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Abstract

In this work, the effect of implanted hydrogen ions on the properties of silicon
samples doped with transition elements was studied. For the study, single-crystal
silicon samples of n-type and p-type were used, which were doped with phosphorus
and boron during rotation. These samples were irradiated with protons with an
energy of 2 MeV and a current of 0.5 uA at an irradiation dose of 5.6 x 101 cm2 at
room temperature (300° K). To study the properties of silicon samples before and
after irradiation, impedance methods were used to determine the electrical properties
of the samples, Raman spectroscopy to determine the composition of silicon, IR
spectroscopy to determine the concentration of optical active oxygen, Ellipsometry
to determine the optical properties and layers that were created after doping and

irradiation, volt-ampere characteristics.



Introduction

The relevance of the study. In recent years, all over the world in the field of
rapidly developing semiconductor micro-, opto- and nanoelectronics, one of the
promising areas is the development of ways of the physical modification of single-
crystal silicon. In this regard, studies aimed at studying the effect of various types of
radiation on the electrical properties of silicon doped with transition element
impurities and establishing controlled methods for improving the thermal stability
and radiation resistance of the parameters of silicon devices are one of the important
problems.

According to the available literature data the most important scientific tasks
today are:

1. ) - the study of the processes of formation of radiation defect centers in Si

after irradiation doped with impurities of transition elements;

2. ) - the effect of various types of radiation on the electrophysical properties

of silicon with impurities of transition elements;

3. ) - influence of thermal and radiation defects on the formation of a defect

structure of Si with impurities of transition elements;

4. ) - identification of the energy spectrum of deep levels created by

impurities of transition elements;

5. ) - interactions of specially introduced impurities with structural lattice

defects.

This work is devoted to solving these problems using spectral analytical
methods.

The degree of knowledge of the problem. Analysis and generalization of the
results of research conducted by well-known experts in the field of semiconductor
physics and semiconductor nano- and microelectronics (V.A. Kozlov, V.V.
Kozlovsky, V.V. Petrov, G.S. Kulikov, A.A. Lebedev, Weber, W.Wondrak,
D.Silber and others) show that experimental studies of optical, electrophysical,

resonant and other properties of semiconductors irradiated with various radiations,
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among which PE impurities in Si occupy a special place, today make it possible to
build certain general models of radiation deep centers , but these models are not yet
perfect.

Despite the large number of experimental data on the study of the
electrophysical properties of irradiated semiconductors and semiconductor
structures, there is still no picture that makes it possible to predict the behavior of
silicon and structures based on it under irradiation with protons.

The aim of the study is to study the change in the electrical properties of Si
doped with impurities of transition elements - platinum, chromium and radiation
defect formation after irradiation with protons.

To achieve this goal, it was necessary to solve the following tasks:

To investigate the electrophysical properties of Si samples doped with
transition elements - Pt and Cr as a diffusion way;

Irradiate Si samples doped with transition elements with protons;

Measure the electrophysical properties of Si samples doped with transition
elements and irradiated samples;

Compare electrophysical properties of Si samples doped with transition
elements and irradiated samples with protons;

The object of study is single-crystal silicon grown by the Czochralski
method, as well as Si doped with platinum and chromium.

Research methods. For research, the methods of impedance spectroscopy,
Raman spectroscopy, current-voltage characteristic and infrared (IR) absorption
were used. An electrostatic accelerator EG-5 for irradiation of samples were used.

Practical significance of the research results. The results obtained can be

used in the development of radiation-resistant semiconductor devices.



2. Methods

1. Electrophysical property measurement technigque Impedance

spectroscopy

Electrochemical impedance spectroscopy (EIS): EIS is one of the most
informative electrochemical techniques.

