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Monte Carlo Statistical Tolerance Analysis of a
Parallel-Plate Multichip Power Module

Danielle Lester

Abstract—A Monte Carlo statistical tolerance analysis is con-
ducted on a parallel-plate, wirebond-less multichip power module
(MCPM) to analyze the planarity across modules with post inter-
connects and identify which parts in the assembly contribute the
most variation. Power electronics packaging has migrated from
wirebonds to post interconnects that allow for vertical, parallel-
plate modules, improving power density, reducing power loop in-
ductances, and enabling double-sided cooled modules. Demonstra-
tions of MCPMs of this structure have been limited in the number
of die. This is a substantial gap in literature since as the num-
ber of die in parallel increases, the number of post interconnects
and bondlines scale, resulting in more variation across component
heights and reducing the yield and probability of connecting ev-
ery interconnect. Different tolerance analyses are discussed and
analyzed for the assembly of the MCPM, and a Monte Carlo
statistical tolerance analysis is conducted to quantify the maximum
height mismatch across the module and identify, which components
introduce the most variation. Three MCPMs are fabricated using
the statistical tolerance analysis, targeting components to reduce
the maximum height mismatch. The 13 kV, six-die module is suc-
cessfully characterized and is the first functional module of its kind.

Index Terms—Monte Carlo, multichip power module, nano-
silver sintering, post interconnects, silicon carbide, statistical
tolerance analysis.

I. INTRODUCTION

OWER electronics has shifted from the long-standing use
Pof silicon (Si) devices to exploring the capabilities that
wide-bandgap (WBG) devices can offer [1], [2]. WBG devices
have allowed for miniaturization and performance developments
in electric transportation [3], [4], renewable energy [5], [6],
and grid connection [7], [8]. The packaging of these devices
proves challenging as traditional packaging schemes for Si,
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Fig. 1. Parallel-plate, wirebond-less, 13 kV SiC half-bridge MCPM designed
in [13] and using advanced packaging techniques in [14].

when applied to SiC devices, have limited the ability of SiC
to meet the demands of the previously noted applications.

Wirebond interconnects have been a long-standing technol-
ogy in Si packaging due to their cost-effective, mature man-
ufacturing processes, and flexibility [9]. For medium-voltage
SiC modules, this technology introduces significant challenges,
such as large footprints for lateral bonding that reduce power
densities and contribute to the commutation loop inductance
[10], [11]. The high power loop inductances can be detrimental
to medium-voltage SiC switching characteristics [12].

The advancements of SiC devices have been accompanied
by the advancement in more appropriate packaging schemes,
applied to the module in Fig. 1. Packaging engineers have
increasingly replaced wirebonds with ribbons, clips, and double-
sided interconnect bonding to improve reliability for WBG
devices [15]. The use of post interconnects from the die to
the substrate instead of wirebonds enables parallel-plate power
modules (see Fig. 2) with high power densities, low power
loop inductances, improved coefficient of thermal expansion
matching [13], and better thermal performance due to the abil-
ity for double sided cooling [16], [17]. Additionally, bonding
with nano-silver (Ag) paste instead of multiple solder alloys of
descending reflow temperatures allows for the construction of
complicated module structures in multiple steps without limiting
the high-temperature performance [13], [18], [19].

The package structure now adopted for SiC devices mainly
utilizes this parallel-plate vertical structure (see Fig. 3), where
the die is bonded to the bottom substrate or printed circuit
board (PCB), several posts or clips are bonded to the topside
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Fig. 2. (a) Wirebonded interconnects for lateral bonding, versus (b) post

interconnects for vertical bonding.
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Fig. 3. Different parallel-plate modules across literature and industry, fabri-

cated using (a) post interconnects with substrates, (b) post interconnects with
substrates and PCBs, (c) pin interconnects with substrates or PCBs, and (d)
spacers with pressure contacts (press-pack style).

