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We have used aqueous dispersions of silver nanewoeprepare thin, flexible,

transparent, conducting films. The nanowires aréenfith and diameter close to 6.5
pm and 85 nm respectively. At low thickness, theéilconsist of networks but appear
to become bulk-like for mean film thicknesses abe¥60 nm. These films can be very
transparent with optical transmittance reachindpigh as 92% for low thickness. The
transmittance (550 nm) decreases with increasiioffrtess, consistent with an optical
conductivity of 6472 S/m. The films are also vemjifarm; the transmittance varies
spatially by typically <2%. The sheet resistanceréases with increasing thickness,
falling below 1Q/ for thicknesses above 300 nm. The DC conductiuntyeases from

2x10° S/m for very thin films before saturating ak1®® S/m for thicker films.

Similarly, the ratio of DC to optical conductiviipcreases with increasing thickness
from 25 for the thinnest films, saturating at ~500 thicknesses above ~160 nm. We
believe this is the highest conductivity ratio eebserved for nanostructured films and
is matched only by doped metal oxide films. Thesanowire films are

electromechanically very robust, with all but tintest films showing no change in
sheet resistance when flexed over >1000 cyclesh 8sults make these films ideal as
replacements for indium tin oxide as transpareatteddes. We have prepared films
with optical transmittance and sheet resistandbéb and 132/ respectively. This is

very close to that displayed by commercially avdéandium tin oxide.
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Thin, transparent, conducting films are critical fieany optoelectronic devices and components. They
are most heavily used for electrode applicatiordewices such as liquid crystal, flat panel or plas
displays, touch panels, organic light-emitting ¢isdOLEDs) and solar cells but are also commonly
used as antistatic coatings and EMI shielding nedte8uch films are usually made from doped metal
oxides, most commonly indium tin oxide (ITO). HovweeyvITO has a number of drawbacks and is
unlikely to be the material of choice in future @giectronic devices. The difficulties with ITO rdve
around the rising cost of indium, the brittleneSsl® and the high temperature processing usetsin i
production. Attempts to resolve the first probleavé involved use of alternative metal oxid€ghin
metal films" * or metal grids ®to prepare transparent conductors. However, ther lavo problems

are probably more significant; future displays Wi larger and will probably reside on a plastibea
than a glass substrate and so must be flexibles, Tgraspective displays will require flexible
transparent electrodes that can be produced aelmperature and over large areas at low cost. We
note that such requirements amaddition to traditional technical requirements associated ‘i
sheet resistance and high transparency.

It has been known for the last few years that Hiixy and low temperature processing can be
achieved by deposition of nanostructured thin filiteem the liquid phase. These are known to be
stable under flexingand can be spray cisbpening the way to large area deposition. Whilgrmper’
and graphert&™® films have been studied, the most common mateset to date has been carbon
nanotubes ® 7 While the cost associated with nanotubes is atiictor, it is expected to come
down as demand increases to industrial levels. Mewethe main problem has been achieving
transmittance and sheet resistance values routiaetyevable with ITO. It is straightforward to
achieve sheet resistance of ~@0 for transmittance of >90% with ITO. Such valueséaot been
achieved with nanostructured electrodes. A commasgd figure of merit for transparent conductors
is the ratio of DC to optical conductivitygjpc/oop. TO achieve B10 Q/ and T=90% requires
Obc/00p=350 (see below). The best results for graphenedbiisns* have beewpc/00=0.5 while for
nanotube® Obc/0op=25 has been demonstrated. We propose that thisagape bridged by preparing
thin films of metallic nanowires. Lest al. have pioneered this method by preparing netwot lsdaer
nanowires (AgNWs) for which we calculat®c/oop~150. In this paper we demonstrate a method to
produce thin films of silver nanowires withhc/00=500, similar to that required to match ITO. These
films have DC conductivity of up tox80° S/m, 8% of the value for bulk silver. We have pneul
films with R=13 Q/ coupled with T=85%. These films are stable undiexirig for at least 1000

cycles.

