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Abstract:

We report on the plasmo-electronic properties of self-assembled monolayers of gold colloidal
nanoparticles (NPs) formed on a polyimide flexible substrate. The work is focused on the
understanding of both resistance and capacitance of these NP assemblies. Their dependence on
temperature, bias voltage, optical excitation and strain is investigated both experimentally and
theoretically. Resistance and capacitance appear to bring complementary information on the
charge transport properties of the NP assemblies as they exhibit opposite behaviors. Based on a
nano-circuit junction model combined with numerical simulations, we were able to account for
both the resistance and capacitance and their photo-induced modifications. The dependence of
the capacitance on laser irradiation intensity and wavelength was measured and the role of the
surface plasmon resonance was pointed out. We show that the plasmonic induced photo-
capacitance can reach 43% for a moderate irradiation intensity of 3.5\omeover, the NP
assemblies, deposited on flexible substrate, were submitted to a uniaxial strain which allows
for controlling the inter-particle distances and hence for probing the plasmo-electro-mechanical
properties of the assembly. We found that the photo-capacitance gauge factor is enhanced by a
factor 3, by the plasmonic pumping of charges, compared to the one measured under dark
conditions, in agreement with the calculations. The presented work thus paves the way to the

emergence of a new class of plasmonic enhanced capacitance strain sensors.

Introduction:

The light-to-current transduction, via surface plasmon excitations and their decay into
electrons and holes is the driving force of the emerging “plasmo-electronics” field which could
provide a new class of opto-electronic devi¢8s[3]. It has been discoverdtiat plasmonic
excitations can influence macroscopic flows of charges and, conversely, that charging of metal
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nanoparticles (NPs) can impact their plasmonic aese[1]. For instance, hot electrons
generated by surface plasmons, may easily tunmeludh interparticle distances larger than
expected for thermalized electrons. Moreover, th@ng plasmonic electromagnetic near-field
localized in the gap regions between metal nanimpest[4] may facilitate the electron tunnelingysh
enhancing the current across NP assembligeréstingly, both positive and negative photo-
conductivities have been evidencedaomew class of nanopatrticle-based materials [1].

However, the study of the plasmonic photo-condutgtiig still in its infancy andefforts
must be undertaken in orderuoravel the complex physics of these nano-hybrédesys Indeed,
the conversion of light into current occurs throughchain process involving electron-
plasmon, electron-phonon and phonon-phonon intersct These relaxation mechanisms still
need a fundamental understanding in connection sith, shape and surface properties at the
nanoscale. Energy relaxation through emission ohphs also leads to heat generation and to
hyperthermia phenomenon which in turn give risethtermo-induced currents. dvleover,
charge transport through the composite medium fdrime the metal nanoparticles and the
surrounding molecules has different origins: quanttunneling, variable range hopping,
phonon assisted, excitation transfer assistadjer trapping/detrapping... Up to now, most of
the published works, devoted to the charge transpoNP assemblies, have focused on the
characterization and modeling of the total eleatrresistanc® [5]-[8]. Very few studies were
devoted to the total capacitan€e[9]-[10]. There is a major interest in combining b&rand C
measurements as both electrical characteristiceiconomplementary information on the nature of
the charge transport mechanisms and on the plasmaniping of the photo-current.

In this work, we investigate the plasmonic inducglthrge transport in gold NP
monolayered assemblies formed on a polyimide flex#lubstrate. We combine resistance and
capacitance measurements under resonant excitafidhe surface plasmons and applied
mechanical strain in order to identify and charazg&ethe photo-induced charge excitation and
transport mechanisms. The effects of temperatuiges toltage, applied strain and optical
excitation wavelength and intensity are investigatystematically. We found a clear
correlation between the resistance and capacitalmaeacteristics which we interpret using a
strain-sensitive and photo-responsive circuit modglich describes the electrical inter-
connection between thenoparticles. To scale up to the macroscopic eechave performed
numerical simulations of the charge transport tghmut the whole NP assemblies. The
numerical results and the experimental data arepeoed for both resistance and capacitance
which allows gaining a deeper understanding of tteto-induced charge transport
phenomenon in NP assembilies.



