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This work reviews the hitherto published and new results concerning the compositional,
structural and magnetic properties of single crystal Si irradiated/implanted with non-mag-
netic atoms and, especially, with medium dosage (D<1-1016 ¢m™2) of V*, Cr* and Mn*, and
subsequently processed at HT—(HP). The HT—(HP) treatment affects, among others, the
solid phase epitaxial re-growth of amorphous a-Si layer created at implantation. Processed
Si:V, Si:Cr and Si:Mn indicate magnetic ordering up to above 300 K. This means that the
new Si:V, Si:Cr and Si:Mn materials belonging to the family of Diluted Magnetic Semicon-
ductors have been produced.

IIpuBegen 0630p paHee OMyOGJMKOBAHHBIX M HOBBIX PE3YJIBTATOB, OTHOCAIIUXCSA K COCTA-
BY, CTPYKTYPE M MATHUTHBIM CBOMCTBAM MOHOKPHCTAJJIMYECKOro Si, 00JydYeHHOro/MMILIAH-
THPOBAHHOIO HEMATHHTHBLIMU ATOMAME, B UACTHOCTH, yMepeHHbIMH mosamu (D<1-1016 cm2)
V*, Cr* u Mn*, a zatem o6pa6orarnoro npu HT—(HP). O6pabéorka HT—(HP) Bruser, IOMHU-
MO IPYIAX XapaKTePHUCTHUK, HA TBePAO(Ma3HBIN SIINTAKCHAJBHBLIN IIOBTOPHBIN POCT aMOP(HO-
ro cioda a-Si, o6pasyomieroca npu uMmiLiasranuu. O6paborarneie Takum obpasom Si:V, Si:Cr
u Si:Mn OpoABAAIT MarHUTHYIO YIOPAJZOUYEHHOCTb BILIOTH JO TEMIIEPATYD, IIPEBHIMIAIINX
300 K. 9To osHauaeT, YTO BOSMOMKHO IMOJIydeHUe HOBBIX MarepuajoB tuma SiiV, Si:Cr u
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Si:Mn, mpusaznexamux K ceMelCTBY ' pPas36aBJIeHHBIX MATCHUTHBIX IIOJYIPOBOJHUKOB' .

The study of semiconductors containing
magnetically active atoms (Diluted Magnetic
Semiconductors, DMSs) has been an active re-
search area because of their perspective suit-
ability for spin-transport electronies (spin-
tronics). DMSs combine the electronic proper-
ties of semiconductors and memory potential
of typical magnetically ordered materials.
Most investigations in this field were focused
up to now on ferromagnetic III-V compound
semiconductors, with manganese as a major
dopant. Ga,_,Mn,As, In,_,Mn,As and related
materials (GaN:Mn, AIGaN:Mn etc) were
among the most comprehensively studied
materials [1]. Some other doped semiconduc-
tors/insulators (e.g. Mn- or Cu-doped ZnO)
have been also reported to be magnetically
ordered up to temperatures above room one
[2]. More information on these materials as
well as on "traditional” Mn-doped III-V
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semiconductors will be presented in Chapter
1.

Recently, it has been confirmed that sin-
gle crystal silicon implanted with non-mag-
netic ions or subjected to neutron irradia-
tion can exhibit specific magnetic proper-
ties, with hysteresis loops similar to the
those of classic ferromagnetic materials.
This specific magnetic ordering has been
called tentatively "quasiferromagnetism”
[3] (Chapter 2). Magnetically ordered Si-
based materials with a high Curie tempera-
ture (T'¢) would be the best fitting to de-
mands of the modern Si-based microelec-
tronics technology. That is why the paper
reporting the above-room temperature fer-
romagnetism in Mn ion implanted Si (Si:Mn)
[4] has been met with interest. Recently, we
demonstrated that Si implanted with vana-
dium or chromium (considered usually as
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non-magnetic) also show ferromagnetic or-
dering [5].

