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Abstract

Semiconductor-based electronic devices usually work under multi-physics fields
rendering complex electromagnetic-thermo-mechanical coupling. In this work, we
develop a penalty function method based on a finite element analysis to tackle this
coupling behavior in a metal/semiconductor bilayer plate - the representative unit of
semiconductor antenna, which receives strong and pulsed electromagnetic signals.
Under these pulses, eddy current is generated, of which the magnitude varies
remarkably from one plate to another due to the difference in electrical conductivity.
In the concerned system, the metal layer generates much larger current, resulting in
the large temperature rise and the nonnegligible Lorentz force, which could lead to
delamination and failure of the semiconductor-based electronic device. This study
provides theoretical guidance for the design and protection of semiconductor-based
electronic devices in complex environments.

Keywords: Electromagnetic-thermo-mechanical coupling behavior, Finite element

method, Pulse magnetic field, Eddy current, Delamination
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1 Introduction

As telecommunication systems advance with high-energy radiofrequency (RF)
sources and more efficient antennae, the possible high-power electromagnetic pulses
(EMP) lead to the concern of electromagnetic (EM) interference in electronic devices.
Intentional EM interference (IEMI) can lead to immediate failure of electronic
devices, influencing many key areas, such as transportation, communication, defense,
security, medicine, etc. [1-4]. The development of superconducting devices further
leads to complex strong electromagnetic environment in devices with the magnetic
field close to dozens of Tesla [5, 6]. As the electric, magnetic, thermal, and stress
fields could be changed under the electromagnetic interference, the EM protection has
become crucial for the application of electronic devices [7-9]. Therefore, it is needed
to give insight into the multi-physics coupling behavior quantitatively in analyzing the
influence of EM inference in electronic devices [10-12].

The multi-field coupling behavior of electronic system in complex multi-physics
environments has been extensively studied in recent decades [13-15]. For the dynamic
mechanical response, Horie and Niho [16] developed a finite element method (FEM)
to deal with the coupling behavior between the electromagnetic field and structural
dynamic responses with large deformation. Tanaka et al. [17] proposed a coupling
intensity parameter in analyzing the dynamic responses of fusion reactor components
through considering the magnetic damping effect on dynamic behavior. Hu et al. [18]
studied the resonances and stabilities of the current-conducting thin plate in a

magnetic field. Zhang et al. [19] developed a finite element model to study the
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nonlinear dynamic response under complex magnetic field. Ghayesh et al. [20]
applied the modified couple stress theory to explore the size-dependent nonlinear
dynamics behavior of the micro-electro-mechanical system (MEMS) with
pre-deformable electrode. For the performance of electronic devices. Liu et al. [21]
investigated the effect of high-power microwave on mobility degradation, avalanche
generation, and self-heating in a GaAs high-electron-mobility transistor
experimentally and theoretically. Lu et al. [22, 23] simulated the
electrical-thermal-mechanical coupling behavior in the large-scale 3D interconnects
and the high-power RF/microwave circuits using the FEM, which involved cohesive
elements and parallel computing.

In recent years, the studies of EM interference behavior in semiconductor-based
electronic devices mainly focused on the thermal breakdown caused by EM
pulses-induced energy [24-26]. The thermal-related failure behavior in
semiconductor-based devices under the EM pulses has been widely investigated in
simulations and experiments [27-29]. For example, Dobykin and Kharchenko [27]
developed a heat transfer-based mathematical model for thermal damage in
semiconductors with one p-n junction under high-energy EM pulses. Zhou et al. [30]
conducted an experimental study on the destruction of field effect transistor (FET)
under high-power microwave (HPM) pulses, and established a two-dimensional
analytical model to obtain the thermal breakdown temperature based on experimental
data. Zhou et al. [31] proposed a generalized thermal damage model in semiconductor

devices under EMP to explain the failure mechanisms of device with experimental
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verification. Zhang et al. [32] established a 3D theoretical model to analyze the EMP
thermal runaway and to predict the temperature in devices under EMP. Li et al. [33]
studied the thermal failure behavior in metal-oxide-semiconductor field-effect
transistors (MOSFETs) under electro-magnetic pulse through the thermal failure
model and the technology computer-aided design (TCAD) simulation, with
considering the influences of dissipation performance and electro-thermal coupling
effect.

