12 United States Patent

Gandhiraman et al.

US011802337B1

US 11,802,337 B1
Oct. 31, 2023

(10) Patent No.:
45) Date of Patent:

(54) ATMOSPHERIC PRESSURE PLASMA BASED
FABRICATION PROCESS OF PRINTABLE
ELECTRONICS AND FUNCTIONAL
COATINGS

(71) Applicant: United States of America as

Represented by the Administrator of
the NASA, Washington, DC (US)

(72) Inventors: Ramprasad Gandhiraman, Sunnyvale,
CA (US); Vivek Jayan, Cleveland, OH
(US); Meyya Meyyappan, Pacifica, CA
(US); Jessica Koehne, Portola Valley,
CA (US)

(73) Assignee: United States of America as
Administrator of NASA, Washington,

DC (US)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 167 days.

(21)  Appl. No.: 17/216,627

(22) Filed: Mar. 29, 2021

Related U.S. Application Data

(63) Continuation of application No. 16/282,161, filed on
Feb. 21, 2019, now abandoned, which 1s a
continuation of application No. 14/515,072, filed on

Oct. 15, 2014, now abandoned.
(60) Provisional application No. 61/932,609, filed on Jan.

28, 2014.
(51) Int. CL
C23C 16/453 (2006.01)
HO01J 37/32 (2006.01)
BOSD 3/04 (2006.01)
(52) U.S. CL
CPC oo C23C 16/453 (2013.01); BOSD 3/04

(2013.01); HO1J 37/32348 (2013.01)

(38) Field of Classification Search

CpPC ... C23C 16/453; C23C 16/50; C23C 16/513
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

3,958,883 A 5/1976 Turner
4,990,740 A 2/1991 Meyer
5,477,048 A 12/1995 Nakagawa et al.

(Continued)

FOREIGN PATENT DOCUMENTS

************ HOIM 4/90
.............. B41IM 1/14

EP 2621006 A1 * 7/2013
WO WO 2012/141436 A2 * 10/2012

OTHER PUBLICATTIONS

Kan, C.W., et al., “Using atmospheric pressure plasma for enhanc-

ing the deposition of printing paste on cotton fabric for digital
ink-jet printing”. Cellulose (2011) 18:827-839.*

(Continued)

Primary Examiner — Bret P Chen

(74) Attorney, Agent, or Firm — Rhys W. Cheung; Robert
M. Padilla; Trenton J. Roche

(57) ABSTRACT

Methods for generating one or more atmospheric pressure
plasma jets that can be used to deposit various types of
conductive traces, coatings, and micro/nano-sized particles/
structures on two or three dimensional body surfaces. The
method includes generating atmospheric pressure plasma,
nebulizing a precursor to generate an aerosol; recerving the
aerosol from the nebulizer in a chamber; mixing the atmo-
spheric pressure plasma with the aerosol from the chamber
at a nozzle; and printing the plasma-exposed aerosol onto
the surface of a substrate.

30 Claims, 11 Drawing Sheets

Uipping the untreatsg filter paper in photoresist and soft
| baking the dipped fitter paper :

Expaosing the soft-baked filter papsr (o plasma tor
maskiess pattarning

_________________________________________________ g7
L
"""

Treating the hard baked fler paper Yor nvdroghiticily
ustng plasma, [0 thareby generate lithographicaily

________________________________

paderned naper

___________________________________________



US 11,802,337 B1
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

6,109,175 A * 8/2000 Kinoshita .............. HOSK 3/207
29/829

2003/0190419 Al* 10/2003 Katagami ......... GO2F 1/133516
118/300

2005/0020038 Al* 1/2005 Mikhael ............ HO1J 37/32724
438/485

10/2005 Bandura et al.
2/2006 Morrisroe .............. GOIN 21/68

356/316

2005/0218319 Al
2006/0038992 Al*

2006/0051505 Al
2008/0145553 Al

3/2006 Kortshagen et al.
6/2008 Boulos et al.

2008/0200969 Al* 8/2008 Weber .............c... A6IN 1/06
374/E13.002
2009/0065485 Al* 3/2009 O’Neill .................... HOSH 1/46
219/121.48
2011/0272386 Al  11/2011 Morrisroe

2011/0298376 Al 12/2011 Kanegae et al.
2012/0236614 Al* 9/2012 Kamata ................. HO2M 7/537
363/131
2012/0326128 Al* 12/2012 Shin .........covvvvinnnnn, B82Y 30/00
977/734
2013/0052248 Al* 2/2013 Yuen .........ccccoeeennnn, A61P31/04
424/617
2013/0108804 Al* 5/2013 Massines .............. C23C 16/509
118/723 E
2013/0153884 Al* 6/2013 Ichikawa ............ HOIL 51/0076
546/37
2013/0228221 Al* 9/2013 Moslehr .............. HOIL 31/1892
438/98
2013/0281583 Al* 10/2013 Zhu ..................... HOIL 27/1262

257/E21.259
2014/0087085 Al 3/2014 Gruenler et al.
2014/0131906 Al 5/2014 Hadidi et al.
2017/0183512 A1l* 6/2017 Han .......c.cccevven. HO1G 11/70

OTHER PUBLICATIONS

Park, Jaec Beom, et al., “Polymer surface texturing for direct inkjet
patterning by atmospheric pressure plasma treatment”. Soft Matter,

2012, 8, 5020, pp. 5020-5026.*
Ayan, Halim, et al., “Development of a cold atmospheric pressure

microplasma jet for freeform cell printing”. Applied Physics Letters
99, 111502 (2011), pp. 1-3.*

Ramamurti, Rahul, et al., “*Atmospheric Pressure Plasma Printing of
Nanomaternials for IoT Applications”. IEEE Open Journal of Nano-
technology, vol. 1, 2020, pp. 47-56.*

Massines, Francoise, et al., “Atmospheric pressure plasma deposi-
tion of thin films by Townsend dielectric barrier discharge”. Surface
& Coatings Technology 200 (2005) 1855-1861.*

Mori, Y., et al., “Atmospheric pressure plasma chemical vapor
deposition system for high-rate deposition of functional materials™.
Review of Scientific Instruments, vol. 71, No. 8, Aug. 2000, pp.
3173-3177.*

Anand, Venu, et al., “Atmospheric pressure plasma chemical vapor
deposition reactor for 100mm wafers, optimized for minimum
contamination at low gas flow rates”. Appl. Phys. Lett. 107, 094103
(2015); pp. 1-5.*

Souza-Correa, J.A., et al., “Atmospheric Pressure Plasma Pretreat-
ment of Sugarcane Bagasse: the Influence of Biomass Particle Size
in the Ozonation Process™. Appl Biochem Biotechnol (2014) 172:1663-
1672.*

Orlov, Dmitiy, et al., “Electric Circuit Model for Aerodynamic
Plasma Actuator”. AIAA 44th Aerospace Sciences Meeting, Jan.
9-12, 2006, Reno,Nevada, pp. 1-10/.*

Brandenburg, Ronny, “Corrigendum: Dielectric barrier discharges:
progress on plasma sources and on the understanding of regimes and

single filaments (2017PlasmaSources Sci. Technol.26053001)”. Plasma
Sources Sci. Technol. 27 (2018) 079501, pp. 1-30.%

Carrilho, et al., Paper Microzone Plates, Analytical Chemustry, Jul.
2, 2009, 5990-5998, 81, 2009 American Chemical Society.

Connor, et al., Room temperature deposition of tunable plasmonic

nanostructures by atmospheric pressure jet plasma, J. Mater. Chem.,
Mar. 29, 2012, 9485-9489, 22.

L1, et al., Paper-Based Microfluidic Devices by Plasma Treatment,

Anal. Chem., Nov. 1, 2008, 9131-9134, 80, 2008 American Chemi-
cal Society.

Mahajan, et al., Optimization of Aerosol Jet Printing for High-

Resolution, High-Aspect Ratio Silver Lines, ACS Appl. Mater.
Interfaces, May 9, 2013, 4856-4864, 5.

Palgrave, et al., Aerosol Assisted Chemical Vapor Deposition Using

Nanoparticle Precursors: A Route to Nanocomposite Thin Films, J.
Am. Chem. Soc., Jan. 13, 2006, 1587-1597, 128.

Siegel, et al., Foldable printed circuit boards on paper substrates,
Adv. Funct. Mater., 2010, 28-35, 20, 2010 Wiley-Vch Verlag GmbH
& Co.

Ward, et al., Atmospheric Pressure Plasma Deposition of Structur-
ally Well-Defined Polyacrylic Acid Films, Chem. Mater., Mar. 11,
2003, 1466-1469, 15, 2003 American Chemical Soc.

Yang, et al., Preparation of Active Layers in Polymer Solar Cells by
Aerosol Jet Printing, ACS Appl. Mater. Interfaces, Sep. 14, 2011,
4053-4058, 3, ACS Publications.

* cited by examiner



U.S. Patent Oct. 31, 2023 Sheet 1 of 11 US 11,802,337 B1

1140

FlG. 7

112b

|
113

122
1208

100

115

!
T

(zas flow __

137
130
104




¢ Ol

US 11,802,337 Bl

SEE)
— - -
- SRLY 701
&
2 W
'
W
W
7 —

r.%%%.i%\ ______ e \/f
en 771 _. ) __ wﬁﬁ\ﬁﬁﬁ%\h\\\%ﬁ%%ﬂ%ﬁi\
=\ - (51 __
0 3G} _
o PGl ~0G1
i, 9zst o
- €ga)
N
&
O

U.S. Patent



US 11,802,337 Bl

S
'™ Iﬂﬂ"ﬁ!ﬂwﬂ”ﬂ“ﬂ“ﬂﬂﬂﬂlﬂ.ﬂlﬂl
| r.lﬂlﬂl

. XX A xRN
A A

o X x N
:v.r.nxnu.nxx..__.xn__.narxnur.iaxxaaauaanxnalr __.
__.

L

]
A
|

i

| i, |
ettty
l."illil"?l!i!"?! -
I-lﬂﬂlﬁx?l!?d o
WA NN N A

M
W
N
|

iy -I
-I".H'III..

:u"l'{

R

-
.?HFHH
i i

X A

E
EX K NNK
!HHIHII”H"H”HIHI ..-..-.
x KK

b
i

M
H

M AL

H
i
-

M
H
o |

2l
N AL

L |
AN A M NN N M

HRIIHIHHIF!HHHH

A

o

i
jﬂﬁ?r.rv.xaan ]

Sheet 3 of 11

Oct. 31, 2023

U.S. Patent

320 322 324

R

x
“
x
A
HI

s

=X
"a'n aanxxxr.a.nxr ol W e

N i

X AN

u.xlxn il ...._...4.........-_....4
; L e B M

»

xE e J.__."i"-.
»

TR

A

-
N

i
e

i

A

>
Al
H.l-!"?l

N ]

L

A
KA
A
F |
]

M_AM
A

.
S e T e

A A AN
Ao L N
[

"

e

]
.v...ﬂlllﬂl uE Ill

Ll

e
»
.__..4”. H._._”"w ¥
S

-
.

A MR AN I RN ]

x.
]

3 E R »

XA A N A

x_E A I_.:."

»

Lo

Mo A A
M T
o NN e

H-HHI »

&

J l"'#"-b*-l - M

FIG. 4A



US 11,802,337 Bl

Sheet 4 of 11

Oct. 31, 2023

U.S. Patent

B N RN N N

ol
o A e A )

e e )
v a
s

N xR -
T
T A )
A e
RN KR A
X
F ir & K ir
ol r
xHxH St
Y
X
X
x
x

|
|
ek

I"I.
ebettered
|

Sant

L ]

