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Chapter 3 
 

NANOCONTACT TECHNOLOGY 

3.1 Abstract 

The two classical preparation methods for NCs are the “pin-to-
plate” and the “shift” method explained below. The preparation 
of the surface of the electrodes is quite important: the surface 
layer which was damaged during cutting and polishing of the 
sample must be eliminated and a thin oxide layer has to be 
created on the metal surface.  

The low temperature part of the equipment comprises liquid He 
cryostats, He gas pumping lines and exchangeable special 
cryogenic inserts for the creation and regulation of the NCs. 
Cryostats of two different types were used, one for the low 
frequency and HF measurements, and another one for the IR and 
optical irradiation experiments. 

For the wide frequency range experiments, a coaxial line, a 
waveguide and a polished hollow optical light guide were 
mounted for the simultaneous connection of the different sources. 
For the 108–1011 Hz range high frequency triodes and frequency 
adjustable klystron generators were used; for the far-IR range, a 
special optically pumped laser was constructed. For irradiation 
in the IR and optical range, we employed СО2 and He-Ne lasers, 
respectively. The radiation from every source was applied to the 
sample alternatively, and the corresponding response signal 
registered. At the end of each measurement cycle, the low 
frequency spectrum of the NC was routinely checked, to prove 
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that the given contact was stable and, consequently, its 
characteristics unchanged during the whole cycle of 
measurements. 

The NC was connected to the measuring circuit according to a 
4-electrode scheme. For measurement of minor non-linearities in 
the IVC of the NCs we registered the dI/dV characteristics by 
detection of the harmonics of a small oscillating current. which 
was generated on the contact together with the bias voltage 
linearly changing with time; for these measurements we applied 
the modulation method. 

The PC spectrometer comprises several independent channels 
for the detection and registration of different kinds of signals on 
the NC. 

3.2 Methods for Creating Nanocontacts 

In the first NC experiments, the contacts were made in a non-
controlled way by electric breakdown or by mechanical breaking 
of tunneling thin film structures. Nowadays NCs can be prepared 
by electron-beam lithography and ion etching or with a “break 
junction” technology. These methods allow for the creation of 
NCs of controlled dimensions. 

In the work presented here, the NCs were created by the 
classical “pin-to-plate” method that permits the use of almost any 
kind of material for NCs. This simple technique [1] provides 
quite stable contacts in an easy way, by means of touching a 
polished plate with a sharp pin. In the alternative “shift” method, 
the contact is realised between two sides of crossed rectangular 
bars of metal, which can be moved one along the other. The 
shifting of the bars or the pressing of the pin electrode on the 
plate is realised with a precision mechanism employing 
differential screws, that has several degrees of freedom. Good 
mechanical stability is guaranteed by the relatively large contact 
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area of several microns (the radius of the curvature of the pin). 
The electric contact is realised just between the metal nanopins 
on the contact area, in the point where the surface oxide film is 
cracked. The typical diameters of the obtained NCs were in the 
range of 10-100 nm. Good mechanical stability of such a system 
can be achieved by shaping part of the pin wire into a damping 
curve, and by varying the force applied to the electrodes. Due to 
its mechanical stability, with this method long cycles of 
experimental measurements of different properties of the same 
NC can be performed. 

The additional advantage of the “pin-to-plate” contacts is their 
optimal electrodynamic compatibility with mm-range irradiation: 
the wire electrode acts as an antenna and permits measurements 
at low irradiation power level. For the experiments that deal with 
Sb NCs, contacts of the “shift” type made of Sb monocrystalline 
bars were used. 

As already mentioned in the introduction, for the “pin-to-plate” 
type of NCs the preparation of the surface of the electrodes is 
important: the surface layer which was damaged during cutting 
and polishing of the sample must be eliminated and a thin oxide 
layer has to be created on the metal surface; the latter has to be 
strong enough to support the stress force of the pin electrode and 
to guarantee the mechanical stability of the structure.  

The methods of chemical treatment for the metals applied here 
were chosen according to the specific NC literature and general 
chemical reference literature [2, 3]. The shaping of the wire pins 
(0,05-0,2 mm diameter) made of Cu was performed with 
orthophosphorous acid. The diameter of the resulting pin was 1-2 
µm, as controlled by an optical microscope. At a distance of 2-10 
mm from the pin, the wire was fashioned into a damping S-shape 
curve. With increasing applied force, the electric resistance of the 
NC drops, and the quality of spectra, in most cases, improves as 
long as the diameter of the NC is not too large. For the low 
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resistance NC, the ballistic or diffusion current regime often 
transforms into the thermal regime of the conductivity by 
momentarily increasing of the current through the contact. 

