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One of the possible ways to obtain silicon with magnetic properties is the introduction of paramagnetic impurities into silicon: Cr, Mn,
Fe, Ni, and Co. In our opinion, silicon materials containing magnetic nanosized clusters are most suitable for spintronic devices. The
possibility of obtaining silicon with magnetic properties by diffusion doping was studied in this work. To obtain silicon doped with Cr,
Mn, Fe and Ni impurity atoms, p-type single-crystal silicon with a specific resistance of p = 5 Ohm-cm and p = 0.5 Ohm-cm was used,
and for doping with Co atoms, n-type silicon with resistivity p=10 Ohm-cm was used. The diffusion temperature and time were chosen
such that, after diffusion annealing, the samples with impurity Cr, Fe, and Mn atoms remained highly compensated p-type, and when
doped with impurity Co atoms, they remained high-resistance n-type. The results of the study showed that with decreasing temperature,
the value of the negative magnetoresistance Ap/p in the Si<Mn> samples increases and reaches its maximum value (about 800%) at
T =240 K, a further decrease in temperature leads to a decrease in the magnetoresistance, and at a temperature 7= 170 K, the sign of
the magnetoresistance is inverted. In Si <Cr> samples, with decreasing temperature, the positive magnetoresistance turns into a negative
one, the value of which increases with decreasing temperature, and is achieved at 7=100 K Ap/p = 45-50%. In Si<Fe> samples, with
decreasing temperature, the value of negative magnetoresistance increases monotonically and at 7=100 K its value is
Ap/p = (100+120) %. The study in Si<Co> samples showed that with decreasing temperature the value of positive magnetoresistance
increases and at 7=100 K it reaches Ap/p = (17+20) %. The study of magnetoresistance in samples - Si<Ni> showed that with decreasing
temperature the value of positive magnetoresistance increases and at 7=100 K it reaches Ap/p = (10+15) %. When studying the magnetic
properties of p-Si <B, Mn> samples at low temperatures (below 7=30 K), a ferromagnetic state was found, i.e. succeeded in obtaining
a magnetic semiconductor material by the method of diffusion of a paramagnetic impurity. In the overcompensated Si <B, Mn> (n-type)
samples, no magnetic hysteresis was found. This shows a significant effect on the magnetic properties of the manganese impurity in
silicon of its charge and, accordingly, spin state. Based on the results obtained, it can be argued that diffusion doping of silicon with
manganese can be used to obtain silicon with magnetic properties.
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INTRODUCTION

Obtaining magnetic semiconductor materials for modern spintronics [1-3] and studying their magnetic properties is
of great scientific and practical interest. One of the possible ways to obtain silicon with magnetic properties is the
introduction of paramagnetic impurities into silicon: Cr, Mn, Fe, Ni, and Co. The electronic structure and parameters of
these impurity atoms are presented in Table 1.

As can be seen from Table 1, these elements in the silicon lattice act as paramagnetic impurities with fairly high
spin values. The main disadvantage is the low limiting solubility in the electroactive state. It was established [5] that
chromium and manganese atoms are mainly located in interstitial positions in the silicon crystal lattice and act as donor
impurities. Ni, Fe, and Co atoms can be located both in interstices and in the nodes of the silicon crystal lattice [5]. The
concentration of electroactive atoms of these impurities, except for Ni and Co atoms [5], depends significantly on the
diffusion conditions and the cooling rate. At the maximum cooling rate of silicon samples, it is possible to obtain a
material in which all introduced impurity atoms (Cr, Mn, and Fe) are in an electroactive state [6].

In addition, the nonelectroactive part of the dissolved impurity in the silicon lattice in the form of interstitial atoms,
dimers, nanoclusters, microclusters, precipitates, and magnetic silicides can also have magnetic properties.

The magnetic properties due to microclusters, precipitates and silicides are unsuitable for spintronic devices due to
the strong inhomogeneity of the magnetic properties over the volume. An example of such an impurity is nickel, which
easily forms microclusters, precipitates, and silicides, due to which the nonelectroactive nickel concentration near the
surface reaches 102°-10%! cm™ [8, 9]. At the same time, the electroactive solubility of nickel does not exceed 10'® cm™;
therefore, doping with nickel hardly changes the resistivity of the samples [10].

In our opinion, silicon materials containing magnetic nanosized clusters (including those containing atoms of other
impurity elements — impurity complexes) are most suitable for spintronic devices. Such formations were found for
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manganese impurities in the form of BMny4 nanoclusters in the silicon lattice [11]. In addition, ferromagnetic properties
have been found at room temperature in silicon containing boron and about 1% manganese atoms [2,12].

Table 1. Electronic structure and parameters of Cr, Mn, Fe, Ni, and Co impurity atoms in silicon [7].

