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Abstract: Plasmo-electronics is a fast developing field driven by the combination of
charge transport and surface plasmons in metal nanostructures. In this paper, we report
on theoretical and experimental investigations of the plasmoelectronic properties of
self-assembled monolayers of colloidal gold nanoparticles. A local plasmonic-
electronic nano-junction is introduced, as the fundamental component of a meso-scale
electrical network, and serves as the beginning point for the development of a multi-
scale modeling strategy. The Inter-particle charge tunneling and accumulation account
for the dynamical charge transport; the plasmonic properties are implemented at the
nanoscale using electro-dynamic calculations based on the discrete dipole
approximation (DDA) method. The electric characteristics of the macroscopic
nanoparticle network are calculated using a numerical resolution of the current-bias
equations based on Kirchhoff’s laws. Disorder effects due to size and position
fluctuations of the nanoparticles within the network as well as dislocations and point
defects in their spatial arrangement are taken into account. The effects of light
excitation intensity and wavelength on the nano-junction photo-conductance and on
the macroscopic photo-resistance of the nanoparticle network are addressed. In
particular, plasmo-electronic conduction paths are extracted from the coupled DDA-
Kirchhoff numerical simulations and their statistical distribution is investigated as well
as their dependence on path length. The theoretical results are compared with
impedance spectroscopy measurements performed under optical excitation. We found
a good agreement between the predicted impedance Nyquist plots and resonance
properties, and the measurements. In particular, we were able to estimate the surface
plasmon assisted photo-electric conversion coefficient involving first neighbor
nanoparticles. We found that the photo-conductance of a single nano-junction formed
by a dimer of nearly touching nanoparticles is around 18 nS.W'.cm? under resonant
plasmonic excitation. The presented work provides insight into the photo-induced
charge transport in self-assembled nanoparticle networks and opens the route to novel
applications in the field of plasmo-electronics.

1. Introduction

The driving force behind the development of plasmoelectronics is the link between
charge transport and surface plasmons in metal nanostructures [1]-[5]. It has been
shown that charging metal nanoparticles can alter their plasmonic response, and vice
versa, that surface plasmon excitation of a nanoparticle assembly can modify
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macroscopic fluxes of charges [6]-[8]. In particular, a rise or a decrease of
conductance, under optical excitation tuned to the nanoparticles surface plasmon
resonance, has been pointed out [6], [9], [10]. In this situation, it had been found that
negatively charged ligands act as charge traps lowering the free carrier density and
resulting in a negative photo-conductance. However, since positive photo-conductance
with charged ligands has also been discovered, this view has been vividly contested in
the literature [11]-[13]. Additionally, the ligand molecules' ability to impose a tunnel
barrier between two adjacent nanoparticles, regardless of their charge state, determines
whether the macroscopic electrical properties of the nanoparticle assemblies behave
like a metal or an insulator [14]. Moreover, despite the fact that these NPs assemblies
are granular in form, that is, made up of conductive and insulating regions, most
published investigations to date have concentrated on the analysis of the resistance
properties, only [6] [9]-[11], [13]-{21]. The capacitive properties have only been
briefly discussed in a few papers [12], [22]. In this respect, we have previously
demonstrated [ 12], that both resistive and capacitive characteristics are complementary
and can be used to further understanding the charge transport properties of self-
assembled nanoparticle networks. Indeed, the macroscopic electrical characteristics of
self-assembled NPs were experimentally investigated using impedance spectroscopy
and were modeled using a bottom-up approach in which local interconnected nano-
junction circuits are introduced as building blocks of a macroscopic electrical circuit
to describe the charge transport properties of the nanoparticle self-assembly (Figure
2). However, the photo-induced effects were accounted only at the macroscopic level,
which provided a first attempt to the modeling of the plasmonic induced photo-
conductance in self-assembled gold nanoparticle networks and the macroscopic
conversion efficiency of the electromagnetic energy into electric current has been
estimated.

In this paper, we focus on the conversion of light into electrical current in self-
assembled plasmonic NPs networks. This phenomenon is quite complex and involves
several interaction steps between elementary excitations (plasmons, electron-hole
pairs, phonons), but it is still poorly understood in terms of the relationship between
local opto-electronic properties at the nanoparticle scale and the macroscopic electrical
characteristics of the nanoparticle self-assembly. We demonstrate that utilizing
numerical simulations combined with impedance spectroscopy measurements, it is
possible to connect the macro-scopic and the nano-scopic opto-electronic properties of
metal NPs assemblies. To account for the photo-induced charge carriers generation
and transport, a local positive photoconductance is introduced at the nano-scale. The
current passing through the nanoparticle assembly, including its optical component, is
determined by implementing electrodynamic calculations into Kirchhoff’s laws. This
method enables the definition of a macroscopic photo-conductance. The theoretical
results are discussed in terms of plasmo-electronic properties of the nanoparticle self-
assembly and are compared to impedance spectroscopy measurements carried out
under optical excitation of the plasmonic resonance of the nanoparticles. In this way
we are able to assess the efficiency of the plasmonic assisted light-to-current
conversion at the nanoscopic level. Such a physical quantity is very difficult to
determine including in near-field based optical spectroscopy techniques.