1 — Materials and methods:

1.1 - Sample preparation and characterization:

Briefly, we first synthesized aolloidal dispersion of 14 nm spherical gold narrtipkes in
toluene at a concentratiaf 2.10° NPs/ml following the protocol dfi. Hiramatsu et al.[11]. Second,
50 nm thick interdigitated gold electrodes wererifadied by lasephoto-lithography (Dilase 650) on
125 um polyimide (Upilex) films using the lift-off metliband the ion beam sputtering (IBS-E)
technique. This results in a 1 rharea composed of 50 pairs ofi wide interdigitatectlectrodes
(Figure 1a). Then, a layer of self-assembled gdds Mas formed on the whole area by the convective
assembly technique described[i4] (Figure 1b). This method generates close-packdabsembly

with a long range as shown in Figutle andc.
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Figure 1: (a) Scanning electron microscopy (SEM) the interdiged electrodes on top of
which the NP assembly is formed, (b) and (c) highesolution SEM image of the active
area showing the close-packed self-assembled mongda of 14nm gold nanoparticles (d)
macroscopic model involving the totalresistanceR, capacitanceC and photo-conductance
Gpnoto (€) Nano-circuit model of the electric inter-partcle junction involving the tunnel resistance
(Ryj), capacitance Cj) and local photo-conductance dpeo). The red arrows indicate the

parameters (strain (€) and laser excitations) to which these quantitiesre sensitive.



Resistance and capacitance measurements weredcawt using an impedance analyzer
(Keysight E4990A) operating in the femto-Faratis) (capacitance range and in the 25 to 10 MHz
frequency range. A nanoparticle-free reference $amyth the same geometry, was fabricated and
used for calibration, before each measurementiderdo get rid of the capacitance of the inteiitdi
electrodes and of the parasitic capacitances.

The optical excitation of the NP assembly was aatdeusing a CW laser operating either at
Jinc = 405, 532 or 640 nm. The laser is coupled to ditalfiber and the output power is few tens of
mW (near 40mW) depending on the excitation wavelenghe optical fiber is mounted in a Janis
probe station which allows focusing the laser daw@ spot size of 1 ninin order to illuminate the
entire active area. The laser intensity was moaitarsing a diode driver. The maximum illumination
intensity used in the experiments is 3.5Wjcm

It is worthwhile to mention that the laser irradbat intensities used in this study are much
weaker than the typical intensity (10kW/rfor photo-thermal induced heating in self-asseutAu
nanoparticles. The photo-thermal effect may leachédting of the nanoparticles and collapse of the
assembly for laser irradiation above 40kW/¢a].

Electro-mechanical experiments of the Bi§semblies were conducted by applying a uniaxial
stress to the flexible polyimide substrate usirtgaation machine (Deben Tensile Stage 200N). The
applied forcewas increased from 0 to 70 N (by steps of 0.1%).

2 —Theory and numerical simulations:

Calculations of the charge transport were perforrassuming a monolayer of gold NPs
arranged in a regular hexagonal lattice (Figure@Svhich mimics the actual arrangement of the NPs
shown in Figure 1c. The NP diameter is 14 nm {he.average size of the synthetized NPs) and the
surface-to-surface distance is set to 1.2 nm (spording to the length of th&,, molecules). Each
nanoparticle, labeled is located at the nodes,(y;) of the 2D network and defines, with the first
neighbored particlg an elementary parallel nano-circuit depicted iguFe le. The admittance;; of
this nano-circuit is given by:

(1) Xij = UR; (&, Vij, T)+ Gphotol4s laser) +jCijr
wherewis the angular frequency ai@ the inter-particle local capacitance.
The inter-particle resistané® is given by [7]:
(2) Ry = kg. e (VoD@
wherelj(e) is the surface-to-surface interparticle distamdech depends on the NP positions and

hence on their change with applied strairks is a proportionality constant and the paraméter

accounts for the electron tunneling between narniopes [7]:



R ée=pl-In (g(Ec, T, Vii)) with g(E, T, V) = i}( —Ec—eV; Ec+eVy, )

i \1—e(Ec—eVij)/kpT ~ {_ (Ec+evyj)/kgT
where the tunneling decay const#B nm' has been estimated in previous works [¥2jlso
depends on the Coulomb charging enefgytemperature T and voltage drdfy between adjacent

nanopatrticles.

According to[13] and[9], the inter-particle capacitan€ is given by

(@) G = g &d.In(1 + d/1;(9)

whered is the nanoparticle diametes,is the vacuum permittivityande is the relative permittivity
of the surrounding mediumeg. of the organic ligand molecules in our case.

In order to introduce the inter-particle interacti on in the admittance matrix, we assumed
that all first neighbor nanoparticles located within a ring centered on the considered
nanoparticle experience mutual capacitive influence

In Equ. (1),0pmot0(4, liaser) @ccounts for the contribution of the optical eatdn to the inter-
particle conductance, and depends only on the laagelength) (resonance effects) and intensity
laser The current flow, throughout the NPs assemblgdmputed by solving the matrix equation
numerically[16]:

(5) vl =[¥]~'[]
where V] and |] are respectively the voltage and the injectedenurvectors, Y] is the complex
admittance matrix of which non-diagonal and diagdesans are, respectively; = -x;; (i #) and;
=Y.j xij> the latter is the total admittance connected ¢den [17]. The admittance is obtained
according toYo=Vy/lo whereV, is the last element of the voltage vector &nid the injected current.
Under dark conditions, the macroscopic resistdhead capacitanc€ of the whole NP assembly are
determined usin® = 1/Re(Yp), andC = Im(Yo)/ w[17].