To prepare materials with magnetic or-
dering, the as-implanted SiV, Si:Cr and
Si:Mn were subjected to post-implantation
annealing at elevated temperatures (HT),
typically under atmospheric pressure
(105 Pa). This is related to a need to restore
the structure of the near surface areas of
initially perfect Si single crystal, heavily
damaged by implantation. Amorphous sili-
con (a-Si) is formed under implantation,
most abundant near the projected range of
implanted ions (Rp). As reported recently
[5, 6], enhanced hydrostatic pressure (HP)
of ambient inert gas effects strongly the
re-crystallization (solid phase epitaxial re-
growth, SPER) of a-Si and thus the result-
ing microstructure and magnetic ordering.
That is why the effect of HP at preparation
of magnetically active Si:V, Si:Cr and Si:Mn
will be also considered (Chapters 3-5).

1. Mn-doped I1I-V
semiconductors and ZnO doped
with transition metals

Dia- or paramagnetic semiconductors or
insulators can be transformed into the mag-
netically ordered ones by including appro-
priate transitional metal (TM) atoms into
their lattice. The current development of
spintronic materials was closely related to
producing Ga,_ Mn,As or In;,_,Mn,As single
crystals (deposited usually by Molecular
Beam Epitaxy, MBE, Liquid Phase Epitaxy,
LPE, or related techniques) with TC as high
as possible. In the case of prototype mate-
rial, Ga;_,Mn,As, Ga atoms can be replaced
partially by substitutional Mn atoms. The
substitutional Mn atoms provide both local
magnetic moments and delocalized electron
holes. In spite of considerable efforts [7],
no satisfying materials with TC much ex-
ceeding 150 K have been synthesized.
Either ferromagnetism is observed at much
below room temperature or no ferromag-
netic ordering is detectable. It is worth to
mention that HP applied at annealing of
InNAs/GaAs and similar systems affects
strongly their structure [8] and their mag-
netic properties (these effects are now in-
vestigated in details [9]).

The intrinsic morphology of GaAs (InAs)
degrades considerably as the TM doping
level exceeds 1018 ecm™3, with precipitates
of MnAs being formed [1]. It has been re-
ported [10] that annealing of magnetic III-V
semiconductors at HT~1000 K results in the
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formation of multi-phase materials with
MnAs as the magnetically active component,
with T->290 K. These materials are now also
the subjects of considerable interest [9, 11].

Doped SnO,, TiO,, ZnO, and similar in-
sulators also have attracted some attention
due to expectation [7] of high magnetic or-
dering temperatures in the case of their
doping with TMs. Such DMSs are of special
interest because of interesting optoelec-
tronic properties of ZnO. Room temperature
magnetic ordering in polyerystalline Mn
doped ZnO has been reported, with magneti-
zation (M) up to 3:1073 emu/g [12, 13].
Room temperature magnetic ordering has
been reported also for micron sized ZnO sin-
gle crystals doped with 2.2 % Mn (M up to
0.05 emu/g at room temperature) [14]. It
has been stated recently that rocom tempera-
ture ferromagnetism in ZnO:Mn can be at-
tributed to substitutional incorporation of
Mn at the Zn lattice positions rather than
due to the formation of segregated secon-
dary phase [15].

Cobalt doped ZnO polyerystalline ferro-
magnetic films with Ty up to 7560 K were
prepared by magnetron co-sputtering [16];
similarly, polyecrystalline ZnO films co-
doped with Mn and Co have been reported
to show ferromagnetic ordering with
T=300 K [17]. Most probably, the presence
of Mn as well as of some other TM atoms in
ZnO results in exchange interaction between
sp-band electrons or holes and the d-elec-
tron spins of magnetic dopant atoms. Cu-
doped ZnO displays magnetic ordering at
room temperatures, too [18]. The origin of
this magnetism is still controversial [19];
older results have been reviewed e.g. in [20].

While TM-doped compound semiconduc-
tors and oxides exhibit interesting magnetic
properties, it is evident that Si-based DMS
would have considerable advantage over
them as better compatible with the dominat-
ing Si-based microelectronics.

2. Quasiferromagnetic Si-based
malerials

Ferromagnetism related to the presence
of dislocations in single crystal Si was re-
ported more than 30 years ago [21]. Ferro-
magnetic ordering at low temperature in
silicon implanted with low energy Ar* and
Ne* has been also reported at the same time
[22]. There exists, however, some uncer-
tainty concerning the oldest results re-
ported, mostly because of possible contami-
nation of silicon single crystals available at
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Fig. 1. Ferromagnetic hysteresis loops of Fz-Si:He
(D=210% cm™2, E =150 keV, R,=1 um)
processed for 1 h at 723 K under 1.1 GPa, meas-
ured at T =5 K (open marks) and T =40 K
(black marks).

that time by ferromagnetic contaminants,
including Fe, Co and Ni. Recent results ob-
tained using the modern high purity Si sin-
gle crystals as the implanted substrate are
of much improved reliability in this respect.

