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What if? 

➢There is an electronics manufacturing technology that can reduce costs by 10-100%.

➢Reduces the carbon footprint by more than one order of magnitude? 

➢ Imagine if such a technology does not use any corrosive or toxic chemicals. 

Semiconductor Foundry in a Box

Such a technology exists. 

This will be the topic of my presentation.



Outline➢ Introduction

➢ Additive Mfg. Using Directed Assembly-based 

Processes

➢ Applications in Advanced Packaging

➢ Printing of metal, fan out, and resistors

➢ Printing of dielectrics and capacitors

➢ Printing passive, active devices and logic gates

➢Sustainable, scalable, and fully automated    

Fab-in-a-Box

➢  Summary



Financial and Environmental Cost

Commercial electronics manufacturing is expensive, with plants costing up to $20 billions each and one billion 

per year to operate, in addition to using massive amounts of power, water and chemicals.
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The Challenges Facing the Electronics Industry Today

1990s cost  ~ $1B 

➢ A typical fabrication plant uses as much power in a year as 50,000 homes.

➢ It takes six to eight weeks to make a processor chip (memory chips take longer).

2025 cost  ~ $20-$40 B 

Chinese	firms	are	beginning	to	succeed	further	up	the	value	chain,	too.

HiSilicon	(owned	by	Huawei)	and	Tsinghua	Unigroup,	a	state-owned	firm,

are	rated	among	the	world’s	top	ten	chip-design	firms	by	revenue.	HiSilicon’s

“Kirin”	series	of	smartphone	chips	is	on	a	par	with	anything	Western

companies	can	design.

No	Moore

Through	these	efforts	China	has	reduced	dependence	on	foreign	expertise,

but	not	yet	eliminated	it.	Mr	Xu	points	out	that	Chinese	firms	still	rely

heavily	on	modifying	designs	from	arm.	Its	chips	already	dominate	the

mobile-computing	business	and	are	poised	to	do	the	same	with	the	array	of

smart	devices	that	will	make	up	the	internet	of	things.	The	firm	is	also	trying

to	break	into	the	market	for	high-powered	cloud-computing	chips.	Yet	arm	is

based	in	Britain,	and	was	recently	bought	by	SoftBank,	a	big	Japanese	firm.

Both	are	close	allies	of	America.

China	has	found	it	harder	to	make	progress	in	cutting-edge	manufacturing,

which	is	the	most	demanding	part	of	chipmaking.	Chinese	upstarts	must

compete	with	incumbents	that	have	intimidating	technological	leads	and

engineers	with	decades	of	hard-won	know-how.	“The	semiconductor

[manufacturing]	industry	is	really	about	repetitive	cycles	of	learning,”	says

Mr	Jelinek.	The	Kirin	980	was	the	first	smartphone	chip	to	be	produced	on

the	7-nanometre	node—the	current	state	of	the	art	for	squeezing	in

computing	power.	Since	no	fab	in	China	has	the	required	technology,

inside	the	familiar	ceramic	or	plastic	containers	that	are	dotted	across	any

circuit	board,	and	then	comes	testing.	That	might	take	place	in	China,

Vietnam	or	the	Philippines.

Slices	both	ways

This	is	then	integrated	into	a	circuit	board,	which	could	happen	somewhere

else	again.	The	result	will	be	one	of	the	many	components	that	arrive	at

factories	from	Mexico	to	Germany	to	China,	for	assembly	into	an	industrial

robot,	smart	electricity	meter	or	one	of	the	millions	of	computers	that

crunch	data	in	the	cloud.

China’s	domestic	industry	started	at	the	lower-value	end	of	this	process,	says

Jiang	Xu,	a	professor	of	electrical	engineering	at	the	Hong	Kong	University	of

Science	and	Technology.	Its	strength	still	lies	in	assembly	and	packaging

chips.	Dozens	of	firms	around	the	Yangzi	delta	near	Shanghai,	for	instance,

specialise	in	this	sort	of	work.	Their	names	may	be	unfamiliar—jcet,

Tianshui	Huatian	and	tfme—but	their	revenues	are	counted	in	billions	of

dollars.

Now,	with	Western	firms	reliant	on	it	for	this	work,	and	fuelled	by	a	fast-

growing	home	market,	China	is	turning	to	design	and	manufacturing.	It	has

already	made	inroads	at	the	lower	end	of	the	market.	Firms	such	as	Samsung,

Intel,	Apple	and	Taiwan	Semiconductor	Manufacturing	Company	(tsmc)

design	or	make	powerful,	expensive	chips	for	smartphones	or	cloud

computing.	But	“between	75%	and	80%	of	semiconductors	are	not	bleeding-

edge	products,”	says	Len	Jelinek	of	ihsMarkit,	a	research	firm.	Chips	that	go

into	lcd	televisions,	home	routers	and	smart	devices	that	make	up	the

internet	of	things,	which	adds	sensors	and	internet	connections	to	everyday

objects,	“can	absolutely	be	manufactured	by	firms	in	China”.



