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Layered materials (LMs) produced by liquid phase exfoliation (LPE) can be used as building
blocks for optoelectronic applications. However, when compared with mechanically exfoliated flakes,
or films prepared by chemical vapor deposition (CVD), LPE-based printed{optoelectronic devices
are limited by mobility, defects and trap states. Here, we present a scalable fabrication technique
combining CVD with LPE LMs to overcome such limitations. We use black phosphorus (BP) inks,
inkjet-printed on graphene on Si/SiO2, patterned by inkjet printing based lithegraphy, and source
and drain electrodes printed with an Ag ink, to prepare photodetectors (PDs).. These have an
external responsivity (Rezt)~337A/W at 488nm, and operate fromvisible (~488nm) to short-wave
infrared (~2.7pum, Rez: ~48mA/W). We also use this approach to fabricate flexible PDs on polyester
fabric, one of the most common used in textiles, achieving Reyzt ~6mA /W at,488nm for an operating
voltage of 1V. Thus, our combination of scalable CVD and LEPE, techniques via inkjet printing is

promising for wearable and flexible applications.

INTRODUCTION

Background

Photodetectors (PDs) are key components of video
imaging[1], optical communications[2], night vision[3],
gas sensing[4] and many other devices.

Their responsivity can be expressed as external{5p6]:

[Tiight — Laark]
Reyi = 1
et (Popt-APD/Aopt) ( )
or internal[6]:
Rint _ |Ilight - Idm“k| \ (2)

(Pabs -APD /Aopt)

where Ij;gn: and lger, are the currentssof the PD un-
der illumination and in dark conditions. App and A,y
are the PD area and thedaser spot size. App/Aop: is a
scaling factor that takes into account the fact that only
a fraction of optical power impinges on the PD. P, is
the incident opticalfpower, and“P,,,=abs x F,,; is the
absorbed optical powers whete 0, abs <1 is the optical
absorption in the PD/Typically abs <1, since not all in-
cident photons are absorbed (P,,: > Puys)[6], therefore
Rint > Rext]6]. Rext déscribes the overall PD responsiv-
ity, including device-related considerations, such as PD
design and architecture, light absorption and reabsorp-
tion (i.e. the absorption of radiatively recombined pho-
tons in the PD photoactive materials), optical reflection
from interfaces, optical path in the photoactive area, ma-
terials,quality, etc.[6]. On the other hand, R;,: provides
an estimate of the photodetection efficiency, character-
izing the optical-to-electrical conversion process of the

absorbed photons[6]. R+ is related to Ripn: as[6]:

NintgAabs(A\)
Rewt = Ring.abs = - (3)
wherew;,; is the internal quantum efficiency, i.e. the ratio
of the number of charge carriers collected from the pho-
toaetive layer to the number of absorbed photons[6], ¢ is
the electron charge, A is the incident light wavelength, h
is the Planck constant, and ¢ the speed of light. abs()) is
wavelength dependent, therefore the spectral response in
quantum-type PDs (whereby photons generate electron-
hole, e-h, pairs) typically follows the absorption spectrum
of the light absorbing material[6)].
The response time (7 .) is the lifetime of the photo-
generated charges in the light absorbing layer[5]. This
determines the PD speed, defined as[5, 6]:

An
QE X (ybln

where An is the light-induced change in carrier den-
sity, QF is the external quantum efficiency, defined as
QE=Ntran X Nabs Where nyrqn is the charge transfer effi-
ciency (i.e. the ratio between the flux of charges that con-
tribute to the current and the total light flux that reaches
the surface), 74ps is the light absorption efficiency (i.e.
the percentage of light transmitted from the sample), and
@in is the incoming photon flux. The operation wave-
length range is the spectral range where the PD is sensi-
tive to incident light[6]. For cameras and video imaging,
detection in the visible (~400-700nm) with ;¢ ~10-
50ms is desired[5]. Rezt >0.1A/W can remove the need
of amplifiers (to increase the output with respect to the
input signal (i.e. current))[7], thus decreasing costs[7].
PDs currently in the market are mainly based on
Si complementary metal-oxide-semiconductor (CMOS)

(4)

Tlife =
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technology[8]. For applications in the short-wave in-
frared (SWIR) (1000-2500nm/1.24-0.5eV), beyond the Si
bandgap (1.1eV)[6], current technology relies on III-V
InGaAs PDs[9]. However, these require complex manu-
facturing steps (epitaxial growth)[10], cooling to liquid
nitrogen[10] and they are rigid[10].

Layered materials-based photodetectors

Graphene and related materials (GRMs) are promising
for PDs[5, 11], and have demonstrated Res; ~108A/W
at 532nm[12], with response time~ 107%s[13], 110GHz
speed[14], operation wavelength covering visible to
the mid-IR~3.2um[15] and THz[16, 17], and CMOS
integrability[18]. Many GRM-based PDs fabricated
based on scalable CVD approaches[19, 20] were also re-
ported, with Rey: ~121A/W at 532nm[20]. Renr >
10°A/W was achieved integrating graphene flakes[12]
and/or layered materials (LMs), such as MoSs,[21, 22]
with PbS[23, 24] and HgTe quantum dots (QDs)[25], with
spectral coverage determined by the absorption of the
added material (e.g. QDs)[23].

In graphene-based PDs (e.g. metal-graphene-metal
PDs[26]), abs()) is governed by the wavelength depen-
dent optical conductivity of SLG[27], doping[27], Pauli
blocking[27], mobility[28], scattering time[29], device ar-
chitecture, and substrate, which affects the optical path
and the interference of the incident light[26]. In graphene
PDs based on photogating (e.g.  graphene/QDs[12];
graphene/semiconductor[30]), abs(\) depends on theab-
sorption coefficient profile (47K /\)[6] of the light absorb-
ing material, where K is the imaginary partref the pho-
toactive material[6].

Liquid phase exfoliation (LPE) is a promising route
for production of LM-based inks[31=36}, »These have
been used for printed solar [cells[37], ~sensors[38],
transistors[33], supercapacitors[39; 40], and PDs[41].
LPE inks were used to preparé PDs onrigid (e.g. Si)[42]
and flexible (e.g. PET(polyethylene terephthalate))[43]
substrates. Challenges in the, development of inkjet-
printed LPE based PDs stem from the limitations as-
sociated with the presence of traps (surface[44, 45] and
interface sites[44, 45] formedyduring LPE), resulting in
photocurrent loss[45].

PDs based on, /solution-synthesized MoSs on
Si/Si0y wered'demonstrated[45].  These were pre-
pared by dissolvingd (NH4)oMoS, in dimethylfor-
mamide:butylamine:aminoethanol (volumetric ratio of
4.5:4.5:1); followedsby spin coating on Si/SiO2 and con-
version/ to MoSsvia annealing at 750 and 1000°C under
Ar/H, ‘and Ar/S[45]. The MoS, channel was defined
by photolithography and dry etching using O5 plasma.
The electrodes were fabricated via e-beam evaporation
of Au/Ti. "However, the PDs in Ref.[45] showed Ryt
limited to~63uA/W at 405nm[45] due to the presence

2

of defects[45]. These acted as trap states and resulted
in a slow (few s) 7. The current (~107°A when
the light was turned on) did not recover tonthe initial
level (~3x107'2A with light off(45]).  Tjg. improved
to~20ms by applying a gate pulse~100V to discharge
the trapped charges[45]. Lateral heterostructures based
on LPE MoS; flakes as photoactive material’and~4 layer
graphene (4LG) flakes[41, 46] or Ag paste[47] as elec-
trodes were reported[41, 46, 47|, withhRc,; ~36uA/W
and 75e ~60ms at 532nm[47], and 300mA/W un-
der white light. Ref[48] reported LPE MoS; based
PDs with Rezt ~50mA/W at$S15nm and 757, ~5ms,
using ethyl cellulosesto, make/ percolating films with
conductivity~1.72x 10 %S /mi[48]. Water-based<7LG
and WSy inks wereised in Ref.[43] to make vertical
heterostructures, resulting/din PD arrays. However, these
PDs mostly covernvisible (405-532nm)[41, 43, 45-48]
with Rept<50mA /W, idue to photocurrent loss mainly
due to traps[d4, 45].

Blagk phosphorus (BP) is a LM interesting for
broad-band PDgybecause of its thickness dependent di-
rect. bandgap varying from~0.3eV in bulk[49] to~2eV
in 1LBP[50}. Micro-mechanical cleavage (MC) has
been the main approach used to make BP PDs[51-
58].. Ref.[57] demonstrated PDs based on BP flakes
with Jthickness~10nm[57] working~532-3390nm, with
Reqt ~82A/W at 3.39um and 7. ~0.13ms. BP was
exfoliated on Si/SiOs. A resist layer was patterned via
e-beam lithography (EBL) for metallization and evapo-
ration of Cr/Au as contacts[57]. Ref.[54] used MC BP
(~8nm thickness), EBL, and electron-beam evaporation
to form arrays of metal contacts. Ref.[54] demonstrated
BP-based PDs for 400-900nm, with Rey¢ ~ 4.3x106A /W
at 400nm, ~103A/W at 900nm and 7,7, ~5ms. Ref.[51]
used a 225nm thick BP film stacked between two SLGs
as top and bottom contacts. To prevent exposure to the
environment, this was encapsulated in 18nm hBNI[51].
The PDs had broadband response~632-3400nm, with
Rezt ~0.15A/W at 632nm,~1.43A/W at 3400nm, and
Tiife ~1.68ns[51].  However, MC usually produces
flakes<1mm[59], without thickness control (random lo-
cations of 1L to tens nm flakes)[60, 61], and lacks re-
producibility in terms of amount of material, flake size,
and number of layers[62-66]. Ref.[42] used LPE BP
inks to print BP/CVD SLG/Si Schottky junction PDs,
with Regt ~164mA /W at 450nm,~1.8mA /W at 1550nm,
and 7;pe ~0.55ms[42]. Si/SiO; was patterned with
EBL, followed by e-beam evaporation of Au and lift-off.
The devices were further patterned to make a window
to etch SiO;. CVD SLG was then transferred, cover-
ing the Au electrode and the Si window[42]. BP was
inkjet-printed on the SLG/Si Schottky junction. This
process is complex and requires expensive fabrication
tools (EBL and e-beam evaporator). Ref.[67] reported
SLG/LPE BP PDs. Two Au electrodes were evapo-
rated through a shadow mask on Si/SiO,. CVD SLG
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3
Properties

Fabrication Spectral range(nm) Rext(A/W) Response time(s) NEP (WHz~ /%) D*(Jones)  Ref.

