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1
ROLLED HETERQOQ-STRUCTURLES AND
METHOD OF MANUFACTURING ROLLED
HETERO-STRUCTURES

RELATED APPLICATIONS

The presct invention is o U8, Natuonal Stage under 35
USC 371 patent application. climmg priority o Serxal No.
BCTEP2020/061906, filed on Apr. 29, 20200 which clains
poority from GIF Patent Application No. 190604900 the
citirety of both are incorporated herein by relerence.

INTRODBUCTION

The present mnvention relates o a hetero-structare and
method ol mamiacturing o hetero-stracture, The preseit
invention also relates 0 a meihod of depositing one or more
layers of a {irst material on a {iber, wherein a sheet ol the {iest
material s provided i o liguid and e sheet 15 then
transierred out of the liguid and rolied onte the fiber. The
invention also relates o use of rolling o deposit layers of'a
OV material (e graphene) on a fiber, with transior
support substraies. and o fibers obtamed from the processes.
Libers composing o core aud a ploraiity ol luvers ol a liest
materal alse lorm part ol the invention as well as articles
(v wearable articles) and devices comprising the {iber

BACKGROUNID

Wearable clectronics, such as smart textiles or e-texiles.
are major ficlds of interest for this invention due to their
puotential apphcations in moltiple industrial sectors, includ-
ing heolthcare mowtonng. consumer clectronics. energy
harvesting and storage. and sensing. ‘To satisly commercial
domands. e-iextiles must integrate one or more fonctionali-
ties among clectrical and electromic passive and active
devices, photonic and optoclectromes, sensing. cnergy hap-
vesting and storage. sud be cowdortable w0 wear. light-
weight, wmechonically flexible and resistive o delormation
such as bending. mduced iension and compression.

A growing body of research describes the hybrd integra-
tion ol conventional clectromces {Le. silicon-based ntegrated
cirenits)y into flexibie substeates meluding wexules. flowever
high Ribrication cost. luck of computibility with wexale
nunulacturing process, dificuli mainienance, mechanical
rigidity (oo imolerance o varous orms of mechanical
steess such as bend. lold. twist or defonn) and lack of bioe-
or sk compatibility of the devices remain challenging.

It is known that i all the electronic lunctionalities con be
provided in the iber form factor, the {iber can then readily
be used lor the manufactuore of smant or e-texiiles or
uadoption m wearabie clectronies and other applications.
Consegquently. fibers with dilieremt Tonetionalities {i.e. con-
ducirve. sem conductive. phoioactive. hight emtling cic))
have been described and, in some cases, have been inle-
grated o wexules using couventional wxtile manulacturing
processes. such as weaving, Conductive polyiers are prom-
ising candidates for wearable electronics due 1o their clec-
trical and optical propertics. One of the most promising
types of polymer for tlexible and wearable clectronics is
polv-(3.d-cthvlencdoxytluophene) (PHEDOTY wiich bas high
conductivity sund solation processubility. Other polymers
and pr-comugated organic molecnles have also been mves-
tigated. For instance. polypyrrole nanofibers (60-100 mu in
average diameler) with relatively high conductivily of 120-
130 Sicin have been prepared. [lowever, these polviners and
organic molecules suller from stability issues sud wad W

e

e

20

4L

“h

9]

2

appeur withe o bluish tint. which limits their applications in
wearable hght enmitting diodes (1.1:0s) and solar cells.

Metallic nanowires (or nanoparticles) have also been
explored lor fiber-based wearable clectronics due to their
high comductivities. Porous fibers filled with silver akes
and nylon fibers coated wath silver using clectroless pluting
are exainples. However. surface roughness. stability {espe-
cially tor nanopariicles) and salety issues reparding the
biocompatibility of metal ions were identificed as the main
drawbacks of these materials.

Utilizing alorcinentioned matenals. devices such as fiber
ergaiie filed effect ransistor (OF1ETY. wire electeochenical
transistors {WHTCYL aud phototransistors are demonstrated
m prior art. OFF conflgurations are shown (o be sensiive
agamst the gate msulator ihickness. chanrel lengih and
surlhce roughness: which can cause short ciron. On the
other hand. WIHTCs are lar less allected by local geometry
and their relative case of nmunufacturing makes them more
altractive Tor practical applications. Their mom drawback
however is the slow response time. which resulis in low
swilching frequency due o the clectro-diffusion ol jons
within the solid electrolyvie where the wnic charges exlnbit
sub-pur wwinlity. Maorcover. fiber photodetectors are made
by directly bonding g photodetector onte a fiber lacet {iiber
end-lace) with lmited responsivity of 0.6 AW ai 4V and
400 nm wavelengih with tse and ll times of 7.1 s and 3.5
s. respectively. Therelore. developing more sdvanced mate-
nuls is one ol the main bowdenecks wwards nuproving the
conductavity, mobility and cuabling more novel device
archiectures o achieve higher performance.

Over the past decade. praphene has emerged as a prom-
ising material due w s lugh clectneal conductivity, low-
dimensional thickoess. conlormability o curved surfaces
with low rudins of curvature. Oexibility and chemical sta-
bility. Some conductive textiles based on praphene have
been reported in prior art. Conductive graphone fibors made
of reduced graphene oxide (RGOY or o mixtare of RGO and
curbon nunotnbes have, lor instance. been produced. 1 ow-
ever, the resuliing fiber shows high ronghness/stiflness and
lack of performance. and does not meet the mechanical and
electrical regquirements needed  {or wearable electronics
applications.

Liguid phase exlolinted (1.1} gropheae bas alse been
mvestigated as an allernative graphene production ronte io
{ubricate channel matenal i ransisiors or as clecirodes in
optociectronic apphications due W its improved ntrinsic
propertics. cuvironmeital stabiliy and low cost. However.
poor charge carricr mobility of the resulting films seeins 1o
be a maor problem preventng the wide spread use ol 1.1
graphene i wearable cleciromes. Additionally. to reach the
clectrical performance required for large scale applications
the transparcucy and Oexibiluy ol the films s seriously
compromised.

Chemical vapor deposition (CV13) is known as a preferred
method {or producing large arca. high quality, monolayer,
graphiene. With the recent advances in V12 echnologies.
toll-to-roll production of up w 30" flexible graphence (ihas
on Cu substrate wilh low sheet resistances, ngh oplical
wansparency  and high field cffect mobility has been
reported.

SUMMARY OF INVENTION

Viewed {rom a {irst aspect the present mvention provides
a method ol depositing one or more layers ol o jirst material
on o [iber comprising:
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{i) providing a sheet of the first mateaal 1 g liguid:

(i) fishing the sheet of the fiest material ot of the liquid
oo a iranstker support:

(i1} transtering e sheet of the firsst matenial from the
teansfer support onto the Ober by rodling the fiber: and

{iv} optionally cutting the sheet of the Orst material,

Viewed lrom o Turther aspect the present invention pro-
vides a method of depositing one or more layers of a {irst
maienal on a {iber comprising:

(-1} providing a sheet of the st matenal on a support:

{b-1) remwoving the sheet ol the first material from s
support by chemical ctehing or electrochemical delami-
nation:

(i} placing the sheet of the fimt maierial in a liguid.

(i) fishing the sheet of the fiest material ot of the liquid
oo a iranstker support:

{iin} wansiernng the sheet of the first mateoul (rom the
transfer support onto the iber by rolling the iiber:

{iv} optionally removing protective filin from the surface
of the first material: and

(v) optionally entting the sheet of the frst material.

Viewed lrom o Turther aspect the present invention pro-
vides the use ol one or more of the aforementoned methods
o transier thw st matenai out of the liquid oute e lber.
wherein the process 15 adapted for continuous man{aciuring
by moemns ol the following adapiations:

i) the tansier support in made ol g roll partially inmersed
in the solution and rotating contnaonsly w Gsh e sheet
of e first material ont of the liquid on the fiber:

11} the {iber 15 pulled {rom one end by inducing a contimous
rotational movement along 1ts nenn axas that allow one or
more fayers ol the first material w be transierred trom the
transier support W thwe surface of the fiber.

Viewed {rom a further aspect the present invention pro-
vides a method of depositing one or more layers of a {irst
material on a {iber, prelerably a polymeric fiber, comprising:

{1} providmg a sheet of OV material {e.g. grapheae) on
a supporl. preferubly metal support. whercin sid V1)
maierial 15 protected by a {lm:

(2} removing the sheet of CVIY matenal (e.g. graphene)
lrom its support. preferably metal support. by chemical
clelung or clectrocheiical delmmination:

{3} plucing (e sheet of CVIY waterial {e.g. graphenc) in
a liguid, preferably an agqueons solution:

(4} fishing the sheet of the OV materal (e.p. graphene)
ont of the hguid sud onte o transier supportc

{3} wansfoming the sheet ol the OV watenial {eg.
graphene) from the transler support onio he {iber by
rolling the fiber:

(0) optionally removing the protective film {rom the
surlace of the CVD material by dissolution in g solvent:
and

(7) optionally entting the sheet of the frst material.

