the
threshold level makes the limiter’s clipping voltage decrease
with the increase in the ambient temperature.

In this paper, the proposed algorithm was coded in
FORTRAN and implemented on a personal computer equipped
with an Intel Q6600 processor of four cores and 4-GB memory.
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The central processing unit (CPU) time needed for the proposed
algorithm mainly depends on the number of meshes for dis-
cretizing the physical model of the device. Because this work
employs the p-i-n diode’s 1-D physical model with 50 meshes,
the CPU time for the proposed algorithm is short, about 20 s for
the simple circuits presented in Figs. 4 and 10, and about 50 s
for the limiter circuit shown in Fig. 15.

IV. CONCLUSION

The temperature effect is very important to electronic de-
vices and circuits. A cosimulation algorithm that combines the
multiphysics simulation and the circuit simulation has been
proposed in this paper. A physical-model-based multiphysics
simulation has been used for the electrothermal analysis of the
crucial and sensitive semiconductor devices in a circuit. Then,
it has been combined with an equivalent-model-based circuit
simulation to get the electrothermal behavior of the whole
circuit. This algorithm has the accuracy and versatility of the
physical-model-based multiphysical simulation, as well as the
simplicity and efficiency of the equivalent-model-based circuit
simulation.

Making use of the proposed cosimulation algorithm, sample
numerical results of the temperature effect on p-i-n diode
circuits are obtained, presented, and analyzed in this work. The
numerical results agree with the measurement data well, even
for a relatively complicated circuit such as a p-i-n diode limiter,
which validates the accuracy and capacity of the proposed
algorithm. Furthermore, the proposed algorithm is capable
of depicting useful physical mechanisms for the analysis of
the temperature effect on semiconductor devices and circuits.
Moreover, the proposed algorithm can be extended to more
comprehensive and complicated models with no need for sig-
nificant modifications. In the future, this algorithm will be
employed for the analysis of more semiconductor devices such
as bipolar junction transistors and field-effect transistors, as
well as their circuits.
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