In a conventional electrochemical cell a medium—electrode interactions
includes the concentration of electroactive elements, charge-transfer, and mass-
transfer (diffusion) from the bulk solution to the electrode surface in addition to the
resistance of the electrolyte. Each of these features is characterized by an electrical
circuit that consists of resistances, capacitors, or constant phase elements that are
connected in parallel or in a series to form an equivalent circuit, as shown? in Figure
1. Thus, the EIS could be used to explore mass-transfer, charge-transfer, and
diffusion processes. Accordingly, the EIS has the ability to study intrinsic material
properties or specific processes that could influence conductance,
resistance, or capacitance of an electrochemical system. The impedance differs from
the resistance, since the resistance observed in DC circuits obeys Ohm’s Law
directly. A small signal excitation is applied for measuring the impedance response.
The electrochemical cell response is pseudo-linear in which a phase-shift is acquired
while the current response to a sinusoidal potential is a sinusoid at the applied
frequency. Thus, the excitation signal is presented as a function of time, as shown in
Equation (1):

E: = Eo-sin(wt) Q)
where E; is the potential at time t, E, is the amplitude of the signal, and o is the

radial frequency.
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Figure 1. A simple scheme to descript the EIS circuit and the redox reaction takes

place at the surface of working electrodes in a conventional-electrochemical cell
(i.e., three-electrode system). R is the charge transfer resistance, Rs is electrolyte

resistance, and Cy is the capacitance double layer.

The correlation between the radial frequency (o) and the applied frequency (f) is
calculated by Equation (2):
o=27f Q)
In a linear system, the signal is shifted in phase (®) and has a different amplitude
than lo(Equation (3)):
I = lo sin(wt + @) (3)

Thus, the impedance of the whole system can be obtained from Equation (4):
Z =Ell = Zy exp(i®) = Z, (cosd + isind) (4)



Where: Z, E, |, ®, and @ are impedance, potential, current, frequency, and
phase shift between E and I, respectively. The impedance is expressed in terms of a
magnitude, Z,, and a phase shift, @. If the applied sinusoidal signal is plotted on the
X-axis and the sinusoidal response signal (I) on the Y-axis, the result is a “Lissajous
Plot”, Figure 2(I). Before the existence of modern EIS instrumentation, Lissajous

analysis was the only way for the impedance measurement?2,
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Figure 2. The Lissajous plot (I) and Nyquist plot with impedance vector (11)

Electrochemical processes associated with the electrolyte/interface and redox
reactions are simulated/computed as an electric circuit (equivalent circuit) involving
electrical components (resistors, capacitors, inductors). This equivalent circuit is
designed and implemented to understand and evaluate the individual components of
the EIS system. Resistance of solution (Rs), double layer capacitance at the surface
of the electrode (Cy)), charge transfer resistance (Rc), and Warburg resistance (Zy)
are simplified in the Randles equivalent circuits, as shown* in Figure 3. Warburg
resistance is the result of a diffusion process occurring at the electrode—electrolyte
interface. Experimentally, the perfect capacitor does not regularly exist, thus an
additional element called a constant phase element (CPE) is applied to mimic/model
this non-ideal capacitance behavior. The discussed reasons behind this include
surface roughness, non-homogeneity, or surface porosity of the investigated

materials®.
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Figure 3. Impedance spectras showing a simplified Randles (a) equivalent

circuit (b) for an electrochemical system (original data obtained by our team).

From Nyquist plots (practical data must be obtained first), elements of the
equivalent circuit are determined and connected according to the Nyquist shape.
Therefore, the EIS curve is the most important datum to be obtained first, and then
surface characteristics are evaluated from fitting the electrical circuit simulation (see
Figure 4). The shape of a Nyquist plot is dependent on the electrode matrix (i.e.,
working electrode composition) and the electrochemical responses taking place
either at the surface of the working electrode or in the bulk solution. Thus, different
Nyquist plot curves could be generated, e.g., a single semicircle, two semicircles, or

two half-semicircles could be obtained for specific electrochemical operation®.
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Figure 4. Impedance spectra (examples of Nyquist plot curves) of single-phase
samples (a), two-phase samples (b), three-phase samples (c) and a samples with the

effect of negative capacitance (d) and their equivalent circuits).

Physical and chemical processes in fuel cells as well as energy storage devices
can be characterized effectively using the EIS technique as a non-destructive
investigating tool. Thus, the EIS can be implemented to monitor stability and
performance of these materials and devices in addition to monitoring their charge

transport-properties’.
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2.2. Spectra measurement technigue Raman spectroscopy

Raman spectroscopy is a non-destructive analysis technique that provides
detailed information about chemical bonds, crystal phase and molecular interactions.
It is based on the interaction of light with electronic subsystem of materials®.