Element Electronic Spin Total limiting solubility, | The electroactive part of the limiting solubility,| Energy levels
structure P cem cm3 in silicon
Cr 3d°4S! g 106 10t Ec-0.41
5 Ec—0.43
Mn 3d°48? - 2-1016 10'6 Ec—0.53
2 Ev+0.45
Ec-0.14
Fe 3d4S? 2 4-10' 2-10™ Ec—-0.51
Ec-0.40
3 Ev+0.53
74Q2 16 1015
Co 3d’4S 3 10 6-10 Ev +0.35
. Ev+0.35
84Q2 1017 1014
Ni 3d%4S 1 7-10 7-10 Ev +0.23

The formation of magnetic structures in semiconductors can be carried out by various methods: chemical vapor
deposition, molecular beam epitaxy, or ion implantation. Thus, the implantation of crystalline silicon with transition metal
ions (Co, Ni, and Fe) is used to create magnetic nanoclusters, as well as metal silicides [13—16].

In this work, the possibility of obtaining silicon with magnetic properties due to diffusion doping with Cr, Mn, Fe,
Ni, Co impurities was studied.

Project AL-202102215 is developing an integrated microfluidic system that captures circulating cancer cells with
ferromagnetic clusters in silicon.

TECHNOLOGY AND RESEARCH METHODS

To obtain silicon doped with Cr, Mn and Fe impurity atoms, we used p-type single-crystal silicon with a resistivity
p=5 Ohm-cm, and for doping with Co atoms, we used n-type silicon with a resistivity p=10 Ohm-cm. To obtain silicon
doped with Ni impurity atoms, p-type silicon with a resistivity p=0.5 Ohm-cm was used. The diffusion temperature and
time were chosen such that, after diffusion annealing, the samples with impurity Cr, Fe, and Mn atoms remained highly
compensated p-type, and when doped with impurity Co atoms, they remained high-resistance n-type.

Before and after diffusion, the samples were subjected to mechanical and chemical treatment (cleaning in an
ammonium peroxide solution and etching for 1 minute in a HF + HNO3 1:3 mixture) to remove impurities and remove
mechanical damage to the surface. The magnetoresistance of the obtained samples was measured on a setup that allows
you to adjust the magnitude of the magnetic field from 0.1 to 2 TI, as well as the electric field strength applied to the
sample from 0.1 to 1000 V/cm, in the temperature range 7=100-300 K [7].

Measurements of the magnetization of the samples at low temperatures were carried out on a SQUID magnetometer.

THE RESULTS OBTAINED AND THEIR DISCUSSION
The electrical parameters of the obtained samples are shown in Table 2.

Table 2. Electrical parameters of silicon doped with Cr, Mn, Fe, Co, and Ni atoms

Samples | p,Ohmeem | Conductivity type |, oiome FRE " earriors, emiN e
Si <Cr> (5:6) -10° P 3.8-10"2 250+270
Si <Mn> (5:8) 10 p 5.2-10"2 160200
Si <Fe> (5:7) 10 ) 4.2-107 200250
Si <Co> 10°+10° n 6.2:10'6.9-10" 9001000
Si <Ni> 0,5 P 4-10'6 250350

Table 3 shows the values of the magnetoresistance (Ap/p) of the samples at 7=300 K obtained with the same values

of the electric (E=200 V/sm) and magnetic fields (near 2 TI).

Table 3. Values of resistivity and magnetoresistance of samples at 7=300 K

. Type of magnetoresistance in the
Maximum value .
Samples p (Ohm-:cm) Ap/p, % range of magnetic fields,
’ (02 T1)
Si<Cr> 5-10° from -7 to +8 Weak negative and positive
Si<Mn> 5.3:10° -97 Big negative
Si<Fe> 5.5-10° -7 Weak negative
Si<Co> 5.1-10° 5 Weak positive
Si<Ni> 0.5 6 Weak positive
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It has been established that in samples doped with impurity Ni, Cr, and Co atoms, predominantly weak (less than
6%) positive magnetoresistance (PMS) takes place. At the same time, high (more than 100%) negative magnetoresistance
(NMR) is observed in Si<Mn> samples. In Si<Fe> samples, NMR is also observed, but the value of NMR is much less
than Ap/p = 5-7 %. It was found that the NMR value in the Si<Mn> samples increase significantly with an increase in
the applied electric (E) and magnetic (B) fields.

Interesting results were obtained in the study of the temperature dependence of the magnetic resistance Ap/p in the
temperature range 7=100+380 K.

Previously, it was found that in silicon samples doped with impurity manganese atoms (Si<Mn>), with decreasing
temperature, the value of the NMR increases and reaches its maximum value (Ap/p = 300%) at a temperature of
T7=235+240 K [17,18].