Viewed {rom a further aspect the present invention pro-
vides the nse of rolling w deposit lavers of o OV material
{c.g. gruphenc) on o fiber. wherein dunog said rolling a sheet
ol the CVD material is transferred from a transier support o
the {iber.

Viewed {rom a further aspect the present invention pro-
vides u diber oblainable by the process  hereinbefore
desernbued.

Viewed {rom a further aspect the present invention pro-
vides a fiber comprising:

(i} a core fiber comprising a polymer, glass or meial: and

{ii} o plurality ol luyers of o st material. whercin coch
laver has o thickness of <500 mm.

2

e

2
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Viewed from o lurther aspect the present inveation pro-
vides an article comprising a {iber as hereinbefore describod.

Viewed from a luriher aspect the present invention pro-
vides u device comprsing a liber as hereinbelore desenbed.

Viewed from a lunber aspect ol the present invention
provides a helero siructure comprising:

a curved maierial:

at least oue laver of o first material rolled around the

curvied matenul:

al Jeast one intermediate layer rolled or lormed on the o

least one laver of the {irst material: and

ut least one laver ol g second material rodled around the at

least one intermediate laver.

Viewed from a lurher aspect of the present invention
provides a method of manufacturing a heicro-structure, e
wwthed comprsing:

Forming o curved waterial:

rolling at Jeast one laver of a first material around the

cnrved matertal:

Farming or rolling at least one intermediate layer on the at

least one layver of the fiest waterial: and

rofling at least one layer of o second mateoal rolled

aronnd the at least one miermoediate laver.

Delinitions

As used herein the jerm “fiber™ refers 10 a thread-like
strncture which has o length that is significantly longer than
its width. “Tvpical Qibers hove o length that s at least (wo
tumes longer than s width. The wem liber” also relers 10 o
curved malterial ol the hetero-structure device,

As used herein the term “sheet” refers 10 g continuons arca
of o material. that has a length and widih that is substantially
larger than its thickness. The “sheet” relerred w0 herein
optionally comprises g plurality of luyers,

A used herein thwe e “laver™ relers W0 g coptinnons
conting of substantially vniform thickness. The term “at least
one laver” refors 0 one or more layers.

As used herein the werm “ronsfer support”™ relers © o
substrate or carner it is used W wmporarily support the
sheet andior fiber. Preferably the sheet of {iest material is
removed from a liguid onto the surface of the wansler
support and thereafior the sheet of first material s rolled
around the fiber.

As used berein the tern “fishing” relers w0 the process ol
removing the sheet of material from a lguid and onio e
surface of the ransfer support.

As used herein the term Vrolling” encompasses Wwiming as
well as (wisting, Toming may be continuously 1 the sane
direction or way mclade changing direction. The wrm
“rolled around” relers 1o wrapping around as well.

As used herein the e “inermediaie layer” relers (o
both diclectoe layers (when considering o phottransistor
and/or o seusing devicey and semiconducting interinediate
layers. e.g. o hole transport layer and/or a photoactive layer
{(when considering a solar cell andior 1.1313 device).

DV TATLED DESCRIPTION OF INVENTION

The present invention relates 0 a method ol depositing
one or more lavers of a first material on a {iber. The meithod
COMPrises:

{1} providing o sheet ol the Grst material in o ligmd:

(i1} fishing the sheet of the first material out of the liquid

and onto a transior support

(i) transterring the sheet of the {irst material from the

transler support oo the fiber by rolling the fiber: und

{1vy optionully cutting the sheet of the first waterial.
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Itis challenging o reliably and consistently deposit lavers
ol material on fibers due to the struciure of {bers. Fibors
tvpically have a signilicontly preater lenpth than widih.
Preferred {ibers used in the method of the present invention
have o lengthn thant 18 1-10.000 umies. more prelerably 100-
10000 times and sull more preferably 1000- 10,000 times
greater than the width ol the Ober. Preferred fibers used 10
the method of the myvention have a length of G.1-100 cm.
maore preferably 0.1-10 cm and stll more preferably G110
mum. Preferred fibers used in the method of the mvention
have a width o 0.1-5 em. more prelerably G.1-1 cn and suil
mare prelerably 0.1-1 p.

The fibers used i the methods of the present mvention
preferably have a substantially ronnd or curved (e circu-
lar) cross section. Altematively. iowever, o bundle of fibers
may be vsed in the method of the present invention. In ths
case. the mdividual steands are relerred w0 oy filameats and
the bundie of Glaments is relerred W as the liber, o this case

the laver of first material 1s deposited on the outer surface of

the fiber {ormed by the bundle of filaments. The fiber lorm
ol ihe fiber vsed in the method of the present invention is not
significant. For example. fibers which are spo. (wisted or
us previously descobed. mlti-filament may be ciaployved.

In prefermred methods ol thwe invention the fiber 1s an
insulator, conductor, or semiconducior. Preferably the {iber
5 an usulator.

Preferably the Giber vsed in the methods of the mvention
comprises. ¢.g. cousists ol o polymer. plass. carbon. metal
or a mixiure thercol. More preferably the fibor comprises.

e consists ol polymer. glass, metal or @ mixinre thereol

and stll more preferably the {iber comprises a polymer.
Representative  examples of sonable  polymers  include
nylow. cotton. silk. ratan. jute. polvester. polylactic acid
(PLA). acrvhic, ammid, polyamide. polyolefin, polyphe-
nylene sulfide. polystyrene. wool, acetate. dincetate. trac-
clate and plass {ibers. Represemiative examples of mwetals
include steel. alummimun. wagnesion. copper. woelybdenin
und ungsten.

In preferred methods of the mvention the sheet ol first
material comprises an electrically conducting material. Pref-
crably the sheet of first waterial is o chemical vapour
deposited (CVD)Y material or o physical vapour deposited
{(PVI3) material. preferably o chemical vapour deposited
{(CVD) matennal. CVIY and PV advantageowsly provide
maienals of high gquahiy. For stance, CVID graphene can
be provided in the form of o wmonelayer. with low sheet
resistance. high opucal tansparency and lugh ficid effect
mobihiy.

In preferred methods of the present invention the sheet of

{irst material comprises. and more preferably consists ol
graphenc. boron aitride. transition metal dichalcogenides.
dopuit structores. o binury alloy or g ernary alloy. Repre-
sentative examples of smiable ransiton metal dichalco-
genides iclude MoS; MoSe,. WSe,. WS, as well as
heterostructures of tronsition wetal dichaleogemdes such as
MoB, MoSe, mnd  MoBSe, WSe.  Representative
examples of suitable binary alloys inclode MoS.,8ea, .,
Representative examples of ternary alloys (1o MoS,,
8¢y W8S L,8e., ) Prelerably. however. the sheet of first
materal comprises. and more prelferably consists of. gra-
phiene. Optionally the graphene is doped and/or luncton-
lised (ep. with amine groups. cpoxide grovps. iron oxide
eic).

In preferred methods of the present invention the sheet of

fiest material is o monolayer and more preferably o graphene
monclaver, Preferably the thickuess of the sheet ol st
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waterial is .3-30.000 um. more prelerably 0.3 - 1000 wm and
still more prelerably 0.3-1 nm.

In prelerred methods of the present invenuon the sheet of
first material is protected with a protective {ilm. Preferably
thwe protective (il covers one surkace ol the sheet ol first
waterial. Preierably the protective dilm comprises a polymer.
Preferably the protective film survives (e 15 not damaged
or changed by) the {shing and iransiernng steps ol the
wwethed of the mvention. Thas., preierably the protective jilm
is not solable 1 the liguid in which the sheet of liest material
is placed.

Preforably the protective {ilm comprises, e.g. consists ol
poly(methy] methacryvlate) (PMMA)Y poly(bisphenol A car-
bonate} (PCY polyvinyichlonde (PVOYL polyviny] aleolw]
{PVAY poivvinyipyrrolidone (PVP) ethylenc-vinyl scetute
(1VA) and polydmmethvlsiloxane (PDMS). The prolective
film may be deposited by any conventional method in the
art. e spin coatng. Prelerably the thickness ol the pro-
teetve film on the sheet of Grest waterial 15 1-10.000 no.
wwore preferably 10-1.000 am and stll more preierably
100-500 nm. [n preferred methods of the invention the toial
thickness ol the sheet of first material and the proteciive film
15 1-10.000 nu. more preferably 10-1.000 wu and still more
preferably 100-500 no.

luntiwer preferred methods ol the present mvention com-
prise the step ol providing a sheet of the first material,
optionally with a proteciive film. on a suppori and removing
thwe siwet of the fiest material from the support. Preferred
supports include metal {e.g. copper} and supphire. Protecuve
film-coated single layer matenials (e graphene) on moetal
supports are commercially available. For example PMMA-
conled single layer graphene on a copper support 15 com-
wwereinlly availabie (rom Graphenea. A cross seetion ol the
structure would show the est matenal {e.g. gruphene) is
sandwiched between an overlying proiective {lm and an
underlymg support.

