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The drivers of semiconductor packaging 
technologies include meeting the packaging 
performance requirements for applications 
related to artificial intelligence (AI) processors, 
high-performance computing (HPC) and high-
bandwidth memory (HBM), datacenter devices, 
network processors, and virtual reality devices. 
Related to the demand for AI and HPC are 
supply chain issues for advanced IC substrates. 
Articles in this issue offer solutions to some of 
these challenges. 
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High-performance, multi-chip leadframe package with 
internal connections
By DaeYoung Park, HyeongIl Jeon, GiJeong Kim, JiYeon Yang, KwangSoo Sang, ByongJin Kim, JinYoung Khim
[Amkor Technology Korea, Inc.]

his paper discusses a highly-integrated multi-chip 
module (MCM) routable (thin)  MicroLeadFrame® 
(r tMLF®) packaging for multi-functional high-

performance applications. This package includes internal routing 
leads to connect die to die within the package. These routing 
leads let the package enhance the small form factor and, for 
reference, can be compared to a structure with two single quad 
f lat no-lead (QFN) packages where the dice were connected 
by board traces. Feasibility of the MCM rtMLF package was 
confirmed using a conventional QFN process—and it passed the 
Automotive Electronics Council Q006 (AEC-Q006) reliability 
test. Die-to-die interconnections through routing leads showed 
better electric performance in terms of resistance, inductance, 
and capacitance parasitics and insertion loss than the on-board 
interconnections of the two single QFN packages. Lastly, 
thermal resistances of the MCM rtMLF package measured by 
thermal simulation were lower than those of MCM two-layer 
chip-scale packages (CSPs). 

Introduction
For high-performance applications, demand for highly-

integrated packages has increased. This is due to the highly-
integrated package’s electrical performance advantages of 
reduced interchip distance (delay), high-density I/O counts for 
multi-function capabilities, and small form factor [1-3]. With the 
increasing importance of highly-integrated packages, the need 
for improved thermal management is also increasing. When the 
high-density I/O signals operate for the highest performance, 
heat generation increases on the die. The high heat generation 
without effective heat dissipation has adverse effects on 
reliability and electrical performance of electronic products [4].

The MicroLeadFrame® (MLF®)/quad f lat no lead (QFN) 
package, which is a CSP fabricated from a one-layer leadframe 
has been used in various applications for many years [5]. The 
MLF (or QFN) is famous for high reliability and high heat 
dissipation from a thick copper (Cu) alloy exposed pad that has 
high thermal conductivity at the bottom of the package. This 
design supports reduced die temperatures [6]. However, it is 
hard to apply the QFN in a highly-integrated package with high-
density multi-functional I/O counts because of the peripheral 
leads on the QFN. The QFN leadframe cannot have formed 
routing leads because of its etching process [7-9].

To overcome the limitations of QFN design, we introduced 
the rtMLF® package with routable connections. The process 
f lows of QFN and rtMLF substrates are shown in Figure 1. 
Comparing the two substrates, the conventional substrate 
has top and bottom etching before the surface finish (Figure 
1a), while the rtMLF substrate has etching performed first at 

the bottom followed by pre-resin filling and grinding. After 
top etching, the top pattern remains, including the routable 
internal leads, without exposing the bottom (Figure 1b) [7]. 
The conventional leadframe substrate may also be configured 
with internal leads, but their length is limited because they have 
no stable support at the bottom. In contrast, the new routable 
substrate can be configured with internal routing leads because 
the pre-resin supports the bottom of the internal routing leads. 
Therefore, it is possible to increase design flexibility of rtMLF 
packaging so it can be applied to various applications. Recently,  
this new technology has been researched as a wettable f lank 
package with pre-resin that supports the package along with 
electromagnetic interference (EMI) shielding that uses isolated 
pads for automotive applications [8,9]. However, a highly-
integrated package for multi-functional I /O counts with 
multiple dice has not been studied with rtMLF technology and 
its internal routing leads.

In this study, a new package structure that is a multi-
chip module (MCM) r tMLF was researched. The MCM 
rtMLF design layout was proposed according to multi-die 
interconnections with internal routing leads between two dice 
with two individual exposed pads. Testing provided verified 
enhancement of its small form factor compared with two 
single QFN packages. The designed MCM rtMLF samples 
were tested for their feasibility. Then, various reliability tests 
for automotive use were performed to verify the structural 
rigidity. In addition, electrical simulations were performed 
comparing two single QFN packages mounted on a board with 
the MCM rtMLF. Furthermore, thermal simulation with respect 
to thermal resistance of the MCM rtMLF was conducted to 
compare it with MCM two-layer chip-scale packages.

T

Figure 1: Steps in the fabrication of package substrates.
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MCM rtMLF technology
The following sections discuss various aspects of testing 

performed on the MCM rtMLF technology.
Test vehicle and enhancement of small form factor. 

Information for the test vehicle is summarized in Table 1. Most 
descriptions are similar to a conventional QFN. Using this test 
vehicle, layout on the board was compared with two single QFN 
packages. The layout of two single QFN packages consisted 
of a 7X7mm2, 9X9mm2 body using 8.5mm2 and 9.1mm2 sized 
dice as shown in Figure 2. In the former case, the two dice are 
connected by internal routing leads in the package, so there is 
no need for additional connections on the board (Figure 2a). 
Whereas, in the latter case, Cu traces must be designed on the 
board for the connections of two dice with a 3mm distance 
(Figure 2b). The area of two single QFN packages, including 
board connections, is 211.38mm2, and that of the MCM rtMLF 
package is 102mm2. Therefore, at least 51.75% board space can 
be saved by using the new package; enhancement of the small 
form factor was, therefore, confirmed.

Manufacturability. Process f low for the new package 
described in Table 1 is shown in Figure 3. The left side presents 
fabrication of a substrate with routable leads. Initially, the Cu 
alloy leadframe was the same as the QFN substrate. Secondly, 
the rtMLF substrate was bottom etched leaving exposed pads and 
leads. During bottom etching, the region of long routable internal 
leads was also etched, and it remained after the top etching 
process. Thirdly, pre-resin filling on the bottom etched area was 
performed to support the remaining top region. Grinding the 
overfilled pre-resin exposed the package leads. Finally, routing 
of the internal leads was performed after top etching. As a 
result, the internal routing leads could be left during fabrication 
because they were supported by the pre-resin. The right side of 
Figure 3 shows the assembly process for the new package, which 
is the same as for the QFN process. Two dice were attached on 
separated individual exposed pads and cured at the same time. 
After this, wire bonding and molding processes were conducted 
to confirm feasibility of the MCM rtMLF design.

In the assembly process, wire bonding was key to confirm the 
feasibility of the new design. Internal routing leads for die-to-die 
interconnections were positioned far from the package pin area 
and floated from the bottom side. Wire bondability, therefore, was 
needed essentially for confirming the feasibility of structure and 

package reliability. After wire bond optimization, the measured 
stitch pull of the internal routing leads was over 6g, which is above 
the minimum requirement. The wire bondability and moldability 
are shown in Figure 4. From these results, the feasibility of MCM 
rtMLF design was confirmed.

Reliability testing. After the assembly process, package-
level reliability tests were conducted on the new package. The 
reliability testing is based on the Automotive Electronics Council 
Q006 (AEC-Q006) for Gold Flash Palladium Coated Copper 
(AuPCC) wire packages. Moisture sensitivity level 3, thermal 
cycle H, unbiased highly accelerated stress testing, and high-
temperature storage testing were conducted. During the test, 
structural failures (e.g., delamination) were checked by scanning 
acoustic tomography inspection at each reading point. Inspection 
results showed that all passed. The reliability items, conditions, 
reading points, quantities and results are summarized in Table 2.

Electrical performance. Electrical simulation test vehicles 
were designed the same as in Figure 2. The Ansys Q3D 2022R1 
simulation tool was used for the electrical simulation tool to 
compare resistance, inductance and capacitance (RLC) parasitics 
between the two test vehicles under 1GHz frequency conditions. 
The measured nets were composed of die-lead-die connections 

Figure 2: Package layout on the printed circuit board.

Table 1: Test vehicle dimensions and description.
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in package or die-Cu trace-die on the board (net #1, #2), and die-
die connections in packages or die-Cu trace-die on the board 
(net #3, #4) as shown in Figure 5. Also, the scattering parameter 
(S-parameter) of nets #1 and #2 were measured by an Ansys HFSS 
2022 R1 simulation tool at frequencies from 10MHz~1GHz.

The RLC parasitic values for MCM rtMLF and those of 
two single QFN packages are summarized in Table 3. The 
measured values of MCM rtMLF are drastically decreased 
compared with two single QFN packages with about 35% 
of resist ivity and 40~50% of inductance. Fur thermore, 
the decrease  in capacitance was about 35% and 54% in 
each die-lead-die connection (net #1, #2), and 85% in die-
die interconnections (net #3, #4). These RLC reductions 
occur red because of shor ter interconnect ion leng ths. 

Figure 3: Process flow for the MCM rtMLF package.

Table 2: Results of reliability (AEC-Q006) tests.

Figure 4: Feasibility of MCM rtMLF packaging: a) after wire bonding; b) after 
molding; and c) cross-sectional image after the MCM rtMLF process.
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Figure 5: Test vehicles for electrical simulation.

Table 3: RLC parasitics after electrical simulation.

Figure 6: Insertion loss of test vehicles.