Results and Discussion
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Shown in figure 1A is a photograph of a nanowihefon a PET substrate. This was prepared
by depositing 28 mg/fmof AgNWs onto a cellulose membrane by vacuumafilon. The film was
then attached to the PET substrate using heatrasdyre (see methods) and the cellulose dissalved i
acetone. It is clear from this image that the fdppears to be of very high optical quality. Whilestis
generally true, we note that the films appear vaightly milky due to light scattering from the
nanowire§®. We can test the optical uniformity of these filimg taking a transmission scan of the
deposited film. This involves measurement of thealowhite light transmittance with a spatial
resolution of 4m, measured over an area of 2rmm. We can characterise the uniformity of the
transmittance by calculating the standard deviabbrthe transmittance over all pixelAT. This

worked out to bé&T=1.8% for the film shown in figure 1A, demonstrafithe optical quality of these

films. When normalised to transmittance, this gi\lE“é/(T>:2.1%. We will use this technique

below to investigate the film uniformity as a fuioct of film thickness.

We have prepared a range of films with varying khe&ss by filtering different dispersion
volumes to give different deposited masses. Weatharnise these by their deposited mass per unit
area, M/A. We investigate the nature of these filmgg scanning electron microscopy as shown in
figure 1 B-E. To facilitate SEM analysis we tramséel these films onto Au/Pd coated glass after
filtration. Shown in figure 1B is an SEM image fan M/A=46 mg/m film. This image shows a
network of nanowires that, while clearly above pé&ation, can be considered sparse. As a resute the
Is significant non-uniformity, with holes in thetmsrk (where the substrate is visible) of sizegrag
from 2-6um in diameter. In figure 1 C-E we show successivages for films of increasing thickness
(M/A increasing from 93-780 mg#fh It is clear from these images that, as the tiésk is increased,
the networks become less sparse with the subsipgtearing less frequently. In addition, the films
appear more uniform; by 780 mdinthe substrate cannot be seen at all and the retgpears
spatially homogenous. From images such as the lomsrsin figure 1B, we can measure the length
and diameter of the nanowires. This data is shawiigure 1 F and G in the form of histograms. The
length varies from 2.5-1pm with a mean of 6.¢um. The diameter varies from 50-150 nm with a
mean of 84 nm. We note that these lengths arerléinge those found for most nanotubes while the
diameters are almost an order of magnitude latger that usually found for nanotube bundles in thin
films.

We have measured the transmittance spectra inglmevregion for all films studied as shown
in figure 2A. The spectra were reasonably featseelalthough those representing very thin films
displayed a number weak, broad peaks. From thpesera, we measured the transmittance at 550 nm,
T, and sheet resistances, Ror all the films studied in this work as shownfigure 2B. We find that

for the thinnest films (M/A=28 mg/f), T approaches 92% for sheet resistance appraadioQ/ .
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For thick films (M/A=230 mg/rf), T approaches 32% forsR0.5Q/ . In the middle range, which is
of most interest for electrode applications, the fivith M/A=70 mg/nf displays T=75% and {&3.4
Q/ . In general, the transmittance and sheet resistamchin metallic films are related BY:

T(A)z( +£8'50°p—(")j_2 Eq1

JDC
whereapp(A) is the optical conductivity (here quoted\at550 nm) anapc is the DC conductivity of
the film. This expression has previously been showraccurately describe films of both carbon
nanotube® and polymer-nanotube compositehis expression has been fitted to the data iardig
2B and provides a reasonable fit for M/A>70 mg/this clear from figure 1B that films with M/A<70
mg/nf are quite sparse and perhaps should be considsrg® networks rather than 3D films. With
this in mind we can imagine a network to film triie® occurring at M/A~70 mg/f The fit to
equation 1 shown in figure 2B is described completg opc/00=500. This ratio can be considered
as a figure of merit for thin conducting films. Aalue of opc/oo=500 is extremely large for a
nanostructured thin film. Previous work has demm@tset a maximum value of bypc/00p=25 for
acid treated films of SWNTS.We can illustrate this by plotting on figure 2Bt@aneasured in our lab
for near state-of-the-art nanotube films (lljin N&&ch, no post-treatmeft This data is described by
Obc/0op=13, significantly worse than that displayed by tAgNW films. We note that this
transmittance — sheet resistance data is supesi@lltdata we have found in the literature for
nanostructured thin films. In addition, the valygssented in figure 2B are slightly better theradat
recently reported for metallic grids.

