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Original substrates have been developed to offer a new 
approach to modulate and analyse simultaneously elec-
tro-optical and transport properties through an assembly 
of metallic nanoparticles (NPs). Using low energy ion 
implantation, silver NPs have been synthesized at the vi-
cinity of the free surface of a SiO2 or SiNx matrix. Vary-
ing the parameters of the process allows us to modify the 
density of NPs and their distance to the surface. While 
Ag NPs surface fraction in SiO2 cannot exceed 20%, it 
reaches 30% in SiNx. In the latter case, NPs with mean 

diameter is about 2.1 nm have an interdistance compati-
ble with tunnel effect. We then developed devices that 
electrically address the embedded assembly of NPs for 
I-V characterization. The transport measurements on 
these devices show that an exploitable conduction is pos-
sible within the Ag NPs assembly in SiNx. The Ar-
rhenius-type temperature dependence model was success-
fully applied demonstrating that electron transport fol-
lows a simple thermally activated behaviour with the 
occurrence of a strongly localized regime. 

1 Introduction 
The understanding and control of electromagnetic in-

teractions and charge transfer between a 2D electronic 
layer (e.g. graphene, dichalcogenide…) and an assembly of 
metallic nanoparticles (NPs) are of great interest for multi-
ple electronic, optical or plasmonic applications   [1–3]. So 
far, we have developed a specific architecture which con-
sists of a plane of metallic NPs embedded at the vicinity of 
the free surface of a dielectric layer (Fig. 1) synthesized by 
low energy ion implantation   [4]. 2D systems can be de-
posited on the surface and then interact with the NPs as-
sembly that offers a new approach to modulate and analyse 
simultaneously electro-optical and transport properties. 
The most crucial parameter in this architecture, i.e. the dis-
tance between the NPs and 2D systems, can be finely con-
trolled at the nanometer scale by using ion implantation at 
low kinetic energy. This accuracy allows a progressive tun-
ing from electric field polarization to charge transfer for 
both transport properties and light scattering enhancement 
over a large perfectly flat area. 

However, before developing any application it is nec-
essary to check if the electrons are able to pass through the 
NPs assembly embedded in the dielectric matrix (e.g. SiO2 
or SiNx). With this aim in mind, we varied the parameters 
of low energy ion implantation to tune the distance to the 
surface and more importantly to maximise the density of 
Ag nanoparticles embedded in SiO2 or SiNx. 

We then developed devices that electrically address the 
embedded assembly of NPs. The transport measurements 
on these devices show that conduction is possible under 
certain conditions (mainly NPs density). Moreover, the I-V 
and R-T characteristic analyses provide the understanding 
of the physical mechanisms involved in the electron trans-
port through such NPs metallic assemblies. 

2 Experimental details 
2.1 Ag nanoparticle synthesis  
First, 240 nm thick SiO2 layers were thermally grown 

on Si and 185 nm thick SiNx layers were grown by reactive 
sputtering approach. Subsequently, low energy Ag+ ions 
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were implanted in SiO2 and SiN using 10 keV/1x1016 cm-2 
and 20 keV/1.5x1016 cm-2, respectively. The implantation 
has been carried out by means of a specifically modified 
Varian 200A2 implanter allowing to work in the low en-
ergy range, i.e. from 0.65 up to 20 keV with ion doses cho-
sen to reach the higher density in the matrix. The ion cur-
rent, which has a great influence on silver diffusion, has 
been kept constant at 5 µA during all the implantations 
[9–11]. Cross-sectional (XS) and plan-view (PV) samples 
were prepared for transmission electron microscopy 
(TEM) studies by the standard procedure involving grind-
ing, dimpling, and Ar+ ion beam thinning until electron 
transparency. Cooled ion milling has been used in order to 
avoid Ag diffusion and structure modification during sam-
ple preparation. A FEI Tecnai microscope equipped with a 
field emission gun and a spherical aberration corrector and 
operating at 200 keV was used for TEM analysis. TEM 
images of implanted layers are presented in Fig. 1. In both 
matrices, NPs form a 3D-dimensional assembly of NPs, 
few nanometers below the surface, but the density and the 
size of these NPs are very different in each case. In SiO2, 
one can observe “big” NPs with a mean diameter Dmean = 
4.6 nm and a surface fraction of 20%, whereas in SiNx, the 
surface fraction reaches 30% with smaller NPs with Dmean 
= 2.1 nm. This behaviour is mainly due to the higher bulk 
density of SiNx which limits the diffusion of Ag ions dur-
ing the implantation process and leads to a higher im-
planted silver amount [4]. 

