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This is a challenge for chipmakers 
as the upcoming generation of high-
NA EUV scanners a re expected to 
further reduce this field size by half, to 
16.5mm × 26mm. This shrinking field 
size constrains the area of each chip 
and limits the number of transistors in 
a given chip. Conventional scaling of 
transistors in accordance with Moore’s 
Law has also slowed, while the cost to 
design and manufacture leading-edge 
chips continues to rise (Figure 1) [2-3]. 
It is increasingly difficult for chipmakers 
to deliver required performance and 
yield at reasonable costs (Figure 2) 
[1]. At the same time, more chip-chip 
interconnects are needed to support the 
growing demand for data processing 
[4]. Continued scaling will now require 
tighter integration of multiple chips 
with increasing numbers of chip-to-
chip interconnects. Fortunately, high-
resolution adaptable patterning with 
MEBL combined with new integration 
technologies enables such scaling [5]. 

C h i p l e t - b a s e d  d e s i g n s  e n a b l e 
cont inued scaling and performance 
i mprovement s ,  a nd prov ide  space 
a nd  p owe r  r e d u c t ion  b e nef i t s  by 
employing denser interconnects. This 
means breaking complex chips into 
smaller chips called “chiplets” to avoid 
limitations imposed by today’s chip 
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usinesses and consumers 
a r e  a d o p t i n g  a r t i f i c i a l 
intelligence (AI) at a rapid 

pace, placing enormous new demands 
on computing and communications. 
Next-generation data centers supporting 
upcoming AI applications will require 
massive new scale in high-performance 
computing (HPC) and high- bandwidth 
memor y (HBM), as wel l  as h igher 
energy efficiency.

The industry faces major challenges in 
meeting this surge in demand. While the 
number of transistors has grown to 100 
billion or more in today’s state-of-the-art 
semiconductor chips, new AI applications 
have a nea r insat iable demand for 
additional computing performance. As 
the cost and complexity of continued 
scaling are increasing rapidly, leading 
chipmakers are turning to advanced 
integration of multiple chips to deliver 
necessary performance improvements. 

Advanced chip integration is gaining 
adoption, but is also facing challenges: 
chip-to-chip communication bandwidth, 
I /O density, energy per bit t ransfer, 
and thermal effects. These must be 
addressed to reach performance levels 
required by AI, high-performance and 
edge computing, 5G/6G infrastructure, 
high-speed communications, and other 
emerging applications.

B This paper shows how our multicolumn 
e-beam lithography (MEBL) system, 
working with advanced integrat ion 
technologies, can help address these 
challenges and achieve the next-level of 
performance—in computing, bandwidth, 
and power efficiency. 

Challenges in continued scaling
Major challenges facing chipmakers in 

continued scaling are not easily resolved. 
Some of these challenges are:

• Silicon area scaling limit of one 
“classic” reticle (26mm X 33mm), 
being further reduced to a half-size 
reticle in high-numerical aperture 
(NA) extreme ultraviolet (EUV) 
lithography systems;

• High cost and slowing progress in 
feature size scaling; 

• Energy required to move bits from 
one ch ip to another increasing 
rapidly, consuming more than 70% 
of total power of the chip in some 
cases; and

• Cost and time of new full designs 
exceeding half a billion dollars [1] 
with long timelines. 

Advanced chip designs have reached 
the maximum size of a single scanner 
f ield ,  cu r rent ly at  33mm × 26mm. 

Figure 1: Slowdown of silicon scaling as highlighted in presentations by: a) NVIDA [2]; and b) ASML [3]. SOURCES: NVIDIA, ASML, respectively
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size constraints. By integrating these 
chiplets into multi-chiplet packages, 
manufacturers gain improved flexibility, 
scalability, and efficiency, allowing them 
to customize chiplet combinations for 
specific functions or applications. To 
meet new demands for high-density chip-
to-chip bandwidth and power efficiency, 
advanced mult i - ch iple t  packag ing 
will turn to high-resolution adaptive 
patterning offered by the MEBL system.

L e a d i ng  ch ipm a ke r s  h ave  b e e n 
shifting towards heterogeneous multi-
chip modules (MCMs)—away from the 
monolithic systems-on-chip (SoC). In 
MCMs, multiple known-good dies are 
integrated, interconnected to mimic 
the functionality and performance of 
the larger SoCs. These MCMs can also 
combine various functionalities from 
different process technologies. The 
MEBL direct-write system is emerging 

as a cost-effective lithographic option 
for patterning substrates for these large 
MCM assemblies. The technology ensures 
the necessary resolutions to maintain 
performance comparable to SoCs and 
also enables interconnect density and 
bandwidth approaching metal interconnect 
layers in monolithic chips. This is a 
significant advancement in semiconductor 
manufacturing because it allows the 
industry to overcome challenges in scaling 
and opens new avenues for innovations.