IP (LPE BP t~200nm) 488-2700 337-0.048 (488-2700nm) 50x107° 1.68%107 %2 10" this work
IP (LPE MoSz t~1.9um) white light 0.3 - - 3.6x10'°  [46]
IP (LPE MoSz t~700nm) 515 0.05 (515nm) 5x1073 - 3.2x10° [48]
IP (LPE MoSs t~1.3mm) 405-980 63x107°¢ (520nm) 20x107° - 4.2x10% [45]
IP (LPE MoSs t~50nm) 532 36x107%(532nm) 60x1073 - - [47]
IP (LPE WS3 t~100nm) 514 0.001(514nm) - - - [43]
IP (CVD MoS; t=1L) 405-780 0.02-0.01 (405-780nm) 1.7 = 4.8x107 [70]
IP (LPE WS; t~30nm)/PHL 632 10~*(632nm) - - - [71]
IP (LPE BP)/EBL 450-1550 0.164(450nm) 550 % 1076 - - [42]
EBL (MC BP t~8nm) 640-940 4.8x1073 (640nm) 4x1073 - - [53]
EBL (MC BP t~10nm) 532-3390 82 (3390nm) 130x10:° 5.6x107'2 - [57]
EBL (MC BP t~10nm) 830 53(830nm) : - - [72]
EBL (MC BP t~30nm) 400-3750 0.35x107%(1200nm) 40x 10767 - - [68]
UVL (MC BP t~60nm) 635-1550 594-3300(635-1550nm) 3%10*° - - [69]
EBL (MC BP t~8nm) 400-900 4.3x10°%-10%(400-900nm) 5x1073 - - [54]
EBL (MC BP t~225nm) 632-3400 0.15-1.43(632-3400nm) 1.8%107° 7x107*2 - [51]
Abration (WS3 t~30nm) 625 144x1073(625nm) 70%10~° - 10® [182]
Sputtered (WSs t~4nm) 450-635 1.68x 1073 (450nm) 3 - - [183]
EBL (WS2 t~7.2nm) 405-635 160x 10~ (4050m) 211073 - 1.4 x10™  [184]
MLL (Carbon QDs/MoS; t=1L) 300-700 377(360nm) 7.5 - 1.6x10"  [185]
Abration (MoSs2 t=15-25um) 365-940 1.5%10~%(660nm) 20-30 - - [186]

TABLE 1. PDs based on MC BP and LPE BP. IP (inkjet printing), EBL (e=béam lithography), PHL(photolithography), UVL

(UV lithography). t: average LM film thickness.

was wet transferred on the printed LPE BP. The re-
sulting SLG/BP film was transferred on Si/SiOznwith
Au electrodes[67]. These PDs had Rey ~ 7.7X102A /W
at 360nm at 5V bias, with 757, ~7s and operation
wavelength~360-785nm|[67]. Table. I'eompares the re-
sults of MC BP and inkjet-printed BP PDs with differ-
ent device structures[42, 43, 45-48, 51, 53, 54, 57, 68—
72]. To the best of our knowledge, ‘there are mno re-
ports of inkjet-printed PDs with broadband. operation
from visible (~400-700nm) to SWIR (~2500nm), with
Rezt >1A/W in visible and 7; ¢ '~10-50m, suitable for
video imaging[73].

Printing can be used fot large-scale(>1m?)[74] fabri-
cation of optoelectronic| devices on both rigid[75] and
flexible[76] substrates.“A variety of printed devices have
been reported[77], such as radio-frequency identification
(RFID) tags on paper[78, 79]; sensors[80], displays[81],
memories[82], and ‘thin-film transistors[33]. Printing was
performed withi'a variety,of methods, such as screen[83,
84], gravure[85], flexography[86], and inkjet[33, 87].
Amongst those, inkjet printing is one of the most promis-
ing, because of attractive features such as direct pattern-
ing (mask-free)[88, 89] and resolution[90, 91]. The typi-
cal printing resolution is~100um for gravure[92],~100-
200pm for flexo[92],~100um for screen printing[92].
Inkjet printing offers resolution down to~50um[93],
which ean be'made<500nm by pre-patterning[94]. Inkjet
printers can also be used to dispense etching[95] or pat-

terning agents[96].

Here we use inkjet printing to fabricate SLG/BP
PDs. CVD SLG is patterned via inkjet printing
polyvinylpyrrolidone (PVP) as mask, followed via reac-
tive ion etching (RIE). PVP is rinsed with water. Source-
drain Ag electrodes are then inkjet-printed at the end
of the SLG channel. LPE BP is inkjet-printed on the
channel, followed by encapsulation using Parylene C to
prevent BP oxidation[97].

Our PDs have Rey up to~337A/W at 488nm for 1V
bias, the highest reported to date for inkjet-printed LPE
LMs, to the best of our knowledge, see Table I. Our
PDs work in the range~488nm-2.7um, the broadest for
inkjet-printed based PDs, to the best of our knowledge,
see Table I. Instead of TMDs which have tuneable indi-
rect band gap in bulk crystals[98] and direct band gap in
1L[99], here we use BP, which exhibits thickness depen-
dent direct bandgap from~0.3eV in bulk[49] to~2eV in
1LBPI[50]. Ryt is proportional to the mobility,u, as[6]:

AL TyipepVas 5)
Popt L2

Rea:t =

with 737, the response time, Vg, the bias applied be-
tween source and drain, and L the channel length. The
term ”*;7‘;“' is called gain[6]. By increasing p, the gain
increases, which results in higher Re,;. Therefore, we
use CVD SLG withp ~1700cm?/ Vs, instead of solution-
processed graphene with z ~300cm?/V.s as in Ref.[100].
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FIG. 1. (a,b) Raman spectra measured’at 514.5nm of (red) BP bulk crystals, (blue) ground BP, (green) LPE BP.

To demonstrate the viability of ofir approachfor flexi-
ble and wearable electronics, we fabricate SLG/BP PDs
on polyester fabric, with R.;; ~6mA/W at 1V and
488nm, higher than CVD SLG PDs (Rgzz'~0.11mA /W)
on flexible (acrylic) substrates[101] and comparable to
CVD MoS; PDs (Reyt ~20mA/W at 405nm) with inkjet-
printed poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) 'on polyethylene naphthalate
(PEN)[70], but wigh surface roughness lower then our
fabric. Thus, inkjet lithographyis promising for LMs-
based optoelectronicidevices on textiles.

RESULTS

Inkjet printing

BP_bulk crystals are sourced from Smart-elements
GmbH. These are then exfoliated as follows. 15mg are
transferred to a mortar and ground for~20min to facili-

tate subsequent sonication. BP powders are then mixed
with 15ml anhydrous isopropyl alcohol (IPA) (Sigma-
Aldrich) in a Schlenk flask, sealed with parafilm, and
sonicated for 3h in a 900W ultrasonic bath (Fisherbrand
Elmasonic S 300 Ultrasonic). The BP solution is then
centrifuged (H-641 swinging bucket rotor in a Sorvall
WX-100) at 4000rpm (~6000g) for 20min to let the un-
exfoliated flakes sediment[65, 102]. The supernatant is
collected and used for characterization and printing. All
procedures are carried out in a glove box (inert atmo-
sphere to minimise BP exposure to the environment or
air), except the centrifugation.

The BP crystals are characterized by Raman spec-
troscopy using a LabRAM HR Evolution equipped with
a 100x objective with power on the sample<0.5mW
to exclude heating effects, Fig.1. Bulk BP (red) has
three main peaks, Fig.1b. One out-of-plane A} mode,
with position Pos(A})~362.6cm™'[61, 97, 103-105]
and two in-plane By, and A2 modes, Pos(Bay)~439.5
and Pos(A2)~467.1cm™'[61, 97, 103-105]. The cor-
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FIG. 3. (a) Representative AFM image of BP flake, and (b)
height profile. (¢) AFM thickness statistics of 140 flakes.
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FIG. 4. (a) Absorbance of LPE BP. The ambient moisture absorbed by the IPA results in absorbance variations~1700-
1800nm([42]. The dispersions are diluted 6 times to avoid detector saturation. (b) HRFEM image of representative BP flake,
scale bar 10nm. (c) Zoom of (b), scale bar 5nm. The crystal plane spacing is<0:21nm, corresponding to the (002) plane of
orthorhombic phosphorus[118]. (d) Representative XPS of LPE BP flake, showing the 2p*/? and 2p'/? ~129.7[65, 119] and
130.5eV[65, 119]. Small PO, sub-bands are seen~134eV[119-121].

We observe <0.5cm™" change in FWHM and Pos(A[,
Bag, A2) compared to bulk BP, indicating N>6[97].

Stable jetting happens when a single droplet is pro-
duced for each electrical impulse, with no secondary
droplet formation[93]. This depends on ink viscosity
n(mPas)[109], surface tension y(mNm~1)[109], density
p(gem™3)[109] and nozzle diameter D(pm)[110]. A ‘di-
mensionless figure of merit (FOM) Z = (ypD)'/2/n
was suggested to characterize the stability jettingrof an
ink[109, 110]. Ref.[111] reported that if Z<1 the ink
would not jet, Z>14 would result in secondary droplets.
Therefore, 1<Z<14 is generally considered as the opti-
mal range for stable drop-on-demand[109, 110}.. However,
we previously showed that drop-on-demiand inkjet, print-
ing of LM inks with Z>14 is possible[33]. By changing
7, 7, and p we are able to tune ZTacrossrand/outside
the conventionally optimal range to optimize our inks for
drop-on-demand printing. The size, of flakes in solution
should be~ 1/50 —1/20 smaller than the nozzle diameter
to prevent clogging[33], and clustering of the particles
at nozzle edge[33]. Flakes tend toneoncentrate at the
droplet edge during evaporation, resulting in a ring-like
deposit, the so-called ‘coffee-ring effect[112], leading to
printing non-uniformity[112]s, Adding polymer binders
into the LPE dispersion[40,47,5113] might prevent[40]
or alleviate[40] the formation of coffee-rings[40, 47, 113].
However, binders decrease€lectrical conductivity[40] and
must be annealed fordremoval (e.g. baking on a hot
plate at 300-400°C for~1h[40]). Solvents like N-Methyl-
2-pyrrolidone (NMP)‘are generally the preferred option
to disperse BP because of NMP’s surface tension and
Hansen'solubility parameters[32, 114]. However, a tem-
perature closerto the NMP boiling point (204°C)[115]) is
required to remove NMP residuals[92], but this can cause
oxidation[65y 97] and degradation[65, 97] of air-sensitive
BP[42]. NMP is also toxic[116] and can affect the cen-

tral nervous system[117], so LMs inks dispersed in NMP
cannot\be used in an open environment[40]. Therefore, it
is'better to formulate BP inks in nontoxic solvents, with
boiling point<100°C.

We prepare our BP ink in anhydrous IPA (not as toxic
as NMP[122], and commercially available as a 70% so-
lution in rubbing alcohol and hand sanitizers[122]), with
a boiling point~83°C[115]. The surface tension and vis-
cosity are characterized via contact angle, surface tension
(First Ten Angstroms) and rheometery (Discovery HR-
1) measurements at room temperature (RT) and ambient
pressure. The BP ink has 7 ~0.55mPas, 7 ~26mNm ™!
and p ~0.8gem™3. For printing we use a Fujifilm Di-
matix DMP-2800 with D=22um, resulting in Z=35, out-
side the conventional optimal range[111]. We aim for BP
flake sizes~1pm to prevent nozzle clogging[33]. Scanning
tunneling electron microscopy (STEM) (Magellan 400L)
is used to measure the flakes lateral size.

Figs.2a,b are a representative STEM image and
a statistical analysis on 140 flakes, indicating mean
length~220nm and mean width~96nm. The thickness
distribution is estimated by Atomic Force Microscopy
(AFM, Bruker Dimension Icon). Fig.3a is a typical AFM
image of one flake, with thickness~5.4nm, Fig.3b, corre-
sponding to N~11. The AFM statistics on 140 flakes
shows an average thickness~6.7nm, Fig.3c, correspond-
ing to N~13, given a 1L-BP thickness~0.5nm[123].

Fig.4a plots the absorbance, Abs=-logl0(Tr)[124],
with Tr the transmittance of the BP ink measured with a
Cary 7000 UV-VIS-NIR Spectrometer. The BP concen-
tration is estimated from the Beer-Lambert Law[125, 126]
Abs=c X €¢z¢ ¥ |, where ¢ [gL.71] is the concentration, €q.¢
[Lg~'m™'] the extinction coefficient, and 1[m] is the cu-
vette lenght[127]. Ref.[65] experimentally derived the BP
€ext at 660nm from the slope of Abs per length versus the
concentration of BP, €.,y ~267Lg 'm~!, with ¢ calcu-
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Parylene (b)

(a) SLG channel l

Channel (SLG/BP)

FIG. 5. (a) Schematic of SLG/BP PD. SLG is the channel (black honeycomb), BP is the photoactive material (orange), Ag
is used for electrodes (silver), Parylene C as encapsulationlayer (transparent green), incident light (red). (b) Schematic band
diagram of SLG/BP interface, showing the BP CB and VB generation of e/h pairs and transfer of h from BP to SLG. (c)
False colour SEM image of SLG/BP PD on Si/SiO». BP is inkjet-printed on SLG channel (orange). Ag inkjet-printed source

and drains are shown in sliver. Scale bar 15um.

lated by measuring the weight difference\of the collected
BP flakes on an anodic aluminum oxide membrane before
and after vacuum filtration{65]> From. this{ we estimate
c~0.36gL~! for our ink, similafto Ref.[65].