The broad magnetic resonance lines (g =
2.2 and 3.4) in Si implanted with high energy
Xet (E = 5.68 GeV) and Krt (E = 210 MeV)
were attributed to the formation of the
areas with different degree of magnetic
order as a result of high energy implanta-
tion [28]. It has been considered these sig-
nals come from manifestation of internal
magnetic fields originating from inclusions
with high concentration of unpaired elec-
trons. Recently, ferromagnetic hysteresis
loops have been reported at room tempera-
ture for single crystal silicon substrates im-
planted with Si* dose, D = 1.1016 cm~2 of or
with D = 2:1016 ¢m~2 of Ar*, and for Si wa-
fers irradiated with D =4.1016 em 2 of
thermal neutrons [3]. It has been suggested
that the paramagnetic defects (dangling
bonds) formed during the implantation or
irradiation are responsible for observed
magnetic behavior [24]. This type of quasif-
erromagentism seems to be not limited to
the implanted silicon only. Spark-processed
silicon [24] and porous silicon [25] also
show magnetic hysteresis. As it follows
from our recent measurements, a Si sample
implanted with He* (Si:He, E = 20 keV and
D =1-1017 em™2), at angle 60° with respect
to the substrate normal, indicates signs of
magnetic ordering.

In Ferromagnetic Resonance, the fre-
quency dependence of the resonance field,
f2/H versus magnetic field H, follows a
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Fig. 2. Magnetization (M) versus magnetic field
(H) at T =5 K for Fz-Si:Si (D = 21016 cm™2,
E = 150 keV) processed for 1 h at 723 K under
1.1 GPa.

straight line as shown by the equation
below:

2

f
[z—mj = HR(HR + 47[Meff)‘

In this equation, the zero-field intercept gives
4nM ¢ (= 4nM,; when there is no magnetic
anisotropy) and the slope, which is related to

the gyromagnetic ratio y = gug/%Z. From v,
the Lande g-factor can be determined.

The in-plane component of the g-factor
has been determined to be equal to 2.85.
Assuming an isotropic film, a saturation
magnetization of M = 1.05 emu/cm3 has
been estimated.

Ferromagnetic hysteresis loops measured
by the SQUID method for Floating zone
grown Si implanted with He* (Fz-Si:He) and
processed at 723 K are presented in Fig. 1.

The as-implanted Fz-Si:Si of a <111> ori-
entation, prepared by self-implantation of Fz-
Si with Si* (E = 150 keV, D = 2:1016 cm~2)
showed a distinct hysteresis of magnetiza-
tion. However, processing of this sample at
723 K under HP resulted in absence of
magnetic ordering (Fig. 2), most probably
because of processing-induced recovery of

sample crystallinity.
It is quite reasonable to assume that the

implantation-induced defects could increase
the concentration of unpaired electrons in
Si. The processing / annealing of the im-
planted samples results in gradual recovery
of the sample structure and so in decreased
concentration of unpaired electrons.
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Fig. 3. SIMS depth profiles of V in Cz-Si:V
(prepared by V* implantation with D =
1-101% em™2, E = 200 keV into Czochralski
grown silicon, Cz-Si), as-implanted and proc-
essed under conditions shown in the Figure.

3. Silicon implanted with
vanadium

Similarly as in the case of Si:He and
Si:Si, implantation with V* produces
strongly disordered area near R,. In the
case of D>1015 cm~2, amorphization of the
Si matrix with the creation of a-Si layer can
be expected. For the case E = 200 keV and
D = (1-2)-1015 em~2, the total energy intro-
duced during implantation exceeds the amor-
phization threshold. Therefore, the a-Si layer
strongly enriched in vanadium (up to about
0.1 %) has been formed near the surface of
single crystal silicon (c-Si) at a depth of
about 0.25 um (Fig. 3). This is evidenced by
the presence of a-Si detectable by Transmis-
sion Electron Microscopy (TEM) after treat-
ment of Si:V at 610 K. The treatment at up
to about 720 K does not result in a detectable
recovery of the initial crystallographic perfec-
tion of the Si matrix. The SiV sample proc-
essed at 610 K shows a magnetization decreas-
ing a little with increasing measurement tem-
perature, from 5 K to 50 K (Fig. 4, cf. [5]).