Besides the thermal-related failure behavior in electronic devices under EM
pulse, Camp et al. [34] investigated the susceptibility of a single microcontroller to
EM pulses and ultra-wide band pulses using a statistical procedure. Xi et al. [35]
investigated the response of a bipolar transistor under a square-shaped EMP and
found that the damage energy changed with the input voltage. Ma et al. [36] studied
the effect of pulse width on the destruction of bipolar transistors and established a
typical n+-p-n-n+ bipolar transistor model to analyze the effect of frequency on
damage sensitivity. Genender et al. [37] proposed an approach to analyze the risk of a
system exposed to intentional electromagnetic interference (IEMI), which involves
characteristics of physical quantities such as amplitude of electromagnetic field and
nonphysical quantities. Shurenkov and Pershenkov [38] analyzed the main cause of
semiconductor structure damage and failure mechanisms under different situations.
Baek et al. [39] investigated the effects of design parameters on the damage rate of a
low-noise amplifier (LNA), and analyzed the relationship between damage rate and

parameters of LNA.
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In this work, we study the coupling behavior of EM, thermal, and stress fields in
Si/Cu layered thin plate under EM pulses through the finite element simulation and
reveal that the structural integrity could be affected by the cooperation of thermal
stress and Lorentz force. In the next section, the governing equations and related finite
element formulism for the elastic deformation, Eddy current, and heat conduction are
described, as well as the failure criterion for two-layered structure. Section 3 presents
the numerical simulations and discussion for single- and multi-pulsed magnetic fields.
Section 4 lists conclusions.

2 Theoretical Description

Considering a two-layered thin plate under EM pulses, the equations governing
the dynamic response and heat transfer need to be solved through a finite element
approach [12, 42, 43]. In this work, the weighted residual method, Hamilton’s
principle, and variational method are adopted to derive the weak form of governing
equations dealing with the multi-field coupling behaviors. The virtual crack closure
technique (VCCT) is used to calculate the energy release rate; and the
Crank-Niscolson and Newmark methods are employed to solve the variations of
displacement and temperature fields, respectively. These formulations are detailed

hereunder.
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Fig. 1. Schematic drawings of silicon/copper thin plate (a) and the model for the
virtual crack closure technique (VCCT) (b). The single-pulsed (c) and multi-pulsed (d)

magnetic fields vary with time.

2.1 Equations of Motion
Suppose that a bilayer plate consists of a top metallic layer and a bottom
semiconductor layer, representing a simplified multilayer structure ubiquitous in
modern electronic systems [12, 29]. This bilayer thin plate is subjected to a
time-dependent transverse magnetic field Bo(t) and the in-plane magnetic fields Box
and Boy with fixed values, as shown in Fig. 1(a). The equation of motion of the thin
plate can be written as
[ouc(8y+uy,) | + 5 =t (1)

where o, U, p,and f; are the stress, displacement, density, and external force,
7
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respectively. The external force originates from the external magnetic fields, as shown
in Fig. 1(a). Using the Kirochoff thin-plate assumption, the equations of motion can

be reformulated into a set of geometrical nonlinear differential equations, expressed as

[19]:
ON ~ ON, o’u
—XX+—y+FX(X,y,t):ph¥ (2)
ON,, ON, o’v
SR (k) =ph ®

—nd- ox? Yoxoy Y oy?

ON ON oN 2
+ —aNXX+—Xy @+ 9 a—W+FZ:pha—\;V
ox oy )ox oy X )oy ot

where N is the thickness of the thin plate, and u,v,w the displacements along the

2 2 2
—szvzw—l‘*—thh'szézdz+(NXXa—W+ on SV N 9 Wj

X-,y - and Z -directions, respectively. D:Yh3/12(1—u2) is the bending stiffness,

with Y and p being Young’s modulus and Poisson’s ratio, respectively. « is the

thermal expansion coefficient of thin material, 0 denotes the temperature change,

and N

XX !