High-resolution transmission “electron microscopy
(HRTEM) images are obtained via a FEI Tecnai F20
FEG TEM operated at 200keV on BP flakes transferred
on holey carbon gridsi"Figs.4b,cdndicate a crystal plane
spacing~0.21nm, correspondingsto the (002) plane of
orthorhombic phosphorus[118], with N~15, and overall
thickness~7.5nmyrconsistent with the flake distribution
range obtained by AFM in Fig.3c.

X-ray photoelectron spectroscopy (XPS) (Thermo
Fisher ESCALAB250Xi) is then performed to assess the
chemical composition of the BP flakes. The samples for
XPS are prepared in an Ar glove box by drop-casting
the BP dispersion onto Si/SiOg, followed by Ns gas
flushing on a hot plate (60°C) for~5min. Fig.4d shows
the 2p*/2 and 2p'/? spin-orbit split doublet~129.7[65,
119)¢ and~130.5eV[65, 119], consistent with previous

XPS measurements on bulk BP[120, 128]. The sub-
bands~134eV are attributed to surface suboxides intro-
duced during LPE, as for Refs.[65, 119].

SLG/BP on Si/SiO;

The design of our SLG/BP PD is shown in Fig.5a. SLG
is the channel on Si/SiO,, Si is the bottom gate, SiOs is
the dielectric, BP is the photoactive material, Ag is used
for the electrodes, and Parylene C as encapsulation layer.
Upon illumination, electron-hole (e-h) pairs are photo-
generated in BP. Due to the band alignment (Fig.5b) h
are transferred from the BP valence band (VB) into SLG,
leaving behind uncompensated e, acting as an additional
negative gate bias, leading to a photogating effect[12]. A
schematic band diagram of the SLG/BP interface is in
Fig.5b. A built-in field is formed at the SLG/BP inter-
face. Upon BP photoexcitation, h are transferred to SLG
under the built-in field, leaving e trapped in BP. Fig.5c
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FIG. 6. Raman spectra at 514.5nm of SLG on Cu (red), after
transfer (gray), after patterning and PVP removal (purple),
and after BP deposition with encapsulation of parylene C
and subtraction of the parylene C signal (green). Spectra
normalized to have the same I(G).

is a false color SEM image of the SLG/BP PD.

To fabricate the SLG/BP PD, SLG i$ grown on a 35um,
Cu foil, as for Ref.[130]. The substrate is annealed at
1000°C for 30min in the presence of 20sccm HgvTo ini-
tiate growth, 5sccm CHy is added. After growth, the
sample is cooled to RT at 1mTorr. N

The SLG quality is monitored at each_step of the
fabrication process by Raman spectroscopy. The Ra-
man Spectrum of as grown SLG on Cu.is in Fig.6, af-
ter Cu photoluminescence (PL)sremoval[129]. The 2D
peak is a single Lorentziafi with FWHM (2D)~29cm ™1,
signature of SLG[131].[ Pos(G) is~1586cm !, with
FWHM(G)~14cm L. Pos(2D) is~2703cm ™1, I(2D)/1(G)
and A(2D)/A(G) are~3:1 and.«96.4. No D peak is ob-
served, indicating negligible defects[132].

The fabrication ‘process flow for'SLG/BP PD is out-
lined in Fig.7.4To transferSL.G, poly(methyl methacry-
late) (PMMA) is spintcoated on SLG/Cu, followed by
oxygen etching of SLGlon the Cu backside, using a RIE-
NanoEteh (3W308):Cu/SLG/PMMA is then left in am-
monium persulfate (APS) in DI water for~6h until Cu is
etched. The resulting SLG/PMMA membrane is placed
in DI water torclean the APS residuals and then trans-
ferred onto Si+90nm SiO,, followed by overnight drying
and PMMA removal with acetone and IPA, Fig.7a.

The Raman spectrum of SLG transferred on

8

Si/Si0q is in Fig.6. The 2D peak retains its single-
Lorentzian line shape with FWHM(2D)~31.6cm!.
Pos(G)~1594cm ™, FWHM(G)~11.6em ! and
Pos(2D)~2693.1cm ™!, 1(2D)/I(G) /and DA (2D)/A(G)
are~1.2 and 3.2, indicating a p-doping with Fermi
energy, Ep,~450meV[133, 134], which corresponds
to a carrier concentration~12.3x10%?cm~2[133].
I(D)/I(G)~0.06 corresponds ton, a defect, density
of~3.54x100%cm=2[135, 136] for “excitation energy
2.41eV and Ep ~450meV.

Pos(G) and Pos(2D)sare also affected by the presence
of strain. For uniaxial(biaxial){strain, Pos(G) shifts by
APos(G)/A €strainoe23(60)cm ! /%[137, 138]. Pos(G)
also depends on/doping[#33;7134]. The average dop-
ing as derived from A(2D)/A(G) should correspond to
Pos(G)~15992em ™" for wistrained graphene[133]. How-
ever, in our experiment Pos(G)~1594cm~?t, which im-
plies a contribution from uniaxial (biaxial) strain~0.22%
(0.08%)[137]- mLocal variations in strain and doping
manifést asha spread in Pos(G) and Pos(2D), which
in our samplehvaries from 1592 to 1597cm™' and
from 2688 to 2696cm~!, Fig.8a. In presence of uni-
axial (biaxial) strain, and in the absence of doping,
APgS(2D)/APos(G)~2.2[137, 138]. In our samples
APos(2D)/APos(G)~0.87 (Fig.8a), which indicates that
most of the variation of Pos(G) is due to doping[137, 138].
This is also confirmed by the inverse correlation of
FWHM(G) with Pos(G) in Fig.8d[133, 139, 140].

To pattern the CVD SLG, we use an IPA based PVP
ink as mask, to protect SLG during RIE etching. PVP is
used due its solubility in IPA[141], stable jetting[93] and
ease of removal with water[142]. To make the ink, 5Smg
PVP (Sigma-Aldrich) is dispersed in 5ml TPA. The PVP
ink has n ~1.25mPas, as measured with Rheometery
(Discovery HR-1), v ~69mNm~!, as determined with a
FTA100 series contact angle and surface tension measure-
ment system (First Ten Angstroms) and p ~lgem =3, as
derived by weighting a known volume of PVP ink via mi-
crobalance (Sartorius). For D=22um, Z=30. We use a
Fujifilm Dimatix DMP-2800 to inkjet print PVP, while
Si/Si0s is kept at~60°C to promote ink drying. To pat-
tern SLG, PVP is printed on SLG to mask selected SLG
regions, Fig.7b. Then, the sample is placed in a RIE to
etch the uncovered SLG, Fig.7c. PVP is then removed
by adding droplets of water, Fig.7d.

The Raman spectrum of etched SLG after PVP
removal is in Fig.6. The 2D peak retains its single-
Lorentzian ~ shape  with ~ FWHM(2D)~33.7cm~!.
Pos(G)~1588.1cm ™1, FWHM(G)~15.6cm ™1,
Pos(2D)~2689.6cm~!, 1(2D)/I(G) and A(2D)/A(G)
are~1.7 and 3.8, indicating a p-doping with
Er ~380meV[133, 134], corresponding to a carrier
concentration~8.7x102cm~2[133]. I(D)/1(G)~0.08
corresponds to a defect density~4.3x10%cm=2[135, 136]
for excitation energy 2.41eV and Ep ~380meV, thus no
significant additional defects are induced during inkjet-
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FIG. 7. Inkjet lithography of SLG-FET. (a) CVD SLG,is transferred on/Si/SiO2, followed by overnight drying and PMMA
removal using acetone/IPA. (b) PVP (yellow) is inkjet-printed on SLG«The optical microscopy image shows inkjed-printed
PVP as mask on SLG. (c) SLG is then etched via RIE. The image shows the PVP ink on SLG after RIE etching. (d) PVP
is removed by rising with water. The image shows patterned SLGhafter removal of PVP ink with water. (e) Ag ink (silver)
is printed to make source and drain electrodes. The sample is\placed on a hot plate at~150°C for~2h. The image shows the

inkjet-printed Ag ink after~2h annealing. Scale‘bars: 20pm.

lithography. The doping estimated from, A(2D)/A(G)
should correspond to Pos(G)~1596.4cm L formunstrained
graphene[133]. In our experiment Pos(G)~1588cm 1,
which implies a contribution from uniaxial (biaxial)
strain~0.36% (0.13%)[137]. APos(2D)fAPos(CG)~0.34
(Fig.8b), which indicates that most of APos(G) is due to
doping[137, 138], as confirmed by thefinverse correlation
of FWHM(G) with Pos(G)‘inFig.8e[1335139, 140].

Source and drain electrodes.are then prepared by inkjet
printing an Ag ink from/Sigma-Aldrich (Ag dispersion,
736465), Fig.7e, with mesistivity~ 11.2udem, as mea-
sured via a Keithley sourcemmeter/at the two ends of the
channel layer. The linear relation between current and
source-drain voltage, Vs, indicates an Ohmic contact
between Ag and,SLG channel, Fig.9a. The resistance
of the channel is~2.07k€."The average sheet resistance,
Rg, of CVDISLG on Si/SiOs measured using a 4-point
probe method i$R s ~600€2/C. In SLG, Rg=(024)1[27],
with ogg the SLG eonductivity. In SLG, o24=nuq[143]
where n is the carrier density per unit area and ¢ is the e
charge. From n~48.7x10'2cm~2 derived from our Raman
measurements, we get Rg ~4509 /00, consistent with our
R measurements.

We then gate modulate the current between SLG

source and drain. SLG shows ambipolar behavior with
p ~1700cm?V ~1s~1 Fig.9b, from Ref.[6]:

N

T AVyCop Vas W ©)

I
where Al is the change in drain current, AV is the
change in gate voltage, L is the channel length, W is the
channel width, and Vj is source-drain voltage. C,, is
the gate oxide capacitance=ege/t,,, where ¢y ~ 8.85 X
10~'F/cm is the vacuum permittivity, € ~ 3.9 is the
dielectric constant of Si03[6] and t,, ~90nm is the SiOq
thickness. We use 90nm SiOs in order to have a larger
electric field at lower gate voltages. The SLG quantum
capacitance (Cg) can be calculated as[133, 144]:

2¢*
Co ~ ——/Den + i 7
Q7 Ry VPR @

Where A is the reduced Planck constant, vy = 1.1 x
10%n/s is the SLG Fermi velocity[60, 145], p., is
the charge carrier concentration per unit area in the
channel, and n; is the intrinsic carrier concentra-
tion in SLG near the Dirac point induced by de-
fects and impurities[144, 146-148]. From the Raman
analysis we estimate n; ~8.7x10'2em™2. This gives
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FIG. 8. Pos(2D) as a function of Pos(G) mapped across ‘a20umx20um region in SLG (a) after transfer, (b) after patterning
and PVP removal, and (c) BP deposition. FWHM(G) as a function of Pos(G) mapped across a 20pumx20um region in SLG
(d) after transfer, (e) after patterning and PVP removal, and (f) BP"deposition.

Cq ~ 6 x 107F/cm?. Thus, the total capacitaniee
CTot:(]-/Caz“V‘l/CQ)_l NCOI.

The contact resistance (R.) of the Ag printed ink
on SLG is estimated from the transfer length ‘method
(TLM)[6], making 6 samples of Ag/SLG,QXg contacts at
SLG channel lengths~60, 160, 175, 300, 305, 430um,
Fig.9c. R, of the Ag printed ink on SLG is~11KQ.um
(Fig.9¢). From the linear relation between current and
voltage in Fig.9c, we derive an,Ohmic eontact between
Ag and SLG for all 6 samples.

