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Isothermal annealing of n—-Ge single crystals irradiated by the electron flux Q =
5-101% el./em2, energy of 10 MeV, has been investigated. Dependences of Hall voltage on
the magnitude of the external magnetic field in the range from 0 to 0.5 T are obtained by
Hall effect measurements. 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. The given effect is explained by the increasing concentration of
radiation defects with deep energy levels (A-centers) owing to the generation of vacancies
which are formed in annealing of kernels of regions disordering. Such abnormal annealing
can be used as a tool to create highly sensitive Hall sensors by the irradiated n—Ge.

Keywords: isothermal annealing, radiation defects, magnetic sensitivity, germanium
single crystals.

HceaenoBaH M30TEPMUYCCKUY OTMHUT OGJYUEHHBIX MOHOKPHCTAJNIOB N—GE IOTOKOM 3JeK-
rporoe @ = 5.101° 3JI./CM2 ¢ sueprueii 10 M»sB. Ha ocHoBe usmepenuii sddexra Xouaa
IMOJIyYEeHbl B3aBHCUMOCTU XOJJIOBCKOI0 HANPIKEHUA OT BeJIWUYMHBl BHEIIHEr0 MAarHUTHOTO
nosns B auanasone or 0 mo 0,5 Ta u oupexeneHbl Koo UIMEHTH MATHUTHON UYBCTBHUTEJb-
HOCTH AJid O0JyYeHHBIX MOHOKPHUCTAJIOB N—GE 10 M IIOoCciie OTKUIa IPHU PASJIMYHBIX TEeMIIe-
parypax. IIpu Tremmneparype oroxura 403 K oGHapy»XeH aHOMAJBLHBINA OTMKUI, LIPH KOTOPOM
YBEJIMUYMNBAJACh [IOCTOAHHAS XOJJA U COOTBETCTBEHHO MOCTHUIAJACH MAKCHMAJbHAS MACHUT-
Hasi YYBCTBUTEJBHOCTEL. JlaHHBIN sdeKT 00BACHIETCA POCTOM KOHICHTPAIIMN DPATHAIHOH-
HBIX Je(eKTOB ¢ IIyOOKMMU SHEPreTUYECKHMH YPOBHAME (A-IEHTPOB) 3a CUeT TIeHepalluu
BaKAHCHUI, KOTOpPbIe 00pasyioTcs IpPU OTKHUTe sjep obuaacreil pasymnopsgouenusd. Takoil amdo-
MAJIBHBIN OTIKUT MOMKET OBITH MCIIOJb30BAH KAK MHCTPYMEHT [JIS CO3LAHUS HA OCHOBE OOJyUeH-
Horo N—-Ge BLICOKOUYBCTBUTEILHLIX JATUNKOB XOJLIa.

Brnane tepmiuHoil 06po6KM HA MATHITHY YyTJWBICTh ONMMPOMiHEHHX €JEKTPOHAMHU MOHO-
kpucraxais n—Ge. C.B.JIynvos, A.I.3inuy, M.B.Xeuwyn, B.T.Macniok, I.I"Mezeaa.