At annealing, the a-Si layer is subjected
to SPER. This results in the movement of
the a-c interface toward the Si surface even
at relatively low temperatures (Fig. 3).
Since the solubility of V in crystalline Si is
very low [27], the V ions are expelled from
the re-growth region as the a-Si/erystalline
Si interface moves toward the surface.
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Fig. 4. Magnetization (M) vs magnetic field (H)
for Cz-SiV (D =110 cm™2, E = 200 keV),
processed for 1 h at 610 K under 10° Pa. Meas-
urements were performed at T =5 K (1) and T
=50 K (2).

Through this "snow-plow” process, a mini-
mum in the V concentration profile is
formed about 0.2 um below the surface in
Si:V processed at 723 K (Fig. 3).

The excess vanadium is accumulated at
the a/c interface, and the V concentration
reaches a point at which the excess V impu-
rity cannot be pushed away. At higher tem-
peratures (=900 K), the a-Si layer is con-
verted into polycrystalline state and the
silicide VSi, is formed [27]. The silicide for-
mation enthalpy amounts 3.2 eV, so VSi,
remains stable even at high temperatures. A
similar V distribution within the near-sur-
face 0.30 pum thick layer evidences that V
atoms form silicides (Fig. 3).

As evidenced by X-ray Reciprocal Space
Mapping, XRRSM (Fig. 5), SPER of the a-
Si layer remains uncompleted after process-
ing at 1270 K.

4. Silicon implanted with
chromium

Most results hitherto reported on the
properties of silicon implanted with chro-
mium concern Si:Cr prepared by Cr* implan-
tation into single crystalline Cz-Si sub-
strate at near-room temperature. In many
respects, the behavior of as-implanted and
processed Si:Cr reminds that of Si:V. The
as-implanted Si:Cr sample (D = 1.1015 cm 2,
E =200 keV) indicates a distinct magneti-
zation with both the saturation magnetiza-
tion and coercivity depending only slightly
on temperature within the 5-50 K range.
Similarly as in the case of Cz-Si:V processed
at low temperatures, the Cz-Si:Cr samples

Functional materials, 15, 1, 2008
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Fig. 5. XRRSM’s of Cz-Si:V (D =1-101% ¢cm™2,
E =200 keV), processed for 1 h at 1270 K
under 10° Pa (A) and 1.1 GPa (B).

processed at <723 K indicate ferromagnetic
ordering [5, 28].

It is important to mention that magneti-
zation properties of Si'V and of Si:Cr are
reflecting the minute size of the ferromag-
netic phase present within the sample, com-
posed of thin damaged buried layer enriched
in magnetically active implanted atoms. As
seen also in the TEM patterns, low-tempera-
ture processing of Cz-Si:Cr results in the
presence of crystallographic defects within
the Si matrix.

SPER of a-Si is much more pronounced
at 1070-1270 K (TEM and XRRSM results).
No marked structural differences between
the re-growth region at the depth <0.30 pm
and the single crystal silicon substrate at
>0.30 um depth were detected after process-
ing at 1070 K under 10° Pa (Fig. 6). In
contrast to Si:V, the diffusion Cr behavior
in Si:Cr at 1270 K is strongly affected by
HP (Figs. 6 and 7, see also [5, 28]).

