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Post-Packaging Simulation Based on MOSFET Characteristics
Variations Due to Resin-Molded Encapsulation

Naohiro UEDA ™, Nonmember and Hirobumi WATANABE'", Member

SUMMARY A method for estimating circuit performance variation
caused by packaging-induced mechanical stress is proposed. The devel-
oped method is based on the stress distribution chart for the target inte-
grated circuit (IC) and the stress sensitivity characteristics of individual
devices. This information is experimentally obtained using a specially
designed test chip and a cantilever bending calibration system. A post-
packaging analysis and simulation tool, called Stress Netlist Generator
(SNG), is developed for conducting the proposed method. Based on the
stress distribution chart and the stress sensitivity characteristics, SNG mod-
ifies the SPICE model parameters in the target netlist according to the im-
pact of the packaging-induced stress. The netlist generated by SNG is used
to estimate packaging-induced performance variation with high accuracy.
The developed method is remarkably effective even for small-scale ICs with
chip sizes of roughly 1 mm?, such as power management ICs, which require
higher precision.
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1. Introduction

The Internet of Things (IoT), a system of connected comput-
ing devices, has been applied in smart homes, where con-
sumer electronic appliances are connected through a net-
work, and production lines for manufacturing. It is esti-
mated that in the 2020s, more than 40 billion devices will
be mutually connected and that the amount of network traf-
fic will be more than 1,000 times larger than current traffic.
It is a challenge to further increase the traffic volume for
transmission requirements [1].

To create a variety of IoT services and realize diversi-
fied networks with an enormous number of IoT devices, it is
necessary to facilitate installation and long-term operation
with a simple power supply method for IoT devices.

To make installation easier, components can be made
smaller and more lightweight. For IoT devices to operate
stably over long periods, power consumption must be low
and circuit performance must be accurate. For IoT equip-
ment to spread, it is necessary to make integrated circuits
(ICs) small and highly precise [2].

A schematic diagram of typical IoT equipment is
shown in Fig. 1. For sensing devices, such as surveillance
cameras and sensors that detect environmental conditions
(e.g., temperature, pressure, and carbon dioxide levels),
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Fig.1  Schematic diagram of typical IoT equipment.

complementary metal-oxide semiconductor (CMOS) image
sensors must be small and highly accurate. These require-
ments also apply to microprocessing units (MPUs), which
analyze the data obtained from the sensor device, and wire-
less communication devices, which transmit analysis results
to a server. Miniaturization and high accuracy are also im-
portant for power management ICs, which supply electric
power to individual electronic circuits [3].

IC miniaturization is driven by microfabrication tech-
nology in semiconductor manufacturing. State-of-the-art
ICs are manufactured based on nanometer-scale nodes [4].
Processing precision has improved with progress in micro-
fabrication technology. To improve the matching charac-
teristic for analog circuits, measures such as increasing the
circuit size have been applied to minimize the effects of the
process variation of individual devices [5].

Performance variation introduced by the resin-molded
packaging process is an inherent obstacle for high-precision
ICs. Resin molding has a large thermal expansion coeffi-
cient, which causes volume shrinkage during its formation,
which in turn generates compressive stress on the IC sur-
face. Due to this residual stress, semiconductor devices in
an electronic circuit cause variation due to the piezo effect,
shifting circuit performance from the target value [6]. The
packaging process thus affects circuit performance. Since
current ICs are designed using SPICE model parameters ex-
tracted from the condition of the wafer, this performance
variation is not taken into account. There have been few re-
ports on the performance variation of small-scale ICs, such
as power management ICs, despite their requirement of high
precision.

This study proposes a method for estimating circuit
performance variation caused by packaging-induced me-
chanical stress. The developed method is based on the stress
distribution chart for the target IC and the stress sensitiv-
ity characteristics of individual devices. This information is
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experimentally obtained using a specially designed test chip
and a cantilever bending calibration system. To realize the
proposed method, a specific tool called Stress Netlist Gen-
erator (SNG) is developed. Based on the stress distribution
chart and stress sensitivity characteristics, SNG modifies the
specified model parameters of SPICE in the target netlist ac-
cording to the impact of the packaging-induced stress.

