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Abstract—Thermal accumulation effects in an LDMOSFET
under the impact of a periodic electromagnetic pulse (EMP) are
investigated using time-domain finite-element method combined
with the preconditioned conjugated gradient technique. The tran-
sient thermal response in the LDMOSFET and its peak temper-
ature are captured and compared, with different waveforms of
the injected EMP chosen for computation. It is shown that, as the
ratio of the pulsewidth and its periodicity increases, thermal accu-
mulation effects on the transient thermal response as well as the
peak temperature in LDMOSFETs are observable, which should
be treated appropriately in the prediction of its electrothermal
breakdown and reliability.

Index Terms—Electrostatic discharge (ESD), LDMOSFET,
peak temperature, periodic electromagnetic pulse (EMP), thermal
accumulation, time-domain finite-element method (FEM), tran-
sient thermal response.

I. INTRODUCTION

LATERAL double-diffused MOSFETs have been widely
used in various modern communication systems [1], [2]

because of their excellent RF performance of high gain, good
linearity, high output power, etc. For example, the peak power
output of an LDMOSFET-based power amplifier in single-
carrier application, with an operating voltage of 24–28 V
supplied, can be as high as 200 W. Furthermore, advanced
LDMOSFETs can now be merged into a single chip and can
operate at much higher voltage [3]. On the other hand, it is
well known that an LDMOSFET in a power amplifier often
suffers from self-heating effects, which will result in serious
degradation in its performance and even cause its electrother-
mal breakdown. Moreover, as an intentional electromagnetic
interference (IEMI) [4] or an electrostatic discharge (ESD) is
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suddenly injected into the LDMOSFET, certain breakdown can
take place [5], [6]. For example, high-power microwave has the
capability to damage an LDMOSFET easily. It can be physi-
cally understood that, in the electrothermal characterization of
an active device, as the injected pulsewidth is much smaller
than its periodicity and its fall time is very short, the thermal
accumulation effect on the transient temperature response of the
device will be very weak. However, as the single pulsewidth of
a periodic electromagnetic pulse (EMP) is larger than the pulse
interval and the pulse fall time is not so short, the problem will
be very complex. Unfortunately, to the best of our knowledge,
few research works are reported for characterizing thermal
accumulation effects in LDMOSFETs under the impact of a
periodic EMP, and this is the motivation behind this paper.

In the characterization of the steady-state temperature distri-
bution of semiconductor devices, the heat conduction equation
is often solved by grid-based numerical techniques, such as
finite-difference method, finite-element method (FEM) [7], etc.
On the other hand, some special analytical methods, such as
the dyadic Green’s function method [8], have been also imple-
mented for capturing steady-state 3-D temperature distributions
of passive and active devices. Among all these methods, we
would like to say that time-domain FEM [9] is very flexi-
ble and powerful to handle various active devices even with
irregular geometries, particularly for electrothermal transient
characterization.

In this paper, the investigation of thermal accumulation ef-
fects in some LDMOSFETs under the impact of a periodic
EMP is carried out numerically. The organization of this paper
is as follows. In Section II, the model description of a typ-
ical LDMOSFET, together with the input signal waveforms,
is given. In Section III, the time-domain FEM is outlined
for capturing transient thermal response in the LDMOSFET.
In Section IV, numerical calculation is carried out to show
the thermal accumulation effects on the transient temperature
response and the peak temperature of the LDMOSFET. Some
conclusions are obtained in Section V.

II. MODEL DESCRIPTION

Fig. 1 shows the 3-D view of a typical lateral double-diffused
MOSFET. It is normally built on a p−/p+ epitaxial substrate.
In our study, a periodic EMP is directly injected through its
drain end, with its gate biased at a certain voltage. The stor-
age temperature denoted by Tst for an LDMOSFET is about
423 K [10].
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Fig. 1. Three-dimensional view of a standard LDMOSFET.