[} "l. L

| ] | XK XXX XXREN
ll H" HI . .-_I Il"ﬂlll HHIHI HH”H”!IHHHHH”HHHHH”H”HHH
uxHIHHHHlIHHHIHllIlHlIlIHIﬂlxlﬂxxﬂﬂxﬂxﬂxﬂﬂﬂxﬂxlxxm ..-..HH 2 A ERE NN N
F IIHIunHlIHHunHHHHHlIlﬂlﬂunllﬂﬂllﬂlllﬂlﬂlﬂﬂﬂunﬂ HHHHHHPHHHHH ~ 3 Tt .H.HPv.?ﬁ?!ﬂﬂﬂ#ﬂ!ﬂ!ﬂ#ﬂlﬂ!ﬂ#ﬂi 4
EREXIREXEREINXEXREXEERREREREAREX X XN X XXX XER L] N e
XX XXX XEXLRERRETLTRERRSRERHSEREIRMNANHNHNX NN X NEX i A AN NN KX EER
KRR XEXEREERELESEERELXRESRESERRS XA WLNE XN NS & & N
R X XX X R XEXREXREXNERRRERHSERFRER.}) Y L ERE & M N E R F H N
ERXENTITRELIEXLXTELSTREELT T rFEYS AENRLSRE S XA S NS N XA ANT RN L,
EEERXERERRERESYEREY FREREREREXYERERRESYENY RN RN XN
EREFEEFEEXTEREERXENYERENEREREES )Y BEEEFEREXYRE XX N ERTEXE NN ir &
lIllIIIHIIIIIIIHIHIIIHHIIIIHHHIHHHHHHHH ir g g
- ] XX XXX ETREREXTEREESSENREYANXAERESYXEXSE XY XX RES XA NN
AN R R REXE N ENNENRSERENLNERERRNSENNXES NN NXEXERERESNESE N XN BN
XX £ XX XEERENEENRENTNERRENREST NN EE AN KEE XX NAXEE AT
X K NKERERSNER®~XSNHSESXERREIRNSEXEXEREMNN XX NN NN NLNENR & _dr dp
EREREXXEEFEENXEXEREENEETEXEEESEREYENXNRENENEXEREENNNNNNERENE
E EERNXKERENENERELEXLTNENEANYESRENRSTENRRERERS EREN NN NN M X
| EXTREEIXITRERESTERERELITITREEEXE S FLERSELEENRRESEXE N XX LA AESENLX
B HEXREXXTHEYXRENERERNERERNENRERNK?TNREYEERSY FANNREN N M
IIHHHHHHHIHIIﬂllﬂﬂﬂlxllﬂhﬂl!ﬂﬂll A X AN XN N 8
| XX XENNERESXNESXYXEEXEXENRENRESTHNENREIR ] - AR N
I EXXEXEEXEXEEEXEEXTREEENEFENESRESX EREXREXEXESXNNXEXEX RN .
E B EX X N KEEXRELESXNNERENERERTHANEELSYXRENREYRENENRESYERENYXESLRESN
o EREE XXX EEXTETREEIXTITARELAERERSISEANENRXX A ERE LA EREENSERE X F L -
EERRENERMNMERHN EEXREREXNNENLESTRENERERESY NEXERERESNERNYRENRENSESYEREREERRSYXN N m T}L
EXENERERNRST EERLTETITLIAETrT AR EXA LA AR AT AREXSX T ANERE
xERRERENEST RN lIHlllllllunllllIIHHIIIHHHIHIIIHHIIHIH_I
EEEEFEEFERNESXT EREEFERREEXTREEFEELSTFTERNYEFREN XXX AEEXERERENY RN B
EKERNENERERNRDTX?XN AEERERENEENRNNERESYERENRERESYENERE Y XTREENENY T XTNEERRER HHIIII!I
EREEREXNENERAN EENREREXFE EEEREERESLETRENEEEXLXTERESEENYNETERESES LS XEN ]
EERERERTEX HIHHI?IIIIHIHIIIIIIIHIIIHIIIHIHHHHHHI
F lIIHHHHIHIIIIIIHHHIHHIHHHHIHIHIHI .
E XX XX XTEEN . B AERXE XX XERNERN MR N E X XXX RER
B E XA NXERR®R IIIII!HIHHHHHIIIHI“IHH E_X X XXX E
IHHHHIIHIIIIIIIIIHHHIHIII | E_I X & X X M K
o a ll_ll EEESXEESLXEXEENEEEXREREYERENXEXRELRENRESXEN
X EER lllll EEEXRERNEYXTENRETRESENENEYXERERSN S XERES XN &N MNNA
Illllll EXTEXXIERNERXERXXEXTRERERNESA XXX AXESANANA
| | KN XEXEXREXEERSEXENERRESXNSEN XL B - AR -
E | IHHIHHHIHHIIIHIIIHIHIHHHHIIIHIIIHHIIHH '
4 IHHIIIIHIHHIIIIIIIIIHHII‘IH B A XN N NE M
I F £ X E R R X T EX T EREREETRESTESLREN EMENNYNXXEXN X T
ERX N KRN IIIIIHII EXTERREETEEREREEREREXENARE NN EX X ERERENEN & dr &
EEXTEX RN EEEN lHIHIlIﬂlﬂlﬂllﬂllllﬂlllmllﬂﬂlll . &+ &
e HENXRE R EERE RN | ERENERRERERSREIR F ] A EN F XA R xR | & dr i
2B EERTREEFEERT Y ERERNN EEAEEXTREERN E A g - - Ilﬂlllf mu & L
K RERENKEREREERERENERERANAESY X XA ELTENERRNERKTRNE | | A A EEXT EE N N o dr i
EXTEXXEXERETESXELTITRENELERN X AR ETEXELIENEFENES XX LT EEXER - i i i
IIIHHHIIIHII EREKEERNESXNEXR HIHIIIIIHI!HIII! E KX R X o g dr &
A XXX XXTNENERX EEXERENSENXESTEN K XXX RKEREREL" XK E KX EEXRE =X 3 . . i o i
N N N R NN X NERENNETYEANYREERESX N ERERENENNEER B EFERXXERES XN & dr dr dp
AXXEEXEEEXENESTEEENRER EEREEEXNYEXXEEREYEXEXEXENEENEREN RN X B oy dr
ME XK RERINESLRESREXNERETR || IIHIIHHIIIIHHIIHHIIIIH | i _dr g
MR REENXEREXEEEEEREXE ] EXTREREEEFEXrEI T XXX TEXTERER | ] EEESXEEX & i *
A A ERERNREXENYEXREREETEEERYXERESEEN XN NXENXERENR MR R o i _dp L
A XK T AIREALNERENEREALATNEELNENESYNTTENRNRESRENYY S XA TRN . L ]
FEREFERX N X &N XX RKEFERELEERSEERESENRESENNTES N | B & & dp L
A XX L XN EEREEERESEEFERESEYEESIEEL LSRR Illl bt & &
A N K X & & & FERKRENMRENNEXTRERENXRERMNKNKERERENLENLAX N E i i _dp L]
A XX RENEETFREERELIEREN IS TEEFEERESE X FNREEERENRNN TN & & i & &
FE A KX M FRERERTRERRS:MHSER.S:MNRERIERH®EMNSREN XRERENEXE X & _dp A
A X XX XNRENESXEALTITNRELEESENENSEXTENREYE S XN NNERMNNY X NN . L ir &
AR XX XX XN XREXRERRSNSENRERMRN XFENXNRERSNSERSE N XEFENE NN % & I dr
A REXEXEXEXEEEREEEXEENESENEREERSEYERESEX XN NNENN . . L] L
FE AN A& KN FRERX XN N EXLNNKNEEELXEREL NN N KL NN ENN [ ] L
A X R XEREXEEEENEEEERELEREERELENNEXENEENENNEE NN L i
MR X XXX XK “HHHIHIIHHHHHHHHHHHHHHH F I'l_.-. L
A XX XXX XXX ER B A MR XAXEEXNENNTNX A A . III.ii L L
N R XXX N XX RN N L N N F o, & & i dr
RE_XEX X XXX ENEXER F o H_M B N NN NN F L L & i dr
FEAE A A A NN XA NN REXREXEXE N NN NN y L] ll dr 4 i
B AEXENEXERENNXEENLELESENLNLXNLEREN NN L dr i &
FE A M oK E N ERNMKEREMERHN?XNNNREN N L] . dr dr dp
XX K XX XX NENENEREREREANXNNILAELEXALNN L] A L ]
E XX XTNEXREREERRESTRERANKXN & A NN XN & F o
E XX XXX EXEEREEETST N ooE X X || & LA e o
A NN N lll!l!l HHIV“HIH L] A dr dr A o F o o dr Jro b b i Ak o
X N XN XN ] HEE NN r ] & H o dr Jr o & o dr Jr o dr dp dr dp 4 A b odr
o ¥ B | Ill || lﬂ HEE l! L k5 o A A & b odp e o & e dr o e b b &
E K E EEERR HEERERNE E K & L ] A o 4 & dr dr dp e & o e & b e o
ENREERNENRERETRN | MR RN F & P e dr g A dr e B A & A dp i & & ol
B TEEFERXTREERTRESRX IIIIIIIHIIIH L] L AN & b A b I.-.__..r.r...........n.-_I
I ERERENNKINF EREREANAREREBEFY Y ERENEEEFEREFNF i [ A ir dr g A ot a4 i i i dr i & X
xR KK | EXEERERNLEFEESYTFTEFEFrFERRETN 7 & ] iy dr dp i & i =
E X R XA EERENMEEKNREEFERERRETRERENEERNERNKST KX AEREER ] dr - L L o &
Hﬂlﬂlﬂlﬂlﬂl IIIH HHHlHHIlIlIIlIIHllﬂﬂﬂllﬂlﬂﬂlllﬂlﬂﬂﬂﬂﬂﬂlﬂ | ll"l IIIHHHHIHHHIIIIII III II Iﬂ x l..l. l.l.i | L ll.l.t“.?l..?l.l”l..tl.}.l.il.r.ll
A XREETEREEENETREEIEEETSTRETRENNESERESN TR X xEXEXEMRNRESENER Il? i = L ] L) dr & & b dr dr = b
AR X KX NEXRENXXTENERERENERN XNXYXNXXERENENSTFE IIIIHHIIHHHIIIIH. - ir L] B g dr drodr s koA
EXREXEERESEAEEXREESXXENRRES XN NNEEENRESXS X ERXF | BN NN I g L & & & dr i = N i
JERE RN X RENEX X FERREIRFRXMMNERMNN X ERENMEREX EREXEEREERERTHN IR X X [ ] L i dr b dr oa b &k
aEEXXXE EXREALXEEAENXNTAEESXEES XXX NN XN NENRENAN AREEEXXTEXXTREERNXLTX XXX XXN] L
EERENXTYXEREENEREREREERERERRERERRS S XN NXTRERERERES YRS XXX NEESLREREREFENLERESY Y NRENX TSN X KX K XM E & L i’
EREFEEXXTEXENSNEXTEFERENREEET XX ENRE EREENEEREERERENERENELERELEKEEESEEEREX N X NEF EEXEX T 3 BN K] - & B
IIIIIIHHHIHIIIIIIII.HHHIIHHHIHHHHIHH.HIHHHH.HHHHHH!II!HHIHHHHII“IIIIIIHH L rodp i L]
xr K EEXXTELESXXEXREEN XX XESENXREYREEESRERENSEXENEEENXENXRERELXN X XN X LNRESX | X XK - L L *
IIHIIIIHIHIIIHlHIHHHHHIHHIIHIIIIHHHHII!HHHHIIIHIIIIIHHHHHHHEI_I B X & % bl 4 A g e &4
EEXTXEXREERELEREALLELXEREN AN X A TAREELEXELIAEEBNAAAERESTY A XA XA ERETXAENYXEEAN N K EERE X - w b & F &
EERRX FEFE I ME & & & I & & & & & & & F & KEXENKXERENNERMSNKNRRMH®ES~XNENENELEREXBREN L o M HEEXNT A A Jpodp e Aol
IIIHIIIIIHIIHIHIIHHHHIHHIHHHHIHHHIIIH!HHHHHHHHHHHIH K EX XXX N M2 2 HEREAN K_A fr b dr Jr dr & Jr
4 KK IIIIIIHI IIIIIIHHIHHHHHIHHIHHHIIIHIIIHHHIIHIIHIHHHIHIIHHHIIHHHH“! IHI e L N N L
- ] K ERERNREXHERE EEXREENEEREX LA ANEREESE LA AN ELERERERESY XXX ER XX NSRS ELEREE XN A NLE X NN H F L] a i b b &
AR HEREEXEXTERER EXXTEXRELXEEITNERRENERERESTREREANENEBENTFTRERNENENERERRENERE TN ERENEXNNERERNE 2 &8 F XN REREREX N NRKEDNYMNNN N ll!!! .-..I...l_rtll.i.__.....r.-_.
EERNEXXTREX EX AL XfTX X REITLX A ITENTITAITEARNRINEREESARESTRE AR XENXREY AAXREENXARESELXRESLRESXSERESEREALN XN AL ALSLNENEXENTETE I.-il.-..;l....._tl
EREREREREREEERNR £ P EERRERERERERSENERERSTREN X XX RENRENLYXERENERES T ENERERERESYENR BN R RN XN KX XN ERERSWNEMSNSEXNERXNEXX NN ENEN LN NN N B - = m = A
E TR EEEENERENRENESN ERTEREREXTREEREEIEERE XN EAEEETEEFERERETAELSNEREST EXR N "HHHIIHHHHHHIIIIHHHHHHHHHHHHHHHHHHHHHIH i R b 2 koa
EEREREELRENRESXTHE ERENRKER ERXREEELNREXLESXNKNEREX A ACRERENXREREREREYBERELTYRESLYYNY XN HHHIIIHIIIHHIHIHHHIHIIIHHHHHIEHHHHHHII oo Jroad
It X = K E XN EE A EESXREEFARENLYYrREYT X AXAFLrSTTETFTEREEELXENEE TSR RE N Mg N EREERESLEXEETENERES Y ERESERESE XN X o E RN EEXEREFNNR] L ] & a2 = =
EXREMNEREXENRX Illll AEXTEXXETENRERSENERSREXNXTHAENYNERESTENRENERENNERNE HHIHhHHHHIIH!HHHHHHII!HHIHHIHHHIHHIIHIHHIH!...ln- o ] e L] e
R EEFEEENRERRE EXTAEFEEIEXXATREREFEFERNR LSRN XA ANEXEXEXANERESXREREX TN LR EEEEEEEEEA S EEESEEEEE LA S RS EAEEEEEEEEEEEEEENEE T i L] E_I
HERERENEFERERERERESY XENLRENRERERERENREYERENESYALAEENAEYRENY XX RERERERSYS XN X FE A M A MR & & X & & K & & & K & & & & & B /XN M & & X K & & & F K& &8 REEXEH N KN L] Ll i S o= ) A
E R R ¥ EXREIEETSITEREREFESINEESYRESERE S EREREEX S ARSI EENRNYESY XY AEXESEEENERE Y XX Y ERE XS YERESYFEEFRSE YN ERESENYNENYNYNEEEERE N NE NNETENA EI ] L -]
EEEFEEFEFERNREREREFEEREEFENERNRNESTRENEENENERERNERESY R RNE XYY XA EREERERENLY Y XERERENEYRENXKEXREXY NS XENEXELENYEESENKLTRESXRENYERERMNSKESXERESRESNYNENRENERES® A AR x_x &4 roa L L F
e u EXREITEEFEREETREEEFEREREEN TSN ES T XA TR ENR SN SRR ERENX RS EYFESE NS XL AREESESENESESELEYE Y EANSES XN N K X8 A & & NI | & - = & & & e
-] EERETERENERESTERENENEENEERENEEXTNE XY TEXTNENERNENRER. Y ENEERNENEXT NN ERE X KX X & X X¥EXRERERRESEXEERRENERREESX ZXNEZX N EX IIIIHIIH!!II w:.“ L o o & dr b & ]
A Al B IS ESEddddAEEdEEAEEEEEEEEEEEESEEEEEEASEESEEEEEEAEEEEEEEEEEESNEESEESENEEE SN NSNS L ] - dr dp dr dr dp dp O dp dp o dr b E T
EEREERZIFFEREEREESXXTERENEESYNENEREREREN N KEERESY XREREREN XN XFENESEESEERESNSEN N NEREREXNEXYFENTXREREXER HEEREXREYXREXEREERERESX Y AESEMNST RN N i.L-‘ ' rodr dr Jr dr g Jdr Jr Jr dr dr dr
IIHHIIIHIIIIIHIIHHIHHHHIHHHHHIHHIIHIHHHHIHHHHIIHHHHHHIHHHHHHHHHIIIIHIHIHHHIHHHIIIHHHIIIIHIHIH.1 WoX XXX I.I..__ el b R i &
KERERERELTNXEREREXERERERERERERERELTERERERENERENRERERERESY YN ERESREASLNESYERERERESSXXEANXXERELTRESLRERES N XX NRE HIlHIIIII!IIIII!HI!HHIIIIII!! FE_A A XN L ]
TXEETXTREITEEEIEIELILIESTEANEEERSES A AR TREESEE XSRS RESE X XENREESY XS NENXEREE XXX NS EXESX XX XX AL EREXEEXEREERENELEESRESLN L
FE X o F K RERERERERRSERER®RSERRERIES H®ERSR®RENFENKE XX N RENXENRENYREYXRELEEREREXNYNXEYERYRERENEXREERENNREX A FEE R E R & 8 B R FE X ¥ 8§ M X NFEXNERSMNJER.?:
EXEXLXXTRELEXTELXERELEXI LR LA AANESL IR AEX XXX A X ARAAEX A A XX AN AFER AT A EEANETNENER A ER X XEREALLEALX LN NNEXEAENNSEELEELEN N NN
MR R XRERENX EREYXERERESYRENESLYNERELSLESERERESY N XRESERE Y Y ANEREERNENRESXSXRESYENXRESY Y XNRERERESY X RERENRRN FEFE M X KN &AM XX XN N X NN REEN XN NN RN NN
EXXTERREEXTEFEIREEEXTEX X EXAREEREERSE ST E XXX BRENEXTR XXX EXSY ERST EEANREEXEN EXX EXST EX R_EE X XX N FX X NNNNKNEALEENNEEEEN NS
K AT RELTREREXEREREREEERERERET X NERENYNEREREREREAXNEALRETRESRESXRERNRAS X & MK ENESENXXEREALRERNXSETNELTEELTNKST JEE I £ I & KR & XX & X & & X B FXKERESXRENKNNY
EEFEEEFEXEYX NI ETRELTEEESELREESSNESELE XSS XEESEERE S XS NSENALNSENHNALLXESERESEXLALEEESY XS A XX XEXEXEEEXENEXENEXEXENALERSYESXELENTEN
E_REREREENFREARE N REXRENERRRNEREXRESXF XX N NNEERNMREMNME}N M XN MNNEEN N K N Mo A NN E R E_ XK ERXREXRMRESNN M XM 8 XX FFXESRENEXENN
AEELXAEFEEEXTXTERNYAXTENREX N XEXERE N XX LN AN EEN XXX EEN NN ENENALNNEXENNAEXEREREN X AR X XX N XERERENSENNENENRENXLAENNENESALNN
N IERERERRERENRERERNNENRRRSES X &N N KKEREWLRERENKXERRSXRENE K NFEEHNKENNHNNEEREMNHNHESEREMSHNEN NN AR E XX ERRERE NN N NENENNNERNENERENH
EENEEXTREREESTRENFEFEREREETXEARESEXEEX XX N NN ENXTIESXE N EREN XXX NEEXENEETENNNNMN A ERE RN KRR E X R X XXX ERE X XN N NNENNNEMNENNNLENNS
LA S ANl ESdESdEEEEEEESSELENESEESEEEEESEEELELESEEESEESEESEES] JEIE R & X ¥ & X & & K & & X & & & & & K & & X & KX K
kT EREFAERENEERETESTEERERESESASY NSNS RS REESXRERELSRERESRELSYSNYSEXES N EXERESEENRESEE NN NSER M EE X XX AXEXEXNNEENENXEENNHLNLNNNEN
FEREE R KENRENRERENXY X RERERENENERERERENRNERENEX XX XYREREYESYXREREREREEFERERFNSE N EXFXERENRENXETREREYRERETESE N EXNE X IIIIIHIHIHIHHHIIHHHH!!P!HHHH.....
EXTITXATXTEXLX A LETRERELEXTANEXITREEXX AR LN A XX AT XA AR EENR XX AT XA XA AT REYXTESTENEYS SR F A AT N REENERFESXTXEREMN LA AN AN NXE XN
MK ERREERERESYRERENRESLRERERESL EY ELSNSRERERESY X XTRELRERERERERENRERESN X XEXENERERESYEXYEERESRENRRERSY NN M o X R X EMFERRNRSZNXEREMN &3 & & & 8 § & 5 K XK -
.HIHHIIIHHHHHIHHHlIHHIHHHHHHHHHIIHHIHHHHHHHHHHHHHIHIIHHIIIIHHII x_x xr EE R £ XK ERREFRESXSTE N XN NN XEMNENENENENN
ERERERERERE X ERXRERERENANKERERERESXE XX AN XN NXAERERERESLTREREREANNKYTENERENELXYYEYXETNERERERETR KE_R HIIIIIIIHIHIIHHHHHHRHHHHHHHHHH
e ERX TR EIREX I I ERNESTERSA S AN S EATEES X AR BEEEREA AR AT X ERE TR AEESR a7 K REXERELERRSSERANLEREMNALNNNENNEXEXL
lIHHHHHIHHHHIIIIIIII!IHIHIHIHIHIIIHHHIllllllllﬂ!ll.ﬂ!!llllllll -] EXREXEXEEERRERYENNEREREN XN XN ESN NN
AL E S EEEEEEEEEE LA EEEEEEEEEEEEENEEEEN RN XL EERELTRER HHHHHI!HHHHHHHHIHHIH.H.HHHHHH
FEFEFE A& I & & & X X K & X X% K XN XX KENFLRESEEXERERERENXNERERERERES Y N XN SERESXLERESRX AR KRN FE X R I RN A A AR RERENRS ¥ & K& & & & & & & K X 5K
.HHHHHHHHHHHHHHHHHHIHIHHHHHHHIHIHHIHHIHHHIHH.HHIHIHI«HHHHHHHHH R_E X XN RERLSERERIESNDMNNXRERNEENXEREYESR X
.HHHlIlIHHHIHHHIlIlIlllIHﬂllﬂlﬂﬂﬂﬂllﬂlllﬂﬂﬂﬂﬂlll KEREXNXKENRERERELXTELNEERNRESRENNKALAASRERENESXT HIHIHHIIHHHHHII!IH I HHHHIHHHHHH lllIlIllllﬂlﬂlﬂﬂ!!!#ﬁ!ﬂ!ﬂllﬁﬂﬂll HIIHIHH o