To put this data in context, we prepared thin siflens with thickness 25, 35 and 50 nm by
evaporation (thinner films oxidised rapidly renderithem quite resistive). We measured the
transmittance (see figure 2A) and sheet resistacevary in the ranges 10%<T<40% and
0.7Q/ <R«<1.&/ as shown in figure 3. This data is well describg@@uation 1 withopc/oop=143,
far below that measured for AgNW films. In additiove measure T and s Ror two films of
commercially available ITO. These fiims had T~97%l d&~15-3@2/ , giving opc/00=400-800,
slightly better that measured for our AgNW filmsid clear from this graph that our AQNW films are
significantly better than solid silver films butggitly inferior to ITO. We will discuss this in more
detail below.

In order to measure bulk film properties such aswgyandopc, we need to relate M/A to the
film thickness, t. To do this we prepared a reldgivthick film with M/A=780 mg/nf. This film was
thick enough to measure its thickness by SEM git#ig300 nm. Knowing the thickness and mass per

unit area allows us to calculate the film densigni: M / A= gt , giving p=435 kg/ni. This allows us
to calculate the porosity of this film to be 96%ssAiming the film density is invariant with M/A (an
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assumption that is probably less valid at loweckhess), we can calculate an average film thickness
for all films. We note that such thickness valueswudd be treated with scepticism for M/A<70 mg/m
(~160 nm) below which the films should be conside2® networks.

Shown in figure 3A is a graph of transmittance (@80 as a function of film thickness. For
thin metallic films? the transmittance, T, scales with thickness, t, as

T(A)=(1+188.9,, @) Eq2
That equation 2 is appropriate for these netwaslemphasised by the inset, which shows that ttee dat
Is fitted extremely well by this model when appriafely linearised. This equation has been fit to th
data in figure 3A over its whole range, yieldingaue ofoo=6472 S/m. This value is surprisingly
low and compares Witbop=l.75<105 S/m as measured for our thin evaporated silversfilThis is
lower than the reported value of 9M4° S/m for bulk silver In any case, it is unclear why these
AgNW networks should display such low valuessgf. The measured value is just 0.07% of the value
for bulk silver, a factor that cannot be explairssdely by the high film porosity. In addition, the
optical conductivity is lower than values measufedthin nanotube films (1.5%10* S/m, A=550
nm)IZO, 30, 32

Shown in figure 3B is the sheet resistance data fasiction of film thickness. It can be seen

that this data does not scale inversely with theslenas would be expected for a bulk material

(illustrated by the dashed line). This can be geere clearly by plotting the data as DC condudfivit
versus thickness using,. =1/(Rt as shown in figure 3C. The DC conductivity is mlmtkness

invariant but increases with increasing thicknassnf ~210° S/m for the 60 nm thick film up to
~5x10° S/m for the 600 nm thick film. The conductivitypars to approach saturation for thicknesses
greater than 160nm (M/A<70 mgfjni.e. above the network to bulk transition. Weenthat these
conductivities are extremely high with the maximuaiues approaching 8% of bulk silver (818’
S/m). We note that this fraction (8%) is close he fractional volume of film filled by nanowires
(4%). It is also worth noting that we measured ¢beductivity of our evaporated silver films to be
2.6x10" S/m. We attribute the difference between this @and the bulk value to the presence of a
thin oxide layer. These AgNW films also display daativities much higher than the highest
conductivity observed for a nanotube filmsx36®> S/m?° As the conductivity of nanostructured films
such as these is limited by the presence of intee-laundles” we suggest that the effective junction
resistance in these AgNW films is exceptionally loRreviously’®> computational studies have
suggested junction resistances of @1This is extremely low compared with estimatesiahotube-
nanotube junction resistances of ~&DK

We can also use equation 1 to calculate the comityctatio, opc/Oop, as a function of film

thickness as shown in figure 3D. Unsurprisinglys ttlata resembles the DC conductivity data with
5
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Obc/Oop iNcreasing with increasing thickness from ~25tfe 60 nm thick film up to ~500 for the 600
nm thick film. In addition, like the DC conductiyitopc/Oop begins to saturate above the network to
bulk transition. These conductivity ratios are etmmally high compared with other systems. Bulk
silver’ has been reported to shawc/oop~7 although we measurexhc/oo=143 for the evaporated
thin silver films. In comparison, the highest vaheeorded for nanotube filrffshas beewpc/oop~25.
Only doped metal oxides such as have comparables#ipc/co,~400-800).