This study shows that circuit performance variation
caused by packaging-induced mechanical stress can be es-
timated with high accuracy. In addition, a method for vi-
sualizing the stress distribution chart for small-scale ICs is
developed.

2. Methodology

Figure 2 shows an outline of the proposed method for esti-
mating circuit performance variation caused by packaging-
induced mechanical stress. In the conventional method, lay-
out is conducted after circuit design using SPICE simula-
tion. Based on the layout data, a Graphic Data System
(GDS) file is generated to make photolithography masks for
mass production. Then, parasitic data are extracted from
the GDS file using a commercially available tool, such as
Calibre-xRC.

The parasitic resistance and capacitance physically
generated by the layout of the electronic circuit are consid-
ered. The extracted parasitic data are output as a file called a
netlist (original netlist), with the type of device and its con-
nection information included. Then, SPICE simulation is
carried out again using the netlist to confirm that the target
characteristics are realized.

This method is generally called post-layout simulation
because it can take into account the influence of parasitic
parameters generated by the layout. In addition, since the
SPICE model parameters used in this conventional method
are extracted from the condition of the wafer, stress-induced
performance variations after packaging are not taken into
consideration. To estimate stress-induced performance vari-
ations after packaging, a method for calculating the stress-
induced variation of individual devices and reflecting it in
the netlist is proposed here.

A specific tool (SNG) that can generate a netlist reflect-
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ing the stress-induced effects is also developed.

SNG has the following functions. It can extract coor-
dinate information for individual devices from the GDS file.
This information is used to specify the value of stress ap-
plied to each device. SNG can also extract the direction of
each device from the GDS file. This information is used to
calculate the amount of change in electrical characteristics
caused by stress.

SNG requires two types of information. One is the
stress distribution chart of the chip surface of the target IC
(see Sect. 3.3 for details). SNG uses this information as in-
put data to determine the magnitude of stress at the coordi-
nate position of the device extracted in advance. The other is
the stress sensitivity characteristics of the individual devices
that constitute the target IC (see Sect. 3.4 for details).

SNG uses the stress sensitivity characteristics as input
data to calculate the stress-induced variation of each device
based on the stress applied to the device and the device di-
rection (see Sect. 3.5 for details).

As described above, with the stress distribution chart
and the stress sensitivity characteristics as input data, it is
possible to calculate the amount of stress-induced perfor-
mance variation for each device from the coordinates and
the direction of the device. In this study, stress-induced vari-
ations are calculated for MOSFETs and resistors. In addi-
tion, a mobility value for a MOSFET and a resistance value
for a resistor are selected as the characteristic parameters
that reflect the influence of stress.

After the above procedure, SNG modifies the model
parameters for each device in the netlist (original netlist) ex-
tracted using the conventional design method. Even for de-
vices of the same type and the same dimensions, the model
parameters are rewritten based on the coordinates and direc-
tion of the device. As a result, a new netlist that reflects the
stress-induced effects is generated (see Sect. 3.6 for details).

SPICE simulation was performed using the SNG-
generated netlist to simulate circuit performance after
packaging.

---% : Conventional method
| Stress
=g Developed method SPICE | | Distribution
Simulation | Chart
H L
- —
Netlist — - Stress ::‘\
Circuit N — . Netlist SNG- SPICE
R Extraction Original
Design Tool — Metlist Generator  |™* | cenerated | ™ Simulation
"SNG” Netlist )
[ |
Stress Stress Stress
Sensitive Sensitive Sensitive
Characteristics Characteristics Characteristics
for Resistor-1 for Resistor-2 for MOSFET-1

Fig. 2

Outline of methodology for estimation of stress-induced performance variation.
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3. Proposed Scheme
3.1 Test Chip

To visualize the stress distribution chart for a small-scale IC,
a specially designed test chip was developed. The test chip,
shown in Fig. 3 [7], has the same outline as that of the tar-
get small-scale IC because the stress-induced variation of an
actual small-scale IC can be accurately measured. A small-
scale IC has a limited number of bonding pads, which means
that only a single piezoelectric resistor can be mounted on a
single test chip.

