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Abstract

In this study we report the first transport experiments performed on a series of thin films
of MoOj3 grown on a thick Cu substrate. Electrical resistance measurements have been
performed for different film thickness as function of temperature down to ~20 K. Data
show, due to the copper substrate, that thin films of molybdenum trioxide also at low
temperature exhibits a metallic behaviour while for films with a thickness > 250 nm
the semiconducting behaviour start to prevail on the metallic one. Local morphological
properties and optical data are also showed to support the interpretation of the conductive
behaviour of these thin layers of molybdenum oxides.



1 Introduction

Thin films coated on a substrate may control and improve some properties of the substrate.
However, in the literature few studies are devoted to the characterization of metallic coat-
ings on a metallic substrate. A recent work deals with the case of TM oxides grown on
transition metals, in particular Mo and Cu (TM) oxides on copper [1]. Taking into account
the complex molybdenum oxide phase diagram, the most interesting combination is rep-
resented by MoOg; on copper. Indeed, due to its properties a thin “insulating” layer of
MoOs3 deposited on a thick copper substrate tends to become conductive, while its work
function should remain high and constant (~7 eV). This result is fully in agreement with a
study recently published at BESSY that reported the decrease of the Field Effect from an
oxidized surface where has been observed the formation of islands of MoOs [2]. Follow-
ing previous characterizations of molybdenum films [3,4], here we present preliminary
studies of MoOj3 layers of different thickness on a Cu substrate at room temperature and
a study of transport properties vs. temperature down to ~ 20 K.

2 Material preparation

For the preparation of the thin films we first polished and cleaned the copper substrate and
after we evaporated the molybdenum trioxide. Copper substrates of dimensions 10x10x5
mm were polished down to ~ 20 nm of roughness by COMEB. Before the evaporation
the substrate was cleaned in 2-Propanol solution and washed using milliQ water.
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Figure 1: Schematic layout of the evaporation setup inside the HV chamber. On top is
placed the sample and the quartz balance. The rotating shutter allows start and stop the
evaporation of the oxide from a crucible located at the bottom of the chamber.



The evaporation layout is based on a stainless steel high vacuum (HV) chamber
shown in figure 1. Inside the HV chamber a tungsten crucible connected to two cop-
per electrodes allows the evaporation of the molybdenum trioxide at the temperature of
550 °C. The sample holder is placed above the crucible above a slit that allows control-
ling the flow of the evaporated material using a rotating mask. Deposits are controlled
by a quartz crystal microbalance placed next to the sample. After positioning the sample
inside the chamber, vacuum pumps are turned on and after 1-2 h the working pressure
reach low ~ 6-10 mbar. This low pressure is maintained during the evaporation process
after the current generator slowly reached the value of 80 A. The duration of the evap-
oration process is associated to the thickness of the deposition, typically ranging from 5
to 15 minutes. The deposition with the quartz balance has been calibrated with the AFM
technique through a measurement of a molybdenum layer of 50 nm deposited on a silicon
wafer. The uncertainty in the layer deposition is ~ 1 nm.

Figure 2: Photograph showing evaporated samples of MoO3 on copper. Due to the differ-
ent thickness, each film can be easily recognized by its different colour.

2.1 XRD Characterization

The MoO3 samples were first characterized by X-Ray Diffraction (XRD) in order to check
the presence of ordered crystalline phases. The diffraction experiments were performed
at the Frascati National Laboratory (LNF) using a Seifert MZ IV diffractometer with a
Cu anode, which operates at 40 kV and 30 mA with a Ni filter. The X ray spot used has



dimensions of 10 mm x 3 mm. Measurements were carried out with a 20 geometry. As
shown in figure 3 the films with 50 nm and 100 nm thickness show only diffraction peaks
from the substrate pointing out that the deposited layers contains disordered oxide phases
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Figure 3: Comparison of the XRD patterns of a 50 nm thick MoOs film (black) and a 100
nm film (red). The two peaks measured in these patterns are associated to the diffraction
from the copper substrate.

