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ABSTRACT

We report the discovery of Q-silicon with atomic density 60% higher than crystalline silicon, while
keeping the bonding characteristics the same as normal silicon. Distinct amorphous phases are
created, when one, two or three tetrahedra are randomly packed, and a crystalline phase of Q-
silicon is formed, when subunit cells are arranged along <110> directions with alternate holes.
Nanosecond laser melting of amorphous silicon in undercooled state and quenching have created
Q-silicon with robust ferromagnetism compared to diamagnetism of silicon. The Curie
temperature of Q-silicon is estimated to be over 400K, thus opening a new frontier for spin-based
computing and atomic-level storage.
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INTRODUCTION

Pursuit of ferromagnetism in materials outside of transition metals and rare earths has excited
scientists worldwide for a long time. This is because spin-polarized electrons can be used to
process and store information with atomic resolution. However, materials with even number of
electrons such as carbon and silicon without unpaired spins were not considered seriously in terms
of bulk ferromagnetism. The dangling bonds in bulk carbon and silicon materials usually
reconstruct and eliminate sources of unpaired electrons. However, at the free surfaces of covalently
bonded materials, steps and kinks can provide sources of dangling bonds and unpaired spins, which
can lead to paramagnetism, and ferromagnetism, provided these spins can achieve long-range
ordering [1]. Our recent discovery showed the occurrence of robust ferromagnetism in Q-carbon,
which consisted of randomly packed diamond tetrahedra. The bonding within the tetrahedra in Q-
carbon was determined to be sp® with no dangling bonds. However, the bonding between the
tetrahedra was a mixture of sp® and sp® with overall fraction of about 85% sp® and 15% sp?. Thus,
dangling bonds and unpaired spins between the tetrahedra played a critical role in producing a
robust ferromagnetism in Q-carbon [2-5]. It should be mentioned that defect induced
ferromagnetism has been observed in oxides and nitrides and other related materials with laser

annealing, vacuum thermal annealing, and ion implantation [6-7]. In oxides such as ZnO,
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ferromagnetism is related to paramagnetic Zn vacancies, which are coupled through oxygen
vacancies for room-temperature ferromagnetism [6].

Here, we report, for the first time, the formation of Q-silicon after nanosecond laser melting of
amorphous silicon layers and quenching from the undercooled state. The amorphous silicon
produced by ion implantation showed a diamagnetic behavior, which turned ferromagnetic upon
laser annealing. It is interesting to note that as-implanted amorphous silicon and Q-silicon both
involve random arrangement of tetrahedra, however, the number density of these tetrahedra in Q-
silicon is considerably higher than in ion implanted amorphous silicon. In ion implanted silicon,
there is 100% sp® bonding and dangling bonds between the tetrahedra are saturated with no
unpaired spins. We discuss the details of atomic structure of Q-silicon phases and the phenomenon
polyamorphism related to distinct amorphous phases of Q-silicon. The unpaired spins in
amorphous Q-silicon, consisting of randomly packed tetrahedra, can have dangling bonds and
unpaired spins between the tetrahedra, where these spins provide the source for bulk
paramagnetism and ordered ferromagnetism, as shown for Q-carbon [2-5]. It should be mentioned
that dopants such as boron can eliminate unpaired spins and the ferromagnetism associated with
them, and lead to high-temperature superconductivity, as elegantly demonstrated in highly B-

doped Q-carbon [8-12].

RESULTS AND DISCUSSION

Atomic Structure and Design of Amorphous Q-phases

e
Fig. 1: (a) Diamond tetrahedron D1 with central atom contained in (a/2, a/2, a/2) cube; (b) Two
D1 tetrahedra connected along <110> direction; (¢) Three D1 tetrahedra along <110>direction; (d)

Three D1 tetrahedra: two in <110> direction (first layer) and one <1-10> direction (second layer);
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(e) Four D1 tetrahedra: two in <110> direction (first layer) and two <1-10> direction (second
layer), this is the diamond unit cell with missing four neighboring tetrahedral; and (f) Diamond

unit cell with missing four atoms from neighboring tetrahedra.