The Raman spectrum has a number of peaks indicating the intensity and
position of the wavelength of the Raman scattered light. Each peak corresponds to a
specific molecular bond vibration, including individual bonds such as C-C, C=C,
NO, C-H, etc., and bond groups such as benzene ring breathing mode, polymer chain
vibrations, lattice modes, etc.

Raman spectroscopy investigates the chemical structure of a material and
provides information about°:

* Chemical composition and stoichiometry of the substance

* Phase and polymorphism

* Internal stress/deformation

* Pollution and impurities
Typically, a Raman spectrum is a distinct chemical fingerprint for a particular
molecule or material, and can be used to very quickly identify a material or
distinguish it from others. Raman spectra libraries are often used to identify a
material based on its Raman spectrum—Ilibraries containing thousands of spectra are

quickly scanned to find a match with the spectrum of the analyte®X.

Intensity (a.u.)

200 300 400 500 600 700
Raman shift (cm™)

Fig.5. Raman spectrum of initial silicon.
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The overall spectrum profile (peak position and relative peak intensity)
provides a unique chemical fingerprint that can be used to identify a material and
distinguish it from others. Often the actual spectrum is quite complex, so extensive
libraries of Raman spectra can be searched to find a match and thus provide chemical
identification.

The intensity of the spectrum is directly proportional to the concentration.
Typically, a calibration procedure will be used to determine the relationship between
peak intensity and concentration, and then routine measurements can be performed
to analyze the concentration. For mixtures, relative peak intensities provide
information on the relative concentration of the components, while absolute peak

intensities can be used to provide information on absolute concentrations??.

Fig.6. Confocal Raman microscope SENTERRA 11 with laser safety case.
Raman spectroscopy can be used for microscopic analysis with a spatial

resolution on the order of 0.5-1 pm. Such an analysis is possible using a Raman

microscope.
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A Raman microscope connects a Raman spectrometer to a standard optical
microscope, allowing high magnification imaging of the sample and Raman analysis
with a microscopic laser spot?2,

A true confocal Raman microscope can be used to analyze particles or micron-
sized volumes. It can even be used to analyze different layers in a multilayer sample
(eg polymer coatings) as well as contaminants and features below the surface of a
transparent sample (eg impurities in glass and liquid/gas inclusions in minerals).

Motorized mapping steps generate Raman spectral images that contain many
thousands of Raman spectra obtained from different positions on the sample*. The
Raman spectrum can be used to create false color images that show the distribution
of individual chemical components and changing other effects such as phase,

polymorphism, stress/strain, and crystallinity.

2.3 IR-Spectroscopy

Infrared spectroscopy is based on the measurement of the interaction
of infrared radiation with matter by absorption, emission, or reflection. It is used to
study and identify chemical substances or functional groups in solid, liquid, or
gaseous forms. It can be used to characterize new materials or identify and verify
known and unknown samples. The method or technique of infrared spectroscopy is
conducted with an instrument called aninfrared spectrometer (or
spectrophotometer) which produces an infrared spectrum. An IR spectrum can be
visualized in a graph of infrared light absorbance (or transmittance) on the vertical
axis  vs. frequency, wavenumber or wavelengthon  the  horizontal  axis.
Typical units of wavenumber used in IR spectra are reciprocal centimeters, with the
symbol cm™. Units of IR wavelength are commonly given in micrometers (formerly
called "microns"), symbol pm, which are related to the wavenumber in
a reciprocal way. A common laboratory instrument that uses this technique is

a Fourier transform infrared (FTIR) spectrometer.
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The infrared portion of the electromagnetic spectrum is usually divided into
three regions; the near-, mid- and far- infrared, named for their relation to the visible
spectrum. The higher-energy near-IR, approximately 14,000-4,000 cm™ (0.7—
2.5 um wavelength) can excite overtone or combination modes of molecular
vibrations. The mid-infrared, approximately 4,000-400 cm™ (2.5-25 um) is
generally used to study the fundamental vibrations and associated rotational—
vibrational structure. The far-infrared, approximately 400-10 cm™* (251,000 um)
has low energy and may be used for rotational spectroscopy and low frequency
vibrations. The region from 2-130 cm™, bordering the microwave region, is
considered the terahertz region and may probe intermolecular vibrations.l* The
names and classifications of these subregions are conventions, and are only loosely
based on the relative molecular or electromagnetic properties.

