1 Patterning of Nanostructures Reference to Related Applications Reference is made to our earlier
~United States provisional patent application number 561/030,762 filed February 22, 2008 for an
~ invention titled "Ink jet and Transfer Printing of Electronic Circuits" the priority of which is hereby .
claimed, and the contents of which are hereby incorporated by reference as if disclosed herein in their
entirety. Reference is also made to our earlier United States patent application number 1012/302,155

filed November 24, 2008 for an invenﬁg@tgpgglggwmﬁmg@‘g;&d Inorganic films for Organic Thin
Film Transistors" the contents of which are hereby incorporated by reference as if disclosed herein in

their entirety. Technical Field 15This invention relates to patterning and microarray patterning of
nanostructured materials and biological molecules on various substrates and particularly, though not

exclusively pefeien &0 dhitefipdrappRiEdnd FT"s) and circuits comprising such nanostructures, 20
Background

Reference is made to our earlier United States provisional patent application number
5 61/030,762 filed February 22, 2008 for an invention titled “Ink jet and Transfer Printing
of Electronic Circuits” the priority of which is hereby claimed, and the contents of

which are hereby incorporated by reference as if disclosed herein in their entirety.

Reference is also made to our earlier United States patent application number
10 12/302,155 filed November 24, 2008 for an invention titled “Solution Processed
Inorganic films for Organic Thin Film Transistors” the contents of which are hereby

incorporated by reference as if disclosed herein in their entirety.

Technical Field

15 This invention relates to patterning and microarray patterning of nanostructured
materials and biological molecules on various substrates and particularly, though not
exclusively, relates to thin-film transistors (“TFT”s) and circuits comprising such

nanostructures.

20 Background
Nanostructures have been extensively explored for use in gas/chemical/biological
sensors, active and passive components for electronic devices, and many other
applications. However, synthesis of nanostructures typically requires high temperatures

and vacuum environments. Furthermore, most applications involving nanostructures



Nanostructures have been extensively explored for use in gas/chemical/biological sensors, active and
. passive components for electronic devices, and many other applications. However, synthesis of
nanostructures typically requires high temperatures and vacuum environments. Furthermore, most
applications involving nanostructures 2 require well-aligned patterns and/or micro arrays. Fabrication
of such patterns and micro/nano patterned films also currently require a clean room environment and
involve several.lithoeq aph s(,?te . 5For example, a conventional patterned nanostructure-on-substrate
fabrication method' m(?%?\%se il%% V%ﬁ&ﬂ%?ﬂfr BIP SFHEYIGABH BRI SR RABE AR als with filter

paper so that the nanostructures are |eft on the filter paper. A planar stamp is then brought into
R T B 4&%‘%}88@% ?ﬁ?éﬁ}?%’p%]lﬁ% ERTHABVHSABMIR AR AT GV he filter

conformal SoNactWIR HHE NahBEhE8
paper are tgggésrg?rlrﬁgotoatq? %I%nsar stamp. The planar stamp 10having the nanostructures is then
brought into con ormar CORtAtTRith a desired substrate to transfer the nanostructures from the planar
stamp onto the desired substrate. A photo resist pattern is then formed on the nanostructures on the
substrate using a photolithography process. Nanostructures not masked by the photo resist pattern are

e g B B g B R L L e L Pt = e ateroved from
the nanostructures."Dévice and circuitry fa rlcé]thn can Hgn%ﬁg% g ﬂ&attﬁ%nslﬁ?ﬁgff’ e carrying
b et SO CM S DA FEDIBTS SR e e g s pre
paper so that the nanostructures are left on the filter paper. A planar stamp is then
brought into conformal contact with the nanostructures on the filter paper so that the
nanostructures on the filter paper are transferred to the planar stamp. The planar stamp
10 having the nanostructures is then brought into conformal contact with a desired
substrate to transfer the nanostructures from the planar stamp onto the desired substrate.
A photo resist pattern is then formed on the nanostructures on the substrate using a
photolithography process. Nanostructures not masked by the photo resist pattern are
then etched away by a dry or wet etching process. The photo resist pattern is then

15 removed from the nanostructures. Device and circuitry fabrication can then take place

using the substrate carrying the patterned nanostructures.

In another conventional fabrication method, instead of using a planar stamp, a patterned
stamp is provided to transfer the nanostructures from the filter paper to the desired

20 substrate so that only a pattern of nanostructures is removed from the filter paper and
transferred onto the substrate. Although photolithography is not required on the
nanostructures after their transfer onto the substrate, photolithography is still required to
form the pattern on the patterned stamp. Making the patterned stamp involves first

fabricating 2 master mould. The master mould may be of silicon and made by



20substrate so that only a pattern of nanostructures is removed from the filter paper and transferred
_onto the substrate. Although photolithography is not required on the nanostructures after their transfer
onto the substrate, photolithography is still required to folm the pattern on the patterned stamp. Making
the patterned stamp involves first fabricating a master mould. The master mould may be of silicon and
made by 3 developing a photo resist pattern on a siirface of a silicon substrate using a standard
photolithography process. The silicon substrate is then etched with the photo resist pattern acting as a
mask, follodesclppregrronattof itrisphaternesist maskcirofiuthitisiicabstistiaiede fundadatterned
silicon mould. The patterned silicon mould then undergoes 5surface treatment to facilitate stamp
removal. Soh®rlifp meanbriareaess abha pblydirmetisyisitoxahen(ENGYishtienpbousadstst spin coated in
liquid form onto the master mould to form the patterned stamp. Alternatively, metal or polymer moulds
may be uséftiaguieiiegmoeossds Bubhvad precisionatuifiti, rindirsisindaphlsbinghosidieve the
desired pattern. Such processes are time consuming and labour intensive. 10 Summary A method is
provided usiespAtRiogeotcrprpatisths lfamamosidictinesatiteath eilhonh imeshediatiynagpioable for inks
having a low concentration of nanostructures, inks with low viscosity, or inks that are aqueous in
nature Swhets BgeczRngeat thddpititohasnmpsresaitsli fdirstatipmofdiiti geshvaith adjacent circuits that
affect manufacturability of circuits. The method comprises fewer steps than conventional methods of
forming namgsrdicraraviatexans, @PNHAtAgherensaredfor lithographlieiigeiddpattentotties
nanostructures or to fabricate a patterned master mould. Being solution processable, the method is
also compdi‘&t%%@ﬁbt@(fgff@ffb@ﬂi\?@emed stamp. Alternatively, metal or polymer moulds may

be used, requiring processes such as precision cutting, grinding and polishing to achieve

the desired pattern. Such processes are time consuming and labour intensive.

10
Summary

A method is provided using printing to form patterns of nanostructures. The method is
especially applicable for inks having a low concentration of nanostructures, inks with
low viscosity, or inks that are aqueous in nature, where spreading of the ink solvent

15 results in formation of bridges with adjacent circuits that affect manufacturability of
circuits. The method comprises fewer steps than conventional methods of forming
nanostructure patterns, eliminating the need for lithography either to pattern the
nanostructures or to fabricate a patterned master mould. Being solution processable, the
method is also comparatively more cost effective.