Figure 7: Thermal simulation set up: a) test vehicle structure; b) MCM rtMLF; c) 
MCM two-layer CSP (without via fill); d) MCM two-layer CSP (with via fill); and e) 
still-air JEDEC chamber.
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Insertion loss comparison of the test vehicles is shown in 
Figure 6. At  1GHz, insertion losses of MCM rtMLF (shown 
by two solid lines) are lower than those of two single QFN 
packages, which are shown by dotted lines. In conclusion, 
the electrical performance of MCM rtMLF is better than two 
single QFN packages.

Thermal dissipation performance. Usually, most of the heat 
generated from the die is dissipated through the board [10]. A 
thermal simulation was done to evaluate and compare thermal 
performance for MCM rtMLF and MCM two-layer CSP 
structures at different power levels. Figure 7 shows schematics 
of the thermal simulation test vehicles. The schematics of 
the simulation structures were shown in Figure 7a-d. In this 
simulation, the package outline of the thermal simulation 
structure was the same except for the die pad structure. For the 
MCM rtMLF, exposed pads for heat dissipation were composed 
of thick Cu alloy (Figure 7b). However, those of the MCM two-
layer CSP packages were composed of thermal vias (without 
via fill, and with via fill) as shown in Figure 7c-d. The thermal 
simulation followed the JEDEC (JESD 51-2A) set up for a still-
air environment (Figure 7e).

Table 4 summarized the result of thermal simulation 
comparison between MCM r tMLF and MCM two-layer 
CSP structures. Theta JA (θJA), the thermal resistance, is a 
parameter for showing heat dissipation performance. Based 
on the thermal simulation result, the θJA of MCM two-layer 
CSP packages is about 20% higher than that of the MCM 
rtMLF package for each value of power applied to the die. 

Figure 8 shows the temperature distribution on the package 
surface when the power per die is 1W. The temperature of 
dice used in MCM two-layer CSP packages is about 10% 
higher than that of the MCM rtMLF package. Consequently, 
the MCM rtMLF package shows higher heat dissipation 
performance than that of MCM two-layer CSP packages.

Table 4: Results of thermal simulation.
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Summary
Highly-integrated packaging is one of the driving forces for 

high-performance and small form factor packages. As multi-
functional I/O density increases, the importance of thermal 
management also increases. In this study, MCM rtMLF is 
suggested for highly-integrated packaging with internal 
routing that connects die to die and provides high heat 
dissipation. Internal routing leads are supported by a pre-resin 
that is filled during substrate fabrication. It can overcome the 
limitations of a conventional QFN design.

From this research, the feasibility of the MCM rtMLF with 
internal routing leads was checked. The new structure passed 
AEC-Q006 reliability testing. Through electrical simulation 
comparison, the better electrical performance of MCM rtMLF 
over two single QFN packages was verified. In addition, the 
high heat dissipation property of the MCM rtMLF package 
was checked by comparing it with MCM two-layer CSP 
designs. The routable molded leadframe can provide a highly-
integrated  solution with high heat dissipation and will enable 
application of this platform to be expanded in various markets.
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TSV oxide etch-back optimization for the via-last 
integration scheme
By Bhesetti S. S. Chandra Rao, Hemanth K. Cheemalamarri, Darshini Senthilkumar 
[Institute of Microelectronics, Agency for Science, Technology and Research (A*STAR)]

hrough-sil icon via (TSV) 
technology has become the key 
driver for advanced electronic 

packages such as those used in 3D stacking 
and backside illuminated image (BSI) 
sensor applications. Among the various 
possible methods of integrating  TSVs such 
as via first, via middle and via last, the via-
last method has gained much attention. The 
via-last method helps reduce the impact 
on back-end-of-line (BEOL) processing 
and does not require a TSV-reveal process 
flow. However, the via-last process scheme 
requires a more reliable TSV bottom-oxide 
etch-back process for making contact with 
the underneath interconnect layer. One 
potential challenge with respect to the 
oxide etch-back process is in protecting the 
top corner of the TSV liner oxide to ensure 
better electrical reliability. This challenge 
arises because the etch rate (ER) at the 
bottom of the via is much lower than at the 
top corner of the TSV. This work focuses 
on process methodology to increase the 
bottom-oxide ER while reducing the TSV’s 
top-corner oxide.

The oxide etch-back process has 
been optimized with a fluorine-deficient 
regime with the addition of O2. The 
optimized process suggests that adding 
a slight amount of O2 with argon-diluted 
C4F8 plasma helps in protecting the top 
corner oxide more effectively and the 
optimized process shows that the bottom-
oxide ER is 20 to 30% higher than the 
TSV top-corner erosion. 

Introduction
Three-dimensional (3D) integration 

has become more prominent and is a 
credible alternative to Moore’s Law-
inspi red inte rcon nect  advances in 
recent years [1]. It also overcomes the 
constraints of system-on-chip (SoC) 
technology in terms of performance, cost, 
and time to market [2]. It becomes more 
and more evident that 3D integration 
works in conjunction with semiconductor 

scaling to enable higher integration 
densities along with the integration of 
heterogeneous technologies [3,4].

T he  u se  of  TSVs  h a s  b e come a 
prominent interconnect technology for 
signal integrity through vertical stacking 
[5-6]. There are several approaches for 
TSV formation. The via-first approach 
creates the TSVs before the front-end-of-
line (FEOL) and BEOL processes. The 
via-middle approach carries out FEOL 
fabrication, followed by TSV and BEOL 
fabrications. The via-last approach [6] 
forms the TSVs after FEOL and BEOL 
fabrications. In the via-after bonding 
approach, vias are formed after bonding 
either chip-to-wafer (C2W) schemes 
or wafer-to-wafer (W2W) schemes. 
Depending on the integration scheme, the 
via-last or via-after bonding is selected 
for heterogeneous integration applications 
[7], like complementary metal-oxide 
semiconductor microelectromechanical 
systems (CMOS-MEMS). In the via-last 
approach, the oxide liner is deposited on 
the Si TSV immediately after TSV dry 
etching and wet cleaning.

The Figure 1a schematic shows the 
typical post-oxide liner deposition. This 
liner not only acts as electrical isolation for 
the TSV in terms of electrical leakage, but 
will also help as a contamination barrier 
for the Si substrate in terms of re-sputtered 
metal underneath while landing on the 
metal pad (aluminum or copper). During 
the etch-back process, there is a potential 
issue of losing oxide at the TSV’s corner (as 
shown in Figure 1b) because of the high 
plasma sheath potential at the corner, which 
receives the highest ion bombardment. If 
the etch-back process is not controlled, it 
results in an electrical leakage path and 
becomes a significant yield loss [9-11].

The oxide etch process has been well 
understood by using fluorine-based etch 
chemistries; ionized f luorine radicals 
react with the Si-broken bonds of silicon 
oxide to form volatile compounds [8]. 

However, the bottom-oxide etch back 
in the TSV is more challenging and 
requires a better-optimized process to 
obtain higher ER at the bottom of the 
TSV compared to the top-corner oxide. 
Therefore, this requirement drives more 
at tent ion to the bot tom-oxide etch-
back process for a smooth landing on 
the underneath contact pr ior to the 
electroplating of copper in the via-last 
TSV integration approaches.̀

There are a few reports in the literature 
that propose protecting the TSV’s top 
corner using an additional protection layer 
such as SiN over the liner oxide along 
with optimized etching [9-11]. There is 
another integration approach to mitigate 
top-corner oxide loss is by depositing a 
thick hard-mask oxide deposition (>1.5µm) 
before TSV etch. However, this additional 
process step incurs a higher cost of TSV 
fabrication and is less at t ractive for 
integration adoption.

This study focuses on TSV oxide 
liner etch-back process optimization 

T

Figure 1: a) Schematic of the oxide liner for the via-
last integration approach; b) Effect on the TSV’s top-
corner oxide, after oxide etch.
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on improving the bottom oxide ERs while simultaneously 
minimizing the top-corner oxide ER. The design of experiments 
(DOE) is designed by considering the variables that help in 
thicker passivation and minimizing the free radicals for silicon 
etching. C4F8 gas is known for a higher passivation deposition 
rate when mixed with argon. Argon addition helps in increasing 
the electron temperature, which, in turn, increases the plasma 
density and results in the faster passivation rate. The addition 
of O2 to the C4F8 increases passivation and thereafter further 
increases in O2 lowers the passivation rate. Because of the 
high aspect ratio, the passivation deposition rate varies from 
the top to the bottom of the TSV—as the depth progresses, the 
passivation transport mechanism changes from convective flow 
to diffusional flow, which results in more deposition at the TSV 
top than at the bottom. The process DOE targets minimizing 
the ratio of the oxide ERs between the TSV’s top corner and the 
bottom of the TSV. 

Materials and methods
The wafer sample fabrication process f low is shown in the 

schematic (Figure 2). Wafer substrates of 300mm p-type (100) Si 
have been used for the current study. These wafers are spin coated 

using a negative photoresist (PR) and pattern-transferred using a 
EUV stepper. A TSV pattern of 10µm (critical dimension [CD]) is 
etched to a depth of ~45μm using a standard multiplexed time etch 
process in an inductively-coupled plasma (ICP) chamber. After the 
TSV etch, the remaining PR is stripped using a high-temperature 
O2 plasma. Subsequently, the wafer was wet cleaned to remove the 
post-etch residues.