N,,,and N, the mid-plane resultant forces, defined as N :Iaijdz. In
h

the above equations (2-4), the external load F (={Fx, Fy, F;}) is the Lorentz force
due to the interactions between electric currents and magnetic fields, which is given
by:

F=Fi+Fj+Fk=J,xB (5)
where J_ is the eddy current density generated by the transverse magnetic pulse.
B=B,+B,=B,i+B,j+(B,(t)+B,)k is the magnetic field that includes the
external magnetic field B, , By, ,B,(t) and the self-inductive B,=p,T , where i, is

the vacuum permeability and T is the component in the k-direction of the Eddy
8
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current vector.
The finite element formulism of the geometrically nonlinear dynamic governing
equation can be derived by Hamilton’s principle
5 ;Z(L—uTP)dxdydt -0 (6)
where L is Lagrange function, U is displacement vector, and P is the magnetic

force vector. Neglecting viscous damping, the Lagrange function can be written as:

L= g[gp (%) %dxdy - .ggTadxdy] , ()

where € and o are the strain and stress vectors, respectively. One can obtain the

dynamic finite element equation as
o%u 3
M, - +K, u=R,(T) 8

At both sides of the interface, nodal displacements must be continuous. One can
introduce the penalty function to limit the displacement (in the contact node pair),
which is expressed as

(Kca)e =aN]N_u, 9)
where a is the penalty function, u,=[u, u,[ is the displacement of the
contacting nodes, N_=[I —1], and in other node pairs, (Kca)e =0. Using the
Gaussian integral and combining Egs. (6) and (7), and introducing K_ into the
finite element equation, one can obtain the multilayer dynamic finite element equation
as

o%u

My (¥]+(Ku + Kca)u =Ry (T) (10)
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where M, :Jp[N]T[N]dQ is the mass matrix, and [N] is the shape function.
Q

R, (T)= J‘ [N] plde is the external force matrix, which contains the electromagnetic
Q

damping force generated by the self-induced magnetic field of thin plates and the
equivalent temperature load instead of thermal stress to hinder structural deformation.

Here, [p] is the node load. The global stiffness matrix is given as

K, =K" +K®+K° =£[B‘”]T[Dp'][Bp']+[Bb]T[Db][Bb}jQJr K°  (10)

where the superscripts pl , b and 0 mean the in-plane, lateral and nonlinearity terms,

respectively. The nonlinearity term introduced by the extra plane strain due to

1(owY 1(ow) owow
deflection is &° = —(—j , =| — 1| ——=¢. [B] is the geometric matrix, and
2\ ox 2\ oy oy oy

[D] is the elastic matrix.
2.2 Electromagnetic Governing Equations

To obtain the Lorentz force F, the current density J should be determined.
Herein, the T-method [19, 40-43] is adopted to solve the generalized Ampere’s law
based on Maxwell’s equations, SO as to determine the Eddy current generated under
pulsed magnetic fields. Neglecting the electrical displacement and polarization effects,
the divergence of the generalized Ampere’s law is expressed as:

V-J=0 (12)

Since the thickness of the plate is very small, the Eddy current is considered to be
homogenous in the thickness direction. With the introduction of the Eddy current
vector T in the T-method, namely T =Tk, the Eddy current density can be

expressed as:

10
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J=0,i+d,j=VxT (13)

Where J, and J, are the Eddy current densities along the x- and y-directions,
respectively.

The governing equation of Eddy current can be derived from Maxwell’s equations.

Combining the electromagnetic constitutive relationship with the introduction of the

Coulomb gauge condition, Helmholtz’s theorems and the Biot-Savart law

B :ﬂj‘] all dV (r is the position vector), the governing equation of Eddy current

3
\Y

is expressed as:

2 aB t 2 2
VT T B (g g o) ”

R T a o ot o
where p, is the vacuum permeability, w is the deflection, R.(x=m,s) is the
electrical resistance, and the subscripts m and s denote the metal and semiconductor
layers, respectively. The electrical resistance of semiconductor is denoted as
Rszll[e(pnne+upph)], where e, u,, u,, n, and p, are the charge of an
electron, electron mobility, hole mobility, electron concentration, and hole
concentration, respectively. The electromagnetic boundary condition is given as
nxT=0, which denotes no normal current component on the boundaries. It is noted
that the terms in the parentheses on the right-hand side of Eq. (14) are the
electro-mechanical coupling terms.