The numerical approach allows to take into accalisdrder effects due to fluctuations of the
nanoparticle size and position, and to introduadetormation (eventually non-uniform) of the NP
network. For a perfectly ordered and strain-free hNRwork, it is possible to derive analytical
expressions for the macroscofital resistanc® and capacitandg [7], [19]:

(6) R = Ng.R;; andC = N¢. Cj;
where Nr and N¢ are the numbers of series and parallel intergarjunctions. The macroscopic
resistancér depends on temperature and bias voltage throwgimtir-particle resistandée.
The voltage drop between nanoparticigscan then be approximated By=V,/N; whereV, is the
applied bias voltage anly; is the number of junctions between electrodesrdernto scale up the

model from nano to macro circuit.



In the calculations, the optical excitation is teshat the macroscopic level: once the total
resistancdr and capacitancg are determined numericall§,n, is plugged into the parallel circuit as
shown inFigure 1. We adopt this approach for two main reasonst,Ringere have been very few
theoretical works on the inter-particle photo-inediconductance and on the role of optical resorsance
[31]; the predicted properties still need to be comgato experiments. On the other hand, the
available measurements of the photo-conductance performed at the macroscopic leviet.(on
large NP assemblies), only. The photo-induced nmadibn of the charge transport between two

isolated nanoparticles requires further experimezifarts.
Mangoldet al. [2], [15] and Gauvinet al. [14] showed that, for low laser irradiation (below

7kWicnf), the photo-conductance increases linearly witieéiasing laser intensity due to the photo-

thermal induced heating of the NP assemblies:

kw
(7) Gphoto (pS) ~ kphoto (}‘) * ILaser ( )

cm?

where the constarit,,,:, (1) accounts for the optical resonances and for #mgstiuction of
the electromagnetic energy ingtectric current. For dodecanethiol coated Au NPk, ,¢, ~ 35.5
pS.cnf/kW at plasmon resonance X,.~638nm) was found for optical excitation tuned to their

plasmonic resonance [14].

3— Results and Discussion:
3.1 — Resistance and Capacitance dependence on temgture and bias voltage:

3.1.1 Correlations between total resistance and taltcapacitance:
We first investigate the charge transport through NP assembly without any applied optical
excitation or mechanical stress. Our aim is to poiat the correlation between resistance and

capacitance characteristics.
Figure 2a shows the temperature dependence aftddee¢sistanc® and total capacitande
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Figure 2: (a) Resistance and capacitance of the NP assegbkrsus temperature. The AC bias
voltage is set to 100mV and 500 kHz (b) Room tempaure variations of the relative resistance
AR/R and capacitancedC/C as a function of bias voltage. The dots and squarén (a) and (b)
show the results of the measurements. The dashedds are calculated curves using equations
(2), (3),(6) and (8) and adjusted to the experimental data.

The total resistanc® is in the order of few hundreds of (Mand exhibits a non-metallic
behavior,i.e. it decreases with increasing temperature whiclyssig that the surrounding molecules
act as efficient inter-particle barriers againstcalon tunneling, as already reported in previooske/

[7], [18]. On the contrary, the capacitance increases widteasing temperature (see also Figure ESI
4) and reaches 350 fF at room temperature (FigayelPwas suggested that the thermal expansion of
the polyimide substrate could be responsible fer témperature variation of electrical properties
(Yajadda et al. [19]). However, calculations showed that the substedfiect is negligible given the
rather weak thermal expansion coefficient of polgien30-60x10 K™ [20].

Figure 2b displays the variations, at room-tempeeat of the relative resistand&R/R and
relative capacitancAC/C as a function of bias voltagBR/R is symmetric with respect to the sign of
the bias voltage and decreases from €d0-30% at +/- 40VAC/C is also symmetric with respect to
the bias voltage and increases from @.t0 +45% at +/- 40V. As for the temperature dependence
(Figure 2a), the change &R/R and AC/C with bias voltage are opposite (Figure 2b). Whike
resistance properties of NP assemblies are faiglf understood [6][18]-[2€], to the best of our
knowledge, so far, there has been no interpretatibrihe relationship between resistance and

capacitance observed experimentally.