5. Silicon implanted with
manganese

Structural and magnetic properties of
silicon implanted with manganese (Si:Mn)
were subjected, as so far, to the most ex-
tended research [4, 29-32]. Si:Mn samples
(D up to 6:101% c¢cm™2, E =300 keV,
T,=620 K) subjected to rapid thermal an-
nealing or short-time annealing (5 min) at
up to about 1070 K under 105 Pa indicate
the presence of ferromagnetic hysteresis
loops. The Curie temperature of all samples
processed under atmospheric pressure was
found to exceed 400 K [4, 29—30]. The satu-
ration magnetization increases with the
post-implant annealing temperature attain-
ing 0.2 emu/g at about 1070 K. The out-
diffusion of implanted Mn was observed at
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Fig. 6. SIMS depth profiles of Cr in Cz-Si:Cr
(D =1-1015 em 2, E =200 keV), processed
for 5 h at 1070 K and 1270 K under 10° Pa.
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Fig. 7. SIMS depth profiles of Cr in Cz-Si:Cr
(D =1-1015 em 2, E =200 keV), processed
for 5 h at 1070 K and 1270 K wunder
1.1 GPa.

higher temperatures accompanied by a de-
crease in the saturation magnetization. It
has been suggested that the residual im-
plant damage may play an important role in
the observed ferromagnetic ordering of
Si:Mn [29, 30].

It has been stated that the substrate tem-
perature and the implanted Mn* dose are of
great importance for the final structural
and magnetic properties of Si:Mn. Process-
ing for 1 h of Si:Mn samples prepared by high
dose Mn* implantation (D = 1-1016 em™2, E =
160 keV, T, =340 K or 610 K), at <720 K
both under 105 Pa and HP = 1.1 GPa re-
sults in distinct ferromagnetic ordering [31,
32]. This ordering is detectable up to above
room temperature (Fig. 8).

At high-dose Mn* implantation
(D>2-1015 ¢cm™2) and for T,<310 K, the Si
lattice near R, in Si:Mn is subjected to com-
plete amorphization. At high temperatures,
a-Si is subjected to SPER, depending on an-
nealing temperature, HP, and processing
time. In the case of Si:Mn prepared by im-
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Fig. 8. Magnetization (M) versus magnetic
field (H) for Fz-Si:Mn (Fz means Floating
zone growth, D = 11016 cm~2, E = 160 keV,
T, =610 K), processed for 1 h at 610 K
under 105 Pa.

plantation at T,<810 K, the Si structure re-
covery (SPER of a-Si) after processing at
1070-1400 K is still incomplete. Depending
on the processing conditions, crystal-
lographic defects, such as dislocations (as
evidenced by the dislocation-related D1 PL
line at about 0.81 eV), were formed (Fig. 9).

It has been stated recently that specific
local ordering near the implanted Mn atoms
in Si:Mn can be critical with respect to mag-
netic ordering [33]. No marked effect of the
conductivity type on magnetic properties of
Si:Mn processed at low temperatures has
been stated [34]. In the case of Si:Mn proc-
essed at 1070-1270 K, the effect of HP on
diffusivity of Mn atoms is especially pro-
nounced. Contrary to the case of Cr in Si:Cr,
Mn atoms diffuse faster under HP, espe-
cially at 1070 K [31, 32]. In the case of
prolonged (1-5 h) annealing under 10° Pa
and in contrast to earlier observation for
the shorter time processed Si:Mn samples
[29, 30], some Mn atoms at the >0.25 um
depth remain at the same position as these
in the as-implanted sample. Perhaps this is
related to the relatively high Mn solubility
in Si (31016 cm™3 and 3.101% cm™3, respec-
tively, for Mn and Cr at 1270 K [35]) and to
Mn gettering on some implantation-induced
defects at the below Rp depth. On the other
hand, the presence of tetragonal Mn,Si;
(with To~40 K [36]) in Si:Mn prepared by
implantation at T, =610 K and processed
at 2870 K, has been detected recently [37].

The improved room-temperature ferro-
magnetism has been also reported for Co-
and Mn-ion implanted silicon [38] as well as
for Mn-ion implanted Si nanowires [39].
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Fig. 9. Photoluminescence (PL) spectra of Fz-
SitMn (D =1-10'6 cm™2, E =160 keV, T, =
610 K), as implanted and processed for 1 h
at 1070 K under 10° Pa.