What if we A Sustainable Semiconductor Foundry in a Box

➢On-demand chips in a few hours

➢No etching, chemical reactions, or vacuum 

➢Reduces carbon footprint by more than an order of magnitude

➢ 100 times less cost

➢  100 times faster than conventional fabrication

➢  A 1000 times reduction in materials use

➢  1000 times faster than 3D printing

➢  25 nm to 1000 microns feature size demonstrated

➢ eliminating 100s of process steps

Semiconductor Foundry 
in a BoxPatented new technology (directed assembly-based printing) to print 

circuits at the nano and microscale funded by NSF and DoD. 



➢ Directs each nanoparticle (down to 3nm in size) 

toward a substrate to form a nanopattern.

➢ Prints 1000 times faster & smaller patterns than inkjets

➢ Prints one circuit layer per minute

• Directs a droplet toward a substrate to form a 

pattern using many (dots) limiting pattern 

resolution and fidelity.

• Inherently relies on mechanical accuracy.

• Materials limited  to organics and metals

How does directed assembly-based printing work?

Directed assembly-based printingInkjet printing



All assembled Nanoparticles 

are completely fused insitu.

Electrophoretic Directed Assembly– EPx Platform

Assembled Interconnects

ACS Nano, 8 (5), 2014.  



Interconnects Properties

Directly assembled structures properties are 

equivalent to electroplating, CVD and PVD 

fabrication. 

Directly assembled metallic structures (Cu, Ag, 

Al, Au, and W, etc.) in addition to 

semiconductors and dielectrics were 

demonstrated. 

80 nm 50nm 25nm

Crystalline Au Pillars

Resistance of assembled 

interconnects is the same as bulk 

(electroplated interconnects).

➢ TEM shows that NPs completely fuse 

without any voids at room temperature.

➢ Nanopillars have polycrystalline 

nature.

ACS Nano, 8 (5), 2014.  



Fast Fluidic Assembly Process– FFx Platform

Starting Substrate -ve Photoresist

MaskLight
FunctionalizationDeposition Pattern

Deposition Pattern

Patterning - Lithography Functionalization

Fast Fluidic Assembly Process

SiO2 substrate – 10 µm spacing

Selective Material

Deposition

Proprietary

Material
Suspension

Pull
> 100 mm/min



What inorganic materials were additively manufactured and utilized?

Material Type Material Made nano & micro 

structures

Sintered at room 

temp

Sintered at High 

temp

Devices made & tested

Conductor silver yes yes yes passive & active

copper yes yes yes passive & active

gold yes yes yes passive & active

platnium yes no yes passive

alumnium yes yes no no

Tungesten yes yes no no

Semiconductor Silicon yes yes yes passive & active

ZnO yes no yes active

ZnSe yes yes yes active

InP yes no yes no

GaAs yes no no no

GaN yes no no no

Dielectric SiO2 yes yes yes passive & active

Alumina yes yes yes passive & active

HfO2 yes yes yes passive & active

dopants B+ yes no yes passive & active

P- yes no yes passive & active



Profile of Metal Lines

➢Confocal microscope measurements show an average platinum thickness of 250 nm after 

annealing using RTP at 800 °C for 2 mins . 

300 

µm

The printed Platinum shows uniform and homogeneous 

surface morphology. 

Copper                            Gold                       Platinum

800 Ω

550 Ω

250 Ω

100 Ω

50 Ω

30 Ω2.5 mm



Printed  Metal 

Silver Copper (sputtered)

➢Fan out Flip chip pattern was made using silver (internal pads < 40 microns)

➢The trace’s conductivity is equivalent to sputtered copper at the same thickness.

400 µm 400 µm

Additively Manufactured Silver vs Sputtered Copper



Package interconnects outside of the 

bridge region are unaffected

Additively Manufactured EMIB-Like Structures

❑ Intel’s Embedded Multi-die Interconnected Bridge (EMIB) is an advanced chip packaging technique 

connects multiple heterogeneous dies or chiplets within a single package.
❑ More compact than a large silicon interposer
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Localized Fine Pitch Interconnects used for 

die-to-die interconnects
 

Bridge Cross-Section showing 4 Metal 

layers with 2 µm Lines/Spaces/vias.



1000 um length

2 um linewidth 

20 um spacing

~0.5 um thickness

Two micron lines (trace) with 100, 

500, and 1000 um lengths are 

fabricated with four different 

spacings: 2, 4, 10, and 20 um.

Additively Manufactured EMIB-Like Structures



Additively Manufactured EMIB-Like Structures

Cured Ag

Substrate

Dielectric layer

❑ Printed pitch: 4, 7, 12, and 22 µm

❑ The width of each line is 2 µm

❑ Three-different lengths: 100, 500, & 1000 µm 

50 length-to-width aspect ratio

250 length-to-width aspect ratio

¼  of a 4-inch wafer

100 µm

500 length-to-width aspect ratio with 4 µm pitch

10 µm



20 µm

Additively Manufactured Dielectrics
The SEM images below shows Al2O3 micropatterns prepared by directed fluidic assembly with a 
dielectric constant that matches that obtained by CVD or ALD (Ɛ𝒅 = 7.2).

➢ Higher temperature densification and better dielectric properties for the film. 

