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prepared by focused electron-beam-induced deposition
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We present electronic transport measurements on ordered two-dimensional nanodot arrays with dot diam-
eters of about 20 nm prepared by focused electron-beam-induced deposition (FEBID). Low-temperature con-
ductance measurements and //V characteristics strongly indicate that single electron transport through the
nanodot arrays is dominated by the charging energy of the individual nanodots. From the //V characteristics we
infer the existence of a hard energy gap or threshold voltage V,. This is supported by the observed Arrhenius
behavior of the low-temperature conductance in the temperature range from 1.8 K to about 60 K. The hard
energy gap indicates that electrostatic disorder in our samples is weak and that the granular arrays are in the
ordered limit. In contradistinction to other preparation techniques, FEBID makes a continuous tuning of the
intergranular coupling strength possible, even through a metal-insulator transition. From time-dependent cur-
rent measurements at fixed bias voltage we infer that current flow through the nanodot arrays near threshold is
through a narrow channel. At larger bias voltage channel branching occurs. The resulting dependence of (V)
is in excellent agreement with theoretical studies on collective charge transport in arrays of small metallic dots.
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I. INTRODUCTION

Nanodot arrays are versatile model systems for studying
charge transport phenomena on the mesoscopic scale. At suf-
ficiently low temperatures, kzT=E /3.5, the charging en-
ergy Ec of an individual dot induces correlation effects in
electronic transport.

On the preparational side, for metallic nanodot systems a
well-proven technique is codeposition of metal and insulator
under conditions which favor phase segregation.! This nec-
essarily implies a large degree of disorder in the resulting
granular metals which leads to serious difficulties in the the-
oretical analysis since a fully appropriate theoretical ap-
proach would have to take correlation effects and disorder
into account on an equal basis.> Close to a disorder- or
correlation-driven metal-insulator transition (MIT) this diffi-
culty is most pronounced. For ordered systems, on the other
hand, the theoretical analysis is facilitated albeit it is still a
demanding task to properly take correlation effects into
account.?

Periodic granular arrays represent such ordered systems.
The grains in these arrays in the insulating regime are weakly
coupled to their neighbors. Transport takes place by tunnel-
ing between two grains. If an electron tunnels from one grain
to another, it has to overcome a Coulomb energy, corre-
sponding to the charging energy E of a grain. At low tem-
peratures, this Coulomb energy blocks the transport and
leads to a hard energy gap at the Fermi level.

Due to the hard energy gap the arrays should show
Arrhenius behavior in the temperature dependence of electri-
cal conductance. This is mostly not observed. In many ex-
periments a stretched-exponential dependence of conduc-
tance on temperature, the so-called Efros-Shklowski
variable-range hopping with exponent 1/2, is found instead.’
Random variations in the capacitance due to grain-size dis-
persion was given as a first explanation of this behavior.* But
later experiments showed the stretched-exponential tempera-
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ture dependence also on samples in which the size dispersion
and distance deviation was highly controlled.?

The current theory discusses two reasons, which are
thought to be responsible for the Efros-Shklowski-type
variable-range hopping: electrostatic disorder and cotunnel-
ing. Electrostatic disorder by carrier traps in the matrix or
substrate lifts the Coulomb blockade of adjacent grains and
increases the density of states at the Fermi level. Cotunneling
enables tunneling between two grains over distances larger
than the average distance of two granules via virtual states in
grains in between. These two reasons lead to a pseudogap in
the density of states with D(e) ~ € at the Fermi level result-
ing in a stretched-exponential dependence of conductance on
temperature instead of Arrhenius behavior for a hard energy
gap.

As a consequence, preparation techniques which can yield
ordered nanodot arrays and which have control over the type
and degree of disorder in the array are attractive. In this
regard the technique of crystallization of nanocrystals,
mainly Au, from colloidal suspensions has been shown to
provide a qualified approach.>” The molecular structure and
steric demand of the organic ligands at the nanoparticles’
surfaces determine the interdot coupling strength. Such pre-
pared dot arrays are quite generally found to be on the insu-
lating side of the MIT, i.e., the electrical conductance shows
activated behavior and tends to zero for T=0.% A continuous
tuning of the coupling strength in these systems, especially
into the metallic regime, is difficult. Furthermore, electro-
static disorder in the insulating matrix has a strong influence
on the electronic transport properties and can eventually de-
stroy the hard energy gap at the Fermi level.

