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Abstract 

We report a study of the electron transport (ET) properties at the nanoscale (conductive-

AFM noted C-AFM thereafter) of individual Prussian Blue Analog (PBA) cubic nanocrystals 

(NCs) of CsCoIIIFeII, with size between 15 and 50 nm deposited on HOPG. We demonstrate 

that these PBA NCs feature an almost size independent electron injection barriers of 0.41 ± 

0.02 eV and 0.27 ± 0.03 eV at the CsCoIIIFeII/HOPG and CsCoIIIFeII/C-AFM tip, respectively, 

and an intrinsic electron conductivity evolving from largely dispersed between ∼	5x10-4 and 

2x10-2 S/cm without a clear correlation with the nanocrystal size. The conductivity values 

measured on individual nanocrystals are higher by up to 5 decades than those reported on 

PBA films. 
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Introduction 

Prussian Blue Analog (PBA) nanocrystals are nano-objects at the frontier between 

molecules and bulk materials, and have molecular properties that can be used for different 

applications1,2 such as gas storage3,4,5, materials for energy issues,6,7,8,9 magnetic properties 

for information storage,10 electrochemical and biosensors,11 catalysis,12 environmental 

purification,13,14 or biomedical applications.15 The structure of PBA consists of a cyanide-

bridged bimetallic face-centered cubic (fcc) arrangement obtained from the reaction of a 

hexametallocyanate (negatively charged) and a hexa-aquometallate of transition metal ions 

(Fe in the pristine Prussian Blue) upon the substitution of water molecules by the nitrogen 

atoms of the metallocyanate molecules.16 The neutrality of the network is ensured either 

by the presence of metallocyanate vacancies and/or by the insertion of positively charged 

alkali ions in the tetrahedral sites of the fcc structure. A wide variety of PBAs has been 

synthesized using different transition metal ions such as Cr, Mn, Co.17,18 At the nanoscale, 

nanocrystals were prepared in water allowing the stabilization of nanocrystals with well-

defined size and shape,19 that led using a seed mediated approach to the design of core-

multishell heterostructures.20 The same approach is used here to prepare nanocrystals of 

increased size. 

Here, we present an electrical study of the electronic transport (ET) through isolated PBA 

nanocrystals composed of Cs{CoIII[FeII(CN)6]} noted CsCoFe thereafter. Only few results exist 

in the literature, which describe ET properties of PBA. In particular the electron injection 

energy barriers at the contact interface and the intrinsic conductivity of PBA NCs have not 

been investigated so far. Previous experiments consisted in either ET experiments 

conducted at the microscale on film or powders,21,22,23 or results obtained in our group at 

the nanoscale24 demonstrating a weak attenuation of the electron transport through 

several (up to 3) CsCoFe NCs (15 nm in size) connected in series between two electrodes, 

i.e. a low electron transfer decay factor 𝛽=0.11 nm-1, with the current I ∝ e-𝛽d, d the 

distance between the electrodes (15<d<45 nm). The current decay in these multi-NCs 
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devices was ascribed to a multi-step coherent tunneling between adjacent NCs with a 

strong energy coupling (0.1-0.25 eV) between the adjacent CsCoFe NC.24 Here, we report 

ET in individual CsCoFe NCs with various sizes in the same range (nominally: 15 nm, 30 nm 

and 50 nm). We prepared and deposited the CsCoFe NCs on highly ordered pyrolytic 

graphite (HOPG) surfaces and we characterized the electronic transport through individual 

NCs, i.e in HOPG/single PBA/C-AFM tip devices as a function of the PBA NC size. We found 

that the current increases with the NC size. To analyze the experimental current-voltage 

curves, we used two models. We first considered a quantum transport model as in our 

previous study of ET in one to three 15 nm NC in series.24 In this single energy level (SEL) 

model,25,26 the electrons are transferred between the two electrodes through a single 

molecular orbital (MO). Since the NC size is large compared to atomic- and molecular-scale 

(for which the SEL model was initially developed), we have also used a model suitable for 

nanoscale devices, i.e. a nano-Schottky diode as already used for C-AFM-tip/semiconductor 

nanocrystals, quantum dots and nanostructures interfaces.27,28,29 More specifically, we used 

a simple analytical model that consists in a double Schottky barrier (DSB) model30 (one 

Schottky diode at each interface) in series with the intrinsic resistance of the PBA NCs. The 

main observed features are the following:  

i) The SEL model gives an energy level of the MO involved in the ET at about 0.3-0.5 eV 

below the Fermi energy of the electrodes, independent on the NC size, in agreement with 

the values in Ref. [24]. 

ii) The increase of the current with the NC size is not well explained by this model. 

iii) With the DSB model, we found a Schottky barrier height (SBH) for hole injection of 0.41 

± 0.02 eV at the CsCoFe/HOPG interface and 0.27 ± 0.03 eV and CsCoFe/C-AFM PtIr tip, 

independent of the NC size. This finding is in contrast with size-dependent SBH observed in 

various non-ideal Schottky diodes,31,32,33 or diodes with nanometer-scale contacts.34,35 and 

nano-diodes made of semiconducting nanocrystals or nanodots.27,28,29 

iv) the intrinsic electron conductivity of the CsCoFe NCs is largely dispersed between ∼	5x10-