Mocaimeno isoTepMiuHMII Bigmas ONpPOMiIHEHMX MOHOKpUCTAIIB N—-(GE IIOTOKOM eleK-
rporie @ = 5-101% ex./cm? 3 emepriero 10 MeB. Ha ocuosi sBumiproBanb edexry Xouuia
OTPUMAHO 3aJEKHOCTI XOJiBCBKOI HAIPYyrd Bij BeJIWYMHU B0BHIIIHBOI'O MATrHITHOrO IIONA Yy
piamasoni Bix 0 mo 0,5 Tu Ta BusHaueHo KoedimieHnTn MarmiTHoOl WyTJuBOCTI AJIA OIpoMiHe-
HUX MOHOKpucTtaixis N—-Ge g0 i micaa Bigmaay npu pisEmx temneparypax. Ilpm Temmeparypi
Bigmany 403 K BuABIeHO aHOMAJBHHUI Bimman, mpu sKomMy sOliblryBaJsacs crana XoJjaa i
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BIITIOBiAHO JocATaNacsad MaKCHUMaJbHA MAar"HiTHa uYyTAuBicTb. Hanuil edeKT IMOSCHIOETHCS
3POCTAaHHAM KOHIEHTpAIlil pamiamitinux mgederTiB 3 TAUOOKMMHN €HEPTETUYHUMH PiBHAMHU
(A-mtenTpiB) 3a paxyHOK TeHeparlii BakaHCili, AK1 yTBOpIOIOThHCA TIpu Bigmani samep obaacteit
posynopankysanusa. Taxkuili anoManbHU Bifmas MosKke OYyTH BUKOPUCTAHUM AK IHCTPYMEHT s
CTBOPEHHsI Ha OCHOBi onpomineHoro N—Ge BUCOKOUYTAUBUX AaTuWKiB XoJja.

1. Introduction

Systems of management and control,
measuring complexes and devices cannot
work without all sorts of converters of physi-
cal quantities into electrical signals which are
called transducers or sensors [1-4]. At pre-
sent, the development of semiconductor sen-
sors is one of the most perspective direc-
tions in progress of the measuring systems
element base. The significant attention is
given to the sensors of the magnetic fields.
Their nomenclature continually expands
that is primarily associated with the devel-
opment of electronic equipment. Also, meas-
urements of the magnetic fields parameters
find their application in both fundamental
and applied types of research [5]. For exam-
ple, measurements of the magnetic fields as
well as the parameters of the magneto-con-
ductive environments in the wide frequency
range from zero to ultra high values pre-
sent the essential issue of radio electronics
[6]. Problems concerning of the control of
the plasma flow in the tokamak systems re-
quire particular attention. This control is
carried out by the magnetic fields of the
appropriate configurations. The magnetic
field is regulated by a system of
transducers that have high thermal and ra-
diation resistance [7, 8]. Hall sensors are
one of the most common types of the mag-
netically sensitive items, which are widely
used in medicine, engineering, flux detec-
tion, geology (in studies of new deposits), in
a creation of systems positioning and navi-
gation [4, 6, 9-13]. A wide range of meas-
uring instruments of various types and de-
signs 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 MicroSystems”, "Infinlon
Technologies”, "Micronas”, "Melexis N.V."
prefer the semiconductor sensors [14, 15].
Such sensors, with sufficient accuracy for
industrial applications, have small dimen-
sions, relatively low price, comfortable in
operation.

Intensive development in the field of
semiconductor physics and technologies for
obtaining these materials contributes to the
improvement of properties the existing
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semiconductor materials, as well as the
search and development of new semiconduc-
tor materials. The highly sensitive magnetic
field sensors by these materials can be cre-
ated. The elementary semiconductors Si and
Ge are relevant to these semiconductors ma-
terials, 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 modi-
fied by the influence of irradiation of high
energy particles or quanta of high energies
and heat treatment. This allows changing
and adjusting them to the required proper-
ties purposely. This could serve as the basis
of technologies for the creation of the semi-
conductor devices and sensors with set in
advanced 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 by the irradiated material. Thus
research of the radiation defects annealing
processes in single crystals n—Ge and their
impact on physical properties of single crys-
tals n—Ge is interesting both from the theo-
retical and applied points of view.