As mentioned above, the DC conductivity and cotidiig ratio tend to fall off for thicknesses
below the network to film transition. We can exgldhis transition in more detail by measuring the
local non-uniformity of the films as a function tfickness. We do this by recording transmission
scans (pixel size 4im) of a number of the films discussed above. Wast@am the resulting

transmission maps into absorbance (A) maps ushw—-logT. By the Lambert Beer law, the

absorbance is proportional to the number of abegrlmbjects per unit area. This means the
absorbance map is a measure of the spatial disarbaf nanowires per gm pixel. For our purposes,
we define the non-uniformity as the standard dewiabf absorbance as measured over a 2&mm

grid (500500 pixels). We associate a large degree of nofowmity with a high standard deviation.
We plot the data for non-uniformity as a functidrilin thickness in figure 3E. It is clear that then-
uniformity is reasonably constant for thicker filhat increases significantly for film with thickrees
below 150 nm. This is very close to the estimatetivork to film transition thickness of 160nm
(M/A<70 mg/nf). In fact figures 3 B-E are all similar in that &l cases the data shown deviates
strongly from the high thickness value for thickses below ~150-170 nm, emphasising the presence
of a network to film transition.

An additional condition for a thin film to act as electrode is that current can effectively flow
out of the plane of the film as well as throughrib. test this we performed conductive AFM (C-AFM).
Shown in figure 4A is an AFM topographical image tbé surface of a sparse AgNW network
(M/A=10 mg/nf). All AFM images recorded show a network of sttajgwell defined nanowires,
lying in the plane of the film. While the vast maijyp of wires are connected to the network, a small
number are isolated. Shown in figure 4B is a cotideéAFM current map of the same area of the
network shown in figure 4A. The current map isysimilar to the topographical map and clearly
shows a nanowire network. This map unambiguoustyvshthat current can flow out of the plane of
the film from the wire sidewalls to the AFM tip. iBhis important as it shows that current can be
gathered uniformly from all areas of the surfaceghafse films — a critical property for any material
with potential for use as an electrode. We notértbae of the nanowires in the network are orieatat

out of the plane of the film. The current is colegt from the sidewall of the wires.
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As mentioned above, these films have optical aedtetal properties close to those measured
for ITO. However, to surpass ITO as an electrodese¢hfiims need to remain transparent and
conducting under flexing. Such a material is of sidarable interest as an electrode in applications
such as e-paper. To test this, we prepared AgNmvsfibn PET at a number of thicknesses. In each
case we monitored the sheet resistance during hgmdth the ANW film in compression and in one
case in tension. The films were bent from an ihigaius of curvature of 7.5 mm to a final radids o
2.5 mm before being relaxed. This was repeated a1y bend cycles. Shown in figure 5A-C is the
mean sheet resistance per cycle plotted versu® ayeinber for three AgNW films of different
thickness. The thinnest film (M/A=39 mg/m=90 nm) showed reasonably stable sheet resistarer
the first 200 cycles. However, at this point tHenfbegan to fail, with the sheet resistance inaéneps
by two orders of magnitude over the next 2000 s¢cle contrast, the sheet resistance of the thicker
films was virtually unchanged over ~2000 cycleshwat deviation of <2% around the mean. For the
M/A=79 mg/nt film (t=180 nm), we measured the sheet resistdoceoth compressive and tensile
bending as shown in figure 5C. Both data sets stdittke variation in resistance although the résul
of the tensile test were slightly noisier. For camgon we measured the electromechanical stability
a solid silver film with thickness 25 nm as showrfigure 5D. Here the sheet resistance was asestabl
as the thicker AQNW films. This is in stark contrasthin ITO films which have been reported td fai
catastrophically after only 160 bend cycledpte that none of the films studied in this wosildd
during these measurements. In each case, the nahtyrles was limited by time constraints.

However, one problem with these materials is theéihesion to PET. We performed scotch
tape tests on AgNW films of thicknesses of 150 md 430 nm on PET. Unlike carbon nanotube
films, both AgNW films failed the test, being coraf#ly removed from the substrate. While this is a
problem, we don't feel it is a fatal one. It isdlig that PET can be chemically treated to imprdwee t
adhesion. We feel this is a technical problem wilitbe solved with further study.