2.2 Experimental Set Up

The MoOj3 samples we measured have a thickness of: 30 nm, 60 nm, 100 nm, 300 nm and
750 nm. The reference copper substrate, i.e., without coating, has been also measured.
Samples were located in an optical cryostat, equipped with a cold finger using a temper-
ature controlled liquid helium continuous flow (see Figure 4). The measurements were
performed cooling the sample in the temperature range from 300 K to 20 K. The electri-
cal resistance has been recorded by the Agilent 3458 A Multimeter, while the temperature
was monitored by the Intelligent temperature controller of the Oxford Instruments. The
electrical contact has been made as follow: two point contacts made of silver paint were
realized on the MoOg surface. The resistance error of these measurement is 1% of the
reading while that on the temperature is =10 mK.

3 Data and Discussion

In this section we report data of the electrical resistance as function of temperature. The
electrical resistance of thin films, e.g., with thickness of 30 nm and 60 nm is compared in
Figure 5.

The resistance temperature dependence shows a metallic trend and a similar be-
haviour is showed by the bare copper substrate as reported in the right panel of Figure
6.



Agilent 3458A

Figure 4: (Left) The experimental setup: 1- the optical cryostat with the cold finger; 2-
the Intelligent temperature controller of the Oxford Instruments; 3- the Agilent 3458A
Multimeter; (Right) layout of the sample with the two electrodes on the MoOs film.
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Figure 5: Electrical resistance vs. temperature for MoO3 samples with thickness: 30 nm

(left) and 60 nm (right).
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Figure 6: The temperature resistance dependence vs. temperature of the copper substrate
(right); electrical resistance vs. temperature for the MoOjs film 100 nm thick measured in
two different days (left). Looking at the resistance scale the trend is quite similar.

The reproducibility of the measurement has been tested for one sample. In figure 6
(right panel) two measurements of the electrical resistance of the 100 nm film of MoO3
recorded in two different days, are compared. The two trends are quite similar, although



the electrical resistance behaviour of the second run is lower down to the low temperature
region (> 40 K). The behaviour observed is due to the percolative characteristic of trans-
port of these heterogeneous disorder films and, in general, the copper electrical resistance
is the main contribution.

In figure 7 we compare data of the 300 nm, 500 nm and 750 nm films of MoO3
on copper. It could be noted that for thickness above 500 nm the temperature electrical
resistance dependence of the oxide films show a semiconducting behaviour. Then, the
MoOj; films with thickness of 500 nm and 750 nm show a semiconducting trend while for
the 300 nm MoOQOs film the behaviour looks still metallic.
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Figure 7: Comparison of the electrical resistance vs. temperature for MoOjs films with
thickness of 300 nm and 500 nm on copper (left); the same using a semilogaritmic scale
for the 750 nm thick sample (right) that exhibits a semiconducting behavior with a very
high resistance at low temperature (hundreds of MS2).

In figure 8 we compare the behaviour of films with thickness of 30 nm, 60 nm and
100 nm. Two different Y-axis scales have been used to outline their trends.
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Figure 8: Comparison of the electrical resistance vs. temperature for MoO3/Cu samples
with MoQOj thickness of 30 nm and 60 nm (left), 60 nm and 100 nm (right). Two Y-axis
scale are used, due to the different range of the samples electrical resistance.

In figure 9 the comparison between the electrical resistance vs. temperature for
samples with different MoOj3 thickness and copper is reported. In figure 7 (left) is evident
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that the electrical resistance of the MoOjs film 500 nm thick shows a semiconducting
behaviour. In figure 9 (right panel) a comparison between all measured films and the
copper substrate is reported after normalization of the electrical resistance. In this way
the experimental trend is enhanced, and from the comparison is even more evident that
for thickness above 500 nm the temperature dependence of the electrical resistance shows
a clear semiconducting behaviour.
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Figure 9: Comparison of the electrical resistance vs. temperature for the Cu substrate, and
for MoQOj films with thickness: 30 nm, 100 nm and 500 nm (left); data of the electrical
resistance vs. temperature normalized between 0 to 1 for thickness from 30 nm to 750 nm
(right).