T XX REALIRERETXEENRERENLERELESNENRESEE XX

' . _“H”HHH”HHH”H“H“HIH"H"H l"l"l"ﬂ"lﬂl
” .-..-_ Pxxﬂﬂlﬂlllﬂlllﬂlﬂﬂlll Hlllﬂlll
& FE RN
..-_l “I“I”Ill
& RN ERERETREERERERERERENEREN
.l HIIIHIIIHIIHHlHHHIHHIIIHIIIIHHIIIIIIII ’
- EEEREEAXL L d Exrx TR ER
& IIIHI!EI E X X KRR F
. EREXTREXTENNANS ENxT R TR X B
L MR MEE R NN L FEFE X KR NEER
' A EXTENREER XA ENpE L REXEX X R R N
& FEREREMNTIE ] K_FE KT K
- “I"I"I"l"l"ﬂﬂ Iﬂﬂlﬂ Hﬂﬂxﬂlﬂlﬂlﬂﬂﬂl ’
* = IIIIIIIIHH | Iﬂﬂﬂlﬂlﬂﬂﬂﬂﬂl
& R R K M_FE KK X K
- EEESREF N | -
L] JERE R RER X R E RN KX
..r“ Hl".‘ L] P l"l"l“ﬂ“l“ Flﬂlﬂlﬂlﬂﬂﬂl !
i . iy i i e K KENKREREANN
- L ] L ] X XER XN d
X .t s Lo ) R o E g g Rl
Bl a . ) LA ) XA
= - e R BN L
- a - CaC MM
. ) - EE N )
- [ - & d k& A
A . e Lo AL NI
I E R X ) N N
T "R xR R Xk ad ki ow k » i drd a1
w e TR T e + S .
..-_l lllllﬂﬂﬂlﬂlﬂll i & dr dr b odr & @} -.r....v.r.....r.........-......-..-..-..._..._.ll.
..._i.-_ i HHH HHH HHHIIHHHHHII L] .__.._ .__.r.r.;..-..l..-.l.....l.....l.....l..
- & xT xR XXX REXERER & & O Jr o dr & F F
i & i ExEX X NN m & & drodprodp o
B ) xR X xR Rl N )
L X E N X E K R I T S i
- h i b a ddrodp oy
P NN X R o e e e

F EE X R ERR R N N
h.._.-_ Ill IIH o l......;..r.r.__...
Tr ENrr FaraEny

- m o

n Pl e 0 )

1.-..1.._..1..1.....:.....}. w
roror & ®
r o Pror e X . "
" " e T a
L | m b odrodrok b oA oa nror Er
E_re x N sk & i dr b 4 & om . .. R
XX RENE m &k & bk g dr ka1 ]
HHIIIII I .or ke o o droaon e
xR XX X F " & = oa W & o o drodrm o= rE
X xEEXNREHNAAN rrn b b kA h oo lll
XX ELXRERER rr a s a k h bk FFkkaana o N ) n
o et T e : A
i ' Selaly At S A
N NN XN ERER m oo Jdodp i i i N A - o™
MM NN ERRE P TN NN A i
; N . . )
iy a v iy xrnx.xmxrxrxxnannxa " R R T r
.n.r.-_ i h.._q-... ] , .-..v ] u_.HHHHHHHHHHHHHFHFHHHHHHHHHHHH 1 ...lbn.r.v....r......l....-..-..-....l. .._..._.h.._..._.....
x> R . A A A A A . e ta i Sy T
L ke e e e  a a e . ity
ey e _-..-_”....H.r“.-.“.n._q.n. v .Hx”xnx”xnanxﬂrﬂx”x“x”n“ W .11..'...H1.._ .H.rH...H...H.qH. L
. e T - ;
] | L . P . I o
'L N N i i A ke AT e a A B NSl Pl L,
v L AL TR e o S e e U e R A B el S Taa
! A KK KX R . . e e W e e e O gl iy
A AR ER e ¥ x xx O e ) . wa it
o N e oo SRR AR R e el
] xx.xnxﬂllx"-. a2 a L] & ir i [ ] gk [T T I B ] [ F A m s a2 oax . .! i o
' F ’.HFﬂ“ﬁ"*"ﬂ""ﬂ*ﬂ*ﬂ"ﬂlﬂlﬂ'.. [ ] "}..l1l1lr' [ ] l.." -Hxn -.‘.h. ' [ .-. 1ll1.1 ' -. 1-. . r »m a & a & & ll.r ll J.“"-l.‘.
' LA N N XM M AEEEREERER g iy r & AL E B X - e om om ko o rom -k
! e e e e el N L n . : N R : o AN
L i I e L Em . R o Tt ] Pl
S N M A s Ol x u 2. S r
A A K KA N AN AN KA X x A X e x
A A A A ) - e PR
i e wE ey 2 A ! re e PR
L A A A i . T T e e ' e PN )
A A A I A A A i i i i [ L) a—_— ! CAER
R A A A T . Pl
A A A ) > ik -
B, e, P P P P e e B e e e e e .._.“.uh-_r......__ e 1.”.-.”_. ety s
v A A A A A A A Wy ey i a ICCRCRCCCR
N B A A A A A A A A C N AN N ! i e .
a e A e A A AL AL AL e e e e A e e A e R A e A A R el Pl sl e P
N A KA RN AR EEEEEEEXELEEREERERXXN ! N A i
T RN RN AN EEREEREEEEX LR RN N N R NN S
A A ! A A N Rl a2l .
ra O e N ; e A R e R A R R R R A R R R A X W e R N R s ]
T e X M A AN EE XXX XX NN ! L R ) .
. . B N e e A . . N e
N R ™ 7 " EA N M N [ T S o e N ) L o N N ey .
el LT T T R K P P R R R ) A A N N ML AN MM M R A MR
¥ KX (e e e e e e e e e e A “"-.........-. o A e, Wi W e e e e e e e e A n e B R
- A A e e a e ey o R o e Al N )
x L A A i i » EN ) . >y oy k 2 i e e e e w a a R R r
....__ L N A S e PN ..1...“.__“. o W I .“._. L. LN .r.u“ .r“ a e e ”.__.,.._ NN x
L P Pl o P B B P N U BN e P 2 e o B e T e .r........___......_.alu.a........_.........r.q.r.._.......r.............q.q.q...................._..............ﬂ IR M
. i A Ex R A T R e N N e A R )
. e e e e e e e e A e R_E_ER PN R R R N N N R R
' FEXERR X EALANALAANXEEAEEAEEER 2 XX DI N T A N )
[ L T i TR X e & a ok s 1 a e P oo oa A k m o drdedp dp i bk A o drom kA d N
e ) R A A A A N X E x X x XK I L 2 e e N N N X N N N R )
; I R R T A W A xR X X Ll L T e e a e e e e e e e e e e e e N M A F e a ke kN
A . BRI AN AN N R L N R NI e N o
O A ) . EEREN AN N EEEEREXXRER T
MR R R R xR BRERERR X MMM M XA N ERERERERX XN "
po A e A ALK AL AR R R R KRR KA
Fo A A A A X R XX .
WM A XXX T XN XA EERR XXX EX XXX -
ol e T R e A K T R X R K A
AKX EEEER X ER . e et
; ”x"""-"-“-"H“-“"“H“"“"“." .- ; ..' x H“"“"“H“ﬂ“"“ﬂ“ﬂ“-“’ l.”l.”l-“..rb - 'l.l....l..-.l..fl..f.f.fb.b-b.b.l- *
; o I __."l W R R e R AR R R R e e R N O N A . LN s N
A F XX TR R E A AR o A u . L N AL A N K]
A AR R XN NN AN XX T R » i il ey i i S i ] roh ok bk e dr ol d e a
g XRERREXEXXELAEEREREEE X EN R N AR A E E e e
AN T L A A A A " Ve e e R R
A AL e e P e AL e e e e e A A ®_mrE LR
AN E X XL AAEEEE XXX o A A, A A A xR E X aTa e e e e e
A A A AR AR A A A KA NN C e A A, A A X X KK T e A e e e
A i A i A i XX R ER
i AR A K A AN A X e R
A O A XX XRERREXR
I o X X X
X A A XX N i XXX XEREXRERER
HH n"a"x“n“nnnnxuxnx”.v xwxnxnx”n”n”n”x”n”x” R x = nl"n"n“a"n"a"n"n .H.Hn”n“x”n”x”n”x”n”nﬂnxxx - nnnﬂnﬂn“n"n“n"a"a"na ML, ..........r.__-.....r.__..__.._._”._._“.-.
T e " T I Ao o e e e R e R ; 2 XK e T
R T TR R K e R K e e e W AR, A
E X X X X RN X RN NN N AKX AN N A ir_dr % R iy o i x_x X L I ] )
i i ®_K PR e 2 A A A A i LN N
" R N AN A N N ALK K KA UMMM X A A AL A X XX iy i i
= e " X " g i 2 W i i i
x niulinananln 2 e x X X XK ol i i A, A i, I [ )
® mm RN RN KR KR XX Xxxxmenwmur oy iy i PO N A
xR’ FE N EEEE R XX XX XX TR o A AL AL A o - P,
X XX R lnlﬁil EE_E R R X R “hr.r..v_.r..r... o " L AL L M)
X XXX RN ﬂinnnnax o i o A A, A A ) i
A A XXX X E R X A 2 e A A A A A rm CE
O, A I lihnnnnnn XX NN l“uunn. i i A EREER L e
LA RN R R R s X K L)
o A N R A X 2 A AL W " X XX L)
X e A R R R e A XX I L)
A AN AN EREEREEEEX XXX ZRERREXEXXXXXRER KA K R XX X X ')
o A i i 2 T PE PE A A e e e M A e P A .
A A A A AN AR BENEER O i A ; XX XN 'y
A A R R R e R A M M A x e E NN o AR o o
N A A A A T T T A AL AL K e e Sl 2 X N A AL ')
O A i o A AR N o i -
O i I ) X X A A ) A X ( ) »
AR R - A AL A A (e e A A e '
o i A A AR R i XA N A )
AR A e e e e e A A A AR A A A A A AL AR L)
XA o e o A A A A i
iy A . i A
o i ) X xR EENE R N A, A O, A A A
i X e o o e A i
X R N L K R R i A A, A, O A, A A



US 11,802,337 Bl

Sheet 5 of 11

Oct. 31, 2023

U.S. Patent

' i - iy
o e |
.1“ ._-_.-"..1 rl”..“l.. __"._._-...-u-. !
Tt Wl e )
' i I.._.. e
: TR v
a A I-. ._.l...
a . Il. ....I-.
a l-. row
: A )
R ........."l_.... ..|.l-
IR el L it oot
.ll-.q....t...-_. [ Tl it R . R
Bk -
”. -F ..-..-.I.L.-_._-.._.I.-l.-.l.-.._...-_..-_ q.l.-q. R

R .-..l_.l._.1l...l..-. [ O ‘R l..l_.l.__l e l_..l..rl BEE R R L ]
- '

ae

n.wn .E.ﬂ“n
F ]
X
L R N N R N
#ﬁ#li...kti&it&...{-r-_ L3 _-....4

A A N i
e Lol Y
o

»
o N R e AL M
- R R e
L L N e )

&
AL

e e R R N e )
ENC e N el el

F

Ut S S
L)

LR e )
R Ry

»

i
R e e e N )

¥
X

i*iii‘iil'liliiﬁl‘lJJ

FEENRNRY
4

EN e

»
¥

N AL

Rl N e N R R N )
Ty

l'l-lrr:-l-‘
"t
iy
ENCRE R )
g P

L)
R e N

LU BN L e L
L BE S N

F )
LR N

E )

T S N
>

IE.

]

ar
LN L NE B RE R BE NE NN N N N

LN L L C R L R R R L,

i

et T e T

AR K R E Ry

F

[
X
X
L J
-
[
[y
L]
L3
ir

L

i-l‘*iii-lii

*4‘# i*ll'l L ]

)

L
L]

)
EX)

)

-
I d e
ok ok
i

L]

e e ___.H.___

L
» X
L

L g
*
L ]
»

L NE RE E L N N N R

NE R K A

)
iy

& B b X

o
ERNE N )
R0 MO

R RN RN

L ]

R N N et et

Ao

]

™
e N
Pl

.
'Y
»

*4-*4*4-*4-*4*4-*4-*4-*4-*l*4fa-*4-*4*4-*4-*4*4-‘_'4-*4*4*&*4*4*&*4*4*&*4*4*| r;*fq-ﬂ*x

o

g e

T T *l*f&*ff&*ff&ff

C

&
-
£

%

[}
A
A A R
-

»

L
F)
L

L
X

o e S )

)
e T e e
Ny

*

)

P )
et ) Jrlq-:btq-:arﬂrﬂ-ﬂ-‘l-ﬂ-

)
*

)
F o )
-+ F

X
5

&
T
L]
F3

)

L)
&
L)

iy
L
»

»
+ &

Ll U el )

r

& &

i
ok BoX
F F F B

L
"

e

NN NN

»

L ]
»
¥
L

L

& & 0 b bbb EE RS
-

)
ARk

* F I'*I--I-.-

FiG. BA



L

.H
Ll
s
3

- »
-"'-":.-
ko

i |
F
L]
E ]

hatet
H.."I
s

-:1.-' ]

)

Al

X!

A

n
x_M

+l

L]

I:!
]
M
A
A
M
l‘i
-
.

|
|
A
|
Ny

A

|
M
H:Il!
]
L
LR
=

Iil'.:?l”l A
:l!x?d
] A
|
-k
= n
LI ) 1

*-'-'-‘-‘-‘:-*-'-'-*-'-‘-"-‘-.‘

atuamata et

FFF

o 4
& A

o
il{
ST

B

N
il'-ll-:‘i-'-l-‘

it
e

]
II_-l_ ) ~

e .,
'y
»

'.-;...
»

e

s,

8 e

US 11,802,337 Bl

r X
A

A

R o e

i .un.nu r.“n

o

P,
O
L

L
¥ X
) X
u"”“r x>

a-
T B e
&

."u_i...# H._q“._._”_-“.._“...._...”#”t.qt..r.-_ XX
' LAty ..._-.._........v.ql_-_ul”_-_.q AR
atatan P
PP e 2l

i e i

.
" ........4”.4 ity ....T._.-

& dr E A Y | [

e

ll ] E X KX . ] i‘ &
“”.”.”..”_H.”.“””“””HHH”H””“J- * llll"m“""”"H“"mn l ”"”“””H”"”ﬂ Fal N e i el el el T Sl o ol e e .-..-_.-.-..—.-_.-..-_.-.-..—I.-..-_.-.-..—I”l.-l_.-I.-.I"”!I.-..-_!I_!.-_.-.I.L-..—.-_.-..-_!l_ L S el e !I"""-..-.-_&"ﬂ_l.i.-.-..—.-_.-.""“l"'l-_”l_.—.-_.-..-_.-i!i!'!i!i!l”i”i!i!‘!il‘"!"l”h

