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Tensoresistance at uniaxial pressure for electron-irradiated n-Si single crystals at room temperature has been studied. Silicon single
crystals for research were doped with phosphorus, concentration Ng=2.2-10'¢ cm, and irradiated by the electron flows of 5-10'¢ el./cm?,
1-10"7 el./cm? and 2-10'7 el./cm? with the energy of 12 MeV. Measurements of tensoresistance and Hall constant were performed for the
uniaxially deformed n-Si single crystals along the crystallographic directions [100] and [111]. Mechanisms of tensoresistance for the
investigated n-Si single crystals were established based on the measurements of the tenso-Hall effect and infrared Fourier spectroscopy.
It is shown that the tensoresistance of such single crystals is determined only by changes in the electron mobility under the deformation.
In this case, the electron concentration will not change under the action of uniaxial pressure, because the deep levels of radiation defects
belonging to the VO; VOiP complexes will be completely ionized. Ionization of the deep level of Ev+0.35 eV, which belongs to the
defect of CiO;, under the deformation will not be manifested and will not be affect on the tensoresistance of n-Si. It is established that the
anisotropy of electron scattering on the created radiation defects, which occurs at the uniaxial pressure along the crystallographic
direction [100], is the cause of different values of the magnitude of tensoresistance of n-Si single crystals, irradiated by different electron
flows. For the case of tensoresistance of the uniaxially deformed n-Si single crystals along the crystallographic direction [111], the
dependence of its magnitude on the electron irradiation flow is associated with changes in the screening radius due to an increase in the
effective electron mass. For the first time obtained at room temperature the increase of the magnitude of tensoresistance for the n-Si
single crystals due to their irradiation by the electron flows of Q >1-10'7 el./cm? can be used in designing high uniaxial pressure sensors
based on such n-Si single crystals with the higher value of tensosensitivity coefficient regarding available analogues. Such sensors will
have increased radiation resistance and a wide scope of operation.

Keywords: n-Si single crystals, radiation defects, tensoresistance, electron irradiation, tenso-Hall effect, infrared Fourier
spectroscopy, scattering anisotropy.
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Monocrystalline silicon is one of the promising materials for the manufacture of pressure sensors, which are used in
many areas of science and technology, such as aerospace, cryo energy, nuclear and atomic power, instrument engineering
and others [1-6]. The use of such sensors in these industries at the presence of radiation fields makes demands on the
accuracy and stability of their parameters. The solution of these problems is possible due to the optimization of the
performance of pressure sensors and the development of technologies for their production. Among the known methods of
obtaining silicon and other semiconductor materials is metallurgical doping by the isovalent and rare earth impurities,
impurity complexes and impurities with the deep levels [7-10]. However, these technologies have several disadvantages,
such as limited solubility of doping impurities, which significantly narrows the range of possible concentrations of charge
carriers, increasing the concentration of structural defects and reducing the degree of homogeneity of the material with
increasing doping concentration. Another method of obtaining semiconductor materials with the necessary properties is the
modification of these properties by radiation defects that are created in semiconductors under the irradiated with high-
energy quanta or particles [8, 11]. In [12-14], the effect of gamma irradiation and annealing on the tensoresistive effect in
n-Si single crystals was studied. It was established that the tensoelectrical properties of the investigated silicon single
crystals are determined by the radiation defects belonging to A-centers [12, 13], or both A-centers and thermodonors [14].
However, the effect of these defects on the n-Si tensoresistance will be manifested only at temperatures slightly higher than
the temperature of liquid nitrogen, and the energy levels of A-centers and thermodonors will be ionized at room
temperature. This significantly narrows the scope of operation of pressure sensors that are manufactured based on such
gamma-irradiated n-Si single crystals, as the use of gamma irradiation and thermal annealing technologies for this case
does not allow to control the n-Si tensosensitivity at room temperature. Therefore, this work aimed to study the
mechanisms of tensoresistance of electron-irradiated n-Si single crystals at the uniaxial pressure and establishing optimal
electron irradiation conditions to increase the tensosensitivity of these single crystals at room temperature.