20
The method is equally applicable to aqueous or organic solution-based inks, and may be
adapted to any appropriate printing set-up such as ink jet printing, spray printing
through a mask, screenprinting, electrojet printing and so forth. The method is

particularly suitable for low solubility and low-viscosity dispersions of nanostructures,



The method is equally applicable to aqueous or organic solution-based inks, and may be adapted to
,any appropriate printing set-up such as ink jet printing, spray printing through a mask, screenprinting,
electrojet printing and so forth. The method is particularly suitable for low solubility and low-viscosity
dispersions of nanostructures, 4 offering a solution to printing challenges such as uneven solvent
evaporation, solvent spreading and the consequenting or coffee stain effect where the
nanostructures are pulled outwardly towards the periphery of the printing spot as the solvent spreads

and evaporgtesse Qi pintingpiender sibeanabodighinscalalir A RHana Ao PsARs Surfaces

such as substrates and stamps facilitates pattern integrity as well as better control of the concentration

of nanostruepieggiin:thiRHpRA RN SRR dNTgRrRIs MS-Lf RARIMdsiormation duete low viscosity
and solubility of the nanostructures in the ink. Printing in conjugation with transfer printing also

provides 10§exiailiytintabricatigadhas Ww5@%%Jﬁiﬁ?g%ﬁl@aéﬁﬂ@%th%xﬁmémgéabricati0n
; al

without requiring substantial set-up modifications. In addition; different patterns may be readily printed

without requivigmseparete Braskaias Magtes mewdsHaihedabricatesias would be necessary in
conventional techniques. 15According to a first exemplary aspect, there is provided a method of

patternpig nanostructures comprising printing an ink comprising the nanostructures onto a solvent-
extracting first surface such that a pattern of nanostructures is formed on the first surface. 20The

transfer prirting:preterably eomprisessing steps at aepiormaliv soRiaaiine AiaeRPMitBiRefirst surface
such that the pattern of nanostructures on the first surface is transferred onto the stamp; and

conformallywentactagethe stamng with-the seeons sihassssadhatihe patteinted panestsuctures on the
stamp is transferred onto the second surface. The stamp is preferably a planar PDMS stamp.
avoiding problems of pattern deformation due to low viscosity and solubility of the
nanostructures in the ink. Printing in conjugation with transfer printing also provides
10 flexibility in fabrication that may be used for large scale as well as small scale
fabrication without requiring substantial set-up modifications. In addition, different

patterns may be readily printed without requiring separate masks or master moulds to be

fabricated as would be necessary in conventional techniques.

15 According to a first exemplary aspect, there is provided a method of patterning
nanostructures comprising printing an ink comprising the nanostructures onto a solvent-
extracting first surface such that a pattern of nanostructures is formed on the first

surface.

20 The transfer printing preferably comprises the steps of conformally contacting a stamp
with the first surface such that the pattern of nanostructures on the first surface is
transferred onto the stamp; and conformally contacting the stamp with the second
surface so that the pattern of nanostructures on the stamp is transferred onto the second

surface. The stamp is preferably a planar PDMS stamp.



5 Alternatively, the first surface may be a stamp and the transfer printing comprises confonnally
_contacting the stamp with the second surface so that the pattern of nanostructures on the stamp is
transferred onto the second surface. The first surface is preferably a planar agarose stamp. 5 For all
embodiments, the solvent-extracting first surface is at least one of: porous, absorbent and adsorbent.
The first surface may have a sorptive capacity of at feast 0.01 mL/g (intrinsic) and 0.1 mL/rn2
(extrinsic). The first surface is preferably at least one of: rigid, flexible, an alumina filter, a dielectric
film, a condddtirgatitve] phitdipdperfatagaydse; stanbgeldsiiestratefeasilicon subsirate, a PET
substrate, and a PDMS substrate. Alternatively, the first surface may be a patterned substrate
consisting ofenferadial dvatingngstherstechpoviduttingwindssuafdiel ectratfiine paeadoed with conducting
structures, a composite film, a composite material comprising dielectrics and conducting structures
exposed byrzappscesselentbd stomp cheansfatnmbchanicakpolishingface Thefthingdiackis The second
surface may be selected from: rigid, flexible, a conducting film, a dielectric film, a PET substrate, a
glass substraitelczabilicor ans sigateseastpraptz substrate, and a metal foil. Alternatively, the second
surface may be a patterned substrate selected from 70but not limited to: a material having patterned
conducting wires, a dielectric film embedded with conducting structures, a composite film, a composite
material comprising dielectrics and conducting structures exposed by a process selected from:
chemical-mEehaHieaséimsins srrisetenntgieasiking first surface is at least one of: porous,

absorbent and adsorbent. The first surface may have a sorptive capacity of at least 0.01
mlL/g (intrinsic) and 0.1 mL/m2 (extrinsic). The first surface is preferably at least one
of: rigid, flexible, an alumina filter, a dielectric film, a conducting film, photo paper,

10 agarose, a sol gel substrate, a silicon substrate, a PET substrate, and a PDMS substrate.
Alternatively, the first surface may be a patterned substrate consisting of: a material
having patterned conducting wires, a dielectric film embedded with conducting
structures, a composite film, a composite material comprising dielectrics and conducting

structures exposed by a process selected from: chemical-mechanical polishing and

15  etching-back..

The second surface may be selected from: rigid, flexible, a conducting film, a dielectric
film, a PET substrate, a glass substrate, a silicon substrate, a quartz substrate, and a
metal foil. Alternatively, the second surface may be a patterned substrate selected from
20 butnot limited to: a material having patterned conducting wires, a dielectric film
embedded with conducting structures, a composite film, a composite material
comprising dielectrics and conducting structures exposed by a process selected from:

chemical-mechanical polishing and etching-back.



6 The nanostructures may comprise at least one selected from: carbon nanotubes, metal
‘nanoparticles, a metal oxide material, a semiconducting material, polymer particles, crystalline
particles, amorphous particles, organic particles, inorganic particles, rods, fibres, needles, plates,
whiskers, biological molecules, proteins, and biofunctionalized 5particles. The nanostructures may be
crystalline polymer particles for promoting self- alignment of the nanostructures. The nanostructures
may also be modified for at least one purpose selected from the group consisting of: facilitating ink

formulation ‘i‘ﬂg Bg%igmmgg)%%{{%%ggggﬂ%éLgny%%fenCI% e;tar%foerggblglrbcgnm riil%%lsbggnos%gfctures

L " c .
homogenously dissolved in a a elng at least one selected from: smgfé‘ organic,

multiple oroARiEHRRIIN A 821 R aRteh, TRk SRaY iher.compiise addiional, paterial

selected from: organic and inorganic. The additional material may 0 fﬁgspattern of

e o e iaehlan A Al e AUREHANGSUNEER BYARICRR IRISIRRIESSBE o o

annealing, laser burning, and dissolving in a solvén preféra orm Selected from: a

suspension,ca,multiphase %g’r%&m%%lgg#?gﬁog%%g %%in%ng%g 8%%? tio né#lzgdngbodiments

of the method may be per d at a tempera een 200C to 2 , preferably between

30C to 325G, kheprinting legied ket pring L nask, screen
printing ano%ealectrojet prin%%?&%??ordingt{gﬁgﬁl&%@e{i&%ﬁ% %%%%ﬁe&%%%%%%%ga thin film
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one purpose selected from the group consisting of: facilitating ink formulation and

providing additional functionality.

10 The ink preferably comprises nanostructures homogenously dissolved in a solvent
preferably being at least one selected from: single organic, multiple organic, polar, non-
polar, and water. The ink may further comprise additional material selected from:
organic and inorganic. The additional material may be removed from the pattern of
nanostructures to obtain a pattern of pure nanostructures by a process preferably

15 selected from: annealing, laser burning, and dissolving in a solvent. The ink preferably
has a form selected from: a suspension, a multiphase mixture, a micellar structure, a

copolymer, and a colloid.

