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Abstract—In this article has been investigated the isothermal
annealing of irradiated by the flow of electrons Q2=5°1015 el./cm2,
with the energy of 10 MeV, of single crystals n-Ge. Coefficients of
the magnetic sensitivity for irradiated single crystals n-Ge before
and after annealing at different temperatures were also
determined. The abnormal annealing at the temperature of 403 K
has been revealed. Hall constant was being increased during this
process and the maximal magnetic sensitivity was being achieved
correspondingly. Such abnormal annealing can be used as a tool
to create highly sensitive Hall sensors on the basis of the
irradiated n-Ge.

Index Terms—Isothermal annealing, crystals n-Ge, magnetic
sensitivity, irradiated n-Ge, Hall constant.

1. INTRODUCTION

At present time the development of semiconductor sensors
is one of the most perspective directions in progress of the
measuring systems element base. Systems of management and
control, measuring complexes and devices can not work
without all sorts of converters of physical quantities into
electrical signals which are called transducers or sensors [1-4].
The significant attention among such devices is given to the
sensors of the magnetic fields. Their nomenclature changes
constantly, which is primarily associated with the development
of electronic equipment. In addition, measurements of the
magnetic fields parameters find their application in both
fundamental and applied researches [5]. For example,
measurements of the magnetic fields and also the parameters of
the magneto-conductive environments in the frequency range
from zero to super high are the important problems of radio
electronics [6]. Issues, which are concerned of the control of
the plasma flows in the tokamak systems, require a special
attention.

This control is carried out by the magnetic fields of the
appropriate configurations. The magnetic field in itself is
regulated by a system of transducers that have high thermal
and radiation resistance [7, 8]. Hall sensors are one of the most
common types of the magnetically sensitive items, which are
widely used in medicine, engineering, flaw detection, geology
(in studies of new deposits), in a creation of systems
positioning and navigation [4, 6, 9-13]. A wide range of

measuring instruments of various types and designs for
investigation of the parameters of magnetic fields is
represented at the market of magnetic sensor technology
nowadays. However, such advanced manufacturers of
magnetic sensor devices as "Honeywell", "Asachi Kasei
MicroSystemsy», «Infinlon Technologies», «Micronasy,
«Melexis N.V." prefer the semiconductor sensors [14, 15].
Such sensors, with sufficient accuracy for industrial
applications, have small dimensions, relatively low price, easy
in operation.

Intensive development of semiconductor physics and
technologies of their obtaining contributes the improvement of
properties the existing semiconductor materials, as well as the
search and development of new semiconductor materials. The
highly sensitive magnetic field sensors on basis of these
materials can be created. The elementary semiconductors Si
and Ge are relevant to these semiconductors materials, which
are used as a raw material for the creation of Hall sensors [6].

As we know [16], physical properties of semiconductors
can be significantly modified by the influence of irradiation of
high energy particles or quanta of high energies and heat
treatment. This allows to change and adjust them the required
properties properties purposefully. And this, in its turn, can be
the basis of technologies for creation of the semiconductor
devices and sensors with set in advance properties. Also,
research of the radiation defects annealing processes gives the
possibility to set the conditions of stable operation of the
equipment, which includes elements on the basis of the
irradiated material. So, research of the radiation defects
annealing processes in single crystals n-Ge and their impact on
physical properties of single crystals n-Ge is interesting both
from the theoretical and applied points of view.

II. EXPERIMENTAL RESULTS AND THEORETICAL
CALCULATIONS

Influence of irradiation by the flow of electrons Q=5-10"
el./em’ cm” with the energy of 10 MeV and isothermal
annealing on the magnetic sensitivity of single crystals n-Ge
were investigated in the given work. Results of our previous
researches [17, 18] show that the point defects (A-centers
[19]) and regions of disordering were introduced for the same
single crystals n-Ge at the above-mentioned conditions of
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electronic irradiation. The author of the work [20] models
point defect in Ge with the same energy spectrum as a
complex, which consists of a vacancy, an atom of oxygen and
two interstitial atoms of Germanium (VOlI,g.). The isothermal
annealing of the irradiated samples n-Ge at the temperatures of
403 K, 433 K, 448 K and the measurements of temperature
dependencies of the Hall constant were carried out to study the
influence of heat treatment on the magnetic sensitivity of the
irradiated single crystals n-Ge. We’ve also obtained
dependencies of Hall voltage Uy from the induction of
magnetic field B in the range from 0 to 0,5 T for unirradiated
and irradiated samples before and after annealing (fig. 1-4).
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Fig 1. Dependencies of Hall voltage Uy= f(B) for the unirradiated
single crystals n-Ge at different temperatures T, K: 1 - 200; 2 - 250; 3
—300.
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Fig. 2. Dependencies of Hall voltage Uy=f(B) at T=200 K for the
irradiated single crystals n-Ge after the heat treatment within 1 h. for
different temperatures of annealing Tan, K: 1 - 403; 2 - 433; 3 - 448;
4 —unannealed sample.
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Fig. 3. Dependencies of Hall voltage Uy=f(B ) at T=250 K for the
irradiated single crystals n-Ge after the heat treatment within 1 h. for
different temperatures of annealing Tan, K: 1 - 403; 2 - 433; 3 - 448;
4 — unannealed sample.
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Fig. 4. Dependencies of Hall voltage Uy=f(B) at T=300 K for the
irradiated single crystals n-Ge after the heat treatment within 1 h. for
different temperatures of annealing Tan, K: 1 - 403; 2 - 433; 3 - 448;
4 —unannealed sample.