In order to employ the finite element method to solve Eq. (14) numerically, the

Galerkin method IS employed with the weight function

oy = Z N,8w, =[N].8[w]. = S[w ] [N]. , which renders the weak form as:
i=1
1
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(15)

Extracting 5y ; from Eq. (15) and assuming constant T at the boundary oQ, Eq. (15)

is recast as:

! { .o a[aNy] Dy m - kw1, o
vl

{ |: Ox aZW BOy 82 }[N] }d
e oxot oyét

where [T] is the Eddy current vector on the nodes. Based on Eq. (16), the

(16)

distribution of the Eddy current vector T can be solved based on the following finite

element form:

aT
K.T - P, E:FE(BO(t),w) (17)

where K, :J(G[NE aNL +8[N]Z a[N]‘*J/R,de is the electromagnetic stiffness
Jloax ox oy oy

matrix, Pg =.[,u0[N]Z[N]edQ is the stiffness matrix related to the magnetic flux
Q

density induced by Eddy current, and

2 2
F (B, (1).w) - IQ[NL(—aBgt(t) +B,, ng"t Boysy ]dQ is the load on Eddy

current induced by displacement and magnetic field.
2.3 Equations of Heat Conduction and Thermo-elastic Coupling
Since Eddy current leads to Joule heating, Ohm’s law is used and the heat source

S can be written as

SszonQ:—Jz (18)

12
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where E is the electric field intensity, and o

elec

=1/R. is the electric conductivity.

The Fourier equation of heat conduction is then given as:

AV20 = c,o%@) -5 (19)

where © is the temperature, A the thermal conductivity, and C the specific heat.

The thermal boundaries involve both convective boundary and conduction
boundary. The heat flow to the surrounding medium is convective, which can be
obtained by the Newton’s Law of cooling formula. The conduction boundary lines

between the two lays are formulated as:

00 vl
A— =0,=p10,-0 20
on, =0 =F(0.-0.) (20)
00 i i
l% =qsi=(_1) (®metal_®semi)/Rl (|=1’2) (21)
S

where q,, Qs, and q, are the heat inflows from metal, semiconductor and
environment, respectively, R, the thermal contact resistance between the copper and
semiconductor layers, B the convection coefficient, ®, the temperature of the

surrounding air, ®, the temperature of the boundary medium, and ® and ©

metal semi

the metal and semiconductor temperatures of the contact point, respectively.
Supposing that heat conductivities are constant, the variational method is applied
to establish the functional formulism to derive the corresponding finite element

equation, given as

) 2 00
1= —=(VO) -0|S-cp— |dQ

. ) (22)
+J-ﬂ(5 ®52 - G‘)e@)sj + ®s (_1)I (Ee)metal - ®semij/RldS)dt
S

13
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Through the variational operation and taking oI'T =0, the finite element equation of
heat conduction can be written as
¢, Pike=R (23)
ot
where C. is the specific heat matrix, K, is the thermal stiffness matrix consisting
of heat conduction matrix, convection matrix and contact heat conduction matrix, and
R, is the internal and external heat source.
Due to the existence of the change of temperature in the plate under pulsed
magnetic field, one needs to consider the effect of thermal stress on the deformation

and failure behavior. The stress-strain relationship of an isotropic thermo-elastic

material can be expressed as

c SR VU €4 0; + Y € _Yo,9
iJ'_(l+u)(l—2p) K 1+u i 1-2p

& (i,i=xy) (24)

where o, is the thermal expansion coefficient of thin material, and 6=0, -0,
denotes the temperature change.
2.4 Failure Criterion of Two-layered Thin Plate

