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Highly Conductive Networks of Silver Nanosheets

Adam G. Kelly, Jane O’Reilly, Cian Gabbett, Beata Szydtowska, Domhnall O’Suilleabhain,
Umar Khan, Jack Maughan, Tian Carey, Siadhbh Sheil, Plamen Stamenov,

and Jonathan N. Coleman*

Although printed networks of semiconducting nanosheets have found suc-
cess in a range of applications, conductive nanosheet networks are limited
by low conductivities (<106 S m~"). Here, dispersions of silver nanosheets
(AgNS) that can be printed into highly conductive networks are described.
Using a commercial thermal inkjet printer, AgNS patterns with unannealed
conductivities of up to (6.0 £ 1.1) X 10° S m~" are printed. These networks can
form electromagnetic interference shields with record shielding effectiveness
of >60 dB in the microwave region at thicknesses <200 nm. High resolution
patterns with line widths down to 10 um are also printed using an aerosol-
jet printer which, when annealed at 200 °C, display conductivity >10’ S m~".
Unlike conventional Ag-nanopatrticle inks, the 2D geometry of AgNS yields
smooth, short-free interfaces between electrode and active layer when used

to photovoltaicsl®! and thin-film transis-
tors.[%] However, the incorporation of
conducting nanosheets into such devices
(e.g., as-printed electrodes) has been hin-
dered Dby the limited availability of conduc-
tive nanosheets, with only graphene-®*!
or MXene-based inks available.'* While
graphene networks can display conductivi-
ties >10° S m™,["?] state-of-the-art printed
graphene networks are <10° S m™ with
the uppermost values only achieved via
high temperature annealing®"! or com-
pression,™ or Dboth.® Inkjet-printable
MXenes have demonstrated conductivi-
ties >10° S m LM%M, but the maximum

as the top electrode in vertical nanosheet heterostructures. This shows that
all-printed vertical heterostructures of AgNS/WS,/AgNS, where the top
electrode is a mesh grid, function as photodetectors demonstrating that such
structures can be used in optoelectronic applications that usually require

transparent conductors.

1. Introduction

Over the past decade, a wide range of solution-processed semi-
conducting 2D nanosheets have been used as active materials
in various printed electronic devices.*l The complexity of these
devices has evolved from simple capacitors and photodetectors!
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reported value is currently =10¢ S m~.01]
The conductivities of these networks are
usually limited by inter-sheet junction
resistances™ and are well below the
typical values of 3-6 x 10’ S m™! displayed
by metals such as silver, gold, and copper.
Conductive polymers such as poly(3,4
ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) can also reach conductivities >10° S m™,
but these values are reached using acidic post-treatments and
as-printed values are orders of magnitude lower.['¥!

This is a significant gap as highly conductive networks
are important for printed electrodes,!” transparent conduc-
tors?®2ll and electromagnetic shields.'"1®l For example, silver
nanoparticle (AgNP) inks have been commercialized??! due to
their printability and capacity to yield high-conductivity films
which typically reach =3 x 107 S m™ following high tempera-
ture (>200 °C) annealing.’’l Inks based on the in situ reduc-
tion of silver complexes can lower the processing temperature
to =100 °CI?42! however post-treatment is usually still needed
to maximize the conductivity.?>2% Similarly, particle-free reac-
tive silver inks have shown high conductivity (>10° S m™!) when
processed at room temperature,”’) however the solution-based
nature of these inks may preclude them from use in porous
heterostructures due to solute penetration into the lower layers.
Alternatively, networks of silver nanowires (AgNW) have been
used in a range of device applications?®l and when printed, dis-
play conductivities up to 10 S m™123% but plasma welding or
sintering at over 200 °CP% is typically required to maximize the
network conductivity.

