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In this study, we investigate the magnetic properties of silicon doped with manganese via thermal diffusion. The results demonstrate
clear evidence of room-temperature ferromagnetism in p-type Si, arising from the spin alignment of Mn atoms and hole-mediated
conductivity. Magnetoresistance and hysteresis analyses confirm spin-dependent transport, indicating that carrier-mediated exchange
interactions are responsible for the observed magnetic ordering. The combination of atomic force microscopy (AFM), scanning
electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) confirms the successful incorporation of Mn atoms
into the Si lattice without evidence of large secondary precipitates. The hysteresis loops measured at both 150 K and 300 K for the
sample processed at T = 1050 °C (p = 4.2x10°* Q-cm) reveal stable ferromagnetic behavior, with coercive fields of 115 Oe and 87
Oe, respectively. These findings open promising perspectives for the development of silicon-based spintronic devices using CMOS-
compatible thermal-diffusion technology.
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INTRODUCTION

Ferromagnetism in semiconductors has attracted growing attention due to its potential for realizing next-
generation spintronic devices that combine charge and spin degrees of freedom. Silicon, as the cornerstone of modern
microelectronics, is particularly appealing for spintronics because of its well-established processing technology, long
spin-coherence length, and excellent compatibility with CMOS fabrication. However, pristine silicon is intrinsically
nonmagnetic, and achieving ferromagnetic ordering within Si remains a challenging task.

One of the most promising approaches to induce magnetism in Si involves doping with 3d transition metals, such
as manganese (Mn), which introduces localized magnetic moments [1-4]. When properly incorporated into the Si
lattice, Min atoms can interact with charge carriers via exchange coupling, resulting in carrier-mediated ferromagnetism.
This phenomenon has been extensively studied in III-V diluted magnetic semiconductors [5-9], whereas its realization
in Si is often limited by solubility constraints and the tendency toward phase segregation.

MATERIALS AND METHODS

Several methods have been explored to introduce Mn into silicon, including ion implantation [10—13], molecular
beam epitaxy (MBE), and chemical vapor deposition (CVD). While these techniques have demonstrated partial success,
they often lead to crystal damage, clustering, or the formation of secondary Mn-silicide phases. In contrast, thermal
diffusion represents a technologically compatible and less destructive alternative that allows controlled incorporation of
Mn atoms into the Si lattice while largely preserving the host crystal structure [14—16].

In this work, we investigate boron-doped p-type silicon subjected to manganese thermal diffusion in the
temperature range of 1000—1150°C. Particular attention is paid to the sample processed at T = 1050 °C, which exhibits
a resistivity of p =4.2x10* Q-cm and shows the most stable ferromagnetic response.

Before diffusion, the Si wafers underwent a standard RCA cleaning procedure. AFM inspection of reference
(undoped, untreated) Si wafers showed a smooth surface with low roughness, indicating the absence of significant
surface features prior to Mn incorporation. After diffusion, the samples were subjected to identical mechanical and
chemical surface treatments, including gentle chemical cleaning, to remove any residual surface contaminants or
unreacted Mn species. Such cleaning may slightly affect the very topmost surface layer; however, the main
morphological and compositional features observed by AFM and EDS are attributed to the near-surface diffusion region
rather than to removable surface residues.

Electrical transport parameters (resistivity p, carrier concentration, and mobility) were measured using the Hall
effect in Van der Pauw geometry. The data for the full series of diffusion temperatures are summarized in Table 1.
Among these, the sample diffused at 1050 °C (p = 4.2x10° Q-cm) was selected for detailed structural and magnetic
analysis presented below.

It should be noted that AFM and EDS are surface- and near-surface-sensitive techniques, probing only the top tens
to hundreds of nanometers. Therefore, information about the bulk is obtained indirectly from magnetic and transport
measurements, which reflect the averaged properties of the entire diffusion layer.
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Table 1. Electrical parameters of boron-doped silicon after manganese thermal diffusion

no. Diffusion temperature Mobility of current carriers Resistivity Carrier concentration Conductivity
(°C) U, cm?/V-s p (Q-cm) porn(cm?) type
1. T=1000 °C 205 4.9-10? 6.22-10"3 )4
2. T=1025 °C 198 1.1-10° 2.86-10"3 p
3. T=1050 °C 231 4.2-10° 6.44-1012 p
4. T=1075 °C 196 8.3-10* 3.84-10"! p
5. T=1100°C 1165 1.07-103 5.01-10"2 n
6. T=1150°C 1205 6.2-10° 8.36-10' n
RESULTS

High-purity single-crystalline boron-doped p-type silicon (Si:B) wafers with an initial resistivity of 10 Q-cm
(KDB-10 grade) were used as the starting material. Manganese incorporation was carried out by thermal diffusion from
the gas phase in evacuated quartz ampoules. The diffusion temperature was varied between 1000 °C and 1150 °C with a
fixed annealing time of 60 minutes, followed by cooling to room temperature under vacuum.