3.1.2 Correlation between resistance and capacitagic

The electrical properties of the NP assembly wasdyaed using numerical simulations of the
charge transport (presented in section 2) whicbwaltleriving the macroscopic resistanReand
capacitanceC of the NP assemblies frothe nano-circuit model (Figure 1e). The paralletuit,
formed by the macroscopic resistariR@nd capacitanc€ (Figure H) can be transformed into an
equivalent circuit, and it can be shown the refatlnetween the macroscopic capacitance and

resistance is then given by [27], [28]:

1
(8)C(T,Vp) =C, + ZRav.2C.

where w is the angular frequency ard, is the high frequency total capacitance. The eleet
resistancers, which is very small with respect to the totalisemce of the NP assembly (fe@

compared to few I®?), can be included in the total resistance (seeSestion I1).



Equ. (8) shows thaR andC are inversely proportional and hence should vargpposite
directions as a function of temperature and biakkage, in agreement with the experimental
observations Figure 2. More precisely, Figure 2senés a comparison between calculated and
measured resistance and capacitance. The calculategls (using Equ. (2), (3) combined to E(f).
and (8)) were adjusted to the measured ones usiag fitting parameters: the number of junctign
between two electrodes, the charging enefgyand the total capacitandg.. According to the
geometrical characteristics of the NP assembly ($¢mgth, 14nm thick, 14nm NP size, and 1.2nm
ligand length), the number of junctions is estimatebec.a. N; ~ 300. In the numerical simulations,
this value is taken as an initial input parametet ean vary between 100 and 500 (junctions). After
convergence, we obtaM, = 305 junctionsf; = 20 meV andC,, = 10fF [9]. It is worth mentioning
that the fitting procedure was performed simultarsh using all experimental datae. using the
variations of bothR and C as a function of temperature and bias voltage.cAs be seen, the
evolutions of resistance and capacitance as aifundf temperature and bias voltage are well
accounted for. In particular, the model describather well the increase of resistance and the
correlated decrease of capacitance as a functitengferature. Also, the opposite variationgIBfR
and4C/C with bias voltage are rather well described inatigdiheir non-linear behavior.

The value obtained for the charging eneigy 20 meV is in good agreement with the one detaechi
previously [L8] for similar ligand molecules. It is comparablette thermal activation energy (25
meV), at room-temperature, which indicates an mestiate Coulomb blockade regime. The fitted
value of the total capacitan€:, = 10fF is one order of magnitude smaller than the fF0@btained

(at 10 MHz) with the same deposition techniquegrig) molecules and gold NP diameter [9]. Such a
difference can be ascribed to parasitic capacitanoé completely eliminated during the calibration
phase.

3.2 — Zero strain plasmonic photo-capacitance:
Electrical measurements under optical irradiaticerevperformed in order to investigate the
coupling between the surface plasmons of the megaloparticles and their charge transport

properties.
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Figure 3 : (a) Optical reflectance spectrum of theNP assembly (black) compared to the DDA
simulated spectrum (red) and to the relative variaibn AC/C of the capacitance (blue dots)
measured as a function of excitation wavelength &2Wi/cn? laser intensity. Measured (dots) and
calculated (lines) variations of the relative resiance (b) and capacitance (c) of the NP assemblies
with laser intensity |, . increasing from 0 to 3.2W/cm and for excitation wavelengthsi,.= 405,
532, 640nm.

We thus focus on the plasmo-electronic responsth@fNP monolayer, particularly on the
capacitance variation induced by the optical eXoia

Figure 3 presents the measured optical extinction spectiuthe NP assembly of Figure 1. A
clear plasmonic resonance centered around 600 rohserved. Calculations based on the Discrete
Dipole Approximation (DDA) were performed in orderascertain the origin of the optical resonance
and to point out the role of the interaction betweake metal nanoparticles. To do so, we have

performed DDA simulations assuming nearly I#hoparticles with the actual positions, sizes and



inter-particle distances as extracted from thestrassion electron microscopy (TEM) images (insert
in Figure 3 and Figure ESI 5a). We found a good agreementdatvthe measured and simulated
DDA spectra, hence corroborating the plasmonicirid the observed resonance. It is worthwhile to
mention that the interaction between the NPs plagsimportant role as the plasmonic peak
wavelength depends on the inter-particle distaAsea matter of fact, we found that inter-particle
distances slightly larger (+10%) than those measbye TEM, account rather well for the plasmonic
peak wavelength and line width (see Figure ESI 3bjs can be due to the variation of the steric
interaction between the ligand molecules under antbtonditions compared to the high vacuum
TEM environment.