Figure 3 shows the post-etch and wet-cleaned TSV structure 
with <40nm scallops and a near-vertical profile. The TSV 
wafers are deposited with a liner oxide of ~1μm using a plasma-
enhanced CVD (PE-CVD) process. Figure 4 shows the TSV 
with liner oxide. The initial oxide thickness of the field (top), 
top corner, and bottom of the TSV are measured at ~1.31μm, 
~0.86μm, and ~0.85μm, respectively. The step coverage ratio 

of the TSV top corner to the bottom is 1:1. This scenario makes 
the process challenging if the ERs are similar or faster at 
the TSV top corner. The DOE is conducted to determine the 
optimum process conditions to minimize the top-corner ER 
while enhancing the bottom-oxide ER. Process parameters 
(argon, O2, C4F8, and pressure) are used to generate a full-
factorial DOE with the three center points. After etching, these 
wafers were inspected using cross-sectional field-emission 
scanning electron microscopy (FE-SEM) for post-etch liner 
oxide thickness measurement.

Results and discussions
Fluorine radicals are responsible for the etching of the Si 

in the dry etch process by forming volatile SiF4 at even low 
ion energies. However, in the case of SiO2, due to the stronger 
energy threshold (an energy threshold of 799KJ/mol for the Si-O 
bond, and 552KJ/mol for the Si-F bond [12]), the reaction can’t 

Figure 2: Schematic of the process flow.

Figure 3: TSV structure prior to oxide liner deposition.

Figure 4: TSV structure after oxide liner deposition.
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be spontaneous. The chemical etching of SiO2 occurs after Si-O 
bond breakage under the ion bombardment and,  therefore, Si in 
the broken bonds is scavenged by fluorine radicals. Therefore, 
a combination of high-energy ion bombardment and chemical 
etching are needed for oxide etching.

ER process DOE trends are shown in Figure 5a, e.g, C4F8 
with the addition of argon results in bottom-oxide ERs being 
lower than ERs for the top corner of the TSV. Without O2 flow 
addition, it is observed that nearly a 30% faster ER is at the top 
corner. As the O2 flow increases, the top-corner oxide ER slowly 
drops and achieves the lowest reduction in ER observed at 30% 
of its normalized O2.

At optimized DOE conditions, passivation film deposition 
is thicker at the top of the TSV than at the TSV bottom. 
Passivation deposition variation is caused because of the 
transport mechanism of polymer radicals, i.e., the convective 
f low of constituent species controls the passivation f ilm 
(silicon-oxy-f luorocarbon) deposition at the top of the TSV, 
whereas the diffusion f low controls the bottom of the TSV 
when the TSV aspect ratio >3. The reduction in the top 

TSV corner ER is attributed to the formation of the thick-
passivation film. Figure 6 shows the typical passivation film in 
the absence of the bias power. The results show that there was 
a thicker passivation film at the top than at the bottom of the 
TSV. However, this thicker passivation film (silicon-fluorine 
carbon) is not strong enough to withstand argon bombardment 
and results in ineffective protection of the TSV top-corner 
oxide because of the low bond-breaking energy (~4.4eV) of C-F 
bonds in the film [13].

When O2 is added to the etch chemistry, the formation of 
thick silicon-oxy-fluoride (Si-O-F) film results in a reduction 
of the oxide ER at the TSV’s top corner. The ER drops with 
an increase in O2 and achieves a maximum when O2 f low 
reaches 30% of the total C4F8 gas flow. In addition to the thick 
passivation film, addition of O2 also forms a volatile COF2 
resulting in a reduced f luorine-free radical concentration. 

Figure 6: Passivation deposition at the TSV top corner.
Figure 7: A non-optimized run resulted in a higher top-corner oxide etch rate than for 
the bottom oxide. 

Figure 5: The JMP predictive model for determining the best possible condition for a greater bottom-oxide etch rate than for the top-corner oxide.
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Increasing passivation and reducing the 
fluorine-free radical concentration helps 
in the reduction of ER of the oxide at the 
top corner. However, because of lower 
passivation at the bottom of the TSV, the 
oxide is continuously sputtered to the 
sidewalls and results in a higher ER.

To understand the optimized process 
window for the DOE, JMP software is 
used to generate the predictive profile 
as shown in Figure 5a. The dependent 
variable (bottom ER, top corner ER 
and rat io of ERs) and independent 
variables (O2, argon, C4F8, and pressure) 
are analyzed using the least squares fit 
model. The top-oxide to bottom-oxide ER 
ratio is lowest at the lower pressure and 
at 60% of normalized C4F8 flow. At high 
pressure and higher flow, the ER ratio is 
higher, and the TSV top-corner oxide ER 
dominates, resulting in complete loss of 
top-corner oxide during the bottom-oxide 
etch back, as shown in Figure 7.

Summary
The etch-back process of the liner 

oxide at the TSV bottom – achieved 
while protecting the top-corner oxide – 
has been demonstrated. An optimized O2 
f low in fluorine-deficient regimes helps 
in minimizing the oxide ER of the TSV 
top corner.  At the same time, a higher 
oxide ER is observed in the TSV bottom. 
The JMP statistical analysis was used 
to optimize process conditions. The 
predicted process window is observed 
at lower pressure (<40mT), with an O2 
f low of <20sccm, a higher argon f low 
(>10 times that of the C4F8 f low), and 
a lower C4F8 f low of <100sccm. The 
optimized process conditions achieved a 
20% higher oxide ER at the TSV bottom 
than that at the TSV top. This optimized 
process helps enable the highly reliable 
TSV etch-back process for the via-last 
integration scheme.
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Illumination inspection technology for defect detection 
on advanced IC substrates
By Cheolkyu Kim, Burhan Ali, JungHyun Kim  [Onto Innovation]
Jong Eun Park, Misun Hwang, Chan Jin Park, [Samsung Electro-Mechanics (SEMCO)]

cross the semiconductor 
industry, advanced integrated 
circuit (IC) substrate (AICS) 

supplies are low. The causes vary, from a 
limited number of suppliers who can meet 
performance requirements, to constrained 
production capacities, and increased 
demand resulting from the adoption of 
high-performance mobile devices, as well 
as advanced technologies like artificial 
intelligence (AI) and high-performance 
computing (HPC). And without question, 
the ongoing shortage of Ajinomoto build-
up film (ABF), a necessary component 
of many AICS, plays a significant role as 
well. One area where this shortage of ABF 
and AICS is having a significant impact 
is in the manufacturing of flip-chip ball-
grid array (FC-BGA) packages—the most 
advanced substrates to meet the electrical 
and thermal requirements for IC chips with 
high numbers of I/Os.

To address the substrate shortage, 
suppliers of FC-BGA substrates are 
ramping up capacity. However, that 
acceleration comes with high costs due to 
the fact that the AICS process is burdened 
by low yields resulting from the presence 
of defects that are left undetected by many 
macro inspection systems. Furthermore, 
that inability to detect certain defects is 

potentially magnified as each new layer 
of ABF on the FC-BGA substrate is built 
up. In some cases, the number of layers 
of build-up may reach 20. With each 
additional layer, the potential for killer 
defects increases, whether the cause is 
ABF residue in laser-drilled vias, poor 
dry-film resist development, or the under- 
and over-etching of Cu seed.

For advanced packaging houses , 
addressing this issue is a mat ter of 
considerable interest. After all, few 
businesses are not interested in reducing 
waste and cost, while more efficiently 
utilizing an in-demand resource in short-
supply, like ABF. Fortunately, optical 
inspection technologies are available 
that can discover these difficult-to-detect 
defects. In this article we will discuss a 
proven macro inspection technology that 
is uniquely capable of finding defects and 
errors in AICS.

Inspection challenges
B efo r e  we  m ove  fo r wa r d ,  l e t ’s 

reexamine why ABF has become an 
important component in manufacturing 
AICS. In an AICS, specifically those 
made for  FC-BGA, Cu is  used for 
electrical connections and ABF is used for 
insulation (Figure 1). ABF is a compound 

material of epoxy polymer matrixes 
and inorganic fillers. The chemical and 
electrical properties of epoxy polymer can 
be easily tailored by changing chemical 
components to meet various material 
requirements [1]. Another advantage of 
ABF is that it facilitates the formation of 
fine-pitch lines/spaces because its surface 
is receptive to laser processing and direct 
copper plating. This advantage, in part, 
makes ABF an ideal material for devices 
where miniaturization is a driving force 
for innovation. For pattern formation on 
the build-up layers of IC substrate, dry 
film is commonly used together with a 
semi-additive process to achieve copper 
lines down to 5µm/5µm or smaller lines/
spaces in laminated substrates.

Because the main funct ion of an 
IC substrate is to create an electrical 
connection between the IC and circuit 
board, the most serious process issues 
are shorts or open circuits, both of which 
require inspection tools to find defects. For 
example, poor dry-film development leads 
to bad patterning, which, in turn, leads to 
poor or bad signal integrity. Meanwhile, 
during the curing process, particles or 
bubbles under laminated ABF can cause 
pattern distortions. Left after the formation 
of vias through the ABF by laser ablation, 

A

Figure 1: Typical flow of an advanced substrate process. Steps 9 through 18 are repeated for multi-layer buildup.

http://www.chipscalereview.com


2424 Chip Scale Review   May  •  June  •  2023   [ChipScaleReview.com]

residual ABF can also affect the integrity 
of the electrical signal. Etching the Cu 
seed layer is the final process step of each 
build-up layer; this step defines the routing 
of Cu trace lines. Under- or over-etching 
the Cu seed layer can lead to shorts and 
open circuits. Preventing shorts and open 
circuits is a critical issue when addressing 
decreases in yield.