EXPERIMENTAL RESULTS AND DISCUSSION
Measurements of tensoresistance and Hall constant were performed for the uniaxially deformed n-Si single
crystals along the crystallographic directions [100] and [111]. The investigated silicon single crystals were doped by the
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phosphorus impurity, concentration N¢=2.2-10'® c¢m?, and irradiated by the electron flows of 5-10'el./cm?,
1-10'7 el./cm? and 2-10"7 el./cm? with the energy of 12 MeV at room temperature. The method of preparation of silicon
samples and experimental measurements of tensoelectrical properties is described in detail in [15]. In [16],
measurements of infrared Fourier spectroscopy have been conducted for these n-Si single crystals, irradiated by the
electron flow of 1-10'7 el./cm?. It was found that the absorption lines with frequencies of 836 and 885 cm™' correspond
to the A-center (VO; complex), and the absorption line with the frequency of 865 cm! - the CiO; complex. These defects
are the main ones and determine the electrical properties of these single crystals. The activation energy of radiation
defects for irradiated silicon by the electron flow of Q=1-10'7 el./cm?, which is determined in this work based on Hall
effect measurements turned out to be equal to E, =E, — (0,107 £0,005) eV, which corresponds to the A-center,

additionally modified with impurity of phosphorus (VOiP complex). This allowed us to establish that VOiP complexes
will be created under the irradiation of silicon in addition to VO; complexes. The analysis of temperature dependences
of electron concentration for irradiated silicon single crystals by the electron flows of 5-10'¢ el./cm?, 1-10'7 el./cm? and
2-10'7 el./cm? showed that at room temperature the radiation defects belonging to A-centers, will be ionized, and the
deep levels E,+0,35 eV belonging to the CiO; defects will be filled with electrons. Also, these conclusions are in good
agreement with our measurements of the IR absorption spectra for irradiated n-Si single crystals by the electron flows
of 5-10' el./em? and 2-10'7 el./cm? at room temperature (Fig. 1).
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Figure 1. Absorption spectra at room temperature for irradiated n-
Si single crystals by the different electron flows Q, el./cm?:
1-5-10'%,2-1-10"7[16]; 3 —2-10"".

As follows from Fig. 1, in the absorption spectrum of irradiated silicon there is no line 885 cm’!, which
corresponds to the negatively charged state of the A-center, and there are absorption lines 836 cm™ (corresponds to the
neutral state of the A-center) and 865 cm!. Therefore, only radiation defects belonging to the CiO; complex will be
electrically active at room temperature. The increase in the area under the curves that correspond to these absorption
lines indicates that the concentration of the considered defects increases with the increasing electron irradiation flow.
This statement is also confirmed by the quantitative calculations conducted in [16].

Dependences of the tensoresistance for unirradiated and irradiated n-Si single crystals by the electron flows of
5-10" el./cm?, 1:10'7 el./cm? and 2-10'7 el./cm? at the uniaxial pressure along the crystallographic directions [100] and
[111 ] at room temperature show in Fig. 2 and Fig. 3.

The change in resistivity during deformation can occur both due to changes in mobility and electron concentration.
As is known [12], the decrease in electron mobility of the unirradiated silicon single crystals at the uniaxial pressure
along the crystallographic direction [100] occurs due to the redistribution of electrons between two minima of the
conduction band with lower mobility, which descend down, and four minima with higher mobility, which ascend up on
the energy scale under the action of deformation. That is, mobility in this case becomes anisotropic. The decrease in
electron mobility of n-Si at the uniaxial pressure along the crystallographic direction [111] is associated with the
increase in the effective mass of electrons during the transformation of a two-axis isoenergetic ellipsoid of rotation in
the three-axis and the emergence of non-parabolicity of the silicon conduction band under the deformation [15].

In [15], it was established that changes in the electron mobility under the uniaxial pressure for the same n-Si single
crystals with radiation defects are also associated with the additional mechanisms of electron scattering, which are not
manifested for unirradiated n-Si single crystals. In so doing, the electron concentration during deformation increases
due to the reduction of the ionization energy of the VO; and VOiP complexes. These two reasons will determine the
tensoresistance of irradiated n-Si single crystals at an uniaxial pressure. It should be noted that in [15] studies of the
tensoelectrical properties of electron-irradiated n-Si single crystals were performed for the temperature range
130-300 K. According to the temperature dependences of the electron concentration and infrared Fourier spectroscopy
measurements [16], the energy levels of VO; and VO;P complexes will not be ionized at the temperatures T<250 K and
will contribute to the changes in the electron concentration under the deformation and, accordingly, to the
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tensoresistance of the irradiated Si. In our case, these defects will be ionized and will not affect the tensoresistance n-Si
at room temperature. The change in the electron concentration under the action of deformation is possible only due to
the ionization of the C;O; complex, which will not be ionized at room temperature. Therefore, to interpret the obtained
results of tensoresistance, presented in Fig. 2 and Fig. 3, the measurements of tenso-Hall effect have been conducted. In
Fig. 4 shows the dependences of the Hall constant for unirradiated and irradiated n-Si single crystals by the electron
flows of 5-10' el./cm?, 1-10'7 el./cm? and 2-10'7 el./cm? on the uniaxial pressure along the crystallographic directions
[100] and [111 ] at room temperature.
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Figure 2. Dependences of tensoresistance at the uniaxial Figure 3. Dependences of tensoresistance at the uniaxial
pressure along the crystallographic direction [100] for irradiated ~ pressure along the crystallographic direction [111] for irradiated
n-Si single crystals by the different electron flows €, el./cm?: n-Si single crystals by the different electron flows Q, el./cm?:
1-2-10"7,2-1-10" el./em?,3 - 0, 4 — 5-10'°. 1-2:10"7,2-1-10" el./em?,3 — 0, 4 — 5-10'°.

