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ABSTRACT

Power MOSFET remains a key device platform in the semiconductor market demand, and this has drawn attention to SilTerra in the
long-term supply chain, which provides additional manufacturing loading. In this work, the evaluation of the advanced cell pitch of a
vertical trench MOSFET or U-MOSFET was selected due to its process compatibility in a CMOS fabrication environment. A major
challenge was identified during the product ramping stage, exhibiting inconsistency for gate-to-source leakage (Isss) on the wafer edge
across different production lots, along with trench Final Inspection Critical Dimension (FICD) and threshold voltage (VTn) variation.
Failure analysis revealed that affected Igss failure wafers have shown a wider trench critical dimension (CD) and misalignment
between the contact and trench on the wafer edge. Inline containment activities were implemented on precise process control for
trench final inspection critical dimension (FICD) and tighter alignment measurement in order to achieve stable Isss; however, this
stringent inline process control has increased the rework rate. With the systematic trench mask development inspection critical
dimension (DICD) split, it is confirmed that wider trench spacing or CD increases Igss failure at the wafer edge and overall Vru variation;
the optimal trench FICD control target is identified at 200 nm +/- 12 nm for stable Isss performance, and it is observed that CD bias
between DICD and FICD is not at zero. To address the alignment mark issues, the layout structure was evaluated using technology
computer-aided design (TCAD) simulation and tape-out for the experiment. The result of the new alighment has demonstrated a better
process margin with the lowest Igss failure.

Keywords: U-MOSFET, Icss, DICD, FICD, RpsoN, ASML alignment

1. INTRODUCTION dimension (FICD) and its impact on threshold voltage. It is

clear that wider trench FICDs above 212 nm tend to have

The power electronics industry has become a mainstream
segment in the global electronics market due to its long-
term role in the supply chain for consumer products [1] [2]
[3] [4], such as portable devices [5], energy conversion
platforms for solar panels [6] [7], as well as e-bikes and e-
vehicles [8]. Power MOSFET has come into the picture for
its process compatibility in the CMOS wafer fabrication
environment, and the focus in this publication is on vertical
trench MOSFET, also known as U-MOSFET [9]. This is due
to U-MOSFETs having an unique electrical characteristics
such as low Rpson and higher breakdown voltage when
compared to traditional D-MOSFETs [10] [11] [12].

A significant design breakthrough for U-MOSFETs is the
scaling of cell pitch below 1 pm using sophisticated
lithography and etching techniques. The results of cell pitch
reduction for high-density U-MOSFETSs, which increase the
channel density and reduce the specific on-resistance [13]
[14]. In order to remain competitive in the market, the cell
pitch design in this study is set up at 0.8 pm. One of the
primary side effects of aggressive cell-pitch scaling in U-
MOSFETs is wafer edge IGSs failure. Table 1 summarizes the
yield data for product A (PMOS 30V), highlighting how Igss
failure correlates with trench final inspection critical
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higher wafer edge Icss failures, as shown in Figure 1 and
Figure 2. Observed that threshold voltage drifted with
trench FICD variation due to MESA dimension and required
redefining the body implants for channel length and
optimizing the source implant to meet the device electrical
characteristics [15].

Table 2 displays the cell pitch and FICD sizing for Product
A, comparing the drawn layout to the final CD after the
subsequent gate oxidation process step [16] [17] and the
reference MESA CD is 0.45um for a complete gate oxide
with polysilicon deposition.

Figure 3 illustrates the MESA, or active silicon critical
dimension (CD), at the cell region based on the Icss failure
reference at the wafer edge from lot A and the lot B yield
map. The MESA CD for lot A at the centre is 0.437 um and
edge 0.435 pm, and lot B's centre is 0.454 um and edge
0.452 pum. This level of CD uniformity is generally
acceptable within process control limits for the centre
region; however, the deviation near the wafer edge has
implications of Igss failure with abnormal contact
misaligned to the trench. Such a deviation leads to gate-to-
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ASML mark structure validation for U-MOSFET technology
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Figure 1. Product A yield map with various wafer Igss failure
pattern on wafer edge in magenta colour (a) Lot A trench FICD Figure 3. (a) Lot A cross-sectional profile of cell location on
212.1 nm to 221.2nm, (b) Lot B trench FICD 196.6 nm to 197.2 center and edge of the wafer, (b) Lot B cross-sectional profile of
nm, (c) Lot C trench FICD 211.3 nm to 212.2 nm, (d) Lot D trench cell location on center and edge of the wafer