Based on the data given in [11], the temperature-dependent
thermal conductivities of silicon oxide and silicon are obtained
and given by

κSiO2(T ) = 1.02278 + 0.00121T,

273 K ≤ T ≤ 1000 K (1a)
κSi(T ) = 332.14097 − 1.07848T + 0.00158T 2

− 1.08505 × 10−6T 3 + 2.81425 × 10−10T 4,

300 K ≤ T ≤ 1300 K. (1b)

It should be noted that κSi(T ) decreases with increasing tem-
perature, while κSiO2(T ) increases with temperature.

There are several different types of IEMI and ESD pulses.
Among these, we consider a Gaussian pulse given by

Us(t) = U0 ·
{

exp
[
−

(
(t − t0)

/
τ
)2

]}
(2)

where U0 is the peak voltage, t0 is the time corresponding to its
peak voltage, and τ is the pulsewidth. Its periodic waveform is
described by

U(t) =
Nmax∑
i=0

Us(t − iT0) (3)

where T0 is the pulse period, as shown in Fig. 2.
There are several mathematical descriptions for different

ESD-induced pulse voltages, in which the most general form
can be described by [12]

UESD(t) =U0

[
(1 − e−t/τ1)pe−t/τ2

+ C1(1 − e−t/τ3)qe−t/τ4

+ C2(1 − e−t/τ5)re−t/τ6

+ C3(1 − e−t/τ7)se−t/τ8

]
(4)

and the parameters Ci, τi (i = 1, 2, and 3), p, q, r, and s can
be referred in [12]. Therefore, the ESD-induced periodic pulse
voltage can be written as

U(t) =
Nmax∑
i=0

UESD(t − iT0) (5)

Fig. 2. Normalized periodic Gaussian pulse waveform characterized
by t0 = 80 ns, τ = 20 ns, and T0 = 200 ns.

Fig. 3. Waveform of an ESD-induced periodic pulse voltage with U0 = 1 V
and a period of T0 = 200 ns.

where T0 is also the period of the ESD pulse and its typical
waveform is shown in Fig. 3.

III. OUTLINE OF NUMERICAL METHODOLOGY

In our numerical methodology, a set of semiconductor equa-
tions is at first solved so as to obtain the transient heat
source distribution over the LDMOSFET, and then, the time-
dependent heat conduction equation will be further solved to
get its 3-D transient temperature distribution. We know that the
potential distribution inside a semiconductor can be determined
by the Poisson’s equation as follows:

εΔ2ϕ = −q
(
p − n + N+

D − N−
A

)
(6)

where p and n, and N+
D and N−

A are the carrier densities and
the ionized impurity concentrations, respectively. The current-
density and electric-field distributions over LDMOSFET will
be determined using a hybrid time-domain FEM, as outlined as
follows.
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The heat generation in the LDMOSFET is obtained by
computing the time-dependent electrical power density, and fur-
thermore, the transient temperature distribution will be obtained
by solving the 3-D heat conduction equation with appropriate
initial and boundary conditions, as given by [9]

ρc
∂T (�r, t)

∂t
=∇ [κ(T )∇T (�r, t)] + f(t) (7a)

Initial condition:

T (�r, 0) = θ(�r) (7b)

Dirichlet boundary:

T |Γ1 = T0 (7c)

Adiabatic boundary:

∂T

∂n

∣∣∣∣
Γ2

= 0 (7d)

where T (�r, t) represents the transient temperature distribution,
κ(T ) is the temperature-dependent thermal conductivity (in
watts per meter kelvin), ρ is the density (in kilogram per
cubic meter) of the materials involved, c is the specific heat
(in joules per kilogram kelvin) of material, f(t) is the inside
heat generation rate (in watts per cubic meter), and ∂/∂n is
the normal derivative operator along the outward direction of
the boundary. The parameters Γ1 and Γ2 are the structure
boundaries. If both heat convection and radiation are included,
we will have

κ
∂T

∂n

∣∣∣∣
Γ3

= − h(T − Tambient) − εδ
(
T 4 − T 4

ambient

)

= −
[
h + εδ

(
T 2 + T 2

ambient

)
(T + Tambient)

]
× (T − Tambient)

= − h∗(T − Tambient) (8)

where h is the convective coefficient (in watts per square meter
kelvin), ε is the emissivity coefficient, δ = 5.7 × 10−8 W/m2 ·
K4 is the Stefan–Boltzmann constant, Tambient is the ambi-
ent temperature, and h∗ represents the nonlinear temperature-
dependent equivalent convective coefficient.

