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A B S T R A C T

This study maps the electrical behavior across a 7 × 7 μm2 nanogranular ultrathin Pd-ZrO2 film, revealing 
nonlinear I-V characteristics indicative of single-electron tunneling. Following the Coulomb blockade power law 
I ~ (V − Vt)ξ with a scaling exponent ξ ≈ 1.2, these characteristics appear above the threshold voltage Vt. By 
modeling the nanogranular structure as a 1D array of multitunnel junctions, we demonstrate a linear relationship 
between Vt and tunnel channel length, allowing for a better understanding of nanoscale electrical properties and 
supporting the development of sensitive sensors.

1. Introduction

Thin films of nanogranular metals (NGMs), with metal nanoparticles 
randomly distributed in an insulating matrix, are important for studying 
quantum size interactions and electronic correlation effects in various 
applications [1,2]. The coupling degree between particles affects their 
electronic response, ranging from weak quantum coupling (g < 1, 
tunneling regime) to strong coupling (g > 1, metallic regime) [3–5]. The 
DC conduction mechanism in NGM thin films has been widely studied 
[6–9]. It has been established that for g < 1 and low electric fields, 
thermally activated tunneling dominates when interparticle distances 
are around one nanometer or less [10,11]. This is linked to the Coulomb 
blockade (CB) of small nanoparticles, where thermal energy kBT must 
overcome the Coulomb charge energy E0

C = e2

C associated with each 
particle. The CB effect makes NGMs ideal for developing single electron- 
tunneling (SET) nanodevices, enabling the monitoring and manipulation 
of individual electron movement. They also facilitate the creation and 
tuning of nanostructured thin films for applications like single-electron 
memories [12] and microwave and infrared radiation detectors [13,14].

Two quantum conditions must be met to observe the CB effect: (i) the 
activation energy for transferring an electron between adjacent islands, 
E1

C = e2

2C, must exceed thermal energy, requiring E1
C ≫ kBT ≈ 26 meV at 

room temperature, and (ii) the tunneling resistance between the islands 
must be significantly greater than the quantum (Hall) resistance, i.e., 
≫ h

e2 ≈ 25.9 kΩ.

For instance, several methods exist to create a Coulomb gap in 
nanoelectrodes near absolute zero [10], although CB can also occur at 
room temperature in various nanostructures with nanoparticles smaller 
than 10 nm [15–18]. Additionally, previous studies [16,19–22] have 
reported a power law relationship in the current–voltage (I-V) charac
teristics of a CB array in gold nanoparticle-based tunneling junctions 
separated by insulating barriers, 

I∝(V − Vt)
ξ (1) 

where Vt is the CB threshold voltage below which the current is zero, and 
ξ is a scaling exponent that depends on the dimensionality of the array. ξ 
values of 1 and 5/3 were predicted for quasidimensional (1D) and two- 
dimensional (2D) arrays, respectively. It is also shown that Vt (or the 
Coulomb gap) decreases linearly with increasing number of junctions 
[23]. In our previous work [10], we reported the CB differential con
ductivity scaling law using the combined parameter (e|V|/kBT)1/2 at low 
temperatures in a Pd-ZrO2 NGM thin film with a narrow size distribution 
of 3 nm between interdigitated Au microcontacts. Here, we present local 
electrical conductivity measurements at ambient temperature for a 
similar sample using datacube conductive atomic force microscopy 
(DCUBE c-AFM) spectroscopy in contact mode [24,25].

2. Experimental

A Pd-ZrO2 thin film, approximately 10 nm thick, was prepared as 
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described in [10]. Local conductivity measurements were conducted 
using a Bruker Dimension Icon AFM with a ScanAsyst instrument in 
DCUBE c-AFM mode. The interdigitated Au reference electrode (Fig. 1a) 
was connected to the AFM metallic sample holder using silver paste, 
enabling current flow between the AFM tip and the electrodes. The 
interdigitated electrodes exhibited a bimodal height distribution 
(Fig. 1b, c), with an average height of 40 nm and a spacing of 2 µm, 
based on a Gaussian fit. A conductive diamond tip (AD-2.8-AS) analyzed 
a 7 × 7 µm2 area at a resolution of 256 × 256 pixels. For DCUBE c-AFM 
acquisition, a force-distance cycle with a dwell segment was performed 
in the Z direction while the tip remained stationary in the XY plane. Each 
I-V spectrum was acquired during a 100 ms dwell segment as the sample 
bias voltage varied from − 8 V to +8 V.

3. Results and discussion

Fig. 1d displays an HRTEM image of Pd-ZrO2 with a 28 % Pd volume 
fraction. The average Pd nanoparticle size is 3 nm, with spacing under 1 
nm. The left inset, at 600,000× magnification, shows narrow bands 
indicating the NPs’ crystalline nature. The right inset provides atomic 
plane indexing, with a measured distance of about 0.22 nm, close to the 
0.21 nm of the (111) plane in face-centered cubic (FCC) Pd nanocrystals. 