The purpose of sintering/annealing is to minimize the inter-
particle junction resistances, which is critical for AgNP- or
AgNW-based networks due to the low-area, point-like nature of
the junctions. A potential low temperature alternative would be

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Silver nanosheet characterization. A) An image of silver nanosheets dispersed in a range of solvents. B) The stability the AgNS in various
solvents over a 24 h period. Initial concentrations varied between 7-10 mg mL™". C) An SEM image showing the range of silver nanosheet morpholo-
gies from the stock dispersion. D-F) AFM data showing the AgNS length distribution with <Lys> =500 nm (D), an asymmetric thickness distribution
with <tys> =44 nm (E), and the approximate proportionality between length and thickness. Inset in (E): a representative AFM image of an AgNS. Scale

bar =300 nm.

to use 2D analogues of AgNP or AgNW allowing the formation
of large-area inter-particle junctions. This would reduce junc-
tion resistance, resulting in efficient inter-sheet charge transfer
effecting a high network conductivity.l’! In addition, networks
of such materials would combine the conductivity of a film of
metal particles with the morphology of a nanosheet network
allowing effective interfacing between nanosheet-based active
layers in printed devices. While a very few reports already
exist on the synthesisP®?3? and deposition/*! of 2D-like silver
nanosheets (AgNS), very little is known about AgNS networks
and their properties.

Here, we report AgNS as a highly conductive printable
material that can be processed at room temperature, which we
attribute to the 2D-like aspect ratio. We show that additive-free
water-based inks containing AgNS can be printed to form net-
works with conductivity approaching 10’ S m™ at ambient pro-
cessing temperatures and >107 S m™ when annealed at 200 °C.
Thin AgNS networks (<200 nm thick) shield electromagnetic
waves in the microwave-to-visible region with an effectiveness
>60 dB. We further demonstrate that the 2D geometry is critical
for forming smooth and continuous interfaces in vertical heter-
ostacks as the small diameter of AgNP allows them to penetrate
the device which can cause shorting. This allows us to print pho-
todetectors based on AgNS/WS,/AgNS vertical heterostructures.

2. Results and Discussion

AgNS can be sourced commercially as a highly concentrated
(=94 wt%) water-based paste. Once this paste is diluted to a
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workable concentration of =70 mg mL™, the AgNS can easily
be solvent-exchanged by centrifugation into other common
printing solvents such as triethylene glycol monomethyl ether
(MTG), DMF, or cyclohexanone as shown in Figure 1A (for
methods and materials, see Supporting Information S1). Ther-
mogravimetric analysis reveals that =1.3 wt% of the solids
mass is composed of an organic additive, which allows us to
estimate a nanosheet coverage of =3 nm per nanosheet (Sup-
porting Information S2). Figure 1B shows the stability of the
AgNS in various solvents over 24 h. We see sufficient stability
in water, cyclohexanone, and a 90:10 blend of cyclohexanone/
terpineol for printing the AgNS without adulterating the disper-
sion with additional stabilizers such as polymers or surfactants
which can negatively affect the electrical properties. As shown
in Figure 1C-E, the AgNS are polydisperse with an average
length between 250 and 500 nm (Figure 1D), with an average
thickness of =44 nm (Figure 1E). Figure 1F shows a roughly
linear scaling between length and thickness with a character-
istic aspect ratio, k = <Lys/tys>, of =13.5. Importantly, the basal
planes (known to be <111>)32 of the nanosheets are smooth
and continuous (Figure 1E, inset) which should facilitate good
inter-sheet contact.

We demonstrated the printability of water-based AgNS using
a Canon MG2550 thermal inkjet printer (TIP) to print a large-
area image of the Trinity College campanile, shown in Figure 2A.
This type of commercial printer is optimized for water-based
ink deposition and has a nozzle diameter of =10 um (Sup-
porting Information S3). Figure 2B shows a top-down SEM
image of an unannealed printed network, where the distortion
of the AgNS shapes (the rounding of the typical <111> facets) is