When the direction of current and magnetic field are
mutually perpendicular, then in accordance with [21] Hall
voltage Uy can be written as following:

U, - RulB, )
d
where Ry — Hall constant, / — the force of current, which flows
through the sample, B — induction of magnetic field, d — the
thickness of sample in the direction of magnetic field. The
magnetic sensitivity f is one of the main characteristics of
Hall sensors [6, 14, 15]:
_ou, 2
p== 2
If Ry does not depend on the magnetic field, then the
expression (2) can be written as:
_Un _ Rl 3
p=—p==" )

Since the current 7 and thickness of the sample d can be
defined, (for our case I=1wmA, d=0,9 mm), the magnetic
sensitivity will be also determined by the value of Hall
constant Ry, which in its turn depends on the concentration of
charge carriers and mechanisms of their scattering [21].
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For the unirradiated single crystals n-Ge, alloyed by the
impurity Sb with a concentration N;=5-10" cu”, magnetic
sensitivity of f = 10 mV/T does not depend on the temperature
(fig.1) because the shallow donors of Sb are fully ionized.
Under such conditions n-Ge yields to other materials (which
are used in the sensitive elements of Hall sensors) by value of
the magnetic sensitivity to a considerable extent [6]. Because
Hall constant Ry is inversely proportional to the concentration
of electrons in the conduction band [21] then, in accordance
with (3), at the decrease of the extent of doping of
semiconductors their sensitivity to the magnetic field will be
increasing correspondingly. However, the control of
impurities is one of the problems of the production, for
example, of the especially pure germanium single crystals.
Their content can be controlled only at the level of sensitivity
of modern analytical instruments.

Dependencies of Hall voltage from the induction of
magnetic field before and after isothermal annealing within 1
hour for single crystals n-Ge at different temperatures are
presented in fig. 2-4. All dependencies Uy=f(B) are linear in
accordance with these figures. The facts indicate about minor
role of the magnetoresistance. According to the works this
effect can occur for single crystals of germanium with
complexes that hold oxygen only at larger values of magnetic
fields. Abnormal growth of magnetic sensitivity in the
annealed samples in comparison with the unannealed was
revealed after the isothermal annealing over a period of one
hour at a temperature of 403 K (curves 1, fig. 2-4). The
measurements of temperature dependencies of Hall constant
for the annealed samples were conducted for a more detailed
study of mechanism of the isothermal annealing and its
influence on the magnetic sensitivity of the irradiated single
crystals n-Ge. The value of Hall constant increased at a
temperature of annealing 403 K in comparison with the
irradiated (unannealed) samples. Increase of the annealing
time to 3 hours at the temperature of 403 K leads to the growth
of Hall constant and magnetic sensitivity (fig. 5).
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Fig. 5. Dependencies of Hall voltage at T=300 K for the irradiated
single crystals n-Ge after the isothermal annealing at Tan=403 K, for
different times of annealing tv, h.: 1 -5;2-1;3 - 3.

Further annealing to 5 hours leads to the decrease of Hall
constant and magnetic sensitivity.

We also determined the parameters of radiation defects for
the annealed samples because the change of Hall constant Ry
after annealing of the irradiated single crystals n-Ge can be
caused by both a change in concentration of the existing
defects (A-centers, regions of disordering) and the emergence
of new complexes with another energy spectrum.