4 S/cm and 2x10-2 S/cm without correlation with the NC size. 
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Figure 1. (a) Scheme of the unit cell of the fcc structure of CsCoFe PBA NCs (adapted from 
24). The cell parameter is close to 10 Å. (b) Scheme of the conducting AFM experiments, in 

which an individual PBA NC with a characteristic size around 50 nm deposited on a freshly 

cleaved HOPG substrate is addressed, and statistics of I(V) characteristics are recorded using 

a given AFM tip force (see text). The AFM PtIr coated tip is grounded, the voltage V is applied 

on the HOPG substrate. 

 

Experimental section 

Sample preparation. The synthesis of the 15 nm CsCoFe nanocrystals has been reported 

elsewhere.24,36 The larger size objects were obtained by the same approach used for the 

similar CsNiCr NCs (see details in the Supporting Information, section 1).37 The CsCoFe NCs 

are then deposited on a HOPG substrate by immersing a freshly cleaved HOPG surface in 

the colloidal suspension for 20 seconds. This step is followed by a thorough rinsing of the 

sample with deionized water and then with methanol, and finally a drying step under 

vacuum for several hours. The samples appeared stable over time in ambient air and at 

room temperature, but have nevertheless been kept in nitrogen environment for storage 

purposes. 

C-AFM measurements were realized in an air-conditioned laboratory (Tamb = 22.5 °C, relative 

humidity of 35-40 %), with a Dimension Icon microscope (Brüker, US) equipped with a 

Nanoscope V controller and a PF-TUNA module with sensitivity factors comprised between 
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20 pA/V to 100 nA/V. Conductive (PtIr metal plated) tips have been used, both for 

topography imaging and I(V) measurements (SCM-PIT-V2 from Brüker with an apex radius 

∼ 25 nm, a spring constant k = 2.8 N/m, and a resonance frequency of 75 kHz). Contact-

mode AFM was not used for sample imaging since it leads to the displacement of NCs 

outside the scanning area, even using a low scanning force (a few nN), due to the weak 

interaction force between the PBA NCs and the substrate. We instead imaged the sample 

topography in tapping mode, and addressed individual NCs electrically by switching from 

tapping to contact mode with the tip almost in point mode above a given NC. More 

precisely, the measurement procedure is conducted as follows: (i) the sample topography 

is acquired in tapping mode (TM-AFM); (ii) an isolated PBA NC is selected; (iii) the TM-AFM 

scan is progressively focused on the NC top (final scan size below 10 x 10 nm²) ; (iv) the AFM 

oscillation driving amplitude is suppressed to stop the cantilever oscillation; (v) the AFM tip 

is then gently brought into contact with the NC top, while monitoring the applied force as 

from the cantilever static deflection ; (vi) I(V) characteristics are recorded using a typical tip 

force of 15 nN (experimental data consist of a set of about 100-400 I(V) curves successively 

obtained by applying voltage ramps between -1 V to +1 V in the forward and then backward 

direction). All the I-V curves were acquired with the C-AFM tip positioned on the top surface 

of the PBA NC; (vii) after the I(V) data acquisition, the sample topography is imaged back in 

tapping mode to check for the integrity of the individual NC. For a given NC size, 2 to 3 NCs 

were measured on the same sample using the above-described I(V) measurement scheme. 

 

Results 

Topography by AFM after the NC layer deposition 

Typical TM-AFM and scanning electron micrographs (SEM) images of the CsCoFe NCs for the 

different sizes and freshly deposited on HOPG substrates from a colloidal solution are 

presented in Figure 2. TM-AFM images confirmed the presence of NCs on the HOPG 

substrates with a sub-monolayer coverage. The surface coverage, however, differs from 

sample to sample (due to the simplistic deposition method). The samples with the 15 nm 
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NCs have a surface coverage of ca. ∼220 NCs/µm², with a histogram/grain size analysis 

shown in Figure 2b given an average NC size of 15.8 ± 4.9 nm. The surface with the 30 nm 

NCs presents a lower surface coverage of around 57 NCs/µm², with an average NC height 

of 26.9 ± 7.2 nm and for the 50 nm NCs, we obtained ca. ∼110 NCs/µm² and an average NC 

height of and 42.4-± 18.1 nm. We notice a clear increase of the dispersion of the NCs size 

with the increase of the nominal size of the NC, this is due to the mutli step synthetic 

method to prepare nanocrystals with increased size (see SI for details). All samples (with 

nominal NC size of 15 nm, 30 nm and 50 nm) on HOPG substrates enabled to access 

individual NCs, as seen from the AFM images (and cross-sections) shown in figures 2d and 