To conclude, our report reviews hitherto
published and some unpublished data con-
cerning the composition, structure, and
magnetic properties of single crystal silicon
implanted with medium dosage of vana-
dium, chromium and manganese and proc-
essed at up to about 1400 K, also under
increased hydrostatic pressure, up to about
1.1 GPa. SiV, Si:Cr and Si:Mn, as implanted
and processed at specific conditions, indi-
cate detectable ferromagnetic ordering, with
Tc of some Si:Mn samples at above room
temperatures. Specific local ordering near
the implanted transition metal atoms in
Si:M materials (M =V, Cr or Mn) can be
critical with respect to the reported mag-
netic ordering. Still, the observed magnetic
ordering in the as-implanted as well as in
processed Si'V, Si:Cr and Si:Mn seems to be
related in part to the quasi-ferromagnetism
observed in silicon implanted with nonmag-
netic species and then processed at rela-
tively low temperatures.

To understand the mechanisms of ferro-
magnetic ordering in ion-implanted Si-based
materials, of the formation of specific crys-
talline magnetically ordered phases and of
the origin of quasi-ferromagnetism de-
mands further research. A justified hope
could be expressed that new Si-V, Si-Cr and
Si—-Mn materials belonging to the family of
Diluted Magnetic Semiconductors and com-
patible with Si-based microelectronics will
be developed.

Acknowledgements. The authors are
thankful to D.Sc.A.Barcz and Mr.M.Pru-
jszezyk from the Institute of Electron Tech-
nology, Warsaw, D.Sc.J.Bak-Misiuk and

Functional materials, 15, 1, 2008



Andrzej Misiuk, Lee Chow / Silicon based materials for...

Dr.W.Osinniy from the Institute of Physics,
PAS, Warsaw, M.Sc.B.Surma from the In-
stitute Electron Materials Technology, War-

saw,

Poland, and Dr.R.Vanfleet from

Brigham Young University, Provo, USA,
for experimental assistance, some experi-
mental data and valuable discussion.

10.

11.

12.

13.

14.

15.

16.

17.

. T.Dietl,

References

. H.Ono, Physica B, 376—377, 19 (2006).
. 0.D.Jayakumar, I.K.Gopalakrishnan, S.K.Kul-

shrestha, Physica B, 381, 194 (2006).

. T.Dubroca, J.Hack, R.E.Hummel et al., Appl.

Phys. Lett., 88, 182504 (2006).

. M.Bolduc, C.Awo-Affouda, A.Stollenwerk et

al., Phys. Rev. B, 71, 033302 (2005).

. A.Misiuk, L.Chow, A.Barcz et al., in: High

Purity Silicon 9, Eds: C.L.Claeys, R.Falster,
M.Watanabe, P.Stallhofer, ISBN 1-56677-504-
3, 2006, p.481.

. A.Misiuk, B.Surma, J.Bak-Misiuk, Solid State

Phen., 108—109, 351 (2005).

H.Ono, F.Matsura et al.,
287, 1019 (2000).

Science,

. J.Bak-Misiuk, A.Shalimov, J.Kaniewski et al.,

Cryst. Res. Technol., 38, 302 (2003).

. J.Bak-Misiuk, A.Misiuk, P.Romanowski, sub-

mitted for Thin Solid Films.

M.Moreno, A.Trampert, B.Jenichen et al.,
J.Appl. Phys., 92, 4672 (2002).

H.Raebiger, T.Hynninen, A.Ayuela et al.,
Physica B, 376—377, 643 (2006).

P.Sharma, A.Gupta, K.V.Rao et al., Nat.
Mater., 2, 673 (2003).
J.Zhang, R.Skomski, D.J.Sellmyer, J.Appl.

Phys., 97, 10D303 (2005).

0.D.Jayakumar, I.K.Gopalkrishnan, C.Sudakar,
J.Cryst. Growth, 294, 432 (2006).
0.D.Jaykumar, I.K.Gopalakrishnan, S.K.Kul-
shrestha, Physica B, 381, 194 (2006).

C.Song, F.Zeng, K.W.Geng, et al., J.Magn.
Magn. Mater., 309, 25 (2007).
Y.Wang, Y.Song, S.Yin et al.,
Engn. B, 131, 9 (2006).

Mater. Sci.

Functional materials, 15, 1, 2008

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

D.B.Buchholz, R.P.H.Chang, J.H.Song et al.,
Appl. Phys. Lett., 87, 082504 (2005).
D.J.Keavney, D.B.Buchholz, Q.Ma et al., Appl.
Phys. Lett., 91, 012501 (2007).

"Magnetism in Semiconductor Oxides”, ISBN
81-7895-264-5, ed. N.H.Hong, Research Sign-
post (2007).