Preforred methods of the invention further comprise a step
of removing the support from the shieet of fiest material by
chemical etehmg or clectrocheinical delsnination. Tios pro-
duces a {ree standmg sheet of {ivst matenial. The methods are
conventional in e art. Thus, for example. if chemical
clelung is vilised. the support way be dissolved by placing
it o suitable chemical buth (e saueons amumonium
persulfate or HOL iU the suppon is copper). 11 electrocheini-
¢al delammation 15 used. a copper support may be removed
using an electrochemical coll with the support as the cathode
and applying a voltuge. The method chosen shoukd ensure
thut any protective (il present on the shieet of st material
will not be damaged or chianged during the step of removing
the support from the sheet of {iest material.

In preforred methods of the invention the sheet of first
waterial s washed aller any step 0 remove a support
thwerefrom. Preferably the sheet of fiest material is washed
with water. preferably dewonsied water. g, by dipping or
spraying. Optionally the sheet of first material s dried.

I preterred methods ol the present invention the sheet ol
first material s placed 1 g ligud. This is o coable the
fishmg and transterring steps of the method ol the nvention
w be carried out. A preferred method ol the invention
COMPprises:

{u-1} providing g sheet of the lrest material on o support:

{b-1) removing e sheet of the Gt material row its

support by chemical etching or clectrochemcal delami-
nation:

(1} placing the shect of the first material in a hamd:

{11} fishing the sheet ol the irst material out of the liguid

und onto o transler support:
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{iin} wansiernng the sheet of the first mateoul (rom the

rans fer support onto e {iber by rolling the fiber:

(iv) optionally removing protective film from the surface

of the first material: and

{v} opuionaily cutting the sheet of tie first mateoul.

In the methods of the present mvention the sheet of Drst
maienal 15 fished ot the liquid onto o ranster support.
Preferably the sheet of first matenal Joats in the ligquid.
Preferably the trausfor support is dipped into the liguid.
nudemeath the sheet ol first material. so it the support may
be brought inte contuct with the surface of the first material.
I the sheet of {iest material comprises a protective film,
preferably the sheet is orented in the liquid so that the side
ol the sheet protected by the protecuve Dlin 1s uppermost. In
prelerred methods of the inventon. the transfer support is
brought into contact with the sheet of first material by hifting
ithe transter support underneath the sheet of lirst matenal so
that the sheet of fiest material is coughl or trapped on s
surfuce. Prederably the transfer support. with the sheet of
first matenal. on its surface is at least partiolly. optionally
completely. lifled ont of the liquid.

In preferred methods of the invention. prior o bringing
the sheet ol first matenol e contact with the transier
supporl. (e fiber is placed across the transier support and
more preferably ucross the op edge of the transior support.
In {orther prelerred methods of the wvention. the transier
support and the sheet of fist material, where the fiber s
preseut. are aligned during the fishing step. Thus. still woere
preierably thw wop edge of the wansier support and the wp
edge of the sheet of first material. where the {iber is present.
are aligned doring the Gishing step Thus in preferred methods
the fishing siep brings the sheet of (st material directly into
cotact with the fiber. Allernatively. the sheet of lirst mate-
rial may be slid along the surluce of the transfer support until
it comacts the Giber. Optionally the sliding of the sheet of {iest
matenal into contact with the Ober may be carned out once
the transter support is lified out of the liguid.

Sabsequent rolling of the fiber couses the sheet of Dirst
materal W slide along the transier support sud. snoultane-
ously. o roll around the {iber. The rolling may be carred out
al any suitable speed. Some typical speeds melude 0.1-100
rpan. more prederably .0-30 rpm and sull wore preferably
G.1-10 rpm. Rolling is coroed out vsing 10 conventonal
cquipiuent.

The sliding motion of the sheet of fivst material along the
trans{er support preferably canses stretching of the {iest sheet
ol mauterial. This weans that i 1s wrinkie and crease Tree
wihien 1t rolls sround e fiber. The rolling of the fiber canses
layers of first material o form on the fiber in a controlled
manner. The thickness of each layer corresponds 1o the
thickness of the sheet of first material. Advaniageonsly the
layers substantially confonu w thw shape of the fiber. Addi-
ticirally. due 1o the stretching that oceurs. there are lew. 1F
any. wrinkles or creases, in the layers formed.

In preferred methods of the prosent invention a plurality
ol luyers ol first material is deposited on the fiber by rodling
the fiber. In fonther preferred methods of the mvention
1-1000 favers. more prelerably 1-100 lavers and still more
preferably 1-10 lavers ol {irst material are deposited on the
{iber. The number of layers can readily be controlled by
knowledge of the degree of rotation, Alternatively, il the
ciremulerence of the fiber is knowi. the number ol layvers
can be controlled by the lengih of the sheet of the first
material.

The present invention therefore also relaies {0 the wse of
roliing 1o deposit lavers of o CVD) matenal {e.g. gruphene)
ou u [iber. whercin during said rolling a sheet of the VD
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wterial 1s trunsferred (rom o transier support W the fiber.
Prelerred fibers are as hercinbelore described.

The surface of the transfer support plays a key role in the
methods and vses of the invention. The surlace ol the
transfer support muost hove suitabie propertics w0 cnable o
sheet of first matenal 10 adhere thereto. e.g. so thwe sheet will
trans fer onte the support and be lified out ol thwe liquid on te
surlace thereol. On the other hand. the surface of the iransfer
support mst allow the sheet of first material o shide so that
when the fiber is rolled, facile transler onto the fiber occurs.

I preferred methods and uses of the present invention.
the transter support compases polyethylene terephithalate
(LI polveliwlene naphithaioe (PENY avartz. or glass.
Optonally the transtor support is surlboe weaied. preferably
plasma treated or chemically treated. The surlbee treaiment
may. for example. be vsed o increase the lubncity and/or
reduce the (riction of the surluce. The choice of wansier
support depends. tnter alia. on the liguid vsed 1 the fislung
step.

In preferred methods and uses of the invention the contact
angle between the surlace of the transfor support and the
Igqmd s 10-80°. more preferably 15-70% and still more
preferably  20-507. AL thwese contact angies. the wansier
support can be wetted in the liquid sond this enconrages the
sheet of {irst material to shide thereon.

The hgud vsed m the methods and uses of the present
invention preferably has a surlice teasion of 10-100 mN/m.
wwore preferably 15-90 mN/An and sl more preierably
20-50 mN/m. Prelerred liguids are selected from water ),
aleobol. and wixares thereol. Oune prelerred method of the
wvention employs a P or PEN transtor support aid waiter
as the liquid. Another preferred method of the invention
employs glass as the transfor support and isopropanol as the
liguid.

luntber preferred methods of the vention comprise s
lurthwr step ol removing, protectve jilim from the surlace ol
the first matenal. In preferred methods the protective {ilm is
removed by dissolution in o solvent. Represeniative
examples of suitable solvenis include ketones {e.p. acelone),
cthers {e.g. dicthylethery and  chlorobenxene.  Advanta-
geously the protective (il on thw surface of the first material
way be remaoved by dissolution even when @t is not present
on the outer surface, Lo when i is present on the interior of
the layers of {irst material due 0 subsequent rolling over-
Iying o lurther loyer of fiest waterial. in prederred methods
of the invention. the laver(s} ol st material on the fiber
shrink when the protective {im s removed. Advaniageously
the shrinking mcreases the level of conformity of the
Laver(s) with the fiber structure.

Alematvely. the method of the preseint invenuon way
comprise s lrther step of modilying the protective polyiner.
ey o provide specific lunctionality in the layer(s).

Optionally the sheet of first material is out alter the
necessary lavers ol first material have been deposited. Cat-
tng ol the sheet of first material is preferably carried oud il
thw sheet of first waterial is longer than 1s peeded 1o deposit
the number of layers on the {iber that is required. Coling
may be carried ont by vsing a sharp blade, using a laser beam
or by pulling the sheet.