2e. Accessing individual NCs in a controlled way is a prerequisite to conduct ET transport 

measurements. In Figure 2d, an isolated nanocrystal of 15 nm, 30 nm and 50 nm of CsCoFe 

are presented with the corresponding height profile. We find the nominal height for each 

nanocrystal with, however, a larger lateral size due to the convolution effect with the radius 

of curvature of the AFM tip (estimated by the supplier around 25 nm). 
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Figure 2. (a) 5 x 5 µm topographic TM-AFM images for the three sizes of CsCoFe NCs (15 nm, 

30 nm and 50 nm) deposited on a HOPG substrate; (b) Corresponding height histograms 

(function Statistical Functions / Distribution of heights in Gwyddion v2.60 software) (15 nm 

and 50 nm NCs). Histograms for the 30 nm NCs have been obtained using a grain recognition 

analysis (function Data Process / Grains / Mark by Edge Detection with a Laplacian fixed at 
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55% in Gwyddion v2.60 software) due to the lower NC surface coverage. The average heights 

and the standard deviations have been obtained from the fit of the histogram with a 

Gaussian distribution (red lines). (c) TM-AFM images of single NCs with (d) the 

corresponding cross sections. 

 

Electronic transport properties by C-AFM 

Figure 3 illustrates the evolution of current-voltage I(V) characteristics of NCs as a function 

of their size. For each size of CsCoFe NC, the current-voltage I(V) 2D histograms (Figure 3, 

middle) reveal low dispersed current values. The current histograms at fixed voltage (here 

+/- 0.4 V) are fitted with a log-normal distribution given a log-mean current (log-Ī) and log-

standard deviation log-s. We note a low log-s (lower than 0.3, see Table 1) indicating a 

reproducible and controlled acquisition of the I(V) characteristics with the C-AFM. By 

comparison, the I(V) 2D histogram realized on the same HOPG substrate (as a reference) 

presents higher current levels (e.g. log-Ī > -8.5, Ī>3x10-9 A, at 0.4 V) (see Figure S2 in SI), thus 

the I(V) characteristics shown in Figure 3 correspond to the ET properties through the PBA 

NCs. The I(V) curves on NCs appear almost symmetric, with low ratios (inferior to 3 

measured at +/- 1 V). The same measurements were done on other NCs deposited on the 

same HOPG samples, the corresponding datasets are shown in section 3 in the Supporting 

Information, Fig. S3). Figure 4 summarizes the evolution of the mean current Ī (at +/- 1V for 

all the measured samples). 

 

  15 nm NC 30 nm NC 50 nm NC 

 log-Ī  -10.73 -10.35 -9.31 

- 0.4 V Ī (A) 1.86 x 10-11 4.47 x 10-11 4.90 x 10-10 

 log-σ 0.18 0.23 0.26 

 log-Ī  -10.76 -10.76 -9.51 

+ 0.4 V Ī (A) 1.74 x 10-11 1.74 x 10-11 3.09 x 10-10 

 log-σ 0.25 0.15 0.25 
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Table 1: Parameters of the log-normal fits of the current distributions at -0.4V and +0.4V 

(Figures 3, left and right respectively): log-mean current (log-Ī), the corresponding mean 

current Ī, and the log-standard deviation (log-σ). 

 
Figure 3. C-AFM 2D current-voltage I(V) histograms obtained with around 200 IVs traces 

(middle) and corresponding 1D histograms at -0.4 V (left) and +0.4 V (right) for three NCs of 

15 nm, 30 nm and 50 nm deposited on bare clean HOPG (dataset #1). The average current 

at +/- 0.4 V (log-Ī) and the log-standard deviation (log-s) were obtained on each 1D 

histogram from the fit with a Gaussian distribution (red lines), see fitted values in Table 1. 
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Figure 4. Mean current at 1V (filled symbol) and -1V (open symbol) for all the measured data 

set: for data shown in Fig. 3 (black square symbols), dataset #2 in Fig. S3 (red circle symbols), 

in blue dataset #3 in Fig. S3 (blue triangle symbols). 

 

Discussion 

Figures 3 and 4 show that the current increases with the NCs size increasing from 15 nm to 

50 nm nominal size, however, with a large dispersion from sample-to-sample. We started 

analyzing the I(V) datasets with the SEL model.25,26 In this model, the ET occurs through a 

single MO (here the HOMO according to our previous results)24 located at an energy ε0 

below the Fermi energy of the electrodes. The MO is coupled (hybridized) to the electrodes, 

and these hybridizations are characterized by two coupling energies, Γ1 and Γ2 (see details 

in the Supporting Information). Fitting all the average I(V) of all the datasets shown Fig. 3 

and Fig. S3, we found ε0 values between ∼ 0.3 and 0.5 eV, independently of the NC size 

(Figs. S7 and S8 in the SI). These values are consistent with those obtained for the one-to-

three 15 nm NC in series and they were ascribed to the HOMO of the CsCoFe NC (Fe2+-t2g d 
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orbital). However, for the single PBA devices, we observed an increase of the current with 

the NC size in contrast to the current decay previously observed in the multi-NCs devices.24 

This latter behavior was explained by a strong coupling between the adjacent NCs and an 