Conventional macro inspection is 
typically done using one of two techniques: 
bright-f ield (BF) and dark-field (DF) 
illumination (Figure 2a). Both BF and DF 
techniques use light-emitting diode (LED) 
sources that cover the visible wavelength 
region. In BF illumination, the camera 
objective and illumination source are 
positioned on a common axis perpendicular 
to the surface of the substrate so that the 
camera sees the specular reflection of the 
source illumination. Therefore, the BF 
image is formed by the reflected light from 
the sample and is therefore a strong function 
of light attenuation and reflection between 
differing materials on the sample. In DF 
illumination, the camera is positioned away 
from the direction of the specular reflection 
of the illumination source. On a flat, mirror-
like surface, the specular reflection from 
the substrate is directed away from the 
camera, and the field becomes dark. But 
any particle or surface irregularity that 

Figure 2: Schematic of inspection optics: a) Conventional macro inspection setup; and b) CF inspection setup.
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scatters light out of the specular beam will 
make the field bright. This characteristic 
makes DF illumination particularly good at 
identifying small particles and defects on a 
flat specular surface.

We also used another inspect ion 
illumination technology, Clearf ind® 
(CF). The optical path of  this technology 
i s  a l s o  s h ow n  i n  F i g u r e  2b ,  b u t  
Figure 3 illustrates in more detail how 
this technology works. The light source 
for this new illumination technology is a 
monochromatic blue laser with a stable 
wavelength and output power. The laser 
beam is collimated and expanded into 
a horizontal line at the sample and then 
scanned over the surface. Stimulated by 
illumination, the sample either reflects the 
light from the source, or emits secondary 
photons of lower energy, depending on 
the types of materials involved. Metals 
have continuous energy bands in the 
visible wavelength regions and will 
either absorb or reflect incident photons. 
Organic materials, such as polymers, 
exhibit distinctive optical properties that 
are not present in the metals or common 
inorganic materials used in IC substrate 
manufacturing. These properties tend to 
be unique to organic molecules displaying 
a high degree of conjugation, such as 
polycyclic aromatic hydrocarbons, and in 
linear or branched chain organic polymers 
with multiple regularly interspersed 
pi bonds [2]. The emission from the 
organic surface tends to be anisotropic 
and, therefore, less sensitive to surface 
topography that could potentially direct 
most ordinary BF- or DF-reflected light 
away from the detector. Moreover, photons 
of the same energy are blocked by the filter; 
as a result, any ref lection or scattering 
from the metal surface cannot be collected 
by the imaging camera. This results in 
increased sensitivity to organic residue and 
reduced sensitivity to interference from the 
surrounding features.

The method described above has the 
additional advantage of being relatively 
insensitive to signal variations caused by 
metal grains. The new technology has been 
found to be very effective in detecting 
invisible defects on fan-out wafer-level 
packaging (FOWLP) and fan-out panel-
level packaging (FOPLP) [3,4]. In our 
investigation, we employed a high-speed, 
near-infrared laser-triangulation autofocus 
system that maintains a constant distance 
between the imaging optics and the area 
being scanned to keep the image focused. 

Imaging is accomplished using 
a high-resolution line scan 
camera. The image pixel size 
corresponds to 0.7μm at 10X, 
which provides the highest 
level of magnif ication for 
inspection.

Via inspection
A BF i s  a  w idely-u se d 

i n s u l a t i ng  d ie l e c t r i c  i n 
a d v a n c e d  IC  s u b s t r a t e s 
used for FC-BGA. To make 
e l e c t r i c a l  c o n n e c t i o n s 
bet ween layers ,  v ias  a re 
fo r m e d  b y  h ig h - e n e r g y 
u l t r av iole t  ( U V )  l a se r s . 
Occasionally, ABF is not 
completely removed f rom 
the via, which results in a 
poor electrical connection 
t h r ou g h  t he  v i a  a nd ,  i n 
t u r n ,  nega t ive ly  a f fe c t s 
signal integrity. Therefore, 
i n spe c t i ng  t he  v ia  a f t e r 
laser ablation is necessary 
to find such defects (Step 12 

Figure 3: Illustration of CF technology.
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in Figure 1). Figure 4 shows example 
images of  v ias  with A BF residue. 
The left three images are those  using 
Clearfind® illumination, while the right 
three images are corresponding images 
but with BF color i l luminat ions at 
higher magnification.

For examples (a-1) and (a-2) shown 
in Figure 4, the residue is detectable 
using either CF or BF technology. For 
the CF image examples of (b-1) and (c-
1), residual ABF inside the vias is easily 
detectable because secondary photons 
from the residual ABF are brighter than 
the rest of the Cu, which does not emit 
secondary photons. However, in the case 
of the corresponding BF images of (b-
2) and (c-2), the area of residue in the 
image can be easily confused with the 
via bottom. This is because the surface 
of the bottom of the via is rough Cu—
and because of the grainy structure of 
the Cu, this image is very similar to 
images of ABF residue. These example 
images clearly demonstrate that the new 
illumination technology is more robust 
for leftover ABF residue in vias.

After-development inspection: dry 
resist film

To create circuit pat terns on each 
build-up layer of the IC substrate, a dry-
film resist is laminated and developed 
on a Cu seed layer, as shown in process 
steps 14 and 15 in Figure 1. Any process 
excursion during development will lead 
to poor circuit patterning. Figure 5 shows 
an image of an organic defect after dry-
film resist development. All four images 
show defects at the same site but with 
different illuminations. The BF image does 
not show any defects, while the DF and 
Clearfind® images do. It should be noted 
that not all the defects found with DF are 
seen in the CF image. This is because DF 
illumination is sensitive to scattering from 
various particles, while CF illumination is 
sensitive to organic defects only. The DF 
image shows vias because of a difference 
in scattered light intensity, while CF cannot 
identify the difference between vias and the 
Cu seed layer because neither of these emits 
secondary photons, causing both regions to 
appear dark. Therefore, the best illumination 
technique to find defects after dry-film 
resist development is to use both DF and CF 
illumination simultaneously, as shown on 
the bottom right of Figure 5.

Figure 6 shows another defect example 
after dry-film resist development. All four 
images show defects at the same site but 
with different illuminations. In this case, 
Clearfind® technology images do not 
indicate defects. This is an indication that 
these defects are either metallic or inorganic 
dielectrics. Considering the stage in the 
process f low in which these defects are 
identified, it is very likely that these are 
metallic defects. The BF image indicates 
some defects, but with relatively low 
contrast, while the DF image clearly shows 
all defects. As we have seen, CF illumination 
is very effective in finding organic defects, 
and we believe a combination of it and 
DF illumination together offers the best 
illumination tool for the inspection of dry-
film resist after development. 

After-etch inspection: Cu seed
After the dry-film resist is developed, the 

substrate goes through Cu plating to form 
Cu trace lines for the circuit, and then the 
dry-film resist is removed by stripping. At 
this stage, all Cu trace lines are connected 
by a Cu seed layer that needs to be etched 
to complete circuits as designed. During the 
process, under-etching may cause shorts, 
while over-etching may cause open circuits. 

E-Tec Interconnect  AG, Mr. Pablo Rodriguez,  Lengnau Switzerland
Phone : +41 32 654 15 50, E-mail: p.rodriguez@e-tec.com

Figure 4: Images of vias with ABF residue. The left 
three images are those using CF illumination, while the 
right three images are corresponding images, but with 
BF color illuminations at higher magnification.
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For residual Cu seed, if the residual Cu 
seed extends to 30% or more into the space 
between the Cu trace lines, it is considered 
to be a critical defect.

Figure 7 shows three different defects 
for after-etch inspection of the Cu seed 
layer. The three images on the left are from 
using CF inspection, while the three images 
on the right are corresponding images 
captured with a BF color camera at higher 
magnification. The two top images, (a-1) 
and (a-2), show a short circuit defect that 
could be easily detected with either CF or 
BF illumination. For the two images in the 
middle, (b-1) and (b-2), the defect was very 
clear in CF, but was not seen in BF. This is 
because the top flat surface of the Cu trace 
line only reflects light to the detector, making 
the area bright, while the reflection is very 
weak from Cu in the sloped area or from the 
thin and rough surface of the Cu residue. 
The CF technology image (c-1) clearly shows 
an open circuit, while an open circuit is 
not obvious in the corresponding BF color 
image (c-2). This is because the surface of 
Cu trace lines tend to become very rough 
and grainy after the etching process, making 
any brightness variation of the Cu line 
significant. In addition, any dark regions of 
the Cu lines can be easily mistaken for open 
circuits. Because the CF image is insensitive 
to the rough or grainy surface of metal, it is 
the most robust inspection technology for the 
after-etch inspection of Cu.

Figure 6: Inorganic defects after dry-film resist development inspection. All four images show defects at the 
same site but with different illuminations, as indicated in the panels.

Figure 7: Three different defects for after-etch 
inspection of the Cu seed layer. The three images 
on the left are from using CF inspection, while 
the three images on the right are corresponding 
images captured with a BF color camera at higher 
magnification.