of the die, and the topside of the post is then bonded to the top
substrate or PCB [16], [17], [20], [21], [22], [23], [24], [25],
[26]. The wet bondline is typically nano-Ag paste or solder.
The post interconnects/spacers/clips vary from copper (Cu) [27],
[28], molybdenum (Mo) [13], [16], [23], [24], and Cu-Mo alloy
[21], each for accommodating the thermomechanical stresses
based on different module designs and materials [29]. These
modules have been demonstrated as IGBTSs [22], rectifiers [17],
phase-leg inverters [22], half-bridge configurations [13], [16],
[30], and full bridges [24] across research. Within the industry,
various modules with this structure have been developed, from
Siemens [31], ABB [32], ON semiconductor [33], Infineon [34],
and Delphi [35]. It is noted that these modules vary between SiC
and Si, and the voltage ratings are less than 3.3 kV.
Connecting devices in parallel within the power module
improves the current rating and power density while reduc-
ing control complexity and safety at the converter level [12],
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[36], [37], [38], but the fabrication process for multichip power
modules (MCPMs) proves challenging. The combination of
warpage from large substrates [39], [40], machined post height
tolerances, and sinter bondline thickness variations increases the
difficulty in achieving planarity across all post interconnects.
As an MCPM is fabricated, these variations compound at every
layer, resulting in a considerable variation for the final bondline
to absorb [18]. These variations only become worse with more
die in parallel. From the demonstrated modules following this
parallel-plate, structure many have been limited in the number
of die or post interconnections and the voltage ratings compared
to the module in [13].

Out of five previous attempts to fabricate the module in [13],
none have resulted in a module with all devices connected
and operable. The modules had an average of 49% of devices
connected, and of the devices that were connected, 0% had bonds
less than 10 mf2, 45.8% were between 10 mS) and 1 k2, and
22% were greater than 6.5 k(2. The scope of this work defines a
functional module as all posts being connected, and the devices
are deemed operable if their bonds connecting to the terminals
are less than 10 m¢2.

Others are trying to use this structure for the performance
advantages previously noted, but it is challenging in terms of
manufacturability and tolerancing when scaling the number of
die. Outside of this work, from [41], a press-pack MCPM with
a parallel-plate structure and post interconnects had issues with
even pressure applied across the module. Not all the devices were
successfully connected in the module because of height toler-
ancing errors of the components. Another press-pack MCPM
was conceptually designed to operate with 30 devices; however,
the demonstration of devices was derated by 80% [42].

A double-sided cooled half-bridge with post interconnects
and sintered bonds rated for 1600 A and 32 die per switch
position (64 total) from [43] uses a similar structure to this
MCPM to meet a power loop inductance requirement of 1 nH,
something that cannot be achieved with a wirebonded module.
The work noted that the challenges of the fabrication were height
differences to connect the posts to the top substrate and noted
height tolerances from the components below the posts added to
the height mismatch. Not one module fabricated could connect
all die, thus, static characterization was performed to only 8% of
the rated current, and double-pulse tests were performed at 25%
of the rated current because many posts were disconnected from
the top substrate, leaving many die per switch position useless.

For parallel-plate MCPMs, the variations in the parts and
unsuccessful fabrication point to a tolerance issue. Tightening
component tolerances, while a valid solution, may increase
tooling and inspection costs while negatively impacting in-
dividual component yield. Utilizing a statistical approach to
tolerance analysis for the MCPM quantifies the impact of the
individual component tolerance distributions. The insights: 1)
enable targeted efforts to improve the tolerance of a specific
component/process rather than a holistic approach, and 2) inform
redistribution of the tolerance allocation to components that
are more cost-effectively controlled. The improved tolerance
robustness allows parallel-plate MCPMs to scale to higher
power levels, with more die in parallel without compromising
yield.



16080

Tolerance analysis methods are applied widely across
manufacturing and engineering. Many tolerance analyses have
targeted the gaps between components that must mate for proper
operation, such as gear teeth [44] and flange gaps when as-
sembling the towers of wind turbines [45]. The Monte Carlo
has also been utilized in circuit design optimization and com-
ponent sensitivity [46], [47], [48]. Within power electronics, a
handful of tolerance analyses have been conducted comparing
the benefits of statistical analyses, specifically the Monte Carlo
simulation, over worst-case analyses [49]. This includes the
assembly of QFN packages to minimize lead pullback [50]
and delamination [51], proper tolerances for assembly of PCB
daughter cards [52], alignment tolerances of press-fit pins on
PCBs to motors [53], and vertical fabrication of package-on-
package low-voltage modules [54]. The Monte Carlo simulation
has been a staple in reliability analyses regarding the thermal
and thermomechanical performance of heat sinks [55], thermal
cycling and lifetime [56], solder bond stress and lifetime perfor-
mance [57], and die characteristics to improve electrothermal
performance of paralleled devices [58]. It has also been used
to optimize thermal reliability designs of MCPMs [59]. These
statistical analyses have been used across power electronics
and manufacturing assemblies to improve yield but have yet
to be applied to the next-generation structure of power module
packaging assemblies.