A different approach is taken by the technique of focused
electron-beam-induced deposition (FEBID). In FEBID a
highly focused electron beam, most commonly provided by a
high-resolution scanning electron microscope (SEM), is ras-
tered over a substrate surface which is covered by a phys-
isorbed and volatile molecular metal-organic layer. As the
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electron beam fractures the molecules a permanent deposit is
formed. Volatile dissociation products desorb and are re-
moved from the SEM by the pumping system. For a recent
review on this technique see Ref. 9. For most metal-organic
precursors and under a wide range of beam parameters the
resulting deposits are disordered granular metals containing
metallic nanocrystals, with typical size in the few nm range,
embedded in an insulating and carbon-rich matrix. FEBID
has advantages as compared to the codeposition technique
insofar, as it allows for a precise control of the deposits’
lateral dimensions in the 10 nm range or even below.' The
disordered state of the deposits, however, poses the same
problems as have been encountered in granular metals pre-
pared by the codeposition technique, although interesting
transport behavior on the metallic side of the MIT has been
observed in FEBID structures.!!

Here we utilize FEBID for the preparation of ordered
two-dimensional square arrays of metallic dots with a diam-
eter of about 20 nm and center-to-center distance a (pitch).
This process allows a continuous tuning of the intergranular
coupling strength. By varying a between 25 and 40 nm we
obtain dot arrays on either side of the MIT. We then focus on
analyzing the electrical conductance in these arrays as a
function of temperature and we analyze the //V characteris-
tics and time-dependent current measurements in the theoret-
ical framework of electrostatic energy minimization, as was
developed by Middleton and Wingreen'? and further refined
by Jha and Middleton.'3 The samples in the insulating re-
gime show Arrhenius behavior, which indicates the existence
of a hard energy gap. This hard energy gap at the Fermi level
is evidence that electrostatic disorder in our samples is weak
and that we do not have cotunneling in our samples.

II. EXPERIMENT

As a substrate for the FEBID dot arrays p-doped silicon
with a 300 nm thermally grown SiO, layer was used. 120 nm
Cr/Au contacts were prepared by UV lithography and length-
ened by ion-beam-induced deposition to define a gap of
about 1 um between the electrodes. Over this gap the dot
arrays were prepared using FEBID. We employed a Nova
Nanolab 600 SEM with a Schottky-type emitter. The SEM is
equipped with several gas injection systems. We used
W(CO), as precursor gas, which was transported to the focal
area of the electron beam through a small capillary with 0.5
mm diameter. A beam current of 1.6 nA and an acceleration
voltage of 5 kV were chosen to secure a high metal content,
x=40%, in the deposits. The immersion mode of the SEM
was used during deposition to achieve high resolution at the
relatively small energy of 5 keV. The full width at half maxi-
mum of the Gaussian beam profile amounts to ~20 nm un-
der these conditions. This also defines the diameter of the
resulting FEBID dots at each individual dwell point.” To get
arrays a rastering process was used. Samples with a of 25,
30, and 40 nm at a dwell time of 1 ms were prepared. Each
dot array pattern was iterated 20 times resulting in a dot
height of about 15 nm as deduced from selected atomic force
microscopy scans. Linescans of SEM images were per-
formed to measure the dot diameter. An error margin of 2 nm
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TABLE I. Overview over geometric key parameters of the pre-
pared dot arrays. The dot diameter is measured by a linescan of a
SEM picture. An error of 2 nm in the dot diameter results from the
discrete pixels.

Sample 1 2 3

a 25 nm 30 nm 40 nm
Dot diameter 17 nm 20 nm 22 nm
Width 21 dots 17 dots 13 dots
Length 37 dots 34 dots 24 dots

is caused by the discrete pixels of the SEM image and not by
the deposition process. So the size dispersion of the dots is
less than 10% (2 nm). The center-to-center deviation is lim-
ited by the resolution of the pattern generator of the used
SEM, in our case less than 1 nm. Table I gives an overview
over the geometric key parameters of the dot arrays. A
sample with 40 nm center-to-center distance is shown in the
inset of Fig. 2. Due to the Gaussian beam profile each dot
can be assumed to have a similar Gaussian profile. At the
same time, the metal content in each dot is largest at the
maximum of the beam profile. From the tails of the Gaussian
beam an insulating deposit results, with a very small or no
metal content. Via this part of the deposit the central metal-
rich region of each dot is electrically coupled to its next
neighbors. For electrical transport measurements the samples
were mounted in a variable temperature insert in a “He cry-
ostat. The time between venting the SEM and mounting the
samples to the cryostat was kept as short as possible to mini-
mize aging effects.!* A Keithley Sourcemeter 2400 was used
to apply a fixed bias voltage resulting in an electrical field of
50-100 V/em for the temperature-dependent conductance
measurements. The time-dependent current measurements at
fixed bias were done with a resolution of about 15 measure-
ments per second over a time scale of about 15 min.

III. RESULTS

In Fig. 1 the temperature-dependent conductance S of
samples 1-3 is shown. Concluding metallic or insulating be-
havior by simple extrapolation of S(7) to T=0 can be mis-
leading. The logarithmic derivative w=d In §/d In T gives a
more accurate criterion.” Insulating behavior is indicated by
w>(0 for T=0 in contrast to metallic behavior, which leads
to a vanishing w as T=0 is approached. The logarithmic
derivatives w are plotted in the inset. Sample 3 is clearly
showing insulating behavior, sample 1 is metallic, and
sample 2 appears to be near the MIT.