FICD 202.3 nm
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Figure 4. Cross sectional profile of ASML alignment mark (AH53
label 13) on center and edge of the wafer

2. MATERIAL & METHODS

2.1. The Wafer Map, Frame Layout, and Device
Structure

The fabrication process of the vertical trench MOSFET (U-
MOSFET) was carried out in detail to ensure device
performance stability and reliability. Figure 5 illustrates
the 8-inch wafer map employed for this product, while
Figure 6 presents the reticle shot of the frame structure
layout. The frame structure layout includes the following
key elements: (a) frame layout, which comprises the main
device chip and test element group (TEG). The TEG is
designed for critical features such as the ASML alignment
mark, registration mark (overlay), layer identification (ID),
and critical dimension (CD) cell for process monitoring; (b)
ASML alignment mark, the mark enables precise alignment
between photolithography layers, particularly for critical
layers such as contact and trench formation in this case,
ensuring device consistency across the wafer [21] [22]; (c)
overlay box, used for accurate overlay measurements
between two mask layers in order to verify lithographic
alignment tolerance and process control [23] [24].

Additionally, Figure 7 depicts the complete U-MOSFET
cross-sectional structure; the terminal connections for
source, gate, drain, and termination ring are clearly defined
and correlated with the device’s top-view layout. This
structure representation ensures a comprehensive
understanding of the device architecture and facilities’
correlation between design and fabricated structure.

Figure 5. 200mm (8 inches) wafer map
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Figure 7. Cross-sectional structure view of U-MOSFET with each
terminal connection points

2.2. Inline Process Control for Trench FICD and
Contact-to-Trench Alignment Mark

In this session, we focus on the control plan from inline
measurement to process control plan and trench CD split
as the initial stage of wafer edge IGSs failure containment.
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Figure 8 illustrates the flow chart of trench FICD target and
contact mask alignment control. Inline measurement
control of trench critical dimension (CD) was performed
using high-resolution critical dimension scanning electron
microscopy (CD-SEM) from KLA-Tencor. Measurements
were taken at cell locations, including the center, edge, and
intermediate points, to accurately monitor across-wafer CD
variations from develop inspection critical dimension
(DICD) to FICD. Followed by contact to trench alignment
measurement control, the overlay between the contact and
trench layers was evaluated by measuring positional shifts
in both the x and y directions. Alignment targets and
control limits were set according to design rules, and any
deviations detected were corrected using tool feedback
mechanisms from +/- 50nm to +/- 30nm. Maintaining the
precise contact-to-trench alignment was crucial to ensure
stable Icss electrical performance and overall yield stability.

Process control strategies were established to maintain the
consistency of trench FICD and ensure accurate contact to
trench alignment performance, as shown in Figure 9 and
Figure 10 for a better trench profile control. The trench
module process sequence film stack from Figure 9
illustrates the final trench profile formation, beginning
with the Trench-Mask, followed by Trench-Ox-Etch and
Trench-Si-Etch. Figure 10 presents the contact module
process sequence film stack, which defines the contact
profile formation and alignment to the underlying trench
structures, and it starts with Contact-Mask to Contact-HM-
Etch and Contact-Si-Etch. Each process stage was closely
monitored and optimized accordingly using the predefined
input-output variables to ensure trench FICD consistency
and contact-to-trench alignment accuracy.

The stringent inline process control monitor involves
trench etch process equipment tool parametric factors,
such as Radio Frequency (RF) hours and Electro-Static-
Chuck (ESC) gas flow rates; this is to determine how well
the trench FICD can be controlled or sustained. Figure 11
displays the trench etch process tool parameters factor
based on actual inline trench FICD and yield performance;
(a) the prediction profiler illustrates the influence of key
process variables, which impact the yield drop towards
larger trend FICD, which was due to higher ESC RF hours
usage and supported by higher ESC gas flow rates, which
means the degradation of the ESC chuck is a key factor of
trench FICD drift over the cycle of process equipment life
count. (b) The cube plot provides a visualization of the
combination effects of the trench FICD, ESC RF hours, and
ESC gas flow rates based on yield variables. The cube plot
facilitates a clear comparison response to different factor
settings and is imposed by the hardware constraint, which
provides valuable insights into process optimization by
real-time data trend consolidation setup for proper process
control.