The basic building block in both amorphous and crystalline Q-phases is silicon/diamond cubic
tetrahedron, as shown in Fig. 1(a). This tetrahedron (D1) is contained in a/2, a/2, a/2 or one-eighth
of the diamond cubic unit cell. The tetrahedron consists of two triangular units, which are arranged
in perpendicular <110> and <1-10> directions. These triangular units, which are bonded in <111>
directions, represent basic characteristics of covalent bonding. These tetrahedra can grow along
<110> directions into two (D2), as shown in Fig. 1(b). Fig. 1(c) shows three tetrahedra (D3) along
<110> direction. It should be noted that these tetrahedra are joined along <001> axis, around which
they can pivot and form a long ring or a string structure. These ring and string structures can play
a critical role in enhancing the mobility of carriers. If the third tetrahedron joins along <I1-10>
instead of <110> in the second plane, we form D3+, as shown in Fig. 1(d). It is interesting to note
that D3+ is precursor to diamond cubic unit cell. When fourth tetrahedron joins along <1-10>
direction in the second plane, it becomes silicon/diamond cubic unit cell, as shown in Fig. 1(e).
Here all the atoms are tetrahedrally bonded by four atoms, which leaves a net of eight atoms in the
unit cell. The silicon cubic unit cell, as shown in Fig, 1 (f), has four corner atoms, which are shared
by four atoms with a net of one atom. If the corner atoms are shared by eight unit cells, we also
have a net one atom. With these building blocks (D1, D2, D3, and D3+), we can create new phases,
named Q-phases of silicon, which are in parallel to distinct Q-phases of carbon and BN, namely,
Q1, Q2, and Q3. These Q-phases are expected in all the materials of zinc blende structures with
higher number density of atoms than diamond cubic unit cell, and exhibit novel properties
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Formation and Doping of Amorphous Q-silicon

a)

Fig. 2: (a) Formation of QB1, when one central C atom is replaced by B in a three-unit (trimer)
tetrahedra; (b) Formation of QB2, when one central C atom is replaced by B in a two-unit dimer)
tetrahedral; (c) Formation of QB3, when one central C atom is replaced by B in a single

tetrahedron, dimer and trimer tetrahedra; and (d) Schematic of layers of QB2 and QB3 layers.

When D1, D2, and D3 and D3+ tetrahedral units are packed randomly, we create Q3, Q2, and Q1
phases of Q-silicon. It has been shown through geometrical and theoretical modeling that
tetrahedral units can be packed randomly with a packing efficiency of > 80% [13]. However,
packing of diamond tetrahedra with covalent dangling bonds at the surfaces may pose additional
constraints. These distinct phases represent three allotropes of Q-silicon and the phenomenon of
polyamorphism in silicon. By replacing one the silicon by boron, for example the central atom in
the tetrahedron, we can create B-doped Q-silicon with dopant concentrations far exceeding the
thermodynamic solubility limit. By replacing the central atom in the D1 tetrahedron by boron (Fig.
2(a)) and packing randomly, we create 50at% B-doped Q-silicon (QB3 silicon). By replacing the
central atom by boron in one of the two tetrahedra in D2 (as shown in Fig. 2(b)) and packing
randomly, we create 25at% B-doped Q-silicon (QB2 silicon). Similarly, by replacing the central
atom by boron in one of the three tetrahedra in D3 (as shown in Fig. 2(c)) and packing randomly,
we create 17at% B-doped Q-silicon (QBI silicon). These allotropes of silicon may have different
electrical, optical, and mechanical properties, as demonstrated by robust ferromagnetism in
undoped Q-carbon and record BCS superconducting properties of B-doped Q-carbon, where QBI1,
QB2, and QB3 showed Tc of 37K, 57K, and >250K, respectively [8-12]. We also anticipate that

there may be issues related to lattice strain. As boron enters substitutional sites in the diamond



crystalline lattice it could generate unwanted tensile strain (covalent radius of B= 0.082nm; and
covalent radius of silicon = 0.117nm), which could lead to disorder scattering and breaking up of
the Cooper pairs. It should be noted that issue related to dopant misfit strains in amorphous
structures will be considerably less than crystalline counterparts.

Formation and Doping of Crystalline Q-silicon

Table 1: Atom coordinates for B-doped Q-carbon subunit cell and super unit cell. Four common

atomic positions between different subunit cells are indicated by C* and common between A and

B subunits.
Al A2 Bl B2
Si 1000 1/2,1/2,0 A2A1 0,1/2,1/2 B1lA1l 1/2,0,1/2 B2A1

21/2,0,0 1,1/2,0 1/2,1/2,1/zC* 1,0, 1/2
31/2,1/2,0 A1A2 rl, 1,0 1/2,1,1/2 B1A2 1,1/2,1/2 B2A2
40,1/2,0 1/2,1,0 0,1,1/2 1/2,1/2,1/2 C*
51/4,0,1/4 3/4,1/2,1/4 1/4,1/2,3/4 3/4,0,3/4
6 1/2,1/4,1/4 1,3/4,1/4 1/2, 3/4, 3/4 1,1/4,3/4
7 1/4,1/2,1/4 3/4,1,1/4 1/4,1, 3/4 3/4,1/2,3/4
80, 1/4, 1/4 1/2, 3/4,1/4 0, 3/4, 3/4 1/2, 1/4, 3/4
91/4,1/4,0 3/4,3/4,0 1/4, 3/4,1/2 3/4,1/4, 1/2