The BP ink is then printed to a thickness~200nm to
cover the whole SLG ¢hannel, as measured with a Dek-
takXT Stylus Profilemeter. To,prevent BP oxidation and
degradation during electricalandsphotodetection charac-
terizations, the SLG/BP PD is sealed under vacuum us-
ing Parylene Gidimers (Curtiss-Wright) with a parylene
coater (SCS [coating).4This forms a barrier to moisture
and gas permeability[149, 150]. Refs.[42, 97] encapsu-
lated BP"flakes with'parylene C to prevent BP degra-
dation./ Following encapsulation, our SLG/BP PDs are
stable for,>30 days under ambient conditions. Parylene
dimers are vaporized at~ 80°C. In a separate chamber,
they.are pyrolysed into monomers at~ 690°C. The PD is
held at RT so that parylene polymerizes on contact with
the gurface, forming a conformal film[42].

The Raman spectra of SLG coated with BP and sealed
with Parylene C are in Fig.6 after subtraction of the
parylene C signal, Figs.10(a,b,c). In the Raman spec-
trum of Parylene C, the peaks~1207, 1337, 1610cm™!,
Fig.10b, are attributed to CH in-plane vibrations[151,
152], CHy wagging and twisting vibrations[151, 152],
and CH scissoring in CHy and/or C-C skeletal in-
plane vibrations of the aromatic ring[151, 152], re-
spectively. The 2D peak retains its single-Lorentzian
line shape, and narrows from FWHM(2D)~33.7cm~! to
FWHM(2D)~23.6cm ™!, Fig.6, 10c. FWHM(G) narrows
from~15.6cm~! to~9.2cm~!, Fig.6, 10b. FWHM(2D)
and FWHM(G) narrow due to the homogeneous
distribution of doping in SLG channel. Pos(G)
is~1585.4cm !, Pos(2D)~2684.8cm~!, 1(2D)/1(G) and
A(2D)/A(G) are~2 and 5.3, indicating a n-doping
with Ep ~360meV[133, 134] which corresponds to car-
rier concentration~7.7x 1012 cm~2[133]. 1(D)/1(G)~0.25
corresponds to a defect density~13.0x10° cm~2[135,
136] for excitation energy 2.41eV and Ep ~360meV. Ep,
as calculated from A(2D)/A(G), should correspond to
Pos(G)~1590.2cm ™! for unstrained graphene[133]. We
have Pos(G)~1585.4cm™!, which implies a contribu-
tion from uniaxial (biaxial) strain~0.21% (0.08%)[137].
APos(2D)/APos(G)~0.38 (Fig.8c), which indicates that
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most of the variation of Pos(G) is due to doping[137, 138].
This is also confirmed by the inverse' correlation of
FWHM(G) with Pos(G) in Fig.8f[133, 139,:140].

Since device fabrication comprisesmany steps; moni-
toring the quality of graphene is essential sinee it could
affect the SLG mobility. The Ramam analysis provides
information on doping, defectspand straim; which affect
w, thus Reye, as for Eq.5. Both eompressive and ten-
sile strains can affect p[153]. Ref.[153} reported that a
change in strain~0.012% in ' GVD SLG resulted in a~3
times decrease of u. Ouf Raman analysis shows a change
of strain~0.01% from transferted SLG on Si/SiOs to
patterned and BP eoeated SLG. Thus, we expect u to
decrease~1-3 times SLG.on.Si/S10; to patterned and BP
coated SLG. This is eonsistent with field-effect measure-
ments, givingn~1200cm?/V.s for SLG on Si/SiOs, re-
duced to~650cm?/V.s for patterned and BP coated SLG.

Fig.11aplots the drain current (I;) as function of back
gate voltages (V) under different optical powers, rang-
ing from~612pW to 620nW. We do not observe light
sensitivity<620nW, due to no photocurrent generation
(photecurrent generation in our SLG/BP PD requires ab-
sorption and.generation of e-h pairs in BP as photoactive
material). Following illumination, Vp shifts to higher
V4, and /1; increases for V; < Vp, where carrier trans-
port isth dominated. Therefore, h transfer from BP to
SLG is further promoted by gating. Under illumination,
light is absorbed by BP and part of the photogenerated h
are transferred from the BP VB into lower energy states
in SLG, leaving behind uncompensated photogenerated
e[69]. The latter are trapped in BP and act as an ad-
ditional negative gate on the SLG channel, altering the
electric field at the SLG/BP junction[69]. Fig.11b plots
the photocurrent as a function of Vg5, defined as[6]:

Iphoto = Ilight - [dark: (8)
where Ij;4n; is the current under illumination and Lggr
is that in dark conditions. To derive R.,:, we measure
Iphoto for powers from~490 to 1.1uW, Fig.11c.

Fig.11lc gives Regr ~337TA/W for 488nm when V,=-
20V (V, < Vp) and Vg,=1V. For Vys >1V, the free
#%[154], with vgq the
saturation velocity of the carriers in the SLG channel
and E the applied electric field to SLG, increases lin-
eally, until saturation, due to carrier scattering with opti-
cal phonons[155]. Therefore, all measurements are done
at Vgs < 1V to keep the device operation in the lin-
ear (Ohmic) regime, thus eliminating the nonlinear de-
pendence of vg on Vg, Fig.llc shows that Rey; satu-
rates for incident optical power<1pW. For P,y ~1.1uW
the number of photogenerated carriers decreases, result-
ing in an increases of the built-in field at the SLG/BP
interface[12, 69], which explains the enhancement of Re,
at lower optical powers[12, 69].

Fig.12 plots the spectral Re,; for SLG/BP PDs. These

carriers drift velocity vg=
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FIG. 10. Raman spectra at 514.5nm of parylene C (blue),on Si/SiO2 and SLG/BP sealed with parylene C (green) on Si/SiO2

show broadband R, from visible (488numi;~3004A /W) to
mid-infrared (2700nm,~48mA /W) at 1V.

Metal-SLG-metal PDs were reported with.R.4; of few
mA/W at 633nm[156] and 1550nm[157]. ~The differ-
ence in Re,; between these and ouwr SLG/BP PDs is
attributed to the contribution of the,BP photoactive
layer. To get a better understanding of spectral re-
sponse versus wavelengthy wenperform’ optical simula-
tions. We extract thel BP refractive index from the
solution absorbance of LPE BP, Fig.4a. Specifically,
transmission in solution ¢an be.defined either by the ab-
sorbance (Abs=c X €. X1 asT=10"c=t!) or by the op-
tical depth as e~ [1584 159], where I'is the cuvette length
and a=appc/pyagp=4wkpp /) is the BP bulk absorp-
tion coefficient, Kppds the imaginary part of the BP
refractive index, p is the BP density (2340 gL~1[160]),
and X is‘the incident wavelength. We assume the BP
flakes randomly ©riented, thus seek to extract the aver-
age refractive index[161]. Then, Kpp=¢.,:Ap/47mlogip(e)
and the real part of the average refractive index is found
bymapplying the Kramers-Kronig (KK) relation[lGlJ,
npp(w) =T+ 201 P [ w Kpp(w')/(w? —w?) dw,
where P denotes the principal value of the integral

and w is angular frequency. The absorbance data of
Fig.4a are truncated at UV=300nm, due to the cuvette
absorbance~300nm[162], making our npp extraction
qualitative, because of the finite integration range. We
use the extracted BP refractive index in Fresnel equation
calculations[163] to estimate the absorption of SLG/BP
on Si/SiOs. The SLG refractive index is modelled by the
Kubo conductance[164] at RT and Er=0.38eV as esti-
mated by the Raman measurements in Fig.6. Due to the
fluctuations in absorbance beyond 1700nm, Fig.4a, we
do not extract refractive index for BP beyond 1700nm.
The experimental absorption of inkjet-printed BP/SLG
on quartz is plotted in Fig.12. This follows the exper-
imental and theoretical absorption spectra of SLG/BP
films, i.e. drop of both R.,; and absorption with increas-
ing wavelength, indicating Re;; follows the absorption
spectra of the light absorbing photoactive material.

The temporal response of our PDs is then mea-
sured with a MS09404A Mixed Signal Oscilloscope,
Fig.13a. The time response in Fig.13a reaches saturation
at~3.8A, as shown by the horizontal dashed line. We
thus fit the temporal response decay in Fig.13a with[73]:
I(t)=Ag.exp(-t/Ti;fe) + B, where Ay is the initial cur-
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FIG. 12. SpectrabR.,: of SLG/BP PDs (black circles), experi-
mental absorption of SLG/BP on quartz (orange circles), and
theoretical sabsorption of,SLG/BP on Si/SiO2 (blue circles)
using the BP refractive index extracted from the absorbance
of LPEBPwith the KK relations[161], as a function of exci-
tation/ wavelength.

fent, Tjire iSpthe response time and B a constant. We get
a response time~50ms, two order of magnitudes faster
than the LPE BP/CVD SLG PD of Ref.[67], consistent
with other LPE based PDs[45, 165], but two orders of
magnitude slower than the Schottky junction PDs of
Ref:[42], which has lower Rey: ~164mA/W at 450nm,
due to lack of photoconductive gain, but faster response
time~550us, because of the Schottky diode characteris-
tics at the Si/SLG/BP interfaces[42].

By applying Vs, transferred photogenerated h drift to
the drain with a timescale Ty qnsit[6]:

L2

A 9)

Ttransit =
where L=60pum is the length of channel, and
1 ~1700cm?V~—1s~!. We thus get Ty ansit ~37ns, result-
ing in a photoconductive gain[6]:

Gain = —e 108 (10)
Ttransit
The dependence of Re,; on % explains the decrease

in R¢,+ when the optical power increases. The decrease
in Regt suggests an increase of Tynqnsie and/or decrease
of Tife. The increase of Tirgnsir is likely due to in-
crease in scattering of photogenerated carriers in the
channel with increase in optical power[166]. Auger re-
combination induced by increasing power can also in-
crease the photogenerated charges recombination rate,
reducing 7;;7.[166]. The gain can be further defined as
the ratio of photogenerated currents recirculating in the
SLG channel to the injected h from BP to SLG[69]:

. | Tiight — Laark|
= 11
Gain q-App.Ape, ( )
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Where Ap.p, is the comeentration per unit area and per
unit time of the injected-h.»Ap.jds equal to the trapped
e concentration per unit area and per unit time in BP,
related to a charge neutrality point shift AV, = AVp
in the transfer_characteristics (I4 versus V,). To cal-
culate Apep,/fwe consider the potential balance in the
metal-dielectric-SLG structure. V, creates a potential
drop (Vepe=2F¢[q) sothat[6, 133]:

Ey Qg
Vg = Ven + Vagjer = ! + (12)
¢  Cor
where Q¢ is the charge concentration. |Qa| = |g.pen

where p.p 18 the charge carrier concentration per unit
area'in the channel induced by V. Any variation in p.s

14

changes ()4 and V. The derivative of V;, with respect to
Qg gives:

dV, 1 dVy

r% = + i, (13)
which results in:
PR EIS L AU, S
o Q

To find Q¢ and Apen, Copnand Cg are needed.
Cor ~ 3835 x 1072F/cm? From Eq.7, we
get Co ~6x107SE/em?.  Therefore, Ap., varies
from~2.6x 10" em ™2 to L1x 10"2¢em 2 for optical power
620nW to 612uW at ¥gs = 0.5V. Then, from Eq.11, we
get Gain~ 2 x0108,in agreement with Eq.10.