Figure 5: Organic defects after dry-film resist development inspection. All four images show defects at the 

same site but with different illuminations, as indicated in the panels.
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Summary
In this ar t icle, we have compared 

i n s p e c t i o n  i m a g e s  w i t h  v a r i o u s 
illumination techniques for the inspection 
of ABF via residue, dry-film resist after 
development, and Cu seed after etching. 
For the inspection of via residue following 
the laser ablation of ABF, Clearfind® 
technology was found to be the most 
effective tool for identifying residue. For 
the inspection of dry-film resist after 
development, the simultaneous use of CF 
and DF illumination was the best choice 
because the former technology could easily 
find under-developed dry-film resist or 
residue inside the via, and DF could find 
metallic defects in the Cu area. Regarding 
inspection after the Cu seed etching 
process, CF illumination was the most 
efficient inspection technology because it 
clearly shows open or short defects without 
showing false defects that may come from 
rough and grainy surfaces when inspected 
by BF or DF.
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HEADQUARTERS

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
BP - Broadband Plasma
LS - Laser Scanning
PR - Programmable
NP - Non-Programmable
MP - Max Product Size
PL - Panel 
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

Company
Street Address
City, State, Country
Telephone
Website

Advertisers within the calendar year are
indicated by listings in bold text

ACOUSTIC
INSPECTION

OPTICAL
INSPECTION

X-RAY 
INSPECTION

3D (TherMoire)
PR
MP - 600+ mm

WFR, PKG, SUB, PCB

Akrometrix, LLC
2700 NE Expressway
Bldg. B, Ste. 500
Atlanta, GA 30345 USA
Tel: +1-404-486-0880
www.akrometrix.com

3D
PR, NP
MP - 450+ mm

SDP, SUB, PCB

ASC International, Inc.
830 Tower Drive, Suite 200
Medina, MN 55340 USA
Tel: 1-763-479-6210
www.ascinternational.com

2D, 3D
PL
PR
MP 300mm
WFR, PKG, SUB

Camtek Ltd.
Ramat Gavriel Ind. Zone
HaArig St 10
Migdal HaEmek 2309407 Israel
Tel: +972-4-604-8100
www.camtek.com

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

Creative Electron, Inc.
201 Trade Street
San Marcos, CA 92078 USA
Tel: +1-760-752-1192
www.creativeelectron.com

3D
PR
MP - 450+ mm

SDP, SUB, PCB

CyberOptics Corporation
5900 Golden Hills Drive
Minneapolis, MN 55416 USA
Tel: +1-763-542-5000
www.cyberoptics.com

( X,Y,Z ) - CM
PR, NP
MP - 300 mm

WFR (BONDED)

EV Group
DI Erich Thallner Strasse 1
St. Florian am Inn A-4782, Austria
Tel: +43-771-253110
www.evgroup.com

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

GE Research
1 Research Circle
Niskayuna, NY 12309 USA
www.ge.com/research/technology-domains/
electronics-sensing/microelectronics

2D
NP
MP - 600+ mm

PKG, SUB, PCB

Glenbrook Technologies, Inc.
11 Emery Avenue
Randolph, NJ 07869 USA
Tel +1-973-361-8866
www.glenbrooktech.com

2D, 3D
PR
MP - 300+ mm

WFR, PKG

Bruker Corporation
40 Manning Road
Billerica, Massachusetts 01821 USA
www.bruker.com/en/products-and-solutions/
semiconductor-solutions/x-ray-defect-inspection

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

Comet Yxlon GmbH
Essener Bogen 15
22419 Hamburg
Germany
Tel: +49 40 52729-0
www.yxlon.comet.tech

http://www.chipscalereview.com
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COMPANY
HEADQUARTERS

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
BP - Broadband Plasma
LS - Laser Scanning
PR - Programmable
NP - Non-Programmable
MP - Max Product Size
PL - Panel 
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

Company
Street Address
City, State, Country
Telephone
Website

Advertisers within the calendar year are
indicated by listings in bold text

ACOUSTIC
INSPECTION

OPTICAL
INSPECTION

X-RAY 
INSPECTION

3D
PR
MP - CM

PKG, SUB, PCB

2D
PR
MP - CM

PKG, SUB, PCB

Göpel Electronic GmbH
Göschwitzer Strasse 58/60
Jena D-07745, Germany 
Tel: +49-0-36-416896-0 
www.goepel.com

2D, 3D
CM
MP - CM

PKG, SUB, PCB

HANMI Semiconductor Co., Ltd.
532-2 Gajwa-Dong, Seo-Gu 
Incheon, 404-250, South Korea 
Tel: +82-32-571-9100 
www.hanmisemi.com

3D
PR
MP - 360 mm
WFR, PKG, SUB, PCB

Hitachi High-Tech
Toranomon Hills Business Tower
1-17-1 Toranomon, Minato-ku
Tokyo 105-6409, Japan 
Tel: +81-029-276-6391
www.hitachi-hightech.com/global/en/products/
semiconductor-manufacturing/cd-sem/

2D, 3D
LS, PR, NP
MP - CM

WFR, PKG, SUB

KLA Corporation
Three Technology Drive
Milpitas, CA 95035, USA
Tel: +1-408-875-3000
www.kla.com

2D, 3D
PR
MP - CM

SDP, PKG, SUB, PCB

Intekplus Co., Ltd.
(Tamnip-dong), 263, Yuseong-gu
Daejeon, Korea (34026)
Tel: +82-42-930-9900
www.intekplus.com

3D
PR
MP - 810 mm

PKG, SDP, SUB, PCB

Koh Young Technology Inc.
14F Halla Sigma Valley
53 Gasandigital 2-ro, Geumcheon-gu
Seoul 08588 Republic of Korea
www.kohyoung.com

CM
PR
CM

WFR, SUB, PCB

Landrex Technologies Co., Ltd.
No.570, Jianguo Rd., Yingge Dist.,
New Taipei City 239
Taiwan (R.O.C.)
Tel: 886-2-26787966
www.landrex.com.tw

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

Lloyd Doyle Ltd.
Molesey Road, Walton on Thames
Surrey KT12 3PI, England
Tel: +44-1932-245000
www.lloyd-doyle.com

3D
PR
MP - 600+ mm

PKG, SDP, SUB, PCB

Machine Vision Products Inc.
3270 Corporate View, Suite D
Vista, CA 92081 USA
Tel: +1-760-438-1138
www.visionpro.com

2D, 3D
PR, NP
MP - 600+ mm

SUB, PCB

Machvision Inc Co., Ltd.
NO. 2-3, Gongye East 2nd Road II,
Hsinchu Science Park, Hsinchu 30075,
Taiwan (R.O.C)
Tell: +886-3-563-8599
www.machvision.com.tw
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COMPANY
HEADQUARTERS

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
BP - Broadband Plasma
LS - Laser Scanning
PR - Programmable
NP - Non-Programmable
MP - Max Product Size
PL - Panel 
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

Company
Street Address
City, State, Country
Telephone
Website

Advertisers within the calendar year are
indicated by listings in bold text

ACOUSTIC
INSPECTION

OPTICAL
INSPECTION

X-RAY 
INSPECTION

3D
PR
MP - 420 mm

WFR, PKG, SUB, PCB

PVA TePla Analytical Systems GmbH
Deutschordenstrasse 38
73463 Westhausen, Germany
Tel: +49-7363-9544 0
www.pvatepla-sam.com

2D, 3D
LS, PR
MP - 600+ mm
PL

WFR, SUB

Onto Innovation
16 Jonspin Road
Wilmington, MA 01887 USA
Tel: +1 978-253-6200
www.ontoinnovation.com 

2D
PR, NP
MP - 300 mm

WFR

Microtronic Inc.
171 Brady Avenue
Hawthorne, NY 10532 USA
Tel: 1-877-642-7687
www.microtronic.com

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

MIRTEC USA
3 Morse Road
Oxford, CT 06478 USA
Tel: +1 203-881-5559
www.mirtecusa.com

2D, 3D
PR
MP – 200

WFR

Nanotronics Imaging Inc.
New Lab – Building 128
63 Flushing Ave, Unit 241
Brooklyn, NY 11205 USA
www.nanotronics.co

2D, 3D
PR, NP
MP - 600+ mm

WFR, PKG, SUB, PCB

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

Nikon Precision Europe GmbH
Robert-Bosch-Str. 11
63225 Langen
Germany
Tel. +49 61 03 9 73-0
www.nikonprecision.com/products-and-
technology/semiconductor-inspection-systems

2D, 3D
PR, NP
MP - 600+ mm

WFR, PKG, SUB, PCB

2D, 3D
PR, NP
MP - 600+ mm

SDP, PKG, SUB, PCB

Nordson Test and Inspection
28601 Clemens Road
Westlake, OH 44145-4551 USA
Phone: +1 440.892.1580
www.nordson.com/en/divisions/
test-and-inspection

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

North Star Imaging Inc.
19875 S Diamond Lake Road
Rogers, MN 55374 USA
Tel: +1-763-312-8836
www.4nsi.com

2D, 3D
PR
MP - 400 mm

WFR, PKG, SUB, PCB

Mars Tohken Solutions Co. Ltd.
Shinjuku-gyoen Muromachi Bldg
1-8-5, Shinjuku, Shinjuku-ku
Tokyo 160-0022, Japan
Tel: +81 3 3352 8537
www.mars-tohken.co.jp/en
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COMPANY
HEADQUARTERS

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
BP - Broadband Plasma
LS - Laser Scanning
PR - Programmable
NP - Non-Programmable
MP - Max Product Size
PL - Panel 
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

Company
Street Address
City, State, Country
Telephone
Website

Advertisers within the calendar year are
indicated by listings in bold text

ACOUSTIC
INSPECTION

OPTICAL
INSPECTION

X-RAY 
INSPECTION

CM
PR
MP - 500 mm

SDP, SUB, PCB

2D, 3D
PR
MP - 510 mm

WFR, PKG, SUB, PCB

Saki Corporation
DMG MORI Tokyo Digital Innovation Center
3-1-4, Edagawa, Koto-ku,
Tokyo 135-0051 Japan
Tel. +81(0)3-6632-7915
www.sakicorp.com/en/company/
technology/3daxi_tec

2D
PR, NP
MP - 600+ mm

SDP, PKG, SUB, PCB

ScanCAD International
26437 Conifer Road
Conifer, CO 80433 USA
Tel: +1-303-697-8888
www.scancad.net

2D, 3D
PR
MP - 1,375 mm

WFR, PKG, SUB, PCB

Scienscope International
5751 Schaefer Avenue
Chino, CA 91710 USA
Tel: +1-909-590-7273
www.scienscope.com