We note that above the network to bulk transittbese AgNW films display a figure of merit
(0pc/oop) of ~500, slightly lower than that measured foOlTopc/00p~400-800). However, unlike
ITO,” % 3®these films are electromechanically robust unéetirig. However, we currently cannot
simultaneously achieve transmittance and sheestagsie to match ITO. To reach transmittance
greater than 90% we need to prepare reasonablyilthsn Unfortunately, such films have thicknesses
below the network to film transition and as sucheneeduced values @fpc/0op and so reducedpc.

The best results we could achieve wegelR Q/ for T=85% (M/A=47 mg/rh, t=107 nm). This film

is below the network to film transition and as sudplays significant non-uniformity as illustrated

figure 3E. This non-uniformity will pose a significt problem for real applications. We propose that

these issues could be resolved simply by forcirg ribtwork to film transition to occur at lower

thicknesses. This could be done simply by using WgNwith lower diameter as the transition
7
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thickness is probably defined by some multipleh#f wire diameter. We note that a similar transition
has been observed in films of single wall nanotoisedles (diameter ~ 20nm) to occur at t=40¥im.
In our work we observe the transition at t~160 ron Wires with D=84 nm. In both cases, the
transition occurs for film thicknesses of approxietya twice the nanowire diameter. In order to
achieve T>90% coupled witlhpc/00,>400, we need to shift the network to film trargsitito
thicknesses below 50nm (see fig 3). If the traositiccurs for thicknesses of twice the wire diamete
this means we need wires with diameters below 25Wmnote that, in addition to improving T, using
such low diameter wires should have an additiorfldce It has recently been shown that the
conductivity of networks of nanowires increaseshaswire diameter decreas&s®’ This means that
using lower diameter nanowires may result in furthereases iwpc/oop, as well as reduction in the
transition thickness. We note that recently goldaveires have been reported with diameters as low as
6 nm3® We believe that using such wires should resulhigh work-function, spatially uniform,

flexible electrodes with high transmittance and-@xiely high DC conductivity.

In conclusion, we have prepared thin transparemdactive films from silver nanowires. For
thicknesses below ~160nm, these films act like an2Bvork while thicker films are more bulk-like.
The optical transmittance decreases with increailafness as described by an optical conductivity
of 00,=6472 S/m (550 nm). The DC conductivity increasés thickness from ~210° S/m for low
thicknesses, saturating close tal6° S/m, 8% of the bulk silver value. This resultdiims with sheet
resistance <1@Q/ as long as the thickness is >100nm. In additi@nr#tio, opc/Oop increases with
increasing thickness, saturating close to 500Hmkhesses >200nm. Our best film hag B Q/ for
T=85%. In addition, these films are stable undexifig with the sheet resistance varying by <2% over
more than 1000 bend cycles.

We believe that such films hold great promise asilfle, transparent electrodes. This is
especially true if they could be fabricated frorwIdiameter nanowires as this would result in better
uniformity and better results for very thin film&s these films can be prepared from the liquid phas
we can envisage the preparation of large arearetectby spraying. Such a large area, low cost
deposition method is ideal for industry and maywidely implemented should the cost of these

materials decrease sufficiently.

Methods

Silver nanowires were purchased from Seashell Tadohgres (www.seashelltech.com) as
suspensions in isopropyl alcohol (C=12.5mg/ml assueed by thermogravimetric analysis, Perkin
Elmer Pyris). A small volume of the dispersion veiisited down to 0.1mg/ml with Millipore water.

This was subjected to half an hour low power sdimoan a sonic bath (Model Ney Ultrasonic). The
8
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dispersion was further diluted down to a conceimmatC=0.002mg/ml with Millipore water and
sonicated for a further 30 minutes.

Silver nanowire films were prepared by vacuuitrdiion of the above dispersions using
porous mixed cellulose ester filter membranes (MiHiddre Membrane, mixed cellulose esters,
Hydrophilic, 0.2um, 47 mm). The deposited films were transferre toolyethylene terephthalate
(PET) substrate using heat and preséuiriefly the PET was placed on a hotplate at°C00The
AgNW film / membrane was placed on the PET with &gNWs in contact with the PET. A 3kg
weight was then placed on top for two hours. Thaulose filter membrane was then removed by
treatment with acetone vapour and subsequent acétprid baths followed by a methanol batfihe
film area was 36 mm in diameter. Thin silver filmere prepared using an Edwards S Auto 306
evaporator. Commercially available ITO was purchdsem UQG Optics Ltd.