Following the similar way as shown in [9] and [13], we
begin to implement the procedure of time-domain FEM so as to
compute the transient temperature response of the LDMOSFET
under the impact of a periodic EMP. At first, (7a) is transformed
into the finite-element form using the Galerkin weighted resid-
ual process as follows:

Ri =
∫
Ω

wiY dΩ = 0 (9)

where wi is the integration weight and Y is the residual of (7a)
defined as

Y = ρc
dT

dt
+ ∇(κ · ∇T ) − f. (10)

By applying the corresponding shape function N , the tem-
perature in an element will be approximated by its nodal
values, and

T =
n∑

i=1

NiTi (11)

where n is the number of nodes in an element and Ti represents
the nodal temperature. Substituting (11) into (9), along with
wi = Ni, we have

M · dT
dt

+ K(T, t) · T = F(T, t) (12)

where T(t) is the vector of nodal temperatures, M is the
temperature-independent capacity matrix, and the conductivity
matrix K(T, t) and the heat generation vector F(T, t) are
both time and temperature dependent because of the nonlin-
ear thermal and electrical conductivities and the time-variant
power density. All the global vectors and matrices in (12) are
composed of elemental vectors and matrices [13]

M =
NEL∑
e=1

m(e) (13a)

K(T, t) =
NEL∑
e=1

k(e)
(
T(e), t

)
(13b)

F(T, t) =
NEL∑
e=1

f (e)
(
T(e), t

)
(13c)

where m(e), k(e), and f (e) are computed by

m
(e)
ij = ρ(e)c(e)

∫
Ω(e)

Ni · Nj dΩ (14a)

k
(e)
ij =κ(e)

∫
Ω(e)

∇Ni · ∇Nj dΩ

+ h∗(e)
∫

Γ
(e)
3

Ni · Nj dΓ (14b)

f
(e)
i = f (e)

∫
Ω(e)

Ni dΩ + h∗(e)T
(e)
ambient

∫

Γ
(e)
3

Ni dΓ (14c)

where f (e) in (14c) is the volumetric heat generation rate of
each element resulting from the Joule heating, with

f (e) =
[
j(e)(t)

]2
/

σ
(
T (e)

avg

)

=
[
i(e)(t)

]2
/ [

A2 · σ
(
T (e)

avg

)]
(15a)

T (e)
avg =

1
n

n∑
i=1

T
(e)
i (15b)

where j(e)(t) is the elemental current density, A is the cross-
section area of the drain in Fig. 1, and T

(e)
avg is the average

temperature of the element.
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Fig. 4. (a) Structure of a simulated p-n junction diode. (b) Doping concentration in the diode. (c) Electric potential distribution of simulated p-n junction diode.
(d) Relative error of electric potential compared with the result from multiphysics modeling software COMSOL.

To solve (12), the finite difference is applied to the time-
domain discretization. After some mathematical treatments
[13], we have

K [αTi+(1−α)Ti−1]+M
Ti−Ti−1

Δt
=αFi+(1−α)Fi−1.

(16)

Finally, (19) is transformed to a recurrence form

KP · Ti = g (17)

where KP and g are

KP =M + αΔtK (18a)

g = [M − (1 − α)ΔtK]Ti−1

+ αΔtFi + (1 − α)ΔtFi−1. (18b)

Here, (17) is nonlinear and will be solved by an iterative
algorithm as described in [9] and [13]. In order to enhance

the computational efficiency, we also use the preconditioned
conjugated gradient technique combined with the element-by-
element approximate factorization method in our time-domain
FEM algorithm, which can reduce error accumulation and
provide a fast convergence.