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Thermal inkjet printing. A) A printed image of the campanile in Trinity College using 5 print passes where the substrate was held for 5 min
following each pass. Adapted with permission, Trinity College Dublin. B) An SEM image of a printed network of AgNS. Some distortion in the edge
definition of the nanosheets is visible due to the high temperatures experienced within the printhead. C) A cross-section of the network shown in (B).
D) The scaling of the network thickness with number of printing passes for a range of AgNS concentrations. E) The thickness dependence of the con-
ductivity showing a thickness-independent value is reached at >140 nm. F) A thickness histogram obtained using a transmission scanner where each
pixel is converted into a thickness value as outlined in Supporting Information S1 and S3. G) The linewidth dependence of the conductivity for lines
printed parallel and perpendicular to the direction of the printhead motion. A higher resolution is achievable for lines printed parallel to the motion of the
printhead. Inset: lines printed at right angles to each other showing the anisotropic resolution of the printer. H) A comparison of reported conductivities
obtained at various post-processing temperatures using various nanomaterials with bulk silver shown for comparison (see Supporting Information).

attributed to the high temperatures reached inside the thermal
printhead.® Such rounding is accompanied by enhanced SEM
charging contrast which may be associated with oxidation at
the edges of the AgNS, although more experiments would be
required to prove this conclusively. However, we note that the
blackening and nanoparticle formation that usually accompany
the oxidation of Ag nanowires is not observed here.*®l In any
cases, no contrast enhancement is observed on the surface of
the platelets suggesting them to be unchanged by the printing
process. This is supported by data below which shows the inter-
platelet junction resistance to be extremely low.

A cross-section shows the network to be a tightly bound stack
where the AgNS show some in-plane alignment (Figure 2C).
Although we accept that a single measurement on such a small
area cannot provide a statistically meaningful measurement,
Figure 2C can be used to give a rough estimate of the network
porosity. In Supporting Information S4, we show that image
analysis suggests the porosity of printed AgNS networks to be
P = 30 + 5%, significantly below typical nanosheet networks
which display P =50%.!

Using such cross-sections, we can find the network thick-
ness per print pass (Figure 2D) which then allows thickness
control (see Supporting Information S5). The conductivity of
such unannealed networks shows a percolation-type increasel?’!
with network thickness (t) before reaching a thickness-inde-
pendent conductivity of (6.0 £ 1.1) X 10° S m™ at t =140 nm
shown in Figure 2E. This conductivity falls <2% following
13 weeks storage in ambient before falling to 3—4 x 10° S m™
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after approximately a year (Supporting Information S6). To
determine whether the temperature in the printhead affects
the conductivity, we also dropcast (Figure 1C) and spray-coat
(Supporting Information S7) AgNS networks at room tempera-
ture where we measure a conductivity of (6.6 £ 2.1) X 10° and
(5.6 £ 0.9) x 10°S m™, respectively. The thickness distribution
of a typical network (measured over a 4 x 1 cm area using a trans-
mission scanner!?)) is shown in Figure 2F, with line profiles
for various thicknesses shown in Supporting Information S8.
Although the network shows a relatively low At/<t> ratio of
17%, the thickness distribution is somewhat asymmetric with
some regions displaying local thicknesses as low as =32% of
<t>. The resolution limits of the printer become clear as the
conductivity falls off for linewidths <400 um due to line edge
roughness (Figure 2G). Furthermore, the dependence of con-
ductivity on linewidth is sensitive to the printing direction
relative to the printhead motion (Figure 2G, inset) with lines
printed parallel to the direction of travel more uniform than
those printed perpendicular.