2. Experimental and numerical details:
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2.1 - Chemical synthesis and sample preparation:

The chemical synthesis procedure is described in details elsewhere [22], [23].
Briefly, gold nanoparticles stabilized with dodecanethiol (C;2) organic ligands (1.2nm
length) were synthesized with the protocol described by Zheng et al. [24]. The average
size of the nanoparticles is 7 £ 0.7 nm determined by transmission electronic
microscopy (TEM). On the other hand, interdigitated gold electrodes were patterned
on a 125 pm thick polyimide (Upilex) film using laser lithography and a 50 nm thick
Au layer was deposited over the entire surface by IBS-E ion beam sputtering. After
lift-off, a 1 mm? device consisting in 50 pairs of inter-digitated 5 pm wide electrodes
separated by 5 um is obtained and connected to external gold electrodes (Figure 1a).
Gold NPs from the colloidal solution were deposited on the device using the ethylene
glycol drop casting method described elsewhere (Figure 1b) [22]. This technique
allows to obtain a quite uniform and homogeneous monolayer of self-assembled
nanoparticles well ordered in a hexagonal lattice network on a macroscopic scale (1
mm?) (Figure 1)
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Figure 1 : (a) Optical image showing a Immx1mm device formed by 50 interdigited electrodes (b) Scanning electron
microscopy (SEM) image of the interdigitated electrodes on top of which the NP assembly is formed, (c) High
resolution SEM image of the active area showing a monolayer of 7 nm gold nanoparticles self-assembled in a hexagonal
lattice network, as attested by the electron diffraction pattern in the inset.

2.2 - Impedance spectroscopy under optical excitation:

Impedance spectroscopy measurements were performed at room temperature
using a Keysight impedance analyzer EA4990A, in the 20Hz-5MHz frequency range
with a 500mV AC voltage. The set-up is equipped with an optical fiber located above
the sample which allows to shine laser light on the 1mm? entire active area (Figure 1a).
The optical fiber is connected to three laser diodes, operating at A =405, 532 and 640
nm wavelengths and up to W/cm? intensity.

3. Plasmoelectronic modeling:

The approach developed in this work is based on numerical simulations of the
dynamical charge transport properties of a network composed of inter-connected
electric nano-circuits building blocks (Figure 2).
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Figure 2: (a) Transmission Electron Microscopy image of a ca. 220nm x 150nm region of the NP assembly
with schematic contact electrodes, (b) electrical circuit formed by parallel resistance R, capacitor C and
photo-resistance G;,}am describing the charge transport across the network formed by the inter-connected
nano-junctions (c). Each nano-junction, formed by a pair of first neighbor nanoparticles, consists in parallel
inter-particle tunneling resistance Ry, capacitor Cj; and photo-resistance g J,;,o,o'I .

Each nano-junction is an electrical connexion between first neighbor
nanoparticles (labeled i and j) and consists in parallel inter-particle resistance Ry,
capacitor C; and photo-resistance g yion’ (Figure 2¢). Calculations were performed
for a single layer of spherical gold NPs. The sizes and positions of the nanoparticles,
as well as the inter-particle gap distances were extracted from a 100 nm x 100 nm area
of the transmission electron microscopy (TEM) images (Figure 2a). The histogram of
interparticle distances in Figure ESI 1b shows that the average inter-particle gap
separation is around 2.8 nm which is slightly larger than twice the dodecanethiol
molecule length (1.2 nm). This indicates that disorder due to size and position
fluctuations, to point defects (nanoparticle vacancies) and to dislocations and misfits
in the nanoparticle network are present. Figure ESI 1a depicts the 100 nm x 100 nm
nanoparticle region that serves as our model network for the computer simulations. In
this way, the actual spatial arrangement of the nanoparticles are taken into account in
the calculations and in the comparison with the experimental data.

Each (ij) pair of nanoparticles located at positions (7; r;) of the 2D network
gives rise to a parallel electrical nano-junction (Figure 2¢) with admittance:

EC] 1 Xi = I/Rl] + gz'j'jhvt0+jcz'j'a)

As shown in previous works [11], [14], [25], the quantum tunnelling resistance

Rj; between first neighbour nanoparticles is given by:

Eq.2 R;; = Ro.e(ViiT)

where R, is the inter-particle tunnelling resistance at the touching limit, i.e. for
vanishing inter-particle gap distance l;;, ¢ accounts for the charge tunnelling and for
the Coulomb blockade effects and is given by ([11], [14], [25], [25]):
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Eq. 3§ = Bl — In(g(Ec, T.Vij)) with g(Ee, T, Vi) = — (—ﬂ+

eVij 1_e(EC‘eVij)/kBT
EcteVij )

1_e(EC+eVij)/kBT

Where £ is the tunnelling decay constant, Ec is the Coulomb charging energy, T the
temperature and Vj is the voltage between first neighbour nanoparticles 7 and j. In the
following we use =5 nm™ and Ec = 50meV ([11], [13]) to describe the tunneling
resistance in the absence of optical excitation.