Infrared spectroscopy exploits the fact that molecules absorb frequencies that
are characteristic of their structure. These absorptions occur at resonant frequencies,

I.e. the frequency of the absorbed radiation matches the vibrational frequency .
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Figure.7.IR-spectrum of Silicon monocrystalline.

In particular, in the Born—-Oppenheimer and harmonic approximations, i.e.
when the molecular Hamiltonian corresponding to the electronic ground state can be
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approximated by aharmonic oscillator in the neighborhood of the
equilibrium molecular geometry, the resonant frequencies are associated with
the normal modes of vibration corresponding to the molecular electronic ground
state potential energy surface.

The resonant frequencies are also related to the strength of the bond and
the mass of the atoms at either end of it. Thus, the frequency of the vibrations are
associated with a particular normal mode of motion and a particular bond type.

The infrared spectrum of a sample is recorded by passing a beam of infrared
light through the sample. When the frequency of the IR is the same as the vibrational
frequency of a bond or collection of bonds, absorption occurs. Examination of the
transmitted light reveals how much energy was absorbed at each frequency (or
wavelength). This measurement can be achieved by scanning the wavelength range
using a monochromator. Alternatively, the entire wavelength range is measured
using a Fourier transform instrument and then

a transmittance or absorbance spectrum is generated using a dedicated procedure?®.
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3 Results

3.1. Electrical properties of semiconductor heterosstructures based

on silicon KEF-0.3 after irradiation with gamma quantum

The high sensitivity of single-crystal silicon and silicon devices to the effects
of radiation has led to the fact that recently the problems of the effect of radiation on
the electrophysical properties of materials, characteristics, reliability and stability of
space semiconductor electronics devices have become very relevant.

It is known that in semiconductor materials used for the manufacture of solar
cells, including single-crystal silicon, the concentration, mobility, and lifetime of
charge carriers change during the action of penetrating radiation, due to the
appearance of radiation defects®’.

For the experiments we used n-type silicon grown by the Czochralski method
with a resistivity of 0.3 Q-cm (KEF-0.3). The initial silicon was doped with
phosphorus (n-Si) during growth and the dopant concentration was
7.3x10%%+7.1x10%° cm™. Irradiation of silicon samples with y-quanta was carried out
in stages: ®= 10° 10° 107,108 rad using the isotope Cog (1.17 MeV) at a
temperature Tq= 300 K.

To obtain the current-voltage characteristics of the samples, a P-20
potentiostat (Elins) was used. Determined the value of the current in the voltage
range from -5 to 10 volts.

Figure 8 shows the current-voltage characteristics of the original (curve 1)
and irradiated samples (curves 2-5 (14 in the inset of Fig. 8, b)). There is a sharp
drop in electrical conductivity and rectifying properties. All irradiated samples
showed an almost 10-fold decrease in the maximum current on the forward branch
(60 to 10 mA at 10 V), and more than 5-6 times (from 10 to 2 mA at -5 V) on the
reverse branch of the V-I characteristics.
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Fig.8. Current-voltage characteristics of silicon samples before (curve 1) and after
irradiation with doses of 10° rad (curve 2), 10° rad (curve 3), 107 rad (curve 4) and
108 rad (curve 5), respectively (Fig. 8, a).

Inset (Fig. 1b) Current-voltage characteristics of irradiated samples with doses of
10° rad (curve 1), 10° rad (curve 2), 107 rad (curve 3), and 108 rad (curve 4),
respectively.

The difference in the maximum current for all irradiated samples was about
0.001-0.002 A (depending on the radiation dose).

The results obtained correlate with the results of article!®, according to which
irradiation of any nature leads to a decrease in the electrical conductivity of
semiconductors.

The most significant factor in changing the properties of irradiated silicon are
radiation defects containing V vacancies. Such radiation defects include the O;-V
interstitial oxygen complex (A-center), doublet vacancy (V-V), and the phosphorus
complex at the Ps-V vacancy site (E-center). All these radiation defects are effective
recombination centers. and traps of free charge carriers responsible for their
accumulation in the crystal and the subsequent increase in the resistivity of irradiated
silicon®®.
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A proportional dependence of the specific resistance of the silicon structure

under study on the value of the imparted dose has been established.

