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Abstract 

SILICON BASED MATERIALS FOR APPLICATION IN SPINTRONICS 

A. Misiuk, L. Chow, A. Barcz, J. Bak-Misiuk, W. Osinniy and M. Prujszczyk 

The effect of enhanced hydrostatic pressure (HP, up to 1.1 GPa) applied at up to 1270 K (HT) on 
Si:V, Si:Cr, Si:V,Cr and Si:Mn prepared by implantation of respective metallic ions (doses 1x1015 — 
1x1016 cm-2, at energy 160 keV or 200 keV) into (001) oriented Czochralski grown Si, has been inves-
tigated by Secondary Ion Mass Spectrometry, magnetometry and X-Ray methods. 

Implantation produces amorphous silicon (a-Si) near the implanted ions range. Quasi — epitax-
ial re — growth of a-Si takes place at HT. The V, Cr and Mn concentration profiles do not depend 
markedly on HP if applied below 1000 K. Marked diffusion of implanted atoms toward the sample 
surface is observed in the case of processing at > 1000 K under 105 Pa, especially in the case of Si:Cr 
and Si:Mn. Under HP this diffusion is even more pronounced, re-crystallization of a-Si is retarded 
and the a-Si / Si interface becomes enriched with metallic atoms. 

Processing of Si:V, Si:Cr and Si:Mn at ≤ 723 K results in distinct ferromagnetic ordering, detect-
able also above 50 K. This means that the new Si-V, Si-Cr and Si-Mn materials belonging to the 
family of Diluted Magnetic Semiconductors may be produced. 

Keywords: silicon, implantation, vanadium, chromium, manganese, pressure, annealing, spin-
tronics. 

Àíîòàö³ÿ 

ÌÀÒÅÐ²ÀËÈ, ÙÎ ÁÀÇÓÞÒÜÑß ÍÀ ÊÐÅÌÍ²¯, ÄËß ÇÀÑÒÎÑÓÂÀÍÍß Ó ÑÏ²ÍÒÐÎÍ²Ö² 

À. Ì³ñþê, Ë.×îâ, A. Áàð÷, É. Áàê-Ì³ñþê, Â. Îñ³íí³é, M. Ïðóùèê 

Ìåòîäîì ìàñ-ñïåêòðîìåòð³¿ âòîðèííîãî ³îíà, ìàãí³òîìåòð³ºþ ³ ðåíòãåíîñêîï³÷íèì ìåòî-
äîì áóëî äîñë³äæåíî âïëèâ ï³äâèùåíîãî ã³äðîñòàòè÷íîãî òèñêó (ÃÒ, äî 1.1 ÃÏa) ïðèêëàäå-
íîãî äî Si:V, Si:Cr, Si:V,Cr ³ Si:Mn ïðè òåìïåðàòóð³ àæ äî 1270 K, âèãîòîâëåíèõ ³ìïëàíòàö³ºþ 
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 Introduction 

In recent years, the study of spintronic mate-
rials has been an active research area because of 
their potential use for spintronic devices to im-
plement quantum computation [1]. Most investi-
gations in this field are focused on ferromagnetic 
semiconductor, Ga

1-x
Mn

x
As, and related materials 

[2]. Also other semiconductors / insulators such as 
Mn — and Cu — doped ZnO, have been reported 
to exhibit magnetic ordering up to room tempera-
ture [3, 4]. 

Ion implantation has been introduced to fabri-
cate magnetic semiconductors such as GaN:Mn, 
AlGaN:Mn, AlGaN:Cr, AlGaN:Co. Recently, also 
silicon implanted with Mn ions, Si:Mn, has been 
demonstrated to posses ferromagnetic ordering up 
to above room temperature [5, 6]. 

It is apparent that Si — based spintronic semi-
conductors would have considerable advantage 
because Si — based integrated circuits (IC’s) are 
massively produced so respective technology is well 
established in microelectronics. 

â³äïîâ³äíèõ ìåòàëåâèõ ³îí³â (äîçè 1x1015 — 1x1016 ñì2, ç åíåðã³ºþ 160 êåÂ àáî 200 êåÂ) ó (001) 
îð³ºíòîâàíèé Si, ÿêèé âèðîùåíî ìåòîäîì ×îõðàëüñêîãî. 