To explore how trench width or CD bias influences device
performance, we introduced three process splits with
controlled variations in Trench Mask DICD. As shown in
Table 3, each split was systematically configured by the
photolithography process dose factor. Split A is the process
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of record (POR), with DICD target at 200 nm. Split B, DICD,
was set to a wider target at 210 nm, while Split C
introduced the largest DICD target at 240 nm. The trench
etch FICD will be the final target for the inline validation
study for Iass failure. This systematic approach enabled us
to evaluate the influence of trench geometry on subsequent
process behavior such as contact-to-trench alignment
performance on the current ASML alignment mask test key.

Start Flow Chart Key
1. Trench FICD target
Trench Mask 200um +- 12um (CL) [ Qe ——
[ s
PolyModule <> Dsitim
T Flowli
Contact Mask
Trench MaskDICD Ahgnlg Trench
(waferedge -3nm) +-30um

SAHuntil FICD on target

SAHFICD B
On Target
Tes

Figure 8. The flow chart of trench CD control and contact to
trench alignment control
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Figure 11. Trench etch process equipment tool parametric
factor (a) Prediction profiler based on inline data trend and
hardware limitation, (b) Cube plot based on inline data trend
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Table 3. Trench Mask DICD split (Space)

Condition 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
SplitA:200nm| O o o] o] o] o o] o] o] o o] o]

Process Step

Trench Mask

2.3. Alignment Structure Layout Structure Design

The ASML alignment mark is used in semiconductor
manufacturing for precise optical reference during
photolithography; it optimizes overlay correction across
wafers and can be segmented into full bar marks,
segmented bars, grating structures, and tri-segmented or
multi-segmented patterns, as shown in Figure 16. The
fabrication of the trench mask reticle with the ASML
alignment mark included designing the mark and trench
shapes with CAD software (Cadence), putting the pattern
onto the chrome layer, and checking that the alignment
mark sizes were accurate. The reticle was then qualified
using an ASML scanner and simulation of wafer printing to
confirm alignment functionality under production
conditions, and Table 4 summarizes the alignment mark
space-line by segmentation according to ASML design
requirements with newly modified sizing of 0.6 um / 0.4
pm by naming it AH53S on the label (I113S). Each alignment
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mark structure, represented in Figures 13 through 17, was
verified within its respective segmentation category. The
layout structures were subsequently integrated into a
unified frame structure for deployment, as shown in Figure
18. This is to make sure it worked well with regular ASML
scanner operations and set the stage for comparing how
effective the new segmentation is at fixing overlay error.

40 786 40
I8
U325 56) . 52
UGE
b " J
LABEL 21 Bars 19 Bars

Figure 12. ASML alignment mark layout structure and overall
size

Table 4. Alighment mark summary list for space and line by
segmentation

Alignment Mark Label Space /Line, pm Remark

CMOS ASML test key 8/8 Simulation on SILVACO
Label (I5) e
(Existing Alignment mark reference)
AH13 ASML test key 26/28 Simulation on SILVACO
Label (12) . .
(BEM alignment mark to drop in new tape out)
AH53 ASML test key 16/16 Simulation on SILVACO
Label (13) e
(Existing Alignment mark for Product A)
AH14 ASML test key 115/115 Simulation SILVACO
Label (14) . .
(BEM alignment mark to drop in new tape out)
AHS35  (Modify) 0.6/04 Simulation on SILVACO

Lahel (135)

(Todraw in cadence and drop in new tape out)

40pm 786um
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Figure 13. ASML segmentation (a) Alignment mark structure
CMOS label (IS), (b) Original segmentation
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Figure 14. ASML segmentation (a) Alignment mark structure
AH13 label 12, (b) Segmentation split into 2 bars
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Figure 15. ASML segmentation (a) Alignment mark structure
AH53 label 13, (b) Segmentation split into 3 bars
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Figure 16. ASML segmentation (a) Alignment mark structure
AH14 label 14, (b) Segmentation split into 4 bars
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Figure 18. Frame structure (a) original trench mask reticle set,
(b) new trench mask reticle set with additional alignment mark
segmentation
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3. RESULT & DISCUSSION

3.1. Igss Performance from Inline Process Control and
Trench CD Split

Figure 19 presents the result of the trench module inline
process control: (a) the trench FICD trend chart and (b) the
IGss trend chart based on inline E-test. The trend chart data
was grouped into four distinct stages along the initial
production ramping cycle.