We have studied the magnetoresistance depending on temperature in the samples Si<Mn>, Si<Cr>, Si<Fe>, Si<Co>,
Si<Ni> in the field E=200 V/cm and B=2 T1 (Fig. 1).
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Figure 1. Temperature dependence of magnetoresistance for samples: 1- Si<Mn>, 2- Si<Cr>, 3- Si<Fe>, 4- Si<Co>, 5- Si<Ni> at
E=200 V/cm, B=2 TI.

The results of the study showed that with decreasing temperature, the NMR value in Si<Mn> samples increase and
reaches its maximum value (about 800%) at 7=240 K, further temperature decrease leads to a fairly rapid decrease in
NMR and at temperatures 7=160-+170 K there is an inversion of the sign of the magnetoresistance i.e. The NMR passes
to the PMR, the value of the PMR in this temperature range weakly depends on temperature. At a temperature of 7 >
380 K, a slight PMR is also observed.

In Si<Cr> samples, with decreasing temperature, the PMR transforms into NMR, the value of which grows quite
rapidly with decreasing temperature, and is reached at 7=100 K Ap/p = 45-50%. In this case, the NMR value increases
linearly with an increase in both the electric and magnetic field strengths.

In Si<Fe> samples, in contrast to Si<Mn> and Si<Cr>, with decreasing temperature, the value of the NMR increases
monotonically and at 7=100 K its value is Ap/p = (100+120) %. In these samples, the magnetoresistance sign inversion
is not observed in the studied temperature range; always observed only NMR.

The study of the magnetoresistance in Si<Co> samples showed that with decreasing temperature, the value of the
PMR increases and at 7=100 K it reaches Ap/p = (17+20) %. This quantity depends very weakly on the applied electric
and magnetic fields.

The study of the magnetoresistance in Si<Ni> samples showed that with decreasing temperature, the value of the
PMR increases and at 7=100 K it reaches Ap/p = (10+15) %.
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Figure 2. The dependence of the magnetization of the samples p-Si <B, Mn> and p-Si <B> on the magnetic field (hysteresis) at 7=30 K
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When studying the magnetic properties of p-Si <B, Mn> samples in the low temperature region, we found a
ferromagnetic state at 7=30 K (Fig. 2), i.e. succeeded in obtaining a new magnetic semiconductor material by impurity
diffusion. In the overcompensated Si <B, Mn> (n-type) samples, no magnetic hysteresis was found. This shows a
significant effect on the magnetic properties of the manganese impurity in silicon of its charge and, accordingly, spin
state.

Previous studies using the EPR method showed that only in p-Si<B, Mn> samples, nanoclusters of the BMn, type
with a high magnetic moment are formed [17-19]. Under optimal doping conditions, the concentration of such clusters
reaches N=10"° cm? [20, 21].

In the Si <Ni> samples, a ferromagnetic state was also found at 7= 300 K, which is probably due to the presence of
nickel precipitates [22-26] on the surface and in the bulk of the samples. This assumption is confirmed by the fact that
when the samples are etched to a depth of 100 um, the magnetization of the samples is greatly reduced.

On the basis of the obtained results, it can be argued that diffusion doping of silicon with manganese with the
formation of BMn4 nanoclusters can be used to obtain silicon with magnetic properties.

CONCLUSION
The high spatial homogeneity of the p-Si <B, Mn> samples with BMn4 nanoclusters and the ferromagnetic state
observed in them at T=30 K makes it possible to use this material in devices operating on the principle of spin polarization.
A significant NMR value, reaching 50% at room temperature, makes it possible to create sensitive magnetoresistive
sensors for magnetic measurements.
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MATHITHI BJACTUBOCTI KPEMHIIO 3 TOMIIIKAMUW TAPAMATHITHUX ATOMIB
Hypyaua ®. 3ikpimiaes?, Liiiocinain X. Masionos?, Jlesent Tpaozon®, Cepriii B. Kosemnikos?,
3oip T. Kenskaen?, Tumyp b. Iemaiinos®, Hoanomaini A. A6ayranies?
“Kaghedpa yughposoi enexmponixu ma mikpoerekmponixu TaukeHmcoKo20 0epicasH020 MeXHIUHO20 YHI6epCUumenmy
imeni Ienama Kapimosa, Tawxenm, Y3bexucman
b@axynomem mawunobyoysanns, Cmambynvcokuti mexuiunuii ynicepcumem, Cmambyn, Typeuuuna
‘Kageopa gizuxu nanienposionuxie Kapaxarnayvkozo depocasnozo ynisepcumemy imeni Bepoaxa, m. Hyxye, ¥Y30exucman