3.2. Effect of proton irradiation on the oxygen content of n-Si silicon
samples

Currently, the use of alternative energy sources is one of the most important
issues in various fields. The basis of alternative energy sources is occupied by solar
photocells. At a time when the use of solar cells is expanding, there are a problems
of studying the physical factors affecting their performance and efficiency. In
particular, there is a negative effect of temperature and radiation on the efficiency of
solar cells when it’s uses on space stations, and in dusty areas with high levels of
environmental pollution®.

Silicon monocrystals are mainly used in the production of solar photovoltaic
cells. The study and elimination of external adverse effects on silicon solar cells is
one of the urgent tasks in the energy sector.

The purpose of this work was to study the effect of proton irradiation on the
oxygen content of n-Si silicon samples using IR spectroscopy.

For the experiments we used n-type silicon grown by the Czochralski method
with a resistivity of 40 Q cm (KEF-40). The initial silicon was doped with
phosphorus (n-Si) during growth and the dopant concentration was 5x10%3+5.3x10%
cm3. Irradiation of silicon samples with hydrogen ions was carried out in an
electrostatic accelerator "EG-5" with an energy of 2 MeV, a current of 0.5 uA and a
dose of 5.1x10%** cm at a temperature of T = 300 K.

To determine the concentration of optical active oxygen in silicon samples, an
IR spectrometer "Shimadzu IRAffinity-1" was used. The measurement was carried
out in the range of 400 - 2000 cm™* wavenumber.

It is known?! that oxygen can be present in single-crystal silicon in various
forms (in an atomically dispersed state and in the form of various complexes). In the

dispersed state, oxygen is in the interstitial position, forming with two neighboring
18



silicon atoms a quasi-molecule Si - O - Si. In this case, the oxygen atoms that are
part of the Si — O — Si quasimolecule are optically active and have a number of
natural vibrational frequencies of 1225, 1106, 515 cm™ (at T = 300 K). As the
temperature decreases, these bands shift, split, and change in intensity. The most
intense IR absorption band is the band at 1106 cm™ (9.1 um), and therefore, in
practice, this band is used to determine the atomic oxygen content in the crystal. It
turns out that the concentration of optical active oxygen (No°" ) is proportional to
the absorption coefficient amax at the maximum of the 1106 cm-1 band??:
No® =K - 0max(1106 cm™) (1)

Where K is the coefficient of proportionality.

Figure 9 shows the IR spectra of the original (black line) and irradiated (red
line) n-type silicon samples. We can see that the IR spectra show us several peaks,
but of these, we are only interested in one peak that was created with a high intensity
in the wavenumber of 1106 cm™. This peak belongs to optically active oxygen,
which is in the interstitial position, forming a Si-O-Si quasi-molecule with two

neighboring silicon atoms.
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Fig.9. IR spectra of initial and irradiated n-Si silicon samples.
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A comparison of the IR absorption spectra of the original and irradiated
samples show that the introduction of hydrogen ions into silicon after irradiation
leads to a significant increase (about 10-15%) in the concentration of optically active
oxygen.

Analysis of the obtained results leads to the following conclusions. Irradiation
of silicon samples leads to the release of oxygen atoms located in the crystal lattice
sites associated with silicon atoms, and one of the famous radiation defects, A-
centers (V-0), is formed. It also causes the oxygen atoms at the outer site to move
between sites. As a result, we see that irradiation increases the concentration of

optically active oxygen.

3.3. Study of the influence of proton irradiation on silicon structures using

Raman spectroscopy

Modification of semiconductor materials, directed change of their properties,
by beams of light ions, in particular protons, is one of the most promising and rapidly
developing physical and technological methods in recent years. Interest in protons
1s due to the wide and controllable range of processed material depths (from 0.1 pm
to 1 mm) and the absence of complex radiation complexes with a high annealing
temperature after proton irradiation. The main three factors influencing the change
in the properties of semiconductors after proton irradiation are: a change in the
electrophysical properties of semiconductors, radiation defect formation, and the
accumulation of hydrogen atoms?*,

To study the effect of proton irradiation on silicon, we used Raman
spectroscopy.

Lasers on such working bodies as Ar + (351.1-514.5 nm), Kr + (337.4-676.4

nm), and He-Ne (632.8 nm) are mainly used as a source of exciting light®>.