As a matter of fact, according to the plasmonicogitson cross section calculated using the
DDA simulations Figure &) and to the nanoparticle density within the ssembled layer, we
estimate that the optical power absorbed by thempemicles within the 1 mfactive array to be
around 70 mW. Moreover, assuming that the NP acmsists mainly in gold and neglecting the
contribution of the surrounding molecules to therihal conductivity, we estimate the temperature
increase due to the photo-thermal heating to benak@K. The latter value indicate that, here, the
contribution of the photothermal effect to the mlmmnductance is very weak change compared to
previously reported studies where much larger laensities (few tens of kW/cihwere used.

Figure 3 and c display the variations of the relative tesiseAR/R and capacitancdC/C as a
function of laser intensity and for excitation wharggths close to the plasmonic resonami®/R
decreases with increasing laser intensity foratitation wavelengths. This photo-induced effect ha
already been reported in previous works [14] and wderpreted as due to the photo-thermal
enhanced charge tunneling between nanoparticlespioed with charge trapping of the photo-
generated carriers which leads to the non-lineaiatians observed in Figureb30On the contrary,
AC/C increases with increasing laser intensity. AltHoggaller thadR/R, AC/C reaches 43% &
= 3.2 W/cni. As for the temperature and bias voltage (Figyret® evolutions of the resistance and
the capacitance as a function of laser intensityopposite. Moreover, these variations depend en th
excitation wavelength (Figureb3c). ThedC/C measured with the 405, 532 and 640 nm excitation
wavelengths (at 2.2Wi/cinlaser intensity are plotted in Figure. 3 clear correlation betweefiC/C
and the plasmonic resonance of the NP assemblypdsereed. Indeed, the maximum 4€/C is
obtained forin,= 532 nm, nearly matching the plasmonic resonanciehvconfirm the plasmonic
enhancement of the capacitance FigweeT® the best of our knowledge, such effect is regabhere
for the first time.

The plasmonic effect, on both the resistance aacc#pacitance of the NP assembly, can be

analyzed using the macroscopic circuit model (Fédiah) in which the change of the conductance due

10



to the optical excitatiors included through thphoto-conductanc€y, term in Equ. (7). As for the
effects of temperature and bias voltage, the phatoeed capacitance is deduced from the photo-
induced resistance of the NP assembly using EQuQO@e issue in estimatinGoneo IS t0 determine
the wavelength dependence of kg, term in Equ. (7). To overcome this difficulty, iiest assume
that kynoto IS proportional to the wavelength-dependent optitzdorption of the NP assembly and we
use the absorption coefficient measured at 405 rawelength as a reference. We thus obtain
Konoto(532nM) = 3.1 XKonoto(405nm) andkpnoto(532nmM) = 2.8 AGnoto(405nm). In order to determine
Konoto(405nm), we compare the measured and calculateatioas of AR/R andAC/C as a function of
laser intensity at 405 nm excitation wavelength asek,,.,,(405nm) as the only fitting parameteil
other parameter®\,, Ec andC,,) are fixed to their previously determined valueggre 2). This fitting
procedure is performed faiR/R andAC/C, simultaneously and the correlation between rasistand
capacitance is still given by Equ. (8). We thusaibkyu(405nm) ~ 5 pS.cAkW. Close to the
plasmonic resonance (i.e. 532 nMokjs32nm~16 pS.crﬁkW. The latter value is smaller than the one
35.5 pS.crkW reported in Gauviet al. [14]. Such a difference may arise from, the fact thatNP
assembly is here supported by the polyinsdbstrate and not suspended g4.4j which may impact
the overall absorption of the nanoparticle array ence the k., parameterFigure 3 and Figure 8
show that the calculations account rather welltfigr experimental variations of batfiR/R andAC/C
with the laser intensity. The deviations, betwealtated and measureiR/R andAC/C at low laser
irradiation, arise from the linear approximation@#.., used in Eq.7It is worth to underline that the
photo-induced electric response of the NP asseisbihere introduced through the paramebgiy,
(Equ. (7)) which contains the physics of the plasito-electric energy conversion. This allows to
account for the effect of the plasmonic pumpinglettrons and holes on the inter-particle admitanc

(Equ. (1)) and finally on the overall resistaitef the nanoparticle assembly (E(f)).

3.3 Strain induced plasmonic photo-capacitance:

The NP assembly is formed on a stretchable substfégring a unigue mean of monitoring the
inter-particle distances and hence their electramid plasmo-electronic properties. Figure 4a shows
capacitance measurements performed under las@intgion at 0.85W/cfy for 405, 532 and 640 nm
excitation wavelengths, as a function of applieteesive strain ranging from 0 to 1.5% (elastic

domain of polyimide). As can be noticed, the vaoiatof AC/C with strain is linear, whatever the

optical conditions. Under dark conditions (no ilimation), the measured gauge factdi; = Acgl is
around -1.2. Remarkably, it is enhanced by nearfactor 3 under laser illumination and for the
excitation wavelengths nearly matching the plasmoesonancei €. 532 and 640 nm). For the non-
matching wavelength (405 nm), the enhancementlisafactor 2.
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Measurements of the gauge factor in dark conditioese performed before and after
illumination at 0.85W/crhfollowing the sequence: dark, red laser, darkegraser, dark, blue laser
(Figure 4a). All the curves recorded under dark conditioystesmatically overlap, which indicates that
there is no degradation of the NP assembly upoer lgsadiation or mechanical deformation.