It is worth noting that the bias voltage applied to the nanoparticle network is of the
order of volts leading to inter-particle voltage Vj; very small compared to Ec/e ~ 50mV.
In addition Ec > kgT at room temperature. Using these two statements, Eq. 3 can be
approximated by [27]:

Eq. 4 fzﬁlu-l_Ec/kBT
Assuming spherical nanoparticles, the inter-particle capacitor Cj; is given by [22],
[26]:
Where ai]- = (dl- + dj) /2 is the mean diameter of the i and j nanoparticles and ¢ is

the permittivity of the surrounding medium (i.e. of the ligand molecules in our case).

As shown experimentally by Mangold et al. [10], [17], Gauvin ef al. [28], the
macroscopic photo-conductance increases linearly with increasing laser intensity for
low laser irradiation (below 7kW/cm?). This is confirmed in our investigated
nanoparticle networks as shown in Figure ESI 2. Based on this experimental finding,
we introduce a local nanoscopic photoconductance:
Eq. 6 Gij photo(A) = kij (). 1;;(1). e~Ec/ksT
Where k;i(4) is a wavelength dependent local photo-conductance efficiency involving
first neighbor nanoparticles and the surrounding ligands molecules. I;; A =
Fijz(l) Iy is the local light intensity and F;;j(1) = |E;j(4)/Ey| is the electric field
enhancement factor which accounts for the plasmonic resonance; I, = |E,|? is the
incident optical intensity.

In our approach, the light-to-current conversion mechanism is treated globally,
i.e. as due to both the nanoparticle and its surrounding medium; indeed, the ligand
molecules may also absorb light through HOMO-to-LUMO transitions and may thus
participate to the photo-generation of electron-hole pairs. Therefore, we assume that
Fi(2) is the electric field enhancement factor in the gap region between i and j
nanoparticles. The photo-generated charges flow across the nanoparticle network
owing to quantum tunneling between first neighbor nanoparticles. The photo-
conductance efficiency k;;(4) depends on the optical wavelength because the tunneling
process involves high energy photo-excited states (see Figure ESI 3), the so-called hot
charge carriers. Therefore, we make the assumption that k;;(4) takes the form :
Eq.7 kij(L) = ko(W). e PP

Where ko(4) is a wavelength-dependent photo-conductance efficiency in
Siemens per unit of light intensity, which accounts for the photo-generation charge
carriers at vanishing gap distance between two nanoparticles; and the exponential term

describes their interparticle tunneling; 8, (1) = J2.m.(V, — E(\))/h)) is the wave
vector of the photo-generated hot electrons, in which, m = 0.28.mo is the carriers
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electron effective mass [29], E () is the photon energy and ¥, = 4.16 eV is the energy
barrier height [29]. For example, at A =532 nm, g, . = 3.66 nm~! and is smaller than

B = 5nm~1 which conveys the idea that hot carriers can tunnel over larger distances
than thermalized carriers (Figure ESI 3).

Calculations based on the Discrete Dipole Approximation (DDA) [30], [31]
were performed in order to determine the plasmonic field enhancement Fj(A4). The
nanoparticle self-assembly model is the 100 nmx100 nm area shown in Figure ESI 1a.
The medium surrounding each nanoparticle is dodecanethiol (with optical index
n=1.46).

Figure 3 shows maps of Fj(4) calculated at three optical excitation wavelengths
around the plasmonic resonance. These maps show that the electro-magnetic
interactions between the NPs give rise to plasmonic hot spots in the gap regions
between the nanoparticles. For the calculation of the local field intensity in Eq. 6, we
consider the intensity enhancement <F;?(1)> averaged over the gap distance between
first neighbor nanoparticles (Figure 3d). <F;*(1)> is around two orders of magnitudes
for a 1 nm interparticle distance and decreases with increasing /; (Figure 3e) which
confirm the origin of the plasmonic resonance as due to the near-field interaction
between first neighbor nanoparticles.

A=445 nm . A =560 nm A=630 nm

2 (o)

x (nm)

50 75 100
y (nm) 0.0 y (nm) 0.0

X (nm)

25 50 75 100
y (nm)

Figure 3 : Electric field intensity enhancement F;;(1) = |E;;(4)/E,| calculated using
DDA simulations performed on a 100 nm x 100 nm nanoparticle assembly shown in
Figure ESI 1a. Maps of F; jz calculated around the surface plasmon resonance at 445
nm (a), 560 nm (b) and 630 nm (c). The excitation wave is circularly polarized in the
assembly plane, (d) Map of <Fj;>> the field intensity enhancement calculated at 560
nm and averaged over the gap distance between each pair of nanoparticles; (e) plot of
<F;*> as a function of inter-particle distance /.

The <F;*> calculated using the DDA numerical simulations are used in Eq. 6 to
generate the local photoconductances.
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The complex admittance matrix [Y] of the electrical network, formed by the
interconnected nano-junctions, is constructed assuming that all first neighbor
nanoparticles are located within a ring centered on the considered nanoparticle. The
current flowing throughout the NP network is computed according to Kirchhoff’s laws
and by solving numerically the matrix equation[32]:

Eq.8 [V(w)] = [Y(@)] ' [I(w)]

where [V(w)] and [I(w)] are, respectively, the voltage and the injected current
vectors, and [Y(w)] is the complex admittance matrix of which non-diagonal and
diagonal terms are, respectively, ¥;;j(w) = -x;;(w) for i#j and Y ;(w) =X X;j(w); the
latter being the total admittance connected to node i [33].