20



For the experiments the n-type silicon, growed by the Czochralski method
with a resistivity of 0.5 + 50 Ohm cm. The original silicon was doped with
phosphorus (n-Si). In this case, the concentration of dopants was 7.3 - 1083 + 7.1 -
10*° cm2 in n-Si.

The concentrations of optically active oxygen and carbon in the initial silicon
samples of n- and p-type conductivity were, respectively, No® ~ 6,2-10%+1,3-10*8
cm? and carbon Ncot = 2-10%°+2-10%° cm3. The oxygen content No°* and carbon
Nc* were estimated from the IR absorption spectra in the range of wave numbers k
= 1100 cm™? (oxygen band at 9.1 um) and k = 610 cm™ (carbon band at 16.4 pm),
measured on a SpecordIR-75 infrared spectrophotometer in a two-beam scheme at
300 K%, As a control (reference) sample, we used polished oxygen-free silicon of
the same thickness as the sample under study, with No®* < 10%® cm3, Nt =5 - 10°
cm®,

The samples were irradiated with a proton with an energy of 300 keV and a
current of 1 pA. The irradiation time was different, that is, 10, 20, 30 minutes (the
intensity of the beams is 102 cms?),

Irradiation with protons was carried out at the unique object of the SOCOL
EG-2 electrostatic accelerator at the Research Institute of Physics Semiconductors
and Microelectronics.

In the Raman spectrum, the x axis is called the Raman shift and this denotes
the wavelength that affects the sample. The y axis denotes the intensity of impurities
in the samples. On Figure 10 the Raman spectrum of the starting silicon n-Si is

shown.
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We can see a there is one large peak (523cm™) and two small peaks (301, 935-
990 cm™?). The peaks located at 301, 523, and 935-990 cm™ are introduced from the
silicon substrate, which is compared with the Raman spectrum of a silicon
substrate?’. Peak 523 cm™ is the backbone of the silicon peak. Vibrations of P-O in
equivalent tetrahedra [PO,] give the main Raman band at 972cm™ [?®]. That is, these
peaks denote the original silicon (doped with nothing) n-Si. In this sample, the value
of the intensity of the peak 523 is equal to almost 1400. And now we will discuss

the Romanov spectra of silicon samples irradiated with 300 keV energy, 1uA current
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Fig.10. Raman spectrum of initial n-Si silicon.
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Fig.11.Raman spectrum of silicon n-Si, irradiated with protons: a) irradiated
for 10 minutes; b) irradiated for 20 minutes; c) irradiated for 30 minutes (intensity

of beams 102 cm%sY).

After irradiation with protons for 10 minutes, the Raman spectrum did not
change along the x axis, because the impurity composition of the sample did not
change after irradiation. But the intensity of the 523 peak is increased to 1500 (Fig.
11a).

After irradiation for 20 and 30 minutes, the location of the peaks along the x
axis also did not change due to the unchanged impurity composition (Fig. 11b, 11c).
But, the intensity of point 523 has increased in large numbers. The intensity of the
sample that was irradiated for 20 minutes is increased to 1979. The intensity of the
sample that is irradiated for 30 minutes is increased to 2020. This means that the
intensity of the beam is directly proportional to the dose of protons.

We know that the intensity is the average power carried by the wave through a
unit area located perpendicular to the direction of wave propagation, the energy flux
density, that is, the amount of energy passing per unit of time through a unit of area.
We also know that power is always directly proportional to resistance. We have seen
that when the dose of irradiation of the sample was increased, the intensity of the

beam in Raman spectroscopy also increased. This means that the radiation dose
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changes the electrical resistance of the silicon samples. How many doses you

irradiate, so much the resistivity of silicon samples increases.
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4. Conclusion

After irradiation with protons and alpha particles, the electrical conductivity
properties of semiconductor materials drop sharply by almost 100 times. In turn,
metals have high electrical conductivity, this property is 10° times higher than that
of semiconductors. Therefore, to improve the electrical conductivity of
semiconductors, it is necessary to dope them with transition elements. As a result,
we get a new radiation-resistant conductive semiconductor material. It is
advantageous to create devices, diodes, transistors and other types of semiconductor
devices from such materials. These devices are used in places with a high dose of

radiation. For example, in a nuclear power plant, in outer space, in a reactor, etc.
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