A comparison between conductivity and processing tem-
perature across various nanoscale electrical conductors shown
in Figure 2H (see Supporting Information T1). High conduc-
tivities achieved at low processing temperatures appear in the
upper left quadrant. While room-temperature processing of
AgNWIl and AgNSEP® has been reported, the conductivity of
the TIJ-printed AgNS outperforms other silver nanomaterials
at low temperature and outperforms all other 2D systems at all
processing temperatures as would be expected for a 2D metal.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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This maximum observed conductivity of =6 x 10° S m™ is
approximately ten times lower than bulk crystalline silver but
close to bulk manganese (7 X 10°® S m™). As these networks
appear to have low porosity (P = 30%), we attribute this differ-
ence mainly to the effects of inter-sheet junction resistance.ll A
key advantage of 2D materials over other nanoscale geometries
is their large basal planes which can create large-area junc-
tions between the nanosheets, potentially leading to low junc-
tion resistance.>3) We can estimate the junction resistance,
Ry, from the network conductivityl! using oye = (1 — P)/tysRy
and the measured value of P = 0.3, yielding R; =3 Q. We can
compare this to the estimated nanosheet resistance via Ryg =
(tusOag) ! obtaining Ryg =0.4 Q confirming these networks to
be junction limited. This compares to R; of =10-25 Q for post-
processed AgNW networks,*l and Ry =102-10° Q for graphene
and MXene networks.!

The estimated junction resistance for AgNS is clearly much
closer to that of AgNW networks than van der Waals bonded
systems such as graphene. This indicates that the junctions are
metallic in nature. We suggest that these low resistance junc-
tions may be due to the formation of silver filaments in the
junction region which locally displace the organics coating the
nanosheets and form robust electrical connections between
nanosheets. In AgNW networks, such connections have been
formed via electromigration-induced filament formation, which
can be instigated either optically or thermally.*# 1t is likely
that the junction resistance associated with inter-AgNS junc-
tions is smaller than that associated with inter-rAgNW junctions
simply because the 2D nature of the former leads to greater
overlap area and scope for larger area inter-sheet, metallic con-
nections. Here, the robustness of the inter-sheet connections is
evidenced by their stability when exposed to ultrasonic agitation

www.small-journal.com

in isopropanol and acetone for tens of minutes (Supporting
Information S9). In addition, this relatively low junction resist-
ance highlights the benefits of the 2D geometry demonstrating
the advantage of AgNS networks.

Highly conductive networks have many applications. For
example, electromagnetic interference (EMI) shielding is
increasingly important in the electronics industry, with typical
applications requiring a shielding effectiveness of >20 dB (99%
shielding)! at minimal coating thickness. The total shielding
effectiveness, EMI SE, has two components representing reflec-
tion and absorption and is described previously:[*

EMISE = 1olog[ )

o
100 2, ] +8.69t\/T fll,0
where o is the conductivity in S m™, fis the frequency in Hz,
and t is the thickness in m (see Supporting Information S10 for
further discussion). Printed AgNS networks are potentially very
promising EMI shields due to their high conductivity.