Sheet 6 of 11

A R R R EERREERE SRR SR LN T L R o N N N N o - . ot
MR KK K K KRN ERER TR AR ERER R TR AR RN R LR LN A o R P O R N T N NN I N N S N T N T R N N T T T N N R N O ]
) .u__u.“r.r.v_”x”r.”x”F.”x”H”xHr.HxHHHnHaH__.“aHHHlHa“l“l“aHa“__.HaHl“lﬂaﬂaﬂlﬂn“aﬂnﬂaﬂnﬂnﬂaﬂa ”._...___._._.__..4.___._._.___.4.___.4.___._...___.4.-..4 o, .__..4”._..“.4H.4”._..H.4H....“._..H.4H.4”._..H.4H#H#H#H#H#H&H#H#H&H#H&H. Tttt eteta® atatet “.-..___ . ettt et e ettt el et ettt o ”._..H.q” A N
A A R e R A R R R R R AR R xR W L e R S a3 S 3 AU 2l
A A R e e al a a a a a aa
a R A e  a a a  a E w  e  w  e w e
AL A K M A K RN N KA AT XA R X AR XXX RS R N
E A A A e e e e e .
T N I o e 'S
E A e e e S e il U sl .
A A N R I e e e e -
A A e e e e e e e e e e e e e e e e .
A A A A A A AR XA A AT AR AT T TR R R XA x e xxxw N] L R kU ) % X
. A N T e e e e e s sl % .
o R A R A T A N RN R YRR AR AR AR I N Py v
MR R N A N A N R N R N X A R R R L C E A SO S Sl S a3l a3l 2l W, P
A N i ) R e e x
AR e o e R R X R R R R R W W R i e e a e i kel . N
A I e e e a3 e T ¥
e ) A Tt T iy Ll T e Ll il Ty L et e e i e . .
N ) e e s -
o ) Wi e & i e Wi i i e & i i X T
F I ) e e CE
P A ) L e S s W, .
KA A NN A AT RREN L el sl U ) ra -
P A ) M e i e il iy i e i Pl .
I T ) R Sl X
A R R R A N N R XX N XA A RN X L e S S S S RCE a3l sl a3 2l ¥ .
E A A ) e e ke a a ar a aal a a a a S -
3 T ) L e X .
A I N e e e i -
A A oo e e e W e e e e e e X e e e sl ol ! .
KA AN AR XL AL RE R E R e e S T -
A AR R R o A A AR R R R, iy ey e e i s .
P A I ) R N A Ta Uy
2 M A T W A A N A A X R R R R R R L S S S a3 a3 sl » .
A R R e e e T ¥
A e e e e e R R R e X R e e e e Pl .
N e N e ) ™ Cx
AR R N N N N A A AR X R R R L O Sl i aC 3l a3l sl al ) .
A e e e e . Cox
0 E LU RO S0 R E S E S A S A0 M E M 2 2 N .
AA MR XX XXX R TR R XXX AR L R S e 3 e sl Ta A
A A e e e e e W R e R R e e L e e a a aa aal a ] P
A o Hat . W
AR R N R R R R R R R R R R e e a3 il s
S A A R e e A e A el s Tat v
o L e a0 i y
2 A A I L L e e 2 v
A e A A e e R R R R e R A i ar i . .
A ) L e S sl - .
Fo L AR e 3 30 3L 3l A, .
Co A ) e N e kT " .
> o L S PR, A . a .
A KA AR AT XX R EETRERE o R e ki a al) L e N L TR .
A A e e e e e e e e L e e s aal aEE alal aal PO A T S T .
b A A e e e e e e e e e . o ) o .
[ A W iy i i e e il e ki d P N .
(A A A e e e e, o o e i a a al a a a) N N N L 1"
AR e e e e e e e e L e i i e . w o
B o e A K R A A K AN TR E R L k) L T S YR a cc ala ¥
1 A A iy e e i e Tl e iy d iy e e i e e et e e T
R N I N N N L S k) L e e e oty i Py I
A N A A e b e i i i e i i i B e e
N N S N N de i i i e e R e e e
AR N e o e e e e L e R S a3 L I I I T s
b R A A A a  aw w  a a i T W R - A A N kS S N
3 i T WA e e e o el e A T iy e Sk e Sl e i i Lol ) L ey i i iy
B A AW AN e M N o . ) e i e e A A T
EE ) L) L e 3 T L I
S A e L e s a a  al a a  aa a ) i -
E T i T ) e S M e ) Tl W e e i e e e e e '
o I L e ﬂ L ) L I I R I I A R iy
P L e e e L S P o I I A el L i
T A A R TR AR AR IR AR IR AR R AN N AN N T A R, o (ol P i i i
) L e e e S U 2l ) A A A M A A A
& R A L e ks Ty T i i
o i e M T sl Wi AL ) L N
(X R R EERER TR IR AN IR IR XX EEER XN AN XA EELE RN e d L) ol
t R P R R e PR MR R R R R MR R P R MR PR X A A A e T i Tt i Sl i i e i i T Tar i ) X a ko
B x e R R REETE X R RE IR IRREEEIEEREEE XL AL TR R M s a i Ty iy - P
R R R R R R R R R R R R R R R R X NN XN AN A iy b et e i i i i e Pl
e N i LY LS
RERERRERRERERRERRERERERRERERRRERR X R XXX X2 i ) W e e e & e e e i dr e ik e Wk W i iy - ™
c E Er R R EE R R R R R R R R R R XXX XXX L N Lol
L ) L sl ﬁ L
IR EEEERERRERREERRERERR TR EEXRE R LY o e )
" x EREREREERRERERERERRRERRREERERRERERRRR Wi e i e ie i e e i e e i b e e Ll )
F EEEFE R R EEE R ERERERER R TII TR R XX XN e e aal al a aE a :
O EERREREREREREERREREERERERERERERRERERRRERERR W e i d e A d ey e i ke e i b b e
EEEErEEEEREERERRRREERRRERE Z R L
" R R R R R R R R R R A iy L il Sy Sy iy i e e e i Sl Ve e i i
EEEFEEREREREERERER L
EERERRREERRERREN W iy e i e i dr i e i i e e
EEEREERERDR N
| R R EEE NN W W W@ drde iy dr iy i e e e i e e
EEE " * L
r u » x ) T iy O L Tt e Sl Tl i iy iy iy e e i e
L e x e
- A e e i et e e i e e i e i i e
o L) i A T T T T T g - |
d
M i e e et et e  a a a a a a ay

Ak R i

)

»
»
¥
F)

& &k & .4”.4 ol ol bl #H;H#H#H;H...H&H;“
A R NN N N N NN NN
O A A MM A AN N AN N NE A

¥
F)
F)
¥
F)
F)
¥
F)
F)
¥
)

L)
E)
L)
XX
o
X
5
x
L)
X
o
X
5
X
X

¥
»
»
»
¥
X
X
¥
X
X

F)
»
¥
»
¥
F)
»
F)
F)
¥
F)

»
»
»
»

XX
»
¥
»
F3
»
¥
»

»

»

»

»

»

»

»

»

»

»

X

»
¥
¥
¥
¥
L)
XX
*x
»
¥
»
»
»
»

E)
¥
¥
¥
¥
F3

¥
¥
¥
¥
¥
¥

.

E3)

]
»
»
»
»
»
»
»
¥
F

L)
¥y
E3)
ER )
M)

»
»
¥
»

¥

B

»
B
»
»
EE)
»
»
¥

»
»
B
l‘l‘l‘l‘:l‘*l‘l‘
ta
¥
&
¥
»
¥
¥
¥
Ea)
¥
»

Lt
L RN
L) o )
i

L]

L)
)
X ¥
L)
»
»
x
X
X
X
x
b
»

Ak
ML AL RN A
Calal;
L
Eal )
LN,

™

B
»
»
¥
¥
¥
¥
F3
F3
»

-
»
)
X
F)
-
X
)
L)
XX
X
»
F)
X
L]
X
»
P
.

»
I
F3
r

L)

»
»

X

»

»

x

»

»
£ NN M
x

¥
XK
)
X X

x
L
L)

* L)
Ea et e el o
* s
Y

»

»

EaE)

»
)
X
L)
¥
X
X
)

»
¥
¥

g i T A
o

-
A
i

»
[
L

¥ X

R )

»
XX
F3
¥
¥
¥
¥
XX
¥

»

X

X

-
y
*
[
Y
ir
o u
*
i
i
ir
Y

X XXX
x

X X K
)
XX KX
)

X

L3 )

Ea)
i
X
»

&
X

F)
»
¥
F)
¥
F3
-
F)
¥
F3
¥
»
»
o
F)
»
¥
»
)
»
»
o
F
»
X ¥
F)
L
XX

r
A

TR el )
r

W

G MRl )

L |

RN
o
Ty
X
X
X
X
Fy
s
XX
X K
X X
Ll
XX
X
Tttty

»
.

o
¥
Ay
¥

I

i

»

¥
i
¥

x
X X
X X

k)
waty
L
X K
L
i
N N )
Ll
X X
L
o
s
X X
X
)
N
.

3
o

X X

&

F
)

F)

X
X
X
X
X
X

)

S N )
N NN N

*
Fy
¥

X F K

RIS
CMCME N N

EE)

E)
¥
F)
F
F
F
F
F

»
)

X

.

5

N N XK X XN

ERE 3E0E B0 aF ME E RE P

»
)
E )

¥
»
L

ToraTeTe

o

»

X

X
444:
Fy

X
444:
o
AN
XX K X K X
X X K ¥
E )
E )
)
s

.

1)
»
»
XXX XX XK

.
¥

FY

o
X X K KX
X

*
L)

»

»

»

&

X

»

4-:4-

¥

o

4-:4-4-
)
)

X

»

x

X B KK KX

x

X

X

X

»
AR XK X XK KX

s sl )

B
¥

aa
»
W
»
»
o
»
»
»
»
&
»
»
»
»
»
y
L)
XX
XX

)

L
.___._._H.___”.___H...H.__.H.._H...H...“.._H.._.q....__. L
LR R e e x e L

:4-
L)

E3)
S S Rl )
X
Fy

L)

&

X

X

L)

)

X

N )

XX

L E S 0 )

E X E NN E NN KX

X
F3
X
[
[

.___.4.__..4.4...4”.4....4.4#.4.4....4.4.4.4.4......”.4”...”...&*”

AE A A A A A G A G A AL AR

i A A M L AL AL NN AL LN AL AL

AAA AR A AR R AR R R R Rk

R N NN N NN N

o B A e N AL N NN N DL A N

* i ir i

NN ...H.q....q..........q....q....q....q....q......”...u.qu

o e LA N LN M N LD N N

W A A A A AR ke ke

N N N NN N NN NN NN

P AN N D AL N N N P

W dp e ey i e e i iy

NN .4..........4....4....4...4....4&...”..”4

W e ap i iy e e dp e iy

...”...”...H...H...”H””H”” ........_........__....._............__.......”...H...”

M N N N N NN

L LA NN A A E NN A

RN NN N N N

A A A A A kA

o e P A N M M AL AE N

A A A

W dr e e dr gk ik o i i i e
i
™

B
»
5
¥
¥
¥
¥
¥
T
ol
Jr:dr
¥
T
-
¥
¥
¥
¥
¥
¥
¥
¥
¥

“i‘i‘i L]
F
F
¥
F
¥

¥
i
¥
¥
¥

(o

o CT

X X
L
X
S
)
X

i i
.._...HJH;H...”...H...H...H...H...H... s ...”.._. e
N e - .4.4...4....._......................”..”...”...” H H...H H H H
L aE N ol o L)

i e i iy dp e ey b
I dr ko i i
.._._._.....____...._...._..._..............._.......H... ...H..........H o T
e B AL NN N N A N

e
Fy

.'
)
F
F)
Fy
+
i
F)
+
-
XX
F)
»
XX
F)
Fy
F
F)
Fy

i
X

x
iy

X XX
F

.

dr i e

)
X

i d
i

»
»
X
I3
I
i
X

F3
¥
F3
F3
F3
F3
F3
F3
X
»
F3
»
F3
F3
F3
F3
¥

)
¥
)
F
¥
F

ey

¥

¥

¥

¥

F3

¥

¥

¥

¥

¥

¥

X ¥
X
.

X
X
X
)
X
X
)
F
i
F
F
o aF a
F

EREN )

X
i
X
x
i
X
Fy
¥
¥
X X KK
E R 0 af o aF 3 )

¥
i
F3
¥
¥
i
¥
¥
¥
¥

iy
P )
X
K
¥
X
K
¥
X
Ea )

F3
¥
¥
F3
¥
¥
F3
¥
¥
F3
¥
¥
F3

I
¥
¥

»
5
o
»
s
¥
X K
w et
#:Jr:#
Jr"ar:
:*:*
X X
Ea
XX
X X
s
X K
XX
e
X ¥
X X
s
X &
XX
s
X K
XX
XX
L
XX
X ¥

»
»
»
X
¥
F
F
F

F ol
F
F
F
¥
F
F)

»

»

»

»

»

»

»

.y
i
-
»

»

X

L
i
X K
)
¥ X
)
)
o
x
X
X
X ¥

¥
¥
¥
F3

»
»
F
»
»
»

¥
¥
F3
¥
¥

»
¥
¥
&
¥
»

F)
F)
¥
F)
F)

»

»

EE)

»

»

»

+
¥
F
F

L )
»
»
B
»
X
B
¥
¥
B
¥
¥
¥
¥
X ¥

F
»
F
¥
»
F

L ]
»
»
»
»
¥
X
¥
¥
¥
»
¥
.

XX X XK XXX XN N XXX
Fy

¥

ERE )
»

»

XXX
¥
Fy
X
¥
X
.

B
»
»
»
»
»
»
B
»
»
B
»
¥
¥
L
&

X
X
5

[y
L M )
._..H.q”.q”... ar .q”... "y
A AN AL
....__..___....._.....4.......__..__.
....
.-.
.-..

Jr:Jr
*x
X
x
F
.

»
F3
¥
»

-

L)
i

i

X
)
X K X KK
X X
X
Fy
F
x
Fy
F
.

E )

¥
»
¥
F
F

ir

X
X
X X

E o )
.

Fy
»
F)
»
F
)

)

L) 4.-“.-”.-“.-“.-“.-“1“ H.__.“.__.“.__..._.
R N N )
L 30 3 0 R
L E E N a0l
M MM MM MM
"+

F)
F)
¥
F

.

L )
F3
X
¥
F3

-
L) Ll

L NN
A
AR e R A
LR R e e )
I MMM

i

-

s
¥ i e Ll
¥ i i P
* *

" i

B
¥
¥
¥
¥

»
»
»
¥
»

a i
A Ay

-
iy

¥
¥
F3
F3

.

&
K
E)
L)
X X

i X
L)
)
E)
X N K X

»

x

»

»

»

a
Ny
K

»

- ar

L 3 N k]

.4H...H.-. - .___H... L) .4”.__”.4”.._.._..-..___.-_.__..-_.___

L C 3 et Rl )

L) L]
.
-

NN

X %
L3N )
L
e
L
e
X K

x

X

x

x

x

X

)

X

E 3 )

»

X

.

*

»

L )

»

»

»

»

¥

»

¥

»

F3

"
4‘4‘4‘4‘4‘4‘4‘*4‘4‘4‘4‘4‘4‘
l‘l‘l'l‘l‘l‘l‘*l‘l‘l‘l‘l'

»

¥

EE M )
Fy
»
X
»

.4
.-.
MM MMM MM MM M H
*
*

»
¥
¥
¥
&

»
»
F)
F

o o T
o R AL N
i -
o )
¥ ......................4....__..4...H””
AW & e e i i dr dr i i i
LR aE e 3 ” i ”H””................q.................q.
R M R M NN MR MMM MMM N NN L
AAA A A A AR A AR LA LR oy .
iy dr i i
......_.._....._..........._.._.._................._.._.....
AA A A R e e e e e e e e e
L g S N
.__..._._...4....4........4....4........._.._....._...4..._.”_....._..4.
H H...............___...._...._..__.........
AA A A e e ay iy dr
i k aE i
i i
ir
ir

|
]
4
e
[}
&
&
[}
&
&

»
»
»
»
»

XX
»

XX

X

[
"+
*
*
AT T
L C 30l a )
Fy
"+
*
*

¥
»
¥
»
¥
¥
¥
¥
F3
¥
4-:#
XXX
¥
¥
¥
»
»

»

*
* L)
[

&
L
»
»
»
»
»
»
»
»
F)
»
F)
F
F
F
F
¥
F
¥
F
.
L
L NG

Ca k)
Calal
)
Calal
WA A i e e e e e e i o
Cal )
Wi e X o
o ...””....q.q
" EaC )
i i
i i Pl e
Ea N L )
i A e
L i
r i iy i e i i i
L LAl ) .
™

EE 3 aE uE al aF o aF

L
L
»
Fy
L
)

»
)
X
F )

i
ks ....4.......4.............4....4........_...”.......
._...q._...q...
....
....

»
X
X
»
P

PN
»

.4.__. .4
L S0 S s )
CaE s ) L
AR Rk R R AR R
*
L]

]

»

»
»

¥
¥
¥
X ¥
XX
¥
F3
F3
F3
¥
F3
¥
X
N

&

* * L

E N e
)
»
X
Fy
Fy
X X
)
X X X
¥

Fy
¥
F3
I3
.

AN ....4.;.4”&4
NN N NN ML NN MR N DN N
L e N

»

i
i

- - r
e e e e A o
[ ]

G R A R AR AT AL N

E3)
o
DR R
KTy
x

L)
Ty
X

X X X X

¥

X
X
X
X
[

E e 30 SF B 08 E 0F ol af )
i
X
x
X
X
x
i
.

X X N XN XN
NN )
X X X % i
X
XX KX

X
X X KK
Fy

&
L)

X
Vs
X

X K X
L
K

)

X

¥
¥
¥
X

.

L 3 X
»
I EE NN NN NN N
»
™
X
Fy
&
X

U )
Lk e )

ir
*
ir
*
ar

¥
L)
¥

U.S. Patent



US 11,802,337 Bl

& & S

L) .4...4.4....4.4.44.4...4.___.......___...“IH-“.. .-

N .___.__ﬂin-... .

I R I gy iy L

.__.444444444444&##444#;#%1.

R N el w .