We then evaluate therdetectivity (D*) [em.HzY? /W
or Jones|.This relatesithe performance of PDs in terms
of Reyt to App, allowing the comparison of PDs with
different A pp [6]:

1/2
Dt — (AppB)
NEP

where Biis ale electrical bandwidth(Hz), defined as dif-
ference between the upper and lower frequencies of Reyt,
and NEP is the noise equivalent power (i.e. the power
that gives a signal to noise ratio of one in a 1Hz output
bandwidth[6, 167]):

(15)

NEP = - (16)
ext

where i,, is the dark noise current, i.e. the current that
exists when no light is incident on the PD[6]. The noise
[A/vVHz| is measured in the time domain, by collect-
ing the trace on an oscilloscope, with subsequent Fourier
transform in order to analyze the data in the spectral
domain. Fig.13b plots the 1/f noise (where f is the fre-
quency). 1/f is the noise density (noise power per unit
of bandwidth [dBm.Hz~1/2][6]), due to charge traps and
defects[6]. At 4Hz,~5 times less than the cut off f, i.e. the
f at which the detector R..; decreases by 3dB[6], we get
NEP~ 1.8 x 1071°W Hz71/2 and D* ~2x107Jones. The
noise current in the shot noise limit (due to generation-
recombination of e-h pairs and resistive current paths in
PDs[6]) is defined as i, = (2qIqrk)*/?[167]. Thus, in the
shot noise limit, we can write D* as[6]:

. Ry (AB)Y/?
B (2quark)1/2

Eq.17 gives D* ~10'' Jones,~3 times higher than
Ref.[46] for inkjet-printed graphene/MoS; PDs. It is
also~3-4 orders of magnitude higher than Refs.[45, 48]
for PDs based on inkjet-printed MoS,. Thus, our inkjet-
printed PDs are suitable for detecting weak light inten-
sities which compete with the detector noise[6].

(17)
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FIG. 14. (a,b,c) Raman spectra at 514.5um of fabric (amber), 2 SLGs on fabric after patterning and PVP removal(red),
parylene C on fabric (blue), and 2 SLGs/BP with encapsulation of parylene C (green).

N
SLG/BP on fabric

In wearable applications,“inkjet lithography has ad-
vantages over EBL andother, lithography techniques
for patterning and device fabrications because of
textiles” porous[168], “rough[168] and non-conductive
structure[168], whichimakes these lithography techniques
not suitable. To/showcase thisy we fabricate PDs on
polyester fabric, because of its durability against sun
exposure[169] #wrinkling[169] and shrinking[170], and
common use (~52% of the synthetic textile market in
2018[168, 171}). Since the surface roughness of textiles
affects the electrical:donductivity[172, 173], we planarize
the surface by réducing the roughness. To do so, we
rod coat polyurethane (PU) 10 times to reduce the root
mean square (RMS) roughness from~50um to < 5Sum.
We then transfer SLG on PU coated polyester fabric us-
ing a similar procedure as for Si/SiOy. After removing
PMMA, a PVP ink is inkjet-printed as mask on SLG to

pattern a 400um x 400um channel. SLG is then etched
via RIE, followed by removal of PVP with water.

Fig.14 shows the Raman spectra of 2 SLG on PU
coated polyester fabric. The PU coated polyester fab-
ric has two bands~2935 and ~2845cm~! attributed to
asymmetric and symmetric C-H stretching vibrations of
CH, groups[174, 175], Fig.14c. The peak~1615cm~!
can be ascribed to -C=C- stretching vibrations of aro-
matic rings[176, 177], Fig.14b. The peak~1442cm~!
can be ascribed to C-H deformation vibrations of CHy
groups[174, 177] and that~125lcm~! to coupled C-N
and C-O vibrations of urethane[174, 177], Fig.14b. The
spectrum of SLG on fabric has Pos(G)~1596.9cm ™1,
FWHM(G)~14.4cm™!, Fig.14b, Pos(2D)~2693.3cm™!,
FWHM(2D)~56.6cm~!, Fig.14c. I(2D)/I(G) and
A(2D)/A(G) are~1.5 and 5.8, indicating a p-doping of
Ep ~270meV[133, 134] which corresponds to a carrier
concentration~4.33x10'2 em~2[133]. 1(D)/1(G)~1.03
corresponds to defect density ~4.6x101cm=2[135, 136]
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FIG. 15. (a) SLG/BP PD array on polyester fabric. Scale bar 5mm. (b)/SEM of PD on polyester fabric. Scale bar 200um.
(c) Current as function of Vg4 for SLG and SLG/BP inddark, and SLG/BP under illumination at 488nm for < 1V. (d) Iphoto
normalized to that measured on flat PD, as a function of bending radius. (e) I not0 normalized to that on flat PD as a function
of bending cycle. (f) Schematic of bending setup. Arrows indicate applied force on grips, the bent SLG/BP PD is drawn in
mint green between the grips, y is the height at the chord midpoint, and x is the chord circumference.

for excitation energy 2.41eV and Ep=270meV. For
the Ep derived from A(2D)/A(G){ Pos(G) should
be~1589.2cm™! for unstrained graphenefl33]. In
our experiment Pos(G)~1596.9cm~! & which wimplies
a contribution from uniaxial (biaxial) strain~0:33%
(0.12%)[137], which is comparable tonthg,uniaxial (bi-
axial) strain~0.36% (0.13%) of SKLG on/Si/SiOs.

We then inkjet print electrodes with the Ag ink. The
sample is annealed at~100°C for~2h,tosemove resid-
ual solvent (triethylene glyeol monomethyl ether). We
transfer two SLG to have Rg ~2.1K(), comparable to
transferred CVD SLG previously reported for polypropy-
lene coated fabrics[173].)BP is then inkjet-printed on the
channel layer. Figsdbasb are optical and SEM images
of PDs on polyester fabric. ~Fig.15¢ plots the current-
voltage characteristic in dark, which shows an Ohmic re-
sistance (R = 209K Q) between inkjet-printed electrodes
and SLG channel. Westhen characterize R.,; at 488nm
for P=1.1mW. Fig.15¢ shows that the current increases
under illuminationsand we get Rz ~6mA /W at 488nm.

The [ Raman {spectrum of BP coated on SLG
on fabric is im Fig.14a. Pos(G)~1587.4cm ™1,
FWHM(G) ‘bréadens from ~14.4cm™! to~15.6cm™1,
Pig:14b, Pos(2D)~2687.5cm~1, FWHM(2D) narrows
from~56.6¢t ' to~32.5cm ™!, Fig.14c. 1(2D)/I(G) and
A(2D)/A(G) are~5.1 and 10.7, indicating n-doping with

Er ~100meV[133, 134] which corresponds to a car-
rier concentration~0.7x102ecm~2[133]. I(D)/I(G)~5.2
gives a defect density~1.4x102cm=2[135, 136] for exci-
tation energy 2.41eV and Er ~100meV. Ep estimated
from A(2D)/A(G) would imply Pos(G)~1583.8cm™! for
unstrained graphene[133]. However in our experiment
Pos(G)~1587.4cm ™1, which would imply a contribution
from uniaxial (biaxial) strain~0.15% (0.05%)[137].

Bendable devices, able to coordinate with body mo-
tions, such as arms’ and legs’ bending or extension, are
appealing for wearable electronics. Thus, we test Ipnoto
as function of bending using a Deben Microtest setup,
Fig.15f. The bending radius R, is defined as[178]:

y* + (2/2)?

By =" — (18)
where y is the height at the chord midpoint and z is
the chord circumference connecting the two ends of the
grips, Fig.15f. To compare the performance at differ-
ent Ry, the photocurrent at each Ry (Iphoto Bend) is nor-
malized to that measured in flat conditions (Ippoto Rest)-
Fig.15d shows a change~ 17% of %% for Ry, from
flat to 25mm. This is comparable to that reported for
LMs-based PDs, such as InSe PDs on PET[179], but in
Ref.[179] Rezt was~50% that of Rp=30mm[179]. Com-
parable Ry, was reported for flexible ZnO nanowires[180]
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with on/off ratio~11x10* (I; ~120nA) under~4.5
mWem =2 of UV light (Reyt not reported)[180]. However
the operating voltage (1V) of our PDs is 3 times smaller
than Ref.[180], making them more suitable for wearable
applications, lowering power. The SLG/BP PDs perfor-
mance as a function of bending cycles, where 1 bend-
ing cycle is set at Ry ~35mm, is in Fig.15e. Our PDs
retain~ 82% of W for up to 30 cycles, comparable
to what previously reported for CVD based MoSs /SLG
PDs on PET[181], making our approach promising for
wearable and flexible applications.

DISCUSSION

Our PDs on Si/SiOg have Ry up to~337A/W at
488nm for 1V bias and work in the range~488nm-2.7pm.
Ref.[182] prepared PDs by depositing~30nm thick WS,
by rubbing WS, powder against a polycarbonate sub-
strate. Then, Au(100nm)/Ti(5nm) electrodes were made
using e-beam evaporation through a shadow mask. The
WSs-based PDs showed Reyr ~144mA/W at 625nm
and Vgs ~10V, worse than ours, because of the pho-
toconductive gain enhancement in our inkjet-printed hy-
brid SLG/BP PDs. Ref.[183] presented WSy-based PDs
using~4nm WS, fabricated via RF magnetron sputter-
ing, with Reyr ~1.68mA/W at 405nm[183]. This is
worse than ours because of the photoconductive gain
mechanism in our hybrid SLG/BP PDs. Ref.[184}.meca-
sured Rey: ~0.16A/W at 405nm in self-powered PDs
based on oxidized WS3(O-WS5)/WS, heterojunctions.
~T7.2nm WSy was transferred onto Si/SiOo by poly=
dimethylsiloxane (PDMS)-assisted micromechanical ex-
foliation. Photoresist was then spin-coated on WS, via
e-beam photolithography, followed by oxygen plasma ir-
radiation to form selective oxidation regions./ Then,
Au(100nm)/Ti(10nm) electrodes were prepared by pho-
tolithography and electron beam deposition[184]. The
fabrication process is more eemplex than<ours, and the
resulting R, 1s~2000 times lower, since no bias is ap-
plied through source and<drain. electrodes to dissociate
photogenerated charges.| Ref.[185phused spin-coated car-
bon QDs on CVD 1L‘MoS, to achieve R,y ~377A/W
at 360nm and 5V., While Rgzesis comparable to ours,
the PDs in Ref.[185] operate aty5V and only between
300-700nm, due to thé spectral coverage of the carbon
QDs[185], while our PDsswork at 1V from 488nm to
2.7um. Refl[186] reported MoSs-based PDs, prepared
by abrasion of MoS; crystal (thickness~15-25um) on the
substrate; resulting-in R.,: ~1.54A/W at 660nm and
Vas ~20V. Re ¢ and operation voltage are worse than
ours, because of our photoconductive gain, combined
with the use 6f BP as photoactive material. To the best of
ourknowledge, our SLG/BP PD on Si/SiO5 has the high-
est Rept amongst inkjet-printed LMs based PDs and our
operation wavelength range (488-2700nm) is the broad-
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est, as summarized in Table 1.

For SLG/BP PDs on fabric we get Rege.~6mA /W at
488nm, i.e.~56000 less than on SLG/BP PDsen Si/SiO-
substrates. This Re,; decrease is expeeted, since the pho-
togenerated h in the BP VP experience weaker electric
fields at the SLG/BP interface (p-doping~270meV) com-
pared to the SLG/BP interface,(n-doping~360meV) on
Si/Si0. Moreover, u for SLG,on fabric is lower than that
on Si/SiOq, and the channel in our PDs on fabric is~8
times larger than on Si/SiOg. Re,: also decreases when
the optical power increases, due to.the increase in scat-
tering of photogenerated carrier§in the channel[166], and
Auger recombinationsinduced by increasing power|[166].

To the best offour knowledge, there is no report of
inkjet-printed textile’ PDs) based on LMs. Our Reg:
is~6 times higher than inkjet-printed SLG/WSs PDs on
PET[43] and one order of magnitude higher (Rey ~0.11
mA /W at{405nm[101]) than CVD SLG based PDs on
flexible (acryli¢). substrates[101].