²ìïëàíòàö³ÿ ñòâîðþº àìîðôíèé êðåìí³é (a-S³) â îáëàñò³ âêëþ÷åíîãî ³îíà. Â³äáóâàºòüñÿ 
êâàç³-åï³òàêñèàëüíèé ïîâòîðíèé ð³ñò a-Si ïðè âèñîê³é òåìïåðàòóð³. Ïðîô³ë³ êîíöåíòðàö³¿ V, 
Cr ³ Ìn íå çàëåæàòü ïîì³òíî â³ä ÃÒ ïðè òåìïåðàòóðàõ íèæ÷èõ 1000 K. Ïîì³òíà äèôóç³ÿ âêëþ-
÷åíèõ àòîì³â äî ïîâåðõí³ çðàçêà ñïîñòåð³ãàºòüñÿ ó âèïàäêó îáðîáêè ïðè òåìïåðàòóðàõ > 1000 K 
ïðè 105 Ïà, îñîáëèâî ó âèïàäêó Si:Cr ³ Si:Mn. Ïðè ÃÒ öÿ äèôóç³ÿ íàâ³òü á³ëüø ÿâíî âèðàæåíà, 
ïåðåêðèñòàë³çàö³ÿ a-Si ñïîâ³ëüíþºòüñÿ ³ ãðàíèöÿ a-Si / Si ñòàº çáàãà÷åíîþ àòîìàìè ìåòàëó. 

Îáðîáêà Si:V, Si:Cr ³ Si:Mn ïðè òåìïåðàòóðàõ ≤ 723 K ïðèçâîäèòü äî ïîì³òíîãî óïîðÿäêó-
âàííÿ ôåððîìàãíåòèêà, ùî ñïîñòåð³ãàºòüñÿ òàêîæ ïðè òåìïåðàòóðàõ âèùèõ 50 K. Öå îçíà-
÷àº, ùî ìîæóòü áóòè îòðèìàí³ íîâ³ ìàòåð³àëè Si-V, Si- Cr ³ Si-Ìn, ÿê³ íàëåæàòü äî êëàñó 
ðîçâåäåíèõ ìàãí³òíèõ íàï³âïðîâ³äíèê³â. 

Êëþ÷îâ³ ñëîâà: êðåìí³é, ³ìïëàíòàö³ÿ, âàíàä³é, õðîì, ìàðãàíåöü, òèñê, â³äïàë, ñï³íòðîí³êà. 

Àííîòàöèÿ 

ÎÑÍÎÂÀÍÍÛÅ ÍÀ ÊÐÅÌÍÈÈ ÌÀÒÅÐÈÀËÛ ÄËß ÏÐÈÌÅÍÅÍÈß Â ÑÏÈÍÒÐÎÍÈÊÅ 

À. Ìèñþê, Ë.×îâ, A. Áàð÷, É. Áàê-Ìèñþê, Â. Îñèííèé, M. Ïðóùèê 

Ìåòîäîì ìàññ-ñïåêòðîìåòðèè âòîðè÷íîãî èîíà, ìàãíèòîìåòðèåé è ðåíòãåíîñêîïè÷åñ-
êèì ìåòîäîì áûëî èññëåäîâàíî âëèÿíèå ïîâûøåííîãî ãèäðîñòàòè÷åñêîãî äàâëåíèÿ (ÃÄ, 
äî 1.1 ÃÏa) ïðèëîæåííîãî ïðè òåìïåðàòóðå âïëîòü äî 1270 K ê Si:V, Si:Cr, Si:V,Cr è Si:Mn, 
èçãîòîâëåííûõ èìïëàíòàöèåé ñîîòâåòñòâóþùèõ ìåòàëëè÷åñêèõ èîíîâ (äîçû 1x1015 — 1x1016 
ñì 2, ñ ýíåðãèåé 160 êýÂ èëè 200 êýÂ) â (001) îðèåíòèðîâàííûé Si, âûðàùåííûé ìåòîäîì 
×îõðàëüñêîãî. 