The overall admittance of the network is Y51 (w) = Vo(w)/Io(w) where V(w) is
the voltage vector at the collecting electrode and /y(w) is the injected current vector.

It is important to note that after the admittance y;; (w) (Eq. 1) of the local
nano-junction is adjusted for the local photo-conductance gi; proto(4) (Eq. 6),
calculated using DDA simulations, and the matrix equation (Eq. 8) is numerically
solved using Kirchhoff’s laws, one obtains the overall conductance, capacitance, and
photo-conductance of the nanoparticle assembly. The numerical simulations utilizing
this strategy enable modeling of the plasmo-electronic properties of self-assembled
metal nanoparticles and is, going forward, referred to as DDA-Kirchhoff’s method.

4. Results and discussion:

4.1 Numerical simulations:

Figure 4 presents Nyquist plots (Figure 4a) and resonance curves of the
imaginary part —Z''(w) of the impedance calculated using DDA-Kirchhoff
simulations. The parameters used in these simulations are Ry = 80 kQ (in Eq. 2) and
ko= 18 nS.W™'.cm? (in Eq. 7). The choice of these values will be discussed later.

All Nyquist plots have nearly a semicircle shape which is a characteristic
feature of an equivalent circuit consisting in parallel resistance R, capacitor C and
photo-resistance Gphoro .

(a) 15
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; 04Wiem™ £ 0.2W/em~
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0.6W/em™ 3 o 04> 0.6W/em
. 1+ 08W/em™ 5025 @7 R —_ 32 ol 0.8W/em”
2 [ 2
o—0 [W/em® 2 i & ~— 1W/cm
& ok S o3 ™ "
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0.5 :

0.0 0.5 1 1.5 10 10 10 10 10 10 10

Z'(TQ) f(Hz)
Figure 4 : DDA-Kirchhoff numerical calculations of the impedance of the network shown in Figure ESI la. (a)
impedance Nyquist plots in the range 20 Hz-1 MHz, without and with optical excitation at 532 nm with intensity
increasing from 0 to 1W/cm? (inset: normalized photoconductance as a function of normalized 1y). (b) Spectrum of the
Imaginary part of the calculated impedance —Z''(w) (inset: corresponding fy evolution as a function of laser
intensity).
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The frequency dependence of the impedance arises from the capacitance
contribution only. At this step, R, C and Gpnowo' can be considered as mesoscopic
quantities reflecting the electric and plasmo-electric properties of the 100 nm x 100
nm simulated network (Figure ESI 1a) formed by the interconnected nano-junctions.
They are not macroscopic quantities yet, since the latter are related to the macroscopic
properties of the samples (Figure 1) onto which impedance spectroscopy
measurements were performed (see discussion below).

First, a clear decrease of the impedance with increasing intensity of the optical
excitation can be observed in Figure 4a. This can be understood in terms of the

equivalent circuit impedance formed by the parallel resistance and photo-

1+RGphoto
resistance Gp_hlom in the low-frequency limit (values of Z'(w) on the horizontal axis
of Nyquist plots in Figure 4a). Nyquist plot calculated without light irradiation
(Gphoto = 0), gives R = 1.4 T2. With increasing optical excitation, Gppeto InCreases
and may dominate the resistive character of the circuit in the limit of strong irradiation
intensity (Gppoto > R). The inset of Figure 4a shows the values of Gppq¢, deduced
from the low-frequency limit of the Nyquist plots (Figure 4a).

Inset of Figure 4a shows that Gy, increases linearly from 0 to c.a. 0.4 pS
with irradiation intensity I, in agreement with the local photo-conductance model (Eq.
6) implemented at the nanoscale and with the experimental data (Figure ESI 2).
Moreover, one can notice in Figure 4 that the Nyquist plots are not perfect semi-circles;
they are depressed, i.e. the ratio between the maximum values of the imaginary and
real parts of the impedance —Z" ;45 /Z max < 0.5. For instance, without optical
Z”max

excitation (black dots in Figure 4a) — 7 0.36 This depressed feature suggests

max

that the equivalent circuit is formed by a distribution of parallel resistance and
capacitor circuits rather than being defined by a single circuit. Such a distribution is
generated by the disorder due to size and position fluctuations of the nanoparticles and
also to point defects and dislocations present in the assembly network (Figure 2a and
Figure ESI 1a). Indeed, as shown in Figure ESI 4, for a perfectly ordered hexagonal
arrangement of the nanoparticles, the calculated Nyquist plot is a perfect semi-circle.
When 15% random fluctuations of the nanoparticle size and position are introduced,
all the Nyquist plots calculated for the different random guesses, are not only depressed
but their shape clearly deviates from a semi-circle (Figure ESI 4). This occurs because
of the fluctuations of the local inter-particle tunneling resistance R;;, capacitor C;; and

j
photo-conductance g;; ,p0t, Which lead to statistical distributions of relaxation times
R . C . . . .
T;j = —————. As a matter of fact, in a perfectly ordered network, the interparticle
1+R;ijgij photo
separation [;; and hence R;; , C;; and g[j}photo are well defined, thus leading to a
unique relaxation time 7;; (Figure ESI 5b).
Figure 4b shows the imaginary part —Z"' of the impedance as a function of
frequency. Each spectrum consists of a resonance peak. Assuming a perfectly ordered