ET dominated by hopping between them,24 a mechanism not relevant here. In the case of 

single PBA NCs, with the SEL model the current increase is accounted for by an increase (a 

factor ∼ 7) of the coupling energies Γ1 and Γ2 with the NC size (Fig. S9 in the Supporting 

Information). Since the same electrodes (HOPG and PtIr tip) were used, the same 

NC/electrode interfaces were formed, it is difficult to understand why the interface 

hybridization would depend on the NC size. We note that the values of Γ1 and Γ2 in the 

present study are in the same range (here ∼ 0.2-0.8 meV) as in our previous work (∼ 0.5-

1.5 meV)24 supporting the fact that the same interactions with the HOPG and C-AFM tip are 

involved in the case of a single PBA NC of various sizes and in the case of interconnected 

multi-NCs as in Ref.24 Moreover, the SEL model cannot be applied to the whole applied 

voltage range between -1V and 1V (see details on the validity of the SEL model in the 

Supporting Information), we considered another model. 

Materials of the PBA family are considered as large band gap semiconductors. Several works 

(on bulk and thin films of various PBA materials) have reported a band gap of around 2 

eV38,39 and a temperature activated behavior of electrical conductivity (in their partly 

oxidized state, the vacuum dried materials are insulators). 22,40,41,42,43 Given the size of the 

NCs, between the molecular scale and microscopic devices, the concept of nano Schottky is 

relevant, which takes into account non-ideal SB due to the low dimensionality of the 

metal/semiconductor interface (Refs. 27,28,29,35, see also a mini review in [44] and references 

therein). In these nano-Schottky diodes, the SBH values differ from those in their 

macroscopic counterparts, and ideality factors deviating far from unity (e.g. up to 2.5)28 

were observed. In particular, we found that the I(V) experimental datasets are well 

described by a double SB model30 recently proposed to explain ET in several nanoscale 

devices (graphene45, MoS2
46). The double SB model consists of two back-to-back Schottky 

diodes at the interfaces in series with the intrinsic resistance of the NC (Fig. 5a): one diode 
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accounts for the HOPG/CsCoFe interface (𝜙B1) and the other one (𝜙B2) for the interface at 

the CoCsFe/PtIr C-AFM tip. From the fit of I(V) curve, this analytical model allows extracting 

the two SB energy simultaneously albeit the two SBs are dissimilar (i.e. different energy 

barriers, ideality factors and contact areas),30 and the intrinsic resistance of the NC. In this 

model, the current is always limited by the saturation current of the reverse-biased diode, 

the other diode being in the forward regime. Here, we consider a p-type NC in accordance 

with Bonnet et al.24 since the ET occurs via the HOMO of the CsCoFe NC. Consequently, we 

measure the HOPG/CsCoFe diode (𝜙B1) at V>0 and the CsCoFe/PtIr tip diode (𝜙B2) at V<0 

(voltage applied on HOPG, C-AFM tip grounded, see inset Fig. 5c). 

The current IT between the two electrodes in the junction is written: 

 𝐼! =	
"##$##%$%&'(

&'
%())

##$*
*&'
%()+$+##%*

&'
%()+%

	 ; 	𝑈 = 𝑉 − 𝑅𝐼!     (1) 

with q the elementary charge (q = 1.6 x 10-19 C), V the applied bias, k the Boltzmann constant 

(k = 1.38 x 10-23 J.K-1), T the temperature (here T = 293 K), n1,2 the ideality factors and IS1,S2 

the reverse saturation currents, R the intrinsic NC resistance. The saturation current are 

expressed as: 

 𝐼!",!$ =	𝑆",$𝐴∗𝑇²𝑒𝑥𝑝 .−
&!",!$
'(

0      (2) 

with S1,2 the areas of the junctions, A* the Richardson constant (A* = 1.2 x 106 A.m-2.K² for 

free carriers47) and 𝛷)",)$ the effective SBs. S1 corresponding to the surface area of the NC 

with the HOPG substrate was fixed to the nominal NC base surface value (square of the NC 

nominal size). S2 corresponds to the contact surface of the NC with the C-AFM tip, we 

estimate a surface S2 ~ 16 nm² for a loading force of 15 nN using a Hertzian model48 (see 

details in the Supporting Information Section 4). 
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Figure 5. (a) Energy diagram of the HOPG/NC/C-AFM tip junction with two SBs identified 

with red lines without applied bias for a p-type material, and the equivalent electrical circuit 

with the two Schottky diodes in opposite direction and the intrinsic resistance of the NC. (b) 

Energy diagram of the same junction at V<0 applied on the HOPG substrate. (c) Average Ī(V) 

curves (black line) corresponding to the C-AFM 2D current-voltage histograms presented in 

Fig. 3 for the three nominal sizes of NC. Fits using a double SB model (Eqs 1 and 2) are shown 

as red lines. In the inset, the shaded diodes are in the forward regime. At V>0 (V<0, 

respectively), the measured current is the reverse current of the HOPG/CsCoFe (CsCoFe/PtIr 

tip, respectively) diodes, respectively. The fits converged with a coefficient of determination 

(R²) values between 0.98-099. 