L S S s S ) .

ol 4.4.4.44.44.4._...4.4...4.4.__..4._._.44._,..4.44.4“.4H.4”._..H.4H.4“4“4“4”...“&”4“...H4"._ﬂau1..-|i1_-1r.

A e e e e e e e .

L o o Y - -
F N A N O N W Co.
A A A AL A AN R A R

S
-

+44r4-:44-q-4
NN N )
»

L
]
*
]

i
& d &
.qu.qu.q
o
ol
)

&
*
[}

»

N SN NN )
1)
)

L
L
FY

»

ENE N
R KX
LN
EaE

L
L
NN

N N N N NN
NN NN )

L)
L)

W e o e e A A i e 0 i

Sheet 7 of 11
S

L
e .-_....r....a....._........q..........q.................w

A N

-
.r...r.
r O’

B
roa
"o
s

r

T . 1...h..1.-.1.-1
ol e Hﬂi T
L5 g e
. we's .H&H”"u".q”.qi g ..qt.q.___”.q“ ok ”Ln... "
! 5 P N T
. R N L A L
' A e S M.

- ...m .-_I.UI-_ T o i e i

o
ra = = a
h r o= )

- T H
) L A A A A R e e e e kA
- e M
gL b e e e
N b
B e e, B

F e ik
e NN N N N
g A e e e
k .-.... ™ T.r.-..-.r.._..r....r.._..r....r.r.... l.._.
Lo Ea

Oct. 31, 2023

U.S. Patent

8 ld

Lot .
j.‘ﬂ.-'ll.

.
T

-
-Erb
._._....._...4“.__..4....._...._.._._.__........ ¥ .
Pl
.
*
q.__.-.wn ._._”._..“.4H._._”._..”._._H.4H...”.._H.._”...”&H.._H&HJH#”...#.-_...;”
. W e W e Wk
L A a3l
N e sl )
S Sl sl
! R M) - ...
C Sl S At N S - .
A P e N N L O N AN e A i '
o P M M R
L) L S SN N )

L e e e a )
.r.r..1.....1.._.r.__..4.4___..-_.4.....4.4_............-.4....4.-..........-.-............-.....-....,
PR N el o s )
h & &

".4 P .._H...”..HJH;”...H.-”...”....-L..L._....-_.._......#
) i & & ke d

.

-
e,
P o e )

ar p i ik
B N NI N N IGN R
) dr ol dr dr iy e de g iy A

ot ) s
R
OO N N M NN

- L] L ] LI

. 1_-_-_I-.I”..|.4 A

r ]

"m
r

F bk
m = 1 = 33

Y b'J-Tl*}*b*b*b*bkb*btb*b*btb*b*b-
ik
.

o ko b b e koM ]
N N

- -
Y .

.4”4”...”_..._".__."._.&-.- L_...
L N e -
E e L) .
...._...._.&#i##;i#;&#&i*}ki&t#;&ﬂlﬂ!&: i
AR e A e e W -
|.._.__....._...__.._._4.____...4......4..._..4_4..._...-_..44...4.-_..-_4...34 N
*&;#&##;#*#;#&;*#Iﬂiﬂif. :

N R N O AN - - -
L N N A A R M M e A N N e e e A ]
At Mo M LA L N LA e ML N
T U i el e e e e . A
o R g M ey ol
» b L e A e S SN N SO S SR SN

L o o
B BRI

ur il e -
.4.__.....___.__..4..”4“".“ T . .-.4”1.._.__.-“.___“.. .
’ ! ..t..-”-v S A
B e e x .
o t"-_ :&4;14.-44;1...-4&4.-&.-4.-"1"&”4 .

L L A

q. ..
» ur .

ALt Mt AL N Wl A .
L R e e

CC N e

X ek kR

RXXNHRR I
R E-.. )
' . ..

ottt

.-.llill..-_l.rin.r.._n.._.._.._.._.._.._ni.r.._.r.._.._ "

S N R

'
AN ) e 1y . uﬂuﬂ T T g .._.__”.rn.__“.._“.r”.r“.._“-.r.r”.r”.r”...._..“.._wnn...n.... »t
" T ._.ﬁI"I“-_ - e A R M ol mt e T T,
L ._..-.4.__.;&#ﬁ&i;&##&#;;##&#;;#t&!ﬂ.ﬂ.l” .-_"lul"-."-. ! A bt Al ..,.-..4.-_....___.4.__.4!” R N A A R AR
N o T » P T A T e
o et T e e i T e L A e el R N N N N ar N
.!ﬂﬂt...&.._....___.q....-4...44...44...44...4.._...._._4... T e
- P A A A e at et WA A e NN
e P e e N e a Al s e Mt AL Mt -
. -¥- sl e L el o
4 . n'm » L e N A Ny 'y
x . e P A e A ) el
N . -¥- P T P
X i O Al o
‘el ' - ..-iw-mlx.._..._....___...iiur o .
h_ . . : g o
O ] . I ......-.-.-".__.. L)
- ) L EE ety
- . *
n d
.
.
.
.
.
" T B A g
-1 L L
- T ¥
x
A LN N A
2 g,

-
. e X ¥ 1

.'.T.T

.—......r....h.-.._._..

.r‘l.‘.l.ij. Lo .
.



U.S. Patent

Lo
2

Oct. 31, 2023 Sheet 8 of 11 US 11,802,337 B1

----------------------------------------------------------------------------------------------------------------------------------------

-

- m =

904

____________________________________________________________________________________________________________________________________

Dipping the untreated filter paper in photoresist and ss:}ft

naking the dzpped fitter paper

Exposing the sofi-baked filter paper {o plasma for
maskiess pattemmg

Dipping the exposed filter paper in developer and hard
haking the dzpped filter paper

Treating the hard baked filter paper for hydrophilicity
using plasma, to thereby generate fithographically
natterned paper

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
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ATMOSPHERIC PRESSURE PLASMA BASED
FABRICATION PROCESS OF PRINTABLE
ELECTRONICS AND FUNCTIONAL
COATINGS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional

Application No. 61/932,609, entitled “Atmospheric Pressure
Plasma Based Fabrication of Printable Electronics and Func-

tional Coatings,” filed on Jan. 28, 2014, which is hereby
incorporated herein by reference 1n 1ts entirety. This appli-
cation 1s a continuation of U.S. patent application Ser. No.

16/282,161, filed Feb. 20, 2019, which 1s a continuation of
U.S. patent application Ser. No. 14/515,072, filed Oct. 14,
2014, which are hereby incorporated herein by reference 1n
their entireties.

ORIGIN OF THE INVENTION

The mmvention described herein was made 1n the perfor-
mance of work under a NASA contract and by an employee
of the United States Government and 1s subject to the
provisions of Public Law 96-517 (35 U.S.C. § 202) and may
be manufactured and used by or for the Government for

governmental purposes without the payment of any royalties
thereon or therefore. In accordance with 35 U.S.C. § 202, the
contractor elected not to retain title.

FIELD OF THE INVENTION

The present invention relates to plasma processing, and
more particularly, to aerosol-assisted deposition using atmo-
spheric pressure plasma.

BACKGROUND OF THE INVENTION

The need for low cost and environmentally-friendly pro-
cesses for fabricating printable electronics and biosensor
chips 1s rapidly growing. In the fabrication of electrode
maternals for solar cells and printable electronics incorpo-
rating metal and semiconductor nanostructures, the research
has been focused on drop casting with drying, immersion,
spin coating and, more recently, aerosol deposition.

With the advancement of flexible electronics and wear-
able monitoring devices, the need for very simple and high
throughput fabrication process i1s growing. Nanomaterials
have been applied to both printable electronics and chemical
and biosensors for signal transduction and amplification.
The existing fabrication techniques have multiple process-
ing steps. Also, the existing fabrication techniques, such as
vacuum based chemical vapor deposition and plasma
enhanced chemical vapor deposition, require high tempera-
ture environments for the growth of nanostructures, restrict-
ing the matenials for substrates. Also, the need for vacuum
results 1n additional costs through vacuum pumps and
energy resources.

The conventional wet process-based growth techniques
for depositing metal and/or semiconductor nanostructures
on substrates have technical difliculties. For example, the
conventional drop casting of nanostructures results 1n very
poor adhesion. In another example, the conventional print-
ing technology for printing and patterning conductive traces
and 1sulating coatings at room temperature cannot be
applied to complex three dimensional surfaces. In yet
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another example, recent developments in 1nk jet printing are
only applicable to limited materials for substrates.

Paper based sensors are the most recent developments 1n
the biodiagnostics field. In order to use filter papers as
biosensor chips, the papers need modification to incorporate
microfluidics and surface treatment for fluid transport, nano-
structures for biomolecule detection and/or signal amplifi-
cation/transduction, and chemical functionalization for bio-
assays. Development of multifunctional paper platiorms by
combining these functionalities requires several processing
steps and use of different platforms/tools including high
precision printing, patterning, lithography, surface modifi-
cation, drop casting, and drying.

Each processing step requires a set of separate processing,
tools, such as masks, UV source, and plasma chamber for
lithography. For example, the exposure of channels to oxy-
gen plasma increases the wettability of the channels, but this
technique 1s known to be transient 1n nature and highly time
dependent and hence would affect the longevity of the sensor
chip. Use of wet chemical process/drop casting adds another
processing steps. Also, poor sensitivity of the chips 1s a
serious concern. There 1s no one single tool that can perform
most of the steps for the conventional fabrication processes
and at the same time provide high sensitive chip surfaces.

Plasma printing of conductive traces, insulating coatings,
and nanostructures will enable manufacturing of parts 1n
space as and when the need arises. However, carrying the
conventional plasma apparatus from the earth to an inter-
national space station (ISS) 1s an expensive mission due to
the heavy weight of the apparatus. For biodiagnostics in
space, developing paper-based diagnostic devices 1s highly
desirable 1n microgravity environments as the fluid transport
in paper 1s driven by wicking. However, in the conventional
approaches, controlling the flmd flow 1n sensor chips 1s a
challenging task.

Thus, there 1s a need for a system that can generate
atmospheric room-temperature plasma for fabrication of
printable electronics and functional coatings on two and
three dimensional objects, textiles, and porous materials for

both terrestrial commercial applications and use in space
missions.

SUMMARY OF THE INVENTION

Embodiments of the present invention includes an appa-
ratus for generating plasma, where the apparatus includes: a
nebulizer for generating aerosol of a precursor; a chamber
for receiving the aerosol from the nebulizer, a wall of the
chamber having a drain to collect droplets condensed from
the aerosol; a nozzle for mixing a first gas with the aerosol
from the chamber; and a pair of electrodes disposed on an
outside wall of the nozzle and adapted to turn the first gas
into plasma during operation, wherein the plasma containing
the aerosol exits the nozzle at an atmospheric pressure.

Some features and advantages of the invention have been
generally described 1n this summary section; however, addi-
tional features, advantages, and embodiments are presented
herein or will be apparent to one of ordinary skill 1n the art
in view of the drawings, specification, and claims hereof.
Accordingly, 1t should be understood that the scope of the
invention 1s not lmmited by the particular embodiments
disclosed 1n this summary section.

BRIEF DESCRIPTION OF THE DRAWINGS

References will be made to embodiments of the invention,
examples of which may be illustrated in the accompanying
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figures. These figures are intended to be illustrative, not
limiting. Although the invention 1s generally described in the

context of these embodiments, 1t should be understood that
it 1s not itended to limit the scope of the mnvention to these
particular embodiments.

FIG. 1 shows a schematic diagram of a system for
generating atmospheric pressure plasma according to
embodiments of the present invention.

FI1G. 2 shows a schematic cross sectional view of a plasma
generator in FIG. 1, taken along a plane parallel to the paper.

FIG. 3 shows a schematic diagram of a system for
generating atmospheric pressure plasma according to
embodiments of the present invention.

FIGS. 4A and 4B show scanning-electron-microscopy
(SEM) 1mages of carbon nanotubes deposited on a silicon
waler using an aerosol spray with and without turning on the
atmospheric room-temperature plasma in the system of FIG.
1 (or FIG. 3), respectively.

FIGS. SA-5D show SEM images of untreated nitro cel-
lulose paper, carbon nanotubes deposited on paper, gold
nanoparticles deposited on paper, and silver nanowires
deposited on paper, respectively, where the carbon nano-
tubes, gold nanoparticles, and silver nanowires are deposited
using the system in FIG. 1 (or FIG. 3).

FIG. 6 A shows a SEM 1mage of silver nanowires depos-
ited using the system i FIG. 1 (or FIG. 3) and FIG. 6B
shows Fourier-Transter-Inirared-Spectroscopy (FTIR) spec-
tra of dielectric coatings deposited on a silicon waler using,
the system 1n FIG. 1 (or FIG. 3).

FIG. 7A shows silver nanowires deposited on an exem-
plary complex three dimensional feature, which has a shape
of owl and 1s made of thermoplastic material, with rough
topographical features using the system in FIG. 1 (or FIG.
3).

FIGS. 7B-7D show SEM immages of a section of the 3D
printed owl 1n FIG. 7A at three diflerent magnifications.

FIG. 8 shows exemplary steps for patterning paper using
a maskless lithography technique, where the system in FIG.
1 (or FIG. 3) 1s used as the light source.

FIG. 9 1s a flowchart of an exemplary method for pat-
terming paper using a maskless lithography technique
according to embodiments of the present invention.

FIG. 10 shows patterns of liquid droplets placed on
untreated filter paper and filter paper that 1s lithographically
patterned according to the method of FIG. 9.

FIG. 11 shows patterns of liquid droplets placed on paper
that 1s lithographically patterned according to the method of
FIG. 9 and on photoresist paper that 1s not patterned.

FIGS. 12A-12E shows microscopic fluorescence images
of paper sensors immobilized with single strand DNA
containing Cy3 flourophore according to embodiments of
the present mnvention.

FIGS. 13A and 13B are top and side views of water
droplets placed on filter paper, respectively, where a portion

of the filter paper 1s treated using the system in FIG. 1 (or
FIG. 3).

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(L]

In the following description, for purposes of explanation,
specific details are set forth 1n order to provide an under-
standing of the mvention. It will be apparent, however, to
one skilled in the art that the imvention can be practiced
without these details. Furthermore, one skilled in the art will
recognize that embodiments of the present invention,
described below, may be implemented 1n a variety of ways,
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such as a process, an apparatus, a system, a device, or a
method on a tangible computer-readable medium.

Reference 1n the specification to “one embodiment,”
“preferred embodiment,” “an embodiment,” or “embodi-
ments” means that a particular feature, structure, character-
1stic, or function described 1in connection with the embodi-
ment 1s included 1n at least one embodiment of the imnvention
and may be 1n more than one embodiment. The appearances
of the phrases “in one embodiment,” “1n an embodiment,” or
“in embodiments™ 1n various places 1n the specification are
not necessarily all referring to the same embodiment or
embodiments.

It should be noted that steps or operations may be per-
formed 1n diflerent orders or concurrently, as will be appar-
ent to one of skill in the art. And, 1n some instances, well
known process operations have not been described 1n detail
to avoid unnecessarily obscuring the present invention.

Components shown in diagrams are 1llustrative of exem-
plary embodiments of the invention and are meant to avoid
obscuring the invention. It should also be understood that
throughout this discussion that components may be
described as separate functional units, which may comprise
sub-units, but those skilled 1n the art will recognize that
various components, or portions thereof, may be divided
into separate components or may be integrated together,
including integrated within a single system or component. It
should be noted that functions or operations discussed herein
may be implemented as components. Components may be
implemented 1n soiftware, hardware, or a combination
thereof.

Embodiments of the present invention include apparatus
and methods for stable, well adherent and repeatable depo-
sition ol nanomaterials, organic and norganic functional
coatings by aerosol-combined atmospheric and room-tem-
perature plasma. In embodiments, the atmospheric pressure
plasma apparatus 1s capable of printing and patterming
conductive traces made of metal micro/nanostructures
(nanowires, nanospheres, and nanoprisms), carbon nano-
tubes, conductive polymers, mnsulating and dielectric coat-
ings, organic lunctionalities and 1norganic coatings. In
embodiments, the atmospheric pressure plasma apparatus
may be applied for room temperature deposition in which an
aerosol carrying at least one of the desired substances for
deposition 1s introduced 1nto a cold plasma jet operated at
atmospheric pressure. In embodiments, the atmospheric
pressure plasma apparatus may perform multiple functions
with superior deposition capabilities. The multiple functions
include (a) plasma pre-treatment to increase adhesion, (b)
highly uniform and enhanced deposition of nanostructures
on various substrates, and (c) plasma post-treatment to
remove moisture. Also, in embodiments, the atmospheric
pressure plasma apparatus may be applied to deposit mul-
tiple components, such as conductive traces, semiconductor
matenals, and dielectric coatings, to fabricate electronic
devices.