2. Experimental results and
theoretical calculations

Influence of irradiation by the electron
flux Q = 5.1015 el./cm?2 with the energy of
10 MeV and isothermal annealing on the
magnetic sensitivity of single crystals n—-Ge
were investigated in the given work. Re-
sults of our previous researchers [17, 18]
demonstrate that the point defects (A-cen-
ters [19]) and regions of disordering were
introduced for the same single crystals
n—Ge under electron irradiation with men-
tioned parameters. The author of the work
[20] models point defects 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
(VOI,Ge). The isothermal annealing of the
irradiated samples n—-Ge at the tempera-
tures 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 mag-
netic sensitivity of the irradiated single crys-
tals n-Ge. We’ve also obtained dependences
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Fig. 1. Dependences of Hall voltage Uy =
f(B) for the unirradiated single crystals n-Ge
at different temperatures T, T: I — 200;
2 — 250; 3 — 300.

of Hall voltage Uy from the induction of
magnetic field B in the range from O to
0,5 T for non-irradiated and irradiated sam-
ples before and after annealing (Fig. 1 and
Fig. 2). When the direction of the current
and magnetic field are mutually perpendicu-
lar, then by [21] Hall voltage Up can be
written as follows:

RyIB (1)
H™ d ’

where Ry is the Hall constant, I is the force
of current, which flows through the sample,
B is the induction of magnetic field, d is
the thickness of sample in the direction of
magnetic field. The magnetic sensitivity P is
one of the base characteristics of Hall sen-
sors [6, 14, 15]:

_ Uy (2)
b= 0B

If Ry does not depend on the magnetic
field, then the expression (2) can be written
as:

B_@_@ (3)
- B d -

Since the current I and thickness of the
sample d can be defined, (for our case I =
1 mA, d = 0.9 mm), the magnetic sensitivity
can be determined by the value of Hall con-
stant Rp. The last one in its turn depends on
the concentration of charge carriers and
mechanisms of their scattering [21, 22].

For the non-irradiated single crystals
n—Ge, doped by the impurity Sb with a con-
centration N, = 5:1014 cm™3, the 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 concedes sig-
nificantly to other materials (which are
used in the sensitive elements of Hall sen-
sors) by a value of the magnetic sensitivity
[6]. As Hall constant Ry is inversely pro-
portional to the concentration of electrons
in the conduction band [21, 22] then, by (3),
at the decrease of the extent of doping of
semiconductors their sensitivity to the mag-
netic field could be increased correspond-
ingly. However, the control of impurities is
one of the problems of the production, for
example, of the exceptionally pure germa-
nium single ecrystals. Their content can be
controlled only at the level of sensitivity of
modern analytical instruments [23]. De-
pendences of Hall voltage from the induc-
tion of magnetic field before and after iso-
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Fig. 2. Dependences of Hall voltage Uy = f(B) at T = 200 K (a), T = 250 K (b) and T = 300 K (c)
for the irradiated single crystals n—Ge after the heat treatment within 1 h for different tempera-

tures of annealing I,

Functional materials, 26, 1, 2019

K: 1 — 403, 2 — 433, 3 — 448, 4 — unannealed sample.
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Fig. 3. Temperature dependences of Hall con-
stant lg (1Ryl) = f(103/T) for the irradiated
single crystals n—Ge after the heat treatment
within 1 h for different temperatures of an-

nealing T, , K: 1 — 433; 2 — 448; 3 — 403;
4 — unannealed sample; 5 — unirradiated
sample.

thermal annealing within 1 h for single
crystals n—Ge at different temperatures are
presented in Fig. 2. All dependences Uy =
f(B) are linear by these figures. The facts
indicate about the minor role of the magne-
toresistance. According to the works [24,
25], this effect can occur for single crystals
of germanium with complexes that hold
oxygen only at larger values of magnetic
fields. Heat treatment of the irradiated
samples within one hour at a temperature
of 433 K (curve 2, Fig. 2) and a tempera-
ture of 448 K (curve 3, Fig. 2) led to a
reduction of the magnetic sensitivity. Such
behavior differs in comparison with the ir-
radiated (non-annealed) samples (curve 4,
Fig. 2). Abnormal growth of magnetic sensi-
tivity in the annealed samples in compari-
son with the non-annealed was revealed
after the isothermal annealing over a period
of one hour at a temperature of 403 K
(curves 1, Fig. 2).