The first stage was the initial performance of the trench
FICD 200 nm +/- 30 nm spec limit (SL) and having high
trench FICD fluctuation, which impacted the IGSS
performance. Due to the wafer edge alignment limitation,
the wafer edge IGSs failure has shown sensitivity to higher
trench FICD spacing as mentioned in Figure 3 (a) and
Figure 3 (b). Moving into the second stage, the IGsS
performance improved because the trench FICD spec limit
tightened to 200 nm +/- 20 nm and used the DICD feedback
as a closed-loop function; however, the trench FICD
changed over time, and we found out that this was due to
hardware issues from the process tool during stage three,
which we rectified during our investigation, as illustrated
in Figure 19. And at stage four, the new trench FICD inline
control was implemented to a 200 nm +/- 12 nm control
limit (CL) to minimize the Igss failure. This adjustment has
resulted in significant improvements in IGSS and enhanced
overall yield performance; however, it also affected
manufacturability, leading to an increased rework rate for
the trench mask in order to maintain the trench FICD at 200
nm. This outcome highlights the trade-off between yield
stability from stringent inline control and higher cost
expenses due to an increase in rework rate.

Table 5 summarizes the impact of the trench module CD
split on key performance data which focuses on yield, Iass
and Vtu. The data clearly shows that trench CD split and Igss
behavior are directly correlated. Wider trench CD spacing
tends to show higher wafer edge Icss failure, as illustrated
in Figure 20. From the DICD 240 nm group, it shows
massive wafer edge Igss failure from 27.9% to 34.3%. Next,
the DICD 210 nm group’s shows IGSS at 9.7%, and the DICD
200 nm group less performance is at 4.6%, which still has a
mild wafer edge ring pattern. To ensure consistent yield
and reduce Igss failure, trench FICD needs to be tightly
controlled - ideally targeted at 200 nm. This specific target
helps achieve stable device performance; however,
reproducibility will affect manufacturing capacity,
especially at a high rework rate.

Besides Igss failure, trench FICD also influences the Vrtn
performance; it has been experimentally demonstrated by
Y. Baba (et al) [25], the variation in trench dimensions can
alter the U-MOSFET channel characteristic. This can be
fixed by making changes to the body and source implant to
define a functioning U-MOSFET channel length.
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Figure 19. Trench module inline control chart (a) trench FICD
trend, (b) E-test IGss performance trend from production
ramping cycle

Table 5. Summary table for trench module CD split

Trench Mask | Trench Etch vield.| Tess
No | DICD,nm FICD, nm T | vm v
% %o
(Space) (Space)
1 200 204 942 | 46 | -1.307
2 210 214 863 | 9.7 | -1.225
3 240 243 49.1 | 343 | -1.022
4 240 238 57.5 | 37.9 | -1.056
:4- it 9 _ bigx; P
b » ey 4 a7 i“\'
g - o

Figure 20. Trench module CD experiment yield map with FICD
data
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3.2. Igss Performance from Inline Process Control and
Trench CD Split

Table 6 presents a comparative evaluation of the ASML
trench alignment marks using both Cadence layout design
and TCAD process simulations (Silvaco). The simulation
incorporated feature scaling and segmentation effects on
critical dimension (CD) widths. Among the evaluated
configurations, the newly developed AH53S test key
exhibited superior performance compared to the existing
AH53 structure, which currently serves as the process-of-
record (POR) alignment mark for vertical trench MOSFET
or U-MOSFET applications. The cross-sectional profiles of
ASML test keys demonstrated strong agreement with the
TCAD simulation results, confirming the accuracy of each
segmentation modeled structure.

Figure 21 summarizes the normalized overlay data across
different ASML alignment mark segmentation designs; the
overlay data define the uniformity and precision of wafer
quality signal, which reflects the accuracy of ASML
alignment mark segmentation. AH53S exhibited the best
alignment performance on reduction of overlay to
approximately 0.25 pm. With this optimized geometry, it
helps to improve the structure loading effect of the profile
after polysilicon etch compared with AH53 (POR) at 0.5 pm
and AH14 slightly above 0.27 pum. The standard CMOS
alignment mark was used for baseline study purposes and
has shown high normalized overlay data around 0.75 pm;
this is due to wider segmentation, causing the polysilicon
etch loading effects on the trench structure and impacting
the ASML wafer quality (WQ) signal. The normalized
overlay data for the AH13 alignment structure hit almost
1.5 pm and observed an unusual void on the ASML physical
profile.