Let the equilibrium concentration of radiation defects after
the annealing in n-Ge constituted N and for each such defect
corresponds of L acceptor levels. Then the following equation
of electroneutrality can be written for the temperatures when
the shallow donors are fully ionized and the upper energy
level of radiation defects is ionized partially:

N(L-D+n,+n=N, 4)
where 7, — concentration of electrons at the highest on a scale
of energies acceptor level, n — concentration of electrons in the
conduction band, N; — concentration of the donor’s impurity.
Taking into account the expressions for corresponding

concentrations
F

n = N 9n:NL,ekTs (5)
« T ET
2e T 41
the equation (4) can be written as following:
, (6)
N(L-1)+ N +n=N,
1457 e

n

_ (2m,,/§T }% - effective density of states of the conductivity
¢ 40

zone, F - Fermi energy. Three unknown parameters of
radiation defects appear in the equation (5). These parameters
could have been changed in comparison with the irradiated
(unannealed) samples: N — concentration of radiation defects,
L - number of the acceptor levels that belong to each such
defect, E, - ionization energy of the highest on a scale of
energies acceptor level. In order to calculate of these
parameters we write the equation (6) for three different values
of concentration of electrons. As a result, a system of three
equations was obtained. The above-mentioned parameters of
radiation defects for the annealed samples n-Ge in different
modes have been calculated, considering the obtained
experimental results, value of the effective mass for density of
states for electrons of the germanium conduction band and
concentration of the impurity Sb N;=5-10"“cm™. Parameters L
and Ea were the same as for irradiated (unannealed) single
crystals n-Ge [17]. This fact indicates on impossibility or a
small efficiency the formation of other types of radiation
defects. The calculations show that concentration of A-centers
decreases at the temperatures of annealing 433 K and 448 K
and increases at the temperature of annealing 403 K to 3
hours.

IIT. CONCLUSIONS AND DISCUSSIONS OF THE OBTAINED
RESULTS

The analysis of the obtained results shows that a heat
treatment of single crystals n-Ge, irradiated by the high energy
electrons, has a major impact on their sensitivity to the
magnetic field. The magnetic sensitivity of the n-Ge at the
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temperatures of annealing Tan=433 K and Tan=448 K
decreases for the entire investigated range of temperatures, in
comparison with the irradiated (unannealed) samples. This is
explained by a decrease in the concentration of A-centers at
annealing. Growth of the magnetic sensitivity for the entire
investigated range of temperatures is observed at a
temperature of annealing Tan = 403 K for annealing time up to
3 hours. As one can see from the theoretical calculations,
under such conditions of annealing the concentration of A-
centers in the annealed samples increases in comparison with
the irradiated (unannealed) single crystals n-Ge. As have
explained earlier [18], irradiation of the same samples n-Ge by
a flow of electrons F=5-10" cm™, with the energy of 10 MeV,
leads to the formation of A-centers and regions disordering.
According to the Hosik model, the region disordering is a
macroscopic inclusion of the spherical form with a large
concentration of vacancies (10'-10* ¢cm™) in its kernel.
Gradient of the vacancies concentration between the kernel of
region disordering and its shell causes the diffusion of
vacancies into the conductive matrix of single crystal n-Ge.
The vacancies, which had been created at the annealing of
kernels of regions disodering, may again react with oxygen
and interstitial atoms of germanium and form new A-centers
correspondingly.

Therefore, we can conclude that at heat treatment of the
irradiated single crystals n-Ge the process of annealing occurs
in parallel with the process of A-centers generation. Processes
of the A-centers annealing prevail over the processes of their
generation at the temperatures of an isothermal annealing
Tan=433 K and Tan=448 K within one hour. Generation of the
A-centers occurs at a temperature of annealing Tan=403 K, for
times of annealing to 3 hours. An increase of the heat
treatment time (tan>3 h) at a temperature of Tan=403 K leads
to the decrease of the magnetic sensitivity. This effect can be
explained by the decrease of the regions disordering
concentrations and vacancies correspondingly, from which can
be formed A-centers.

Thus, the highest possible concentration of A-centers at a
temperature of annealing Tan=403 K over a period of 3 hours
is generated. This explains a significant increase of the
magnetic  sensitivity n-Ge, the obtained at the room
temperature, relatively to the unirradiated samples (from p=10
mV/Tl to B =350 mV/Tl) at a strength of current I=1 mA
through the sample and the Hall plate thickness in the
direction of the magnetic field d=0,9 mm. As far as the
thickness of Hall detector in Hall’s sensors is 0,2-0,3 mm as a
rule, and current can vary from units to tens of milliamperes
[6], then a change of the given parameters will allow to
increase the magnetic sensitivity of the investigated samples in
ten times.

That’s why, n-Ge, which had been irradiated by the high
energy electrons and passed the heat treatment additionally,
can be a perspective material for creation of the highly
sensitive sensors of the magnetic field on its basis. A high
threshold sensitivity (owing to the high magnetic sensitivity)
and higher (in comparison with unirradiated samples)

resistance to the various types of radiation will be the main
advantages of such sensors.
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