Figure 3A shows an optical image of conductive traces
composed of printed AgNS networks of various thicknesses.
Figure 3B shows the EMI SE for a range of network thicknesses
measured in the X band. While networks below t <80 nm show
no shielding beyond the substrate, the EMI SE for both the X-Ky
and K bands rapidly increase once Gy, surpasses =100 S m.
While thinner films show some absorption, the networks
become fully reflective in the X-Ky band once the conductivity
saturates (Supporting Information S11). Multi-band shielding
is also demonstrated for the K and K, bands and optical wave-
lengths in Supporting Information S11 and S12 where the
transition from transmissive to shielding behavior also occurs
in the region where the AgNS network becomes conductive.
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Figure 3. EMI Shields created from inkjet-printed networks. A) An optical image of networks printed with a 30 mg mL™" ink of various thicknesses
achieved by printing for 1-10 passes. B) Total shielding effectiveness across the X band for a range of film thicknesses. C) Percolation-like scaling
of the shielding effectiveness with film thickness for the X-Ky and K bands. The conductivity data from Figure 2 E is replotted for comparison. D) A
comparison of experimentally measured EMI SE across a range of thicknesses with calculated values using the conductivity data from Figure 2E with
Equation (1). E) An optical image showing various grids printed with varied apertures. F) The total shielding effectiveness as a function of grid fill factor
for the X-Ky and K bands. G) The total shielding effectiveness against thickness for a range of nanomaterials and metals (see Supporting Information
T2 for details). The star symbols represent AgNS networks.
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Figure 4. Aerosol-jet printed AgNS characterization. A) Conductivity versus annealing temperature for AgNS and commercial Ag-nanoparticle inks,
both printed on PET using triethylene glycol monomethyl ether (MTG) solvent. Inset: the AMBER logo printed on PET. Scale bar: 250 um. B) The
thickness dependence of the conductivity for both PET and glass substrates. The PET sample is annealed at 100 °C and the glass sample is annealed
at 200 °C. Inset: the width dependence of the conductivity for samples printed on PET (grey) and glass (green) substrates. C) Histograms comparing
the thickness distribution of networks with similar average thickness deposited by thermal inkjet and aerosol-jet printing. D) The onset of crosstalk
between closely spaced lines for aerosol-jet printed lines and thermal inkjet-printed lines. The conduction between the lines is zero where the resistance
goes to infinity (or conductance goes to zero). Inset (blue): an optical image of thermal inkjet printed lines with evident line edge roughness. Scale bar:
500 um. Inset (green): an SEM image of closely spaced aerosol-jet printed lines. Scale bar: 50 um. E) The conductivity of the C:T ink as a function of
temperature. The AgNS network shows a metal-insulator transition at =180 K, with typical metallic behavior seen at T > 240 K indicated by the dashed
line which is a guide for the eye. F) The resistivity of the AgNS network plotted as a function of temperature with data reproduced under the terms of
the Creative Commons Attribution 4.0 International License.* (Copyright 2015, The Author(s), Published by Springer Nature) for an individual AgNW
and bulk silver (Reproduced with permission.[*’] Copyright 2016, Royal Society of Chemistry) for an AgNW network shown for comparison.

Using the thickness and conductivity data from Figure 2E com-
bined with Equation (1), we find good agreement with the pre-
dicted EMI SE in the range of thicknesses above t = 80 nm as
shown in Figure 3D and Supporting Information S13.

It is also desirable to create EMI shields that combine
optical transparency with microwave shielding, often achieved
using a mesh grid,! a design easily produced via printing.
A series of printed mesh grids is shown in Figure 3E where
the linewidth and network thickness are kept constant at 1 and
300 nm, respectively. The aperture length, D, is varied from
1to 6 mm which corresponds to reduction in material fill factor
(compared to a complete film) from 75% to 26.5%. As shown in
Figure 3F, we observe over 99.9% shielding efficiency (30 dB)
at a 75% fill and 99% shielding efficiency (20 dB) at a 56% fill
for both the X-Ky and K bands. Similar behavior is seen across
multiple frequency bands with a suppressed effect at higher
frequencies caused by the deeper penetration into the network
(Supporting Information S14). While many nanomaterials have
demonstrated significant EMI SE at low thickness, the AgNS
presented in this work outperform the reported materials to
date with EMI SE values of >60 dB reached for thicknesses of
180 nm as shown in Figure 3G (see Supporting Information T2
for details). Despite the high density of silver, the AgNS net-
works also outperform all other materials when comparing the
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thickness-normalized specific shielding effectiveness (see Sup-
porting Information S15).

The AgNS are also compatible with more sophisticated
deposition techniques such as aerosol-jet printing (AJP) where
far higher resolutions than commercial TIJ are achievable!*!
and some of the TIJ-induced degradation of the AgNS can be
avoided. For example, Figure 4A, inset, shows the AMBER
center logo printed on PET using MTG-based AgNS ink show
linewidths <15 um wide. To compare the conductivity of AgNS
and AgNP networks, we dispersed both in MTG, a solvent com-
monly used in commercial AgNP inks, and printed conductive
traces which were annealed at a range of temperatures below
120 °C. At room temperature, the AgNS and AgNP show a sim-
ilarly low conductivity which we attribute to the residual MTG
in the network owing to its higher boiling point compared to
water. This also leads to a comparatively lower room-temper-
ature conductivity than the inkjet-printed AgNS. However, for
annealing temperatures above 30 °C the AgNS traces were
roughly 10x more conductive than the AgNP (Figure 4A). This
again supports the idea that the 2D-like morphology of the
AgNS results in lower junction resistances compared to other
nanoscale geometries.