2.2 Device elaboration 
After NPs synthesis in the matrix (SiO2 or SiNx) 

(Fig. 2a), electron transport devices were prepared follow-
ing the subsequent processes: patterns of 150 nm (or 
90 nm) thick SiO2 (or SiNx) layers were created by wet 
etching using buffered-HF (or H3PO4, respectively) solu-
tion (Fig. 2b), negative resist AZ5214 was then deposited 
and processed before depositing a 250 nm thick aluminium 
layer by reactive sputtering (Fig. 2c), lift off in acetone 
bath was used to remove the negative resist (Fig. 2d). 

Figure 2e shows a TEM image of the device profile 
without any NPs in the SiO2 matrix. This device was used 
as a reference. Preparation for TEM observation has been 
made on a specific area of the sample, with a special FIB 
technique   [6]. 

Figure 1 Schematic view of the nanocomposite heterostructure 
used, and TEM images with Ag NPs embedded in SiO2 (left) or 
SiNx (right), and their corresponding size distribution. 
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Figure 2 Steps of device process: (a) ion implantation inside the 
SiO2 or SiNx layer, (b) etching of 150 nm of the previous layers, 
(c) negative resist deposition and 250 nm-thick aluminum deposi-
tion, (d) negative resist lift off, and (e) image of the final profile 
of the device without any NPs in SiO2 (control sample).  
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2.3 Device characterisation 
The electrical properties of the devices have been 

measured using a Keithley 4200-SCS DC characterization 
system and a cryogenic probe station (Janis ST-500-1) op-
erating under 10-5 mbar, in the temperature range of 77–
300 K. The cooling rate was ca. 2.5 K/min. The Keithley 
4200-SCS DC characterization system was equipped with 
a Keithley SMU pre-amp that gives a base level of ap-
proximately 1 fA with triax connections. I-V measurements 
were carried out by applying the voltage V in the form of 
sweeping pulses, while the current I was measured at each 
voltage step, ΔV after a delay time Δt, which gives an 
‘equivalent’ sweep rate defined as ΔV/Δt. All measure-
ments were performed with a sweep rate of 0.1 Vs-1. The 
measurements were conducted at different temperatures, 
through a step-wise decreasing cycle from T = 300 K to 77 
K and by a step-wise increasing cycle from T = 77 K to 
300 K at a rate of 0.05 K/s. More than 15 min delay was 
applied before any electrical measurement to let the system 
reach the thermal equilibrium. The temperature-dependent 
resistance R-T measurements were extracted at a given 
value in the low bias voltage of the I-V curves taken in the 
+/-10 V range. 

3 Results and discussion 
Figure 3 shows typical I-V characteristics of the SiO2 

samples during -10 V to 10 V measurements of 2 µm inte-
relectrode distance. While the reference sample without 
NPs shows a resistance of tens of TΩ, the implanted one 
exhibits a ten times lower resistance. It is interestingly to 
note that the current shows several sharp peaks down-
switching while no peak appears during the reverse sweeps 
(not shown here). Thus, the current peaks in the forward 
sweeps cannot be attributed to any resonant tunneling ef-
fect [7]. In this sample, the tunneling current does not pass 
uniformly through the whole NPs assembly, but through 
narrow leakage paths within the oxide. This is a reasonable 
assumption since the NPs assembly is largely disordered 
and has a huge interparticle distance distribution and struc-
tural size dispersion. “Charging centers”, including NPs 
and oxide defects generated by ion implantation, located 
close to a current path can trap electrons. This locally leads 
to an electrostatic potential increase and the distribution of 
the electric field in the surrounding area is modified. As a 
result, the conductivity of this current path decreases. 
Similar behavior was previously found with Si NPs in SiO2 
synthesized by ultra low energy ion implantation   [5] or 14 
nm Au NPs with citrate ligands assembled on top of a SiO2 
layer   [8]. 
   Figure 3b presents how the current passing through the 
NPs assembly in SiNx substrate is modified when varying 
the interelectrode distance L from 2 to 50 µm. The I-V 
characteristics exhibit both a highly nonlinear behavior and 
a much higher intensity (e.g. in the µA range below 10 V) 
with respect to the SiO2 substrate. As the NPs sizes are 
relatively similar in SiO2 and SiNx layers, this current in-

crease can be attributed to the increase of the surface frac-
tion (> 30% in SiNx and < 20% in SiO2 layer) and also by 
the highest silver amount that probably leads during ion 
implantation to a higher defect density in the matrix   [4]. It 
is interesting to note that no current peaks have been found 
in this sample. Moreover, these I-V characteristics show a 
strong dependence on the interelectrode distance L, i.e. on 
the number of tunneling junctions. 