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

SEC Co.,Ltd
111, Saneop-ro 155beon-gil
Gwonseon-gu, Suwon-si
Gyeonggi-do, Korea, 16648
Tel: 82-31-215-7341-2
www.seceng.co.kr

3D
PR
MP - 350 mm

WFR, PKG, SUB, PCB

Sonix Inc.
8700 Morrissette Drive
Springfield, VA 22152 USA
Tel: +1-703-440-0222
www.sonix.com

2D, 3D
PR, NP
MP - 300 mm

WFR (BONDED)

SUSS MicroTec SE
Schleissheimer Str. 90
85748 Garching
Germany
Tel:+49 89 32007-0
www.suss.com

Semilab Semiconductor Physics Laboratory Co. Ltd.
Address: Prielle Kornélia u. 4/A.
H-1117 Budapest, Hungary
Tel.: +36 1 505 4690
www.semilab.com/hu

2D, 3D
PR, NP
MP - 450+ mm

PKG, SUB, PCB

Teradyne, Semiconductor Test Division
600 Riverpark Drive
North Reading, MA 01864 USA
Tel: +1-978-370-2700
www.teradyne.com/products/semiconductor-test

2D, 3D
PR, NP
MP - 300+ mm

SDP, PKG, SUB, PCB

Quality Vision International, Inc
850 Hudson Avenue
Rochester, NY 14621 USA
www.viewmm.com
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COMPANY
HEADQUARTERS

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
BP - Broadband Plasma
LS - Laser Scanning
PR - Programmable
NP - Non-Programmable
MP - Max Product Size
PL - Panel 
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

2D - 2 Dimension ( X,Y )
3D - 3 Dimension ( X,Y,Z )
PR - Programmable
NP - Non Programmable
MP - Max Product Size
CM - Contact Manufacturer

Product Type Applications
WFR - Wafer
PKG - Package
SDP - Solder Paste
SUB - Substrate
PCB - PC Board

Company
Street Address
City, State, Country
Telephone
Website

Advertisers within the calendar year are
indicated by listings in bold text

ACOUSTIC
INSPECTION

OPTICAL
INSPECTION

X-RAY 
INSPECTION

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

VJ Group Inc.
89 Carlough Road
Bohemia, NY 11716, USA
Tel: +1-631-589 8800
www.vjt.com/industries/electronics

2D, 3D
PR, NP
MP – 600+mm

WFR, PKG, SDP, SUB, PCB

2D, 3D
LS, PR, NP
MP 300+mm, PL

WFR, PKG, SDP, SUB, PCB

Zeiss SMT, Inc.
75 Sylvan St., Suite 101
Danvers, MA 01923 USA
www.zeiss.com/semiconductormanufacturing-
technology

2D, 3D
PR, NP
MP - CM

SDP, PKG, SUB, PCB

Zygo Corporation
Laurel Brook Road
Middlefield, CT 06455 USA
Tel: +1-860-347-8506
www.zygo.com

3D
PR
MP - 300 mm

WFR

Toray Engineering Co., Ltd
6th Floor, Yaesu Ryumeikan Building
1-3-22 Yaesu, Chuo-ku
Tokyo, 103-0028, Japan
Tel: +81+3+3241-1541
www.toray-eng.com

2D, 3D
PR
MP - 600+ mm

SDP, PKG, SUB, PCB

VI Technology (Mycronic AB)
Rue de Rochepleine
38120 Saint Egrève
France
Tel: +33 4 7675 8565
www.vitechnology.com

2D, 3D
PR, NP
MP - 508 mm, 660mm,
750mm (optional 2000mm)

PKG, SDP, SUB, PCB

2D, 3D
PR, NP
MP - 450mm, 610mm, 722mm

PKG, PCB, SPD

Viscom AG
Carl-Buderus-Straße 9 - 15
30455 Hanover
Germany
Tel: +49 511 94996-0
www.viscom.com

2D, 3D
LS, PR, NP
MP - CM

SDP, PKG, SUB, PCB

Veeco Instruments Inc.
3050 Zanker Road
San Jose, CA 95134 USA
Tel: +1 408 321-8835
www.veeco.com

2D, 3D
PR, NP
MP - 762 mm

SDP, PKG, SUB, PCB

3D
PR
MP - 609 mm

WFR, PKG, SUB, PCB

Vitrox Corporation Berhad
746, Persiaran Cassia Selatan 3
Batu Kawan Industrial Park
14110 Bandar Cassia
Penang, Malaysia
Tel: +60-4-545 9988
www.vitrox.com

2D, 3D
PR, NP
MP - 600+ mm

SDP, PKG, SUB, PCB

2D, 3D
PR, NP
MP - 600+ mm

PKG, SUB, PCB

Test Research Inc.
7F., No.45, Dexing West Road., Shilin District
Taipei City 11158, Taiwan
Tel: +886 2 28328918
www.tri.com.tw
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Slipping IC package design schedules and 
what to do about it
By Keith Felton  [Siemens Digital Industries Software]

everal factors are causing 
advanced packaging design 
schedules to slip to a perilous 

degree. This ar ticle enumerates f ive 
factors that cause increasing design 
cycles and presents five workflows to get 
around them and get IC packaging design 
work back on track.

Designs are getting more complex
First, as with all semiconductor designs, 

increasing complexity continues to create 
new challenges for package design, 
verif ication, and modeling. Packages 
are now heterogeneous integration (HI) 
platforms and are no longer simply a 
connector between a chip’s IO pads or 
bumps and a printed circuit board (PCB). 
The goal of an HI platform is to integrate, 
connect, and optimize multiple dies 
together. These could include application-
specific integrated circuit (ASIC) logic, 
chiplets, memory, voltage regulators, and 
discrete components that can be mounted 
and interconnected into a single package 
using h igh-speed ,  h igh-bandwidth 
ch iple t- to - ch iple t  i n t e r faces .  T he 
resulting HI assembly can deliver greater 
performance at a reduced cost and higher 
yield, with only a slightly larger footprint 
than a traditional monolithic system on 
chip (SoC). There is also an emerging 
trend to include embedded logic, voltage 
regulators, and capacitors within the 
package substrate.

As a result of the above developments, 
the first problem advanced packaging 
designers may face in dealing with 
this complexity lays at the feet of their 
exist ing legacy design tools—tools 
developed for single-die organic laminate 
ball grid array (BGA) designs. Often 
companies must consider add-ons or 
upgrades to new, expensive options.

Advanced substrates come with 
complex metal planes

Many of today’s advanced package 
subst rates  requ i re complex ,  f i l led 

metal plane areas to deliver power to 
the die (Figure 1). These metal-filled 
plane areas are required to pass the 
exacting fabrication requirements of 
the substrate supplier and/or outsourced 
se m iconduc t o r  a s se mbly  a nd  t e s t 
(OSAT) suppl ie r.  Las t-gene ra t ion 
package design tools st r uggle with 
complex filled metal areas, especially 
t h o s e  w i t h  s t r i c t  m u l t i - a p e r t u r e 
outgassing and area metal balancing 
rules, so they often apply workarounds 
such as a “fast” mode to get over their 
performance issues when creating mask-
ready geometries. Of course, such “fast” 
modes are typically not manufacturing 
ready/correct and usually must undergo 
a post-process phase,  or “smooth” 
pass, which takes t ime, somet imes 
considerable time, further extending the 
design cycle.

Shifting to high-bandwidth memory
High-bandwidth memory (HBM) is 

another new challenge when undertaking 
high-performance computing package 
design, which includes datacenter devices, 
artificial intelligence (AI) processors, 
network processors, and virtual reality 
devices. HBM has exacting routing rules 
and requires a massively-parallelized 
interface, typically implemented as four 

4-HI stacks with a total memory bus 
width of 4,096 bits. Routing such a wide 
bus and getting it within specification 
can take a long time unless the design 
tool is capable of intelligent channel 
replication, including the ability to update 
replicated channels due to any post-route 
edits typically caused by signal integrity 
performance optimization (Figure 2).

Avoiding re-inventing or re-creating 
design content

Another area that can easily increase 
design time is lack of support for the 
reuse of known-good physical design 
intellectual property (IP). Advanced 
packaging often has repeated structures, 
complex via arrays, and areas of fanout/
escape routing. Without an eff icient 
way to define and reuse them, such as a 
library element, designers face hours of 
manual creation and editing—not just 
on their own design, but across other 
designs as well.

Use concurrent multi-designer 
team design

Because advanced packages contain 
multiple heterogeneously-integrated 
dies (aka chiplets), there is a significant 
increase in overall device size and 
complexity. These factors demand much 

S

Figure 1: Offset hatched plans and multi-aperture outgassing.
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greater designer effort and the need to 
draw upon more specialized expertise, 
which increases design cycle t ime. 
One way to attack this is by deploying 
multiple designers concurrently on the 
same design, i.e., team design (Figure 3). 
The latest generation of semiconductor 
package design tools come with built-
in dynamic team design, where each 
designer can see in real time what the 
other designers are creating or editing and 
where “soft fences” prevent one designer 
overriding another designer’s work.

Clearly, advanced packaging design 
workflows need to be improved to meet 
the needs of companies creating HI 
platforms—ideally in a manner that 
doesn’t require expensive tool add-ons 
or upgrades. Siemens Digital Industries 
Software proposes five key workf lows 
that shorten overall design time.