All embodiments of the method may be performed at a temperature ranging between

20 0°Cto 225°C, preferably between 30°C to 225°C.

The printing may be selected from: ink jet printing, spray printing through a mask,

screen printing and electrojet printing



by the method given above, and wherein the pattern of nanostructures is used Ibr applications
selected from but not limited to the group consisting of interconnect applications having resistivity
ranging from 10-10 .O/cm to 1010 O/cm, supercapacitors, batteries, conducting electrodes and
transparent electrodes. Brief Description of the Drawings In order that the invention may be fully
understood and readily put into practical effect 10theye shall now be described by way of non-limitative
example only exemplary embodiments of the present invention, the description being with reference to

the accomparyingllysalye, ravigs, | e drawings; 15616.1A Jna flowchart of an excmplary
Ei lij 1o (v)

Nin
method of patterning nanostrucrures; re a schematic Mustration of he %xemplary

method of FiG A IS 24 5 AANEER O t%§s§§ R ehon o patemins g Rngsiructures;

FIGS. 2B (i) to (iv) are ‘a schematic |Ilustrat| er exe ary meth 36??3 IGS. 3(a)
o 2, e deades LAMASIGIL G RAUS IR A BPIAIS AUERAIES DY 0 remp ary method

of FIGS. 2A and 2B; FIGS. 4(a) to (d are schematic iflustrations of exemplary device structures

comprising apareus dislecticdasr %{srrt)@trﬁt?ecﬂ@%&@@%é&&ﬁ% gpticalimages, of

nanostructurc patterns on alumina filters

5 applications having resistivity ranging from 10-10 Q/cm to 1010 Q/cm, supercapacitors,

batteries, conducting electrodes and transparent electrodes.

Brief Description of the Drawings

In order that the invention may be fully understood and readily put into practical effect
10 there shall now be described by way of non-limitative example only exemplary

embodiments of the present invention, the description being with reference to the

accompanying illustrative drawings.

In the drawings:

15 FIG. 1A is a flowchart of an exemplary method of patterning nanostructures;
FIGS. 1B (i) to (v) are a schematic illustration of the exemplary method of FIG. 1A;
FIG. 2A is a flowchart of another exemplary method of patterning nanostructures;
FIGS. 2B (i) to (iv) are a schematic illustration of the other exemplary method of FIG.
2A;

20 FIGS. 3(a) and (b) are optical images of nanostructure patterns on a substrate prepared
by the exemplary method of FIGS. 2A and 2B;
FIGS. 4(a) to (d) are schematic illustrations of exemplary device structures comprising a
porous dielectric layer or substrate;

FIGS. 5(a) and (b) are optical images of nanostructure patterns on alumina filters



8 FIG. 6 is a graph of I-V curves for different single walled carbon nanotube (SWCNT) films; FIG. 7 is a
.schematic illustration of the measurement set-up to obtain the graph of FIG. 6; 5FIG. 8(a) to (d) are
optical images of nanostructure patterns on porous substrates; FIG. 9A is a 2D Raman spectroscopy
image of an ink-jet printed SWCNT pattern; FIG. 93 is a Raman spectrum for the SWCNT pattern of
FIG. 9A; FIG. 10.4 is an optical image of a channel &rea of a bottom gate and top gold contact field
effect transistor device; 10 FIG. 10B is a 2D Raman spectroscopy image of the channel area of FIG.
10A; FIG. 11}KistdA admapbcuinieVofur vrsldos ffederransisgle with SWENT astm ther(B8Y 62T6)e
continuous Vsd sweeps; FIG. 113 an Id-Vd curve of the field effect transistor of FIG. 11A after
continuous f}’]é@s'sweeps; 15FIG. 11C is a Raman spectra for before and after electrical break down;
FIGS. 12A and 12B are photographic images of SWCNT patterns; FIG. 13 is a graph of sheet
resistance V& Hurnier shpmatis fAateiroNeT thatesrsuremenusi-ap taptheigtte gfepend EiGe of
SWCNT network channels; FIG. 15 is a Raman spectra of a channel area;

5 FIG. 8(a) to (d) are optical images of nanostructure patterns on porous substrates;

FIG. 9A is 22D Raman spectroscopy image of an ink-jet printed SWCNT pattern;
FIG. 9B is aRaman spectrum for the SWCNT pattern of FIG. 9A;
FIG. 10A is an optical image of a channel area of a bottom gate and top gold contact
field effect transistor device;

10 FIG. 10B isa 2D Raman spectroscopy image of the channe] area of FIG. 10A;
FIG. 1TA is an Id-Vd curve of a field effect transistor with SWCNT as a channel before
continuous Vsd sweeps;
FIG. 11B an Id-Vd curve of the field effect transistor of FIG. 11A after continuous Vsd
sweeps;

15 FIG. 11Cis a Raman spectra for before and after electrical break down;
FIGS. 12A and 12B are photographic images of SWCNT patterns;
FIG. 13 is a graph of sheet resistance vs number of prints for a SWCNT pattern,
FIG. 14 is a graph of gate dependence of SWCNT network channels;
FIG. 15 1s a Raman spectra of a channel area;

20 FIG. 16 is a Raman spectrum of an SWCNT pad; and

FIG. 17 is aan IV curve of SWCNT pads.



20 FIG. 16 is a Raman spectrum of an SWCNT pad; and FIG. 17 is a an I-V curve of SWCNT pads. 9
. Detailed Description of the Exemplary Embodiments A first exemplary embodiment of the method of
patterning nanostructures on a substrate is shown in FIG. IA and FIGS. 1B () to 1B (v). The exemplary
method 100 comprises a step 102 of using an ink jet printer 10 to print an ink 12 comprising a
dispersion of 5nanostruetures 14 in a solvent. The igk 12 is printed onto a solvent-extracting first
surface 16 or substrate 16 such that a pattern 18 of nanostructures 14 is formed on the first surface 16

(FIG. 1B (i) psaitenbextiaptios m@@@&m@t@%n@g@ggsporous thus engbling the solven_t to
pass through. As defined in ASTM specification Designation: D 6651 -01, sorption is a process in

which liquidAnglecses g iakefodmide ey absarptigmRHAdSARtiNaer e IR the dirst

exemplary embodiment, the first surface 16 is preferably a commercially available porous filter paper,

such as Whatshan(h)ialEIGineAfiled Pags! NBVHgoDBe(siz a%saaing 1 e Ronicsons 10,82 microns.
Being porous, the filter paper is able to 15extract the solvent in the printed ink 12 to prevent the

solvent spreastinglon tiedirgt suitacedprittethis waysimelhdefi QQ%B&%%%%@&%&%@W&S”PCM res 14
may be left on the surface 16 after the solvent has been absorbed by the filter paper. Pore size of the
filter pafer toabestraethissseldatedacenrding iekpentislpraizeiafitheananasitegivesntddnthe ink 12 20

surface 16 or substrate 16 such that a pattern 18 of nanostructures 14 is formed on the

first surface 16 (FIG. 1B (i)). Solvent-extracting may be by sorption or by being porous

thus enabling the solvent to pass through. As defined in ASTM specification

Designation: D 6651 — 01, sorption is a process in which liquid molecules are taken up

10 either by absorption or adsorption, or both.