In table 1 we list the value of the electrical resistance at 20 K and at room tem-
perature for all measured films. It could be noted that the maximum electrical resistance
variation appears in the films with 500 nm and 750 nm, both showing a semiconducting
behavior.

Table 1: The electrical resistance of MoOg films at low temperature (20 K) and at 290 K.
MoOs thickness (nm) Electr. res. (€2) Electr. res. (€2) Electr. res. variation (£2)

@20K @290K Rogorc-Roox
0 (only Cu) 0,901 1 0,099
30 1,69 1,75 0,06
60 4,89 521 0,32
100 1,19 1,48 0,29
300 5.70 7 1.30
500 4.30 2.15 2.15
750 9E7 16 9E7

4 Local Morphology and Conduction Properties of Thin Films

Scanning Tunnelling Microscopy (STM) is a useful technique to characterize the surface
structure. Due to the limitation of the STM technique to operate on conductive sam-



ples, this preliminary characterization was first restricted to bulk Cu and to the thinnest
film of MoOs3 (30 nm) on copper. Experiments were performed using an Omicron-STM
(Omicron, Taunusstein, Germany) apparatus, acquiring data with the Omicron software
(Omicron Scala Pro). Data were collected in constant current mode at room temperature
under ultrahigh vacuum conditions (base pressure 8x10-11 mbar) using electrochemically
etched tungsten tips (99.9% purity, Goodfellow GmbH, Friedberg, Germany). Some im-
ages are showed in figure 10.

Scanning Tunneling Spectroscopy (STS) data (I vs. V curves) were collected simul-
taneously with image acquisition disabling the feedback loop circuit during the sweep and
keeping the tip—sample distance fixed by the set current. The corresponding dI/dV vs. V
curves were mathematically evaluated to check the local electronic density of states. Sta-
tistical analysis of the collected I-V data and the corresponding derivative curves gave
very small error bars (not showed in these figures). In Figure 10 we compare two topo-
graphical images obtained at room temperature on two samples, which have not under-
gone to a cleaning procedure. Images collected on large areas of the bulk Cu sample show
that the surface is not flat but irregular with an average roughness of ~ 7.4 nm. The figure
10 (left) obtained on a small area (250 nm x 250 nm) shows that the same surface has a
granular structure. This is due to the manufacturing technique and to the presence of some
native oxides on the surface. The same behaviour was observed for the thinnest MoQO;
film (30 nm) on copper. For this sample the roughness drops to ~ 4 nm. The decrease is
probably due to a levelling effect. The trend can be better appreciated in figure 10 (right
panel) where a granular structures, but a slightly smoother surface, can be recognized.

Figure 10: STM images obtained on bulk Cu (left) and Cu with a 30 nm oxide layer
(right). The scan areas are 250 nm x 250 nm (bar 50 nm). The bulk Cu surface has a
marked granular structure partially reduced after the oxide deposition. Tunneling con-
ditions: bulk Cu I;= 0.5 nA, V,= 1.5 Volt; Cu-MoO3 oxide (30 nm) I;= 0.3 nA, V,=4
Volt)