Irradiations with much larger laser intensities quoe the melting and the coalescence of the

nanoparticle$14].
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Figure 4 : Measured (a) and simulated (b) RelativeapacitancedC/C of the NP assembly as a
function of applied strain under dark conditions ard for the excitation wavelengthsi,.= 405, 532,
640 nm. The laser intensity is set at 0.85 W/érThe lines in (a) show the results of a least-squea
linear fit which allow to extract the experimental gauge factors: Gy (dark) = -1.2, G¢(405nm) =-

2.03,G(532nm) = -2.96 and3(640nm) = -2.85.

To gain a fundamental understanding of the plaskectir@-mechanical properties of the NP
assembly, we have performed numerical simulatiaset on the model introduced in section 2. As
discussed previously, the inter-particle local sesiceR; (Equ. (2)) and capacitané®; (Equ. (4))
both depend on strain through the inter-particlacBgy. The uniaxial { axis) applied strair is
introduced in the numerical simulations by shiftthg NP coordinates according to:

(9) %, ¥i = Xi.(1+5.8), Yi.(1-vpoisson-S:&)
whereopison = 0.37is the Poisson’s coefficient of the polyimide subsirands is the substrate-to-
layer strain transmission factor (stick/slip) whigh in a first step, assumed to be 1 since the NP
assembly is here formed by a single monolayer.
The inter-particle resistand® and capacitanc€; are calculated according to the strained

NP network. The total resistand® and capacitanc€ are then computed using the numerical
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resolution of Equ. (1)-(5) as discussed above. Sitmeilations were performed for strain ranging from
0 to 1.5% with and without optical excitation a8®W/cnt. The results are presented in Figure 4b.

Under dark conditions, the relative capacitad@#C decreases linearly with increasing strain
as observed experimentally (Figure 4a) and in agee¢ with Equ.(4) which indicates that the inter-
particle capacitance decreases linearly with irgingginter-particle distance [9]. Under illuminatjo
the gauge factor increases due to the photo-inditedparticle conductanc&fnq, term in Equ. (7))
which impacts the overall resistance and thus treadl capacitance (Equ. (8)) of the NP assembly.
Using the values okyoo determined previously (section 3.3), the calcula®#e is increased by a
factor 3 (compared to the dark conditions) for §82 and 640 nm wavelengthsg., close to the
plasmonic resonance, and by a factor 2 for the A65 wavelength, in agreement with the
measurements (Figure 4&owever, the calculations overestim#te absolute values aC/C by a
nearly a factor 5This can be explained by three main reasons. Histstrain within the NP assembly
could be overestimated. Indeed, in Equ.(9) thetsatasto-layer transmission coefficient is assumed
to be 1, which could not be the case due to th&adhesion of the layer on the substrate, as airead
observed for resistive strain gauges [32]. Secarr@arrangement of the ligand molecules within the
strained NP network may change the dielectric @missurrounding the metal NPs and hence the
inter-particle capacitance (Equ. (4)). In orderingestigate these two effects, we have performed
numerical simulations ofIC/C for various strain transmission coefficienss=(1 to 0.7, Equ.(9)) and
dielectric constants (ranging from 2.3 to 2.32, Hd)). As expected, both effects are responsitmef
decrease of the sensitivity dfC/C to the applied strain (séggure ESI J. Finally, the applied stress
may also be partially accommodated by disorderctffelue to size and inter-particle distance
fluctuations, as well as to defects in the NP ayeament within the network, thus limiting the strain
the NP assembly.

We have shown that the change of resistance Ryrip translates into a photo-capacitance
through Equ.(8). However, as mentioned above, iheact of the optical excitation on the local
photoconductance gphoto is not introduced expfiditl equation 1. To do so, a description, at the
microscopic level, of the conversion of surfacespians into charge carriers and current in the self-
assembled nanoparticle array is required. For ricstathe effect of optical excitation of the inter-
particle capacitance could be introduced as an K€nmonic voltage superimposed on the applied DC
voltage [31]. The local electric field and potehtiaay be enhanced by the plasmonic resonance and
by the near-field interaction between the nanoglagi In that case, one may expect a direct plagmon
contribution to the local capacitance and hencéhéooverall photocapacitance of the nanoparticle
array. Also, the interparticle resistance may idela contribution which accounts for the decayhef t
surface plasmons into electrons (and holes) and titesport through tunneling effect and charge

transfer via electron state hybridization betwelea tmetal nanoparticle and the coating molecules.
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Moreover, under laser irradiation, the ligand males pinned to the nanoparticle surface, undergo a
quite complex adsorptiomésorption dynamic$33] which may impact the charge tunneling and

transfer and hence the overall photo-resistancephatb-capacitance.