Table 1 summarizes the challenges in 
traditional scaling and solutions enabled by 
MEBL technology. It also highlights a new 
era of Moore’s Law, in which multicolumn 
e -beam pat te r n ing,  when used for 
“advanced integration” of chiplets, enables 
a large scale-up in processing capability 
within each package, as well as high-
performance (high-bandwidth, low-power) 
chip-to-chip interconnects.

Driving advanced integration using 
multicolumn e-beam lithography

Adva nce d  pa ck ag i ng  a nd  MCM 
assembly a re  key appl icat ions for 
mu l t i c o lu m n  e - b e a m  p a t t e r n i n g . 
Compared to convent ional (single-
column) elect ron-beam lithography 
systems, our technology enables a 100× 
increase in productivity because of its 
multiple miniaturized electron beam 
columns and a write-on-the-f ly motion 
system [6]. In addition to throughput, 
t he se  a dva nce me nt s  e n able  l a rge 
interposers of arbitrary shape and size, 
up to a full wafer—80x larger than 
today’s optical reticle. Other significant 
benefits include adaptable patterning 
(>10× higher bandwidth), interconnect 
density (5× improvement), on-wafer 
d i e - d ie  i n t eg r a t io n  (s t i t ch e d  d ie 
transcending reticle limit), and reduced 
energy per bit-transfer by >98% [7]. 
T hese  capabi l i t ie s ,  u n ique  to  ou r 
technology, enable a new generation 
of advanced packaging—sometimes 
called “advanced integration”—that 
delivers new levels of interconnect 
p e r f o r m a n c e  f o r  t o d a y ’s  f a s t e s t 
growing applications.

Multibeam’s direct-write patterning 
systems a re capable of f u l l-wafer, 
maskless lithography with deep sub-
100nm resolution and high productivity 
fo r  p roduc t ion  ( F i g u re  3) .  W he n 
p a i r e d  w i t h  D e c a  Te c h n o l o g i e s’ 
Adapt ive Pat ter n ing ®, Mult ibeam’s 
full-wafer f ield-of-view (FoV), f ine 
resolution, and large depth of focus 
dr ive advancements in chip-to-chip 
communication, die-shift adaptability, 
e n e r g y  e f f i c i e n c y ,  a n d  r a p i d 
development in th ree cr ucial areas 
that war rant fur ther elucidat ion: a) 
Wafer-scale interposers; b) Adaptable 
patterning—heterogeneous integration; 
and c) On-wafer d ie -d ie s t itch ing. 
T he se  a r e a s  a r e  d i s cu s se d  i n  t he 
sections below.

Wa f e r - s c a l e  i n t e r p o s e r s .  B y 
utilizing our high-resolution and wide 
FoV technologies ,  it  is  possible to 
expand the traditional interposer size 
by more than 20 t imes to cover an 
entire wafer. This full-wafer scaling 
capabi l i t y  ex t end s  t he  i n t e r pose r 
road map sig n i f icant ly  beyond the 
current state-of-the-art of 3 to 4 reticle 
fields, enabling integration of trillions 
of tightly-interconnected transistors in 
a single device.

Figure 2: Physical design and verification costs are increasing exponentially with shrinking transistor sizes. 
SOURCE: Chart generated by Multibeam, based on McKinsey and IDC published data [1]

Table 1: Challenges in traditional scaling and solutions enabled by MEBL technology.
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Adaptable patterning—heterogeneous 
integration. Our technology can extend 
adaptable patterning to finer resolutions. 
This allows for the direct creation of 
distinctive die-die interconnect patterns to 
accommodate variations in die positions 
in chip-first packaging, reducing effective 
pad pitch and parasitic capacitances 
on MCM assemblies. Ultimately, this 
enhancement can lead to an increase in die-
die interconnect bandwidth by more than 
10 times while simultaneously reducing 
energy per bit transferred.