For the experiments with the Sb monocrystalline bars by the 
“shift” method, 2x2x10 mm size bars were spark-cut from bulk 
crystals. The axis of the contacts was oriented along the binary 
axis C of the Sb elementary cell. The bars of high purity Sb 
(relative resistance ratio R300K/R4,2K≈6500–7000) were chemically 
etched using a HF:CH3COOH:HNO3 1:2:3 mixture before 
creating the NCs. 

3.3 Description of the Experimental Set-Up 

3.3.1 Cryogenic Equipment 

The low temperature part of the equipment comprises liquid He 
cryostats with liquid N2 protection screens, He gas pumping lines 
and exchangeable cryogenic inserts for the creation and 
regulation of the NCs. Cryostats of two different types were 
used, one for the low frequency and HF measurements, and 
another for the experiments with IR and optical irradiation. By 
pumping the He gas a temperature of 1,5 K could be reached 
which enabled measurements in superfluid He-II, below Тλ=2,17 
К. These conditions avoided bubble formation in the liquid He 
when irradiating the sample with the optical laser. In some 
experiments the measurements were performed in over-
pressurized liquid He to avoid bubble formation at temperatures 
above the λ-point in normal liquid He.  For the microwave (MW) 
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Fig. 3.1 The schemes of the creation of nanocontacts: a – “shift” 
type nanocontact in the waveguide; b - “pin-to-plate” 
nanocontact in the waveguide; c – “pin-to-plate” nanocontact at 
the output of the hollow optical light guide. 
 
and optical measurements, cryogenic windows made of 
Germanium or crystalline quartz were used. 

The schemes of the different inserts are presented in Fig. 3.1. 
The detection of MW radiation (108–1011 Hz) and the 
measurement of its second harmonics were carried out with the 
insert based on the rectangular waveguide (10x23 mm2 in 
section), presented in Fig. 3.1, a. In the lower part of this insert, 
the cross section of the waveguide was gradually reduced down 
to 2x23 mm2. The NC electrodes were introduced through the 
lateral holes and were mounted in two independent holders with 
precision displacement mechanics. It was possible to shift the 
electrodes with respect to one another and to vary the force 
applied to the electrode bars. Such a method allows for the 
creation of NCs at different points of the bars and to choose the 
NCs with the optimal characteristics in terms of the resistance of 
the NCs. Matching between the MW irradiation and the NC was 
optimised by moving the shortcutting plug at the bottom of the 
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waveguide. The high frequency radiation was conducted to the 
NC either by the waveguide, or by the coaxial cable charged with 
the 75 Ohm resistive coupling loop placed nearby the contact 
(Fig. 3.1 a, see also Fig. 3.2, a below). Fig. 3.1, b presents the 
insert which gives the additional possibility of mixing two MW 
signals. The NC was connected to the measuring devices with 
LC-filters, for uncoupling the DC current and the intermediate 
frequency signal (60–100 MHz); the latter was picked up with a 
standard coaxial cable.  

 

 
 

Fig. 3.2: a) The cryogenic insert for microwave irradiation: 1, 2 
–electrodes of the nanocontact; 3 – differential screw; 4 – 
rotating movement; 5 – circular-section part of the waveguide; 6 
– rectangular (1,8x3,6 mm2) part of the waveguide;       
b) The cryogenic insert for experiments in the IR and  optical 
range: 1, 2 – electrodes of the nanocontact; 3 – S-shaped curve 
of the wire for damping; 4 - differential screw; 5 – axial 
movement; 6 – spring; 7 – bracket; 8 – hollow light guide; 9 – 
closure cap with a temperature sensor. 



 
 

 

NANOCONTACT TECHNOLOGY 

39

For experiments in the IR and optical range an insert with a 
polished hollow optical light guide (Fig. 3.1, c) was used. 

The physical constructions of the cryogenic inserts are 
presented in Fig. 3.2. In Fig. 3.2 (a) the microwave insert is 
shown; the construction of the optical insert is demonstrated in 
Fig. 3.2, b.  

3.3.2 Measurement of I-V Characteristics and their 
Derivatives 

The NC was connected to the measuring circuit with four 
probes (see Fig. 3.1 b). For measurement of minor non-linearities 
in the IVC (the derivatives of the IVC) of the NCs, detection of 
the harmonics of the small oscillating current was used, 
generated on the contact together with the bias linearly changing 
with time.  

If the current through the NC is presented as I=I0+icos(ωt), 
i<<I0 , ω<<1/τ0 (where I0 is the bias current, and τ0 is the 
characteristic relaxation time), the voltage on the contact will be 
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 (3.1) 
 
If the amplitude of the modulation current is small enough and 

additional terms indicated by the dots in the sum (3.1) may be 
neglected, the output signal at the basic frequency will be 
proportional to the first derivative of the IVC, dV/dI, and that at 
the double frequency will be proportional to the second 
derivative of the IVC, d2V/dI2. The dependence of these values 
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on the bias voltage (energy), V1(eV0) and V2(eV0), represent the 
NC differential resistance and the point-contact spectrum, 
respectively. The signals at the basic frequency ω and at the 
double frequency 2ω can be easily measured experimentally.  