The following technique was used for evaluating the
stress distribution chart for the entire surface of the chip.
First, multiple test chips with different piezoelectric resistor
positions were fabricated and their resistance values were
measured before and after packaging. The measurement
data for given test chips have die-to-die correspondence.
The data from the different test chips are displayed simul-
taneously in the area of a single chip. This method allows
the variation distribution on the chip surface of a small-scale
IC to be obtained with only four pins (Fig. 4).

Second, to realize high accuracy for each measure-
ment, a four-point Kelvin resistance measurement was per-
formed to avoid other disturbance factors[8]. The sensor
comprised p- and n-type implanted resistors embedded in
the (100) crystallographic plane of a silicon chip, as shown
in Fig. 5.

Third, since the size of a small IC is roughly 1.0 mm?,
the incorporated piezoelectric resistor should be sufficiently
small compared to the entire chip. A piezoelectric resistor
is approximately 0.03 mm in length and 0.002 mm in width
(Fig. 6). The terminal numbers 1, 2, 3, and 4 in Fig. 6 cor-
respond to the terminal numbers 1, 2, 3, and 4 in Fig.5,
respectively. The resistance value was measured under a

|~ Bonding pad

1 Patterned aluminium

| — Si single crystal

‘\l (100) plane

Piezoelectric resistor

Fig.3  Diagram of test chip.
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Fig.4  Principle of multiple-point measurements.
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23.0 £+ 0.5°C isothermal environment, as shown in Fig. 7.
3.2 Calibration

A Cantilever bending calibration system was applied to cali-
brate the response of the piezoelectric resistors (Fig. 8). The
load stress was controlled via the intensity of the load cell.
By pushing or pulling the silicon beam, it is possible to ap-
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Fig.5 Cross-section view of piezoelectric resistor.
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Fig.6  Plan view of piezoelectric resistor.

Fig.7  Photograph of isothermal environment chamber.
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Fig.8 Cantilever bending calibration system.
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Fig.9  Cantilever technique for extraction of piezoelectric resistance co-
efficient.
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Fig.10  Calibration results for p- and n-type piezoelectric resistors.

ply tensile or compressive stress to the target device under
test (DUT), as shown in Fig. 9. There are two types of con-
figuration for stress and current direction in a DUT, namely
Stress // Current and Stress L Current.

Each piezoelectric resistance coeflicient, ij;, for the p-
and n-type piezoelectric resistors was experimentally ex-
tracted through the controlled application of a uniaxial load-
ing. The calibration results for the p- and n-type piezoelec-
tric resistors are shown in Fig. 10.

RN and RP are the resistance values of the n- and p-
type piezoelectric resistors, respectively. AR is the varia-
tion of the resistance value measured between in the wafer
and package conditions. Then, the x- and y-direction stress
components (S, and Sy, respectively) can be calculated by
algebraic manipulation using the following equations [9].

N N N N N N N
AR T Y — a4 LSRR ¥ ST P
= S, s,

RN 2 2
(D
AR?  (my P4l —mas® anl+mpl
RP 2 S 2 Sy
()

3.3 Stress Distribution Chart

Figure 11 shows an overview of a target small-scale IC with
a chip size of 1.3 mm X 1.3 mm. The IC is a power man-
agement chip for white light-emitting diode (LED) applica-
tions for smartphones. It has 4-channnel LED driver circuits
(LED-1, LED-2, LED-3, and LED-4), a 1-MHz oscillator
circuit (OSC) for charge pumping control and logic control,
a thermal shutdown circuit (TSHUT), and a reference cur-
rent source circuit (IREF) in addition to the control logic
circuits. To clarify the stress distribution for the target IC,
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Fig.11  Overview of the target small-scale IC.
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Fig.12  Test chip with 49 piezoelectric resistors.

a test chip with 49 piezoelectric resistors arranged in a grid
pattern was prepared, as shown in Fig. 12. The stress dis-
tribution chart for the entire chip surface can be visualized
using the methodology shown in Fig. 4.