I g purticularly prefemred method of the mvention oue or
more layers ol a {irst material are deposited on 2 fiber,
preferably a polymeric {iber, comprising:

(1) providing a sheet of CVI) maierial {(e.p. graphene) on

a metal support. wherein one surlace of said CVi)
maternal is protected by a film:
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{ii} removing the sheet of CVD muterial {e.g. graphene)
{rom s metal support by chemical eiching or eleciro-
chemical delamination:

(111} placing the sheet of CVIY material (eg. praphene) m
a liguid. prelerably an aqueons solation:

{iv} iisiung the sheet of the CVD matenol {e.g. gruphene)
ont of the liguid and onto a trans ler support, preforably
a PEN or P31 transter support:

(v} tansfomring the sheet ol the OV watenial {eg.
graphenc) from the transler support onto the fiber by
rolling the fiber:

(vi) removing the protective film from the surface of the
CVI) material by dissolution in a solvent:. and

{vii} optionally cutting the sheet of the Gest waterial.

In tarther preferred methods of the imvention. o layer of

second material 1s deposited on top of the st material. The
second materal 15 preferably o diclectric. an msulator. o
conducior or a semi-conducior. Preferably the second maite-
rial 13 g dicleetric. ‘The loyer of second mateoual may be
deposited by the method herein deseribed. 1.c. by performung,

steps (1)-(v) deseribed above. Allernatively, the layer of

second material may be deposited by any method conven-
tiomal i the art. e.g. spin coating. deposition ele.

In purticularly preferred methods ol the invention o Lur-
ther layver of the fiest material 1s deposited on top of the
second maierial by repeating steps (1)-(v) deseribed above.
Advantageously the methods of the present invention may
be used o build hetero-structures.

The present invention also relates w0 a fiber oblainable by
the processes hereinbelore described.

The fiber according (o the present invention is a coated
{iber. [i comprises a core wiich derives from the starting

matedal Gber and o costing which comprises a nmuber of

layers of o Girst material, Thus. the fiber. prelerably o couted
{ibcr. comprises:
(i) a core comprising a polymer. glass or metal: and
(iiy a plurality of lavers of a {irst material. wherein cach
laver has o thickness of <500 mm.

Prefereed fibers comprise o core compnsing o polyviuer.
Preferred polymers are as hereinbelore described in relation
to the method. Preferred fiest materials are those as herein-
belore descenbed in relation W the method.

Prefereed (ibers comprse 1-1000 lavers. more preferubly
1-100 lavers and still wore prelerably 1-10 layers. The wotal
thickness of the layers of first matenial is preferably 1-10.000
. more preferably 10-1.000 nm and st more preferably
1O0-500 wm.

lurther prelerred {ibers compase one or more layers of

diclectric.  semmconductor. photoactive  componnd.  light
cmitiing compound or insulator. Yot {uriher prelerred fibors
comprise o lorther (e second) plurality of layers of {irst
material.

The present vention aise relates o articles sud deviees
comprisig a {iber of the present invention. Articles inchide
woven  articles. Representative  examples of wearable
articles include healtheare {monitoring heart rite or other
vitals) |Advanced Muotenols 2R 4373 (2016}, wearable
displays  |Nature communications 6. 7149 {2015} and
energy harvesting [ Advanced Materials 27, 4830 (2013}
applications.

The present invenuon alse relates w0 o hetero-structure
COMPriSIng:

a curved maierial,

at least one layer ol a {iest materal rolled around the

curved material:

at least one ntermediate layver lormed on the at least oue

laver of the st material: and
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ut least one laver ol g second material rodled around the at

least one mitermediate layer.

It will he apparent o ihe skilled person that the hetero-
structure covers o wide range of devices such as 11D, solar
cell. sensors. andfor phototransistors. ‘The ability of the first
and sccond materials bemg rolled over one anotber is
particularly advantageous as it makes them switable for
wearable clectronics. The heiero-structure is generally suit-
able Jor nse on weaved fibres.

The curved material may comprse a fibre comprising
aluss. metal. carbon. avlon. polyester. cottonn wools or a
mixiure thereol.

The first and sccond materials may cach comprise an
clectrically conducting material,

Al Jeast one of the Drst and second materials may com-
prise graphene. boron miride. ransitton metal dichaleo-
genides, dopant structures, a bary alloy or a temary alloy.

Preferably, ol least one of the {irst and second materials
comprises chenical vapour deposition (V1)) or plysical
vapour deposition (PVi)) single loyer graphene (51.G).

Preferably, the {iest malerial comprises o plorality of
rolled layers. and wherein the second matenal comprises a
plucality ol rolled lavers. It will be understood that the relled
lavers tor cach of first and second materials can be of any
suilable numbers.

Preferably. the {ivst material comprises al keast six layers
rolled on top of one another. and wherein the second
wterial comprises one 10 51X lavers rolled on wop of one
anothier. It wall be understood that the preseit disclosoee is
not restrcied 10 siX rolled lavers, bud 1t can be any rolled
numbers a5 BOCCISINY.

It will be appreciated that the present disclosure covers
varions hetero-structures made of grapheoae and other (wo-
dimensional materials. These tvpes ol hetero-structure are
smitable {or mass production and environmentally {ricndly
for manufactoring.

Preferably. the at least one intermediaie layer is an insu-
lation laver,

Preferably. the at least one mtenuediute luyer comprises
separpte or o pxture of alumminm oxide (ALG,) and a
conlormal conting ol pin-hole-free Parylone ¢ Advania-
geously. Paryiene s g rehable diclectoe material with prom-
ising prospects for lexible clectronics. Since Parylene C s
applicd as gas and evaporated at ambicnl wimperature nuder
vacimy i nlimately covers all the avanlable surlaces,
providing complete and wmlorm encapsulation. Conse-
quentiy. this step Dorther inproves the diclectric robustuess
against deformations during mamleturing and significontiy
reduces the sk of short circuit.

The at least one layer of the {irst material may be
configured 1o operate a3 a gate region and the at least one
laver of the second material 15 condigired W operate as o
chunne] region.

The hetero-structure may further comprise a sonrce region
and a drain regron located on the at least one layer of the
second material. the chome] region being located between
thwe sonree and drain regions.

The hetero-straeture may larher comprise o photoactive
material located on the channel region.

The photoactive malerial may comprise a doped perov-
skite solution.

The hetera-stracture may be a gas sensing device. The gas
sensing device may be conligured o detect a gas by detect-
mg a change m resistance ol the channel region.

The hetero-stroctore may be a phototransistor.

The at least one mlenuediate layer may compnse o
plueality of semiconductung lavers.



US 11,869,728 B2

11

The plurality of semconducting layers may comprise o
hole wansport layer and a photoactive layer over the hole
irsport layer.

The hetero-structure may further comprise a fisst elec-
trode disposed on the at Jeast one laver ol the Grst material
und @ second electrode disposed on the at least one layer of
the secomd material,

The hetero-structure may be a hght emmtting diode (1.E1Y).

The hetero-strrcture may be o solar cell.

The hetero-struciure may be an maging sensor and'or an
ultravioiet (L) detector.

The hetero-strneture may be o sUrain sensorn

The hetero-straeture may be an aclmitor.

The hetero-sirncture intenor may act as an oplic conpler.

A rolled device may incorporaie the hetero-structure as
desentbed above.

The present disclosure also relutes w g method ol wmanu-
factnng o hetero-stracture. the method comprisiog:

fornuing o curved matenai:

rolling at least one layer of a {iest material around ihe

curved material:

fonuing or rolling ot least one imermediate laver on the ot

least one layer of the first matenal: and

ralling at least oue layer ol o second material around thwe

at least one intermediaie layer.

The versatility of the method of the invention has been
demonstrated by applying 11 w0 manufactare s wide range of
devices such as LEDs. solar cells. phootransistors, gas

sensors, mage seasors. UV deieciors and ollier types of

SONSOLS.

Generally speaking. the combination of conductors, semi-
conductors sud msulators with well-delined geometries and
intimate imerfoee 13 used 10 fiber-bused clectromies. ln one
example. graphene plays a key role wiih excellent clectronie
{1.e.. high conductivity, work function tunability via pating)
and mechanical (1. bending and conlormity} properiics.
Consegquently. o gate winable hybrid graphene/perovskite
fibver pltotransistor 15 constructed with broad photo-detec-
tion spectral range from visible o near inlrared (870 nm)
and hiph external responsivity (22.000 A/W)Y at only 1V
operating voltage runge. SLG obtamed from OV is Dirst
delaminated sud then rolied on wp ol thwe fiber o interest {6
rolis). A lucile two-step diclectric deposition process may
follow this belore rolling another CVID 81.G as the channel
layer. Afier. lor example, inkjel primting the source and
drain. o doped stite-ol-the-urt perovskite solution is depos-
ited on top of the channe] layer as the photoactive material,
Such photoiramsistor is sensitive o lomination along s
catire channel lengih (1 mm). The elfect of graphone’s gaic
mability on the device perlormance is mvesiigaied along
with extensive mechanical wsting and standard washabiliy
procedures o nvestigate the durability of fibers. Graphene's
contormality 0 roll around the {iber along with low oper-
ating vollages (<11V) play a entical role towards lanze scale
implementation 1 wearable electronics.