IV. NUMERICAL RESULTS AND DISCUSSION

Before applying the nonlinear time-domain FEM described
previously to study temperature accumulation effects in the
LDMOSFET, the accuracy of our developed algorithm should
be validated, but just one example is given in the following.
Fig. 4(c) shows the simulated electric potential distribution
in a diode in Fig. 4(a), with its doping concentration shown
in Fig. 4(b). The predicted electric potential distribution is
compared with the result obtained by the multiphysics mod-
eling software COMSOL, with only small differences observed
between two methods, as shown in Fig. 4(d).
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Fig. 5. Transient temperature response of an LDMOSFET under the impact
of (a) a single Gaussian voltage pulse and (b) a single ESD voltage pulse,
respectively.

After validating the accuracy of our code, we investigate the
transient temperature response of an LDMOSFET under the
impact of a single Gaussian pulse voltage and a single ESD
pulse voltage, respectively.

In Fig. 5(a), the injected Gaussian pulse voltage is character-
ized by U0 = 40 V, τ = 20 ns, and t0 = 80 ns. In Fig. 5(b), the
injected ESD pulse voltage is similar to the single one shown
in Fig. 3(a). Comparing the pulse waveform with the transient
temperature response in Fig. 5(a) or (b), it is evident that there
is significant time delay between the injected pulse voltage
peak and the maximum rise in temperature, where the safety
temperature threshold of the LDMOSFET is denoted by Tst =
423 K. Correspondingly, the breakdown voltage threshold in
Fig. 5(a) is found by Bvt = 27.5 V. For both cases, as the
duration time of pulse voltage is limited to be tr ≤ t ≤ tf ,
the LDMOSFET will be easily broken down. The thermal-
breakdown zone, as shown in Fig. 5(a) and (b), respectively,
is defined as

Brs =

tf∫
tr

[Tmax(t) − Tst] dt (19)

and the larger the value of Brs, the higher the possibility that
the device will be thermally broken down. On the other hand, it

Fig. 6. Transient temperature response of an LDMOSFET injected by a single
Gaussian pulse with τ = 20 ns and t0 = 80 ns, but for different peak voltages.

is evident that Brs increases with increasing the injected pulse
peak voltage amplitude and its duration time, which will be
further studied and shown in Fig. 6. The LDMOSFET is still
driven by a Gaussian pulse but for different peak voltages.

In Fig. 6, it is shown that the time, corresponding to the
transient temperature reaching its maximum, does not change
and that it is about 90 ns. As the peak voltage of the injected
Gaussian pulse is below 20 V, the thermal-breakdown possibil-
ity of the LDMOSFET will be zero (Brs (Vmax = 20 V) = 0),
which is safe over the overall duration time of the injected
pulse. As the peak voltage is increased to be 30 V, there is
still less thermal-breakdown possibility (Brs (Vmax = 30 V) ≈
0)). As the peak voltage is further increased to 40 and 60 V,
respectively, the corresponding thermal-breakdown zones are

Brs(40 V) =

tf (40V)∫
tr(40V)

[Tmax=40V(t) − Tst] dt

= 2.67 × 10−6 (K · s) (20a)

Brs(60 V) =

tf (60V)∫
tr(60V)

[Tmax=60V(t) − Tst] dt

= 1.38 × 10−5 (K · s). (20b)

The value of Brs (60 V) is much larger than Brs (40 V), and
under such condition, the corresponding thermal-breakdown
possibility of the LDMOSFET is increased significantly.

Fig. 7 shows the captured peak temperature of the
LDMOSFET as a function of the peak voltage of injected
Gaussian pulse for τ =10, 20, 50, 100, and 200 ns, respectively.
It is obvious that, at a given pulsewidth, the peak temperature
gradually increases with the peak voltage. For a given pulse
voltage of the injected EMP, the peak temperature also goes up
with increasing the EMP width. In Fig. 7, when τ =10 ns,
the corresponding thermal-breakdown zone is zero, and Brv(τ =
50 ns)/Brv(τ = 20 ns) = 1.65, Brv(τ = 100 ns)/Brv(τ =
20 ns) = 1.98, and Brv(τ = 200 ns)/Brv(τ = 20 ns) = 2.20.
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Fig. 7. Transient temperature response of an LDMOSFET injected by a
Gaussian pulse but for different pulsewidths.