In embodiments, the atmospheric pressure plasma 1s cold
atmospheric plasma with a dielectric barrier. The atmo-

spheric pressure plasma causes minimal or no thermal effect
on the substrates. In embodiments, the atmospheric pressure
plasma may serve as a versatile tool for patterning electrical
connects and insulating coatings. For instance, the atmo-
spheric pressure plasma may be used to print conductive
traces on a rough non-uniform 3D printed object made of
acrylonitrile butadiene styrene (ABS) thermoplastic. In

another example, the atmospheric pressure plasma may




US 11,802,337 Bl

S

enable mtegration of electronic components 1n textiles that
can be applied to wearable devices for monitoring astro-
nauts, athletes and patients.

FIG. 1 shows a schematic diagram of a system 100 for
generating atmospheric pressure plasma according to
embodiments of the present invention. As depicted, the
system 100 includes: a plasma generator 102 for generating
plasma (or plasma jet/plume) 104; gas supply 106a-106¢ for
supplying gases to the plasma generator 102 via gas lines
113 and 115; gas flow control units 112¢-1125 and 114a-
114¢ for controlling gas flow rate in the gas lines 113 and
115; one or more pumps 120a-120¢ for containing precursor
material (such as nanocolloids) and supplying the precursor
material to the plasma generator 102 via a tube 122; a power
supply 140 for supplying electrical power to the plasma
generator 102; and a drain container 116 for containing
precursor material drained from the plasma generator 102
via a tube 117. In embodiments, the precursor material (or,
shortly precursor) may be 1n the form of colloid, liquid, gas,
gel, powder, solid, monomer, polymer, or combination
thereof.

The plasma jet 104 may be applied to a substrate 130
mounted on a substrate holder 132, such as automated x-y
translation stage. It 1s noted that other suitable types of
substrate holder may be used to hold and move the substrate
130 relative to the plasma jet 104. For instance, the plasma
jet 104 may be used to print conductive traces on the surtace
of a three dimensional substrate. In such a case, the substrate
holder 132 may rotate as well as translate 1n a three
dimensional space. The gas supply 106a-106¢ may include
one or more gas containers for storing various gases, such as
Ar, CO,, nitrogen, oxygen, methane, acetylene, He, air, and
any combination thereol. For brevity, only three gas tanks/
storages are shown in FIG. 1. However, 1t should be apparent
to those of ordinary skill in the art that other suitable number
of gas tanks may be used 1n the system 100.

For brevity, only three pumps 120a-120¢ are shown in
FIG. 1. However, 1t should be apparent to those of ordinary
skill in the art that other suitable number of pumps may be
connected to the tube 122 to provide various precursors
and/or nanocolloids. Each pump, which may be a syringe
controlled by a controller (not shown 1n FIG. 1), contains
precursor that has matenal to be coated/printed on the
surface of the substrate 130. It 1s noted that other suitable
types of precursor supplying mechanisms may be used in
place of the pumps.

FIG. 2 shows a schematic cross sectional view of the
plasma generator 102 i FIG. 1, taken along a plane parallel
to the paper. As depicted, the plasma generator 102 1includes:
a spray nebulizer 156 for forming fine mist (or aecrosol) 160
of the precursor supplied through the tube 122 (such as
capillary); a spray chamber 154 having a generally cylin-
drical shape to contain the aerosol and coupled to the spray
nebulizer 156; a spray nozzle 150 coupled to the spray
chamber 1354; and a pair of electrodes 1524 and 1525
coupled to the power supply 140 and separate from each
other by a predetermined distance (such as 3 mm-10 cm),
where a preset voltage 1s applied across the electrodes to
generate plasma inside the spray nozzle 150 during opera-
tion.

The pair of electrodes 152aq and 1525 may be formed of
any suitable metal, such as copper. Each of the electrodes
may have a suitable shape, such as ring, where the shape of
the electrodes aflects the characteristics of the plasma 104.
The distance between the pair of electrodes 1524 and 1525
may be determined considering various factors, such as the
configuration, size and nature of the spray nozzle 150.
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As discussed above, one or more precursors may be
supplied to the plasma generator 102 by suitable pumping
mechanisms, such as syringes 120a-120c¢. Also, a carrier gas
that 1s supplied through the gas line 113 1s introduced into
the spray nebulizer 156 via a gas ilet 157. The spray
nebulizer 156 has an opening for receiving the tube 122 and
an outlet disposed 1n proximity to the tip of the tube 122. As
the precursor reaches the tip of the tube 122, 1t 1s bombarded
by the carrier gas flow and a fine aerosol 1s formed 1n the
spray chamber 154. In embodiments, the outlet of the spray
nebulizer 156 may have a conical shape.

A portion of the aerosol may condense on the sidewall of
the spray chamber 154. The condensed and/or larger drop-
lets (heremaftter, referred to as droplets) may fall into the
opening (or drain) 155 formed on the sidewall of the spray
chamber 154, to thereby be collected 1n the drain container
116. The droplets will accumulate over the opening 155 until
the negative pressure at the end of the tube (such as
capillary) 117 of the drain sucks the excess precursor out.
This excessive precursor may be collected 1n the drain
container 116, such as beaker or other suitable container, and
may be reused by the pumps 120a-120c¢ 11 contamination 1s
not an 1ssue. The reuse 1s optional, to be determined on a
case by case basis.

The finer aerosol particles 1n the aerosol 160 may have
enough momentum to reach the electrode junction and are
shielded from 1gnition by the spray chamber 154, where the
spray chamber 154 may be formed of dielectric matenal,
such as glass, pyrex, and quartz.

The primary gas that 1s supplied through the gas line 115
1s introduced into the spray nozzle 150 via a gas inlet 151.
This gas 1s turned 1nto plasma by the pair of electrode 152a
and 1525 and accelerated to the exit 153 of the spray nozzle
150. Then, the acrosolized precursor (i.e., the acrosol 160) 1s
introduced 1nto the high energy plasma jet and also accel-
erated out of the nozzle exit 153 to a relatively fine spot size.
The spot size of the plasma jet 104 may be adjusted by
controlling various parameters, such as the exit diameter of
the spray nozzle 150. In embodiments, an additional gas line
(not shown 1 FIGS. 1 and 2) may be used to supply gas via
the gas inlet 151 to facilitate plasma 1gnition as well as focus
the spot size of the plasma jet 104. Heltum may be used as
the primary gas though other 1nert gases, such as argon and
nitrogen, may be used as well. Different gases may require
different operating voltages depending on their own 10n1za-
tion potential.

The characteristics of the plasma jet 104 are determined
by at least one of the following parameters: voltage applied
to the electrodes 152a and 1525, separation between the
clectrodes 152a and 1525, configuration of the electrodes
152a and 15254, distance between the electrodes 1524 and
1525, nature of the primary gas, ratio between the flow rate
of the primary gas and the flow rate of the precursor,
diameter of the tube 122, flow rate of the primary gas into
the inlet 151, and tlow rate of the precursor through the tube
122.

In embodiments, the spray nebulizer 156 may be made of
quartz and have a diameter ranging from 100 micrometer to
5 cm. The flow rate of the precursor received through the
tube 122 may range from 1 microliter per minute (ul/min)
to 5 milliliter/min (mL/min). In embodiments, the spray
chamber 154 may have a substantially cylindrical shape and
its diameter may range from 1 cm to 10 cm. In embodiments,
the spray nozzle 150 may have a cylindrical portion and a
conical portion, where the diameter of the cylindrical por-
tion may range 100 um to 5 cm. The length of the spray
nozzle 150 may range from 1 cm to 10 cm, where the pair
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of electrodes 152a and 1525 may be made of copper and the
distance between the electrodes may range from 5 mm to 10
cm. In embodiments, the flow rate of the primary gas ranges
from 100 sccm to S000 sccm and the gas line 115 1s used for
introducing suflicient gas species to facilitate plasma dis-
charge as well as focus the spot size. In embodiments, the
carrier gas carried through the gas line 113 has a flow rate
ranging from 100 sccm to 5000 sccm.

In embodiments, the power supply 140 may apply a high
voltage (between 200V to 15 kV) between the pair of
clectrodes 152a and 1525H, causing the gas in the spray
nozzle 150 to turn into atmospheric plasma 104.

FIG. 3 shows a schematic diagram of a system 300 for
generating atmospheric pressure plasmas 304a-304¢ accord-
ing to embodiments of the present invention. The system
300 1s similar to the system 100, with the difference that the
system has multiple plasma generators 302a-302¢ for depos-
iting multiple materials either simultaneously or sequen-
tially on a substrate and for high throughput processing.
Each of the tubes 326 may be connected to pumps/contain-
ers having either single precursor or different precursors to
tacilitate multiple depositions. In embodiments, each of the
plasma generators 302a-302¢ may be automated and con-
trolled individually to precisely control the characteristics of
deposition.

For brevity, the gas supply coupled to the gas lines 320
and 324 and one or more pumps coupled to the tubes 326 for
providing precursors (such as nanocolloids) are not shown 1n
FIG. 3. Likewise, the drain containers coupled to the tubes
322 are not shown 1n FIG. 3.

In embodiments, the system 100 (or 300) may be used to
deposit nanomaterials 1n a stable, well adherent and repeat-
able manner and to form organic and/or inorganic functional
coatings by aerosol-combined/plasma-based printing. In
embodiments, the plasma-based fabrication mvolves aero-
sol-assisted room-temperature printing, where the aerosol
160 carrying at least one of the desired substances for
deposition 1s introduced 1nto a cold plasma jet 104 operated
at atmospheric pressure. In embodiments, the necessary
requisite for the printing/coating process may be the com-
bination of low temperature atmospheric pressure plasma
104 and the aerosol 160 containing the material to be
deposited. The deposition on the surface of the substrate 130
1s the result of the interaction of the aerosol 160 containing
the precursor material with the atmospheric pressure plasma
104 containing the primary gas introduced via the gas inlet
151. The role of atmospheric pressure plasma includes: (1)
activation of the material, present 1n the aerosol, to be
deposited and the surface to be coated, (11) enhancing the
adhesion of the material to be deposited on the surface; (i11)
facilitating non-aggregated deposition 1n case of metal nano/
microstructures through electrostatic interactions and repul-
sions within the plasma jet 104 and {facilitating plasma
polymerization 1n case of organic and inorganic coating
deposition through formation of reactive radicals and 10ns as
the aerosol 160 enters the plasma jet 104; and (1v) post
plasma treatment to remove moisture from the deposited
nanomaterials. In embodiments, the atmospheric pressure
plasma jet 104 may be used to deposit multiple components
like conductive traces, semiconductor materials, and dielec-
tric coatings to fabricate electronic devices.

In embodiments, silver nanowire conductive traces, car-
bon nanotubes, and S10,, dielectric coating may be deposited
on flexible cellulose acetate-based transparent substrates.
For S10, deposition, the system 100 (or 300) may be used to
integrate processes that conventionally require multiple
deposition tools including high vacuum physical vapor

10

15

20

25

30

35

40

45

50

55

60

65

8

deposition (sputtering), chemical vapor deposition, and
lithography technologies. In embodiments, sequential depo-
sition of a scratch-resistant dielectric coating on conductive
traces may be performed, where the sequential deposition 1s
essential for the fabrication of flexible electronic devices.
In embodiments, the system 100 (or 300) may be used to
print conductive traces on a rough, non-uniform 3D object
made of acrylonitrile butadiene styrene (ABS) thermoplastic
and also on flexible cotton textiles. For the deposition of
conductive traces and/or semiconducting regions, the pre-
cursor colloids containing carbon nanotubes or metal micro/
nanostructures or conductive polymers may be provided by
the pumps 120a-120c¢. For insulating, dielectric, inorganic
and organic coatings, appropriate precursors containing the
monomers may be provided to the system 100 (or 300) and
polymerized by the plasma jet 104 (or 304). In embodi-
ments, a wide range of materials/coatings may be deposited
on two and/or three dimensional objects and on porous

substrates. Followings are exemplary applications of the
system 100 (or 300).

Aerosol Assisted Plasma Deposition

In embodiments, the system 100 (or 300) may be used as
a means for depositing micro/nanostructures on two and
three dimensional objects/surfaces, textiles, and flexible
substrates, with good adhesion to the surfaces thereof. The
micro/nanostructures may include, but not limited to, con-
ductive materials including carbon nanotubes; metal nanow-
ires/nanorods/nanospheres/nanoprisms/nanotubes/nanopo-
wders of gold, silver, platinum, copper and other metals;
semiconductor materials with p type, n type, low bandgap
and wide band gap materials including nanowires/nanorods/
nanospheres/nanoprisms/nanotubes/nanopowders of silicon,
germanium, zinc oxide, zinc tellunide, gallium arsenide,
gallium nitride, and boron nitride.

Atmospheric Pressure Aerosol-Assisted

Plasma-Enhanced Chemical Vapor Deposition
(PECVD)

In embodiments, the system 100 (or 300) may be used as
a means for forming functional coatings on two or three
dimensional surfaces or porous substrates using either vola-
tile or nonvolatile precursors or a combination of the two.
The functional coatings may include conducting polymers
for electronics to form conductive traces; dielectric coatings,
such as coating of silicon oxide and/or lhigh and low k
dielectrics materials; organic coatings containing functional
groups, such as amines, carboxyl, aldehyde, carbonyl, poly-
cthylene glycol, fluorinated, hydroxyl, ethylene oxide, eth-
ylene glycol alcohol, polyvinyl alcohol, and hydrogels, and
positively and/or negatively charged coatings for various
applications including electronics, biosensors, and printing.
In embodiments, depositions may be performed to retain the
functionality of the plasma-deposited coating such that the
required characteristics can be achieved by using appropri-
ate plasma parameters.

Atmospheric Pressure Plasma as a Source of UV
Radiation

In embodiments, the system 100 (or 300) may be used for
lithographically patterming paper and creating hydrophobic
and/or hydrophilic regions/channels 1n the paper. Unlike the
conventional works that use a vacuum-based plasma system
and a mask, 1 embodiments, the atmospheric pressure
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plasma 104 (or 304) may be used to lithographically pattern
paper without using the conventional vacuum system and
mask. In embodiments, the system 100 (or 300) may be
modified to incorporate UV sources, like hydroxyls groups,
by 1ntroducing water 1n aerosolized form. In embodiments,
once the lithographically treated paper 1s developed, the
paper may be exposed to the atmospheric pressure plasma
104 (or 304) to thereby create hydrophilic regions as a post
development treatment. It 1s noted that the system 100 (or
300) may operate at room temperature and atmospheric
pressure and function as a direct-writing lithography tool for
patterning paper and other substrates.

In embodiments, the system 100 (or 300) may use sec-
ondary reagents that are either co-deposited or sequentially
deposited with micro/nanostructures and/or with organic,
inorganic, semiconductor, dielectric coatings or with plasma
treatment 1 order to tailor a surface that has specific
characteristics determined by the individual and/or polym-
erized components of the resultant film.

In embodiments, the system 100 (or 300) may be capable
of doing the following processes at room temperature: (1)
printing conductive traces using metallic nanostructures,
conducting polymers and carbon nanotubes with tailored
clectrical characteristics; (11) incorporating nanostructures,
such as nanotubes, nanoparticles, nanorods, and nanowires,
with the formation of electronic structures on paper, textiles,
plastics, flexible substrates, 3D printed plastics, polymers,
and ceramics; (111) depositing semiconductor materials, such
as zinc oxide nanostructures, tin oxide nanostructures, zinc
telluride, and silicon nanostructures, but not limited to these
examples only; (iv) depositing insulation coatings and
dielectric coatings with varying dielectric properties, (v)
depositing various bio-reactive organic functionalities (car-
boxyl, amine, aldehyde, carbonyl etc.) for immobilization of
biomolecules (oligos, antibodies, aptamer, enzymes, and
DNA) 1 bioassays; (v1) depositing bio-repellent organic
functionalities, such as polyethylene glycol and poly
hydroxyl ethylmeth acrylate, to reduce non-specific binding,
of non-analyte constituents from a biological sample at the
detection zone of a biosensing chip and binding analyte
components 1n the non-detection zone resulting 1n loss of the
analyte components at the channels betfore they are detected;
(vi1) patterning (UV generation for lithography and maskless
patterning) of paper containing photoresist material to create
hydrophilic channels; and (vi11) modifying surface chemical
for tailored wettability and surface energy on the channels.
Some examples of the plasma deposition of nanostructures
and organic coatings are given below with the applications,
where the system 100 (or 300) 1s used to perform plasma
deposition.

Printing of carbon nanotube (CNT) conductive traces on
nanoporous nitro cellulose paper: In embodiments, the resis-
tance of the conductive traces may be tailored by carefully
controlling the density of deposited carbon nanotube. By
independently controlling the process parameters and expo-
sure time of the plasma 104 (or 304), the loading of the
nanostructures may be controlled and 1n turn, the character-
istics of the coating may be tailored.

In embodiments, carbon nanotubes deposited by the sys-
tem 100 (or 300) may be used for printable electronics,
chemical sensors for gas/vapor sensing, biosensors through
biomolecule 1immobilization, and signal transduction ele-
ments 1 both labeled and label-free detection systems. For
instance, oxidized and other functionalized carbon nano-
tubes may be used for gas/vapor sensors.