In the first exemplary embodiment, the first surface 16 is preferably a commercially
available porous filter paper, such as Whatman® alumina filter paper having pore sizes
ranging from 0.2 microns to 0.02 microns. Being porous, the filter paper is able to

15 extract the solvent in the printed ink 12 to prevent the solvent spreading on the first
surface 16. In this way, well defined patterns 18 of the nanostructures 14 may be left on
the surface 16 after the solvent has been absorbed by the filter paper. Pore size of the

filter paper to be used is selected according to particle size of the nanostructures 14 in

the ink 12,

20
A stamp 20, preferably a Polydimethysiloxane (PDMS) planar stamp, is then brought
into conformal contact with the first surface 16, 104 (FIG. 1B (ii)) such that the pattern
18 of nanostructures 14 on the first surface 16 is transferred from the first surface 16

onto the stamp 20, 106 (FIG. 1B (iii)). This can take place because the pattern 18 of



A stamp 20, preferably a Polydimethysiloxane (PDMS) planar stamp, is then brought into conformal
_contact with the first surface 16, 104 (FIG. 1B (ii)) such that the pattern 18 of nanostructures 14 on the
first surface 16 is transferred from the first surface 16 onto the stamp 20, 106 (FIG. IB (iii)). This can
take place because the pattern 18 of 10 nanostrucrures 14 sits loosely on the porous filter paper 16,
The porous filter paper 16 may then be discarded. |lilothiS embodiment, the pattern 18 is a micropattem
18. Subsequently, the stamp 20 is brought into conformal contact with a second surface 22, 5108

(F1G. 18 () et the mictopallen | 3 afanaetielt a4 on {05 SAMAQIS fapsipred from

the stamp 20 onto the second surface 22, 11 IG. 1B swa e micropattem 18 of

nanostuotus 43 iagales auntecfomhe ller paner st sufass A0.aia s sgeond surface 22

10Device fabrication 112 can then be perfotnied with the secon ace trate using
conventional fabrication techniques for various uses such as interconnect applications having
resistivity ranging from 10-10 O/cm to 1010 O/cm, as supercapacitors, batteries, conducting electrodes

or transpare@&@@gam%,s tﬂé&awgacﬂs%g%'@ﬂts%mﬁgi%gm&&é@&m@ggc%e%ﬁ@m@z,

nanostructures on a substrate is shown in 2A and FIGS. 2B (1) to 2B (iv). The exemplary method

200 comyprispssasiep 1939 @ﬁmm@tm‘?&eg%r&%fwﬂgﬁ&&ﬁlm&é@ COBRIRINg AgnRsiructures

14 onto the solvent-extracting first surface 16 (FIG. 2B (i)) such that the pattern 18 of nanostructures

L4 i formed a4 s SHIAESLIA (546025 1012040 Werseoond euermalary spjpagiment the first

surface 16 may be a porous planar agarose stamp. For example, the porous planar agarose stamp 16

may be an agayoae gelctbickdim faying.acompasition af giwivihequeonsselttionjfhigh strength
agarose is used. Alternatively, if a low-melting point agarose is used, the agarose gel thick film

first surface 16 onto the second surface 22.

10 Device fabrication 112 can then be performed with the second surface 22 substrate
using conventional fabrication techniques for various uses such as interconnect
applications having resistivity ranging from 10-10 Q/cm to 1010 Q/cm, as

supercapacitors, batteries, conducting electrodes or transparent electrodes.

15 A second exemplary embodiment of the method of patterning nanostructures on a
substrate is shown in FIG. 2A and FIGS. 2B (i) to 2B (iv). The exemplary method 200
comprises a step 202 of using the ink jet printer 10 to print the ink 12 comprising
nanostructures 14 onto the solvent-extracting first surface 16 (FIG. 2B (i)) such that the
pattern 18 of nanostructures 14 is formed on the first surface 16 (FIG. 2B (ii)).

20
In the second exemplary embodiment, the first surface 16 may be a porous planar
agarose stamp. For example, the porous planar agarose stamp 16 may be an agarose gel
thick film having a composition of 2% w/v in aqueous solution if high strength agarose

is used. Alternatively, if a low-melting point agarose is used, the agarose gel thick film



11 composition may be 5% w/v in aqueous solution. Where the nanostructures 14 to be printed
.comprise blomolecules, the agarose gel film preferably comprises a buffer solution with a pH value of
around 7 instead of an aqueous solution. During printing, a glass slide is preferably used as a backing
for the porous planar agarose stamp 16, with 5the agarose gel film thickness preferably maintained at
a thickness of 3 mm. After printing of the pattern 18f nanostructures 14, the porous planar agarose
stamp 16 is then brought info conformal contact with the second surface 22, 204 (FIG., 2B (jii)) such
that the pafiéPPRE SPhARSStEiurEs 13Tt SR tHE hotOIE M AR SRSHTSEal 18P 16 is
transferred from the porous planar agarose stamp 16 onto the second surface 22, 206 (FIG. 2B (iv)).
In this Way?fﬁ%t?fgff@ﬂ?’i%e It H’%&tlﬁ f&%%?r&ﬂﬁgﬁ?ﬁﬁ@&ﬁ%ﬁﬂﬁ@rbﬁ%ﬁ Ag&rose first surface

16 onto the second surface 22, Similarly, device falrication 208 can then he performed with the
second sutaia 83 KAl arhr AE 61 HAen HOUAG ALEiE St S S51E PRERiehy a

non-porous substrate. that be rigid or flexible. For example, the second surface 22 supstrate could
he a cond u%iﬁ?tj #@ﬁ b 8?8%%}8 Hﬁ%%, ﬁsﬁé)f‘ééﬁ%t %é}}%pg?ﬁglsg 8 ﬁl%%rgsgiﬁ%ﬂpsh%s‘?’ﬂége, a quartz
substrate, or a metal foil, 20Depending on.the desired a éicati .qQr device to be formed, other than
filter p per(%(gxrea%ﬁ%%%fg%égﬁgg%g%%pi%f%agbﬁﬁ%lg@lgg %rag%%ﬁsﬁ ?i%lé%?ﬁc film, a conducting
film, photographic paper, a sol gel substrate, a silicon substrate, a PET substrate, and a PDMS
substrate. The first surface may even be a patterned substrate comprising a material having patterned

conducting yies, a diclectic fim embedded wih conducing, 12 stetyies, a composiie i, or a_
composite matertal co prISIngp ielectrics and conducting structures exposed by chemical-mechanical
polishing or. efching-back.. Similarly, the second surface may be a pat rnﬁﬁl4 tr@#e comprising a
material ha\llslr%ef)la 8%%%%%)# l?él |%%%?/ﬁ%r§a§ u#elc fe film %r%%agp&e%?\’/vlt Zgr?gijc m%@?r]uctures, a
such that the pattern 18 of nanostructures 14 printed on the porous planar agarose stamp
10 16 is transferred from the porous planar agarose stamp 16 onto the second surface 22,
206 (FIG. 2B (iv)). In this way, the pattern 18 of nanostructures 14 is transfer printed

from the planar agarose first surface 16 onto the second surface 22. Similarly, device

fabrication 208 can then be performed with the second surface 22 substrate.

15  For both embodiments, the second surface 22 is preferably a non-porous substrate that
may be rigid or flexible. For example, the second surface 22 substrate could be a
conducting film, a dielectric film, a PET substrate, a glass substrate, a silicon substrate,

a quartz substrate, or a metal foil.