Hall measurements confirmed that changing the diffusion temperature allows control over carrier compensation,
leading to compensated, strongly compensated, or overcompensated samples (Table 1). The present structural and
magnetic analysis focuses on the sample processed at T = 1050 °C, which exhibits p = 4.2x10°* Q-cm and p-type
conductivity.

DISCUSSION
Figure 1 shows a three-dimensional AFM topography of the Si surface after Mn diffusion at 1050 °C. The scan
area of 5.0%5.0 pm? reveals pronounced nanoscale surface modulation. Compared to the smooth surface of the reference
Si wafer before diffusion, the treated sample exhibits clear corrugation and localized features, indicating structural and
electronic inhomogeneities induced by Mn incorporation.

Figure 1. 3D AFM topography of the Si surface after Mn diffusion. The scan area is 5.0x5.0 pm?, revealing nanoscale surface
fluctuations associated with Mn-induced clusters. The sample has a resistivity of p =4.2x10° Q-cm and was processed at T = 1050°C

The bright elevated regions are interpreted as morphological features formed during high-temperature Mn
diffusion. While these features may be associated with local dopant redistribution, AFM alone does not allow direct
determination of their chemical composition. This morphology is consistent with possible partial redistribution or
aggregation of Mn atoms during diffusion. However, AFM provides purely topographical information and does not
directly reveal magnetic inhomogeneities. Such structural inhomogeneities may influence the magnetic behavior
observed in SQUID measurements; however, direct evidence of exchange interactions is derived from magnetometry
data rather than from AFM observations.

Energy-dispersive X-ray spectroscopy (EDS) performed in SEM mode confirmed the presence of Mn in the near-
surface region (Figure 2), within the detection limits of the technique. Distinct Mn—-L and Mn—K peaks were observed
together with the dominant Si—K line. Minor C and O signals are attributed to surface contamination and native oxide.
The nanoscale surface features observed by AFM (tens of nanometers) are substantially smaller than the effective
compositional averaging volume of EDS. Therefore, possible local compositional fluctuations at the nanometer scale
cannot be resolved by SEM-EDS. The apparent uniformity of Mn distribution at the micrometer scale does not
contradict the presence of nanoscale morphological variations. No distinct compositional signatures characteristic of
extended Mn-silicide secondary phases were detected within the sensitivity limits of SEM-EDS. While EDS is
inherently surface-sensitive, the absence of strong signals from secondary phases suggests that the crystal structure is
largely preserved in the diffusion region.

Magnetization measurements were carried out using a superconducting quantum interference device (SQUID) in
the temperature range from 150 K to 300 K for the sample diffused at 1050 °C. Figure 3 shows the hysteresis loop
measured at 150 K, demonstrating clear ferromagnetic behavior with a coercive field Hc = 115 Oe, remanent
magnetization M; = 8 x 10~° emu/cm?, and saturation magnetization Ms = 2 x 10 emu/cm’.

At room temperature (300 K), the same sample retains ferromagnetic behavior (Figure 4), with slightly reduced
parameters: Ms = 1.6 x 10* emu/cm?®, Mr = 3.5 x 10 emu/cm’, and Hc = 87 Oe. The decrease in magnetization with
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increasing temperature is attributed to thermal spin disorder and weakening of exchange coupling among Mn moments.
Nevertheless, the persistence of a hysteresis loop at 300 K confirms the existence of stable room-temperature
ferromagnetism.
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Figure 2. EDS spectrum of Mn-diffused silicon showing Mn—-L and Mn—K peaks, confirming dopant incorporation.
The sample has a resistivity of p =4.2 x 10* Q-cm and was processed at T = 1050°C
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Figure 3. Magnetic hysteresis loop of Mn- and B-doped silicon (Si<B,Mn>) measured at 150 K, demonstrating clear ferromagnetic
behavior (Ms =2 x 10 emu/cm?, Mr = 8 X 10~° emu/cm?®, Hc = 115 Oe). The sample has a resistivity of p = 4.2 x 10* Q-cm and was
processed at T = 1050 °C.
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Figure 4. Magnetic hysteresis loop of Mn- and B-doped silicon (Si<B,Mn>) measured at 300 K, showing stable room-temperature

ferromagnetism (Ms = 1.6x107* emu/cm?, Mr = 3.5x107° emu/cm?, Hc = 87 Oe). The sample has a resistivity of p = 4.2x10°* Q-cm

and was processed at T = 1050 °C.
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The observed behavior is consistent with the model of carrier-mediated ferromagnetism in diluted magnetic
semiconductors [17]. In the present system, hole-mediated exchange interactions between localized Mn moments,
enhanced by boron co-doping, are responsible for spin alignment. At higher diffusion temperatures (>1075 °C),
increased clustering and changes in carrier type (Table 1) suggest that excessive Mn aggregation may reduce long-range
magnetic ordering. Although detailed magnetic data are shown here for the 1050 °C sample, the overall trend indicates
that this temperature range provides an optimal balance between Mn incorporation and structural preservation.