OIHMM i3 MOXJIMBUX LIISAXIB OTPUMaHHS KPEMHIIO 3 MarHiTHUMH BJIACTHBOCTSIMHU € BBEICHHS B KPEMHIH IMapaMarHiTHUX JOMIIIOK:
Cr, Mn, Fe, Ni ta Co. Ha nHarry gymKy, KpeMHi€BI MaTepiaiu, [0 MIiCTSITh MarHiTHI HAHOPO3MIpHI Ki1acTepH, HAHOLIBIIT IPUAATHI IS
MPUCTPOIB CHIHTPOHIKKA. Y poOOTI JOCHTIIKEHO MOJKJIMBICTH OTPHMAaHHS KPEMHII0 3 MArHITHUMH BJIACTHBOCTSMH IIISIXOM
mudysiitHoro neryBaHHs. [y oTpUMaHHS KpeMHiro, jieroBaHoro aomimkoBumu aromamu Cr, Mn, Fe Ta Ni, BHKOpUCTOBYBanmu
MOHOKPUCTATIYHHH KpPEMHIH p-THIy 3 OUTOMHM omopoM p = 5 Omem 1 p = 0,5 Om-cM, a mng neryBanHs atomamu Co
BHUKOPHCTOBYBABCSl KpeMHiH n-tuiy 3 muroMuM omopoM p=10 Om-cm. Temmeparypy Ta uac mudysii BuOupamu tak, mob micis
mu¢y3iHOTO Bimany 3pa3ku 3 qomimkoBumu aromamu Cr, Fe Ta Mn 3anummasnicst BHCOKOKOMIIEHCOBAHMMH P-THUILY, a TIPH JIETYBaHH1
JomimkoBuMu aromMamu Co 3ajMIIAINCS BUCOKOOMHHUMHM N-THIy. Pe3ynbTaTH JOCHIIUKEHHS MOKa3ajid, IO 31 3HIKEHHSIM
TeMIIepaTypH BEJIMYMHA BiJ’ €MHOTrO Maritoonopy Ap/p y 3paskax Si<Mn> 3pocTae i 1ocarae MakCUMaJIbHOTO 3HaueHHs (OIM3bKO
800%) mpu T = 240 K, momanpliue 3HWKSHHSI TEMIIEpaTypu NMPHU3BOJUTH [0 O 3MEHILCHHS MarHiToonopy, a MmpH TeMIeparypi
T = 170 K 3HaK Mar#itoonopy 3MiHIOETbCA. Y 3pazkax Si <Cr> 3i 3HIKCHHSAM TeMIIepaTypH MO3UTHBHHUN MarHiTOOMIp MePEXOIUTh Y
BiJ’€MHHH, BEJIMUYMHA SKOTO 3pOCTAE 31 3HIKEHHAM TeMIIepaTypH, i nocsraerbes mpu T=100 K Ap/p = 45-50%. V¥ 3paskax Si<Fe> 3i
3HIKCHHSM TEMIIEPaTypH BEJIWYMHA Bil’€MHOTO MarHiTOONOpYy MOHOTOHHO 3pocTae i mpu T=100 K ioro 3Ha4eHHS CTaHOBHTH
Ap/p =(100+120) %. HocmimkenHs Ha 3paskax Si<Co> moxaszano, MmO 31 3HWKEHHSAM TEMIIEpaTypH BEJIMUMHA ITO3UTHBHOTO
MarHitoomnopy 3poctae i mpu T=100 K nocsrae Ap/p = (17+20) %. JocnimxeHHs MarHiToonopy B 3paskax - Si<Ni> moka3sao, mo 3i
3HIDKCHHSIM TEMIIepaTypy BeJIMYMHA IO3MTHBHOro Marsitooropy 3poctae i mpu T=100 K nocarae Ap/p = (10+15) %. Ilpu
JOCIIIJUKEHHI MarHiTHUX BJIAaCTHBOCTEH 3paskiB p-Si <B, Mn> npu Hu3bkux Temneparypax (Hmwkue T=30 K) BusiBneno dpepomarsitHuit
ctaH, TOOTO BANOCA OTPHMMATH MATHITHHHA HAIMiBIOPOBITHUKOBHI Marepian metogoM audysii mapamMarHiTHOi JOMIMIKH. Y
HaJIKOMIIEHCOBaHHX 3pa3kax Si<B, Mn> (Tum n) Mar"iTHOro ricrepe3ucy He BusiBieHO. L{e CBiqUUTh PO iCTOTHUIA BIUTMB Ha MarHiTHI
BJIACTHBOCTI JOMIIIIKH MapraHIlo B KpeMHii HOTO 3apsI0BOro i, BIAMOBIAHO, CIIIHOBOTO cTaHy. Ha mificTaBi oTpuMaHuX pe3yJsbTaTiB
MOJKHa CTBEpIXKYBaTd, 10 IUQY3iliHE JeryBaHHA KPEMHII0 MapraHieM Moke OyTH BHKOPUCTaHE Ui OTPUMAaHHS KPEMHIIO 3
MAarHiTHUMH BIACTUBOCTSIMH.
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