This means that the thermal-breakdown possibility of
LDMOSFET could be doubled as the value of τ is increased
from 20 to 100 ns. On the other hand, the breakdown voltage
threshold is reduced from VBT = 29.05 to 12.62 V. Therefore,
the wider the pulsewidth (i.e., the longer the duration time),
the lower the voltage threshold of the LDMOSFET will
be. Furthermore, we now investigate transient temperature
response of an LDMOSFET under the impact of periodic
Gaussian pulse, as shown in Fig. 8, with the effect of thermal
accumulation demonstrated clearly.

Fig. 8(a) and (b) shows the transient temperature responses
of an LDMOSFET injected by a periodic Gaussian pulses but
with two and eight peaks, respectively, while Fig. 9 shows the
transient temperature response of an LDMOSFET injected by
a periodic ESD pulse with U0 = 150 V. For both figures, it is
evident that the transient peak in the temperature response goes
up gradually with increasing the injected pulse peak number. In
Fig. 8(a), the accumulation temperature is ΔT1,2 = 7.2 K and
ΔT1,2/(Tmax = 357.2 − 300) = 12.6%; in Fig. 8(b), ΔT1,8 =
41.2 K, and ΔT1,8/(Tmax = 391.2 − 300) = 45.2%. In Fig. 9,
we have ΔT1,4 = 49.8 K and ΔT1,4/(Tmax = 503.0 − 300) =
24.5%. These indicate that thermal accumulation effects must
be taken into account as we want to accurately capture the
transient temperature response of an active device injected by a
periodic EMP. It can be predicted that the larger the ratio τ/T0

of the injected pulse, the larger the thermal accumulation will
be, which is further shown in Fig. 10.

Fig. 10 shows the captured peak temperatures of an
LDMOSFET as it is driven by a periodic Gaussian pulse with
U0 =40 V and τ =1 ns, but for different periods. It is evident that
the ratio of τ/T0 has significant effects on the peak temperature
and the thermal accumulation in the LDMOSFET. In Fig. 10,
the peak temperature goes up gradually with time increasing,
and finally, it will reach a stable value denoted by Tt→∞ and

T = Tt→∞ + A exp(−t/t1) (21)

with Tt→∞, A, and t1 summarized in Table I for comparison.
It is obvious that Tt→∞ decreases as the ratio of τ/T0

decreases, with the curve shown in Fig. 11.

Fig. 8. Transient temperature responses of an LDMOSFET injected by a
periodic Gaussian pulse with U0 = 40 V, τ = 1 ns, t0 = 4 ns, and T0 = 8 ns,
but with (a) two and (b) eight peaks.

Fig. 9. Transient temperature response of an LDMOSFET injected by a
periodic ESD pulse with U0 = 150 V and T0 = 200 ns.

V. CONCLUSION

The transient electrothermal characterization of an
LDMOSFET under the impact of an EMP has been performed
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Fig. 10. Peak temperature captured in an LDMOSFET as it is injected by a
periodic Gaussian pulse with U0 = 40 V and τ = 1 ns, but for T0 = 8, 10, 12,
14, and 30 ns, respectively.

TABLE I
FITTING PARAMETERS IN (21)

Fig. 11. Final equilibrium temperature Tt→∞ as a function of the ratio
of τ/T0.

using time-domain FEM, where carrier transportation and
potential equations in silicon material are combined with a heat
conduction equation so as to model nonlinear electrothermal
coupling processes in LDMOSFETs. Using our developed
hybrid FEM algorithm, the transient temperature response and
the peak temperature are captured and compared in terms of
different injected periodic EMP waveforms. It is indicated that
thermal accumulation effects in an LDMOSFET or in the other
active semiconductor device should be treated appropriately so

as to accurately predict its inner transient temperature response
and particularly for the injection of an EMP with a large ratio
of the pulse duration and the pulse period.
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