network, the —Z"' (w) resonance peak has a Lorentzian line shape (corresponding to a
single relaxation time) and the resonance frequency is given by f;, = ﬁ; at the nano-
junction scale f is determined by the interparticle tunnelling resistance (Eq. 2) and

capacitor (Eq. 5). In the numerical simulations, the tunnelling parameter Ry =
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80 k(2 has been chosen in such a way that the resonance frequency f, = 28 kHz
corresponds to the one observed experimentally (see discussion below), without
optical excitation, which leads to R = 1.4 T2 and C = 4aF. This latter value is the
equivalent capacitor of all serie and parallel nano-junctions forming the electrical
network (Cj; being given by Eq. 5). The large value of R and the small value of C are
consistent with the small size of the model nanoparticle network (100 nm x 100 nm).
Under optical illumination, the resonance frequency increases with increasing light
intensity (inset of Figure 4b). As a matter of fact, the resonance frequency of the
equivalent circuit shown in Figure 1b is given by:

1+RGphoto
Eqg. 9 — ___'photo
9 fo 21RC

Hence, when Gppoo increases, the resistive component of the equivalent
circuit decreases and the resonance frequency increases linearly with irradiation
intensity (inset of Figure 4b) in agreement with Eq. 6. The maximum of the resonance
peak also decreases for the same reason.

It is worth to underline that the line shape of the —Z"' (@) resonance peaks in
Figure 4b is not described by a Lorentzian function. Indeed, because of the disorder
effects discussed above, the resonance peaks in Figure 4b are inhomogenously
broadened according to the statistical distributions of the local relaxation time ;5. To
confirm this point, we have calculated analytically the impedance Nyquist plot and
resonance peak starting from the distribution of the relaxation times of the model
nanoparticle network shown in Figure ESI 5. The depressed feature of the Nyquist plot
and the non Lorentzian shape of —Z'' resonance are well reproduced thus confirming
the role of disorder (Figure ESI 5).

4.2 Plasmoelectronic conduction paths:

For a full understanding of the optical excitation effect on the charge transport
properties, it is interesting to exploit the numerical simulations in order to investigate
the conduction paths supported by the nanoparticle network. The length of a
conducting path and its electric characteristics are extracted from the numerical
simulations as follows: first, the spatial distribution of all the nano-junctions formed
by each pair of first neighbor nanoparticles is constructed according to the positions of
the nanoparticles within the network. Second, only paths connecting the injection and
the collection electrodes are selected. These percolating paths are the ones directly
involved in the impedance spectroscopy measurements. Then, the length Ly of each
individual k-path is calculated by summing the nano-junctions impedance. Its
admittance is given by:

Eq. 10: Y, =

m
[Tn=1 Xijn

W=1 nglzl,rmp Xijp
where m is the number of nano-junctions along the k-path and y;; is a nano-junction
admittance (Eq. 1).

Figure 5 displays path length histograms calculated at the resonance frequency
fo= 28 kHz of the nanoparticle network. Without optical excitation, the path length
histogram is bimodal with a main maximum around 220 nm, i.e., nearly twice the inter-
electrode separation and a secondary maximum at longer paths between 300 and 400
nm. Under optical excitation at 1 W/cm?, the distribution of path lengths is more
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uniform: the path length histogram is Gaussian like centered around 250 nm with 100
nm half width at half maximum. The optical excitation has the effect of condensing
the conduction path lengths around a mean value. This is related to the fact that the
photo-resistance (Eq. 6) due to the hot charge carriers is less sensitive to disorder
effects (i.e. to nanoparticle size and position fluctuations) than the resistance associated
with thermalized charge carriers (see Figure ESI 6).

Figure 5 c-f depict the real (conductance) and imaginary (susceptance) parts of
path admittance as a function of path length calculated at the resonance frequency. For
a given path length, the values of the admittance are scattered over a wide range (Figure
5 c-f) which means that paths of the same length may have very different electrical
characteristics. This is particularly visible in the conductance (Figure 5c, d) because
the tunnelling resistance varies exponentially with the inter-particle distance (Eq. 2)
and is therefore very sensitive to fluctuations of the size and position of a nanoparticle
within the network. The susceptance of the nanoparticle network (Figure 5e, f) is less
sensitive to disorder effects because of the weaker logarithmic dependence of the local
capacitors (Eq. 5) on the interparticle distance.

As shown in Figure 5S¢, d path admittance is enhanced by the optical excitation
in agreement with Nyquist plots (Figure 4); as a consequence, for a given path length,
the conductance and susceptance are scattered over a wider range (compared to Figure
5 e, f). The optical excitation has a strong impact on the conductance since the local
photo-conductance introduced in Eq. 6 is purely real. For this same reason, we might
have expected no influence on the susceptance. However, since the complex
admittance combines both resistive and capacitive contributions (Eq. 10), its
susceptance component depends not only on the local interparticle resistance R; and
local interparticle capacitor Cj, but also on the local photo-resistance gij o . That’s
why the susceptance of the nanoparticle network is also modified by the optical
excitation. The path admittance is strongly influenced by disorder as shown by the
scattered values of conductance and capacitance (Figure 5c-f) and decreases roughly
as the inverse path length. They are strictly proportional to the inverse path length only
in the case of a perfectly ordered network as shown in previous works [34].
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Figure 5 : (a,b) histograms of conduction path lengths extracted from the DDA-Kirchhoff numerical simulations of the
TEM nanoparticle network shown in Figure ESI 1a. Calculations were performed at the resonance frequency fy=28
kHz, without and with optical excitation at 560 nm wavelength and 1 W/cm? intensity. (c, d) path conductance as a

function of path length Ly. (e, f) path susceptance as a function of path length L. The insets in c-f show conductance
(c,d) and susceptance (e-f) histograms.