I n  F i g u r e  4 ,  w e  e x a m i n e  o n e 
implementat ion case of Mult ibeam 
technology for advanced packaging, 
whereby Deca’s Adaptive Patterning® 
c a p a b i l i t y  c a n  b e  e x t e n d e d  f o r 
f u r t he r  ch ip - ch ip  com mu n ica t ion 
improvements.  Addit ional ly,  Deca 
Tech nolog ies uses Gen 2 adapt ive 
patterning, creating 2µm lines/spaces 
(L/S) with 405nm maskless laser direct 
imaging photolithography. Similarly, 
our MEBL system writes a comparable 
ch ip - to - ch ip  i nt e rcon nec t  pa t t e r n 
with 400nm lines/spaces on a silicon 
wafer (a 5x shrink in this example—
resulting in a 5x improvement in the 
l inear feat u re size and beachf ront 

i n t e r c on ne c t  d e n s i t y) .  O u r  h ig h -
re solu t ion  e -bea m ca n sca le  even 
further, to higher-density sub-100nm 
line and space redistr ibution layers, 
yielding a 10x or greater improvement 
i n  i n t e r c o n n e c t  d e n s i t y,  l e n d i n g 
significant performance improvements 
without needing to leverage complex 
embedded bridge chip structures.

F i g u r e s  4 c - d  s h o w  s c a n n i n g 
electron microscope (SEM) images of 
200nm lines/spaces and 30nm wide 
l ines, respect ively— demonst rat ing 
the adaptive patterning capability at 
f iner features. Figure 5 shows that 
Multibeam’s direct-write methodology 
a lso a l lows for  g reate r  f lex ibi l i t y 
i n  c h i p  d e s ig n  a n d  i n t e r c o n n e c t 
routing angles, including patterning 
of radial l ines at var ious angles—a 
capability that can be used to further 
improve interconnect impedance and 
capacitance.

O n - w a f e r  d i e - d i e  s t i t c h i n g . 
I nt eg ra t ion  of  t wo or  more  d ie  i s 
possible on-wafer dur ing back-end-
of-l ine (BEOL) processing pr ior to 
the sing ulat ion process.  With th is 
integration method, the optical reticle 
size is no longer a  scaling inhibitor. 

Fu r ther more,  d ie -d ie inte rcon nect 
pitch can match chip metal layer pitch, 
vir tually eliminating previous chip-
chip communicat ion or integrat ion 
bottlenecks. Results of initial modeling 
show interconnect bandwidth between 
dies comparable to the performance of 
interconnects within a single die, which 
represents a significant improvement 
when compared to current chip-chip 
interconnects. This merging of dies 
blurs traditional advanced packaging 
boundaries, allowing the industry to 
overcome on-wafer reticle limitations, 
resulting in larger effective dies with 
unparalleled performance.

Advantages of direct-write e-beam 
lithography

Traditional photolithography, while 
effective for high-volume production, 
has become extremely capital intensive 
at advanced technology nodes. Also, 
the optical photomasks used to print 
p a t t e r n s  o n  w a fe r s  h ave  b e c o m e 
extraordinar ily complex, leading to 
higher development costs and longer 
cycle t imes.  In cont rast ,  mask less 
e - b e a m  d i r e c t  w r i t e  f a c i l i t a t e s 

Figure 3: Multibeam’s capabilities include: 1) fabrication of wafer-scale interposers; 2) high-resolution adaptive patterning for chip interconnects; and 3) on-wafer die-
die stitching, enabling seamless integration of multiple dies on a single wafer. 
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r a p id  p r o t o t y p i n g ,  p a t t e r n i n g  of 
i nd iv idual ly customized ch ips for 
design optimization, and quick cycles 
of learning, significantly reducing the 
cost associated with the development 
of advanced packages and speeding 
time to market of new products.

Fu r t he r mor e ,  wh i le  t r a d i t ion a l 
R&D e-beam systems are extremely 
s low,  t he  M EBL sys t e m a ch ieve s 
h i g h  p r o d u c t i v i t y  w i t h  a  n e w 
system arch itect u re that  combines 
multiple miniature e-beam columns 
with advanced algor ithms, paral lel 
vector writing, write-on-the-f ly, and 
interferometr ic feedback cont rol to 
meet today’s requirements for high 
speed with high precision.

Modeling results
We modeled the effect of scaling 

down the line width and pitch on the 
electrical properties of interconnects 
and interposers. The results showed an 
improvement in overall performance [8]. Figure 5: Multibeam write results: a) Direct-write interconnects with flexibility for any angle (800nm pitch 

example); b) 200nm radial lines with no visible proximity effects at 50% duty cycle.