The measurements of temperature de-
pendencies of Hall constant for the annealed
samples were conducted for a more detailed
study of mechanism of the isothermal an-
nealing and its influence on the magnetic
sensitivity of the irradiated n-Ge single
crystals. The results of measurements of the
temperature dependences of Hall constant
after isothermal annealing over a period of
one hour at the temperatures of 403 K,
433 K and 448 K are presented at Fig. 3.
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Fig. 4. Temperature dependences of Hall con-
stant lg (IRgl) = f(103/T) for the irradiated
single crystals n—-Ge at temperature of the
isothermal annealing T,, = 403 K, for differ-
ent times of annealing #,,, h: 1 — 1; 2 — 3;
3 —5;4—0.

As we can see from Fig. 3, the value of Hall
constant increased at a temperature of an-
nealing 408 K (curve 3) in comparison with
the irradiated (non-annealed) samples (curve
4). The increase of the annealing time to
3 hours at the temperature of 403 K leads to
the growth of Hall constant (curve 2, Fig. 4)
and magnetic sensitivity (curve 3, Fig. 5).
Further annealing to 5 hours leads to the
decrease of Hall constant (curve 3, Fig. 4)
and magnetic sensitivity (curve 1, Fig. 5).
We also determined the parameters of
radiation defects for the annealed samples
because of the change of Hall constant Ry
after annealing of the irradiated single
crystals n—-Ge. It can be caused by both a
change in concentration of the existing de-
fects (A-centers, regions of disordering) and
the emergence of new complexes with an-

other energy spectrum [26, 27].
Let the equilibrium concentration of ra-

diation defects after the annealing in n-Ge
constituted N and for each such defect cor-
responds of L acceptor levels. Then the fol-
lowing equation of electro neutrality can be
written for the temperatures when the shal-
low donors are fully ionized and the upper
energy level of radiation defects is ionized
partially:

N(L-1)+n,+n=Ng (5)

Functional materials, 26, 1, 2019
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Fig. 5. Dependences of Hall voltage at T =
300 K for the irradiated single crystals n-Ge
after the isothermal annealing at T,, =
403 K, for different times of annealing ¢
h:1 —5;2 —1;3 — 8.

an?

where n, is the concentration of electrons at
the highest on a scale of energies acceptor
level, n is the concentration of electrons in
the conduction band, N; is the concentra-
tion of the donor’s impurity. Taking into
account the expressions for corresponding
concentrations [28]

N

F
ng=—g—5—— n=Nce", (6)
2¢ T +1

the equation (5) can be written as follows:

N

NIL-1)+ = +n=Ng (7)

1+—Sem
n

N, = (ZmnkT)3/2/4n3h3 is the effective den-
sity of states of the conductivity zone, F is
the Fermi energy. Three unknown parame-
ters of radiation defects appear in the equa-
tion (7). These parameters could have been
changed in comparison with the irradiated
(non-annealed) samples: N is the concentra-
tion of radiation defects, L is the number of
the acceptor levels that belong to each such
defect, E, is the ionization energy of the
highest on a scale of energies acceptor level.
To calculate these parameters, we write the
equation (7) for three different wvalues of
concentration of electrons. As a result, we
obtain the following system of equations:
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N(L - 1)+ +ny =Ny

NL-1)+

+ng=Ng (8)

N(L-1)+ +ng =Ny

Experimental values of concentrations of
electrons ny, ng, ng, for the corresponding
temperatures Ty, T,, T3, can be easily
found out from the temperature depend-
ences of Hall constant (curves 1-4, Fig. 3
and curves 2-3, Fig. 4). For the annealed
samples n—Ge the radiation defects’ parame-
ters mentioned above have been calculated
in different modes, considering the obtained
experimental results, the value of the effec-
tive mass for a density of states for elec-
trons of the germanium conduction band
and concentration of the impurity Sb N, =
51014 cm™3. Parameters L and E, were the
same as for irradiated (non-annealed) n—Ge
single crystals [17]. This fact indicates on
impossibility or a small efficiency the for-
mation of other types of radiation defects.
Results of calculations of the radiation de-
fects concentrations (A-centers) for the an-
nealed samples are shown in Tables 1 and 2.
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 h.