Local spectroscopy data collected on small sample areas during the topography



acquisition return other interesting information about the local conductivity at room tem-
perature of these films. In Figure 11 we compare the current-voltage curves obtained on
the bulk Cu (blue), on a 30 nm molybdenum oxide films (red) and the related calculated
derivative dI/dV vs. V. Figure 11 (left) clearly shows that the bulk Cu (blue line) current
response is linear and almost symmetric (for both positive and negative applied bias) in
all the voltage ranges investigated, again pointing out a clear metallic behaviour. By con-
trast, for the Cu sample (red line) covered by a thin oxide layer the current is very low
compared to that of the Cu bulk and, is different from zero only for an applied voltage (,
2 V. This trend is better seen in the magnified views of the curves around (-1;+1) V. In
particular, we estimated for the Cu-oxide sample a gap of ~2.440.2 eV. The calculated
first order derivative of the I-V curves contains other useful information regarding the lo-
cal density of states of our samples. Figure 11 (top right) shows that the Cu bulk has a
density of states different from zero in all ranges studied with two maxima around +3.8
eV. At variance, the Cu-oxide (30 nm) film has no states available around (-1;+1) V, but
around £+4.8 eV exhibits two symmetric maxima that could be associated to local states
available for the electron transport. The analysis of the observed behaviours is still in
progress.

5 Infrared Measurements

Finally we performed normal incidence reflectance spectroscopy in the mid-infrared (500-
8000 cm™1) at room temperature through a Hyperion 1000 microscope coupled with a
Vector 22 Bruker spectrometer. The reflectance has been calculated through the ratio
between the reflected intensity by the MoOs film over that reflected by a clean Cu surface.
Several points have been measured by obtaining the same results. In Fig. 12 we compare
the reflectance spectra of two samples: one with a thickness of 30 nm (red) and a second
one 300 nm thick (black).

The thinner film shows a reflectance lower than one in the entire spectral region. A
well evident minimum appears around 3500 cm . This minimum can be associated to the
plasma edge of MoO3, confirming the metallic response of thin films of MoOjs. A broad

bump is also present around 7000 cm™!

, possibly associated to an interband transition.
Some vibrational modes are also present below 1000 cm~. By increasing the thickness
(300 nm, black curve), the reflectance becomes nearly flat. This is a strong indication that
this film shows an insulating response acting, practically, as an antireflectance coating of

the Cu crystal.

6 Conclusion

Transport measurements have been performed on several films of MoOj3 deposited on
bulk Cu substrate Cu with a thickness of 5 mm. Films with thickness ranging from 30
nm to 300 nm showed a decreasing of the electrical resistance at low temperature. The
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Figure 11: Spectroscopy data of the bulk Cu (blue) and of the Cu-MoOj3 (30 nm) sample
(red) collected with an applied bias of (-5;+5) V. Upper left: the I-V curve for bulk Cu
showing the metallic behaviour while for the Cu-oxide the current is lower and shows an
insulating response between (-1;+1) V, as outlined by the zoom in the bottom left part of
the image. Upper right: the evaluated derivative of the I-V curves confirms that the bulk
Cu has available empty states in all the voltage range studied with two symmetric maxima
located around 3.8 eV, while no states are available around £1 V. In the Cu-oxide sample
two symmetric maxima appear around 4.8 eV.

thinnest MoOj film (30 nm) shows also a lower resistance variation compared to thicker
films of 60 nm and 100 nm. Moreover, the thickest MoOs layers of 500 nm and 750 nm
show a semiconducting behaviour. Then, increasing the MoOs thickness it is clear that
the electrical resistance vs. temperature increases and the metallic behaviour observed for
the thin films has to be associated to the underlying metallic substrate. To improve the
sensitivity to the electrical resistance variation of these thin coatings and to ensure a good
thermal coupling between the MoOs layer and the cryostat cold finger, we are planning to
grow other MoQOj films on a much thinner Cu substrate, i.e., with a maximum thickness
of 1-2 mm.
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Figure 12: Comparison of the absolute reflectance of MoOjs films of 30 and 300 nm
thickness. While the thinner film shows, at room temperature, a metallic behaviour with
a well evident plasma edge in the mid-infrared region, the 300 nm thick film shows an
insulating behaviour with a flat (<1) reflectance. The narrow peaks around 1600 and 3900
cm~! are due to the water vapour absorption in the spectrometer.
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