Moreover, Figure 5 c-f display the conductance and susceptance histograms
calculated with and without optical excitation. The histograms follow a log-normal
distribution, as shown in a previous study [34], which indicates that conductance and
susceptance indeed result from the sum of the numerous small independent local
interparticle impedances along the conducting paths.
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Figure 6 : Plasmo-electronic conduction paths. (a) Conduction path A is calculated without optical excitation. (b, ¢
and d) Paths B, C and D are calculated with optical excitation at 532 nm and intensity from 0 to 1 W/em®. Each path
module admittance |Y,| is in the range [1.8x107*S - 2x10" S]. The path length decreases from 200 nm for path A to
197 nm for path F.

DDA-Kirchhoff numerical simulations allow to visualize the conduction paths
and the changes induced by the optical excitation. To do so, we have selected
conduction paths with nearly the same conductance c.a. 2.10"* S and comparable
length around 200 nm, i.e., twice the network size and inter-electrodes separation. In
this way, when the optical excitation is applied, only the relative contribution of the
resistance and photo-resistance, along the path, is modified; its overall conductance
being nearly constant. Figure 6 displays such conduction paths without (path labeled
A) and with (paths labeled B-F) optical excitation. Without optical excitation, path A
involves 21 nano-particles and the average distance between the involved first
neighbor nanoparticles is 2.68 nm. With optical excitation at a moderate intensity of
0.2W/cm?, path B is 198 nm long and involves 20 nanoparticles with a slightly larger
average interparticle distance of 2.70 nm. When the optical excitation is increased to
0.4W/cm?, path C involves 20 nanoparticles with an average distance of 2.74 nm. With
further increase from 0.6 to 1 W/cm?, the length of path D, E and F are c.a. 197nm and
involves 20 nanoparticles with increasing average distances from 2.78 to 2.84 nm (see
Figure 7). The variation of the relative admittance AY«k = (|Y«|-|Yklaark)/ [Yk|dark) 0f the
conduction paths shown in Figure 6 is less than 5% which ensures the fact that we are
comparing conduction paths with very similar admittance.

It appears that the effect of the optical excitation is to reduce the path length
and correlatively increase the average distance (li ]-) between first neighbor
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nanoparticles for a given path admittance. We found that (li j) increases by c.a. 0.16
nm per unit of optical excitation intensity (in W'cm?) as shown in Figure 7.
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Figure 7 : Average distance (li]-) between first neighbor nanoparticles involved in the plasmoelectronic conduction
paths (A to F of Figure 6) as a function of laser intensity I,. The doted line shows a linear least-square fit.

This effect can be understood in terms of optical generation of hot carrier’s.
Indeed, according to the local photo-conductivity (Eq. 6 and Eq. 7), the photo-excited
hot carriers can tunnel over larger distances (871 = 0.27 nm) than thermalized
carriers (8~ = 0.2 nm). Therefore, under optical excitation a smaller number of
nanoparticles is required for a conduction path with the same conductance compared
to the situation without optical excitation. This underlines the role of the plasmonic
resonance in terms of not only enhancement of the local optical field (Figure 3), but
also of photo-generation of hot carriers. This latter effect is at the origin of the different
optical conduction paths displayed in Figure 6 which we may call plasmo-electronic
conduction paths.

4.3 Comparison between DDA-Kirchhoff simulations and experiments:

One must scale-up the dimensions of the simulated nanoparticle network to the
macroscopic scale in order to compare numerical simulations with impedance
spectroscopy data, quantitatively. However, numerical simulations of the charge
transport properties of a macroscopic nanoparticle network require a significant
amount of computation time and memory resources. To overcome this difficulty we
use a simple rescaling method: the 100 nm x 100 nm simulated network (Figure 1) is
replicated N; times in series and N; times in parallel; N; and N; are determined,
respectively, by the distance between the interdigitated electrodes (Figure 1) and by
their length. Additionally, a series contact resistance Rs can be added to take into
account imperfections in the electrical connexion between the electrodes and the
nanoparticle network. Then, the macroscopic impedance is calculated simply as

1 N;
Eq. 11 Zmacro(w) = Rs + N_N_Z(w)
e Nj

where Z (w) is the mesoscale impedance of the 100 nm x 100 nm nanoparticle
network calculated by DDA-Kirchhoff numerical simulations (Figure 3) and N, is the
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number of interdigited electrodes (Figure 1). In our device N=50; N~=10000 and
N.=50.