The value of the Hall constant does not depend on the orientation of the uniaxial pressure, so curves 1 and 2, 3 and
4,5 and 6, 7 and 8 in Fig. 4 coincide at the deformation along the crystallographic directions [100] and [111] for the
same electron irradiation flows.
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Figure 4. Dependences of the Hall constant on the uniaxial
pressure along the crystallographic directions [100] and [111] at
room temperature for irradiated n-Si single crystals by the
different electron flows Q, el./cm?:
1,2-2-10"7;3,4-1-10'7; 5,6 - 5-10'%; 7, 8 - 0.
As follows from Fig. 4, the Hall constant does not depend on the uniaxial pressure for both unirradiated and
irradiated silicon samples. This is explained by the fact that at room temperature ionization of the deep level of E,+0,35
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eV belonging to the C;O; defect will not be manifested under the action of deformation. In this case, the radiation
defects corresponding to the VO; and VO;P complexes will be ionized and will not in any way affect the changes in the
electron concentration during deformation, in accordance with the Fig. 1 and obtained in [16] of the temperature
dependences of electron concentration. Therefore, the presence of tensoresistance for irradiated n-Si single crystals, as
well as for unirradiated ones, will be determined only by changes in the electron mobility at uniaxial pressure. Also, a
characteristic feature of the dependences of the tensoresistance (Fig. 2 and Fig. 3) is the increase in the magnitude of the
tensoresistance for the flows of Q>1-10'7 el./cm?. To quantitatively explain this feature, the relative decrease of Hall
mobility for undeformed and uniaxially deformed n-Si single crystals was estimated. The relative decrease in Hall
mobility with the increasing magnitude of the electron flow can be represented as follows:

oo O @) o 0
1,(0)

where £,(0) is the Hall mobility for unirradiated silicon single crystals; g, (Q) is the Hall mobility for irradiated

silicon single crystals by the flow Q.

Table presents the calculated values of the relative decrease of Hall mobility for undeformed and uniaxially
deformed n-Si single crystals with increasing electron irradiation flow (values of uniaxial pressures for elastically
deformed n-Si single crystals, for which assessments were conducted, are presented in parentheses).

Since the tensoresistance for unirradiated and irradiated n-Si single crystals, as established above based on the
analysis of the Hall constant dependences (Fig. 4), will be determined by changes in the electron mobility, then

pO0)  u(P)

As follows from the Table, the relative decrease in electron mobility for undeformed n-Si single crystals irradiated
by the electron flow of 5-10' el./cm? is greater than for uniaxially deformed. This explains, according to (2), the

pP)
p(0)

2

decrease of the value of the tensoresistance

under irradiation for these single crystals relative to the unirradiated

silicon single crystals.

Table. Relative decrease of the Hall mobility of undeformed and uniaxially deformed n-Si single crystals.

Relative decrease of Hall mobility a, %

Electron irradiation

flow of Q, el./cm?

Undeformed silicon
single crystals

Uniaxially deformed silicon
single crystals along the
crystallographic direction [100]

Uniaxially deformed silicon
single crystals along the
crystallographic direction [111]

5-10° 2.7 0.5 (0.89 GPa) 1.3 (0.89 GPa)
1-10"7 54 8 (0.82 GPa) 6 (0.84 GPa)
2-10" 7 16.6 (0.86 GPa) 8.4 (0.84 GPa)

For irradiated n-Si single crystals by the electron flows of 1-10'7 el./em? and 2-10'7 el./cm? the situation, according
to Table, changes to the opposite. In this case, the relative decrease in the electron mobility and, accordingly, the value
of a tensoresistance for the uniaxially deformed n-Si single crystals increases with increasing electron irradiation flow.
Such features of the dependences of electron mobility on the irradiation flow for undeformed and uniaxially deformed
n-Si single crystals along the crystallographic direction [100] can be explained by the influence of the mobility
anisotropy factor that arises in silicon for this deformation orientation. As is known [12], for undeformed silicon single
crystals the electron mobility