Èìïëàíòàöèÿ ñîçäàåò àìîðôíûé êðåìíèé (a-S³) â îáëàñòè âíåäðåííîãî èîíà. Ïðîèñõî-
äèò êâàçè-ýïèòàêñèàëüíûé ïîâòîðíûé ðîñò a-Si ïðè âûñîêîé òåìïåðàòóðå. Ïðîôèëè êîí-
öåíòðàöèè V, Cr è Ìn íå çàâèñÿò çàìåòíî îò ÃÄ ïðè òåìïåðàòóðàõ íèæå 1000 K. Çàìåòíàÿ 
äèôôóçèÿ âíåäðåííûõ àòîìîâ ê ïîâåðõíîñòè îáðàçöà íàáëþäàåòñÿ â ñëó÷àå îáðàáîòêè ïðè 
òåìïåðàòóðàõ > 1000 K ïðè 105 Ïà, îñîáåííî â ñëó÷àå Si:Cr è Si:Mn. Ïðè ÃÄ ýòà äèôôóçèÿ 
äàæå áîëåå ÿâíî âûðàæåíà, ïåðåêðèñòàëëèçàöèÿ a-Si çàìåäëÿåòñÿ è ãðàíèöà a-Si / Si ñòàíî-
âèòñÿ îáîãàùåííîé àòîìàìè ìåòàëëà. 

Îáðàáîòêà Si:V, Si:Cr è Si:Mn ïðè òåìïåðàòóðàõ ≤ 723 K ïðèâîäÿò ê ÿâíîìó óïîðÿäî÷åíèþ 
ôåððîìàãíåòèêà, íàáëþäàåìîìó òàêæå ïðè òåìïåðàòóðàõ âûøå 50 K. Ýòî îçíà÷àåò, ÷òî ìîãóò 
áûòü ïîëó÷åíû íîâûå ìàòåðèàëû Si-V, Si- Cr è Si-Ìn, ïðèíàäëåæàùèå ê êëàññó ðàçáàâëåí-
íûõ ìàãíèòíûõ ïîëóïðîâîäíèêîâ. 

Êëþ÷åâûå ñëîâà: êðåìíèé, èìïëàíòàöèÿ, âàíàäèé, õðîì, ìàðãàíåö, äàâëåíèå, îòæèã, 
ñïèíòðîíèêà. 
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The Si:Mn structures, prepared by implantation 
of silicon with Mn+, showed especially promising 
structural and magnetic properties [5] after anneal-
ing at high temperature under atmospheric pressure 
(105 Pa). Also processing of Si:Mn under enhanced 
hydrostatic pressure (HP) at high temperatures 
(HT) resulted in distinct magnetic hysteresis re-
ported at cryogenic temperatures [7, 8]. Recently 
magnetic ordering at low temperatures has been 
stated also for single crystalline Czochralski grown 
silicon (Cz-Si) implanted with other elements of 
the periodic table, preceding Mn, vanadium and 
chromium (Si:V and Si:Cr), especially if processed 
under the HT — HP conditions [9]. This means 
that also Si:V and Si:Cr can be considered as dilute 
ferromagnetic materials of possible applicability in 
spintronics. 

Our report contributes to the understanding of 
the compositional, structural and magnetic proper-
ties of single crystalline silicon implanted with me-
dium dosage of vanadium, chromium and manga-
nese ions and processed at HT — HP. 

We hope it will assist in solving of still exist-
ing controversies concerning the mechanisms 
of ferromagnetism in ion implanted Si — based 
materials, the creation of specific crystalline 
magnetically ordered phases [10] and quasi — fer-
romagnetism [11]. 

Experimental 

To prepare Si:V, Si:Cr, co — implanted Si:V,Cr 
and Si:Mn, the 51V+, 52Cr+ or 55Mn+ ions were im-
planted at room temperature into p-type (001) ori-
ented single crystalline Cz-Si substrate with inter-
stitial oxygen content, c

o
 ≈ 9x1017 cm-3 (Table 1). 

Table 1
Characteristics of investigated samples: implantation 

energy (E), dose (D) and projected range of implanted 
ions (R

p
). 