CONCLUSIONS

L

We reported an inkjet printing-based approach to pre-
pare, PDs, combining CVD SLG and binder-free LPE
BP. The devices have Reztr up to~337A/W at 488nm,
and~48mA /W at 2700nm, with operation voltage< 1V.
We used this to prepare flexible PDs on polyester fabric.
These PDs were investigated as function of bending ra-
dius and bending cycles. The responsivity, flexibility, and
low operation voltage of our PDs makes them attractive
for wearable and low-power optoelectronic applications.

ACKNOWLEDGMENTS

We acknowledge funding from EU grants Graphene
Flagship, HiGraphlnk, Neurofibres, ERC Grants Het-
ero2D, EPSRC Grants EP/K01711X/1, EP/K017144/1,
EP/N010345/1, EP/L016087/1, EP/V000055/1,
EP/P00119X/1, DSTL, ISF grant 1732/18.

* Present Address: Institute for Materials Discovery,

University College London, Torrington Place, London,

WCI1E 7JE, UK

present address: Institut fur Festkorperphysik, Friedrich

Schiller Universitat Jena, 07743 Jena, Germany

present address: School of Engineering, University of

Greenwich, Central Avenue, Chatham Maritime, Kent,

ME4 4TB, UK

acf26@eng.cam.ac.uk

[1] B. Fowler, C. Liu, S. Mims, J. Balicki, W. Li, H. Do,
J. Appelbaum, and P. Vu, Proc. SPIE, 7536, 753607
(2010).



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - 2DM-108146.R1

[2] T. Mueller, F. Xia, and P. Avouris, Nat. Photonics 4,
297 (2010).

[3] JE. Kallhammer, Nat. Photonics 5, 12 (2006).

[4] V. Formisano, S. Atreya, T. Encrenaz, N. Ignatiev, M.
Giuranna, Science 306, 1758 (2004).

[5] F. H. L. Koppens, T. Mueller, Ph. Avouris, A. C. Fer-
rari, M. S. Vitiello, and M. Polini, Nat. Nanotechnol.9,
780 (2014).

[6] S. M. Sze and K. K. Ng, Physics of semiconductor de-
vices, John wiley and sons (2006).

[7) M. Henini and M. Razeghi, Handbook of infrared de-
tection technologies, Elsevier, 2002.

[8] D. AB. Miller, Proc. IEEE 88, 728 (2000).

[9] J. Jiang, K. Mi, S. Tsao, W. Zhang, H. Lim, T.
O’Sullivan, T. Sills, and M. Razeghi, Appl. Phys.
Lett.84, 2232 (2004).

[10] W. Leia, J. Antoszewski, and L. Faraone, Appl. Phys.
Lett.2, 041303 (2015).

[11] A. C. Ferrari, F. Bonaccorso, V. Falko, K. S. Novoselov,
S. Roche, P. Bgggild, S. Borini, F. H. L. Koppens, V.
Palermo, N. Pugno et al., Nanoscale 7, 4598 (2015).

[12] G. Konstantatos, M. Badioli, L. Gaudreau, J. Osmond,
M. Bernechea, F. P. G. De Arquer, F. Gatti, and F. H.
Koppens, Nat. Nanotechnol 7, 363 (2012).

[13] I. Nikitskiy, S. Goossens, D. Kufer, T. Lasanta, G. Nav-
ickaite, F. H. L. Koppens, and G. Konstantatos, Nat.
Commun.7, 1 (2016).

[14] P. Ma, Y. Salamin, B. Baeuerle, A. Josten, W. Heni,
A. Emboras, and J. Leuthold, ACS Photonics.64 154
(2018).

[15] B. Y. Zhang, T. Liu, B. Meng, X. Li, G. Liang, X. Hu,
and Q. J. Wang, Nat. Nanotechnol.9, 273 (2014).

[16] L. Viti, D. G. Purdie, A. Lombardo, A. C./Ferrari, and
M. S. Vitiello, Nano Lett.20, 3169-3177 (2020)x

[17] M. Asgari, E. Riccardi, O. Balci, D. De Fazio, S M.
Shinde, J. Zhang, S. Mignuzzi, F. H. L. Koppens, A
C. Ferrari, L. Viti, and M. S. Vitiello,»JACS Nanol5,
17966-17976 (2021).

[18] S. Goossens, G. Navickaite, C. Mouasterio, S.»Gupta,
J. J. Piqueras, R. Pérez, G. Burwell; I. Nikitskiy, T.
Lasanta, T. Galdn, E. Puma, A. Genteno, A. Pesquera,
A. Zurutuza, G. Konstantatosfand E. Koppens , Nat.
Photonics 11, 366 (2017).

[19] H. Tan, Y. Fan, Y. Zhou, @. Chen, W. Xu, and J. H.
Warner, ACS nano10, 7866.(2016).

[20] T. Chen, Y. Sheng, Y. Zhou, R-~J. Chang, X. Wang, H.
Huang, Q. Zhang, L. Hou, and J. H¥Warner, ACS Appl.
Mater. Interfaces11, (6421 (2019).

[21] D. Kufer, I. Nikitskiy, T. Lasanta, G. Navickaite, F. H.
L. Koppens, and-GuKonstantatos, Adv. Mater. 27, 176
(2015).

[22] N. Huo, and|G. Konstantatosy Nat. Commun. 8, 1
(2017).

[23] G. Konstantatos, Nats'Commun.9, 1 (2018).

[24] O. Ozdémir, 1. Radiiro, S. Gupta, and G. Konstantatos,
ACS Photenics6, 2381 (2019).

[25] N. Huo, S. Guptaj and G. Konstantatos, Adv. Mater.29,
1606576 (2017).

[26] E. J. H. Lee, K. Balasubramanian, R. T. Weitz,
M. Burghard, and K. Kern, Nat. Nanotechnol.3, 486
(2008).

[27)0F+ Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari,
Nat. Photonics 4, 611 (2010).

18

[28] T. Kobayashia, M. Bando, N. Kimura, K. Shimizu, K.
Kadono, N. Umezu, K. Miyahara, S: Hayazaki, S. Na-
gai, Y. Mizuguchi, Y. Murakami, and‘D. Hebara, Appl.
Phys. Lett. 102, 023112 (2013).

[29] D. Brida, A. Tomadin, C. Manzoni, Y. J. Kim, A. Lom-
bardo, S. Milana, R. R. Nair, &..S. Novoselov, A. C.
Ferrari, G. Cerullo, and/M. Polini, Nat. Commun. 4, 1
(2013).

[30] Y. Lee, J. Kwon, E. Hwang, C-H. Ra, Wa.J. Yoo, J-
H. Ahn, J. H. Park, J. H. Cho, Adv. Mater.27, 41-46
(2015).

[31] C. Backes, Amr. My Abdelkader, C. Alonso, A.
Andrieux-Ledier, R. Arenal, J."Azpeitia, N. Balakrish-
nan, L. Banszerus, J. Barjon, R. Bartali et al., 2d Mater.
7, 022001 (2020):

[32] Y. Hernandez, V. Nicolosi, M. Lotya, F. M. Blighe, Z.
Sun, S. De, I. MeGovern, B. Holland, M. Byrne, Y. K.
Gun’Ko etral., Nat. Nanotechnol 3, 563 (2008).

[33] F. Torrisi, T. HasanyW. Wu, Z. Sun, A. Lombardo, T.
S. Kulmala, G.-Wy Hsieh, S. Jung, F. Bonaccorso, P. J.
Paul; ethal., ACS Nano 6, 2992 (2012).

[34] P.«Gs Karagiannidis, S. A. Hodge, L. Lombardi, F.
Tomarchio, N. Decorde, S. Milana, I. Goykhman, Y.
Su, S. V."Mesite, D. N. Johnstone, R. K. Leary, P. A.
Midgley, N. M. Pugno, F. Torrisi, A. C. Ferrari, ACS
Nano 11, 2742 (2017).

[35](F." Boifticcorso, A. Lombardo, T. Hasan, Z. Sun, L.
Colombo, A. C. Ferrari, Mater. Today 15, 564 (2012).

[36].H. /Kaur, J. N. Coleman, Adv. Mater. 15, 2202164
(2022).

[37] D. Dodoo-Arhin, R. C. Howe, G. Hu, Y. Zhang, P. Hi-
ralal, A. Bello, G. Amaratunga, and T. Hasan, Carbon
105, 33 (2016).

[38] J. Yang, D. Voiry, S. J. Ahn, D. Kang, A. Y. Kim, M.
Chhowalla, and H. S. Shin, Angew Chem Int Ed Engl.
52, 13751 (2013).

[39] F. Bonaccorso, L. Colombo, G. Yu, M. Stoller, V.
Tozzini, A. C. Ferrari, R. S. Ruoff, V. Pellegrini, Sci-
ence347, 1246501 (2015).

[40] J. Li, F. Ye, S. Vaziri, M. Muhammed, M. C. Lemme,
and M. ostling, Adv. Mater. 25, 3985 (2013).

[41] D. J. Finn, M. Lotya, G. Cunningham, R. J. Smith,
D. McCloskey, J. F. Donegan, and J. N. Coleman, J.
Mater. Chem. C 2, 925 (2014).

[42] G. Hu, T. Albrow-Owen, X. Jin, A. Ali, Y. Hu, R. C.
Howe, K. Shehzad, Z. Yang, X. Zhu, R. I. Woodward,
et al., Nat. Commun. 8, 278 (2017).

[43] D. McManus, S. Vranic, F. Withers, V. Sanchez- Roma-
guera, M. Macucci, H. Yang, R. Sorrentino, K. Parvez,
S.-K. Son, G. Iannaccone, et al., Nat. Nanotechnol. 12,
343 (2017).

[44] K. Lee, H-Y. Kim, M. Lotya, J. N. Coleman, G-T. Kim,
G. S. Duesberg, Adv. Mater. 23, 4178 (2011).

[45] Y. Lee, J. Yang, D. Lee, Y-H. Kim, J-H. Park, H. Kim,
and J. Ho Cho, Nanoscale 8, 9193 (2016).

[46] R. F. Hossain, I. G. Deaguero, T. Boland, and A. B.
Kaul, NPJ 2D Mater. Appl.1, 1 (2017).

[47] J. Li, M. M. Naiini, S. Vaziri, M. C. Lemme, and M.
Ostling, Adv. Funct. Mater. 24, 6524 (2014).

[48] J-W. T. Seo, J. Zhu, V. K. Sangwan, E. B. Secor, S.
G. Wallace, and M. C. Hersam, Appl. Mater. Interfaces
11, 5675 (2019).

[49] A. Morita, Appl. Phys. A39, 227 (1986).

Page 18 of 21



Page 19 of 21

oNOYTULT D WN =

[50] F. Xia, H. Wang, D. Xiao, M. Dubey, and A. Ramasub-
ramaniam, Nat. Photonics8, 899 (2014).

[51] T-Y. Chang, P-L. Chen, J-H. Yan, W-Q. Li, Y-Y.
Zhang, D-I. Luo, J-X. Li, K-P. Huang, and C-H. Liu,
ACS Appl. Mater. Interfaces12, 1201 (2019).

[52] X. Chen, X. Lu, B. Deng, O. Sinai, Y. Shao, C. Li,S.
Yuan, V. Tran, K. Watanabe, T. Taniguchi, et al., Nat.
Commun. 8, 1672 (2017).

[53] M. Buscema, D. J. Groenendijk, S. I. Blanter, G. A.
Steele, H. S. J. van der Zant, and A. Castellanos-Gomez,
Nano Lett.14, 3347 (2014).

[54] M. Huang, M. Wang, C. Chen, Z. Ma, X. Li, J. Han,
and Y. Wu, Adv. Mater.28, 3481 (2016).

[55] L. Huang, B. Dong, X. Guo, Y. Chang, N. Chen, X.
Huang, W. Liao, C. Zhu, H. Wang, C. Lee, and K-W.
Ang, ACS Nanol3, 913 (2018).