Figure 4: Extending adaptive patterning capability to nanometer scale: a) Deca Technologies’ Gen 2 adaptive patterning with 4µm pitch; b) Multibeam’s direct-write 
interconnects with 800nm pitch; c) Multibeam dense interconnects with 400nm pitch; and d) 30nm linewidth for further extendibility.



1919Chip Scale Review   May  •  June  •  2024   [ChipScaleReview.com]

w it h i n  a  p a ck a ge .  T he s e  i n c lu d e 
integrated voltage regulators, closer 
p a ck i ng  of  d i s c r e t e  c om p one n t s , 
and direct cooling [10]. Direct-write 
e-beam lithography will also play an 
integral role in suppor ting the next 
generat ions of  H BM st ack ing and 
integ rat ion.  The h igh precision of 
e-beam allows for int r icate rout ing 
of dense intercon nects with in and 
be t ween t he  s t acked s i l icon d ie s , 
w h i c h  w i l l  b e  n e e d e d  i n  n e x t -
generation HBM devices.

An inflection point for e-beam 
lithography

The semiconductor indust r y has 
reached an inf lect ion point ,  where 
chal lenges in l ithographic scal ing, 
chip size limitations, and production 
expenses combine to hinder quick-
turn chip innovation. Advanced direct-
write e-beam lithography technology 
presents a readily deployable solution 
with the capability to integrate multiple 
high-performance central processing 
units (CPUs), graphics processing units 

Figure 6 summarizes the results of our modeling analysis of 
chip-chip communication electrical behavior using co-planar 
waveguides in LTspice®.

Gen 4 in Figure 6 is enabled by Deca Technologies’ 
adaptive pat terning with improved overlay accuracy to 
eliminate pads. This represents a significant improvement over 
traditional chip-chip interconnects on interposers. However, 
much larger improvements in bandwidth density and energy 
efficiency are enabled with Gen 5 advanced integration. Gen 
5A and 5B in Figure 6 captures MEBL-enabled advanced 
chip-chip communications via interposers and on-wafer 
die-die stitching. As the pitch and chip-chip path lengths 
decrease, the bandwidth density increases while energy per 
bit decreases.

Impact of very high-density interconnects
Bandwidth density—measured in g iga t ransfers per 

second per mm of chip-chip beachf ront—increases by 
nearly 10X when compared to today’s Gen 3 (f l ip-chip 
chip-on-interposer). Furthermore, the energy required to 
transmit a bit decreases by 98%, resulting in signif icant 
improvements in overall energy eff iciency and thermal 
control. These advancements in performance are crucial 
for coming generations of high-performance computing, 
edge computing, AI-at-the-edge, and other applications. 
Comput ing levels  requ i red to hand le these la rge and 
growing language models consume an astonishing amount 
of energy [9], 70% of which is from data bit transit alone.

In addit ion to enabling low-power, high-performance 
communications between chiplets, high-productivity e-beam 
direct write can also be leveraged for additional emerging 
methods to improve power eff iciency and heat cont rol 

Figure 6: a) Results of five generations of chip-chip communications, modeled using co-planar waveguides 
to simulate advanced packaging; and b) A simplified RLC circuit of co-planar waveguides for electrical 
performance modeling of interconnects.
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(GPUs), HBMs, antennas, sensors, and 
other devices with high-bandwidth, low-
power interconnects into an optimized 
system (Figure 7) [11].

For chip makers, multicolumn e-beam 
lithography is an indispensable tool 
in the litho toolbox. It complements 
conventional opt ical l ithography to 
improve f lexibility, scalability, and 
ef f iciency in the development and 
production of chiplets and advanced 
integrated packages.

Summary
T h e  p r e c i s i o n ,  a d a p t a b i l i t y , 

a nd  p roduc t iv i t y  a f fo rded  by  ou r 
mult icolum n e -beam pat te r n ing is 
driving the next generation of advanced 
packaging, i.e., advanced integration, 
and pushing the boundaries of leading-
edge applications. MEBL is becoming 
a  c r i t ica l  t ech nolog y that  enables 
continued rapid scaling of HPC and 
HBM applications at lower power and 
cost for the AI-era data center.
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When shift hits the fan-out

Figure 7: Moore’s Law will continue in higher-level chip integration (next-generation advanced packaging 
enabled by lateral substrate scaling and vertical 3D chip stacking). SOURCE: Chart generated by Multibeam, based 
on TSMC published data [11]