Five HI packaging workflows
There are f ive areas that del iver 

the most impact on the successf u l 
implementation and design of chiplets:

1.	 C h i p l e t  d e s i g n  k i t s  ( C D K ) 
provide a model of the chiplet for 
implementation and integration. 
A CDK ca n  i nclude  i n t e r fa ce 
protocols, IO models, automatic 
test equipment (ATE) test methods, 
power characteristics, and thermal 
models such as boundary condition 
independent reduced order model 
(BCI-ROM).

2.	 Heterogeneous planning and co-
optimization should use a complete 
3D digital model (aka digital twin) of 
the entire device assembly that drives 
all downstream aspects of design, 
analysis, and verification, maintaining 
a continuous digital thread.

3.	 Physical verification at every level 
of 3D assembly, from the substrate 
layer through design rule checks 
to assembly-level layout-versus-
schematic are important.

4.	 Multi-domain testing starting with 
the individual die and continuing 
with die-to-die and across the entire 
package assembly is also important.

5.	 E c o s y s t e m  i n t e r o p e r a b i l i t y, 
including the ability to seamlessly 
s h a r e  d e s ig n s  a n d  d a t a  w i t h 
suppliers, partners, foundries, and 
OSATs, is necessary for success.

Chiplet interface management and 
design

A standardized interface is a key 
enabling character ist ic of a chiplet. 
This is how the chiplet, in a predefined 
manner, communicates with a core 
design or other chiplets. Therefore, 
broad adoption of chiplets requires 
standardized interfaces and protocols, 
such as those discussed earlier: USR, 
XSR, BoW, and UCIe serial interfaces 
and OpenHBI, HBM, and BoW Fine 
parallel interfaces. All these interfaces 
bring a new challenge for designers: 
how to rapidly describe the interfaces 
for new chiplets while interconnecting 
commercial off-the-shelf (COTS) or 
existing chiplets.

Cur rent design approaches, such 
as g raphical schemat ics or wr it ing 
t h o u s a n d s  o f  l i n e s  o f  h a r d w a r e 
descr ipt ion language (HDL), make 
it challenging to capture, visualize, 
manage, and implement chiplet designs. 
A designer could look up the interface 
def inition for each chiplet interface 
a nd ma nu a l ly  c rea t e  t he  requ i red 

Figure 3: Concurrent design allows multiple designers to work together simultaneously.

Figure 2: Example of smart HBM channel replication.
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connectivity in accordance with the 
specif ication, then def ine electr ical 
constraints to ensure correct package 
design. But this is a lot of manual work 
and int roduces the r isk of human-
generated mistakes that might not be 
easy to catch early in the design process. 
To avoid this risk, we will introduce a 
novel concept: interface-based design.

Automating interface-based design
Interface-based design (IBD) is an 

exciting new approach to capturing, 
designing, and managing large numbers 
of complex interfaces that interconnect 
multiple chiplets. Because the chiplet 
has a k nown for mal inter face,  the 
interface description can become part of 
the chiplet part model. When a designer 
places an inst ance of th is  ch iplet , 
everything related to the interface is 
automatically put in place. This way, 
we take the human out of the equation, 
ensuring that correct-by-design chiplet 
connectivity is established (Figure 4).

With an interface defined as an IBD 
object, the designer can focus on a 
higher level of connectivity abstraction. 
This facilitates more insightful chiplet 
floorplanning and chiplet-to-package or 
chiplet-to-interposer signal assignments, 
and it  al lows designers to explore, 

def ine, and visualize route planning 
without having to transition the design 
into a substrate place-and-route tool. 
IBD allows the designer to see both “the 
forest” and “the trees” during the design 
process by expanding or contracting 
the interface. As such, IBD provides 
visualization and manipulation at the 
appropriate level of interface expansion.

Thermal, stress, and reliability 
management

The proximity of devices with in 
heterogeneous packages necessitates 
understanding the effect they have on one 
another, also referred to as chip-package 
interactions. These could be electrical-, 
thermal-, or stress-related, and are not 
mutually exclusive.

Figure 4: An interface object library could rapidly and accurately construct connectivity.

Figure 5: Thermal modeling at the chip-, package-, and system-levels generates power-aware thermal and stress device-level models that provide greater accuracy for 
thermal and mechanical simulations.
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Using a combination of chip-, package-, 
and system-level thermal modeling, 
designers can generate power-aware 
thermal and stress device-level models 
that provide greater accuracy for thermal 
and mechanical simulations (Figure 5). 
The models can then be used to perform 
warpage, stress, and fatigue analysis.

When it comes to material choices, 
substrate stackup and device or chiplet 
proximity have considerable impact on 

thermal and stress performance. So it is 
very important to not wait until design 
of the package assemblies is complete. 
Instead, start with predictive analysis 
before  or  du r i ng the  protot y pi ng /
planning phase. Star ting analysis as 
early as possible in the process allows 
for the most flexibility in making choices 
and tradeoffs and usually results in the 
minimum impact on the design.

Test and testability
The product ion test methodology 

used in digital, homogeneous designs 
has been established for many years: 
deploying st ructural design-for-test 
(DFT) logic implemented during the 
ASIC design process. DFT test tools are 
run on the inserted test logic to generate 
the ATE production test programs used 
for wafer- and package-level production 
testing. Additionally, boundary scan 
desc r ip t ion lang uage ( BSDL) t e s t 
patterns are generated for the design to 
be used for PCB-level tests.

Heterogeneous chiplet design requires 
extensive changes and addit ions to 
the traditional, homogeneous design. 
Because these designs include two 
or more ASIC/chiplet components , 
a product ion test program must be 
prov ided  for  ea ch  of  t he  i n t e r na l 
c o m p o n e n t s .  I t  i s  a s s u m e d  t h a t 
externally-sourced chiplets wil l be 
wafer-sorted and delivered as a known-
good-die but will still need to be retested 
once they are assembled in the system-
in-package (SiP) device. Furthermore, 
these tests need to be run f rom the 
external package pins, most of which 
are not connected directly to the chiplet 
pins. In addition to the individual die 
testing, the interfaces between each 
component need to be funct ionally 
tested, preferably at speed for each of the 
die-to-die interfaces.

IEEE test standards are being developed 
to accommodate these 2.5D test methods. 
Dif ferent tool vendors may deploy 
different approaches in implementing 
these standards, which may cause test 
compatibility issues of components that 
use different DFT vendor tools. For 
board-level testing, a composite BSDL 
file for each of the internal components is 
preferred, but not necessarily supported, 
by all DFT tool vendors, which further 
complicates the PCB-level testing.

W i t h  t h e  i n t r o d u c t i o n  o f  3 D 
hete rogeneous desig ns ,  add it ional 
challenges are introduced as the die 
stacked above the base die may not be 
accessible through traditional BSDL/
JTAG interfaces. There are additional 
emerging IEEE test standards being 
developed to accommodate 3D test 
methods as well (Figure 6 ). These 
methods deploy hierarchical test methods 
that can only test the stacked die after 
assembly. Just as with 2.5D, DFT vendor 
capability issues will likely arise in 3D 
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stacked dies built with components using 
different vendor tools.

The inclusion of multi-die in a package 
may also dramatically increase the 
production test time and cost. New high-
speed scan methods are being developed 
that will enable the use of very high-
speed test interfaces, such as XSR, to 
replace the traditional slow-speed JTAG 
approach, which should signif icantly 
reduce the SiP-level connectivity as 
well as reduce test time. Because the 
test connectivity in 2.5D devices is 
implemented through an interposer, 

the package design is required for the 
planning and routing of the die-to-die 
test connectivity, which will require new 
package design and analysis flows.

Driving verification and signoff
It is critical for all verification to start 

in the planning process and continue 
throughout the layout process. It starts 
dur ing init ial planning where early 
assembly validation of device and bump 
placement can be performed along with IO 
pad ring validation, ERC checks, and ESD 
cell insertion determination.

Such in-design validation provides 
early identif ication and resolution of 
manufacturing issues without running the 
full sign-off flow – which can be resource 
and time intensive and usually requires a 
different department’s involvement.

W he n  i t  c ome s  t o  f i n a l  d e s ig n 
verification, more than just mask metal layer 
fabrication checking against the fabricator’s 
rules is involved. It is also very important 
to analyze various layout enhancements 
that will improve yield and reliability, such 
as analysis of thickness variations and 
planarity issues of the redistribution layer 
(RDL). It is extremely important to release 
into manufacturing with confidence that all 
the devices and substrates work together as 
expected to avoid costly late-stage errors 
and delays (Figure 7).

Summary
Several factors are converging and 

driving the chiplet design revolution. The 
recommended workflow adoption focus 
areas presented in this article provide 
immediate heterogeneous integration 
capability benefits while establishing 
a  ma naged methodolog y adopt ion 
and migration process that minimizes 
disruption, risk, and cost. This will bring 
heterogeneous integration-based chiplet 
design within reach of the mainstream, 
instead of being accessible only to the mega 
integrated device manufacturers (IDMs) 
and fabless semiconductor companies.

Figure 7: Verification of complete package 
assemblies including chiplets, interposers, and 
package substrate.
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Figure 6: The IEEE 1838 standard provides guidance for 3D multi-die architectures.
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Achieving automated shmoo results analysis with a 
deep learning method
By Chao Zhou  [Teradyne Inc.]

he shmoo plot is a widely-
u s e d  t e c h n i q u e  i n  t h e 
semiconductor industry for 

evaluating product specifications and 
debugging test vectors. It examines 
the characterization of supply voltage 
and operat ing f requency, providing 
valuable information for improving 
y ield rat ios .  However,  the manual 
review process of shmoo plot results, 
particularly during test with automated 
t e s t  e q u i p m e n t  (AT E ) ,  i s  t i m e -
consuming and can prolong the test 
period, delaying time to market. To 
address this challenge, a deep learning 
based method has been developed and 
implemented to analyze shmoo results 
automatically. This method, developed 
using PyTorch, can accurately analyze 
s h m o o  r e s u l t s  i n  a  s h o r t e r  t i m e 
compared to manual methods,  and 
can be seamlessly integrated into any 
existing test environment.