Based on these results, the AH53S alignment mark
structure was chosen as the main test key for future
process development and prototyping. It is expected that
its use will make lithographic processes more robust and
the whole process more reliable in the production of
advanced trench MOSFETs. AH53S does a great job of
reducing distortion caused by the process variation and
making alignment to overlay better.

Table 6. Trench alignment mark cross-sectional profile
comparison by segmentation

AH13
(12)2.6 /28

Standard CMOS
(15)8/8

AH53 POR
(13) 1.6/ 1.6

AH14
(14) 115 / 115
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(135) 0.6 / 04

Location

e 20m pou it i
Alignment Mark oam
Segmentation
(Cadence)
Bsum 2tum (o Vitom
450 ) TYHE Y P ]
TCAD Simulation i i = 5 1
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Cross-Section
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Cross-Section
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Figure 21. Normalized overlay data by ASML alignment mark
segmentation

3.3. Iess Performance from Inline Process Control and
Trench CD Split

Table 7 summarizes the overall leading lot performance of
the new alignment mark (AH53S); the table displays the
yield, gate source leakage current (Icss), trench FICD and
threshold voltage (Vmu) with the latest body implant
adjustment for device matching purposes

Figure 22 summarizes the combination data from table 1
and table 7; the average yield performance for the new
alignment mark (AH53S) is stable from 97.8% to 98.8%,
and the Iess performance is well within 0.9% to 2.1%; even
the trench FICD performance range is from 204.1 nm to
211.7 nm. It shows that the new alignment mark (AH53S)
test key has a better margin; the POR alignment mark
(AH53) starts showing high Icss failure with trench FICD
above 210 nm. Threshold voltage (Vru) value ranging from
1.78 V to 1.93 V, which is within the expected process
window and the Vtu retarget, can be achieved by the body
implant dose adjustment to match the device function.

Figure 23 displays the yield map fabricated using the new
alignment mark (AH53S); the wafer map is clear without
the wafer edge less pattern, even with the trench FICD
process at a higher control limit.

Table 7. Summary table for new alignment mark (AH53S)

. Yield, | Iess,| Trench

Lot | vid % % | FICD, nm Vra, V| Remark
LotF| 2 98.2 1.1 207.6 -1.82

=

=
LotF| 3 98.6 0.8 210.9 -1.86 L;

g
LotG| 1 97.9 1.8 208.1 -1.93 -

e}
LotG| 2 98.8 1.1 210.3 -1.86 2

2
LotG| 3 98.2 1.5 211.7 -1.89 -

g
LotH| 1 97.8 2.1 206.7 -1.88 g

%]
LotH| 2 98.1 1.7 204.6 -1.81 :??

(3}
LotH| 3 98.8 0.9 207.2 -1.76 >E
Lotl | 3 98.7 0.9 204.1 -1.78
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Figure 22. Normalized overlay data
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Figure 23. Product A yield map with new alignment mark
(AH53S) from Lot F

4. CONCLUSION

This study has presented precise control of trench FICD,
and tighter alignment measurement for contact-to-trench
is essential to achieve stable yield performance and
minimize Igss failures, particularly at wafer edges. The
systematic trench mask DICD split confirmed that wider
trench spacing directly increases less at the wafer edge,
with the optimal control target identified at ~200 nm * 12
nm. Stringent inline process monitoring and closed-loop
feedback significantly reduced variability; however, it
increased the trench mask and contact mask rework rates.
The introduction of the newly designed ASML alignment
mark (AH53S) has shown improvement of overlay
accuracy, which enhanced the wafer quality signal strength
compared to the POR alignment mark (AH53) and reduced
the Igss failure within (~2%) from process variation to
achieve stable yield (~98%). The AH53S test key has
shown robustness in yield stability even with variation of
trench dimensions to higher control (> 212 nm). Overall,
the integration of optimized trench FICD control with the
new alignment mark design establishes a more reliable and



reproducible process window for advanced vertical trench
MOSFET (U-MOSFET) fabrication, ensuring Dbetter
electrical performance, yield stability, and scalability for
future generations of power devices. Additional process
optimization on the body implant was carried out for
threshold voltage (Vrn) device matching due to trench CD
variation.
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