[56] J. Bullock, M. Amani, J. Cho, Y-Z. Chen, G. H. Ahn,
V. Adinolfi, V. R. Shrestha, Y. Gao, K. B. Crozier, Y-L.
Chueh, and A. Javey, Nat. Photonics12, 601 (2018).

[57] Q. Guo, A. Pospischil, M. Bhuiyan, H. Jiang, H. Tian,
D. Farmer, B. Deng, C. Li, S.-J. Han, H. Wang, et al.,
Nano Lett. 16, 4648 (2016).

[58] M. Engel, M. Steiner, and P. Avouris, Nano Lett. 14,
6414 (2014).

[59] Y. Huang, Y-H. Pan, R. Yang, L-H. Bao, L. Meng, H-L.
Luo, Y-Q. Cai, G-D. Liu, W-J. Zhao, Z. Zhou, et al.,
Nat. Commun.11, 1 (2020).

[60] K. S. Novoselov, A. K. Geim, S. Morozov, D. Jiang, M.
Katsnelson, I. Grigorieva, S. Dubonos, and A. A. Firsev,
Nature 438, 197 (2005).

[61] A. Castellanos-Gomez, L. Vicarelli, E. Prada, J. O. Is-
land, K. Narasimha-Acharya, S. I. Blanter, D. J. Groe-
nendijk, M. Buscema, G. A. Steele, J. Alyvarez;.et al.,
2D Mater. 1, 025001 (2014).

[62] L. Kou, C. Chen, and S. C. Smith, J. Phys. Chem. Lett.
6, 2794 (2015).

[63] J. B. Smith, D. Hagaman, and H-F. Ji; Nanotechnology
27, 215602 (2016).

[64] D. Hanlon, C. Backes, E. Doherty, @. S. Cucinotta, N.
C. Berner, C. Boland, K. Lee, A. Harvey, P. Lynch, Z.
Gholamvand, et al., Nat. Communi6,:8563 (2015).

[65] J. Kang, J. D. Wood, S. A. Wells, J.-H. Lee, X. Liu, K.-
S. Chen, and M. C. Hersam, ACS Nano 9, 3596 (2015).

[66] J. Kang, S. A. Wells, J.,D. /Woody J-H. Lee, X. Liu, C.
R. Ryder, J. Zhu, J. R. Guest, C. A. Husko, and M. C.
Hersam, Proc. Natl. Acad. Seitl13, 11688 (2016).

[67] G. Zhou, Z.Li, Y. Ge,H. Zhang, and Z. Sun, Nanoscale
Adv.2, 1059 (2020).

[68] H. Yuan, X. Liu, E.h Afshinmanesh, W. Li, G. Xu, J.
Sun, B. Lian, A.-.GuCurto, G{ Ye, Y. Hikita, Z. Shen,
S-C. Zhang, XL Chen, M. Brongersma, H. Y. Hwang,
and Y. Cui, Nat. Nanotechnol.;»10, 707 (2015).

[69] Y. Liu, B. N. Shivananju, Y. Wang, Y. Zhang, W. Yu,
S. Xiao, /I Sun, WiMa, H. Mu, S. Lin, et al., ACS
Appl. Mater. Interfaces 9, 36137 (2017).

[70] T-Y. Kim; J. Ha, K. Cho, J. Pak, J. Seo, J. Park, J-K.
Kimg'S)” Chung, Y. Hong, and T. Lee, ACS Nanoll,
10273 (2017):

[71] F:\ Withers, | H. Yang, L. Britnell, A. P. Rooney, E.
LewispA. Felten, C. R. Woods, V. Sanchez Romaguera,
T. Georgiou, A. Eckmann, Y. J. Kim, S. G. Yeates, S. J.
Haigh, A. K. Geim, K. S. Novoselov, and C. Casiraghi,
Nano Lett. 14, 3987 (2014).

AUTHOR SUBMITTED MANUSCRIPT - 2DM-108146.R1

19

[72] J. Miao, B. Song, Q. Li, L. Cai, S. Zhang, W. Hu, L.
Dong, and C. Wang, ACS Nano, 11,6048 (2017).

[73] B. E. Saleh and M. C. Teich, Fundamentalsiof photonics,
john Wiley and sons, 2019.

[74] K. Pan, Y. Fan, T. Leng, J. Li, Z. Xin, J. Zhang, L. Hao,
J. Gallop, K. S. Novoselov, andZ. Hu, Nat. Commun.
9, 1 (2008).

[75] B. J. Carey, J. Z. Ou, R. M. Clark, K. J. Berean, A.
Zavabeti, A. S. R. Chesman; S: P. RussojD. W. M.
Lau, Z-Q. Xu, Q. Bao, O. Kaveheiy B. C. Gibson, M.
D. Dickey, R. B. Kaner; T Daeneke, and K. Kalantar-
Zadeh, Nat. Communt'8, 1(2017).

[76] M. Bariyam, Z. Shahpar, H. Park, J. Sun, Y. Jung, W.
Gao, H. Y. Y. Nyein, T. S. Liaw, L-C. Tai, Q. P. Ngo,
M. Chao, Y. Zhao, M. Hettick, G. Cho, and A. Javey,
ACS Nano. 12; 6978+(2018).

[77] A.Nathan, A. Ahnood, M. T. Cole, S. Lee, Y. Suzuki, P.
Hiralal, E:xBonaccorsof T. Hasan, L. Garcia-Gancedo,
A. Dyadyushayet aljProc. IEEE 100, 1486 (2012).

[78] L. Yang, A. Rida,R. Vyas, and M. M. Tentzeris, IEEE
Trans. Microw. Theory Tech. 55, 2894 (2007).

[79] KaJaakkolay, V4 Ermolov, P. G. Karagiannidis, S. A.
Hodge, Lix Lombardi, X. Zhang, R. Grenman, H. Sand-
berg, A. Lombardo, and A. C. Ferrari, 2D Mater. 7,
015019 (2019).

[80] M. Tudorache and C. Bala, Anal. Bioanal. Chem. 388,
565 (2007).

[81] J. Bharathan and Y. Yang, Appl. Phys. Lett.72, 2660
(1998).

[82]'M. L. Hammock, A. Chortos, B. C.-K. Tee, J. B.-H.
Tok, and Z. Bao, Adv. Mater. 25, 5997 (2013).

[83] S. E. Shaheen, R. Radspinner, N. Peyghambarian, and
G. E. Jabbour, Appl. Phys. Lett. 79, 2996 (2001).

[84] X. Cao, H. Chen, X. Gu, B. Liu, W. Wang, Y. Cao, F.
Wu, and C. Zhou, ACS Nano 8, 12769 (2014).

[85] P. H. Lau, K. Takei, C. Wang, Y. Ju, J. Kim, Z. Yu, T.
Takahashi, G. Cho, and A. Javey, Nano Lett. 13, 3864
(2013).

[86] K. Higuchi, S. Kishimoto, Y. Nakajima, T. Tomura, M.
Takesue, K. Hata, E. I. Kauppinen, and Y. Ohno, Appl.
Phys. Express 6, 085101 (2013).

[87] E. B. Secor, P. L. Prabhumirashi, K. Puntambekar, M.
L. Geier, and M. C. Hersam, J. Phys. Chem. Lett. 4,
1347 (2013).

[88] L. W. Ng, G. Hu, R. C. Howe, X. Zhu, Z. Yang, C.
Jones, and T. Hasan, Printing of Graphene and Related
2D Materials(Springer, 2019).

[89] A. G. Kelly, T. Hallam, C. Backes, A. Harvey, A. S. Es-
maeily, I. Godwin, J. Coelho, V. Nicolosi, J. Lauth, A.
Kulkarni, S. Kinge, L. D. A. Siebbeles, G. S. Duesberg,
and J. N. Colemanl, Science356, 69 (2017).

[90] H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda,
M. Inbasekaran, W. Wu, and E. P. Woo, Science 290,
2123 (2000).

[91] T. Sekitani, Y. Noguchi, U. Zschieschang, H. Klauk, and
T. Someya, PNAS 105, 4976 (2008).

[92] G. Hu, L. W. T. Ng, X. Zhu, R. C. T. Howe, and T.
Hasan, Chem. Soc. Rev.47, 3265 (2018).

[93] I. M. Hutchings and D. Graham ,Inkjet Technology for
Digital Fabrication(John Wiley and Sons, 2012).

[94] Y-Y. Noh, N. Zhao, M. Caironi, and H. Sirringhaus,
Nat. Nanotechnol. 2, 784 (2007).

[95] T. Kawase, H. Sirringhaus, R. H. Friend, and T. Shi-
moda, Adv. Mater. 13, 1601 (2001).



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - 2DM-108146.R1

[96] J. A. Hondred, L. R. Stromberg, C. L. Mosher, and J.
C. Claussen, ACS nano 11, 9836 (2017).

[97] A. Favron, E. Gaufres, F. Fossard, A.-L. PhaneufL-
Heureux, N. Y. Tang, P. L. Lévesquee, A. Loiseau, R.
Leonelli, S. Francoeur, and R. Martel, Nat. Mater. 14,
826 (2015).

[98] K. K. Kam, B. A. Parkinson, J. Phys. Chem. 86, 463-
467 (1982).

[99] A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C-Y.
Chim, G. Galli, and F. Wang, Nano Lett. 10, 1271-1275
(2010).

[100] S. Wang, P. K. Ang, Z. Wang, A. L. L. Tang, J. T. L.
Thong, and K. P. Loh, Nano Lett. 10, 92-98 (2010).

[101] P. Kang, M. C. Wang, P. M. Knapp, and S. Nam, Adv.
Mater. 28, 4639 (2016).

[102] F. Bonaccorso, T. Hasan, P. H. Tan, C. Sciascia, G.
Privitera, G. Di Marco, P. G. Gucciardi, and A. C. Fer-
rari, J. Phys. Chem. C.114, 17267 (2010).

[103] H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tomének,
and Peide D. Ye, ACS Nano 8, 4033 (2014).

[104] F. Xia, H. Wang, and Y. Jia, Nat. Commun. 5, 1 (2014).

[105] Y. Akahama, M. Kobayashi, and H. Kawamura, Solid
State Commun. 104, 311 (1997).

[106] X. Wang, N. Mao, W. Luo, H. Kitadai, and X. Ling, J.
Phys. Chem. Lett.9, 2830 (2018).

[107] H. B. Ribeiro, M. A. Pimentab, and C. J.S. de Matos,
J. Raman Spectrosc 49, 76 (2018).

[108] H. B. Ribeiro, C. E. P. Villegas, D. A. Bahamon, D.
Muraca, A. H. Castro Neto, E. A. T. de Souza, A:R.
Rocha, M. A. Pimenta and C. J. S. de Matos, Nat.
Commun.7, 1 (2016).

[109] B. Derby and N. Reis, MRS Bull. 28, 815 (2003).

[110] B. Derby, Annu. Rev. Mater. Res. 40, 39542010).

[111] J. E. Fromm, IBM J. RES. DEV.28, 322 (1984).

[112] R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S.
R. Nagel, and T. A. Witten, Nature/389, 827 (1997).

[113] E. B. Secor, B. Y. Ahn, T. Z. Gao, J."AhLewis, and M.
C. Hersam, Adv. Mater. 27, 6683 (2015).

[114] M. Lotya, Y. Hernandez, P. J. King, R. J. Smith, V.
Nicolosi, L. S. Karlsson, F. M. Blighe, S. De, Z. Wang, 1.
McGovern, et al., J. Am. Chem. So€: 131, 3611 (2009).

[115] D. R. Lide et al., CRC Handbook of Chemistry and
Physics89, 3 (2005).

[116] K.P.Lee, N. C. Chromey, R:Culiky J. R. Barnes, P. W.
Schneider, Fund Appl Toxicol9, 222 (1987).