Conclusions:

In summary, we have investigated the dependenderoperature, bias voltage, optical
excitation and strain of the electronic transpadperties of self-assembled gold nanoparticle
monolayers. A special attention has been paid & dbrrelation between resistance and
capacitance as both characteristic bring compleangrinformation on the charge transport
phenomenon in these complex molecules/nanopatiiddeid systemsThe interpretation of the
experimental results was achieved using a detailedelling of the charge transport both at the
nanoscale and at the macroscopic scale of the N@mddy. The charge tunnelling and hopping
between nanoparticles were describded using a cianit junction with temperature, bias voltage
and strain dependent resistance and capacitaneeefidct of the optical excitation and transduction
of the surface plasmons into an electric currert inroduced as an additional photo-induced term to
the macroscopic impedance. To connect the nanosuade the macroscopic scale, the overall
resistance and capacitance of the NP assembly detgegmined using numerical simulations. Our
main findings can be summarized as follows: (i) ¢tberelation between resistance and conductance
characteristics was pointed out experimentally amdrpreted using a quantitative analysis of the
measurements based on the relation between th@seagpic resistance and capacitance. In particular,
we found that the relative change of the capactaren be as large as 43% at the surface plasmon
resonance, which paves the way to applicationsetfassembled gold NP monolayers as highly
sensitive photo-capacitance sensors. (ii) the nuadibn of the charge transport through the NP
assembly under optical excitation and simultanepdied stress showed that the capacitance strain
gauge factor is increased by a factor 3 at theasarplasmon resonance, in agreement with the
calculations. This result may be exploited for ogily enhanced capacitance strain-sensors. The
conversion of surface plasmons into electron-hoéérsptransported throughout a network of
nanopatrticles is a complex multi-scale phenometiarequires a deep fundamental understanding of
the interaction mechanisms underlying the genaraiiwl decay of the involved excitations, but also a
detailed description of the molecule/nanopartidiarge transfer (hybridization, tunnelling, hopping
and trapping)Our work contributes to bridge the gap between &mnehtal investigations of the opto-
electronic properties of NP assemblies and theictpral use as highly sensitive photo-resistancke an
photo-capacitance sensors.
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l. Sample fabrication process

Interdigitated gold electrodes were fabricated @b (im polyimide (Upilex) films (Figure ESI
1a).using the lift-off method (Figure ESI 1c). Aveese pattern was created in the sacrificial stenci
layer by laser photolithography. Then, a 50 nm galdlayer was deposited over the entire surface of
the substrate by IBS-E ion beam sputtering (FigiBé 1d). After lift-off, 1 mni sensors with 50 pairs
of interdigitated electrodesuh wide and 5um interdigitated distance was obtaareticonnected by
external gold electrodes (Figure ESI le).

14nm gold nanoparticles functionalized with dodethiol (C12) organic ligands were deposited
between on the interdigitated electrodes by thevective assembly technique. A 1 of a colloidal
suspension of gold NPs in toluene was dropped pofta 60uL ethylene glycol (EG) droplet located
at the surface lever of the substrates (Figure ESIEG was preferred because of its high viscosity
and low evaporation rate which improve the longgenordering of the gold NPs. The gold NPs self-
assemble as a close-packed ordered array at thaeswf the EG droplet (Figure ESI 1f). As the EG
droplet slowly evaporated, over 24 h under mildtingaat 55 °C, the gold NP array was transferred

onto the surface of the substrate, hence covenimgtire active zone.
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(a) polyimide film (b) Photoresist (51805) (c) Patterning by laser
Ethylene i\ deposition photolithography
glycol Toluene +
(EG) ibi gold NPs
‘ Evaporation (e) Sacrificial layer (d) 50 nm Au layer
" X . removal deposition

(f) Convective assembly technique (g) Final structure

Figure ESI 1 : Fabrication process of the NP selfssembled samples

II - E quivalent electrical circuit

The overalltransport properties of the NP assemblies can beedeby from an equivalent
circuit made of a parallel R-C resistance and déguace, and a bulk resistancegim series due in
particular to lead lengths. However, we can condldat the electrode resistancds negligible with

respect to the total resistance of the NP asse(féslyQ compared to few Q).