While MTG- and water-based inks are suitable for printing
on PET, we found 90:10 blend of cyclohexanone:terpineol (C:T)

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Aerosol-jet printed AgNS networks. A) FIB cross-sections of a spray-coated graphene network with an aerosol-jet printed top layer of AgNP
(upper) and AgNS (lower). The AgNP can penetrate up to 1.5 um into the graphene network where the AgNS form a smooth continuous interface.
B) The in-plane (IP) and out-of-plane (OOP) conductivity of graphene and WS, networks measured using lateral and vertical structures with AgNS
electrodes. C) A vertical heterostructure of AgNS/WS,/AgNS where the AgNS are aerosol-jet printed and the WS, is spray coated. The bottom electrode
is a 2 x 2 mm square while the top electrode is a mesh grid with sides of 2 x 2 mm and various pattern fills. D) The conductance of the heterostuctures
in (C) against the fill factor of the top electrode. The fit is to Equation (2) which allows an OOP conductivity of 2.5 X 10 S m™' to be extracted. E) The
fractional increase in conductivity upon illumination, (¢ — 6p)/0p, where oy, is the dark conductivity plotted against the fill factor of the top electrode.
We see a large increase for low FF. An FF of zero indicates the measurement of the in-plane device.

better for deposition on glass, allowing annealing temperatures  conductance between parallel conducting traces (Figure 4D)
>200 °C and leading to conductivities of 1.5 x 107 S m™, =25%  which show electrical isolation for separations above 350 um
of bulk silver (see Supporting Information S16). This implies  for the TIP but as low as 12 pm for the AJP (see Figure 4D,
a value of R; = 1 Q which is approaching the resistance of the  inset, and also Supporting Information S18 for a comparison
nanosheets themselves (=0.4 Q). Furthermore, once the AgNS  of resolutions).

networks are annealed at 200 °C, they become extremely robust To further characterize the electrical properties of the AgNS
and cohesive, probably due to the formation of Ag filaments at  networks, we measure the conductivity of an AJP network as
junctions (see again Supporting Information S8).[*! a function of temperature shown in Figure 4E. The AgNS net-

The conductivity of the annealed aerosoljet printed net-  work shows metallic behavior down to 240 K (i.e., a positive
works also shows percolation-like scaling with thickness temperature coefficient of resistivity) indicated by the dashed
(Figure 4B) where a thickness-independent conductivity is  line. Below =180 K, we see a transition to a negative tempera-
reached at =150 nm for water-based (on PET, T, = 100 °C)  ture coefficient of resistivity, behavior which has been observed
and C:T-based (on glass, T,nnea = 200 °C) inks, consistent with  in networks of AgNP,*! CoPt; nanoparticles,*® and PANI-sul-
that of the TT] networks. The AgNS networks deposited by the  fonic acid composites.’! In the metallic region, the data is con-
aerosol-jet printer also demonstrate a more uniform thickness  sistent with the Weidemann-Franz law, k/c = Ly T, where K is
distribution compared to the TIP as shown in Figure 4C (see  the thermal conductivity and Lyy is the Lorenz number. Taking
also Supporting Information S17). The conductivity of the AJP  Lyy = 2.44 x 108 W Q K252 we estimate a room-temperature
networks is also constant with linewidth down to distances of  thermal conductivity of =91 W m™ K, or =21% of bulk silver,
20 um, suggesting very low line edge roughness (Figure 4B,  which demonstrates that heat conduction is also limited by
inset). This is confirmed by measurements of the leakage inter-sheet junctions.
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Furthermore, comparing the AgNS network resistivity
versus T data with that for an individual AgNW,*l an AgNW
network,8 and bulk silver,*’! we clearly see the resistivity of the
AgNS network is far lower than that of the AgNW network but
is similar to that of an individual AgNW. This implies that the
interface at the AgNS junctions may be more analogous to the
internal AgNW grain boundaries than to interwire junctions.