FIGS. 4A and 4B show scanning-electron-microscopy

(SEM) images of multi-walled carbon nanotubes (MWCNT)
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deposited on a S1 waler using acrosol spray with and without
turning on the plasma in the system 100 (or 300), respec-
tively. As depicted, 1t can be observed that the deposited
carbon nanotubes have different structures depending on
whether the plasma 104 (or 304) 1s ON or OFF. When the

plasma 1s ON, while all other deposition parameters remain
the same, the MWCNTs form a highly dense and inter-

mingled network with good electrical connectivity, as shown
in FIG. 4A. When the plasma 1s OFF, the deposited
MWCN'Ts form a sparse network with poor electrical con-
nectivity, as shown 1n FIG. 4B.

It 1s speculated that when the MWCNT aerosol 1s 1ntro-
duced into the plasma 104 (or 304), the MWCNTs are
activated by the plasma, resulting in a dense network for-
mation upon interaction with the surface. However, when
the Plasma 1s OFF, the only force exerted on the MWCNTs
1s due to the helium gas and a significant portion of them are
probably bound to the walls of the plasma generator 102. As
the MWCNTs are dispersed in water, the moisture may play
a critical role 1n the electrical conductivity of the MWCNT
s. The electrical properties of the MWCN'Ts 1n FIGS. 4A and
4B are different. The electrical resistance between two
points 1 the deposited MWCNT layer of FIG. 4B 1s higher
than that of FIG. 4A.

FIGS. 5A-5D show SEM 1mages of untreated nitro cel-
lulose paper, carbon nanotubes deposited on paper, gold
nanoparticles deposited on paper, and silver nanowires
deposited on paper, respectively, where the silver nanowire
conductive traces, carbon nanotubes, and S10, dielectric
coating are deposited on ftransparent flexible cellulose
acetate-based substrates, textiles, paper, and thermoplastic
material, by use of the system 100 (or 300). In embodiments,
the system 100 (or 300) enables a simple integration of
processes that conventionally require multiple deposition
techniques mcluding high vacuum physical vapor deposition
(sputtering), chemical vapor deposition, and lithography. In
embodiments, sequential deposition of a scratch-resistant
dielectric coating on conductive traces may be performed for
printing and patterning, which 1s essential for tlexible elec-
tronics device fabrication.

In embodiments, silicon dioxide, a most widely used
matenal for interlayer dielectric and gate oxides in inte-
grated circuits may be deposited on a transparent flexible
cellulose acetate substrate coated with silver nanowires, to
thereby demonstrate the electrical 1solation capability and
patterning at room temperature. FIG. 6A shows a SEM
image ol silver nanowires coated on a transparent flexible
cellulose acetate substrate and FIG. 6B shows FTIR spectra
of dielectric coatings deposited on S1 water during various
time intervals using untreated Si1 waler as background. As
depicted in FIG. 6B, the peaks at 800 cm™" and 1080 cm™"
correspond to bending and asymmetric stretching modes of
siloxane bands. The peak at 960 cm™" corresponds to
hydroxyl groups, the peak at 1186 c¢cm™' corresponds to
methyl silyl vibrations, and the peak at 1280 cm™" corre-
sponds to Si—CH,. As the film density and refractive index
are known to decrease 1n the presence of hydrocarbons, the
surface composition and hence the optical characteristics
may be tailored by imncorporating oxygen into the plasma 104
(or 304). In embodiments, the integration of processes for
depositing various electrical components has demonstrated
by depositing carbon nanotubes, gold nanoparticles, silver
nanowires, and silicon oxide coating.

The 3D printing has significant potential to revolutionize
the manufacturing process. Using the system 100 (or 300),
the inventors have demonstrated plasma printing of conduc-
tive traces on a rough non-uniform 3D object made of
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acrylonitrile butadiene styrene (ABS) thermoplastic. In
embodiments, the integration of electronic components 1n
textiles may be applied to wearable devices for monitoring
health of patients, athletes and astronauts. FIG. 7A shows
silver nanowires deposited by the system 100 (or 300) on a
complex three dimensional feature 702, that has a shape of
owl and 1s formed of thermoplastic material, with rough
topographical features. As depicted, one electrode touches
the head of the owl 702, while the other electrode touches
the foot of the owl 702. The electrical connectivity between
silver nanowires deposited on the body surface of the owl 1s
very good and adhesion to rough or uneven surfaces of the
owl 702 1s high so that the silver nanowires close the circuit
between the two electrodes, as evidenced by the test light
bulb 704.

FIGS. 7B-7D show SEM 1mages of a section of the owl
702 at three different magnifications. The SEM 1mages 1n
FIGS. 7B-7D show macroscopic rough features and non-
conformal shape of the thermoplastic. Also the SEM images
reveal silver nanowires deposited on top of the rough
teatures of the 3D printed owl 702. The plasma printed silver
nanowires form a highly inter-linked network covering both
shallow and deep gaps between the plastic fibers. The silver
nanowires also get deposited on completely non-planar
complex shapes without losing the electrical connectivity

FIGS. 7A-7D shows that, using the system 100 (or 300),
various types ol nanowires may be written right over steps
and/or other irregularities without compromising good elec-
trical continuity. In embodiments, the advantages of the
acrosol combined atmospheric pressure (ACAP) plasma
printing process iclude the ability to deposit various mate-
rials, any metal or oxide that 1s conductive or sem1 conduc-
tive, to a wide range ol substrate materials, where the
deposition process 1s independent of the material property of
the substrates. In embodiments, the 3D printing process may
enable a technician to stop the polymer definition at certain
points, deposit a patterned conductive layer, resume depo-
sition, and add more wires, so on. In embodiments, the
deposition of gold nanoparticles shown in FIG. 5C may be
applied to printing interconnects and gold plating.

For wearable monitoring devices, 1t 1s essential that the
clectronic components of the devices function after stretch-
ing, folding and/or heavy deformation. In embodiments, to
demonstrate the applicability of the aerosol combined atmo-
spheric pressure plasma 104 (or 304) to printing wearable
monitoring devices, the silver nanowires may be deposited
on cotton textile and the electrical resistance may be mea-
sured using digital multimeter. The cotton textile may be
deformed to various shape and the electrical resistance may
be measured under every deformation condition. In embodi-
ments, 1t 1s observed that the electrical connections stayed
intact upon heavy deformation, demonstrating the robust-
ness of the deposited layer and 1ts applicability to printing,
clectronic components 1n wearable monitoring devices.

The plasma processing technology established in semi-
conductor industry has been exploited by the biodiagnostic
sectors for fabricating biosensor chips. A central 1ssue to be
addressed 1n the fabrication of low cost point of care
biodiagnostics chips 1s how to activate the surface of devices
mass-produced 1n a way that 1s compatible with large-scale
production and 1s reliable and controllable. In embodiments,
the ACAP plasma printing approach may lend itself to
high-volume manufacture of biosensor chips 1mn a single
process akin to that used in the conventional semiconductor
industry.

Surface functionalization and signal amplification are key
components of biosensor device fabrication. Surface func-
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tionalization 1s essential for immobilizing the bioreceptor
molecules and reducing the non-specific binding of non-
analyte constituents. Amine functionalization 1s a surface
chemical modification for covalent immobilization of biore-
ceptor molecules. Gold nanoparticle may be used for signal
amplification 1n plasmonics-based detection. In embodi-
ments, deposition of amine functionalities and gold nan-
oparticles may be performed using the system 100 (or 300).
In embodiments, paper sensors that use filter paper as
biosensor chip may be fabricated using the system 100 (or
300).

In general, paper-based biosensing uses filter paper (nitro
cellulose) as the platform for fluid transport and as biosensor
chips. In order to use {ilter paper as biosensor chips, the
paper needs to be modified to incorporate the following
features: (a) microflmdics/patterning for fluid transport, (b)
nanostructures for biomolecule detection and/or signal
amplification/transduction, (¢) chemical functionalization
for bioassays, and (d) surtace modification for fluid flow.

In general, the conventional development of multifunc-
tional paper platiorm by combining any two or all of the
above features requires several sequential processing steps
and use of different platiorms/tools including high precision
printing, patterning, lithography, drop casting, and drying.
There 1s no one single tool that can perform most of the
functions required in the fabrication process and at the same
time provide high sensitive chip surfaces. In embodiments,
for the fabrication of paper based sensors, the system 100 (or
300) may be used to incorporate the features listed above.

Lithography process: In embodiments, lithography pro-
cess may be carried out on paper using a photoresist, such
as Microposit UV6® positive photoresist. The atmospheric
pressure plasma 104 (or 304) may be used as both a
maskless patterning tool and a UV light source. The pat-
terned paper alter exposure to plasma may be developed
using Microposit LLd26® tetramethyl ammonium hydrox-
ide developer and hard baked for 90 seconds at 60° C. The
region containing the photoresist 1s hydrophobic and the
regions treated with plasma act as hydrophilic channels.
FIG. 8 shows exemplary steps for patterning paper using a
maskless lithography technique, where the system 100 (or
300) 1s used as the light source. From left to right, the steps
include: (1) preparing untreated filter paper 802, (11) dipping
the untreated filter paper 1n photoresist, such as Microposit
UV6® positive photoresist, and soit baking the dipped filter
paper, (111) exposing the soit-baked filter paper to plasma 806
(which corresponds to 104 or 304) for maskless patterning,
(1v) dipping the exposed filter paper 1n developer and hard
baking the dipped filter paper, and (v) treating the hard
baked filter paper for hydrophilicity using the plasma 810
(which corresponds to 104 or 304), to thereby generate
lithographically patterned paper. In FIG. 8, the plasma 806
and 810 may be generated by the system 100 (or 300) and
used to perform site selective treatment of the paper.

FIG. 9 1s a flowchart 900 of an exemplary method for
patterning paper using a maskless lithography technique
according to embodiments of the present invention. At step
902, untreated filter paper 802 1s prepared. Then, at step 904,
the untreated filter paper 1s dipped 1n photoresist, such as
Microposit UV6® positive photoresist, and soit baked.
Next, the soft-baked filter paper 1s exposed to plasma 806
(which corresponds to 104 or 304) for maskless patterning
at step 906. At step 908, the exposed filter paper 1s dipped
in developer and the dipped filter paper 1s hard baked.
Finally, at step 910, the hard baked filter paper 1s treated for
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hydrophilicity using the plasma 810 (which corresponds to
104 or 304), to thereby generate lithographically patterned
paper.

In embodiment, the paper patterned by the steps 1n FIG.
9 may be tested with various organic solutions and colloids.
The hydrophobic and hydrophilic regions are clearly
observed when liquid droplets are placed on the patterned
paper. FIG. 10 shows patterns of liquid droplets of potas-
sium permanganate solution placed on untreated filter paper
1002 and filter paper 1004 that 1s lithographically patterned
according to the method of FIG. 9. As depicted, the droplets
placed on the untreated filter paper 1002 spread 1sotropically
into the untreated filter paper 1002 while the droplets placed
on the patterned paper 1004 are retained due to the hydro-
phobicity of the paper and flow along a hydrophilic channel
formed by the plasma patterning process.

FIG. 11 shows patterns of liquid droplets placed on paper
1102 that 1s lithographically patterned according to the
method of FIG. 9 and on photoresist paper 1104 that 1s not
patterned. The lithographically patterned paper 1102 1s pat-
terned by the plasma 802 to include both hydrophobic
regions and hydrophilic channels. The first liquid 1106 1s
cy3 labeled fluorophore and the second liquid 1108 1s carbon
nanotube dispersed in water. As depicted, the first and
second liquid droplets placed on the patterned paper 1102
retain their shapes 1 hydrophobic regions and flow along
the hydrophilic channels, while the liquid droplets placed on
the patterned paper 1104 retain their shapes but do not flow
since the entire unpatterned paper 1104 1s hydrophobic.

Nanostructures and organic functionalities deposited on
nitro cellulose filter paper for biosensing: In biodiagnostics
based on bioassays, detection of target analytes including
DNA, protein, enzyme, etc., from biological samples includ-
ing blood, urine, sweat, saliva, etc., mvolves binding of
probe molecule that can be a single stranded oligo or a
primary antibody to the biosensor surface, which will then
react with the complementary biomolecule 1n the biological
samples. Covalent immobilization of the probe molecule to
the sensor surface i1s preferred over physisorption or non-
covalent binding. Bio-reactive organic functional groups,
such as amines, carboxyls, thiol, and aldehyde, are widely
used for covalent immobilization of the probe to the surface.
Functionalizing the sensor chip with amines, carboxyls,
thiol, or aldehyde, would enable covalent immobilization of
the biomolecule to the sensor surface using appropriate cross
linkers. However, 1n order to reduce the non-specific binding
ol non-analyte constituents from the biological samples, that
gives rise to false positives, the sensor surface 1s coated with
bio-fouling polyethylene glycol or with albumin. Varying
chain lengths of polyethylene glycol are commercially avail-
able. Low pressure, vacuum chamber based, plasma depo-
sition of bio-reactive amine, carboxyl groups, and biofouling
polyethylene glycol (PEG) has been developed by conven-
tional approaches. However, the drawback of the conven-
tional low pressure plasma depositions 1s that the entire
sensor surface 1s coated and site selective deposition 1s not
possible without a vacuum seal mask.

In embodiments, bio-reactive and bio-fouling coatings
may be deposited using a maskless, atmospheric pressure
plasma 104 (or 304) and the depositions are carried out site
selectively. Bio-reactive amine functional group may be
deposited using amino propyl triethoxy silane (APTES) and
the bio-repellent Polyethylene Glycol (PEG) 1s deposited
using diethylene glycol dimethylether. Both the precursors
are ndividually introduced to the plasma 104 (or 304) and
directed towards the surface to be coated. The monomer
precursors are plasma polymerized upon deposition on the
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sensor surface by the plasma jet. Amine terminated Cy3
labeled oligos are immobilized on plasma deposited paper
sensors. In conventional approaches, 1n order to covalently
bind the biomolecule to the amine functionalized surface, an
appropriate cross linker may be used. However, 1n embodi-
ments, binding of biomolecule directly onto the amine
functionalized surface without cross linker may be achieved
due to non-specific binding. In embodiments, gold nanopar-
ticles are deposited by aerosolizing the gold colloid, where
the amine functional group has good afhinity to the gold
colloid. In embodiments, nitro cellulose filter paper may be
used as substrate for depositions. In embodiments, some of
the samples are tested with fluorescence microscope.

FIGS. 12A-12E are microscopic tluorescence images of
paper sensors immobilized with single strand DNA contain-
ing Cy3 flourophore according to embodiments of the pres-
ent mvention. In FIG. 12A, the intensity of signals from
paper sensor containing gold nanoparticles 1s very high since
amine terminated oligos have high bending capacity to gold
surface. In FIG. 12B, the intensity of signal from on amine
functionalized paper sensor i1s very low since there 1s no
binding of amine terminated oligos. The amine functional-
1zed surface repels the amine terminated oligos and hence
there 1s no or less binding. In 12C, the intensity of signal
from amine functionalized paper sensor with gold nanopar-
ticles on top (sequential plasma deposition) 1s again high,
demonstrating a high binding of the oligos to the gold
nanoparticle surtace. In FIG. 12D, the image of polyethyl-
ene glycol (PEG) functionalized paper sensor indicates that
there 1s no binding since the PEG 1s used to reduce non-
specific binding. In FIG. 12E, the image of PEG function-
alized paper sensor containing gold nanoparticles on top
(sequential deposmon) indicates that there 1s a high binding,
due to gold-amine afhnity. FIGS. 12A-12E demonstrate the
capability of the system 100 (or 300) for depositing nano-
structures and various organic bioactive and biorepellent
functionalities.

FIGS. 13A and 13B are top and side views of water
droplets 1302 and 1304 placed on filter paper, respectively,
where a portion of the filter paper 1s treated using the system
100 (or 300). As depicted, the water droplet 1302 placed on
the untreated hydrophilic region 1s completed soaked into
the paper, while the water droplet 1304 placed on hydro-
phobic regions coated with amine functionalities retains its
spherical shape forming an angle with respect to the surface
of the paper.

In embodiments, the system 100 (or 300) may be applied
to various applications, such as, but not limited to, high
throughput, low cost printing and patterning of flexible
clectronics, electrical connects, isulating coating; in-space
manufacturing ol biosensors, flexible electronics and print-
ing for long duration missions; fabricating low cost and
disposable jlodlagnostlcs chips; and monitoring astronaut
health and biosensing 1in microgravity environments.