20  Depending on the desired application or device to be formed, other than filter paper or
agarose, the first surface 16 may also be one or more of a dielectric film, a conducting
film, photographic paper, a sol gel substrate, a silicon substrate, a PET substrate, and a
PDMS substrate. The first surface may even be a patterned substrate comprising a

material having patterned conducting wires, a dielectric film embedded with conducting



5composite film, or a composite material comprising dielectrics and conducting structures exposed by
_chemical-mechanical polishing or etching-back. The first surface or substrate 16 on which the
nanostructures 14 are printed should be able to extract the solvent in the printed ink 12 to prevent
excessive spreading of the 10solvent on the first surface 16. This is to facilitate retention of pattern
integrity of the nanostructures 14 that are left on th?jirst surface 16 when the solvent has been
extracted. A solvent-extracting surface also allows for better control of the concentration of

nanostructugs g, fhe patemsfored annsiacs o uhSRIS LESaRAYe canagly of the firs

surface or substrate 16 is preferably at least 0.01 mLig (intrinsic) and 0.1 mL/m2 (extrinsic). As defined

in ASTM Spngéﬁﬁ%%g DEYigIRIRLBE6BT AlmipliveicaRAG Y JiRlR!R e B maximuym amount of

liquid absorbed and /or adsorbed under Specified conditions. Intrinsic rate of sorption is the rate at

which a spegifigd iquidJS30rRedARR REL WAL sianirdes Shegiisr candiians. ixtrgsic 20rate

of sorption is the raté at which a specified’liquid is sorbed on a per-unit-area basis under specified

conditions. THe RANPSIHAGIHES M4 SOMBIEsed-R Hif iBkdcmay ke iritmmaaf caran nanotubes, 13

5  composite film, or a composite material comprising dielectrics and conducting

structures exposed by chemical-mechanical polishing or etching-back.

The first surface or substrate 16 on which the nanostructures 14 are printed should be
able to extract the solvent in the printed ink 12 to prevent excessive spreading of the

10 solvent on the first surface 16. This is to facilitate retention of pattern integrity of the
nanostructures 14 that are left on the first surface 16 when the solvent has been
extracted. A solvent-extracting surface also allows for better control of the

concentration of nanostructures in the patterns formed on the surface or substrate.

15  Sorptive capacity of the first surface or substrate 16 is preferably at least 0.01 mL/g
(intrinsic) and 0.1 mL/m2 (extrinsic). As defined in ASTM specification Designation: D
6651 — 01, sorptive capacity refers to the maximum amount of liquid absorbed and / or
adsorbed under specified conditions. Intrinsic rate of sorption is the rate at which a
specified liquid is sorbed on a per-unit-mass basis under specified conditions. Extrinsic

20  rate of sorption is the rate at which a specified liquid is sorbed on a per-unit-area basis

under specified conditions.

The nanostructures 14 comprised in the ink 12 may take the form of carbon nanotubes,

metal nanoparticles, metal oxide materiasl, semiconducting materials, polymer particles,



crystalline particles, amorphous particles, organic particles, inorganic particles, rods, fibres, needles,
_plates, whiskers, biological molecules, proteins, biofunctionalized particles, or other nano-sized forms.
Crystalline polymer nanopatrticles are preferably used for promoting self-alignment of the
nanostructures when ink jet printing patterns of 5Snanostructures on a patterned substrate. The
nanostructures 14 may also be modified in order tojfacilitate ink formulation and to provide additional
functionality for devices subsequently made using the printed nanostructure patterns. For example, the

surface of t&}%&aﬂ%f@ap&[@g i spusierabivfunctional zedrip rehigye apod Misnessionof the

nanostrueturées 14 in the solvent and prevent agglomeration. This helps to maintain a 10consistent

density of nanasticiues S fer each NS duringitduist Bt WIbithr ik Zelo formulate the

ink 12, the nanostructures 14 are preferably homogenously dissolved in a solvent. The solvent may be

single orgapig;pdtiple,gganifo RN PRI QNILRWEBImERE iRk A2 BIaY A Hiefeapmprise

additional organic or inorganic material. The additional material may subsequently be removed from

the printed pattefs: ?Hlﬁﬂ%%@@f-ﬂ%@ﬁgiﬁn@(@%Eﬁ&ﬁ&@ﬂ@s@rﬂﬁﬁf&@kﬂfd@mﬁc Ranfstrusiyashys processes
such as annealing, laser burning, or dissolving in a solvent. 20The ink 12 may take the form of a

SUSPENsiony, sh RIUHRNASEM XBHGsrAdNIGH i il UHEEard SORERET AGh A ORIk édEIdariating is
preferably performed at a temperature ranging between 0C to 225C, more preferably between 30C to

225C. FIGS3fa)angifhhehew bl aatterpsafisingiaiwaladeahemngnaiibesd2 on an

Si02/Si substrate 34 with a 1 mm gap 36 therebetween, prepared by the second 14
subsequently made using the printed nanostructure patterns. For example, the surface of
the nanostructures 14 is preferably functionalized to achieve good dispersion of the
nanostructures 14 in the solvent and prevent agglomeration. This helps to maintain a

10 consistent density of nanostructures 14 for each print spot during ink jet printing with

the ink 12.

To formulate the ink 12, the nanostructures 14 are preferably homogenously dissolved
in a solvent. The solvent may be single organic, multiple organic, polar, non-polar, or
15  water. The ink 12 may further comprise additional organic or inorganic material. The
additional material may subsequently be removed from the printed pattern of
nanostructures in order to obtain a pattern of pure nanostructures by processes such as

annealing, laser burning, or dissolving in a solvent.

20  The ink 12 may take the form of a suspension, a multiphase mixture, a micellar
structure, a copolymer, or a colloid. Ink jet printing is preferably performed at a
temperature ranging between 0°C to 225°C, more preferably between 30°C to 225°C.
FIGS. 3(a) and (b) show 1 x 1 mm2 patterns of single walled carbon nanotubes 32 on an

Si02/Si substrate 34 with a 1 mm gap 36 therebetween, prepared by the second



exemplary method described above. A 3mm think agarose gel film was used as the porous planar
agarose stamp, made by mixing high strength agarose in deionized water at 2% w/v. 5FIGS. 4 (a) to
(d) show schematic illustrations of exemplary device structures comprising a porous dielectric layer or
substrate and having ink jet printed semiconducting nanostructures thereon. The same reference
numerals have been used to denote similar structureg among the devices. 10 The device shown in
FIG. 4(a) has a bottom gate and top contact configuration. It comprises two dielectric Layers: a porous

30 top dieleetimidyer mathadntmepibial sh32bottommeielestriciayer @n Alsilicen siisiate:33. The
porous 30 top dielectric layer is preferably deposited using a sol-gel method whereas the non-porous

32 bottom dieteatriplimyengaysbetaeposisdd biging aisghgel methadasdescHkribinAdnitedstates
15patent application number 12/302,155 or by physical deposition. The top contacts 34a, 34b are first
deposited bat itfk jet'yprinting or a standard lithogaphy process. Semiconducting nanostructures 36 may
then be deposited by ink jet printing an ink comprising the semiconducting nanostructures 36 onto the
porous 30 top dielectric layer between the top contacts 34a, 34b, in a similar manner as the pattern 18
of 20nanostructures 14 is printed on the filter paper 16 as described in the first exemplary
embodimenktl &5 44 \slidveharsitlian deviteasafikGs 4(c)x daping ddatosrgatieand top contact
configuration with a porous 30 top dielectric layer and a non-porous 32 bottom 15 dielectric layer
deposited oeranpifismg sylostradidBatrisitaijar vaystas tieadéicaf HIGied(ajnfedr the device of FIG.
4(b), the semiconducting nanostructures 16 are first ink jet printed onto the porous 30 top dielectric
layer, beforeetaipositishing the studeranthdresn . cOhtasts S4ecRbbdayuinlerjels printingar assiandard
lithography process. 5The device shown in FIG. 4(c) has a top gate top contact configuration. The
substrate denote similar structures among the devices.