For these measurements the modulation method was used. The 
modulation current i was applied to the NC from the acoustic 
generator. The frequency of modulation was in the range 463-
1863 Hz in different experiments. The acoustic generator was 
converted to the current source by connection to the sample via 
the RC-circuit. The amplitude of the oscillation was quite small, 
in order to make the 1st harmonic of generated signal as small as 
0,1–1 mV in order to avoid modulation broadening of the point-
contact spectra. Amplification of the 1st harmonic signal was 
performed by a synchronous detector with a sensibility of 0,3 μV. 
Measurement of the 2nd harmonic signal at acoustic frequencies 
was realised with a sharp-band RLC filter and selective amplifier 
with a phase detector.  

3.3.3 Measurements of the Nanocontact Response 
to Electromagnetic Radiation 

For a NC in a HF field [4], the average IVC can be written as 
 

2 1
0 0( ) n

n

eVI V J I V n
e

∞

=−∞
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∑ h

h
  (3.2) 

 
where V1 and Ω are the amplitude and frequency of the signal 
generated by irradiation from an external source. In the case 
ħΩ<<eV1 the expression (3.2) can be presented as the classic 
detection formula for the average current through the contact : 
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In this case, the response of the contact (determined as the 

difference of the IVC of the contact with and without the 
irradiation) will be proportional to the 2nd derivative of the IVC 
curve: 

 
22

01
0 0 0 24
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δ ≡ − = .  (3.4) 

 
In the case of relatively high frequencies ħΩ>>eV1 the 

interaction between the electromagnetic field and the contact 
should be considered as the quantum process of absorption and 
emission of photons with an energy ħΩ. It can be shown for this 
case that the expression (3.2) transforms into: 
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h h
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   (3.5) 
 

The usual experimental protocol involved the measurement of 
the voltage response, related to the current response as      |Vd| = 
|δI| (dV / dI). 

When irradiating the NC with IR or visible light, the video 
response signal is quite small (~1 μV) and can thus be influenced 
by the thermal bolometric effect caused by the irradiation power. 
In this case, a synchronous detection scheme was applied with a 
modulation of the impinging beam in the low frequency range 
(ω/2π~10-3.103 Hz) and a rotating disc having equidistant holes 
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drilled along the circumference. With this modulated beam the 
induced current in the NC is:  

 
0( ) (cos ) cos ,I t I i t tω ω= + Θ Ω << Ω  (3.6) 

 
where θ(x) is the Heavyside theta function. The voltage video 
response (at the modulation frequency ω) of the NC can be 
written as: 

 

( ) ( )2 2 2 4~  / cos /dV i d V dI tθ ω   (3.7) 
 
The PC spectrometer has several independent channels for the 

detection and registration of different kinds of signals on the NC: 
- direct current I0 and direct voltage V0 signal 
- amplitudes of the 1st V1 and 2nd V2 harmonics of the low 

frequency modulation signal 
- amplitude of the voltage response Vd under MW irradiation 
- video response signal Vd under optical or IR laser irradiation. 
 
Due to the different coupling coefficients and different 

transmission characteristics of the waveguides for different 
frequency ranges, the response signals of NCs have different 
effective power levels. To compare the results obtained for the 
different probe frequencies, the PC spectra were normalised for 
the intensity of the peak signal corresponding to transverse 
phonons. 

To apply a classical or a quantum approach for the 
interpretation of the response signal, the energy of the photon 
should be compared with the interval ΔeV, related to the width of 
the non-linearity peak. The characteristic parameter for Cu (the 
half-width of the T-phonon peak) is equal to 11 meV. 
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All current sources used had an internal resistance that was 
much greater than the characteristic resistance of the NCs at zero 
bias (about tens of Ohm). For HF irradiation of the contact, the 
wave impedance of free space (120π≈377 Ohm) is also quite 
large compared with the typical resistance of the NCs. 

At the end of each measurement cycle, the low frequency 
spectrum of the NC was routinely checked, to verify that the 
contact was stable and, consequently, its characteristics 
unchanged during the cycle of measurements. The measurement 
accuracies for I, V2 and Vd signals were typically of 1 μA, 20 nV 
and 30 nV, correspondently. 

3.3.4 Electromagnetic Radiation Sources 

The parameters of the electromagnetic radiation sources, used 
for the investigations reported in this thesis are presented in 
Table 3.1. 

For the wide frequency range experiments, a coaxial line and a 
waveguide were mounted for simultaneous connection of 
different generators. The radiation from each source was sent to 
the sample alternatively, and the corresponding response signal 
registered. 