Sample 3 follows an Arrhenius law S~ exp(=T,/T) in the
range 16—60 K as plotted in Fig. 2. The activation tempera-
ture 7y=143.3 K of sample 3 corresponds to an energy of
12.4 meV. For sample 2 no Arrhenius law is observed.

In Fig. 3 the current-voltage characteristics for samples 2
and 3 at several temperatures are shown. Sample 3 shows a
threshold voltage V, at low temperatures. The current follows
a power-law dependence of the form I~ (V—-V,)%. We deter-
mine the threshold voltage and exponent by dividing the cur-
rent by dI/dV so that
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FIG. 1. (Color online) Temperature-dependent conductance S
for samples with center-to-center distance as indicated. Inset: loga-
rithmic derivative w=d In S/d In T showing insulating behavior for
sample 3 and metallic behavior for samples 1 and 2.

——=—(V-V) (1)

and making a linear regression. The threshold voltages and
the exponents for different temperatures are plotted in the
insets of Fig. 3(a). The threshold voltage decreases linearly
with increasing temperature. Extrapolation of the threshold
voltage gives for zero temperature V,(7T—0)=98.2 mV. The
exponent of the power-law dependence raises slightly from
1.66 to 1.78 with temperature.

Figure 4 depicts a selection of time-dependent current
measurements at fixed bias for samples 2 and 3 at 4.2 K. On
the left side I(7) is depicted. From previous experiments we
know that FEBID structures are susceptible to aging if ex-
posed to air under ambient conditions.'* This leads to a re-
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FIG. 2. (Color online) Temperature-dependent conductance for
samples 2 and 3. Sample 3 with a=40 nm shows Arrhenius behav-
ior. Inset: SEM image of sample 3.
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FIG. 3. (Color online) (a) I(V) curves for sample 3. For low
temperatures the curves show a threshold voltage (small red arrows)
and the current follows a power-law dependence I~ (V-V,)¢, (al)
exponent ¢ of power law, (a2) temperature-dependent threshold
voltage V,, and (b) I(V) curves for sample 2.

duction in the coupling strength between the metallic grains.
We used this to enhance the threshold voltage of sample 3.
After 3 h of exposure to air V, was found to be 224 mV at 4.2
K. Below V, at 200 mV no current flow is detectable. Above
V, we see different discrete current levels, which are some-
times stable for more than 20 s (300 data points). At higher
bias voltages the frequency of these switching processes in-
creases and the steps get smaller relative to the average cur-
rent. The histograms on the right of Fig. 4 show the abun-
dance of measured current values around the average current.
For sample 3 the histograms show for bias voltages of 300
and 400 mV two discrete current states. At higher bias volt-
ages this is no longer observed. Interestingly, also sample 2,
which is near the MIT, shows this switching between differ-
ent current distributions. It exhibits three discrete states for
20 and 30 mV bias as is evident from the histograms. At
higher bias these peaks vanish.
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FIG. 4. (Color online) (a) Sample 3, (b) sample 2, left side: a
part of the performed time-dependent current measurements at dif-
ferent fixed bias voltages at 4.2 K. For voltages higher than the
threshold voltage switching between different discrete current levels
occurs. This is related to the fact that at these voltages the transport
is not taking place over the whole width of the sample but through
one or a few current paths. Right side: histograms of time-
dependent measurements which show for certain bias voltages dif-
ferent active current paths through the sample. Different bias volt-
ages are shifted vertically for better visibility.

IV. DISCUSSION

Energy-level quantization in the dots is negligible in our
experiments. The mean energy-level spacing is 5=N;FV with
density of states at the chemical potential N and dot volume
V. For our samples we estimate 6=3.5 ueV=~40 mK, so
we are still in the “classical” regime. The Arrhenius behavior
of the temperature dependence of the conductance of sample
3 is indicative for a hard energy gap at the Fermi level
caused by Coulomb interactions in a highly ordered system.
Theory predicts for this temperature dependence S
=28, exp(—E/kzT).>'® If we assume a Gaussian shape for
the metal-rich part of each dot the capacitance for a sphere
with the same volume (diameter 25 nm) and an assumed
static dielectric constant e=4,'* the capacitance of a dot is
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5.6 aF. This corresponds to a charging energy of E.
=¢?/2C=14.3 meV. This is in good agreement with the
measured activation energy kz7,=12.4 meV.