Figure 3 I-V characteristics at room temperature of Ag NP as-
semblies in (a) SiO2 (for 2 µm interelectrode distance) and (b) 
SiNx (for various interelectrode distances ranging from 2 µm to 
50 µm). 

3.1 Temperature-dependent electron transport  
Temperature-dependent electric resistance measure-

ments were performed to elucidate the electron transport 
mechanisms. Figure 4a shows that the low-bias resistance 
monotonously increases when temperature T decreases. 
The data are then consistent with tunneling transport 
through an array of metallic NPs in an insulating matrix, 
where the carrier density is activated with an activation en-
ergy given by the charging energy EC. 

Indeed, the tunneling current in a serie of tunnel junc-
tions of small capacitance can be blocked by the charging 
effect at bias voltages eV that are below the Coulomb 
charging energy of a single electron defined as EC=e2/2C 
where e is the electron charge and C stands for the capaci-
tance the NPs assembly in its dielectric environment. This 
happens when EC exceeds the energy of thermal and quan-
tum fluctuations, EC > kT and RT > RQ=h/4e2 , where RT is 
the where RT is the tunneling resistance of one junction and 
RQ the quantum resistance. 
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Figure 4 (a) I-V characteristics recorded for temperature ranging 
from T = 120 to 295 K for a 20 µm interelectrode distance, (b) re-
sistance as a function of temperature at 1 V (blue and red curve 
represents respectively fitting with γ = 1 and γ = 1/2).  

In order to determine the electron transport mecha-
nisms we plotted the temperature dependence of R 
(Fig. 4b) extracted at a fixed low bias voltage of 1 V, 
which is inside the I-V gap.  

3.2 Electron transport model analysis 
The charge transport behaviors in nanocrystals assem-

blies reported so far often obeyed to the variable range 
hopping (VRH) model: 

0exp[( / ) ] ,R T T gμ (1) 

where T0 is a constant and γ a value ranging from 0 to 1. 
Particularly, γ = 1 is for Arrhenius behavior and γ = 1/2 for 
non-Arrhenius behavior when strong Coulomb interactions 
exist. Theoretical modeling of electron transport behavior 
is made even more complicated since it can also combine 
these two behaviors [12]. In particular, the Efros-
Shklovskii VRH (ES-VRH) model, developed for doped 
semi-conductors, that has γ = 1/2, describes the effect of 
balancing net tunnel distance and cost of energy.  

As can be seen in Fig. 4b, the experimental results 
can be fitted (e.g. least squares method) with either γ = 1 or 
γ = 1/2. Therefore, it is difficult to determine which hop-
ping mechanism dominates in this system. However, pre-
cise analysis of the charging energy and the localization 
lengths can help to elucidate the transport mechanism.  

3.2.1 Arrhenius type temperature dependence 
(γ = 1) In the Arrhenius regime the electrical resistance 
follows a simple thermally activated behavior, i.e. γ = 1, 
that give the subsequent zero-voltage resistance:  

exp ,a

B

ER
k T

ÈÊ ˆ ˘μ Á ˜Í ˙Ë ¯Î ˚
 (2) 

where Ea is the activation energy that represent a good es-
timation of the Coulomb charging energy EC.  

As shown in Fig. 4b, the R-T can obeyed to the Ar-
rhenius-type temperature dependence with an activation 
energy ca. EC ~ 35 meV determined by fitting the R-T 
curve. For an individual nanoparticle, this activation en-
ergy is strongly influenced by the particles size, the inter-
nanoparticle distance, the dielectric constant of the sur-
roundings, and the nearest-neighbor-number N. In the lit-
erature, studies that have examined the effect of the inter-
particle distance on EC value remain controversial since 
some report a small influence of the length of the ligand 
[17] while others infer a very strong influence [18]. These 
differences can arise from the models that are used to cal-
culate the NP charging energy in assemblies. Most experi-
ments consider the capacitance of an isolated sphere ([14–
17, 20]): 