Transmission scans were made using an Epson Renfa¢f00 Photo flat-bed transmission
scanner with a bit depth of 48 bits per pixel argpatial resolution of 6400 dpi. The numerical ottp
of the scanner was calibrated by scanning a rahgewral density filters. The resultant calibratio
curve was used to transform the output to represansmittance. This results in a transmittance map
with a transmittance value for every pixel. Transsion maps were transformed into absorbance maps

by applying A=-logT to each pixel. The mean and standard deviatiotheftransmittance or

absorbance were calculated from the entire dataesdtom the entire set of pixel values. Scanning
electron microscopy measurements were made usikfitaehi S-4300 Field Emission scanning
electron microscope. Charging was avoided by teansfy the nanotube film from cellulose
membrane to a glass substrate coated with a thid/pgdladium film. Atomic force microscope
images were obtained using a Dimension V AFM. lteorto extract the topography and conductance
data simultaneously the microscope was operatéaeironductance imaging mode (C-AFM). In this
technique the AFM tip acts like a mobile probe loa surface and is held at ground potential and a DC
bias is applied to the sample. The z feedback kignased to generate a normal contact mode AFM
topographic profile and the current passing betwdgmntip and the sample is measured using a
preamplifier to generate the conductance imageia8 woltage of 0.2mV up to 1Volt is applied to the
electrode on the surface that drives current thiahg tubes. A current range of 2pA to 1pA can be
detected by the preamplifier in the CI-AFM modut@r this purpose a Cr/Pt coated conductive tip
with a force constant of 3N/m and a resonant fraqueof 75 KHz was employed. In all cases, the
loading force employed during measurement was &jppaiely 15nN. (The tips were purchased from
Budget Sensors, ElectriMulti 75). Optical transnaesspectra were recorded using a Cary Varian
6000i, with a sheet of PET used as the refererfueetSesistance measurements were made using the
four probe technique with silver paste electrodegimensions and spacings typically of ~mm in size

and a Keithley 2400 source meter. Electromechamedsurements were made using a Zwick Z0.5
9
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Proline tensile tester. The AgNW film on PET wasthato a semicircle which was constrained by the
grips of the tensile tester. The film was conneoted two electrodes (attached to the grips) to a
Keithley KE 2601. The bend radius was then defingdhe distance between the grips. The inter-grip
distance was then oscillated between typically 15ameh 5mm over many cycles. LabVIEW software

recorded film resistance, inter-grip distance aycdecnumber.
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Figure 1: Initial investigation of the films studién this work. A) Photograph of a film of AQNWSs on
PET covering the CRANN logo. B-E) SEM images of thafaces of films of increasing thickness,
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46<M/A<780 mg/ni. F) and G) Statistics relating to the length (/9 aiameter (G) of the individual
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Figure 2: A) Film transmittance spectra for seldcfgNW films at a range of thicknesses. Also

shown is the spectrum of a 35 nm thick silver fiB).TransmittanceN=550nm) plotted as a function

of film sheet resistance for the films studied mstwork. The solid symbols represent films of

AgNWSs. For context, data is also given for films edaporated silver, commercial ITO and single

walled carbon nanotubes.
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Figure 3: Properties of AQNW films as a functionfitrh thickness, t. For completeness the deposited
mass per unit area is shown on the top axis. Ajc@ptransmittance, measured at 550 nm. The dotted

line is a fit to equation 2, consistent with aniogitconductivity of 6472 S/m. B) Sheet resistaridee
dotted line represents bulk-like behaviour as giverR, :ll(aDct) , whereapc=5x1¢ S/m is the DC
conductivity. C) DC conductivity, calculated fromR, =1/(0,.t). The dotted line illustrates a DC

conductivity of 5x18 S/m. D) Ratio of DC to optical conductivity as aahted from the T and R
data. The dotted line illustrates conductivity sadf 500. E) Local non-uniformity of films, definexs

the standard deviation of the local absorbance unedswith a pixel sixe of 4 microns.
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Figure 4: A) Topographic AFM image of a sparse (MIQ mg/nf) AgNW film. B) C-AFM current

map taken of the same section of film.
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Figure 5: Sheet resistance as a function of cyalember for AgNW films of three different
thicknesses; A) M/A=39 mg/Mmt=90nm), M/A=79 mg/rh (t=182nm), M/A=118 mg/f(t=271nm).

Note all films were measured in compression whikeftim in B) was also measured in tension.
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