10 1/4, 1/4, 1/2 3/4,3/4,1/2 1/4, 3/4, 1 3/4,1/4, 1

11 0,0,1/2 1/2,1/2,1/2C* 0,1/2,1 1/2,0,1

12 1/2,0,1/2 A1B2 1,1/2,1/2 A2B2 1/2,1/2,1 B1B2 1,0,1

13 1/2,1/2,1/2C* 1,1,1/2 1/2,1,1 1,1/2,1

14 0,1/2,1/2 A1B1 1/2,1,1/2 A2B1 0O,1,1 1/2,1/2,1 B2B1

B 151/8,1/8,1/8 5/8,5/8,1/8 1/8,5/8,5/8 5/8, 1/8,5/8

16 3/8, 3/8, 3/8 7/8,7/8,3/8 3/8,7/8,7/8 7/8,3/8,7/8

17 3/8,1/8, 1/8 7/8,5/8,1/8 3/8,5/8,5/8 7/8,1/8,5/8

18 1/8, 3/8, 3/8 5/8,7/8,3/8 1/8, 7/8,7/8 5/8,3/8,7/8

19 3/8, 3/8, 1/8 7/8,7/8, 1/8 3/8,7/8,5/8 7/8, 3/8, 5/8

20 1/8, 1/8, 3/8 5/8,5/8,3/8 1/8, 5/8,7/8 5/8,1/8,7/8

21 1/8,3/8, 1/8 5/8,7/8,1/8 1/8, 7/8, 5/8 5/8, 3/8,5/8

22 3/8,1/8, 3/8 7/8,5/8,3/8 3/8,5/8,7/8 7/8,1/8,7/8

When four D1 tetrahedra get together in one plane, we create the basic unit cell (D14) for the
formation of crystalline Q-silicon, as shown in Fig. 3(a). By adding another four tetrahedra in the
second plane, we create Q-silicon subunit cell, as shown in Fig 3(b). These subunit cells can
grow only along <110> direction, as the face atoms are already saturated with four covalent
bonds. When third subunit cell joins in <1-10> direction in the second plane, we have created a
precursor to crystalline Q-silicon super unit cell. This super unit cell for crystalline Q-silicon is
completed by putting fourth subunit cell in <1-10> direction in the second plane. It should be

noted that the super unit cell contains net 64 atoms with a lattice constant of 1.086 nm. Thus,
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while the number density of the sub unit cell locally is 16/a%, the average number density for the
super unit cell is 8a*, which is the same as the cubic diamond unit cell. Thus, by replacing the
tetrahedra by the subunit cell with both having number density of 16/a*, we achieve Q-silicon
structure. This is a very interesting parallel between diamond cubic lattice and Q-silicon lattice,
where local structures having double the number density of atoms alternate with empty spaces

for a net half the number density of atoms.

Fig 3: (a) Four DI tetrahedra in one plane (D14); (b) Eight tetrahedtra in two planes, leading to
formation of Q-diamond subunit cell with net 16 atoms; and (c¢) Formation of Q-diamond super
unit cell with four subunit cells: two in <110> direction and two in <1-10> direction (d) with
missing four neighboring subunit cells, similar to missing tetrahedra in the diamond unit cell. By
replacing central C atoms in these tetrahedra by B atoms selectively, 50% B-doped Q-diamond

phase is created, having net 32 C and 32 B atoms arranged in two layers.

Table I shows coordinates of atoms in all the four subunits (A1, A2, B1, B2) of a super unit cell.
There are 22 atoms (8 corners + 6 faces + 8 inside) in each subunit with one common (C*) to all,
and other three atoms between two subunits, leaving 79 distinct atomic positions. In the Table 1,

rows of atoms 1 through 14 represent corner and face atoms, and rows 15 through 22 are 8 inside



atoms. For doping purposes, the rows of inside atoms can be replaced by dopants with each row
accounting for 6.25 at%. The replacement of two rows 15 and 16 leads to 12.5at% B-doped Q-
silicon. For boron doping of silicon, this is far higher than the thermodynamic solubility limit of
1.2 at% of B in silicon. To achieve these higher dopant concentrations we need to adopt highly
nonequilibrium methods to trap kinetically the dopants in higher energy states by nanosecond laser
melting and quenching. More recently, we have shown that low-energy ion implantation of

amorphous carbon can lead to Q-carbon conversion over a large-area with a wafer-scale integration
[14].