To describe the delamination behavior in the bilayer structure, the virtual crack
closure technique (VCCT) proposed by Rybicki and Kanninen [44] is adopted to
solve a two-dimensional crack problem. This method has also been extended to solve
a three-dimensional crack problem [45]. For the finite element mesh as shown in Fig.
1(b), the energy release rate can be calculated by the principle of virtual work, given

as [46]

2
Gt = ch FVE (k=1,2,3) (25)
i Wi j:l J J

14
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where G, (i = LII,111) is the energy release rate of different fracture modes, ij is
the displacement of the first node behind the crack front between a delaminated layer,
F, the nodal force at the crack front, w; the width of the element, A the length

of the element, and k the different crack mode. Constants C, aregivenby

W W.
Ci=——C=—"7— (26)
W, + W W+ W,

For the sake of determining the crack propagation, the criterion of crack
propagation must be specified. The power-law criterion is widely applied to predict
delamination propagation under mixed-mode fracture conditions [47, 48], the formula
for this criterion can be expressed as

¢\ (6,) (G,)
SRCIRGE &
where o, B and y are constants, which denote the contribution of different crack
modes to crack propagation. Crack propagation occurs when the value of the left side
of Eq. (27) is greater than 1.
3 Results and Discussion

To explore the multi-field coupling behavior of the bilayer thin plate under
magnetic fields as shown in Fig. 1(a), numerical simulation based on the proposed
governing equations has been carried out with the physical and geometrical
parameters listed in Table 1. The mechanical response and damage behavior of the
rectangular bilayer plate under a single transverse magnetic pulse B,(t)=B,e"",

as seen in Fig. 1(c), is studied first, where the magnetic pulse parameter z=10"s.

Herein, the in-plane magnetic fields are B, =B, =0.6T . The boundary of the

15



silicon layer perpendicular to the x-direction is fixed, and the other boundary is free.
The copper layer bonded to the silicon layer is free. So the Si layer can move along

the x- and y-directions, but the Cu layer is limited by the Si layer. A crack is
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prescribed at the boundary of the interface with a size of one node as 0.0038 m to

explore the failure behavior under the electromagnetic fields. This initial crack may

represent interfacial defects that are inevitable in a deposition process.

Table 1. The geometric and physical parameters of two-layered thin plate

Parameter Silicon layer Copper layer
Length a 0.05m 0.05m

Width b 0.05m 0.05m

Height h 10*m 10°m
Young’s modulus Y 180 GPa 120 GPa
Poisson’s ratio 0.2 0.34

Density p 2.329 g/cm?® 8.96 g/cm?®
Electric conductivity o 2500 S/m 5.959x107 S/m
Permeability p, 1.26x10° H/m 1.26x10° H/m
Thermal expansion coefficient o 2.6x10°% K1 1.65x10° K1
Thermal conductivity A 149 W/mK 401 W/mK
Convection coefficient 50 W/m?K 50 W/m?K
Specific heat density cp 0.2 Jim®K 0.34 J/m3K
Thermal contact resistance R, 2x10™ m?K/W 2x10* m?K/W

Because of the transverse pulsed magnetic field, the Eddy currents arise in
layered plate. Taking the case of Si layer as an example in Fig. 2(a), the current
increases from the center of the plate to the perimeters, and the maximum Eddy
current is at the midpoint of an edge. Figure 2(b) shows the temperature distribution

in the Si layer, and the temperature at the edge is higher than that at the center owing

16
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to the corresponding distributed Eddy currents. With the generation of Eddy currents,
the interaction of current and magnetic fields results in the appearance of the Lorentz
force. The in-plane Lorentz forces in the Si layer are plotted in Fig. 2(c). It is
interesting to note that the Lorentz force is compressive, and the force also increases
from the center to the edge. Similar distributions of Eddy currents, temperature and
Lorentz force can be found in the copper layer. Figure 2(d) shows how the Eddy
current density varies with time at the point (0, b/2) in the silicon layer and the copper
layer. It is noted that the Eddy current increases with the increase of the intensity of
the pulsed magnetic field. Because the conductivity of silicon is smaller than that of
copper, the Eddy current generated in the silicon layer under the pulsed magnetic field
is much smaller than that in the copper layer. Compared with the large Eddy current in
the copper layer, the Eddy current in the silicon layer is much smaller. It is interesting
to note that the Eddy current in silicon shows a periodic fluctuation when the
magnetic field is weakened. This results from the interaction between the magnetic
field and the oscillations of the plate caused by the large Eddy current at the
beginning. Figure 2(e) compares the Lorentz forces in the two layers at the point (0,
b/2), which corresponds to the change of the Eddy current. Note that the in-plane
Lorentz force in the copper layer is much larger than that in the silicon layer, which
could lead to delamination. Based on the VCCT described in Subsection 2.4, the
energy release rate is calculated and the ratio of the maximum energy release rate to
the critical value [46] is shown in Fig. 2(f). With the increase in the strength of the
magnetic field, the energy release rate increases but still remains far from the critical