For the 108–1011 Hz range high frequency triodes and 
frequency adjustable klystron generators were used. For 
measuring the response signal, a klystron in the regime of 
external modulation was used; a low frequency meander 
modulation (2433 Hz) with an amplitude of ~80 V was applied to 
the reflector of the klystron.  
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Wave 
length, 
λ 

Frequency, 
Hz, 

f = Ω/2π 

Quantum 
energy, 

meV, ħΩ 

Radiation 
source 

Output 
power, mW 

3 m 
30 сm 

108 
109 

4.10-4 
4.10-3 

 
High 

Frequency
triode 

 
500 

6,31 сm 
3 сm 
5 mm 

3,75 mm 

4,75.109 
1010 

6.1010 
8.1010 

0,02 
0,041 
0,25 
0,33 

Klystron 10 

1,22 mm 
571 μm 

118,8 μm 
70,5 μm 

2,46.1011 
5,25.1011 
2,52.1012 
4,25.1012 

1,02 
2,17 
10,43 
17,6 

Optically 
pumped far-

IR laser 

1 
5 

100 
25 

10,6 μm 2,83.1013 117 СО2 laser 1000 

3,39 μm 
1,15 μm 
0,63 μm 

8,84.1013 
2,61.1014 
4,75.1014 

366 
1078 
1960 

He–Ne 
laser 30 

 
Table 3.1 Parameters of electromagnetic radiation sources used 
in experiments. 
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Fig. 3.3 Scheme of the optically pumped far-IR laser. For the 
explanation of the numbers, see text. 
 

For the far-IR range, a specially constructed optically pumped 
laser was employed. It is pumped by a powerful (30-40 W) IR 
СО2-laser that excites transitions between the rotational levels of 
the gas molecules of the far-IR laser. The scheme of this laser is 
presented in Fig. 3.3. 

The СО2-exciting laser and the far-IR laser were mounted in a 
unique module (190x34x27 cm3), with INOX flanges (1) and 
INVAR staffs (2). The СО2-laser cylinder (3) has an inner 
diameter of 14 mm and a 160 cm discharge length. At one end 
the piezo-driven adjustment head (5) with a mirror (R=8 m) is 
mounted. The other end houses the diffraction grating (6) having 
a period of 0,01 mm. The generation mix of 
He:N2:СО2=1:0,57:0,64 with a total pressure of 150-160 mm Hg 
was continuously pumped through the laser cylinder. Adjustment 
of the СО2-generation lines was realised by a micrometric screw 



 
 

 

HIGH FREQUENCY RELAXATION KINETICS IN METAL AND HIGH-TC 

SUPERCONDUCTOR NANOCONTACTS 

46

(8). The Cu radiator (7) is attached to the grating for thermal 
stabilisation of the generation frequency. After modulation by the 
disc chopper (11), the excitation irradiation is reflected by the 
plain mirror (10) and the spherical one (9) with the R=60 cm, and 
consequently focused on the input mirror flange (13) of the far-
IR resonator cylinder (4).  

The input window (KCl) is mounted at an angle of 45° with 
respect to the beam axis. This gives the possibility to split the 
input beam and control the СО2-excitation power with the 
detector (12). The input (13) and output (15) mirrors are made of 
Cu and have axial holes of 1,5 and 5 mm, respectively. Both 
mirrors are mounted on adjustment units (14). The output from 
the resonator cylinder is closed by a quartz crystal plate that is 
transparent in the far-IR range but completely removes the СО2-
irradiation of the excitation laser. The active gas for far-IR 
generation (methyl alcohol CH3OH) enters the resonator cylinder 
from a vessel (16) through a needle valve, and is continuously 
pumped away to maintain a pressure of (5–10).10-2 mm Hg in the 
cylinder. The generated wavelength was measured with a 
Michelson interferometer. 

For irradiation in the IR and optical range, СО2 and He-Ne 
lasers (see Table 3.1) were used, respectively. To irradiate the 
NC in this range of frequencies, we employed a cryogenic insert 
with a hollow tubular light guide (Fig. 3.2, b) with an Al 
spherical mirror (F=1 m) mounted at the top end. The orientation 
of the mirror was adjusted to reach the maximum response signal 
from the NC.  

The “antenna” geometry of the “pin-to-plate” NCs is very 
advantageous for HF coupling. From another point of view, the 
extremely small area of the NCs (~10–103 nm2) makes their 
electric capacity very small. Consequencely, the contact 
capacitance shorting effect is negligible. This fact enlarges the 
effective working range of the NCs up to optical frequencies.  
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For the NCs the skin-effect can be neglected, since the skin 
depth for frequencies of ~1014 Hz is about 10-20 nm. Thus 
irradiation of the NCs can be considered homogeneous in depth. 
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