The mvention will now be deseribed in detail with reler-
cnce W the ollowing Figures and Hixamples wherein:

FIG. T s a schematic drawing of the mwethod ol the
invenion:

IF1G. 2 shows (a} an optical microscopy image. (b.c) SHEM
images of transferred CVI 81O around o glass fiber. (d)
conduciivity versus nnber of rolled CV1Y SLG and (o)
Raman characteristics of CVID 814G belore and alier trans-
for:

IIG. 3 illustrates o step-wise labrication process ol liber-
bused hybrid rolled graphene-perovskite photolransistors:
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IG. 4 illustrates a schematic represcutation of o pho-
wiransistor and/or a sensing device:

FIG. & illusicates @ schematic represcatation of a light
emitting diode {1.1:12) andfor solar cell:

FiG. 6 illusteates e €ay atomic force microscopy ol
perovskite {ilms formed on top of the rolled S1.G channel
shown m the optical microscopy image. (b) scanning clee-
tron microscopy image of perovskie (ilm formed on the
rodled graphiene based phototransistor. (o) absorption spoectra
of pristine perovskite and hybnd graphene-perovskite films,
{d) phoiohminescence spectrm ol pristine perovskiie and
lvbrid graphene-perovskite films upon excitation at 314 nin.
{c) ume resoived P ospectra of pristine perovskite and
hybrid graphene-perovskite films al excitation wavelength
of 400 nm:

FIG 7 illustrates 1 (a) the source-drain current as a
lunction of applicd bias at dark condition before and alter
deposition of perovskite on channel layer. (b) the transcon-
ductince characteristics (Vsd 0.5V) ol {iber based photo-
detector at dark condition. (¢} [ilummution power dependent
transfer charactenstics ol the fiber bused phototransistor at
fixed wavelength ol 488 nm. () corresponding drain pho-
weurrent as o fonction of applicd gate voltage, (d) photo-
current gl Vg 2V of the fiber based phototransistor as o
lunction of applicd bias w dilferent illuminaton power. (¢}
corresponding exiernal responsivity as o fonction of optical
POWCE

G 8 llustrates 1 {a} source-drain curreint as o luncuon
ol upplied bias ut dark condition beliore and aller deposition
of perovskile on channel layer, (b) the transconductance
characleristics (Vsd 0.5V of fiber based phoiodetector
durk conditiown. (¢} Corresponding drain photocurrent as o
lunction of applied gate voltage. {dy phutocurrent at Vg OV
of the fiber based pholotransistor as o function of applicd
bias ot different illumination power, () corresponding oxter-
nal responsivity as a funcuon of optical power. (1} noise
wweasnrements for the fiber phototransistors with different
rolhng numbers (1 and 6 layers) of rolled S1.G:

1G9 illustraies in (a) emporal photocnrrent response of
thw fiber bused hybrd rolled graplene-perovskite photode-
weeter under alternating dark and light linmination. (b}
wavelength dependent photoresponse characteristics of fiber
based hybrid graphene-perovskite  pholotransistor. [nset.
shows corresponding detectivity of the device at cach wave-
length.

IFIG 10 lustentes (o) bending radius versus the change in
ihe pholocurrent normalized according 1o the pholocurrent at
thwe flat state, (b device perfonuance under dillerent bending
cveles. lnset shows o schematic illustration of o twee-point
bending selup of {iber based phototransisior. [ indicates the
chord of cirenmierence comecting iwo ends and 1 s the
height gt the chord midpoint. (o) perivrmance of the device
al different number ol waslung cyeles. Loondry waslung
were {ollowed according 1o ANTCC standard tost proce-
dures. Afier cach cyele. device was dried and photocurrent
values were wwasired. (d} Rowan spectra of encupsulated
perovsiate at different washing cycles.

FIG. 11 ilusirates @ set of pas sensing experimenial
rosulis for device having channel based on | layers rolled
(V1) 81G

FIG 12 illustrates o lurther set of pas sensing eXperimien-
tal resulis {or device having channe! based on 6 layers rolled
CVID 81.G: and

G 13 iinstrates the dependeney ol number of layers on
gus sensitivity and selectuvity,

DETAILED DESCRIFTION OF THE: FIGURES

The prelerred method of e mvention s illusteated in
FiG. 1. Referring o VTG, 1a. this shows o sheet of a first
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matenal. specilically o CVD single laver grophene sheet. on
a copper support. [n FIG. T, the sheet is shown without o
protective {llm on top of the OV sigle layer graphene
sheet. but as deseribed above, a protective (ilm is preferably
present. FIG. 1h shows o (st electrocheical delamination.
The CVD) single laver grophene sheet is made the cathode
and a platinnm sheet (not shown) the anode. The sheets are
both immersed m an aqueous soluion of poiassium hydrox-
ide {cg. 0.1 M concentration) and o vollage (e 1-2 V) as
upplicd. lvdrogen babbles generate ot the surface and wd
delumination from  the copper support which  (ypically
ocenrs within 10-60 5. Afier washing the delaminated CVID
smple layer graphene sheet 1s placed in g liquid as shown in
G, Loy From the hguid. the VD single laver graphene
shieet is fished onto @ transfer support. Typically this means
that the wans fer support is dipped into the ligquid, nnderacath
the OV single laver graphene sheet so that the support s
brought mio contact with the graphene exposed by ihe
clectrochemicul delumination process. Poor 10 bringing the
CVI single laver grophene sheet e contaet with thw
transtor support. preferably the {iber is laid across he top
edge of the sramsler support. Thus when the OV single
layer grophene sheet contacts the wansier support. it alse
contacts the liber. Onee the CVD single laver graphene sheet
und transior support. aud preferably the fiber. are n contact.
the structure is preforably lified ont of the liguid. Subsequent
rolling ol the fiber then canses the OV single laver pra-
pliene sheet w siide along the trunsier support sud w roll
aronid the fiber, The slidig motion prelerably conses u
shpht stretching ol the OV smgle layer graphene sheot
which means that 1t 15 wrinkle and crease {ree. The rolling
ol'the {iber covses layers of OV single layer graphene shoet
1o lonu on the fiber is o controlled manner. Advantageously
the layers conlinm o the shaper of the fiber. Additionally.
due 1o the steetching that oceonrs, there are lew, if any.
wrinkles or crenses, i the lovers formed. Fially, FIG. 1d
presents the scale up approach for continnous coating of the
passing fibers with the loating layvers on the move,

FiG. 3 illusteates an example ol o step-wise Tabrication
process ol fiber-based hybrid rolled graphene-perovskite
phototransistors or hetero-structores (inset mage shows the
rolicd 81.Gs sundwiached i between thwe diciectric and
perovskite layers). Although graphene 15 used in tios
example. other suitable materials as discussed m tus speci-
{ication can also be vsed instead of graphene. As can be seen
in FIG. 3, a curved core fiber or o suitable curved material
40 is provided and then o single layer graphene 405 {or thw
fiest waterial} is rolled or wrapped around the core (iber 400,
Then. m one example. a diclectric or insulation material 410
is formed on the wrapped graphene 405 Afier this, in one
example, a further graphene laver 415 (or the second male-
rial) 15 wrapped around the diclectne material 410, A chan-
nel region 1s normally formed in second material or second
graphene rolled layer 415 inally, in one example. a pho-
toactive material 420 is formed on the second rolled material
{or gruphene e one example} 415, o dus exampic. e
hetero-steucture lonus g phototransistor. but it will be appre-
cialed that the sume structure can be used as o scusing
device, such as a gas sensing device.