R
fs R s cs

IR ST e

@ (b)

n—-

Figure ESI 2: (a) Equivalent electrical circuit eements (R,C, and ry) (b) Equivalent series
circuit (Csand Ry).

The impedance Z of the circuit (Figure ESI 2a) barwritten:

R _ R+rs(1+w?R%C?) jwR%*C
1+jwRC~ 1+w?R2C? 1+w?R2(C?

Q) Z=rs+
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In order to extract the resistive and capacitivenoscopic characteristics of the circuit, it is
useful to look for the equivalent series circuihisTimpedance can also be represented in a simpler

equivalent series circuit (Figure ESI 2b):
, 1
(2)Z=Rs—j
By matching the real and imaginary parts of the previous equations, we find the relation between
resistancdr and capacitand@ andRs series resistance a@s serie capacitance:

3)R, = R+75.(1+w?R2C?) and C. = 1+w?R%(?
s 1+w2R2C 57 w?RZC

It is worth noting that when the conditidryw R>C<<C is satisfied, the series capacitancetédds

towards the parallel capacitance C value, whichulfdled which is fulfilled in our study, since, &

haveﬁ = 8x10~13F<<C=3x10"%F (by roughly taking f~1x10Hz, R = 250 M, C~3x10'*F).

11l - Capacitance versus Temperature:
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Figure ESI 4: Capacitance variation versus temperature of theNP self-assembled sample at
f=500 kHz.

V - Discrete dipole approximation (DDA) simulations

The simulations of the optical extinction spectna &lectric near-field were performed using
the ddscat 7.3 software by Draine and Fl§8&(9]. The positions and sizes of each nanoparticlewer
extracted from the transmission electron microsddjiM) image (Figure ESI 5a) assuming spherical
nanoparticles. Each nanoparticle was discretizedabgubic mesh of nearly 2000 point dipoles

distributed with inter-dipole separation as small02b nm in order to ensure full convergence of the
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calculations. The optical index of gold was takemf [5] and the optical index 1.46 of dodecanethiol
was assumed for the surrounding medium. As showRigare ESI b, the plasmonic resonance
occurs around 600 nm. In order to estimate thecefiEthe electro-magnetic near-field interactions,
the separation between the nanoparticles wascéatiji increased while keeping the same sizes and
arrangement. In that situation, the surface plasmesonance is now blue shifted to 540 nm (Figure
5b) as expected for isolated spherical gold nariimpear

»

S

Extinction (u.a.)

N

0 ' 1 ' 1 ' 1 ' 1 '
400 500 600 700 800 900
Wavelength (nm)

(a) (b)
Figure ESI 5: (a) Transmission electron microscopy image of the NPsssembly (b), full line DDA

calculated spectra of the NP assembly located withithe square region shown in (a). The dashed line

shows the spectrum calculated for the isolated naparticle assembly.

VI — Numerical simulations of photo-capacitance

Numerical simulations of the charge transport thfothe NP assembly were performed using
a home-made Scilab routine. To mimic the actual &Pangement, the NP assembly was modeled by
a 900 nm x 500 nm monolayer of regularly packedoparticles forming a hexagonal network. All
NPs have a diameter of 14 nm, and are separated byrface-to-surface distance of 1.2 nm

corresponding t€;, ligand length at zero strain (Figure ESI 6).
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Figure ESI 6 : Hexagonal regular arrangement of the NP assemblysed in the numerical simulations.

To introduce the strain, the nanoparticles pasdtiare shifted according to Equ. 8 and the
stick/slips can be varied. The relative permittivigy which appears (Eg. 3) in the capacita@gef the
inter-particle junction model can also be changed.

Strain (%)

B 0 0.2 0.4 0.6 0.8 1

S

O |~“g=23,s=1
94| ~g=232s=1
5 | ~€=23,5=0.7
. §=232,5=0.7

Figure ESI 7 : Simulated variation of the relative capacitancdor stick/slip coefficients= 1 (full substrate-
to-layer strain transmission) ands= 0.7. Simulations were also performed for permittiity & = 2.3 and
2.32 while keeping the stick/slip coefficiens = 1.

The relative capacitance is very sensitive to thange in relative permittivity. Indeed,
increasings from 2.3 to 2.32, which is less than 1% variatidecreases the gauge fadBy from -5.8

to -4.9%. Similarly, reducing the stick/slip coeféint from 1 to 0.7, decreases the gauge facton fro
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5.8 to -4.2%. By cumulating the effect &f(from 2.3 to 2.32) and (from 1 to 0.7) we decrease even
more the gauge fact@;. from -5.8 to -3.6.9%.
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