 Sample E [keV]  D x 1015 [cm-2]  R
p
 [nm]

 Si:V  200  1  168
 Si:Cr  200  1  172

 Si:V,Cr  200  1 + 1  168 + 172
 Si:Mn  160  10  140

The implanted samples were then processed in 
inert Ar atmosphere for up to 5 hr at HT ≤ 1270 K 
under either 105 Pa or HP ≤ 1.1 GPa. 

The depth profiles of implanted V, Cr and Mn 
atoms in Si were studied by Secondary Ion Mass 
Spectrometry (SIMS, Cameca 5F). 

The structure of Si:V, Si:Cr and Si:Mn was in-
vestigated by X-ray reciprocal space mapping 
(XRRSM) using a MRD-PHILIPS diffractometer. 
The magnetic properties at cryogenic temperatures 
were investigated by a SQUID magnetometer. 

Results and discussion 

As follows also from our earlier work [9], the 
sharp minimum in the V concentration at ~ 0.20 
μm below the surface is observed for Si:V processed 
at 870 — 1270 K. The V distribution in the top 0.30 
μm remains rather insensitive with respect to the 
processing temperatures and pressures within this 
temperature range (compare [9]). Similar behav-
ior of V is observed in the Si:V,Cr samples while 
diffusivity of vanadium decreases slightly with HP 
(Fig. 1). 

 

Fig. 1. SIMS depth profiles of 51V in Si:V,Cr samples, as 
implanted and processed for 5 hr at 1070 K under 105 Pa 
and 1.1 GPa. 

At E = 200 keV and D = (1 — 2) x 1015 cm-2 , the 
total energy introduced during implantation into 
silicon is above the amorphization threshold en-
ergy density for the implanted transition metal [12]. 
Therefore an amorphous (a-Si) layer is formed near 
the surface of single crystalline silicon (c-Si) up to a 
depth of about 0.25 μm. 

At annealing, the a-Si layer is subjected to the 
solid phase epitaxial re -growth (SPER). This re-
sults in the movement of the a-c interface toward 
the Si surface. Since the solubility of V in crystalline 
Si is very low [13], the V ions are expelled from the 
re — growth region at re — crystallization, as the a-
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c interface moves toward the surface. Through this 
“snow-plow” process, a minimum in the V concen-
tration profile was formed around ~ 0.2 μm below 
the surface. 

The excess V ions are accumulated at the a-c in-
terface, and eventually the V concentration reach 
to a point, that this process no longer can push out 
the excess V impurity. At temperatures in the 870 
–1270 K range, the a-Si layer is converted into qua-
si — crystalline (polycrystalline) state and the VSi

2
 

silicide is formed [13]. 
The enthalpy of VSi

2
 formation equals to 3.2 eV 

[13] (compare [14]), so once formed VSi
2
 remains to 

be stable. The similarity of the V distribution within 
the near — surface 0.30 μm thick layer (Fig. 1) gives 
strong evidence that vanadium atoms formed vana-
dium silicides [13]. However, at a depth exceeding 
0.4 μm, the tail end of the V distribution becomes 
distinctly narrower. One can suppose that the con-
centration of V in this region is low enough so that 
V predominately exists in the form of individual at-
oms. The VSi

2
 nano — clusters formed around the 

0.30 μm depth, trap these excess V atoms and so 
attract vanadium from 0.40 to 1.0 μm depth after 
processing at 1070 — 1270 K [9]. 

In the case of Si:V, the HP treatment at 870 K 
does not affect markedly its microstructure, imply-
ing the presence of a layered structure composed of 
a-Si film on the nearly perfect Si substrate. 

This is in contrast with similarly treated Si:Cr. 
The treatment under HP results in enhanced X-ray 
diffuse scattering intensity from Si:Cr evidencing 
the presence of crystallographic defects within c-Si 
formed in effect of partial SPER of a-Si [9]. Pos-
sibly this is related to a little higher diffusivity of Cr 
in Si (~ 10-7 cm2 s-1 and 2.1x10-6 cm2 s-1, respectively, 
for V and Cr at 1270 K [15]). 

As it follows from XRRSMs, processing of both 
Si:V and Si:Cr at 1070 — 1270 K results in SPER of 
the a-Si layer. No marked structural differences be-
tween the re — growth region at < 0.30 μm and the 
single crystalline silicon substrate at the > 0.30 μm 
depth were detected after processing at 1270 K. 