Since the future of packaging is shifting to parallel-plate
structures, it is vital to conduct a statistical tolerance analysis
to identify which components are bottlenecks for the yield of
MCPMs to accelerate adoption into wide-scale manufacturing.
This is the first statistical tolerance analysis done to analyze the
variation in sinter bond thicknesses and quantify the variation
for each component in the MCPM.

II. MOTIVATION FOR A STATISTICAL TOLERANCE ANALYSIS
USING A MONTE CARLO SIMULATION

Tolerance analysis methods are commonly used to quantify
the variation in a part or its assembly. Different categories
of analysis include the dimensions of study (one-dimensional
(1-D), 2-D, or 3-D) and the type (worst-case or statistical). These
analyses are often applied to each part population to quantify
variance between different manufactured lots, but they are also
applied to stacked assemblies where tolerances accrue on each
other [49]. The half-bridge parallel-plate MCPM in Fig. 4 is an
example of a stacked assembly; however, no literature on applied
tolerance analysis could be found. The following sections will
discuss the different types of tolerance analyses and which to
apply to fabricating this parallel-plate MCPM.

A. Worst-Case Tolerance Analysis

The flaw of designing assemblies based on worst-case toler-
ances is that constraints are based on two specific cases (the min-
imum and maximum possible heights of each component) that
are statistically very rare [60], [61]. This produces assemblies
that are overengineered for the majority of cases. Additionally,
if the resulting tolerance range is too large, no insights are
gained to inform targeted error reduction and a holistic approach
is required to improve the assembly. The result is increased
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Fig. 4. Half-bridge MCPM from [13], detailing the number of components

contributing to the variation of heights when assembling the parallel-plate
module.

manufacturing cost, lead times, and potentially lower yield [50],
(53], [62].

B. Linear Statistical Tolerance Analysis

Linear statistical analysis improves on worst-case analysis by
1) including information on the probability of occurrence, and
2) allowing 2-D and 3-D tolerance analysis via analytical and
algebraic expressions [49], [63], [64]. Statistical-based tolerance
analyses allow for insightful judgments on process modifica-
tions as compared to a worst-case analysis. Linear statistical
analysis is conducted using a root sum squares (RSS) method,
representing the variation distribution for each part within an
assembly included in the tolerance stack-up. This begins with a
histogram, which represents the frequency a data point occurs.
A distribution is then fit to the histogram to represent the part
height population trend [65]. Using the distribution created from
a population of measured parts, a probability density function
(PDF) is generated. A PDF represents the prospect of a particular
part occurring and is fit to a histogram of measured parts [49],
[65]. The tolerances generated from the PDF are more represen-
tative of physical parts and are typically less restrictive than the
extreme tolerances generated from worst-case analysis. Using
RSS, every part within the assembly has a tolerance modeled
by a distribution instead of solely the minimum and maximum
values [66].

A key limitation of linear tolerance analysis, such as the
RSS method, is the assumption that components are normally
distributed across the tolerance range with a mean at the nominal
value, which is typically untrue for manufactured parts. As a
result, batch-to-batch variation, which manifests as overlapping
normal distributions, and offsets (i.e., mean is not equal to the
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Fig. 5. Probability density function of the measured posts in the MCPM
exhibiting non-normal behavior.

nominal values) cannot be represented and included in the anal-
ysis as their distributions are not normal. Fig. 5 shows the mea-
sured tolerance density functions for different post interconnects
in the MCPM. The posts were specified to the manufacturer with
a+/—50 pm tolerance and are plotted as a height error from their
desired height. Not only is the true variation much less than the
specified tolerance, but the distribution is not normal, indicating
the mean is skewed from the desired height error of 0 pum
from the manufactured height. Many manufacturing processes
resultin non-normal and shifted tolerance distributions, meaning
linear statistical analysis is unsatisfactory [49], [61].