In the field of ATE, there are several 
techniques described in the literature to 
analyze shmoo data, such as decision 
tree, logistic regression, support vector 
machines, and random forest  [1-2]. 
These methods are traditional machine 
learning techniques, which require the 
results to be manually reviewed, thereby 
limiting their application and resulting in 
poor test accuracy in some cases.

Deep lea r n ing,  deployed in th is 
new application, is a machine learning 
method in which a neural network with 
hidden layers is used to simulate the 
operation of a human’s neural actions, 
extracting the features of the input signal 
and executing the classification work 
without human intervention. Nowadays, 
deep learning applications in computer 
vision and natural language processing 
far exceed those of traditional machine 
learning methods. In this application, a 
neural network was adapted to analyze 
and interpret the characteristics of a 
shmoo plot, significantly improving test 
accuracy (Figure 1).

Proposed model introduction
The st r uct u re of th is model is  a 

modified AlexNet, proposed by Alex 
Krizhevsky [3], which demonstrated 
that the self-learning features of neural 
networks can surpass manual capabilities. 
The neural network structure of this 
method is shown in Figure 2. A total 
of eight layers of convolutional neural 
networks (CNNs) are used, including four 
layers of convolution (feature extraction), 
one spatial pyramid pooling (SPP) layer [4] 
to process the variable size of the input, 
two layers of fully-connected (FC) layers 
(classification) and one output layer.

The first four convolutional layers are to 
extract the features of the shmoo plot. The 
convolution kernel shape of all layers in 
the network is 3x3, while the shape of the 
shmoo plots in the training data set are all 
11x11, which means that a large convolution 
kernel to ext ract the pat tern is not 
necessary. A small 3x3 window to capture 
a single pixel and its surrounding pixels 
is sufficient. Padding is used to preserve 
the pixel information of the shmoo edge to 
avoid misjudging missing edge pixels. The 
padding size is set to 1, which, coordinated 
with the convolution kernel, can make the 
height and width of each convolutional 
layer’s output equal to 11x11.

To make the tool compatible with 
shmoos of different sizes, a 3-level 
(4, 2, 1) SPP layer, which is inserted 
between the convolutional layers and 
the FC layers, is introduced in this CNN 
model (Figure 3). The SPP layer is used 
to conver t different shapes of input 
into a fixed value, which is required as 
the input size of the subsequent fully-
connected layer. The core principle of 
the SPP layer is to use multiple level 
pooling of different sizes (4*4, 2*2 and 
1*1 pooling windows are used in this 
method) to process the output of the last 
convolutional layer. Then, it combines 
the results to obtain three (16*ch, 4*ch 
and 1*ch) level feature vectors [4]. 
Finally, after f lattening these feature 
vectors, they are passed to the next fully-
connected layer.

T he role  of  t he  f u l ly- con nec ted 
layer is to do the classif ication. The 
SPP layer is connected to an FC layer 
with 84-channels, at which point the 
extracted features output by the SPP 
layer pass through two fully-connected 
layers. A one-dimensional array with 
six elements is output as the result, with 
these six elements representing the Fail, 
Pass, Vol, Freq, Marginal and Hole 
values, respectively.

T

Figure 1: Functional diagram of a deep learning method.
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A signif icant difference between 
AlexNet and this neural network is 
that all pooling layers except the SPP 
are removed. This is because each test 

point is processed as a pixel of the 
input shmoo image, so the result of the 
shmoo is sensitive to every test point. 
The pooling layer takes the maximum 

value or the average value for a group 
of adjacent pixels, which causes loss of 
information, so it is abandoned because 
it could reduce the test accuracy of the 
shmoo result types Hole and Marginal.

Additionally, the batch normalization 
layer is implemented instead of using 
t h e  d r o p o u t  m e t h o d  t o  s u p p r e s s 
overfitting. With batch normalization 
the data is standardized in a mini-
batch ,  with the mean value of  the 
no r m a l i z e d  d a t a  b e i ng  0  a nd  t he 
standard deviation as 1. This process 
is similar to dropout, as it “discards” 
a part of the nodes where the output is 
close to 0 at this layer. It also makes 
the output of each layer follow the 
same distribution, and so, as a result, 
eliminates the potential of “parameter 
explosion” and “parameter attenuation” 
in the deep network structure training 
process. This stabilizes and accelerates 
the model’s training [5].

Figure 3: Diagram of a spatial pyramid pooling layer.

Figure 4: Shmoo samples in the training dataset.

Figure 2: CNN structure of the proposed modified AlexNet neural network. SOURCE: Created using the NN-SVG diagramming tool, (www.github.com/alexlenail/NN-SVG).
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Implementation
The training set is a critical part of the entire method, and 

defects at this level will directly reflect on the test accuracy of 
the shmoo results analysis. For now, there are about 650 shmoo 
diagrams in the training set, including five categories: pass/good, 
hole, voltage walls, frequency walls and marginal. All samples 
are chosen from real shmoo testing projects with scaling to an 
11x11 dot matrix. Because the shmoo plot size is not very large, 
the proposed method was implemented using PyTorch 1.8.0, and 
trained and tested on a computer with an Intel Core i7-10810U 
central processing unit (CPU), and without a graphics processing 
unit (GPU). The format of the shmoo samples in the training 
dataset is shown in Figure 4. There are two parts in each training 
sample: the result information and the shmoo diagram. In this 
experiment, the X-axis represents the voltage, while the Y-axis is 
the period.

In addition to the pass/fail indicators, there are four additional 
indicators used to describe the detailed shmoo results:

1.	 Vol-Wall result is used for the voltage-wall shmoo, where 
the count of the pass points changes dramatically along the 
X-axis (voltage).

2.	Freq-Wall result is for the frequency-wall shmoo, where 
the count of the pass points changes dramatically along 
the Y-axis (period).

3.	 Marginal indicator is used to show the shmoo plot where 
the fail point is near, or appears at the central position.

4.	Hole result indicates a hole defect meaning there are fail 
test points surrounded by passing ones.

Results
One hundred samples were chosen from the 650-sample 

training set randomly as training inputs, and then a second 
set of 100 samples were used as the test set. The loss 
function uses the MultiLabelSoftMarginLoss function, 
which is commonly used in applications with a multi-label 
classif ication [6]. The learning rate is set to 0.0014. The 
gradient algorithm optimizer uses Adam, and the weight 
decay is set to 0.0004 (to reduce possible training problems) 
[7-9]. After 100 epochs, the test accuracy rate (pass/fail) was 
approximately 0.97 (blue dots in Figure 5), while the test 
accuracy rate (multi-labels) was approximately 0.89 (red dots 
in Figure 5).

In the pursuit of high accuracy and low overf it t ing, 
we found that the stability of this network structure was 
strongly correlated with the convolutional layer (Figure 
6a). If any of the middle convolutional layers are removed 
from this model (Figure 6b), it leads to an accuracy drop 
at epoch 28 under the same training conditions. The rate 
decreases by approximately 3% and there are obvious 
accuracy f luctuations during training. It can be seen that 
“depth” is the key to ensuring this neural network model 
meets expectations. The red dots in Figure 6 represent the 
accuracy of the test with the full values, and the blue dots 
represent the accuracy of the second-class test that only 
considers pass/fail results.

CNN visualization
Because deep learning is based on the back propagation 

algorithm to calculate and update the parameters of each 
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Figure 5: Training result of the test accuracy of pass/fail only (blue) and test 
accuracy with multiple labels.

Figure 6: Training results of the a) (left) complete network model; and b) (right) 
the missing 2nd layer model.
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the learning of the middle layer can be 
a great help to ar tif icial intelligence 
(AI) research. Exploring the black box 
problem of neural networks is bound to 
be a future research direction.

Future work
The new method has been verified on 

some test projects where shmoo tests 
currently help engineers save time on 
data analysis. One of the future works is 
to optimize the scheme so that the tool 
can adapt to different types of X/Y axes 
in shmoo plots. The second is to support 
shmoo center point (test base point) 
recognition, and the third is to simplify 
the neural network structure to reduce 
the number of t rainable parameters 
and overfitting. Lastly, our goal is to 
expand the training set. Additionally, 
this method can be used off line or in 
near real time in conjunction with an 
ATE system to enable adaptive testing 
and preemptive troubleshooting based 
on wafer classification results while the 
next wafer is being tested.

Summary
T h i s  a r t i c l e  f o c u s e s  o n  t h e 

development and application of a deep 
learning method for automating the 
analysis of shmoo plots in ATE testing. 
T he a r t icle  demonst r a t e s  t ha t  t he 
proposed method can classify the results 
of shmoo plots accurately, shortening 
the process from days to minutes, which 
significantly improves time to market 
while ensuring high quality levels. The 
findings suggest that deep learning is a 
valuable tool for automating the analysis 
of ATE test data.

node, obser vat ion of the out put of 
each layer of the model can help us 
understand how the neural network 
learns, which can also help us compose 
the neural network structure.

From Figures 7-9 it can be found 
that the feature maps of the output of 
the convolutional layer, which is close 
to the input, can still distinguish the 
relationship with the input shmoo. The 
output of the higher layer has higher-
level  feat u res that  humans can not 
analyze manually, but it is believed that 

Figure 8: Output of the first CNN layer.

Figure 9: Output of the third CNN layer.
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