 

The mean Ī(V) traces were obtained for the different NCs starting from the C-AFM 2D 

current-voltage histograms presented in Figure 3, and are shown in Figure 5. These mean 

Ī(V) traces were fitted with the double SB model (Eqs. 1 and 2) with the adjusting 

parameters: the effective SBs (𝛷)",)$), the ideality factors (n1,2) and the intrinsic resistance 

R. The mean Ī(V) curves are well fitted (Figure 4c) by this model. A random sample of 20 
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I(V)s curves in the complete datasets (Fig. 3 and Figs. S3 in the Supporting Information) were 

also fitted by this model to obtain an estimation of the statistical distribution of the 

parameters. These statistical analyses (summarized in Table 2) confirm the results simply 

used by fitting the mean Ī(V). 

 

NC size 

(nm) 
15 30 50 

 #1 #2 #1 #2 #3 #1 #2 #3 

ΦB1 (eV) 0.43±0.02 0.39±0.02 0.43±0.02 0.40±0.02 0.37±0.02 0.43±0.02 0.41±0.02 0.40±0.02 

ΦB2 (eV) 0.31±0.02 0.28±0.02 0.31±0.02 0.25±0.02 0.24±0.02 0.25±0.02 0.23±0.02 0.26±0.02 

n1 1.21±0.04 1.23±0.04 1.37±0.07 1.19±0.09 1.17±0.07 1.25±0.04 1.22±0.09 1.29±0.05 

n2 1.33±0.05 1.50±0.05 1.25±0.02 1.64±0.11 1.23±0.09 1.86±0.14 1.43±0.07 1.24±0.02 

R (W) 
1.75±0.72 

x109 

2.0±1.3 

x107 

8.6±3.3 

x108 

3.7±1.8 

x107 

4.1±1.9 

x107 

1.6±0.7 

x107 

1.7±1.1 

x107 

1.5±0.3 

x108 

Table 2. Fitted values of the SB heights at the HOPG/NC (𝛷B1) and NC/tip (𝛷B2) interfaces, the 

ideality factors (n1 and n2) and intrinsic NC resistance (R) for all the datasets. The table 

summarizes the mean values with the statistical dispersion, standard deviation (detailed in 

Supporting Information Section 5). 
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Figure 6. Barrier heights 𝛷B1 (HOPG/NC) and 𝛷B2 (NC/C-AFM tip) extracted from the fits on 

all the I(V) dataset: dataset #1 shown in Fig. 3 (square symbols), dataset #2 in Fig. S3 (circle 

symbols), dataset #3 in Fig. S3 (triangle symbols), see the Supporting Information, Section 

3, for the corresponding 2D histograms and mean Ī(V) fits. Lines correspond to the mean 

values for FB1 and FB2. 

 

Figure 6 shows the SBH extracted from all the I(V) datasets. At the HOPG/NC interface, the 

energy barrier height is constant with a mean value FB1 = 0.41 ± 0.02 eV. At NC/C-AFM tip 

interface, we measured more disperse values in function of the NC size. This feature can be 

rationalized because the C-AFM tip contact is flawed by various uncontrolled fluctuations. 

For example, the exact shape of the surface/tip contact (and thus its exact area value) 

depends on the precise shape of the tip (which can evolve during the successive C-AFM 

measurements), it also depends on the stiffness of the NC (not precisely known for CsCoFe 

NCs), but for Ni/[Fe(CN)6] it was observed that small NCs are stiffer than larger ones,49 see 

details in section 4 in the Supporting Information). Also, albeit we used the same nominal 
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loading force for all the measurements, the exact force applied by the C-AFM can vary and 

the pressure (around 1 GPa) at the tip/sample surface can also vary. It is known that the 

structural and electronic structures of PBA (and likely their ET properties) are dependent on 

the pressure.50 Another origin of the larger dispersion of the SBH at the NC/C-AFM tip 

interface could also come from the presence of the water meniscus (since measurements 

were done in air). It is known that the presence of water or humidity modifies the electronic 

properties of devices based on molecular nano-objects.51,52,53 Albeit the measurements 

were done in an air-conditioned laboratory (see the Experimental Section), we cannot 

completely exclude that the fluctuations of the water meniscus (quantity of water and its 

ionic impurity contents) induce additional dispersion of the SBH values. 

Thus, we conclude that this larger dispersion of the FB2 values are related to a less 

controlled interface at the C-AFM tip and that the SBH at the NC/C-AFM tip interface is also 

independent on the NC size with a mean value FB2 = 0.27 ± 0.03 eV. We also notice that the 

barrier height FB1 is always slightly higher than the barrier height FB2 by about 0.14 eV. This 

difference can be ascribed to the lower work function for the HOPG electrode (W = 4.47 

eV)54 than for the PtIr electrode (W = 4.86 eV).55 The estimated SBH values are in agreement 

with previous works. From first-principles relativistic many-electron calculations of Fe, Co, 

and Ni ferrocyanide nanocrystals, the HOMO of CsCoFe is associated to the Fe2+-teg orbital 

at 0.2 - 0.3 eV below the Fermi energy level.39 From the I-V measurements on stacked layers 

of 15 nm CsCoFe NCs probed by C-AFM, Bonnet et al.24 have shown that the ET in these 

samples involved the HOMO, which was measured at 0.42 - 0.55 eV with respect to the 