FIG. 4 illusirates o schematic representation of a pho-
wolransistor apd/or o scusmg device. Many Teatores of e
device ol FiG. 4 are the smue s those showa in FIG. 3 and
iherelore carry the same relerence nnmbers. [However, in the
device of FIG. 4. pate 505, drain 510 and source 515
contacts are provided. Drain S10 and sovrce S15 are formed
ou the second rolled matenal {e.g. praphenc} 415 und e
phictaactve matenal 420 is located between the drain 510
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and source 515, The gate contuct 505 s formed on the first
rolled material (.. first graphene rolled layer) 405

FIG. & illusicates @ schematic represcatation of a light
enilting diode (1.1:1D) andior solar cell. The device includes
a core fiber 600 and g Drst material {c.g o first graphene
laver) 605 rolied around the core fiber 600. A hole transport
laver 610 is formed on e first rolled maierial 808 and a
photoactive matenal 615 15 formed on the hole transport
laver 610, A second rolled material {e.g. a second praphene
laver) 620 13 wrapped around the photoacuve matenol 615.
Afirst (bottom) electrade 625 15 lormed on the st rolled
material 605 and a second (top) electrode 630 15 {ormed on
ihe second rolled material 620, This heiero-stncture can be
used as o §LHED andior o solar cell device.
Muterials:

PMM A-coated single layer graphene (81.G) on a copper
support was obtamned {from Sigma-Aldrich or Fisher
Screntic:

Ammonium persullate {APS) was obtained from Sigma-
Aldrich or Visher Scicatific:

Gilass {iber was obiained from Sipma-Aldrich or Visher
Screntic:

Trausfer suppaorts made of cucl of VL PENL quarty and
glass woere obluined Trom Sigma-Aldrich or Visher
Scientific,

Characterisation Methods

Scamning cleciron microscopy (SEM) was carned ont
using [ligh Resolouon SEM Magellain:

Optical nicroscopy was carried omt nsing  Thorlabs
equipped microscope:

1-V measuremenis for device characteristics was carved
ot nsing Koihley 261213

Temporal phatocurrent response Meusurcineils were car-
ried out using Kevsight oscilloscope,

The AI'M measvrement were perlormed in o Bruker
Dimension leon will a scanming ratc ol 0872 Hz in a
inpping mode.

The Raman measuremient were perlfonued via o Tlonba
Jobin Yvon HIREOO spectrometer cquipped with o 50x
objective. The laser power is kept below 100 pW.

Meihods
Delamnation of PMMA-coated 81.6G

{1} Chemical iiching

3x6 em CVOG grown graphene on copper {both sides) was
shiced mito 1x1 cm preces. PMMA was then spin coated onio
the top side at 4000 rpm for 40 5 (0 produce protective
coutings. ~300 nm in thickness. Alterwards. oxvaen plusi
was used 10 remove any excess graphene (rom the backside
of the copper. The pieces were then submerged in 150 ml of
agqueons ammonun persuliaie solution ((N11,),5,0,. (05
wmol1) for 2 hours at 25° C. lor complete coppoer dissolution.
The resulting free-stonding PMMA-couted graphene luyers
were washed according w the procedure desenbed below,

(1) Plecirochemical Delamination

A two-clectrode system was wsed. with the PMMA-coaied

graphene sheet as the cothode {uegatively charged) and o
plutinnm sheet as the anode {(positively churged). The system
way submerged o 61 M agueous solation of KO and o
voltage of 1-2 V was applied. The average current was {0.1-1
mAsem?. [ydrogen bubbles formed at the copper-graphene
nuerface and Gieilitated e mechanical delomination the
graphiene Trom the copper support. Aler complete delaui-
mwion. which iypically took 10-60 s the free-standing
PMMA-coated graphene was then washed according o the
procedure described below.

Alter delaminution by cither chemical eiching or electro-

chemical delomination. the lree-stnding  PMMA-couated
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graphene sheets was then cleaned by dipping in iresh
duionised water for 20 minutes, cither 2 or 3 times.
Fishing and Rolling onto a Fiber, Including Removal of the
Protective 11lm

The roiling process consisted of two main steps. First. thwe
cdge ol the PMM A-couted graphene sheet was “grabbed™ by
the op of the glass fiber (125 micron diameter with | cm
target lengih coverage). Specifically. the fiber was placed on
top of the wranster support and o top cdge of tw Ooating,

graphenc sheet was lished onto the fiber. The remainder of

the graphene sheet lies on thw surface of e transier support.
Sccond. and aller waiting for a fow seconds {or the graphene
sheet to dry. the fiber was rotated ot speeds ranging from
1-10 rpin. The rotatgon ol the Giber slides the grophence sheet
along the ransler sheet und onte the rotating sarlsce of thw
{iber. The sheet is sireiched in the process and as a resuli the
praphone layers formed on the fiber are wrinkle-free and
crease-free and show a high level of conformity with the
fibver.

Adifferent namber of lavers was rolled depending on the
cad application of the fiber. After reaching the desired level
of rolling. the sheet was cut by pulling it away from the
transler support,

Finally. the PMMA-couting on the graphene was removed
by numersig the couted (iber in acetone lor 15 min fol-
lowed by rinsing with wsopropano] for ot least 10 min and
drying under N, gas How. Anncaling at 300" C. can be
carricd out W ensure the complete reweval of any residues.
G, 2 shows scanuing clectron microscopy and oplical
microscopy imapes of single layer praphene rolled aroond a
sample fiber,

Device Fabrication Process

The inllowing description is discussed as exauples of

implcimwentations ol the hetero-structure desceribed above.
The demonstrated transtor process is nlilized (o tabricate
the mam componenis (gaie and channel) of large-arca and
{lexible field effect transistors (F1915). Moreover, the source
undd drain clecteodes are generully made by ukjet ponting
echnology using silver nanopartcie ks, Relerring w0 VG,

3 again. this prosenis a step-wise fabrication schematic of

the FIVT devices wiich are nsed 1o construct the rolled OVD
SlG-perovskite  bybod  phototronsistors  aronnd — (ibers.
Roiled CVIX 81.G (e 6 times) was ciploved as the pate
clectrode. Then, 150 um of ALy plas 200 am Parylene O
wore deposited as the dicleciric laver. ALLO; deposition was
performed using atomic layer deposition (ALD). which
ollers high conformity.

uring the prelimmary expernnents. the sole use of AlQ,
as diclectrie resulied m a premature {ailure due o various
mechanical stress/strain applied o the sample throvghout
the device fabrication process. To addross this, an additiona)
conformal coating ol 200 mu pin-hole-Tree Parviene O was
applicd via SCS parvlene coater. Use ol Purylene as u
reliable diclectne chowce s reported wilh promising pros-
pects for lexible clectronics. Since Parylene C s applicd as
gas aud evaporated at ambient wimperatore under vacunm. it
ultimately covers all the available surfaces. providing com-
plete and umiorm encapsulation. Cousequently. tis step
further improved the diclectric robustness against delorma-
tions during maniacluring and signilicontly reduced the
risk ol short cirenit,

Alterwards. in one example. another VD 851G was
rolled as e channel material followed by printing silver
contacts to establish source and drain of the device (channe!
lenpth for example: 100G wm wadth: 120 pm). Without any
lithogruphy step (ypically done lor clunuel patteriang). in
oue example. u state ol the art CTENLLPBL, perovskile was
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deposited via a simple spin couting procedure on wp of the
rolled V1Y SLG surface. The resuliing film yielded in o
uniform coverage with an average roughness of 20 om
obtamed by atomic lorce microscopy (AIFM) (G 6a).
SEM mnage ol perovskite films on rolled CVD S1G s
displuved in UG, 68 Maorcover. FlG. 6¢ depicts the absorp-
tion spectra of perovskite. S1.G and hybrid S1.G-perovskite
systems. The sicady staie photolummnescence (I°1 ) spectra of
thwe perovskie and hvbrid S1.G-perovsiate configurations
{on gquartz substrates) are shown m FIG 64, Under the saie
experimental conditons. both perovskite and hvbrid 81 G-
perovskite exhibiied 1L peak at ~762 nm arising from the
perovskite band gap. However, the PLoguantum yield of
pristne perovskite is higher than SI.G-perovskite hybrid. In
other words. the P1omeasity {ntegrated arca under the
ewrve) of the SI.G-perovskite with respect to perovskite
fisell was quenched by nearly 96%.

Such a sipnlicant P quenching could be atinbuted 1o
clfective charge carricr transler between perovskite and
grapliwne layver. To explore tis lunber. tme resolved Pl
analysts was done at ambient temperature (IF1G. 6¢) which
indicates faster decay time in the case ol hybod S1.G-
perovsiile compared 1o postine perovskite: wiich conlirms
thwe transfer ol charges from perovskite w graphenc.
Photo-Response Charaeterisation

In the next step. the photoresponse characiensiics of the
{fabncated phoiotransistors woere mvestigated. In all devices,
al least 6 lavers ol graphene were rolled as the gawe elee-
trode. 13y coutrolling the rolling process. thwe eifect of layer
dependency in case of graphene as the channel material was
mvestigated. To begmm with., -2 layers 510G rolling was
explored. The linear dependency of current (o voliage mdi-
cutes the low ohinie contaet ol the clectrades with the
chunne] layver. see FiG. Ta. By depositing perovskiwe on (op
of the graphene-based channel, the currenl values increase
suggesting the transior of holes from perovskite to the
channel laver. Simlarly. the transconductance curves ol as
lubrcuted liber phototransistors without illomination are
displuved in FIG. T belore and aller perovskite deposition.
The gate voltages o the range of =2V 10 2V were applied
here to avord the dielectric breakdown. In graphenc-only
devices. the charge nentral point emerged o larger positive
gule voltages aecording 1o the drain current modulation. This
reveals o p-doped channel belaviowr: typically coused by
waler trapping (or absorplion) undemcath (or above) the
rolled S1.G Jayer. The drain current regime for the rolled
SLG-perovskite transistor is similar o that of graphene-oudy
versions thongh with o major slull w hagher gae vollages.
This could suggest that p-doping ellect in prstine graphene
15 strengthened due to the hole transter from perovskite 1o
ihe hole dommated graphene channel. This 1s consistent with
FiG. Ya which preseuts source-drain current as o funcuon ol
applicd bias. The increase ol hole current 1 the graphene
channel further confinms the transler of holes {electrons)
{rom perovskie (graphene) o graphene (perovskite).