The stress distribution charts for the x- and y-direction
stress components (S, and Sy, respectively) for a 1.3 mm x
1.3 mm test chip are shown in Fig. 13. The compressive
stresses are greatest at the center of the chip and gradually
decrease toward the edges. The maximum stress value is ap-
proximately 100 MPa for both the x- and y-direction com-
ponents.

3.4 Stress Sensitivity Characteristics of Each Device

To simulate the stress-induced performance variation for the
target small-scale IC shown in Fig. 11, the stress sensitiv-
ity characteristics of each device in the IC were extracted
using the cantilever technique shown in Fig.9. The target
IC has two types of MOSFET and three types of resistor.
The stress sensitivity characteristics of MOSFETs and re-
sistors are shown in Figs. 14 and 15, respectively. Transcon-
ductance G,, was measured instead of mobility, which is
described in SPICE model parameters. Other types of de-
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Stress sensitivity characteristics of resistors.

vice, such as diodes and capacitors, and metal wiring are
not considered in the stress-induced variation calculation.

Drain

NMOS-1

4

| Gate

321

I
Source

B Gate
Resistor-1 ]

i

X

PMOS-1

Source | _|
Drain

Arrow indicates
the direction of current flow

Resistor-2

[(—

Fig. 16
rent flow.

Example of individual devices with different directions of cur-

3.5 Estimation of Stress-Induced Variation

The stress-induced variation of each device in the IC was
calculated using the stress distribution charts shown in
Fig. 13 and the stress sensitivity characteristics shown in
Figs. 14 and 15.

The formula is a linear combination of x- and y-
direction stresses acting independently [10]. For MOSFETSs
in the IC, the transconductance G,, is modified as described
below. NMOS-1, whose current is parallel to the y-axis, and
PMOS-1, whose current is parallel to the x-axis, are used
(Fig. 16). Attention must be paid to the current direction of
the target device.

AGL(NMOS-1)
= gradient AG,(Stress // Current) X Sy

+ gradient_AG,(Stress L Current) X Sx 3)
AG,(PMOS-1)
= gradient AG,(Stress // Current) X Sx

+ gradient_AG,,(Stress L Current) X Sy (@))

Here, AGy, (NMOS-1) is the change rate when stress is
applied to NMOS-1. Gradients AG, (Stress // Current) and
AG, (Stress L Current) are the slopes of the stress sensitivity
characteristics (Stress // Current) and (Stress L Current),
respectively, which are extracted from Fig. 14.

The resistance value of resistors is modified. The cal-
culation method is shown below. Resistor-1, whose current
is parallel to the y-axis, and Resistor-2, whose current is par-
allel to the x-axis, are used (Fig. 16).

AR(Resistor-1) = gradient AR(Stress // Current) xSy
+gradient_AR(Stress L Current)xSx
()

AR(Resistor-2) = gradient_AR(Stress // Current) X Sx
+gradient_AR(Stress L Current) XSy
(6)

Here, AR (Resistor-1) is the change rate when stress is
applied to Resistor-1. Gradients AR (Stress // Current) and
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AR (Stress L Current) are the slopes of the stress sensitivity
characteristics (Stress // Current) and (Stress L Current),
respectively, which are extracted from Fig. 15. The current
direction of the device is considered.

The stress value applied to each device was calculated
via interpolation using data for the four grids around each
device (Fig. 17).

3.6 Modification of Netlist

The netlist is modified using the results of the stress-induced
variation calculated using the above procedure. The modifi-
cation of the netlist is as follows.

For MOSFETs, transconductance Gy, is derived from
the effective mobility (Ueff), which is expressed in the user
manual for SPICE model BSIM3 as follows [11]:

U0
1+ Ua( Vgs + Vth)

Tox

Ueff = )

where U0 is the mobility, Ua is the first-order coefficient of
mobility degradation, Vgs is the applied voltage on the gate
terminal, V¢h is threshold voltage of the MOSFET, and Tox
is the thickness of the gate oxide film. MULUO is defined
as a coeflicient of variation with respect to the SPICE model
parameter U0. That is, the change in mobility U0 due to
stress is treated as MULUO in this study.

SNG executes a process that reflects AG,, as MULUO.