At high frequencies, the resistance of the nanoparticle network is shorted by its
capacitance and only the series resistance R; remains and can be estimated from the
experimental data. We found Ry < 1k{2 from the impedance measured at the highest
reachable frequency (10 MHz in our case). It is worth to underline that, according to
Eq. 11, —=Z" acro (@) and—Z" (w) peaks exhibit the same resonance frequency f;, and

line shape; they differ only in their magnitudes by the scaling factor NL% The
e J

straightforward rescaling method (Eq. 11) assumes that the size of the mesoscale
network is large enough to capture all the structural features of the nanoparticle
network, i.e., the spatial arrangement of the nanoparticles including fluctuations of
their sizes and positions as well as the presence of point defects and dislocations.

Figure 8 presents a comparison between the results of DDA-Kirchhoff’s
numerical simulations and impedance spectroscopy data.

(@) 33— 1 (b) . [
| e Dark conditions | ¢ Dark conditions .
2.5 v A=405nm A k{h) 1.0F A=640nm ,
r 5 (nm)  (nS/W/cm?) v A=405nm
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Figure 8 : (a) Comparison between measured and calculated (full lines) impedance Nyquist’s plots without and with
optical excitation at A = 405, 532, 640 nm and 0.36 W/cn?’ intensity (b) corresponding spectra of —Z'" (w) ; the table
inserted in (a) shows the values of the ky () factor in Eq. 6 used as a fitting parameter of the simulated Nyquist plots
to the measured ones.

In the numerical simulations there are two adjustable parameters: the
interparticle tunneling resistance R, in Eq. 2 and the charge carrier photo-generation
efficiency ko in Eq. 7 when the optical excitation is used. As mentioned above, Ry =
80 k{2 has been determined in such a way that the calculated resonance frequency f, =
28 kHz coincides with the one observed in the impedance spectroscopy
measurements. Using this value of R, and the rescaling method described above one
obtains the macroscopic values R~140M {2 and C~0.04pF. At this point one expects
a good matching between the rescaled impedance (Eq. 11) and the measured one.
However, we found that the calculations overestimate the measured impedance. The
latter is of the order of 2.5 M{2 as can be seen on the Nyquist’s plot (horizontal axis of
Figure 8). The origin of this discrepancy lies in three main points:

First, the mesoscale network is assumed to be representative of the entire
macroscopic network. However, Figure ESI 4 shows that for a 100 nm x 100 nm
network with a hexagonal arrangement of the nanoparticles in which 15% size and
position fluctuations are included, the impedance may vary up to a factor 20 depending
on the network selected by the random guess (only a factor 4 is presented in Figure
ESI 4).
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Second, we found that depending on the filtering parameters used in the software
assisted filtering of the TEM image (Figure ESI 1a), the estimated nanoparticle size
position may vary by 5%. This variation, combined with the strong sensitivity of the
tunneling resistance to the inter-particle distance (Eq. 2), leads to an uncertainty on the
calculated network impedance that may also reach an order of magnitude. Moreover,
the parameters £ and Ec¢ determine the interparticle tunneling resistance (Eq. 2) and
may be affected by conformational changes of the ligand molecules which in turn may
have a strong impact on the overall macroscopic resistance.

Third, we did not take into account a possible effect of humidity from the
environment that would modify the conformation of the ligand molecules and thus the
permittivity of the medium surrounding the nanoparticles.

For these reasons, the calculated and measured impedances are significantly
different in magnitudes. However, the shape of the calculated and measured Nyquist
diagrams and resonance peaks can be compared once their amplitudes adjusted. To do
that, the calculated low-frequency impedance is fitted to the measured one, in the
absence of optical excitation. This corresponds to the (black) dot on the right side
(horizontal axis) of the Nyquist plot in Figure 8a. As shown in Figure 8, the Nyquist
plot, measured without optical excitation, is depressed —Z"' 1,0/ Z max~0.4 (Figure
8a and Figure ESI 6) and the resonance peak of—Z''(w) has a non-lorentzian shape
characterized by a low-frequency asymmetry. The calculations (full lines in Figure 8)
well account for these two features which are correlated and reflect the disorder effects
discussed in Figure 4. In fact, the measured and calculated linewidths of the resonance
peaks in Figure 8b are comparable, hence indicating that the variations in the size and
location of the nanoparticles and the networks defects (disorientations, dislocations...)
(Figure 1) are quite representative of the disorder present at the macroscopic scale.

Let’s now focus on the effect of the optical excitation. As shown in Figure 8, the
nanoparticle assembly has been excited at 405, 532 and 640 nm wavelengths with 0.36
W/cm? laser intensity. The reduction in the radius of the Nyquist plots in Figure 8a and
in the amplitude of the resonance peaks in Figure 8b demonstrate that, after optical
excitation, the measured impedance of the nanoparticle network is lowered due to a
photo-conductance contribution in agreement with the simulation results presented in
Figure 4. Remarkably, the largest photo-induced effect is observed for A = 532 nm
(green dots in Figure 8a), i.e., close to the plasmon resonance of the nanoparticle
network (Figure 2) which underlines the plasmo-electronic character of the photo-
conductance.