C. Monte Carlo Nonlinear Statistical Tolerance Analysis

Monte Carlo nonlinear analysis builds on the backing of
linear analysis but adds the ability to utilize arbitrary tolerance
distributions and complex relationships between tolerances that
do not follow normal distributions [67], [68]. A Monte Carlo
simulation models the probability of tolerance outcomes from
an assembly using random sampling of part distributions [49],
[50], [69]. This allows for a better representation of tolerance
distributions from manufacturing assemblies [70]. The Monte
Carlo simulation for the statistical tolerance analysis leverages
pieces of the linear tolerance analysis such as the histogram, dis-
tribution, and PDF generation, and can be conducted as follows
[49], [70].

1) Identify the critical dimension to evaluate.

2) Obtain a histogram and distribution of measured parts.

3) Create a PDF for the distribution of each part.

4) Randomly sample each distribution the number of times
the part occurs in the assembly and generate a new his-
togram from the samples (the Monte Carlo step).

5) Fit a new distribution to the histogram created from the
Monte Carlo and create a PDF from that distribution.

6) Integrate the PDF to obtain the cumulative density func-
tion (CDF). The CDF demonstrates the probability of an
outcome being less than or equal to a certain value.
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While Monte Carlo analysis is the most demanding of all the
techniques discussed, thus far, it represents the most compre-
hensive method for modeling and understanding the nuances of
component tolerances distributions and, thus, was chosen as the
appropriate statistical tolerance analysis method to analyze the
gap from the posts to the top substrate that needs to be filled in
these parallel-plate MCPMs.

III. STATISTICAL TOLERANCE ANALYSIS: MONTE CARLO
SIMULATION FOR A PARALLEL-PLATE STRUCTURE MULTICHIP
POWER MODULE

The Monte Carlo simulation method for statistical tolerance
analyses is chosen to solve for the probability of the maximum
height mismatch across the Mo posts that the top substrate will
solder to in the MCPM. The Monte Carlo process represented in
Fig. 6 follows the procedure from Section II-A, but is specified
for the MCPM tolerance analysis. The stacking of the following
parts represents the critical dimension in the MCPM in Fig. 7:
substrates, sinter bonds, die, and posts. Each part of the assembly
will have measurements taken, distributions created, and PDFs
generated from 10 000 samples, allowing for a robust distribu-
tion that proved convergence.

A. Generating Component Distributions

Component distributions were generated using on-hand in-
ventory. In total, 35 screen-printed and 66 hand-dipped sin-
ter bonds, 27 die, 63 midplane posts, 105 DBA posts, 134
source posts, and 308 kelvin-source/gate posts were measured.
A Mitutoyo Digimatic micrometer, with a resolution of 1 pm,
was used to measure all the posts. Both the hand-dipped and
screen-printed sinter bonds were measured by sintering posts to
a glass slide. The glass slide was premeasured along with the
posts, and the thickness of the sintered bond was calculated. The
die were measured using the Bruker DekTak stylus profilometer,
which has a resolution of 200 nm.

Once every component was measured, a histogram is created,
representing the height error from the nominal value. Using
the height error instead of the nominal immediately allows
tolerances to add to a net relative mismatch. Components de-
viating from their nominal can still yield the goal of minimum
mismatch when paired with components that deviate in the
opposite direction. A distribution is then fit to the histogram.
Two different distributions are created since there are two types
of sinter bonds (hand-dipped and screen-printed).

Within the hand-dipped distribution are further subdistribu-
tions to account for different-sized posts having unique bondline
variations. Every post type has a different distribution since each
post type is machined in different manners. Finally, a distribution
is generated for the 13 kV SiC die. No accurate distribution
representative of the population can be created for the substrates
since only five samples were taken. After analyzing the distri-
butions, the best-fit distribution was a Kernel distribution. They
are often applied to data from manufacturing processes that are
nonlinear [71], [72]. An example of the unique part distributions
is shown in Fig. 8, while the detailed distributions are in Fig. 9
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for all of the different post interconnects, Fig. 10 for the different
sinter bonds corresponding to how they are dispensed for each
post interconnect and die, and Fig. 11 for the die used in the
MCPM.

To ensure a representative sample size of each component and
validate the distributions generated, a confidence interval anal-
ysis was performed. The confidence interval analysis indicates
a percentage of confidence that the true mean of the population
falls within the range of samples measured [73]. This method
has been used to validate that the distributions created from
sampled data can be representative of the population for future
analyses and decisions, notably in power electronics reliability
studies [74], [75], [76], [77]. Table I shows the mean, the
standard deviation, and a 95% confidence interval for where the
population mean will fall in each of the component distributions.
Since each sample mean fell within one standard deviation of the
95% confidence interval, this is a high enough certainty to move
forward and feel confident the sample accurately represented the
population.