First, interpolate P1 using A and D.
Next, interpolate P2 using B and C.
Finally, interpolate target P using P1 and P2.

=

x

Fig.17  Example of interpolation using data for four grids.
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The 2nd line : Calculated value of mobility or resistance after packaging
The 3rd line : Coordinates and direction for device

Fig.18  Example of modified description in netlist.
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That is, by using MULUQO as an additional value in the de-
scription of the MOSFETs in the netlist, the mobility of the
MOSFETs is modified to a new value after variation due to
stress. By performing such processing for all MOSFETs in
the netlist, the stress-induced variation is obtained for each
MOSFET.

SNG executes processing to modify the resistance
value of the resistors. That is, in the netlist, the resistance
value changed by stress is added as a new quantitative value.
By performing such processing for all resistors in the netlist,
the stress-induced variation is obtained for each resistor.

Figure 18 shows an example of a SNG-modified de-
scription in a netlist. Through the above operations, the in-
formation in the netlist is updated from post-layout to post-
packaging.

4. Results

The evaluation was executed for four types of analog cir-
cuit in the target small-scale IC, namely LED driver circuits
(LEDs), a 1-MHz oscillator circuit (OSC), a thermal shut-
down circuit (TSHUT), and a reference current source cir-
cuit (IREF). In this study, the current value for each LED,
the switching frequency value for OSC, the thermal pro-
tection voltage value for TSHUT, and the current value for
IREF are evaluated.

Table 1 lists the comparison results for the target cir-
cuits. The results of simulation using SNG are shown in the
column “Simulated”, and those of the measurements of the
manufactured IC are shown in the column “Measured”.

The measurement data for given test chips have die-
to-die correspondence. This means that perfect traceability
between before and after packaging is achieved.

Figure 19 shows the variation rates for the target cir-
cuits. The simulation results are in good agreement with
the measurement results for all types of analog circuit in the
target IC.

All LEDs show a negative shift after packaging. LEDs
have a wide channel width in their n-channel MOSFETs
to distribute drive current. In addition, since the G,, of
n-channel MOSFETs degrades under a compressive stress
field, as shown in Fig. 14, the current value for each LED
decreases after packaging. IREF shows the largest shift af-
ter packaging. This is likely due to IREF being located in the
center area of the chip, where compressive stress is largest,
as shown in Fig. 13. In contrast to IREF, OSC is located at

Table1  Comparison of simulation and measurement results for the tar-
get circuits.

Simulated Measured

Target circuit Unit Original Variation (%) Wafer Package  Variation (%)

generated
LED chi  mA 23.21 22.80 -1.77% 24.02 23.63 -1.60%
chz mA 23.21 22.73 -2.05% 24.05 23.66 -1.64%

ch3  mA 23.21 22.78 -1.86% 24.05 23.64 -1.68%

chd  mA 23.21 22.75 -2.01% 24.05 23.68 -1.57%

0SC MHz 1.000 0.988 -1.24% 1.08 1.07 -1.23%
TSHUT mV 0.976 0.977 0.18% 0.96 0.97 0.53%
IREF pA 2.010 1.967 -2.14% 213 2.08 -2.22%
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Fig.19  Comparison between simulation and measurement results.

the corner of the chip, where the x- and y-direction stresses
are small, and thus its performance variation is suppressed.
TSHUT shows a smaller shift compared to those of the other
three circuits.

5. Conclusions

A method for estimating circuit performance variation
caused by packaging-induced mechanical stress was devel-
oped. The method is based on the stress distribution chart
for the target IC and the stress sensitivity characteristics for
individual devices. A tool called SNG was also developed.
Based on the stress distribution chart and stress sensitivity
characteristics, SNG modifies the SPICE model parameters
in the target netlist according to the impact of stress inten-
sity. By using the netlist generated by SNG, packaging-
induced performance variation can be estimated with high
accuracy. The simulation results are in good agreement with
the measurement results for four types of analog circuit in
the target IC. The developed method is remarkably effective
even for small-scale ICs with chip sizes of roughly 1 mm?,
such as power management ICs, which require higher
precision.
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