DDA-Kirchhoff numerical simulations of the photo-induced plasmo-
electronic effect were then performed using the photo-current factor k(1) in Eq. 7 as
an adjustable parameter. The agreement between the calculated and measured
impedance Nyquist plots and resonance peaks, under optical excitation, is satisfactory.
In particular, the depressed character (Figure 8a) of the Nyquist plots and the linewidth
of the resonance peaks (Figure 8b) are well reproduced. The k(1) best-fit values are
quoted in Figure 8b. Close to the plasmonic resonance the photo-current conversion
factor is estimated at ko(532nm) = 18 £4 nS.W 1. cm?® which means that at 0.36
W/cm?, for nearly touching particles, the inter-particle photo-conductance is around 50
nS.

It is worth to underline that using the values of the nanoscopic photo-
conductance efficiency ky(4) quoted in Figure 8a, the DDA-Kirchhoff numerical
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simulations are able to account for the measured macroscopic photo-conductance as a
function of both the optical excitation wavelength (Figure 8) and intensity (Figure 9).
Close to the plasmonic resonance(d = 532nm), we found that the macroscopic photo-
conductance efficiency is 250 + 40 nS.W™'.cm?.
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Figure 9 : Calculated (triangles) and measured (dots) macroscopic photoconductance G as a function of laser
intensity Iy at the plasmonic resonance (A=532nm). The experimental photoconductance is extracted from the low-

frequency impedance spectroscopy measurements performed under optical excitation (Figure 8). The dashed line

shows the linear variation fit which gives a macroscopic photo-conductance efficiency of 250 40 nS.W"'.cm’.

As mentioned above, k¢ (1) in Eq. 6 accounts for the light absorption and for
the inter-particle charge transfer of the photo-generated charge carriers. The fact, that
ko () is maximum at A = 532 nm has to do with the transition dipole between initial
and final states involved in the optical absorption process. As a matter of fact, gold has
inter-band transitions between occupied d-orbital and unoccupied s-orbital states
(above the Fermi level) with a maximum absorption around 500 nm wavelength [35].
The inter-band transitions overlap with the plasmonic resonance which is responsible
for the decay of the surface plasmons into hot electron-hole pairs. Therefore, a
maximum efficiency of photo-carrier generation is expected at the plasmonic
resonance as observed in Figure 8. Moreover, hybridization between the metal
nanoparticle and the dodecanethiol electronic states takes place because of the strong
bonding of the thiol molecules with the metal surface. In that case, one may also expect
transitions from the occupied d-orbital states of the gold nanoparticle to the un-
occupied states of the thiol molecule which may also contribute to ky(1). The
hybridization of the molecule/nanoparticle electronic states still need to be modelled
using quantum mechanics and implemented into DDA-Kirchhoff numerical
simulations in order to fully account for the photo-induced effects in self-assembled
nanoparticle assemblies.

5. CONCLUSION

To summarize, we presented a theoretical investigation of the plasmo-
electronic properties of self-assembled gold nanoparticle networks in conjunction with
impedance spectroscopy measurements. A photo-electric nano-junction model,
formed by first neighbor nanoparticles, was introduced as an elementary building



block of a mesoscopic electrical circuit; the latter was rescaled to allow comparison
with experiments performed at the macroscopic scale. Its electric properties
(resistance, capacitance, and photo-resistance) were obtained by incorporating electro-
dynamic calculations of the local optical properties, based on the DDA method, into
Kirchhoff's current-bias equations. An important feature of the theoretical modeling is
that the actual spatial sizes and relative positions of the nanoparticles within the self-
assembly are taken into account as they determine the local resistance, capacitance and
photo-resistance. The charge catrier transport across the nanoparticle network was
numerically simulated using the developed DDA-Kirchhoff combined approach, and
analyzed in terms of impedance Nyquist's plots and resonance properties. The effect
of structural disorder has been addressed because it is critical in understanding the
shape of impedance Nyquist plots and resonance curves. The DDA-Kirchhoff
numerical simulations were used to determine the percolating conduction paths, their
statistical distribution, and the effect of optical excitation. Our main findings are : (i)
the plasmonic assisted photo-conductance is responsible for a decrease of the network
admittance and impacts both its impedance and susceptance. (ii) the shapes of the
impedance Nyquist plot and resonance curve may strongly deviate from, respectively,
a semi-circle and a Lorentzian function because of inhomogeneous distribution of
relaxation times induced by disorder effects. (iii) the histograms of length and
admittance of conductions paths depend on optical excitation intensity. The path
impedance and susceptance decrease roughly as the inverse path length. (iv) using
quantitative comparison between DDA-Kirchhoff numerical simulations and
experimental impedance spectroscopy data, the local photo-conductance of a single
nano-junction, with nearly teaching nano-particles, is estimated at 18 + 4 nS.W™"'.cm?
at the plasmonic resonance. (v) using a close inspection of plasmo-electronic
conduction paths, we found that the role of the plasmonic resonance is twofold : first
it is responsible for enhancement of the photo-conductance through increased local
optical field intensity. Second, the conversion of surface plasmons into photo-
generated hot charge carriers allow for inter-particle tunneling over larger distances
than thermalized ones.

The approach developed in this work is generic and can be used to account for
the transduction of light into electrical current in composite materials once the local
electric characteristics of the charge transport are implemented in elementary junctions
forming an electrical network.
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