Fermi energy of the electrodes. Concerning the ideality factors, we do not observe 

significant trends with the size of the NC (Figure 5, Figs S3 and S4 in the Supporting 

Information). From the analysis of all the datasets, we deduce n1 = 1.23 ± 0.07 and n2 = 1.47 

± 0.27 (Fig. S4). The n2 values are slightly higher than the n1 values, indicating that the 

HOPG/C-AFM interface is a less ideal than at the HOPG, in agreement with the discussion 

about the fluctuations of the SBH values (vide supra). In both cases, the n value deviates 

from ideality (n=1) which is due to any inhomogeneity, impurities and defects at the 
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interface. For instance, at the HPOG/NC interface, the inhomogeneity of the electrical 

properties of the HOPG surface itself at different sheets, ribbons, step-edges56 can play a 

role. At the NC/C-AFM interface the presence of impurities on the tip surface, water 

meniscus at the tip/surface interface can also play a role as mentioned above. 

We note that the energetics of the PBA NC devices, deduced by the two models, are in 

reasonable agreement, with almost the same values for the SBH  (position of the VB below 

the electrode Fermi energy) and the ε0 values (position of the HOMO below the electrode 

Fermi energy). This is consistent with the fact that the NCs are likely fully depleted (no band 

bending in the NCs). The very small C-AFM contact area (about 16 nm2, see the Supporting 

Information) makes capacitance measurements impossible (capacitance < ∼ 10-18 F) in such 

C-AFM/NC/HOPG devices to check whether or not the capacitance is constant with the 

applied voltage (as expected for the fully depleted case). However, as evidenced by 

combining DSB model analysis and capacitance measurements in macroscopic Schottky 

diodes with few tens of nanometers thick semiconducting layers,57,58 we can reasonably 

assume that this is also the case for the PBA single NCs. This feature makes the comparison 

of the interface energy barriers between the SEL and DSB models more pertinent in the 

absence of band bending in the Schottky diodes. 

Figure 7a summarizes the estimated NC intrinsic resistance R for the whole datasets. From 

these values, we also estimate the intrinsic NC conductivity (Fig. 7b) using a simple equation 

and an idealized truncated pyramidal geometry for the HOPG/NC/PtIr tip with strongly 

asymmetric contact areas (see section 7 in the Supporting Information). 
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Figure 7. Evolution of the resistance and conductivity of the CsCoFe NCs extracted from the 

fits on the I(V) dataset: dataset #1 shown in Fig. 3 (black square symbols), dataset #2 in Fig. 

S3 (red circle symbols) and dataset #3 in Fig. S3 (blue triangle symbols). 

 

The main feature is that the intrinsic electron conductivity is dispersed with values between 

∼	5x10-2 – 5x10-4 S/cm for the 15 nm NCs. A less dispersed conductivity between 2x10-2 – 

4x10-3 S/cm is estimated for the 50 nm NCs. However, there is no clear correlation between 

the NC intrinsic resistance, nor the conductivity, with the NC size (i.e. no clear increase or 

decrease with size). This dispersion observed for the conductivity values on some 

nanocrystals mainly reflects the intrinsic dispersion of the NC structure probably inherent 

to the local inhomogeneities of the structure and/or chemical composition of these nano-

objects. We also note that the use of an idealized truncated geometry with the nominal NC 

size, instead of the real shape and size, is likely to induce some dispersion of the calculated 

conductivity. This dispersion of the structure is inherent to the synthesis route used to 

fabricate these nano-objects. A full statistical, much more time-consuming, study on a 

larger number of nanocrystals, would be considered in the future in order to better 

understand this conductivity dispersion. 
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Nevertheless, compared to sparse data in literature, the conductivity values reported above 

on individual nanocrystals are higher by up to 5 decades than those measured on PBA films: 

1.5x10-8 to 8x10-7 S/cm for NaCo[Fe(CN6] films42 and 5x10-6 to 6x10-3 S/cm for various 

Fe[Fe(CN6], Fe [Ru(CN6], KRu[Fe(CN6] films43. This work shows the importance of 

considering the nanocrystal individually to obtain a better estimation of its electronic 

properties and in particular a better estimation of its intrinsic electronic conductivity. 