It must be stressed here that FEBID structures prepared
with strongly overlapping dwell areas form disordered,
granular metals. In particular, they show, in contrast to the
arrays, an Efros-Shklowski-type variable-range hopping with
S ~exp[—(T,/T)"*] which—as detailed before—is thought
to be caused by electrostatic matrix disorder and higher-order
contributions to the tunneling process involved.!' From this
we conclude that the observed hard energy gap, which is in
good correspondence with the estimated charging energy, is
due to the geometric parameters of the nanodot array itself
and not due to a possible subgranular structure of each indi-
vidual dot.

We now focus on samples 2 and 3 and discuss the elec-
trical transport by analyzing the //V characteristics and 1(r)
measurements at fixed bias voltage. The temperature-
dependent conductance of sample 1, which is clearly show-
ing metallic behavior, will be discussed in a separate publi-
cation.

Middleton and Wingreen describe the transport through
an array of metallic dots, which are capacitively coupled to
their next neighbors and to the back gate.'? Only first-order
contributions to the tunneling process are considered. Theory
predicts a power-law dependence of the I/V characteristics
of the form I~ (V-V,)%. V, is a threshold voltage at zero
temperature V,(0)=aNV, with «=0.338 for square arrays, N
the number of dots along the array and eV, the charging
energy. The conductance at 7=0 is zero for voltages below
V.. For two-dimensional arrays an exponent of 5/3 is pre-
dicted by theory and numerical simulations.'>!3

We find for sample 3 a power-law dependence as de-
scribed by Middleton and Wingreen.!? This supports the con-
clusion about the existence of a hard energy gap at the Fermi
level. With V/(T—0)=98.2 mV and N=24 follows for
sample 3 eV,=12.1 meV. This is in excellent agreement
with the value calculated by the activation temperature of the
Arrhenius law (12.4 meV) and the value calculated by the
capacitance calculations (14.3 meV). The linear decrease in
V, is similar to the findings of Parthasarathy et al.® in experi-
ments on Au nanocrystal arrays grown from colloidal solu-
tions. The exponent of the power law found in our experi-
ments is in the range 1.66—1.78, which is similar to the
predicted value 5/3.

Higher-order tunneling contributions, i.e., multiple cotun-
neling, as seen in experiments on Au nanocrystal arrays
grown from colloidal solution, are not relevant in our case.
Cotunneling would prevent a threshold voltage. In the cotun-
neling regime the exponent of the power-law dependence of
the 1/V characteristics should be equal to 1 for low voltages
and at higher voltages larger than 3.3 The results show that
the classical description of Middleton and Wingreen, which
takes only first-order tunneling contributions into account, is
applicable to the measurements of the presented arrays. In
this case, switching between different current paths or
branching of the active current path should be observable.
Theory predicts that at voltages slightly above V, only one
current path associated with minimal electrostatic energy is
active. Increasing the voltage, branching of this path or
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switching to another path with smaller electrostatic energy
will occur. Increasing the voltage further, several active cur-
rent paths are formed until, at even larger bias, the current
flows over the complete sample cross section.

Our measurements show this switching behavior between
different current paths. The histograms in Fig. 4 show for
sample 3 two discrete states for 300 and 400 mV bias. For
sample 2 three discrete states for 20 and 30 mV bias are
distinguishable. This is due to switching between different
active paths or branching of one currently active path. The
height of the steps relative to the average current (25% for
sample 3 at 300 mV) indicates that only one or a few current
paths are active. At higher bias switching is no longer ob-
servable and denotes that at this bias the current flows
through many active current paths or the whole sample cross
section. This current-path switching is comparable to the ex-
perimental findings of Elteto et al.®> on colloidal Au crystals
and shows again the good agreement with the model of
Middleton and Wingreen.'?

V. CONCLUSIONS

In conclusion, we have shown that focused electron-
beam-induced deposition allows for the preparation of two-
dimensional granular arrays in the ordered limit. In elec-
tronic transport results obtained on systems prepared with
other techniques, such as crystal growth from colloidal solu-
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tions, are reproduced. An important aspect is that our method
allows for continuously tuning through the MIT by varying
the arrays lattice constant as this adjusts the interdot coupling
strength. Controlling the raster process, this technique also
facilitates studies on the influence of disorder. Smaller diam-
eters and interdot spacing, down to the sub-10 nm range, can
be achieved by using higher acceleration voltages and/or
smaller beam currents.!” The results presented here show that
for samples with dot diameters of about 20 nm the classical
limit of electronic transport in ordered arrays, which is cov-
ered by the theory of Middleton and Wingreen, is address-
able. Even samples at the MIT show switching behavior
which is explained by this theory. This type of switching
effects are not taken into account in field-theoretical ap-
proaches to the transport problem in granular arrays.>!®
These approaches, on the other hand, factor in higher-order
tunneling contributions. Experimentally it will be both, chal-
lenging and rewarding, to extend the studies presented here
to nanodot arrays with smaller dot diameters and interdot
spacing. Work along these lines is in progress.
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