10 The device shown in FIG. 4(a) has a bottom gate and top contact configuration. It
comprises two dielectric layers: a porous 30 top dielectric layer and a non-porous 32
bottom dielectric layer on a silicon substrate 33. The porous 30 top dielectric layer is
preferably deposited using a sol-gel method whereas the non-porous 32 bottom
dielectric layer may be deposited using a sol-gel method as described in United States

15 patent application number 12/302,155 or by physical deposition. The top contacts 34a,
34b are first deposited by ink jet printing or a standard lithography process.
Semiconducting nanostructures 36 may then be deposited by ink jet printing an ink
comprising the semiconducting nanostructures 36 onto the porous 30 top dielectric layer
between the top contacts 34a, 34b, in a similar manner as the pattern 18 of

20 nanostructures 14 is printed on the filter paper 16 as described in the first exemplary

embodiment.,

FIG. 4(b) shows a similar device as FIG. 4(a), having a bottom gate and top contact

configuration with a porous 30 top dielectric layer and a non-porous 32 bottom



38 used in this configuration is porous to facilitate ink jet printing of the semiconducting nanostructures
36 thereon before depositing the contacts 34a, 34b by ink jet printing or a standard lithography
‘process. 10The device shown in FIG. 4(d) has a top gate configuration wherein the contacts 34a, 34b
are first defined by ink jet printing or a standard lithography process before ink jet printing of the
semiconducting nanostructures 36. Like the device pf FIG. 4(c), the substrate 38 used in this
configuration is porous to facilitate ink jet printing of the semiconducting nanostructures 36 thereon. 15

in atemative emaesmenis. he dielselaiauers deseribed abae nahe solulan Risgesssd, and

made of composite and / or organic materials. FIGS. 5(a) and (b) show alumina filter papers 51 ink jet

printed with ik cemntising, 20 Wt%§9Eﬁ% Shdntha.fosm: Al sinale saled £arbonsnanoybes

(SWCNT). The printed nanostructure pattern in FIG. 5(a) comprises two 3 x 3 mm2 pads 52, 54 having

a 100 micron separationz3, isHe ReWpEN MBS 'Té%r%@o‘fg@e?d&%?éot}{"{?fgﬂgé 3INNLRaUs30, 58

having a 65 micron separation 57 therebetween. Both patterns in FIGS. 5(a) and (b) were formed by

printing over.gachRad»345%, 3 78 BHIYiHEES, is@an@é}ﬁtiﬁgo\gg’g%ﬁ? pl&cdops of ink at each pad
a

location, and have a resistance of about 500 kO. It was found résistance of the printed patterns
decreases whendba aumikes @W@P&(@?‘HB@%%&@S& k%{s%m@mq&?ﬁg&m%ﬁh@muw@e 6. As the
number of drops increased from 10 to 40, resistance of the printed pads decreased 10-fold. This is due
to the higherg ysed in this configuration is porous to facilitate ink jet printing of the

semiconducting nanostructures 36 thereon before depositing the contacts 34a, 34b by

ink jet printing or a standard lithography process.

10 The device shown in FIG. 4(d) has a top gate configuration wherein the contacts 34a,
34b are first defined by ink jet printing or a standard lithography process before ink jet
printing of the semiconducting nanostructures 36. Like the device of FIG. 4(c), the
substrate 38 used in this configuration is porous to facilitate ink jet printing of the
semiconducting nanostructures 36 thereon.

15
In alternative embodiments, the dielectric layers described above may be solution

processed, and made of composite and / or organic materials.

FIGS. 5(a) and (b) show alumina filter papers 51 ink jet printed with ink comprising

20  nanostructures 14 in the form of single walled carbon nanotubes (SWCNT). The printed
nanostructure pattern in FIG. 5(a) comprises two 3 x 3 mm?2 pads 52, 54 having a 100
micron separation 53 therebetween, while FIG. 5(b) comprises two 3 x 3 mm2 pads 56,
58 having a 65 micron separation 57 therebetween. Both patterns in FIGS. 5(a) and (b)

were formed by printing over each pad 52, 54, 56, 58 sixty times, i.e., printing with 60



5concentration of the conducting SWCNT present in the pads that are printed over more times, making
_such pads more conductive. FIG. 7 shows an exemplary measurement set-up used to obtain the |-V
curves of FIG. 6, wherein microprobes 59 were placed 500 microns apart on each pad 52, 54, 56, 58.
10Further examples of ink jet printed nanostructure patterns are shown in FIGS. 8(a) to (d). FIGS. 8(a)
and (b) show 5 x 5 mm2 SWCNT patterns 80 printgg on photographic paper 82, having a resistance of
around 100 kn. FIG. 8(e) shows uniformly distributed pores on a surface of a porous Ti02/S02/Si

substrate. R, 8 b dAK-ISE RIBIRA Bl PR d FesMAGN T PatGnS Rreith 300 migran
separations 86pon the porous 15Ti02/Si02/Si substrate of FIG. 8(c). The substrate shown in FIGS. 8(c)

and 8(d) compriseR@neoUad s ki@ B Qm 3k Rp gk BEO 3 TS is prepared

using a sol gel method, wherein the sol gel solution is prepared by mixing 15 ml of titanium

isopropoxidg,with (o 1RERINAA0ks flloweth irycelrorAy ek op ARdItionoh & $aHiIRBOfOrt Im1 of 60%

HC1 in 0.16m1 of water to form a resultant solution that is 20aged for three hours on a magnetic

stirrer. Presgnge pfthaeWVENE BRARS Rareus FiQ43108/R) supsitatedyas.datenpmed using Raman

spectroscopy with a 633nm wavelength laser. FIG. 9A shows a 2D Raman spectroscopy image of a

SCWNyattepnihat was BkietRmiatedinntovwmerayesdit THARESIShauhstaigR reenasref RBM
066.5 cm-1), D mode (1344.7 c 1), G mode (1593.6 cm-1) and 0' mode (2693.4 cm-1) as shown in the

Raman spegiiiR) ghkitz. ABncoafi s eontrsanseratie sA¥=NT oxeihs H9Rdashier{§i02/Si

substrate. 5 FIGS. 10A and 10B show an optical image and corresponding 2D Raman spectroscopy

image of a ghanpekaiaa taihetHomgateandtepaddwraiaet tedogtadstransistopidevicsoo
respectively.

microns apart on each pad 52, 54, 56, 58.

10 Further examples of ink jet printed nanostructure patterns are shown in FIGS. 8(a) to
(d). FIGS. 8(a) and (b) show 5 x 5 mm2 SWCNT patterns 80 printed on photographic
paper 82, having a resistance of around 100 kQ. FIG. 8(c) shows uniformly distributed
pores on a surface of a porous Ti02/3102/S1 substrate. FIG. 8(d) shows ink jet printed
0.125 x 1 mm2 SWCNT patterns 84 with 500 micron separations 86 on the porous

15 Ti02/8102/8i substrate of FIG. 8(c). The substrate shown in FIGS. 8(c) and 8(d)
comprises a porous 120 nm thick TiO2 thin film on a 100 nm thick SiO2 film. This is
prepared using a sol gel method, wherein the sol gel solution is prepared by mixing 2.5
ml of titanium isopropoxide with 25ml of ethanol, followed by drop-by-drop addition of
a solution of 0.13ml of 60% HCl in 0.16m1 of water to form a resultant solution that is

20  aged for three hours on a magnetic stirrer.