 

Conclusion 

We have conducted a detailed analysis of the electronic transport properties of CsCoFe 

nanocrystals with nominal size between 15 and 50 nm. We have estimated the Schottky 

barrier heights at the interface with HOPG and PtIr tip of a conductive AFM. We show that 

they are independent of the nanocrystal size with a value 0.41 ± 0.02 eV at the HOPG 

contact and 0.27 ± 0.03 eV at PtIr C-AFM tip contact. These values of the hole injection 

barrier heights (PBA valence band offset with respect to the electrode Fermi energy)  are 

consistent with a quantum transport model that estimates hole barrier heights of ∼ 0.3 - 

0.5 eV. The intrinsic electron conductivity of these CsCoFe nanocrystals was also estimated, 

with dispersed values between ∼	5x10-4 S/cm and 2x10-2 S/cm without any correlation with 

the NC shape. The origins of the conductivity inhomogeneity remain to be established, but 

they might be related to the dispersion of the structure and/or chemical composition of the 

characterized nanocrystals. 
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1. Synthesis of the PBA nanocrystals  

15 nm nanocrystals (CsCoFe_15). An aqueous solution (100 ml) containing 69.4 mg (4x10-3 

ML-1) of CsCl and 47.7 mg (2x10-3 ML-1) of [Co(H2O)6]Cl2 is prepared. Then another aqueous 

solution (100 ml) containing 67.6 mg (2x10-3 ML-1) of K3[Fe(CN)6] is prepared. The two 

solutions were mixed and vigorously stirred leading to the CsCoFe_15 nanocrystals. 

30 nm nanocrystals (CsCoFe_30). An aqueous solution (240 ml) containing 122.2 mg (3x10-

3 ML-1) of CsCl and 87.2 mg (1.5x10-3 ML-1) of [Co(H2O)6]Cl2 is prepared. Then another 

aqueous solution (240 ml) containing 87.2 mg (1.5x10-3 ML-1) of K3[Fe(CN)6] is prepared. 

The two solutions were added simultaneously using a peristaltic pump (1 ml/minute) onto 

50 ml of the previous solution containing the 15 nm nanocrystals, completed with 20 ml of 

water, that play the role of seeds for the growth of the objects leading to CsCoFe_30 

nanocrystals. 

50 nm nanocrystals (CsCoFe_50). An aqueous solution (180 ml) containing 92.4 mg (3x10-3 

ML-1) of CsCl and 65.4 mg (1.5x10-3 ML-1) of [Co(H2O)6]Cl2 is prepared. Then another aqueous 

solution (240 ml) containing 89.4 mg (1.5x10-3 ML-1) of K3[Fe(CN)6] is prepared. 

The two solutions were added simultaneously using a peristaltic pump (1 ml/minute) onto 

100 ml of the previous solution containing the 30 nm nanocrystals, completed with 40 ml 

of water, that play the role of seeds for the growth of the 50 nm objects leading to 

CsCoFe_50 nanocrystals. 

The size of the objects corresponds to hydrodynamic diameter measured by DLS as depicted 

in the Figure S1. 
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Figure S1. a) Hydrodynamic diameter of the objects for the three synthesis steps (the plot 

for the higher diameter objects is shown to demonstrate that this synthesis protocol can be 

used to prepare objects of a size larger than 50 nm, here 70 nm), b) Transmission electron 
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microscopy image of a sample of CsCoFe_50 showing the cubic shape of the nanocrystals as 

expected1 and showing a relatively large distribution of size that is very narrow for the 

pristine objects. The large distribution is due to the two-step preparation process that leads 

from the 15 to the 50 nm samples. 

 
2. Current-voltage 2D histogram measured on the bare HOPG substrates 

It is known that bare HOPG substrates have a large dispersion of conductance (Fig. S2) 

depending on the exact sheets, ribbons, step edges contacted by the tip of the C-AFM with 

current from tens of nA (at low voltage <1V) up to µA and larger.2 

 
Figure S2. 2D histogram of the HOPG substrate used for the NC deposition with a mean 

current measured by C-AFM; log-Ī superior to -8.5 (corresponding to Ī > 3 x 10-9 A) at 0.4 V. 
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3. Supplementary I(V) datasets and analysis 

On every samples, 2 to 3 NCs were measured following the same protocol as for the dataset 

shown and discussed in the main text (Figs.4, 6, 7). 

 

Dataset #2 
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Dataset #3 

 
Figure S3. C-AFM 2D current-voltage I(V) histograms obtained with around 200 IVs traces 

for PBA NCs (Dataset #2 and #3) (Left), and the corresponding mean Ī(V) curves (black line) 

(Right) adjusted using the double SB model and by adjusting parameters: the effective SBs 

(𝛷!",!$), the ideality factors (n1,2) and the intrinsic resistance R (red lines). 

 

  



 7 

4. Estimation of the contact area at the NC/C-AFM interface using a Hertzian model 

We estimate the electrical contact surface for a loading force of 15 nN using a Hertzian 

model:3 

 𝑆$ =	𝜋 &
%&	(!""#$%&

)*∗
'
(
)        (S1) 

where R is the radius of the C-AFM tip (fixed at 25 nm according to the manufacturer), Fapplied 

the tip load force (15nN), E* the reduced effective Young modulus defined as: 

 𝐸∗ = )",-*+
(

**+
+

",-,$"
(

*,$"
+
,"