Compared to ion implantation [18-20], thermal diffusion offers a less destructive and more CMOS-compatible
route, ensuring better crystalline preservation and more uniform dopant incorporation—both crucial for silicon-based
spintronic platforms.

Manganese diffusion in boron-doped silicon appears to promote ferromagnetic ordering at room temperature while
largely preserving the structural integrity of the silicon lattice. The observed interplay between microstructure, charge
carrier type, and magnetic behavior suggests that controlled Mn diffusion may provide a feasible pathway toward the
development of spin-polarized silicon-based materials [21-25].

CONCLUSIONS

The structural, compositional, and magnetic properties of manganese-diffused boron-doped silicon were
investigated, with detailed analysis focused on the sample processed at T = 1050 °C (p = 4.2 x 10° Q-cm). AFM
revealed the formation of nanoscale surface corrugations and Mn-rich clusters compared to the smooth reference Si
surface before diffusion. SEM/EDS confirmed the presence and near-surface distribution of Mn without evidence of
large secondary precipitates, suggesting that the crystal structure is largely preserved in the diffusion layer.

Magnetic measurements demonstrated clear ferromagnetic behavior at both 150 K and room temperature, with
well-defined hysteresis loops. The observed room-temperature ferromagnetism is attributed primarily to carrier-
mediated exchange interactions between localized Mn moments and holes introduced by boron co-doping, while
nanoscale Mn-rich regions may contribute to local magnetic ordering. These results establish that controlled Mn
thermal diffusion in boron-doped silicon is a viable route toward realizing room-temperature ferromagnetic
semiconductors compatible with existing silicon technologies and promising for future spintronic applications.
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®EPOMATHETHU3M KIMHATHOI TEMIIEPATYPH TA CIIIHOBA IOJISAPU3AIISA B KPEMHII,
JIETOBAHOMY MAPI'AHIIEM
Oummac E. Catrapos, Baxpommikon A. A6aypaxmanos, Iilioc A. Kywiies, CraniciaB A. Tauinin, Temyp B. Icmainos,
3adapmkar H. YmapxomkaeBa
Tawkenmcvrutl OeporcasHuti mexHiyHuil ynigepcumem, 8yn. Yuisepcumemcoka, 2, 100095, m. Tawxenm, Y30exucman

VY 1pOMy MOCHIIDKEHHI MM JOCIHI/DKYEMO MarHiTHI BJIACTHBOCTI KPEMHIIO, JIETOBAaHOTO MapraHIeM, 3a JOHNOMOTIOIO IIPOLECy
TepmiunHoi muQy3ii. OTprMaHi pe3yIbTaTH JEMOHCTPYIOTh YiTKi J0Ka3W GepoMarHeTH3My IIpU KIMHATHIH TeMIepaTypi B KpEMHIIO p-
THUITy, SIKW BMHUKA€ BHACIIIOK BUPIBHIOBaHHS CHIiHIB aTOMiB Mn i HasBHOCTI ONOCEPEAKOBAHOI JipKaMM IPOBIAHOCTI. AHaii3
MAarHiTOOIMOPY Ta TICTEPE3UCy MiATBEP/IKYE CITIH-3AJICKHUI TPAHCIIOPT, BKa3yIOUYH Ha Te, 10 OOMIHHI B3a€MOIii, OMOCepeIKOBaHi
HOCISIMH, BIAIOBIAIOTh 32 CIOCTEPE)KYBaHE MarHiTHe BHOpsaKyBaHHs. KomOiHamis aTtoMHO-cHioBoi Mikpockomii (AFM),
ckaHyro4ol enekTporHoi Mikpockomii (SEM) i eneproaucnepciiinoi penrtreniscbkoi crnekrpockonii (EDS) minTBepmkye ycminmae
BKITIOUEHHSI aTOMiB Mn B pemriTky Si 63 3HaYHOTO MOIIKOKEHHS pemiTki. CrnocTepexyBaHi meTi ricrepesucy sk npu 150 K, rak i
mpu 300 K neMoHCTpyrOTh cTabiibHy (hepOMarHiTHy HOBEIiHKY 3 KoepuuTuBHUME criiamu 115 Oe 1 87 Oe Binnosigno. Lli BUCHOBKH
BIZIKpHBAIOTH 0araTooOilgI09i MEPCIEeKTHBU IS PO3POOKH CIIHTPOHHMX IPHCTPOIB Ha OCHOBI KpeMHiIo 3 BHKopucTaHHsIM CMOS-
cyMicHoOi TexHonorii TepMoaudys3ii.

KurouoBi cioBa: kpemnuiii; ougpysis mapeanyio; pepomaznemusm, HaHOKIACMePU, 2icmepesuc, CHiHmMpOHIKa