FiG. Te danwnstrates  transconduclance  measurements
{drain correit vs gate voltage) vnder different light ntensi-
tes at 488 am. ln one example. all measurements were
condueted at a fixed drain voliage ol 0.5V where the black
hine mndicates e dark current. Due 1o the wliratast charge
re-combination m graphene. the ploto-generated carriers do
uot contribute o the observed photocurrent. As shown in
FIG. 7o, the drain corrent under illomination shified towards
more postive gate vollages. This is atiribuied o the addi-
tonal pating effect generated by the pholo-excited electrons
i perovskite. The resulting clectron-hole pairs combined
with the existing holes e perovskites valence band are



US 11,869,728 B2

17

transierred W praphene (Le.. clectron transier from graphene
o perovskite): inducing a hole current i graphene channe!
through capacitive coupling. s 1 generally m agreement
with ihe quenched Pl omtensity measured m hybnd S1.G-
perovskite (1iG. 6c).

Morcover. UG, 74 suggests tu higher photocurrents can
be achieved by increasing the gote voltage 1o +2V, Blevating
gate voltages duces {urther p-doping in graphene channel
resuliing ina strong clectric {ield at the graphene-perovskite
junction: which favours hole transtor to S81.G. Consequently.,
lurger photocurrents are observed at clevated gating due w
increased trausier rawe of thw photo-generated holes.

The photocurrent (L, Iyl of the fiber-bosed
hybrd devices at Vi, +2V is summarnized i FIG. 7e under
diflerent  dlomination  intensities. These  values woere
obimned by sweeping drain voliage from =1 0 1V, Consis-
tent with the sbove-mentioned phaoto-gatng mechanisin. the
illuminaton power nse leads o lugher photocumrents. A
lurger momber ol photo-generated electrons ot higher illu-
mination power are trapped in he perovskite mducing more
negative voltages withmn the hybrid strocture. The corre-
sponding external respousivity as o lanction ol illvination
intensity 15 displaved in FIG. 7/ External responsivity s
defined as R, (11,01 DHPopLAPIIA)) where |,
and [, are the device curreni under illumination and m the
durk. respectively, P, is the impinging optical power and
APIYA, iy g scaling lactor 0 ke inte accomnt the aclive
device area. Subscquently. [or example. the fiber-bused
hybnd phototransistor exInbited external responsivity up (o
376 AW under illomination power of 730 pW and applicd
bias of | V. Photoconductive gain can be estimaied as the
ratio between T, {excess carrier lifetime) w7, ., (lrunsit
time). Vor higher voltage applicd across the source and drain
(V) he froe carriers dridt velocity V), in graphene channel
increases lmeally until reaching satwration cavsed by the
carpier scatienng with optical phonons. Smee (. [/,
where 1, is transit time and .1y the chonnel length. thwe
increase i drill velocity (V) results o shorter ransit time
{i,,). Thus. photoconductive gain 15 generally expecied (o
grow hneady with V. results i higher external responsive
ity, Therelore. all measurements were done at vV, 1V 1o
keep the device operation m the lineor {olunic) reghue thus
climmating the nonlinear dependence ol 'V, on 'V,

Next, for example, the number of rolled graphene for the
channe! was mereased (o 6 lavers while all oiher conditions
{diclectric and gae electrode were kept sinilar). The experi-
ments for the as-lubncated devices in the absence ol light are
presented in FIG. 8a. £ Similar o the previows device, there
15 mcreasing in the drinn current and gaie voltage shilted (o
the right afier deposition of perovskile on graphene-based
clannel luyer. This vanution is attribuited 1o the change
graphenc’s Dirae pomt: which generally suggests that e
p-lype doping in graphene is strengthened due 1o trnster of
holes from perovskite o graphene.

In one example. the power dependent tansconductance
meastrements at 488w under drain voltage of 0.5V are
prescited in PG, 8e. According o the results. the drain
current mercased vnder light lumination and shified
Ingher gate voltages. The photo-generated charges are sepa-
rated ut the graphenc-perovskite mierlace due w the electoe
ficid buildup. The holes are transterred W the graphene sheet
while clecirons are trapped n perovskite creating the photo-
pating ehect. Consequenily. larger photocurrents were pon-
crally obscrved 1n 6 layer rolled SI.Ciperovskite phototran-
sistors . compared 0 those of on 1-2 lavers 810G
conligurations.
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IF1C. 8d shows the photocurrent at vero gate vollage and
swoeeping drain voltage between -1 1o 1V under different
Hlumination miensities. The corresponding  responsivity
shows extromely high value of 22000 A/W al 1V 2l 488 om
with o power of 750 pW as shown in FIG. 8¢ To lurther
churacterize the device. the detectivity was recorded. “The
weasured noise i the dark current shows o strong 1
component in FIG. 8 Considering the measurement at | 1z
frequency. s leads i o nose equivalent power of
7.9x 1077 Wi L' 2 with the corresponding detectivity of 107
jones (enrlliz' 2W) lor photetransistor based on one layer
rodled 516G, Snuilariy. the noise measurement for the pho-
totransistor based on 6 layers rolled 851G were applied.
resulied in noise cquivalent power of 2.8x107'° WL 2
with the corresponding detectivity of 10° jones (om T12' %
W) The norse current i the shot nowse limit scales as i (2
qid?)' 20 where 1 s the clectrical bandwidth, g is the
clectron charge and 1d 1s the dark curremt o the device. As
a result. the dircctvity 1n onr device based on the shot noise
limit can be expressed as 17* R(AJ3) Vin where A s the
active arca of the device, B s the elecircal bandwidih, and
R 15 the exiernal responsivity. The shot notse innted deiee-
tvity were calenlated as 102 aud 10" jones For one layer
rodled 81.Goand 6 layers rolied 81.G phototransistors. respee-
uvely.

Generally speaking, the obtained responsivities for this
hybrid device are seven orders of magnitude hipher than
pristune graphene (1 mA/WY and Tour orders of mogaitudes
higher than pristine perovskate (3 A/W) Such un unpree-
cdented perlormance is g product of an elfective clarge
irans fer and photoconductive gain mechanism. The photo-
conductive gain can be caleulated as follow: G v,,07,,.,.,.,
(7L 3V ) where G ostands {or photoconductive gain,
T,p 15 Cxcess carrier liletime. 1 is transit e, 1. is the

Flurkses
chunnel length. wis the mobility of the choannel and Vs the
voltage upplicd between source and drain,

To caleulate the 7. the temporal photocurrent response
of graphene-perovskile was measured o FIG. 9a. The
results reveal that a pise time of § ms and a fall time Jess than
35 s can be achicved without applying short gate pulses:
which make the labricated fiber device suitable for image
sensing applications. Gain volues i the ronge ofac v, 1V
were obtained af different optical powers at 488 nm. FIGL 954
presents the speciral responsivity of the hybrid S1.G-perov-
skite photodetector runging lrom visibic up 1o 870 i {neur
idrared). This photoresponse spectea closely  follows (he
minnse absorption of graphene/perovskiie {lms shown in
FIG. 9 highlighiing the role of perovskite as a strong light
absorbmg layer in which photoexeited charged are mmaly
produced.