Monte Carlo simulation process applied to an MCPM to quantify the maximum height mismatch from the variation of part tolerances on the assembly.
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Fig. 8. Representative figure of part distributions generated from measuring

each component in the MCPM stack-up based on the critical dimension.
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Fig. 11.

Standard 95%
Component Mean (pm) Deviation (um) Confidence
: Interval (um)
Die 11.81 5.48 [9.13,14.58]
Screen-Printed
Sinter Bonds -20.43 11.82 [-24.34,-16.51]
Kelvin Hand-
Dipped Sinter -9.28 9.85 [-12.69,-5.86]
Bonds
Source Hand-
Dipped Sinter -1.62 25.96 [-10.35,7.11]
Bonds
Gate/Kelvin 16.28 12.83 [14.85,17.72]
Posts
Source Posts 16.29 9.91 [14.61,17.97]
Midplane
Posts 7.11 3.65 [6.21,8.01]
DBA Posts 8.30 4.27 [7.48,9.11]

B. Building the Monte Carlo Simulation

An example of the Monte Carlo simulation for six different
post locations in the module is shown in Fig. 12. The locations
consider four posts on one die as well as the two other posts
located on the substrate. The unique distributions for each
component in Fig. 12 feed into the Monte Carlo simulation.
The simulation randomly samples each distribution for each
occurrence of a part in the MCPM.
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B

Fig. 12.  Monte Carlo simulation process demonstration for six different post
locations on the MCPM. The component distributions are represented in Fig. 13,
corresponding to the screen-printed sinter bond (yellow), the die (green), the
hand-dipped sinter bond (light blue), and the posts (light pink).
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TABLE II
NUMBER OF COMPONENTS SAMPLED FOR EACH MODULE ANALYZED IN THE
MONTE CARLO

. . Two-Die
Single-Die Module MCPM
Screen-Printed
Sinter Bonds 0 6 18
Die 1 2 6
Hand-Dipped
Sinter Bonds 4 8 24
Kelvin Posts 2 4 12
Gate Posts 1 2 6
Source Posts 1 2 6
Midplane
Posts 0 2 4
DBA Posts 0 4 8
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Fig. 14.  Monte Carlo distributions for (a) a single die, (b) a two-die module,

and (c) an MCPM.

For the partial module image in Fig. 12, three screen-printed
sinter bonds, one die, four hand-dipped sinter bonds, two kelvin
posts, one gate post, one source post, one midplane post, and one
DBA post are sampled from their distributions in Fig. 13. Given
the samples, their accrued height mismatch is calculated at each
point noted in Fig. 12. The maximum height mismatch across
the module is measured, resulting in the largest possible gap for
the solder to fill (for this example, 57.5 pm). The number of
components for each type of module case is shown in Table II,
highlighting the MCPM in the fourth column. This sampling
process is repeated 10 000 times for the number of components
noted in Table II to simulate the fabrication of 10 000 modules in
order to build a robust distribution that ensured convergence of
the results [69]. This Monte Carlo simulation was conducted for
multiple cases: a single die, a two-die module, and the MCPM,
and the resulting distributions for each are shown in Fig. 14,
increasing in height mismatch from a single-die module to the
MCPM.
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left to right.

C. Results From the Monte Carlo Simulation

The cdfs plotted in Fig. 15 show a positive trend between the
number of die in a module and the maximum height mismatch
across that module. It is impossible to achieve 0 um of a
mismatch for an MCPM, and only 55% likely of achieving
a height mismatch of less than 100 pum. Previous work was
able to fabricate twelve two-die modules without any missing
post-to-substrate bonds. In contrast, five previous attempts at
fabricating the MCPM have resulted in no successful modules.
This indicates that the CDF generated for the two-die module has
a low enough mismatch to connect all the posts successfully. In
contrast, the CDF of the MCPM indicates that the possible height
mismatches are too significant to fabricate functional modules.