Presence of the SWCNT on the porous TiO2/Si02/S1 substrate was determined using
Raman spectroscopy with a 633nm wavelength laser. FIG. 9A shows a 2D Raman

spectroscopy image of a SCWN pattern that was ink jet printed onto a porous



Metallic behaviour was exhibited by all examples of nanostructure patterns printed with 10 a high
_density of conductive nanostructures 14 such as SWCNT. Electrical break down was carried out at Vg
= -50V with Vsd sweeps from -30V to +30V Ohmic nature of Id-Vd as shown in FIG. 6 changed to
Schottky diode behaviour after a few continuous Vsd sweeps as shown in FIGS. 11A (before Vsd
sweeps) and 11B (after Vsd sweeps). However, nd Y:hange was observed in the Raman spectra before
and after the electrical 15break, as shown in FIG. 11C, thereby confirming presence of the carbon
nanotuhes THARES {8t sy patteisrecriFB Yol ad £953 YhHimaded %ﬁﬁf@%‘b}’ ik jet printed
SWCNT patterns, The pattern in FIG. 12A is a 10 x 10 array of 0.5 x 0.5 mm2 SWCNT pads 90 having
0,5 20 mm@@ﬁ%ﬁéﬁ8%1§ S plerfise paAde (aine #1821 DERS RN HtEeRAB AR SRR @ m?2
SWCNT pads 94 with 5 mm separation 96 betwee%!;@%ads. Effect of the number of prints on sheet

resistance bf& PREARTEBH PGS Eem2t S EN T DHanhBIRYH Ble? 2 wREsIR  Herease in the

number of prints results in a decrease in the sheet resistance. Gate dependence of SWCNT network
channels having 18 a width-to-length ratio of 200 mm 200 mm is shown in FIG. 14 for Vg ranging from
-5V to5V. EIG, 15 shO\gts a Raman spectra of the channel area, with a 2D Raman map shown as an

insert 98. 5" Ramail SF8EMIHT S SO T2 HBIS SABWA T ERS B ith B RBRTHAYHEY shown as
an insert 99. Placing tywo microprohes 1 mm apart on a printed SWCNT pad, Ohmic, behaviour was
ohsorved ATGROR TR AL 08 bF RIEH £V HILEHEFEI 42 e LSRRI regoing
description exemplary embodiments of 10the present invention, it will be understood by those skilled in
the technolf%@%oﬁ?&@%ﬁ%ﬁqp{at many variations in details of design, construction and/or operation may

be made without departing from the present invention. For example, other than ink jet printing, other
suitable forms of printing with an ink comprising nanostructures may be used, such as spray printing

through & M R e RO AL BB LRSS R A o R3S ructure patterns printed with
10 ahigh density of conductive nanostructures 14 such as SWCNT. Electrical break down
was carried out at Vg = +50V with Vsd sweeps from -30V to +30V. Ohmic nature of
[d-Vd as shown in FIG. 6 changed to Schottky diode behaviour after a few continuous
Vsd sweeps as shown in FIGS. 11A (before Vsd sweeps) and 11B (after Vsd sweeps).
However, no change was observed in the Raman spectra before and after the electrical
15 break, as shown in FIG. 11C, thereby confirming presence of the carbon nanotubes in

the ink jet printed patterns.

FIGS. 12A and 12B show more examples of ink jet printed SWCNT patterns. The
pattern in FIG. 12A 1s a 10 x 10 array of 0.5 x 0.5 mm?2 SWCNT pads 90 having 0.5

20  mm separations 92 between pads, while FIG. 12B shows a pattern of two 20 x 10 mm?2
SWCNT pads 94 with 5 mm separation 96 between pads.
Effect of the number of prints on sheet resistance of a pattern comprising 1 cm?2
SWCNT pads is shown in FIG. 13, where an increase in the number of prints results in a

decrease in the sheet resistance. Gate dependence of SWCNT network channels having



150f nanostructures printed may be a rmcropattern, or a microarray of patterns, or a scaled-up pattern
.as may be appropriate for various applications. 19MCSLLP The Claims 1. A method of patterning
nanostructures comprising: printing an ink comprising the nanostructures onto a
solvent-extracting first 5surface such that a pattern of nanostructures is formed on the first surface,
wherein the ink has a low concentration of nanostrugiures or has low viscosity. 2. The method of claim
1, further comprising transfer printing the pattern of nanostructures from the first surface onto a second

surface. 103w h8-Betahalaindovhere e KaRSIRS PHIRGCEOMRHSES; e, siep$-ok (a) conform

ally contacting a stamp with the first surface such that the pattern of nanostructures on the first surface

is transferred,optg theRtaMPRAK 2 REM£ORFRIMAIYreROtAGHRG] theStrmpavth themecand surface so

that the 15pattern of nanostructures on the stamp is transferred onto the second surface.
shown as an insert 98.

5  Raman spectrum of a SWCNT pad is shown in FIG. 16, with a 2D Raman map shown
as an insert 99. Placing two microprobes 1 mm apart on a printed SWCNT pad, Ohmic

behaviour was observed as shown in the I-V curve of FIG. 17

Whilst there has been described in the foregoing description exemplary embodiments of
10 the present invention, it will be understood by those skilled in the technology concerned

that many variations in details of design, construction and/or operation may be made

without departing from the present invention. For example, other than ink jet printing,

other suitable forms of printing with an ink comprising nanostructures may be used,

such as spray printing through a mask, screen printing or electrojet printing. The pattern
15 of nanostructures printed may be a micropattern, or a microarray of patterns, or a

scaled-up pattern as may be appropriate for various applications.



4. The method of claim 3, wherein the stamp is a planar PDMS stamp. 205. The method of claim 2,
wherein the first surface is a stamp and the transfer printing comprises conformally contacting the
stamp with the second surface so that the pattern of nanostructures on the stamp is transferred onto
the second surface. 6. The method of claim 5. Wher%n the stamp is a planar agarose stamp. 25 20 7.
The method of any one of the preceding ctaims, wherfein the first surface is preferably atieast iome
selected from /e @iauRsconsisting of: rigid, flexible, an alumina filter, a dielectric film, a conducting
film, photo paper, agarose, a sol gel substrate, a silicon substrate, a PET substrate, and a PDMS
substrate. MCSLLP 5 8. The method of claim 7 when dependent on any one of claims 2 to 6, wherein
the second surface is referabl& at least one selected from the group consisting of: rigid, flexible, a

conducting film; & tBFISACHRRIA SIS P ARRYRECS AW E08strate, a silicon substrate, a quartz

substrate, and a metglifathgléh ink comprising the nanostructures onto a solvent-extracting first
5 surface such that a pattemn of nanostructures is formed on the first surface,

wherein the ink has a low concentration of nanostructures or has low viscosity.

2. The method of claim 1, further comprising transfer printing the pattern of

nanostructures from the first surface onto a second surface.