The sample bias range of − 8 V to +8 V includes 209 data points, giving a 
76.5 mV resolution between points in the I-V curves. This range yields 
209 current slice images from the dwell segment. Fig. 1(e) shows nine 
representative current slice images of the same 7 × 7 μm2 area in Pd- 
ZrO2 thin films. Two distinct regions are visible: (i) a high-conductivity 
area near the interdigitated Au electrodes, where current flows 
perpendicular to the Pd-ZrO2 layer (CPP geometry) between tip and 
electrode, and (ii) a low-conductivity area where current flows in-plane 
through the Pd-ZrO2 NP sample. Below the threshold voltage (Vt ≈ 1.5 
V), current is minimal, but it rises sharply as bias increases.

We analyzed a region with uniform current intensities and a narrow 
current distribution (see dashed rectangle in Fig. 1e). Fig. 2 shows I-V 
curves from the DCUBE c-AFM dataset taken over a 10 × 10-pixel area. 
The I-V spectra reveal three threshold voltage groups (Vt), indicating 
three distinct tunneling channel lengths in the system [23]. All current 
spectra display a nonlinear dependence on sample bias (VD), with nearly 
symmetrical characteristics. Additionally, differential conductance plots 
(dID/dVD vs. VD) derived from the I-V data show typical high- 
temperature parabolic behavior [10,19,26], suggesting that in-plane 
current flows through a CB array of tunnel junctions formed by gold 
nanoparticles separated by multiple tunneling barriers. To illustrate this, 
Vt values of 1.45, 3.38, and 4.43 V were calculated by averaging each 

Fig. 1. (a) Schematic of interdigitated microcontacts, (b) topographic AFM image, and (c) height profile. Grain boundary regions are represented as parallel effective 
tunneling resistances and capacitances. (d) HR-TEM image of Pd-ZrO2 NGM with 28 % Pd volume fraction, with insets showing a 600,000× image of NP clusters and 
NP diffraction pattern. (e) Nine representative current slices from a data cube at each bias voltage.
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spectral set. Each Vt corresponds to the cumulative Coulomb gap of NPs 
along a transport path. Thus, I–V curves were plotted as ln(ID) vs. ln|VD 
− Vt| (Fig. 3), forming a straight line for V > Vt, confirming thermally 
assisted tunneling per Eq. (1). The alignment of curves for different Vt on 
a single line supports the CB scaling law. The slope of this line, with an 
exponent ξ = 1.2, suggests a 1D tunneling junction arrangement [22]. To 
assess junction number effects on Vt, I-V characteristics were measured 
at varying tip-to-electrode distances: L = 240, 480, 720, and 960 nm. 
Fig. 4 (left) presents four groups of I-V curves from the DCUBE c-AFM 
set, each representing a different distance. The effective current at each 
distance was calculated by averaging 30 I-V spectra per group (thick red 
curve). All I-V curves display nonlinear responses, indicating electron 

tunneling. Vt values were derived in Fig. 4 (right) by plotting ln(ID) vs. ln 
(VD) and finding the intersection of power-law fit lines near zero-current 
regions due to the CB effect [23]. The threshold voltage and channel 
length relationship suggests an increase in the CB gap with more 
tunneling channels, resulting in a linear increase in Vt as channel length 
increases. Here, CB follows the model [23].

4. Conclusions

We present an in-depth analysis of single-electron tunneling in 
nanogranular ultrathin Pd-ZrO2 films using hyperspectral c-AFM, 
showing a CB effect at room temperature. The sample’s I-V 

Fig. 2. I-V characteristics and log–log plot of differential conductance (dID/dVD) vs. voltage at room temperature for sample groups with Vt values of 1.45, 3.38, and 
4.43 V, from top to bottom. Data from 100 spectra taken in a 10 × 10-pixel area, with a resolution of 27.34 nm per pixel.
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characteristics follow the power law I ~ (V − Vt)ξ, with a scaling 
exponent ξ ≈ 1.2, corresponding to a 1D multichannel junction 
arrangement. The Coulomb gap width increases linearly with the 
number of channel junctions, following Vt ∝ L.
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Fig. 3. Scaling plot of ln(I) versus ln(VD − Vt). The slope of the linear fit yields an exponent ξ of 1.2.

Fig. 4. Left: I-V curves for a sample with multiple channel lengths corresponding to tip-to-electrode distances of 240, 480, 720, and 960 nm. Thirty spectra are shown 
for each distance, arranged in a 6 × 5 pixel matrix. Right: ln(I) vs. ln(V) curves for L = 240, 480, 720, and 960 nm. The inset displays the linear relationship between 
Vt and L.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matlet.2024.137932.
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