       (S2) 

with ENC/tip and 𝛾.//123 the Young modulus and the Poisson ratio of the NC and the C-AFM 

tip respectively. The Young modulus of CsCoFe NCs is not known. A value of 43 GPa was 

reported for bulk material.4 Values of about 30 GPa and 24 GPa were measured for 3 nm 

and 115 nm NCs of another material (Ni/[Fe(CN)6]).5 

By using the following values Etip = 204 GPa,6 ENC = 24 GPa (by default, see above), 5 𝛾123 = 

0.376 and 𝛾./  = 0.36,5 we estimate a surface S2 ~ 16 nm². This Hertzian model gives an 

estimation of the NC elastic deformation close here to 0.2 nm, negligible compared to the 

size of the NC. 
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5. Statistical analysis of the dataset in Fig. 3 and in Fig. S3 

The DSB model was fitted on all the individuals I(V) curves of the dataset to construct the 

statistical distribution of the model parameters shown in Fig. 3, main text (Dataset #1) and 

in Fig S3 (Dataset #2 and #3). 
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Figure S4. Statistical distributions of the fitted model values obtained with the fitting with 

the double SB model and by adjusting parameters: the effective SBs (𝛷!",!$), the ideality 

factors (n1,2) and the intrinsic resistance R, on a random sample of 20 I(V)s curves extract in 

the complete datasets presented in Fig. 3 and Fig. S3 to obtain an estimation of the 

statistical distribution of the parameters. 
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6. Ideality factors. 

 
Figure S5. Evolution of the ideality factor of the two CsCoFe NC Schottky diodes. The values 

refer to the dataset #1 shown in Fig. 3 (square symbols), dataset #2 in Fig. S3 (circle symbols), 

and dataset #3 in Fig. S3 (triangle symbols). 

 

7. Estimation of the NC conductivity. 

The basic equation to estimate the conductivity σ from the resistance R is : G=(R)-1=s S/L 

for a regular tube of surface S and length L, of equivalently G=(R)-1=s  V/L2 with V the volume 

of the material contacted between the two electrodes. Here, we consider a truncate 

pyramidal device with asymmetric contacts at the HOPG/NC and at the NC/PtIr tip (see 

scheme in Figure S6). For a truncated pyramid inside the nanocube of side a, the volume is 

given by V = a(a2+ar+r2)/3, thus we used G=s(a+r+r2/a)/3 to estimate the conductivity, with 

a the NC size, r = 4 nm. 
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Figure S6. Truncate pyramidal device with asymmetric contacts at the HOPG/NC and at the 

NC/PtIr tip considered for the estimation of the NC conductivity. 

 

8. I(V) analysis using the single-energy level (SEL) model 

The single-energy level (SEL) model (Eq. 3), considers that: i) a single molecular orbital (MO) 

dominates the charge transport, ii) the voltage mainly drops at the molecule/electrode 

interface and iii) that the MO broadening is described by a Lorentzian or Breit-Wigner 

distribution.7,8 The simple energy scheme (inset Fig. S7) is described by ε0 the energy of the 

MO involved in the transport (with respect to the Fermi energy of the electrodes), Γ1 and Γ2 

the electronic coupling energy between the MO and the electron clouds in the two 

electrodes, e the elementary electron charge, h the Planck constant. This analytical model 

reads: 

   (S3) 

This model is valid at 0 K, since the Fermi-Dirac electron distribution of the electrodes is not 

taken into account. However, it was shown that it can be reasonably used to fit data 

measured at room temperature for voltages below the transition between the off-resonant 

and resonant transport conditions at which the broadening of the Fermi function modify 

the I-V shape leading to sharpened increase of the current.9-11 Moreover, for the sake of 

comparison with the I(V)s previously measured for multi-NCs devices, which were acquired 
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between -0.5 and 0.5 V,12 we limited the fit of Eq. S3 to this voltage window. We verified 

that the condition of applicability of the 0K SEL model to room temperature experimental 

data is satisfied (here with ε0 < 0.5 eV, Γ1 and Γ2 around 0.1-1 meV, this condition is |V|<0.64 

V).13 The fits were done with the routine included in ORIGIN software (version 2019, 

OriginLab Corporation, Northampton, MA, USA), using the method of least squares and the 

Levenberg Marquardt iteration algorithm. Figure S7 shows the fits on the average I(V) of 

the three datasets shown Fig. 3 and Fig. S3. The fitted energy ε0 and the electrode coupling 

energies Γ1 and Γ2 are summarized in Figs.S8 and S9, respectively. 

 
Figure S7. Fits of the SEL model (red lines) on the average I(V) (open squares) for the three 

datasets (no data at 15 nm for the dataset #3). The inset shows the energy scheme of the 

HOPG/NC/PtIr device with the SEL model parameters. 
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Figure S8. Energy levels ε0 obtained from the SEL model (fits shown in Fig. S7): dark squares 

(dataset #1), dark circles (dataset #2), dark triangles (dataset #3). The red symbols are the 

full statistics for the multi-NCs devices (from Fig. S18 in the ESI of Ref. 12). 
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Figure S9. Evolution of the electrode coupling energies Γ1 and Γ2 versus the NC size: square 

symbols (dataset #1), circle symbols (dataset #2), triangle symbols (dataset #3). 
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