T.Figielski, in: Proc. V Int. Summer School on
Defects, Krynica, May 8-18 1976, Polish Sci.
Publishers (1978), p.237.

A.F.Khokhlov, P.V.Pavlov, JETP Lett., 24,
211 (1976).

S.V.Adashkevich, N.M.Lapchuk, V.F.Stel’makh
et al., JETP Lett., 84, 547 (2007).

J.Hack, M.H.Ludwig, W.Geerts et al., Mater.
Res. Soc. Symp. Proc., 452, 147 (1997).
R.Laiho, E.Lahderanta, L.Vlasenko et al.,
J. Luminescence., 57, 197 (1993).

K.S.Jones, S.Prussin, E.R.Weber, Appl. Phys.
A: Solid Surf., 45, 1 (1988).

S.P.Murarka, Silicides for VLSI Applications,
Academic Press, New York (1983).

A.Misiuk, A.Barecz, L.Chow et al., Solid State
Phen., 131-133, 375 (2008).

M.Bolduc, C.Awo-Affouda, F.Ramos et al.,
J.Vac. Sci. Technol., A24, 1648 (2006).
M.Bolduc, C.Awo-Affouda, A.Stollenwerk et
al., Nucl. Instrum. Meth. Phys. Res. B, 242,
367 (2006).

A.Misiuk, B.Surma, J.Bak-Misiuk et al.,
Mater. Sci. Semicond. Process, 9, 270 (2006).
A.Misiuk, J.Bak-Misiuk, B.Surma et al., J.Al-
loys Comp., 423, 201 (2006).

A.Wolska, K.Lawniczak-Jablonska, M.Klepka
et al., Phys. Rev. B, 75, 113201 (2007).
W.Jung, A.Misiuk, Vacuum, 81, 1408 (2007).
H.Francois-Saint-Cyr, E.Anoshkina, F.Stevie
et al., J.Vac. Sci. Technol. B, 19, 1769 (2001).
U.Gottlieb, A.Sulpice, B.Lambert-Andron et
al., J. Alloys Comp., 361, 13 (2003).
J.Bak-Misiuk, E.Dynowska, P.Romanowski et
al., Solid State Phen., 131—133, 327 (2008).
P.R.Bandaru, J.Park, J.S.Lee et al., Appl.
Phys. Lett., 89, 112502 (2006).
H.W.Wu, C.J.Tsai, L.J.Chen,
Lett., 90, 043121 (2007).

Appl. Phys.

137



Andrzej Misiuk, Lee Chow / Silicon based materials for...

MaTepianu ajA CHIHTPOHIKM Ha OCHOBI KpeMHilo,
oJlepsKaHl NMIJIAXOM iMIIJIaHTAIil Ta 00pPOOKM
TEeMIEPATYPOI0 Ta THCKOM

A .Micwk, Ji Yoy

ITogano oraAx panimie omy6GJiKOBaHMX Ta HOBUX Pe3yJbTaTiB, AKi CTOCYIOTbCA CKJAALY,
CTPYKTYPH T4 MAarHiTHUX BJIACTUBOCTEM MOHOKpUCTAJIiuHOro Si, OIPOMiHEHOro/iMIIIaHTOBAH-
Oro HeMAarHITHUMM aToMaMu, 80KpeMa, moMipaumu gosamu (D<1-1016 cm~2) V*, Cr* ra Mn*,
a morim obpobsaenoro npu HT—(HP). O6pobka HT—(HP) BuauBae, mopAj 3 iHIIUMU Xapak-
TEPUCTUKAMH, HA TBepno(pasHuil emiTakcianpHuil moBTOPHHU picT amopdHOro mapy a-Si,
AKUN yTBOpIOEThCA npu immmanTtanii. O6po6aeri Takum umaom Si'V, Si:Cr Ta Si:Mn Busasus-
IOTh MArHiTHY BHOpagkoBamicTe mo temmeparyp mouanx 300 K. Ile osHauae MOMKJIMUBicTB
ofep:kaHHsa HoBUX Marepianis Tumy Si:V, Si:Cr ta Si:Mn, aki mamemars qo rpymnu ~ posbasie-
HUX MATHITHUX HAIiBOPiBOZHUKIB".
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