17
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Fig. 2. The Eddy current density distribution (a), the temperature distribution (b),
and the in-plane Lorenz force distribution (c) in the Si layer of the bilayer thin plate
under a single-pulsed magnetic field; the variations of Eddy current density (d) and
Lorenz force (e) with time at point (0, b/2) in the Si and Cu layers under different

magnetic strengths, and the energy release rate under different magnetic strengths (f).

We further consider the case of multiple magnetic pulses with the form of

n-1 _
By(t) =Y. Bye ™ H(t-it,) , where H(t—it,) is the step function,
0

t,=5x10"°s, N=9, as seen in Fig. 1(d). Other conditions remain the same as the
previous case of single-pulsed magnetic field. Figures 3(a) and 3(b) depict the
variations of Lorentz force and energy release rate at the critical point (0, b/2) under

different magnetic strengths Bo, respectively. Under multiple magnetic pulses, the

18
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current density in the Cu layer keeps a high magnitude, while the current in the Si
layer is small. The large and stable Eddy current in the Cu layer enhances the in-plane
Lorentz force, while the latter in the Si layer remains small, whose periodic behavior
is the same as the Eddy current (although the Y-axis adopts a different scale type), as
shown in Fig. 3(a). As a result, the energy release rate rises rapidly and approaches the
critical value of delamination, as shown in Fig. 3(b). When delamination occurs, the
copper layer undergoes a large lateral displacement under the Lorentz force, leading
to crack propagation in the two-layered structure. Note that the Eddy current and the
related in-plane force are sensitive to the physical parameters of the applied pulsed
magnetic field, such as the strength Bo, and the characteristic time < ; as a result, the
damage behavior of bilayer thin plate could be dependent on these parameters.
Therefore, the critical values of these parameters for the delamination behavior in the
bilayer can be obtained through simulations. Figures 3(c) and 3(d) exemplify the
variations of the starting time of damage against Bo; and 7, respectively. It is noted
from the figure that the starting time of damage decreases with Bo, but increases with
7. When Bozand t are smaller than certain values, the delamination of the thin plate
would not occur. In application, it means the critical region in the parametric space of

pulsed magnetic field, wherein the bilayer thin plate is free from delamination.
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Fig. 3. The variations of in-plane Lorenz force (a) and energy release rate (b) with
time for different magnetic fields. The time from the incident of magnetic pulse to
delamination versus the magnetic strength with t=10" (c) and the pulse duration t
with Boz = 6T (d).
4 Conclusion

In summary, the electromagnetic-thermo-mechanical coupling behaviors of
Cu/Si thin plate under pulsed magnetic fields are investigated theoretically. The finite
element method is employed to solve the governing equations and determine the
distributions of Eddy current, temperature and in-plane Lorentz force in each layer of
the thin plate and the possibility of delamination. Simulation results demonstrate that
under multiple pulses, the accumulation of current in the copper layer leads to
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significantly different temperature and Lorenz force between Cu and Si layers, which
can cause delamination of the two layers. The high temperature in the Cu layer could
also impair the performance of the electronic devices. Under magnetic pulses, the
time to delamination can be determined using the numerical model. The threshold
strength and duration of magnetic pulses, which does not deteriorate the integrity of a
multilayer system, would be useful for the design and performance evaluation of the
electronic devices applied under strong electromagnetic pulses.
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