[117] https://apps.who.int/iris/handle/10665 /42404

[118] S. Lin, S. Liu, Z. Yang; Y. Li, T. Wi Ng, Z. Xu,Q .Bao,
J. Hao, C.-S. Lee, C.Surya, et al., Adv. Funct. 26, 864
(2016).

[119] J. D. Wood, S. AwWells, D. Jariwala, K.-S. Chen, E.
Cho, V. K. Sangwan,X. Liu, L. J. Lauhon, T. J. Marks,
and M. C. Hersam/Nano Lett. 14, 6964 (2014).

[120] N. B. GoodmanyL. Ley,/and D. Bullett, Phys. Rev. B
27, 7440(1983).

[121] J. Brunner, M. Thgler, S. Veprek, and R. Wild, J. Phys.
Chem. Selids 40, 967 (1979).

[122] J. Vi Ashurst, T. M. Nappe, StatPearls Publishing
(2019).

[123] LILi, Y. Yu; G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng,
X. HoChend and Y. Zhang, Nat. Nanotechnol. 9, 372
(2014).

[124)pR. Bunsen, H. E. Roscoe, Ann. Phys. 162, 235-263
(1857).

[125] A. Beer, Ann. Physik 162, 78-88 (1852).

20

[126] R. Luther, A. Nikolopulos, Z. Phys. Chem. 82 U, 361
(1913).

[127] D. F. Swinehart, J. Chem. Educ. 39,333 (1962).

[128] Y. Harada, K. Murano, I. Shirotani, T Takahashi, Y.
Maruyama, Solid State Commun/44, 877 (1982).

[129] A. A. Lagatsky, Z. Sun, T. S. Kdlmala, R. S: Sundaram,
S. Milana, F. Torrisi, O4L. Antipov,yY. Lee, J. H. Ahn,
C. T. A. Brown, W. Sibbetty, and A."C. Ferrari, Appl.
Phys. Lett.1, 013113 (2013).

[130] S. Bae, H. Kim, Y. Lee, X. Xu, J.=S. Park,"Y. Zheng,
J. Balakrishnan, T. Lei, H. R. Kim, Y. I. Song, et al.,
Nat. Nanotechnol 5,574 (2010).

[131] A. C. Ferrari, J. Meyer, V. Scardaci, C. Casiraghi, M.
Lazzeri, F. Mauri, S. Piscanee, D. Jiang, K. Novoselov,
S. Roth, et al.,Phys. ' Rev. Lett. 97, 187401 (2006).

[132] A. C. Ferrari' and D« M. Basko, Nat. Nanotechnol. 8,
235 (2013).

[133] A. Das, ShPisana, B. Chakraborty, S. Piscanec, S. K.
Saha, U. V.::Waghmare, K. S. Novoselov, H. R. Krish-
namurthy, A. K, Geim, A. C. Ferrari, and A. K. Sood,
Nat. Nanotechnol., 3, 210 (2008).

[134] DM Baskoy S./Piscanec, and A. C. Ferrari, Phys. Rev.
B, 80, 165413(2009).

[135) L. G. Cangado, A. Jorio, E. M. Ferreira, F. Stavale,
C. Achete, R. Capaz, M. Moutinho, A. Lombardo, T.
Kulmala, and A. C. Ferrari, Nano Lett. 11, 3190 (2011).

[136)/M. Brufta, Anna K. Ott, M. Ijas, D. Yoon, U. Sassi, and
A. C. Ferrari, ACS Nano 8, 7432 (2014).

[137).T. M. G. Mohiuddin, A. Lombardo, R. R. Nair, A.
Bonetti, G. Savini, R. Jalil, N. Bonini, D. M. Basko,
C. Galiotis, N. Marzari, K. S. Novoselov, A. K. Geim,
and A. C. Ferrari, Phys. Rev. B79, 205433 (2009).

[138] D. Yoon, Y-W. Son, and H. Cheong, Phys. Rev.
Lett.106, 155502 (2011).

[139] S. Pisana, M. Lazzeri, C. Casiraghi, K. S. Novoselov, A.
K. Geim, A. C. Ferrari, and F. Mauri, Nat. Mater. 6,
198 (2007).

[140] C. Casiraghi, S. Pisana, K. S. Novoselov, A. K. Geim,
and A. C. Ferrari, Appl. Phys. Lett. 91, 233108 (2007).

[141] C. Du, S. Wang, X. Miao, W. Sun, Y. Zhu, C. Wang,
and R. Ma, Beilstein J. Nanotechnol.10, 2374 (2019).

[142] B. Jirgensons, J. Polym. Sci.8, 519 (1952).

[143] A. K. Geim and K. S. Novoselov, Nat. Mater. 6, 183
(2007).

[144] J. Xia, F. Chen, J. Li, and N. Tao, Nat. Nanotech. 4,
505 (2009).

[145] Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Na-
ture 438, 201 (2005).

[146] S. Adam, E. Hwang, V. Galitski, and S. D. Sarma,
PNAS 104, 18392 (2007).

[147] J.-H. Chen, C. Jang, S. Adam, M. Fuhrer, E. Williams,
and M. Ishigami, Nat. Phys. 4, 377 (2008).

[148] V. M. Galitski, S. Adam, and S. D. Sarma, Phys. Rev.
B 76, 245405 (2007).

[149] L-L. Chua, J. Zaumseil, J-F. Chang, E.C.-W. Ou, Peter
K.-H. Ho, H. Sirringhaus, and R. H. Friend, Nature434,
194-199 (2005).

[150] K. Fukuda, T. Yokota, K. Kuribara, T. Sekitani, U.
Zschieschang, H. Klauk, and T. Someya, Appl. Phys.
Lett. 96, 17 (2010).

[151] M. S. Mathur and N. A. Weir, J. Mol. Struct15, 459
(1973).

[152] J. Jakabovic, J. Kovacac, M. Weisb , D. Haskoc,
R.Srnaneka, P. Valenta, R. Reseld, Microelectronics J

Page 20 of 21



Page 21 of 21

oNOYTULT D WN =

40, 595 (2009).

[153] T. Yamada, Y. Okigawa, M. Hasegawa, K. Watanabe,
and T. Taniguchi 10, 085309 (2020).

[154] 1. Meric, M. Y. Han, A. F. Young, B. Ozyilmaz, P. Kim,
and K. L. Shepard, Nat. Nanotechnol. 3, 654 (2008).

[155] M. Lazzeri, S. Piscanec, F. Mauri, A. C. Ferrari, and J.
Robertson, Phys. Rev. Lett.95, 236802 (2005).

[156] F. Xia, T. Mueller, R. Golizadeh-Mojarad, M. Freitag,
Y-M. Lin, J. Tsang, V. Perebeinos, and P. Avouris,
Nano Lett.9, 1039-1044 (2009).

[157] F. Xia, T. Mueller, Y-M. Lin, A. Valdes-Garcia, and P.
Avouris, Nat. Nanotechnol.4, 839-843 (2009).

[158] P. Yasaei, B. Kumar, T. Foroozan, C. Wang, M. Asadi,
D. Tuschel, J. E. Indacochea, R. F. Klie, A. Salehi-
Khojin, Adv. Mater. 27, 1887 (2015).

[159] J. D. Ingle Jr, S. R. Crouch,Spectrochemical analy-
s1s(1988).

[160] H. Liu, Y. Du, Y. Deng, P. D. Ye, Chem. Soc. Rev.44,
2732 (2015).

[161] V. Lucarini, J. J. Saarinen, K. E. Peiponen, E. M.
Vartiainen, Kramers-Kronig relations in optical materi-
als research(Springer, 2005).

[162] https://airekacells.com/blog/cuvette-guide

[163] E. Lampadariou, K. Kaklamanis,D. Goustouridis, I.
Raptis, and E. Lidorikis, Chem. Soc. Rev.9, 499 (2022).

[164] G. W. Hanson, J. Appl. Phys.44, 084314 (2008).

[165] D. B. Velusamy, R. H. Kim, S. Cha, J. Huh, R. Khaz-
aeinezhad, S. H. Kassani, G. Song, S. M. Cho, S. H.
Cho, I. Hwang, J. Lee, K. Oh, H. Choi, and C. Park,
Nat. Commun. 6, 1 (2015).

[166] G. W. Mudd, S. A. Svatek, L. Hague, O. Makarovsky,
Z. R. Kudrynskyi, C. J. Mellor, P. H. Beton, L. Eaves,
K. S. Novoselov, Z. D. Kovalyuk, et al., Ady. Mater. 27,
3760 (2015).

[167] Y. Fang, A. Armin, P. Meredith, and J. Huang, Nat.
Photonics, 13, 1 (2019).

[168] J, McCann and D. BrysonSmart clothes, and wearable
technology (Elsevier, 2009).

[169] J. W. S. Hearle, and W. E. Morton, Physical properties
of textile fibres(Elsevier, 2008).

A S

AUTHOR SUBMITTED MANUSCRIPT - 2DM-108146.R1

21

[170] P. A. AnnisUnderstanding and improving the durability
of textiles(Elsevier, 2012).

[171] Preferred Fiber and Materials < Market Report
2017(Textile Exchange, 2019).

[172] N. Kim, S. Lienemann, I. Peétsagkourakis, D. A.
Mengistie, S. Kee, T. Ederth, ¥» Gueskine; P. Leclere,
R. Lazzaroni, X. Crispinjpand K. Tybrandt, Nat. Com-
mun., 11, 1 (2020).

[173] A. 1. S. Neves, T. H. Bointon; I V. Melo, S. Russo, 1.
de Schrijver, M. F. Craciun and Hu Alves, Sci. Rep.5,
9866 (2015).

[174] G. Socrates Infraredsaid Raman Characteristic Group
Frequencies, 3rd, John Wiley, and Sons (2001).

[175] K. Bruckmoser, K. Resch, Macromol. Symp,339, 70
(2014).

[176] S. Parnell, K. Ming M. Cakmak, Polymer,44, 5137
(2003).

[177] A. T. Ezhil Vilian, S. An, S. R. Choe, C. H. Kwak, Y.
S. Huh, J. Leej Y-KeHan, Biosens. Bioelectron.,86, 122
(2016).

[178] J. W.S:Hearle, P. Grosberg, and Stanley Backer, Struc-
turalymechanics of fibers, yarns, and fabrics, Wiley-
Interscience (1969).

[179)S. Reddy Tamalampudi, Y-Y. Lu, R. Kumar, R. Sankar,
C-D. Liao, K. Moorthy, C-H. Cheng, F. Cheng, C-T.
Chen, Nano Lett., 14, 2800 (2014).

[180)(S. Bai;™W. Wu, Y. Qin, N. Cui, D. J. Bayerl, and X.
Wang, Adv. Funct. Mater., 23, 4464 (2011).

[181},D.MDe Fazio, I. Goykhman, D. Yoon, M. Bruna, A. Ei-
den, S. Milana, U. Sassi, M. Barbone, D. Dumcenco, K.
Marinov, A. Kis, and A. C. Ferrari, ACS Nano.10, 8252
(2016).

[182] J. Quereda, S. Kuriakose, C. Munuera, F. J. Mompean,
A. M. A. Enizi, A. Nafady, E. Diez, R. Frisenda, and A.
Castellanos-Gomez, npj Flex. Electron, 6, 1-9 (2022).

[183] B. H. Kim, H. H. Gu, and Y. J. Yoon, 2d Mater., 5,
045030 (2018).

[184] J. Lu, Q. Ye, C. Ma, Z. Zheng, J. Yao, and G. Yang,
ACS Nano, 8, 12852-12865 (2022).

[185] H. Liu, F. Gao, Y. Hu, J. Zhang, L. Wang, W. Feng, J.
Hou, and P. Hu, 2D Mater. , 6, 035025 (2019).

[186] A. Mazaheri, M. Lee, H. S. J. van der Zant, R. Frisenda,
and A. Castellanos-Gomez, 12, 19068-19074 (2020).