In embodiments, the system 100 (or 300) may be used to
deposit conductive traces and/or semiconducting regions on
substrates, using precursor colloids containing a high den-
sity of carbon nanotubes and/or metal micro/nanostructures
or conductive polymers. In embodiments, the necessary
requisite of the process includes a combination of low
temperature atmospheric pressure plasma and aerosol con-
taining the material to be deposited. The deposition may be
caused by the interaction of the aerosol with the plasma 104
(or 304) containing a primary gas. The role of atmospheric
pressure plasma 104 (or 304) includes: (1) activating the
material, present in the aerosol, to be deposited and the
surface to be coated, (11) enhancing the adhesion of the
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material to be deposited on the surface, (111) facilitating
non-aggregated deposition in case of metal nano/microstruc-
tures through electrostatic interactions and repulsions
caused within the plasma jet and facilitating plasma polym-
erization 1n case of organic and morganic coating deposition
through formation of reactive radicals and 1ons as the
acrosol enters the plasma jet, and (1v) performing post
deposition plasma treatment to remove moisture 1n nano-
structures and/or to change the surface tension of coatings.
In embodiments, the deposited conductive traces may be
used 1n the fields of electronics, solar panels, wearable
monitors, electronic textiles, 3D printing, and biosensors for
biomolecule mobilization and/or signal transduction.

In embodiments, the system 100 (or 300) may be used to
deposit functional coatings on a two or three dimensional
substrate or a porous substrate using either volatile or
non-volatile precursors or a combination of the two. The
functional coatings may include conducting polymers for
clectronics application to form conductive traces, dielectric
coatings like silicon oxide and ligh and low k dielectrics
coatings, organic coatings containing functional groups like
that of amines, carboxyl, aldehyde, carbonyl, polyethylene
glycol, fluorinated compounds, fluoro polymer, hydroxyl,
cthylene oxide, ethylene glycol, alcohol, polyvinyl alcohol,
hydrogels, poly hydroxyethyl meth acrylate, diethylene gly-
col dimethyl ether, positively and negatively charged coat-
ings for various applications including electronics, biosen-
sors, and printing. In embodiments, during such depositions,
the Tunctionality of the plasma-deposited coating 1s retained
such that the required surface characteristics, such as appro-
priate {1lm thickness, concentration and density of materials
deposited, and percentage coverage, may be achieved by
adjusting appropriate plasma parameters. In embodiments,
to 1mprove the performance of the coating, appropnate
pre-processing by use of the plasma may be carried out and
primary coatings may be deposited prior to the required
functional coating.

In embodiments, the system 100 (or 300) may be used to
perform co-deposition or sequential deposition of one or
more of the followings: micro/nanostructures, semiconduc-
tors, dielectric, organic coating, 1norganic coating, and oxide
functional coating. The deposited micro/nanostructures,
semiconductors, dielectric, organic coating, inorganic coat-
ing, and oxide functional coating may either be overlapping
or separated by a distance on a single substrate.

In embodiments, the system 100 (or 300) may be used to
perform patterning the substrate dipped into a photoresist
material as a maskless direct-write lithography tool and
creating (1) hydrophobic and hydrophilic regions/channels,
(1) biomolecule binding and bio fouling sites, and (111) signal
amplification and/or signal transduction element deposited
in the form of nanostructure on the substrate. In embodi-
ments, the following parameters may be controlled: the time
duration of plasma treatment, UV exposure, concentration,
density and thickness of materials deposited, percentage
coverage, 11lm characteristics, drive voltage of the electrodes
152a and 1525, the clectrode configuration, distance
between the substrate 130 and electrodes 152, electrode
separation, nature and type of primary gas and aerosol flow,
diameter of the tube 115 used to direct the gas flow, tlow
rates, and relative flow ratio.

In embodiments, the micro/nanostructures 1n the precur-
sor mclude conductive materials including carbon nano-
tubes, metal nanowires/nanorods/nanospheres/nanoprisms/
nanotubes/nanopowders of gold, silver, platinum, copper,
aluminum and other metals; semiconductor materials with p
type, n type, low bandgap and wide bandgap materials
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including  nanowires/nanorods/nanospheres/nanoprisms/
nanotubes/nanopowders of silicon, germanium, zinc oxide,
zinc telluride, tin oxide, galllum arsenide, gallium nitride,
and boron nitride; and iron oxide and magnetic nanoparticles
and nanoparticles containing different materials as core and

shell.

In embodiments, the system 100 (or 300) may be operated
on the ground or 1n space under microgravity.
In embodiments, the micro/nanostructures deposited by

the system 100 (or 300) may be used to: (1) create an
clectrical connect and act as an electrically conductive path,
(11) serve as a photo voltaic material to generate and/or
transmit electrical current, (111) serve as a sensor material for
gas sensing, biomolecule sensing, and radiation sensing, (1v)
serve as electrical components for wearable monitoring
devices, electronic-textiles, 3D printed objects, and tlexible
substrates, (v) act as a biomolecule binding agent 1n bio-
sensors, and (vi) serve as a signal transduction element
and/or signal amplification component for biosensors based
on electrical detection, electro-chemical detection, colori-
metric detection, surface plasmon resonance detection, and
fluorescence detection.

In embodiments, the system 100 (or 300) may be used to
perform pre-processing and depositing primary coatings,
where the purpose of the pre-processing and primary coat-
ings 1s to enhance the adhesion of the functional coating to
be deposited and to increase the concentration of function-
ality 1n the resultant coating by providing favorable sites for
film growth/deposition. The pre-processing may involve
plasma treatment of the sample with primary gas tlow and
with no precursor in the plasma. Primary coating may
involve any siloxane, silane based coatings deposited that
aids favorable growth of functional groups.

In embodiments, the system 100 (or 300) may be used to
deposit semiconductor coatings that include zinc oxide, zinc
telluride, tin oxide, silicon, germamium, zinc oxide, Zinc
telluride, gallium arsenide, galllum nitride, boron nitride, or
the combination thereof.

In embodiments, the substrate 130 on which plasma
printing 1s carried out may include nitro cellulose paper,
cellulose acetate transparent material, thermoplastic materi-
als, flexible materials, transparent materials, metals, semi-
conductors, ceramics, isulators, wood, cotton textile, silk
textile, thermosetting plastic, elastic materials, thermoplas-
tic materials, electrical components, cloths, polymers,
leather, wearable materials, stretchable materials, and com-
bination thereof.

In embodiments, the system 100 (or 300) may be used to
deposit msulating coating, dielectric coating, primary coat-
ing and perform pre-processing, where the precursor may
include silicon oxide, silicon dioxide (S10,) and S10xCyHz
type coatings using one or more of the following precursors:
(1) hexamethyl disiloxane, (11) tetraethyl ortho silicate, and
(111) amino propyl triethoxy silane.

In embodiments, the precursor for PECVD including tetra
cthyl orthosilicate (TEOS), hexamethyldisiloxane, octam-
cthylcyclotetrasiloxane, aminopropytl triethoxy silane
(APTES), acrylic acid, allyl amine, etc. may be used without
dilution or further processing from the suppliers. The con-
centration of the micro/nanocolloids may be varied from 1
microgram/milliliter to 10 milligram/malliliter, depending
on the density of loading required upon deposition.

In embodiments, the precursor for dielectric coating may
include silica, silane, siloxane, polystyrene, polyurethane,
acrylics, polyester, rayon, nylon, fluoro polymers, poly tetra
flouro ethylene (PTFE), rubber, resin, polycarbonate, poly
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methyl meth acrylate (PMMA), poly dimethylsiloxane
(PDMS), polyvinyl alcohol, hydrogels, cellulose, or combi-
nation thereof.

In embodiments, the precursor for functional coating
includes chemicals/compounds containing amines, car-
boxyl, aldehyde, carbonyl, polyethylene glycol, fluorinated
compounds, fluoro polymer, hydroxyl, ethylene oxide, alco-
hol, polyvinyl alcohol, hydrogels, or combination thereof. In
embodiments, the functional coatings may include biofoul-
ing and/or biomolecular repellent coating for reducing the
non-specific binding and contains ethylene glycol, poly
hydroxyethyl meth acrylate, diethylene glycol dimethyl
cther, poly ethylene oxide, poly ethylene glycol (PEG), PEG
chains containing reactive functional groups like amine,
carboxy, or the combination thereot. The PEG chains with
molecular weight ranges from 1 g/mol to 100,000 g/mol. In
embodiments, the biomolecule may include at least one of
(1) oligos, (11) DNA, (111) antibody, (iv) protein, (v) enzyme,
(v1) aptamer, (v11) cells, (vinn) peptides, (1x) platelets, and (x)
tissues.

In embodiments, the system 100 (or 300) may be used to
deposit biofouling coatings, where the purpose of the bio-
touling coating 1s to reduce or avoid non-specific binding of
biomolecules and/or to avoid false positive i diagnostics
and also to prevent loss of analyte 1n the sensor chip before
it 1s detected. In embodiments, the non-specific binding may
correspond to binding of any or all non-analyte constituents
in the sample to be tested to the sensor surface. The
non-specific binding may also correspond to binding of the
analyte or loss of analyte before the analyte reaches the
detection site.

In embodiments, the separation distance between diflerent
functionalities/coatings may vary from 1 um to several
meters.

In embodiments, the substrate 130 may be made of
semiconductors, dielectrics, metals, metal oxides, ceramics,
plastics, polymers, glass, composites, cotton, all types of
cellulose fibers, creating paper or similar substrates, glass
microfiber filters, glass microfiber cloth, microfluidic plat-
form made of silicon, polydimethylsiloxane, poly carbonate,
cyclo olefin polymer, glass, or combination therecof. In
embodiments, the substrate 130 may be made of silicon,
germanium, gold, silver, platinum, 1ron, copper, silicon
oxide, titanium oxide, acrylics, polyester, rayon, nylon,
fluoro polymers, poly tetra flouro ethylene (PTFE), rubber,
resin, polycarbonate, poly methyl meth acrylate (PMMA),
poly dimethylsiloxane (PDMS), cyclo olefin polymer filter
papers, mtro cellulose papers, or combination thereof. In
embodiments, the fibers of cellulose may vary 1n size from
10 nm to 100 um. In embodiments, the substrate 130 may
have from simple two dimensional to complex three dimen-
sional geometry that may be planar, curved, smooth, rough,
porous, rigid, flexible, or deformable. In embodiments, the
dimension of the substrate 130 may range from a micron to
several meters.

In embodiments, the thickness of film deposited by the
system 100 (or 300) may range from 1 nm to 100 pum.

In embodiments, the system 100 (or 300) may generate
UV radiation using the primary gas flow or a precursor
including water. In embodiments, before treatment by the
UV radiation, the substrate may be dipped 1n a photoresist
material, such as epoxy based SU-8, or cyclized poly
1soprene based series, where the thickness of the photoresist
may vary from 10 nm to 10 um.

In embodiments, the precursor may be of any chain length
and include monomers and/or polymers of any molecular
weight.
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In embodiments, the size of micro/nanostructures
included 1n the precursor may range from 1 nm to 100 um
in diameter for spherical/globular particles, 1 nm to 1 cm 1n
length for wires, tubes and rods with a cross sectional
diameter ranging from 1 nm to 100 um, and 1 nm to 100 um
in length for prisms.

In embodiments, multiple precursors for deposition may
be introduced into one or more plasma jets 304 either
sequentially or simultaneously through one or multiple
carrier gases 1n the form of aerosol.

In embodiments, a combination of nanostructures,
organic functionalities containing bio active and bio repel-
lent sites may serve multiple purposes, such as (1) specific
binding of analyte constituent, (11) reduction of non-specific
binding of non-analyte constituent, (111) signal amplification,
(1v) signal transduction, and (v) prevention of loss of analyte
in a sensor chip before 1t 1s detected.

It will be appreciated to those skilled in the art that the
preceding examples and embodiment are exemplary and not
limiting to the scope of the present invention. It 1s intended
that all permutations, enhancements, equivalents, combina-
tions, and improvements thereto that are apparent to those
skilled 1n the art upon a reading of the specification and a
study of the drawings are included within the true spirit and
scope of the present mnvention.

What 1s claimed 1s:

1. A method of printing, comprising:

(a) generating atmospheric pressure plasma in an outer
dielectric tube comprising two electrodes;

(b) pretreating a surface of a substrate to be printed by
exposing said surface to the generated atmospheric
pressure plasma;

(C) exposing one or more precursor materials flowing
through an 1nner chamber to the generated atmospheric
pressure plasma, wherein a part of said inner chamber
1s contained within a part of said outer dielectric tube,
thereby shielding said one or more precursor materials

from being 1gnited from exposure to an electrode

junction;

(d) printing said one or more plasma-exposed precursor

materials onto said surface of said substrate; and

(¢) post-treating said surface by exposing said surface

after the printing step to the generated atmospheric
pressure plasma.

2. The method of claim 1, wherein said outer dielectric
tube comprises a distal conical end through which said
plasma-exposed precursor material flows through for print-
ing on said substrate.

3. The method of claim 1, wherein said printing comprises
printing one or more patterns on said surface of said sub-
strate.

4. The method of claim 1, wherein steps (a)-(e) are
performed using a plasma jet print head comprising said
outer dielectric tube and said imner chamber.

5. The method of claim 2, wherein said one or more
precursor materials are exposed to atmospheric pressure
plasma of room temperature 1n said distal conical end of said
outer dielectric tube.

6. The method of claim 1, wherein said steps (a)-(e) can
be repeated one or more times.

7. The method of claim 6, wherein each time steps (a)-(e)
are repeated, the one or more precursor materials are the
same one or more precursor materials.

8. The method of claim 6, wherein each time steps (a)-(e)
are repeated, the one or more precursor materials are dii-
terent for at least one repetition.
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9. The method of claam 1, wherein step (a) further
comprising applying voltage of about 200 V to about 15 kV
to said two electrodes of said outer dielectric tube to
generate said atmospheric plasma.

10. The method of claim 1, wherein step (a) further
comprises supplving one or more gases into said outer
dielectric tube.

11. The method of claim 10, wherein one of said one or
more gases 1S an 1nert gas.

12. The method of claim 10, wherein one of said one or
more gases 1S a reactive gas.

13. The method of claim 10, wherein said one or more
gases has a flow rate of about 50 sccm to about 5000 sccm.

14. The method of claim 1, wherein said atmospheric
plasma 1s generated throughout steps (a)-(e).

15. The method of claim 1, wherein said substrate com-
prises plastic, ceramic, paper, textile, composite, glass,
metal, or a combination thereof.

16. The method of claim 1, wherein said substrate 1s
flexible, ngid, deformable, porous, smooth, planar, stretch-
able, or a combination thereof.

17. The method of claim 6, wherein steps (a)-(e) are
repeated until a layer of said one or more plasma-exposed
precursor material with a thickness of about 1 nm to about
100 um 1s formed on a surface of said substrate.

18. The method of claim 1, wherein said one or more
precursor materials comprises amine, carboxy, aldehyde,
carbonyl, polyethylene glycol, fluorinated, hydroxyl, ethyl-
ene oxide, ethylene glycol alcohol, polyvinyl alcohol,
hydrogels, positively charged coatings, negatively charged
coatings, or a combination thereof.

19. The method of claim 1, wherein at least one of said
one or more precursor materials have a bio-reactive and/or
bio-fouling property.

20. The method of claim 1, wherein said one or more
precursor materials comprises a plurality of organic mono-
mers and a plurality of mmorganic monomers, wherein said
plurality of organic monomers and said plurality of 1nor-
ganic monomers polymerize upon exposure to said atmo-
spheric pressure plasma and/or upon contact with a surface
of said substrate.
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21. The method of claim 1, wherein said one ore more
precursors are aerosolized before entry mto said mner cham-
ber.

22. The method of claim 21, where said aerosolized one
or more precursors have a flow rate of about 1 ul/min to 5
ml./min within said inner chamber.

23. The method of claim 1, wherein said substrate com-
prises one or more nanowires, one or more nanorods, one or
more nanospheres, one or more nanoprisms, One Or more
nanotubes, one or more nanopowders, or a combination
thereof.

24. The method of claim 1, wherein said outer dielectric
tube has a diameter of about 100 um to about 5 cm, a length
of about 1 cm to about 10 cm, and a distance between said
two electrodes of about 5 mm to about 5 cm.

25. The method of claim 2, wherein said distal conical end
comprises a nozzle outlet through which said one or more
plasma-exposed precursor materials flow from said outer
dielectric tube to print on said surface of said substrate, and
wherein a diameter of said nozzle outlet can be controlled to
vary a spot size of printing of said one or more plasma-
exposed precursor materials.

26. The method of claim 3, wherein said substrate 1s three
dimensional (3D), said one or more precursor materials
comprise a metal, and said one or more patterns 15 a
conductor.

27. The method of claim 1, wherein said one or more
precursors materials are silver and copper; platinum and
copper; silicon dioxide and nitrogen, or silicon dioxide and
gold.

28. The method of claim 1, wherein said one or more
precursor materials comprises a metal comprising copper,
silver, platinum, gold, zinc aluminum, tin, or a combination
thereof.

29. The method of claim 1, wherein said steps (a)-(e) are
used to print one or more functional coatings for biomol-
ecule attachment.

30. The method of claim 1, wherein said steps (a)-(e) are
used for a biorepellant application.
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