Device Stability and Resilience

FFmally. as an example. the robustness and stabiliy ol the
as-prepared {iber photodeteciors were exannned via torioe-
ons wechowical bending and washability tests, The inset in
FiG. T0a shows the variaton in the photocnrrent st different
bending radius. Inset in FIG. 104 depicts the schematic ol
the three-point bending selup (Deben Microtest) where the
photocurrent 15 measured as a {unction of bending cycles. In
this condiguration. the bending radins {13, is culenlated by
the following formula R, [LE+(1.:2Y 17211 where L is the
height at the chord midpoint and 1. s the chord of circum-
{erence connecting two ends of the arc. The photocurrent
was first measured at a {lal position (no bending). and the
device was then bent up o Y i radius curvature for 100
bending cveles (FiG. T05). The steady rutio of bending 10
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at as o funcuon of bending eveles snggests o stable per-
formance after LOG bending
(.02,

Adierwards, the washability of the samples was invesii-
gated as one of the main criteria o applications in the
clectronic wxtiles. For this, ANTCC wst proteco] was cure-
fully tollowed as suggesied by numerons studies on e-iex-
tiles. Here, two encapsnlation techniques were explored (o
protect the deviee during washing tests {(mainly polymer-
based}). Imtially. the fibers were conlonmally couted with
thin luyer of Parvlene C (1 pm} known as an exeelliem
maisture barrer with ngh thermal (meliing pomt 363 K)
and UV stabibiy whnle being brocompatible. The device was
then couted lunther with polydimethyisiloxane {P1OMS) for
further waterprooling und resistsuce against harsh tension/
compression miroduced during washing. lFor ths, the elas-
tomer base and the curing agent were mixed with 1:0.1-1
ratios and spread on top of the {iber with 0.1-1 mm thick-
ness, The samples were then cured ot 809 O for 30 mntes
10 harden the polymer coating before placing m the washing
machine (SKYTIND rotale washing color) at 40 ¢ for 30
washing cycles, cach programmed for 45 min. The samples
were drip dried in oo vewtilated oven alterwards and tested for
phicta-responsivity. As shown m FlG. 10, the deviees were
sull Manctional alter 30 washing eyeles with slight drop 1
the photocurrent compared 1o the mital value (less than
20%) uplo 3 cycles. This could be attribuied to the
gradual degradution ol the clectrodes during extensive waslh-
ing. Alse. Rowan investigation of encapsulated perovskite at
diilerent washing cycles was conducted. shown in FIG 10
As it can be seen. no degradation of perovsKile o Phl; was
monitored st any washing cycles, confirming the robustness
ol our proposed cucapsuluted laver. Fortbhenuore. Paryiene C
cinerged as the integral pant of the device encapsolation!
profection owing to its mnsparency and Hexability towards
clivetive scaling of the devices and their accompanying
components.

Gas Sensing Performance

IIGL T presents a series ol graphs dewonstrating the high
sensitivity of the 1-2 layers rolled S1G towards various
gases af room empersiure. [t also confirms that the same

device arclutectures depicted 1 FIGE, 3-4 are capuble of

seusmg didferent gases. The graphs show o significant cor-
relation between olunic resistance (or its change in %) of thwe
rolled S1L.G aganst vanous gases al diflerent conceniration
levels inclnding relative humidny (R %), ammonia (NI {;)
aid mitrogen dioxide (NO, )

IIG. 12 shows similar westing performed with the & lavers
ol rolled S1.Gas the channel. The notable observation is the
high selectivity owards NG, with o dramatic decrease of
sensiivily o R % and NI,

1°§G. 13 compares the above described trends obscerved 1n
the 1 layer and 6 layer rodled S1.Gs for relative omidiy (13§
Y} at 60%, carbon dioxide (CO.) at 600,000 ppm and
ammaonia (NFL) sulphor hexatlvoride (81 and nitrogen
dioxide {NO,) a1 60 ppin. This graph further demonstrates
the high seusitvity of the 81.G with few layvers and the high
selecuvity ol the 851G wwards witrogen dioxade as e
number of lavers is increased. lnset on this praph prosents
the relative change in response towards the aforementioned
gases as the nmuber ol layers increuases.

Althwough the invention has been deseribed in lerms of

preferred embodimenis as set {orh above, i should be
nnderstood hat these embodimoents are lusirative only and
that the clmms are not himted o those cmbodiments. Those
skalled n the ant will be able 10 make modifications and
alteroatives in view of the disciosure which are contem-

=is with standard deviation of
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pluted as Lalling within the scope ol the appended claims.
Pach leature disclosed or lustrated in the present specifi-
cation may be incorporated m the invention. whether alone
oF in any appropriate combimation with any other leature
disclosed or illusteuted herei.

The mveniton claimed is:

. A hetero-siructure comprising:

u curved material. the curved material comprising o core

comprsing o polymer:

at least oue laver of o first material rolled around the

cnrved matertal:

al least one miermediate Jayver rolled on the ot least one

layer of the first material: and

ut least one laver ol g second material rodled around the at

least one miermediate layer,

wherein at least one of the {irst and sccond matenals

comprises graphene. boron miride. andfor a transiion
metal dichalcogenide.

2. A hetero-stroctore secording w el 1. wherein the
curved matenal comprises a {ibre comprising glass, metal,
carbon, nylon. polyesier. colion wools or a mixture thereot.

3 A hetero-stroctore secording w el 1. wherein the
first and second matenals cuch comprise an electrically
conductng material.

4. A hetero-strcture according o clamm 1. whoerem at Jeast
one of the fikst and second materials comprises chomical
vapour deposition (VD)) or phvsical vapour deposition
{PVD) single laver graphence (81.G).

5. A hetero-stmctore accordmp o cloim 1. wheramn the
first. material comprises a plurality of rolled layers, and
wherein the second material comprises a plorality of rolled
lavers. andfor wherein the (iest matenal comprises at least
six lavers rolled on top ol one another. and wherein the
second matenal comprises any of one W six layers rolled on
op of one anolher.

6. A hetero-structure accordmg o claim 1. wherem ihe at
least one mtermediate layer 1s an nsulaton laver. andfor
wherein thw @t least one ntermediste ayer composes o
mixtore of aluminivm oxide (ALO,) and a conformal coat-
ing of pin-hole-free Parylene O

7. Ahetero-structure secording @ elaim 6. wherem the at
least one laver ol the first material 15 configured w operate
as a gate region and the at least one laver of the second
marterial is confipured {0 operale as a chaonne] region.

8 A helero-struciure according w clamm 6. further com-
prising s photosctve material located on o channel region.
and/or wherein the photouctive material comprises a doped
perovskite solution.

9. A hetero-stmctore accordmp o claim 6. wheramn the
hetero-strciure 15 a gas sensig device, wherem the gas
sensing device is conligured 0 deteet o gas by detecting
chunge 10 resistance of the clunanel region.

10, A heiero-simciore according o clim 6. wherein the
hetero-strcture is a phototransistor.

I1. A hetero-strocture according 10 cluin 1 wheren the at
least one intermediate laver cowpases o plurality ol scui-
conductng lavers. wherein the plurality of seiniconductng
layers compnise a hole transport layer and a photoactive
layer over the hole transport layer.

[2. A hewro-stencture according o clunn 110 Dorther
comprising o [irst electrode disposed o the ot least one layer
of the first material and a second electrode disposed on the
at least one layer of the second maierial.

13, A hetero-stmciore according 1o clamm 11, wherein the
hetero-stroctare is o ligit emitting diode (11D or o solur
cell.
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I4. A hetero-streeture according w0 clunn 1. wherein the
hetero-structure 15 an mmagmy sensor or an uliraviolet (UV)
detecior or 8 strailt sensor, oF an actuator, or an oplic conpler.

15 A rolled device comprsing the helero-structure
uccording w0 claim 1.

I6. A method ol depositing one or more layvers ol a Drst
materal on g [iber the fiber compnsing o core comprising u
polymer. the method comprismg:

(i} providing a sheet ol the first material o g liguid,
wherein the sheet of the {rst material comprises pra-
phene. boron witride. andfor a transition metal dichal-
copenide:

(i) fishing the sheet of the fiest material ot of the liquid
and onte a ransfer support:

{iin} wansiernng the sheet of the first mateoul (rom the
teansfer support onto the Ober by rodling the fiber: and

{iv} optionally cutting the sheet of the Orst material,

17 A meihod as clommed i claim 16, whercin saad {iber
comprises a polymer, glass, metal or a mixture thereol.

I8. A method as claimed 1n clm 16, wherein sud sheet
ol first material comprises an clectrically conducting mate-
rial.

e

e
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I49. A method as claimed in claim 16, wherein said sheet
of fiest maderial comprises a protective {ilm.

20, A moethod as claimed in claim 16, forther comprising
the step of providing a sheet of the first material on a supporl
and removing the material (rom the support.

21. A method as claimed o claim 16, wherein said liquid
has a surlbee tension of 10-100 mN/m. and/or wherein said
iranster support and said liguid has o comtact angle of
20-50",

22, Amethod as claimed 1n claim 16, wherein suid unsfer
support comprises polvethvlene terephithalate (P11 poly-
cibylene naphibalate (PLEN) or glass, andfor wherom a
pharality of layers ol first maierial is deposiied on the fiber
by rollng the fiber.

23, Amethod as clmmed in claim 16, wherenn o layer of
a second material is deposited on top of the {irst material.
andior wherein o forther laver of said fist material is
deposited on top of said second material by repeating sieps
(1)-(v}.

24. Anarticle or g device comprising g (iber oblainabic by
the process of claim 16.