To contrast, the diffusion behavior of V in Si:V 
or Si:V,Cr, SIMS measurements of Si:Cr, implant-
ed with Cr+ at D = 1x1015 cm-2, indicate that the a-c 
interface movement during processing is distinctly 
affected by HP (compare [9]). 

In the case of Si:Mn processed at 1070 — 1270 K, 
the effect of HP on diffusivity of Mn atoms is even 
more pronounced: Mn atoms diffuse faster under 
HP, especially at 1070 K (Fig. 2, see also [7]). It 

seems that, in the case of prolonged (5 hr) annealing 
under 105 Pa and contrary to earlier observation for 
the shorter time processed Si:Mn samples [7, 15], 
part of Mn atoms at the > 0.25 μm depth remains at 
the same position as these in the as implanted sam-
ple (Fig. 2]. Possibly this is related to comparatively 
high solubility of Mn in Si (3x1016 cm-3 and 3x1014 
cm-3, respectively, for Mn and Cr at 1270 K [15]) 
and Mn gettering on some implantation — induced 
defects at the depth exceeding R

p
. 

 

Fig. 2. SIMS depth profiles of 55Mn in Si:Mn samples, as 
implanted and processed for 5 hr at 1070 K under 105 Pa 
and 1.1 GPa. 

Processing of Si:V, Si:Cr and Si:Mn samples at 
≤ 723 K can result in detectable ferromagnetic or-
dering (see also [7 — 9]). The Si:V samples processed 
at 723 K under 1.1 GPa indicated saturation mag-
netization (M

s
) decreasing from 2.5x10-5 emu cm-2 

to 2.0x10-5 emu cm-2 for temperature increasing 
from 5 K to 35 K [9]. 

The as implanted Si:Cr sample indicates distinct 
magnetization with both the saturation magnetiza-
tion and coercivity only slightly dependent on tem-
perature within the 5 — 50 K range. 

When observing the below presented magneti-
zation data of processed Si:Cr and Si:Mn (Figs 3 
and 4), it is needed to account for the minute size 
of the ferromagnetic phase within the sample, con-
taining thin damaged buried layer enriched with 
implanted atoms. 

In a typical SQUID measurement, in addition 
to the desired ferromagnetic signals, the diamag-
netic contribution from the Si substrate and some 
other paramagnetic signals are also present. 

A. Misiuk, L. Chow, A. Barcz, J. Bak-Misiuk, W. Osinniy, and M. Prujszczyk
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Fig. 3. Magnetization (M) versus magnetic field (H) for 
Si:Cr processed for 1 hr at 610 K under 1 GPa, measured 
at 63 K. 

 

Fig. 4. Magnetization (M) versus magnetic field (H) for 
Si:Mn processed for 4.5 hr at 550 K under 1.05 GPa, 
measured at 10 K. 

Recently it has been shown that also as implant-
ed Si:Si and Si:Ar samples show ferromagnetic hys-
teresis loops. This property has been called “qua-
si — ferromagnetism” [11]. 

It has been suggested that certain defects cre-
ated during implantation are responsible for this 
magnetic behavior. Specific local ordering near 
the implanted Mn atoms in Si:Mn can be criti-
cal also in respect of magnetic ordering [16]. In 
our case, observed magnetic ordering of the as 
implanted as well as of processed Si:V, Si:Cr and 
Si:Mn samples can be related in part to the men-
tioned quasi — ferromagnetism, moreover that 
observed hysteresis loops are of similar shape 
(compare Figs 3 and 4). 

Processing of Si:V, Si:Cr and Si:Mn at ≤ 723 K 
results in distinctly detectable ferromagnetic or-
dering, detectable also above 50 K (Fig. 3). This 
means that the new Si-V, Si-Cr and Si-Mn mate-
rials belonging to the family of Diluted Magnetic 

Semiconductors can be produced by appropriate 
processing at HT — HP. 

Further works are, however, needed to clarify the 
origin of the ferromagnetism in Si:V, Si:Cr and Si:
Mn, as implanted and processed at HT — HP. 
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