➢ Cross-sectional shows the oxide film thickness variation between 50 °C and 200 °C annealing.

X-ray Photoelectron Spectroscopy 
(XPS) characterization of the Dielectric 

Layer shows agreement in between 
ALD and printed films in terms of peak 

intensities and composition ratios.

O 1s O 1s

Additively 

manufactured 

& photo 

annealed film

ALD deposited 

film



Additive Manufacturing of Capacitors

Top Ag electrode

Bottom  Ag electrode 

pads



Additively Manufactured Capacitors on Rigid and Flexible Substrates

➢  Large-scale fabricated 

capacitors with a dielectric 

layer onto sapphire or polymer 

substrates.

➢Each substrate has 640 

capacitors with different 

surface areas of side lengths 

20, 50, 100, 500, 1000, and 

5000 µm.

Capacitors on a sapphire substrate Capacitors on a polymer

Printed 
electrodes

Printed
dielectric

Au 
contacts

➢  Metal: Silver

➢Dielectrics: Al2O3, SiO2, HfO2

Capacitors on silicon



➢ For high-frequency applications, the capacitors need to show reliable 

performance under high frequency.

➢ The curve shows the capacitance variation versus different frequencies 

up to 1 MHz.

500 

µm

Printed Micro Capacitors 

20x20 µm 50x50 µm

1000x1000 µm 5000x5000 µm

C= 1.6 nF C= 5.68 nF

C= 857 fF C= 4.3 pF

Printed 
electrodes

Printed
dielectric

Au 
contacts

Characterization of Additively Manufactured Capacitors



Field Effect Transistor (FET) Using II-VI Semiconductors

4

1

3
0

 m
m

30 mm 4 regions – Each region is

~ 30 mm x 30 mm

Wafer-level manufacturing of 37,000 transistors exhibiting an 
on/off ratio higher than 106 after annealing.

Channel 

width varied 

from 100 nm 

to 2 um, 

length 

varied from 

100 nm to 20 

um

ACS Applied Electronic Materials, 2023



Additively Manufactured Silicon Transistors (MOSFETs)

2 min

A fully additive liquid-

based process process 

to manufacture MOSFETs 

using dopants inks.



Additively Manufactured Logic Gate Electronics
➢ Logic gates such as Inverters, AND, NAND, and NOR were printed

➢ The figures below show the fabricated logic circuits 

NAND

NOR

AND

Inverter

Vin, A

Vin, BVdd

GNDGND

Vin, A Vout

Vdd

Vin, B Vin, A Vout

VddGND
GNDVdd

Vin, AVin, B

Vout



Fast Fluidic Assembly Process– FFx Platform (In2O3)



Advanced Packaging for Heterogeneous Integration

for chiplet technology for integrating multiple dies in a package or system

➢ Submit DXF or GDS files and load ink, wafers, 

etc.

➢ Additively Manufacture:

➢  micro and submicron interconnects.

➢ passive components

➢ onto silicon, glass or organic substrates 

(interposers)

➢Conventional packaging approaches 
can not meet the resolution and 
density requirements.

➢It can only be done at conventional 
fabs now.

Fully automated and cyber enabled system

Chiplet Technology



Printing Electronics, 

Sustainable Nanomanufacturing

➢ The energy requirements for constructing nanoscale transistors on a 1 cm² silicon substrate 

were compared using directed assembly and conventional fabrication methods, and the results 

show that at least an order of magnitude in savings in embodied energy cost. 

➢ The use of the new FFx platform, a fast fluidic assembly process, is estimated to reduce 

manufacturing costs by 25 times compared to conventional fabrication. 



Fab-in-a-Tool: A Fully Automated Nanoscale Electronics Manufacturing Platform

Any Material

Any Substrate

Minimum Feature Size 

20 nm

High throughput 

10 – 100x Faster

Cheaper 10 – 100x

www.nano-ops.us  

The Future of Electronics Manufacturing

https://www.youtube.com/watch?v=QpbDfAJzXDU&t=7s

http://www.nano-ops.us/
http://www.nano-ops.us/
http://www.nano-ops.us/


Technological Impact

• Adv. Packaging on demand

• Passive and Active 
components on demand

• Fast prototyping and 
development cycle

• Security

• Sustainable

• Material innovation



CTO@nano-ops.net

To learn more: www.nano-ops.net

Acknowledgment

mailto:CTO@nano-ops.net
mailto:CTO@nano-ops.net
mailto:CTO@nano-ops.net
http://www.nano-ops.net/
http://www.nano-ops.net/
http://www.nano-ops.net/


Additively Manufacturing Single Crystal Semiconductor and Metal

Advanced 
Materials, 

2020. 

Room temperature Printing & sintering to make wafer scale single crystal metal (Ag) nanostructures

RTP sintering of II-VI 

nanoparticles (1000 c for 2 min) 

on sapphire yields gives a single 

crystal structure throughout.

Single Crystal TEM image of sintered assembled ZnO 

nanoparticles
ZnOsapphire metal

Fast Fluidic 
directed 

assembly

Interfacial 
convective 

directed 
assembly
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