04 rC rpe e=  ,                (3) 

where r is the radius of the NP, ε0 is the vacuum permittiv-
ity, and εr is the relative dielectric constant of the matrix.  
Refined models were then proposed by Abeles et al. [21] 
by taking L0 the inter-particle distance into account: 

0
0

0

4 r
r LC r

L
pe e +Ê ˆ= Á ˜Ë ¯

 ,         (4) 

and by Beecher et al. (Eq. (5)) ([23, 24]): 

0
0

22 . 1 ,r
rC N r ln

L
pe e Ê ˆ= +Á ˜Ë ¯

(5) 

where N is the number of NPs surrounding a given particle 
(e.g. N = 12 and 6 for a 3D and 2D dense fcc packing re-
spectively [22]) and L0 the inter-particle distance. 

In our case, the application of these models gives 
EC = e2/2C values ca. 91 meV, 64 meV and 25 meV for 
isolated, Abeles and Beecher models respectively with di-
ameter d =2r = 2.1 nm and inter-nanoparticle distance L0 = 
2.2 nm, as extracted from TEM plan view image of Fig. 1 
(right). One can observe that the most realistic model given 
the TEM observations is the Beecher et al. model which 
gives a theoretical value (25 meV) close to the experimen-
tal value extracted from the R-T, i.e. 35 meV. One can note 
that this latter value, that is higher than kBT, is consistent 
with the observation of non-linear I-V characteristics. 
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3.2.2 ES-VRH temperature dependence (γ  = 1/2) 
Studying the applicability of ES-VRH model [19, 20] 
(γ = 1/2) requires an estimation of the localization length a, 
which is the reciprocal of the attenuation barrier β, and the 
hopping distance rhop from the following equations:  

0exp ,
ESTR

T

gÈ ˘Ê ˆμ Í ˙Á ˜Ë ¯Í ˙Î ˚
 where 

2

0
04

ES

r B

eT k
k ape e

= and 1a
b

=

and 
1/2

01 .
4

ES

hop
Tr
Tb

Ê ˆ= Á ˜Ë ¯
        (1) 

The coefficient k , that depends on the assembly dimen-
sionality ~ 6.5 (2D) and ~2.8 (3D) [13, 14] was fixed at 2.8 
in agreement with the 3D-dimensional morphology of the 
NPs assembly (Figure 1). The decrease of the k value with 
decreasing dimensionality (e.g. from 3D to 2D) results 
from the higher energy barrier to establish percolating 
hopping paths through the assembly. Fitting the R-T curve 
at 1 V with Eq. (1) gives the values reported in Table 1. 

Table 1 Electron transport parameters extracted from R-T fits us-
ing Eq. (4) for SiNx sample. 

k εr
T0 

(K) 
a 

(nm) 
β 

(nm-1)
rhop 

(nm) 
γ=1/2 2.8 7.5 1922 3.24 0.31 2.05 

with γ = 1/2, the calculated localisation length from the fit 
is 3.24 nm is larger than the NPs diameter leading to an un-
reasonable physical value in this strongly localized regime. 
Hence, the application of the ES-VRH model to our sam-
ples yields unreasonable physically parameter values while 
Arrhenius-type dependent regime is consistent. In the 
frame of VRH model, this happens when the nearest 
neighbor hopping is favored.  

4 Conclusion 
We have developed devices that electrically address 

3D Ag NPs assemblies embedded in SiO2 and SiNx by low 
energy implantation. While Ag NCs in SiO2 have a 20% 
maximum surface fraction, this fraction reaches 30% in 
SiNx due to its higher bulk density. In the latter case, the 
NPs whose mean diameter is ranging around 2.1 nm have 
an interdistance compatible with electron tunnelling. 
Transport measurements on these devices show that an ex-
ploitable conduction is only possible with Ag NPs assem-
blies in SiNx. From I-V and R-T analysis we could provide 
the physical mechanisms involved in the electron transport 
through such 3D NPs metallic assemblies. The Arrhenius-
type temperature dependence model was successfully ap-
plied demonstrating that electron transport follows a sim-
ple thermally activated behaviour with the occurrence of a 
strongly localized regime with a charging energy EC ca. 35 
meV. These results allow considering that such 3D assem-
blies of metallic NPs located ca. 2 nm below the free sur-
face could be advantageously used to realize electrical 
and/or optical coupling in the near field regime with 2D 

layers such as graphene or dichalcogenides deposited on 
this surface. 
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