1 2
H=ZH T 3)

where 4, and H is the electron mobility across and along the axis of the ellipsoid.
Electrons will be in two minima of the conduction band with less mobility 4y at the strong uniaxial pressures
along the crystallographic direction [100]. In doing so, the sensitivity of the mobility x4 and A to the influence of

electron irradiation will be different, which explains the data in Table 1 and the dependence of tensoresistance for the
uniaxially deformed n-Si single crystals along the crystallographic direction [100]. Mobility anisotropy will not be arise
at the uniaxial pressure along the crystallographic direction [111]. But in this case the effective mass of electrons
increases. The increase in the effective mass leads to changes in the screening radius, which, in turn, impact on the
potential energy of the electron's interaction with the scattering centre and, accordingly, the electrons mobility. Such
scattering centres for electrons in irradiated silicon single crystals are impurity phosphorus ions and created radiation
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defects. The change in the electron scattering conditions during deformation, in this case, is the cause of different
dependences of the Hall mobility on the electron irradiation flow for undeformed and uniaxially deformed n-Si single
crystals. These dependencies will determine the features of the tensoresistance of uniaxially deformed n-Si single
crystals along the crystallographic direction [111] for different electron irradiation flows (Fig. 3).

CONCLUSIONS

Studies of the tenso-Hall effect and infrared Fourier spectroscopy have made it possible to establish the
mechanisms of tensoresistive effect at the uniaxial pressures along the crystallographic directions [100] and [111] for
electron-irradiated n-Si single crystals at room temperature. Dependences of the resistivity of the investigated n-Si
single crystals on the uniaxial pressure are determined only by the change in the electron mobility. The electron
concentration does not depend on the uniaxial pressure, because the deep levels of radiation defects belonging to the
VO; and VO;P complexes will be completely ionized. Ionization of the deep E,+0.35 eV level belonging to the CiO;
defect will not occur under the action uniaxial pressure at room temperature. Dependence of the tensoresistance on the
electron irradiation flow at uniaxial pressure along the crystallographic direction [100] is explained by the deformation-
induced anisotropy of electron scattering on the created radiation defects. This leads to an increase of the scattering
efficiency of electrons on radiation defects and, accordingly, to a greater relative decrease of electron mobility for the
uniaxially deformed n-Si single crystals relative to undeformed n-Si single crystals. The increase in the value of the
tensoresistance of uniaxially deformed n-Si single crystals along the crystallographic direction [111] at the flows of
Q>1-10"7 el./cm? is associated with changes in the screening radius due to the increase in the effective electron mass
and, according, of the conditions of their scattering on radiation defects during deformation. In [17], it was found that
the magnitude of the tensoresistance of silicon, uniaxially deformed along the crystallographic direction [100], can vary
depending on the relative contribution of f- and g-transitions to intervalley scattering. In this case, the increase in the
tensoresistance and, accordingly, the tensosensitivity of n-Si single crystals is achieved by reducing the temperature.
Need for an additional cooling system with the aim of increasing tensosensitivity and the temperature calibration of
pressure sensors, manufactured on the basic of such silicon single crystals, significantly complicates their structure,
increases cost and reduces the scope of operation. Also, the use of doping technologies by the donor or acceptor
impurities does not increase the tensosensitivity of silicon at room temperature [18]. In our case, such an increase in the
tensosensitivity of n-Si can be achieved only by increasing the flow of electron irradiation, which is an advantage.
Therefore, the obtained results can be used in the design of high uniaxial pressure sensors based on irradiated n-Si
single crystals with the predetermined coefficient of tensosensitivity.
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TEH3OEJEKTPUYHI BJACTHBOCTI OTPOMIHEHUX EJIEKTPOHAMH MOHOKPHUCTAUJIIB n-Si
Cepriii Jlynbos?, [lerpo Hazapuyx?, Boaogumup Macarok®
4Jlyyokuil HaYioHANbHUL MeXHIYHULL YHigepcumem
8yn. Jlvsigcoka, 75, m. JIyyok, 43018, Vkpaina
bIuemumym enexmponnoi gizuxu HAH Ypainu
syn. Yuisepcumemcwra, 21, m. Yorceopoo, 88017, Vipaina