3. Results and discussions

The analysis of the obtained results
shows that a heat treatment of n—Ge single
crystals, irradiated by the high energy elec-
trons, has a significant impact on their sen-
sitivity to the magnetic field. The magnetic
sensitivity of the n—-Ge at the temperatures
of annealing T,, =433 K and T,, = 448 K
decreases for the entire investigated range
of temperatures, in comparison with the ir-
radiated (non-annealed) samples. This effect
may be explained by a decrease in the con-
centration of A-centers at annealing. The
growth of the magnetic sensitivity for the
entire investigated the range of tempera-
tures is observed at a temperature of an-
nealing T,, = 408 K for annealing time up
to 8 h. Under such conditions of annealing
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Table 1. Concentrations of A-centers in the
irradiated by electrons n-Ge after isother-
mal annealing over a period t,, =1 h, at
different annealing temperatures

Annealing temperature Concentration
T,,,K of A-centers N, ecm 3
Unannealed sample 2.8.1014
403 4.5-1014
433 2.1-104
448 1.4-1014

Table 2. Concentrations of A-centers in the
irradiated by electrons n—-Ge after isother-
mal annealing at temperature T, = 403 K
for different times of annealing £,

Time of Concentration of A-centers
annealing ¢, , h N, cm™3
1 4.5-1014
3 4.6-1014
5 4.4.1014

as it leads from the theoretical calculations
(Table 2), the concentration of A-centers in
the annealed samples increases in compari-
son with the irradiated (non-annealed) n—Ge
single crystals. As we have explained pre-
viously [18], irradiation of the same sam-
ples n—-Ge by a flow of electrons Q =

5-1015 el./em?2, with the energy of 10 MeV,
leads to the formation of A-centers and re-
gions disordering. According to the Hosik
model, the region disordering is a macro-
scopic inclusion of the spherical form with a
large concentration of vacancies (1018-
1020 ¢m3) in its kernel [29]. The gradient
of the vacancies concentration between the
kernel of region disordering and its shell
causes the diffusion of vacancies into the
conductive matrix of n—Ge single crystal.
The vacancies, which had been created at the
annealing of kernels of regions disordering,
may again react with oxygen and interstitial
atoms of germanium and form new A-centers
correspondingly [26, 27].

Therefore, we can conclude that at heat
treatment of the irradiated n—Ge single
crystals the process of annealing occurs in
parallel with the process of A-centers gen-
eration. Processes of the A-centers anneal-
ing prevail over on such of their creations
at the temperatures of an isothermal an-
nealing T,,=433 K and T,,=448 K
within one hour.
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Generation of the A-centers appears at a
temperature of annealing T,, = 403 K, for
times of annealing to 3 h. An increase of
the heat treatment time (¢,, >3 h) at a
temperature of T,, = 403 K leads to the de-
crease of the magnetic sensitivity. This ef-
fect can be explained by the reduction of
the regions disordering concentrations and
vacancies correspondingly, from which can
be formed A-centers.

4. Conclusions

Thus, the highest possible concentration
of A-centers at a temperature of annealing
T,, =403 K over a period of 38 hours is
generated. This effect explains a significant
increase of the magnetic sensitivity n-Ge,
the obtained at the room temperature unlike
of the non-irradiated samples. One can see
the growth from B =10 mV/T to B=
350 mV/T at a current I =1 mA through
the crystal 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 increasing
the magnetic sensitivity of the investigated
samples tenfold.

That’s why, n—-Ge, which had been irradi-
ated 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 sensitiv-
ity (owing to the high magnetic sensitivity)
and higher (in comparison with non-irradi-
ated samples) resistance to the wvarious
types of radiation will be the primary ad-
vantages of such sensors.
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