10
3. The method of claim 2, wherein the transfer printing comprises the steps of;
(a) conformally contacting a stamp with the first surface such that the pattern
of nanostructures on the first surface is transferred onto the stamp; and
(b) cbnforrﬂally contacting the stamp with the second surface so that the
15 pattern of nanostructures on the stamp is tranéferred onto-the second

surface.
4. The method of ctaim 3, wherein the stamp is a planar PDMS stamp.
20 5. The method of claim 2, whersin the first surface is a stamp and the transfer printing
comprises conformally contacting the stamp with the second surface so that the

pattern of nanostructures on the stamp is transferred onto the second surface.

8. The method of claim 5, wherein the stamp is a planar agarose stamp.

25
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9. The method of claim 7 or 8, wherein the dielectric film is at least one selected from the group
consisting at solution processed, composite and organic. 10. The method of claim 1, wherein the first
surface is a patterned substrate selected 15from the group consisting of: a material having patterned
conducting wires, a dielectric film embedded with cgpducting structures, a composite film, g g@iposite
material comprising dielectrics and.conducting structures exposed by a process selected from the

group cansisting ofcheplcAlyBRPRBisaLRgkshias:aed pienaraRcke G brdhemethod of any one

of cla_tims 2to Whergln the second surface is a patterned substrate selected from the group
consisting of: a mprefeialthestngnsatterssectshtionting wrires cargisfootelc fiid, mxildglided with conducting
structures, a composite film, a composite material cogrﬁgsing dielectrics and conducfting 25structures

exposed by a prok¥Eng:fligied ‘f‘r‘B‘ﬁ?WFeﬁ&Voﬁﬁ% TG R R ARRERiCa1 D 8fiShing and
etching-back. AMENRER SHEET, IREN . 21BHE SlisPal? ahhe PIStiosket@sg one of the preceding
claims, wherein the nanostructures comprise at least one selected from the group consisting of:
carbon nasotubes, ’
8. The method of claim 7 when dependent on any one of claims 2 to 6, wherein the

second surface is preferably at least one selected from the group consisting of:

rigid, flexible, a conduc’tihg fitm, a dielectric film, a PET substrate, a glass substrate,

a silicon substrate, a quartz substrate, and a metal foil.

10

9. The method of claim 7 or 8, wherein the dielectric film is at least one selected from

the group consisting of: solution processed, composite and organic.

10. The method of claim 1, wherein the ﬁfst surface is a paﬁemed substrate selected
15 from the group consisting of:-a material having ;ﬁéﬁemed conducting wires, a
dielectric film embedded with conducting structures, a composite film, a composite
material comprising dielectrics and conducting structures exposed by é process
seléc’ted from the group‘consisting of: chemical-mechanical polishing and etdhing-
back.. |
o
11, The method of any one of claims 2 to 6, wherein the second surface is a patterned
substrate selected from the group consisﬁng of: .a‘ material having patterned
conduciing Qvifes, a dielectrib ﬁirﬁ embedded with conducting structures, a
composite film, a composite material comprising dielectrics and’condut:ting
25 stru‘cfures exposed by a process selected from the group consisting of. chemical-

mechanical polishing and etching-back.
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metal nanoparticies, a metal oxide material, a semiconducting material, polymer 5particles, crystalline
particles, amorphous particles, organic particles, inorganic particles, rods, fibres, needles, plates,
‘whiskers, biological molecules, proteins, and biofunciionalized particles. 13. The method of claim
12 when dependent on claim 10 or claim 11, whereip,the 10nanostructures are crystallingl@slyirfer
particles for promoting self-alignment of the nanostriictures. 14. The method of any .one of the
preceding claims, wherein the nanostructures are modified for at least one purpose selected from the
group consisting of: facilitating 15ink formulation and providing additional functionality. 15. The method

of any one of the precedingdtaiang, ovef e tieckknooraims evhatEi NIRRT YEHRSgenously
dissolved in a solvent preferably being at least one selecte

d from th etica of sindl
organic, multiple GFRRRIESFISASh SRS SHIFEIET, Sy AR 1 6° '%ghse",lﬂgothé%% CORFISRg.Ot: single

hod of any one of the preceding
claims, wherein thg, lig Ré%?@érﬁ&\%?%isfﬁétﬁdﬂiag'ﬁ@ét@?@i?éi@éﬁﬁi@ﬁ&@d&ﬁﬁg%é@i@r@unmmsisting of
organic and inorganic. 2517. The method of claim 16, wherein the additional material is removed from

the patternsf nangeitistisresstatintaparicssitene oioUsCARAGSRIBATIE PB AESr NYEEEMENDED
PEAtALY), o

particies, rods, fibres, needles, plates, whiskers, biological molecules, proteins, and

biofunctionalized particles.

13. The method of claim 12 when dependent on claim 10 or claim 11, wherein the
10 nanostructures are crystalline polymer particles for promoting self-alignment of the

nanostructures.

14. The method of any one of the preceding claims, wherein the nanostructures are
modffied for at least one purpose selected from the group consisting of: facilitating

15 ink formulaiibn and providing additional functionality.

15. The method of any one of the preceding claims, wherein the ink comprises
nanostructures homogenously dissolved in a solvent preferably being at least one
‘selected from the group consisting of: single organic, multiple organic, polar, non-

20 polar, and water.

16. The method of any one of the preceding claims, wherein the ink further comprises

additional material selected from the group consisting of: organic and inorganic.

25  17. The method of claim 16, wherein the additional material is removed from the

pattern of nanostructures to obtain a pattern of pure nanostructures by a process

AMENDED ¢
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MCSLLP 22 preferably selected from the group consisting of: annealing, laser burning, and dissolving
in a solvent. 18. The method of any one of the preceding claims, wherein the ink has a form selected
from the group consisting at a suspension, a multiphase mixture, a mioellar structure, a copolymer,
and a colloid. 19. The method of any one of the preceding claims, wherein the method ¥Gedrmed at
a temperature ranging between 0C to 225C, preferaﬁﬂy between 30C to 10225C. 20. The method of

any one-of the preceding L%l 5 rein_the solvent-extracting first syrface is at least one selected

from the group co%ngltgtingfo :%%ro%@%ge&%?or%&t anc g%g%ﬁ(){e% . i%ﬁ'}?tﬂﬁeé%nl‘ﬂwgdag any one of the
preceding claims digbeiueig ihe saiwent-extracting first surface has a sorptive capacity of at least 0.01
mL/g (intrinsic) and 0.1 mL/m2 (extrinsic). 2022. The method of any one of the preceding claims,

wherein the printing is selected from the group consisting of: ink jet printing, spray printing through a

: mask, screen Rg?ﬁ@%ﬂ&l%ﬁgm&tﬁr&qw&é@dmg claims, wherein the ink has a form

5 selected from the group consisting of: a suspension, a mutﬁphase mixture, a

micellar structure, a copolymer, and a colloid.

19. The method of any one of the preceding clairﬁs, wherein the method is performed

at a temperature ranging between 0°C to 225°C, preferably between 30°C to
10 - 225°C.

20. The method of any one of the precedfng claims, wherein the solvent-extracting first
surface is at least one selected 'fr_om the g'ro>up qonsisting of: porous, absorbent and
adsorbent. -

15 |

21. The method of any one of the preceding claims, wherein the solvent-exiracting first

surface has a sorptive cgpacfty of at least 0.01 mL/g (intrinsic) and 0.1 mefmz

(extrins‘tc).
20 22. The method of any one of the preceding claims, whérein‘the printing is selected

from the group consisting of: ink jet printing, spray printing through a mask, screen

printing and electrojet printing

25
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