From this analysis, the yield discussion is based on engineer-
ing knowledge and inferences made from the CDF. The CDF
does not directly indicate a yield percentage but only the proba-
bility of achieving a particular height mismatch across a module,
which significantly impacts the yield and successful connection
of every post across the MCPM. One beneficial study of these
results would target the components that contribute the most to
the maximum height mismatch, how much it contributed, and
propose solutions to reduce the mismatch from said component.
A better understanding of these relations will be explored in the
following section.

IV. IDENTIFYING CONTROL VARIABLES IN THE MULTICHIP
POWER MODULE USING ANOVA AND TUKEY’S ANALYSIS

Controllable variables are components of an assembly stack-
up that most impact the maximum height mismatch and are
targeted for mismatch reduction. Statistical experiments done in
this manner have demonstrated improved yield when applied to
manufacturing procedures [65, pp. 540-545], [65, p. 549]. An
ANOVA analysis compares the means of different treatments
(the components) to see if they are statistically different from
the response (the maximum height mismatch). However, it only
identifies that a difference exists, not which specific treatments
are statistically different. By using Tukey’s honestly significant
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sinter bonds (pink), die (yellow), and the true random Monte Carlo (dashed red),
plotted from left to right.

TABLE III
MULTICHIP POWER MODULE ANOVA RESULTS FROM DIFFERENT FIXED
HEIGHT MISMATCHES
Source Treatments Error C. Total
Degrees of Freedom 5 59994 59999
Sum of Squares 2844.98 2871.37 5719.35
Mean Square 568.995 0.048
F Ratio 11888.5
Prob > F 0

difference (HSD), the output of the ANOVA results can then be
analyzed further, and the statistically different treatments can be
identified [79].

Fixing each component in the MCPM to zero mismatch is a
different treatment, and the response is the maximum height
mismatch across the MCPM. The Monte Carlo Simulation
developed in Section III is done six times, fixing a different
component to zero mismatch each time during the sampling of
10 000 modules. The cdfs from each Monte Carlo simulation
are shown in Fig. 16. Visually, the CDF indicates different
treatments have statistically different means, but the ANOVA
and Tukey’s must be completed for statistical analysis.

As shown from the ANOVA results in Table III, the p-value
returned is less than 0.05, and the large F-statistic means a
statistical difference between treatments exists. From Tukey’s
analysis in Table IV, an ordered letters report identifies that every
treatment except for the die is statistically different from the true
Monte Carlo simulation, meaning each component except the
die can impact the maximum height mismatch. The magnitude
of impact from each fixed layer is quantified by the distance
the mean is from the control mean. Fig. 16 provides visual
evidence of which components to target, and when analyzing the
means in Table IV, the three most impactful treatments are: 1)
hand-dipped sinter bonds, 2) posts, and 3), screen-printed sinter
bonds. Using this analysis, three modules will be fabricated to
reduce the maximum height mismatch and improve the yield of
these MCPMs by successfully fabricating functional modules,
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TABLE IV
TUKEY’S HSD ORDERED LETTERS REPORT FROM DIFFERENT FIXED HEIGHT
MISMATCHES
Treatment Mean P-Value
CONTROL: No
Fixed Layers (True | A 4.5675 NA
Monte Carlo)
Fixed Die A 4.4207 0.55
Fixed Posts B 45623 | 207.10"
Fixed Hand-Dipped K
Sinter Bonds C 4.2393 2.07-10
Fixed Screen- .
Printed Sinter D 44597 | 2.07-10
Bonds
Fixed All Sinter 8
Bonds E | 39447 | 20710
100% r
80% -
3
=
-
> 60% - 1
;g
o 40%
o
=
A
20% - Two-Die Module: True Monte Carlo
=——MCPM: Fixed Hand-Dipped Bonds
——MCPM: Fixed Posts
=——MCPM: True Monte Carlo
0% : >
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Maximum Height Mismatch (pm)
Fig. 17. Cdfs representing the probability of achieving a maximum height

mismatch for the two-die module true Monte Carlo, MCPM with fixed hand-
dipped sinter bonds, MCPM with fixed posts, and MCPM true Monte Carlo.

which as previously stated, in the scope of this work, a functional
module has all posts connected and the devices are deemed
operable if their bonds connecting to the terminals are less than
10 mS2.