JlocIiDkeHO TeH300Iip MHPH OJHOBICHOMY THCKOBI JUISi ONPOMIHEHHX €JIEKTPOHAMU MOHOKPHCTANiB n-Si IpH KiMHATHIH
TemrepaTypi. JlociiKyBaHi MOHOKpPUCTAIM KpeMHilo Oyiu jeroBani momimkoro ¢ocdopy, konuentpauicto Ng=2,2-101¢ cm?, Ta
ONPOMIHIOBAIUCH MOTOKaMu ejiekTponi 5-10'¢ en./em?, 1-10'7 en/em? ta 2-10'7 en/cm? 3 emepriero 12 MeB. BumiproBanus
MUTOMOTO OMOpY Ta cTayioi XoJula MPOBOAMIKCE AJIsS OJHOBICHO IedopMOBaHHX B3IO0BXK Kpucranorpadidnux nanpsiMkis [100] ta
[111] monokpucTaniB n-Si. Ha ocHOBI BUMiproBaHb TeH30-X0JuI-ehekTy Ta iHdppadepBonoi Dyp’e-crieKTpockorii Oy BCTaHOBICHI
MeXaHi3MHI BUHUKHEHHS TEH30PE3UCTUBHOTO e(EeKTy I JOCIiIKyBaHNX MOHOKpHCTaIiB n-Si. [TokazaHo, o TeH3001ip Ui JaHUX
MOHOKPHUCTAJIiB BU3HAYAETHCSA JIMIIEC 3MiHAMH PYXJIMBOCTI €IEKTPOHIB mpu Aedopmarii. [Ipu 1poMy KOHIEHTpamis €l1eKTPOHIB HE
3aJIeXKUTH BiJl OJHOBICHOTO THCKY, OCKUIBKH INIHOOKI PiBHI pamiariiHux nedekrTis, mo Hainexars xommiekcaM VOi VOIP, OynyTs
HOBHICTIO ioHi30BaHnMHU. loHi3auist rnubokoro pisust £}, + 0,35 eB, mo Hanexurs gepekry CiOi, 3a paxyHok gedopmanii He Oyue

MPOSIBJIATHCS Ta BIUIMBATH Ha TeH300Mmip n-Si. BcTaHOBIEHO, 10 aHI30TPOINIEI0 PO3CISHHS €JIEKTPOHIB HA YTBOPCHHUX paialliiHIX
nedekrax, ska BUHHKA€E TPU OJHOBICHOMY THCKOBI B3HZOBX KpHcTanorpadiuaoro HampsaMmky [100], € mpuuuHOO Pi3HOI BETHYMHU
TEH300TI0pY OMPOMIHEHHX PI3HUMH HOTOKAaMH EJIEKTPOHIB MOHOKPHCTATIB N-Si. 3aJeXHICTh BEIUYWHH TEH300IOPY OJHOBICHO
nedopMoBaHUX B3HOBXK Kpuctaynorpadiunoro HampsMky [111] mMoHOKpucTamiB n-Si Bif NOTOKY €JIEKTPOHHOTO OIPOMIHEHHS
IOB’si3aHa 31 3MiHAMHU pajiiyca €KpaHyBaHHS 3a pPaxyHOK 3pOcTaHHS e(eKTHBHOI Macd eleKTpoHiB. Brepiie onepxaHe mpu
KIMHATHIH TeMreparypi 3pOCTaHHS BEJIMYHHH TECH300MOPY MOHOKPHCTANIB N-Si 32 paxyHOK ONPOMIHCHHS MOTOKaMH CJIEKTPOHIB
® >1-10" en./cmM? mMoxe GyTH BUKOPUCTaHe JUlsl KOHCTPYIOBAHHSI CEHCODIB BHMCOKOIO OJHOBICHOTO THMCKY Ha OCHOBI TaKHMX
MOHOKpPHUCTaIIIB N-Si 3 OibIINM 3HAUYEHHSAM KOoedillieHTa TeH304YyTIMBOCTI BiITHOCHO HasBHUX aHaioOriB. Taki CeHCOpU MaTHMYTh
MiBUILEHY pajialiiiHy CTIHKICTh Ta LIMPOKY cepy eKCILTyarailii.

KiwouoBi caoBa: MoHOKpucTamm n-Si, pamiamiiiHi  gedexTH, TEH300Imip, eJIeKTpOHHE ONpPOMIHEHHS, TEH30-XOMUI-e(eKT,
iH(ppagepBoHa Pyp’€-CHEKTPOCKOITis, aHI30TPOIIsT PO3CISTHHS.