The 2D-like aspect ratio of the AgNS is also important for
integration into vertical heterostructures composed of porous
materials. This is often very challenging due to the formation of
shorts between top and bottom contacts.>?! Figure 5A (upper)
shows a network of graphene nanosheets with a layer of AgNP
printed on top. The small dimensions of the nanoparticles
(d =50 nm) allow them to penetrate deep into the network up
to distances of =1.5 um. This is problematic as low tempera-
ture processing is usually achieved using nanoparticles with
diameters less than 50 nmP®¥ or dissolved silver complexes.!*l
In contrast, when the AgNS are deposited on a nanosheet
network (Figure 5A, lower), their 2D-like geometry prevents
them entering the voids which creates a distinct interface with
the graphene network and precludes shorting (see also Sup-
porting Information S19). This allows us to use the AgNS net-
works as electrodes to characterize both the in-plane (IP) and
out-of-plane (OOP) conductivity of a given network. Figure 5B
shows the resultant IP (see inset) and OOP conductivity of
spray-coated networks of graphene and WS, using aerosol-jet
printed AgNS electrodes (see Supporting Information S20 for
nanosheet details). We find IP conductivities similar to previous
reports for graphenel®® and WS,[°¢) and OOP conductivities up
to 455 times lower, consistent with the conductivity anisotropy
seen across networks of layered materials.l’!

To demonstrate the utility of these vertical geometries, we
print vertical heterostructures of AgNS/WS,/AgNS as shown in
Figure 5C where the bottom electrode is a 2 X 2 mm square and
the top electrode is a 2 X 2 mm mesh grid with variable pattern
fill, or fill factor, similar to those in Figure 3E. We see a linear
variation in the OOP conductance with fill factor which can be
fitted using

A
Goor = Ooop 7 FF (2)

where ¢ is the network thickness of 5.5 um, A is the bottom
electrode area of 4 mm?, and FF is the fill factor of the top elec-
trode. This allows a WS, OOP conductivity of 2.5 x 107¢ S m™
to be extracted. We then place these structures under a solar
simulator (100 mW c¢m~2) and measure the fractional increase
in conductivity, (¢ — op)/0p, as shown in the Figure 5E, where
6 and op are the illuminated and unilluminated conductivity,
respectively. We see an increase in conductivity of =5% for the
IP device (FF = 0). Interestingly, we see an increase in conduc-
tivity of =25% for the OOP heterostructures with the lowest FF,
which then decreases with increasing FF. This compares with
an in-plane fractional photoconductivity of =18% reported for
inkjet-printed WS, networks.[8! We attribute this decrease in
photoconductivity with increasing fill factor to the absorption of
the AgNS in the UV-visible-NIR region (Supporting Informa-
tion S12). This ability to photo-excite an active layer in a vertical
heterostructure using a printed metal mesh electrode instead of
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a transparent conductor provides a new degree of flexibility in
the design of optoelectronic devices.

3. Conclusions

We have shown that AgNS-based inks can be deposited into
patterned thin films using printers of varying resolutions on
both flexible and rigid substrates. Unannealed networks dis-
play conductivities up to 6 MS m, rising to 15 MS m™ after
annealing at 200 °C. These high conductivities are due to very
low junction resistances, which we associate with the 2D geom-
etry of the nanosheets probably coupled with the formation of
silver filaments within the junction region. However, it is worth
noting that very little is known about the factors limiting net-
work conduction, with the roles of network structure, interfaces,
and oxidation particularly poorly understood. AgNS networks
can be used in many applications, for example, extremely effi-
cient EMI shields and printed electrodes. In the latter applica-
tion, the 2D nature of the AgNS is critical for forming smooth
short-free interfaces in vertical geometry devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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