V. MODULE FABRICATION USING THE STATISTICAL
TOLERANCE ANALYSIS

The results from the statistical tolerance analysis demonstrate
that the successful fabrication of the MCPM is not trivial. The
variation from the additional die in parallel, thus, additional posts
and sinter bonds, compound on each other during fabrication.
To fabricate the MCPMs, the statistical tolerance analysis is
used to inform fabrication decisions to reduce the maximum
height mismatch using the cdfs shown in Fig. 17. Historically,
the two-die module has been fabricated with 100% yield of all
posts connected from twelve attempts. This is due to the lower
height mismatch, as the CDF shows, compared to the MCPM. It
is used as a benchmark to indicate how effective fixing different
components for the MCPM can be to result in a functional
module.

The sinter bonds, specifically hand-dipped, result in the lowest
mismatched when fixed. However, this would require replacing
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Fig. 18.  Fabrication of the MCPM using fixed post heights from the statistical
tolerance analysis.

the hand-dipped sinter bonds with a more controlled bondline
like sinter preform [80]. Since this required more analysis and
there are limited 13 kV die, it was decided to fix the post heights
to the least possible mismatch (15 pm). This option is more
straightforward and is the second most effective method from
the ANOVA and Tukey’s HSD analysis in the previous section.
The CDF in Fig. 17 also indicates it is an effective method for
reducing the maximum height mismatch.

The module is fabricated accordingly in Fig. 18, described in
[13] and [14] with more detail in terms of the module design
and advanced packaging techniques used. Every post for each
device was electrically connected to the terminals, with bonds
measuring resistances less than 10 m{2, and an average bond
resistance of 4.15 m{2. From the fabrication attempts before
this statistical tolerance analysis, the modules had an average of
49% of the devices being connected, and of the devices that were
connected, 0% measured bonds less than 10 mS2. The MCPM
fabricated in this work has 100% of devices connected with these
criteria.

VI. MULTICHIP POWER MODULE ELECTRICAL
CHARACTERIZATION

The SiC devices used in fabricating the MCPM are 13 kV,
5 A MOSFETs from the National Institute of Advanced Indus-
trial Science and Technology. Once fabricated, the module is
connected to the Keysight Agilent BI5S05A curve tracer. The
forward characteristics are detailed in Fig. 19 for the high-side
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Fig. 20. Blocking voltage versus leakage current of the (a) high-side MOS-
FETs and (b) low-side MOSFETSs in the MCPM, limited to 10 kV by the curve
tracer.

and low-side SiC MOSFETs, indicating healthy operation and that
every device is successfully connected to supply the rated 15 A
of three devices in parallel. The blocking voltage versus leakage
current for both the high-side and low-side devices is in Fig. 20,
and both devices exhibit no drain leakage current up to 10 kV,
limited by the maximum voltage rating of the curve tracer.

Five previous fabrication attempts of this MCPM have
resulted in zero successfully fabricated modules from the
criteria of every device connected and operable. The statistical
tolerance analysis developed in this work resulted in a statistical
conclusion for the low yield of functional modules. The
ANOVA and Tukey’s analysis information targeted, which
components introduce the most mismatch. Using this, the
module fabrication was informed and controlled, reducing the
mismatch and resulting in the first functional MCPM of this
kind. While this analysis resulted in the successful fabrication
of this module design, the Monte Carlo simulation can be
easily applied to many different power modules using these
standard components and structures. Additionally, the analysis
can be extrapolated to generate further knowledge to inform the
packaging and design decisions for this MCPM.

VII. DISCUSSION ON FURTHER APPLICATIONS FOR THE
MONTE CARLO SIMULATION IN MULTICHIP POWER MODULES

The statistical analysis applied to this MCPM enables an
investigation into the different sources of error in the assembly
and identifies cost effective means of addressing them. This
section will expand on the application of the analysis both with
and beyond this module.
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Fig. 21 showcases the challenges associated with increasing
the number of die in an MCPM beyond this six-die module. Even
though the component tolerance distributions remain identical,
the higher number of components increases the likelihood of
using components at the ends of the tolerance distribution,
increasing the maximum height mismatch. The CDF plateaus as
the number of die increase, indicating that continued sampling
of components means the extent of the phenomenon has been
captured. However, this does not imply that the severity of height
mismatch concerns will subside. This statistical tolerance anal-
ysis is required to identify solutions and inform engineers when
evaluating the scalability of a module to theoretical modules
with more die in parallel.

The Monte Carlo analysis in this work was used to identify
components with large variations and eliminate the variation
to observe the impact on fabricating a functional MCPM. While
this component-based method proved effective, the Monte Carlo
points to a process modification that will further reduce the
maximum height mismatch in Fig. 16: fixing the hand-dipped
sinter bonds by using Ag preform. The predried Ag preform
eliminates nearly all variation in the bondline. When analyzing
the maximum mismatch of increasing die in parallel when
replacing the sinter bonds with preform, the probability of
achieving 100 pm of mismatch increases from 25.1% to 82.1%
(see Fig. 22).

Another modification that the Monte Carlo suggests involves
the module structure. The parts in this structure can only be
designed to certain tolerances, and their warpage is inevitable.
Designing out components with large variations can aid in
shifting the CDFs to the left, while allowing components with
larger tolerance ranges more flexibility in their distributions.
One example could be exchanging a substrate, which results in
large variations from machining, to a simpler contact that can be
specified on the order of microns. Another would be to introduce
compliance in the stack-up, such as less-rigid posts that can
aid in absorbing geometric variations [20]. The component and
process modifications are fabrication decisions that can be made
after the design of the power module, but the structure change
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would need to be considered in the initial design stages of an
MCPM.

Beyond this module, two different parallel-plate modules
were noted in Section I that experienced fabrication tolerance
challenges [41], [43]. Since these modules use similar
components (post interconnects and sinter bonds), the result
of this analysis can be extrapolated to their components
and processes to improve yield. This study also informs the
packaging field of critical components that impact yield when
creating future designs of modules with many die in parallel.

The statistical tolerance analysis was leveraged in this article
to identify which component to target, but that is not the only
question the Monte Carlo simulation answers. This work sheds
light on the following:

1) how much do you need to improve the height tolerance to

achieve working and connected bonds;

2) are there other components that impact the height mis-

match that are easier to target;

3) what components do not need a process modification

based on statistical evidence.

Statistical analysis gives sensitivity when scaling technology
and how much it needs to be improved. Overall, applying
trusted statistical analysis techniques to parallel-plate MCPMs
to answer the previous questions provides a framework and new
insights into known scalability and manufacturing problems that
future packaging engineers can leverage to improve the module
design process.

VIII. CONCLUSION

The parallel-plate module has become paramount in future
power module packaging designs. As the number of die and
post interconnects increases in the module, the fabrication be-
comes more challenging as the assembly complexities grow.
This results in low yield or derated modules. Tolerance analy-
ses commonly address low-yield challenges from assembling
many parts with varying tolerances. A Monte Carlo simu-
lation was constructed by measuring the variation of each
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part used to fabricate the MCPM, then randomly sampling
each component to build an MCPM 10 000 times to create a
distribution.

The statistical tolerance analysis answered critical questions
for the fabrication of parallel-plate MCPMs: 1) what about the
fabrication of these MCPM:s results in low yield, 2) what parts in
the assembly contribute the most to the height mismatch across
an MCPM, and 3) how much that height tolerance needs to
improve to fabricate functional modules. From analyzing the
CDF of the MCPM compared to a two-die module and a single
die, the maximum mismatch is much higher, given the accrued
variation of parts. The ANOVA and Tukey’s analysis identified
potential solutions: reduce the variation between hand-dipped
sinter bonds and the posts.

The post height variation was reduced to less than 15 pm,
and three MCPMs were successfully fabricated with every post
and device successfully connected and the bonds less than
10 mS2, indicating that the maximum height mismatch had been
reduced and every device was deemed operable. This is the
first successful electrical characterization of this module type,
and its success is due to the statistical analysis provided by
the Monte Carlo, ANOVA, and Tukey’s HSD by identifying
components that had the most control in reducing the mismatch.
This analysis can scale beyond this module to analyze the
tolerance impacts of other parallel-plate modules with similar
structures.

While fixing the post heights reduced the maximum height
mismatch, the statistical tolerance analysis indicated that the
hand-dipped sinter bonds introduced the most variation. Future
work can include analyzing stamp-transferred, pressure-assisted
sintering of Ag preform. A distribution can be created of the
more controlled bonding method, and the impact on the max-
imum height mismatch can be analyzed. This analysis can be
used and easily scaled for other modules using this parallel-plate
structure to address the manufacturing and yield concerns and
inform packaging techniques and processes beyond this partic-
ular module structure.
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