Experimental Details:

The Si (100) and Si (111) substrates ~40um thick were irradiated with 100 keV Ge" and As" ions
to a dose of 1.0x10'¢ ions.cm™. The Ge" and As" ions of similar mass produce high enough nuclear
stopping damage to amorphize crystalline silicon to a depth of about 170 nm, with Ge" ions
creating undoped amorphous layers. The ions are implanted beyond the critical angle of channeling
of about 3 degrees. We have calculated the range analytically which matched with TRIM
calculations. Pulsed laser annealing was carried out using ArF excimer laser (193nm wavelength,
and 20ns pulse duration, capacitor/pumping voltage =21 KV, gas pressure =3200 mbar,
dimensions of beam spot =10*5 mm?) with a single pulse of energy density varied between 0.1
and 0.3 J/cm™. Microstructure and atomic structure determinations of Q-silicon were carried out
by using high-resolution scanning electron microscopy (HRSEM)), electron backscatter diffraction
(EBSD), and (scanning) transmission electron microscopy (STEM and TEM). The bonding
characteristics were determined by core-loss EELS and Raman spectroscopy. We performed
HRSEM studies using secondary and back-scattered electrons (having a sub-nanometer resolution)
in a FEI Verios 460L SEM. The TEM/STEM cross-section samples are prepared by FIB milling
using ThermoFisher Quanta 3D FEG microscope. The aberration-corrected STEM-ThermoFisher
Titan 80-300 was used to perform the (scanning) transmission electron microscopy. The EELS
scans were performed by using the EELS detector mounted in the STEM-ThermoFisher Titan 80-
300 microscope. The Raman measurements were made using the Alfa300 R superior confocal
Raman spectroscope (lateral resolution < 200 nm) having 532 nm excitation source. The Raman
spectrometer was calibrated by using a standard crystalline Si sample with a vibrational mode
(Raman peak) at 520.6 cm™. Magnetic measurements were performed in magnetic fieldsupto 1 T

in an Ever Cool Quantum Design PPMS system with a base temperature as low as 10 K.



Experimental Results:
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Fig. 4: High-resolution TEM micrograph showing formation of Q-silicon: (a) <110> cross-section
TEM with 85+5 nm Q-silicon layer and inset diffraction pattern with 111, 200, 220, and 311

diffraction rings; (b) Interface between Q-silicon and amorphous silicon; and (¢) Nanocrystallites

8



in Q-silicon with nanotwins. d) EELS spectrum from crystalline (c-Si), amorphous (a-Si) and Q-

silicon (Q-Si), showing Si L»3 edge remains unchanged

By nanosecond laser melting of amorphous silicon and rapid quenching from the highly
undercooled state, we can create amorphous and crystalline Q-silicon [15,16]. The molten silicon
is metallic, where electrons are delocalized and atoms closely packed. In the undercooled state,
electrons start to delocalize and form diamond tetrahedra with covalent bonds. Depending upon
the time available in the undercooled state, we form amorphous Q-silicon, crystalline Q-silicon, or
zinc blende silicon with increasing time. The cross-section TEM micrograph in Fig. 4 (a) shows
clearly the formation of Q-silicon band 85+5 nm wide for 0.3 Jem™ sample, which is followed by
amorphous silicon layer of 85+5 nm wide created by Ge" ion implantation. The selected-area
diffraction pattern (shown in the inset) shows (111) and (200) diffraction rings, in addition to
diffused rings from amorphous zinc blende and Q-silicon The crystalline Q-silicon shows (200)
diffraction spots (inset), which are missing in normal cubic zinc blende structure, as shown by
structure factor calculations of Q-phases. The new Q-phase structure has 3 Si atoms (Sio (0,0,0),
Sii (1/4,1/4,1/4) and Si2 (1/4,1/4,3.4)) forming the basis for the FCC lattice instead of two Si atoms
in Diamond Cubic phase (Sip and Si; only). The structure factor of DC-Si is Fpc_gi =

m(h+k+1) m(h+Kk) m(k+1) m(h+Kk)
fsi [1 +e =2 ] [1 +e 2 +e 2 +e 2 ] whereas structure of Q-Si is Fy_g; = fg; [1 +

Tt(h+k+1) mt(h+k+3l) Tt(h+Kk) Tt(k+1) Tmt(h+Kk) _ . .
e 2z +e ] [1 +e 2 +e 2z +e 2 ] For a [011] zone axis, it allows presence

of (200) planes [|FQ_Si|2 = 16f§&], which was not possible in diamond cubic structures

(IFpc—sil® = 0).Fig. 4(c) shows high-resolution TEM of an interface between Q-silicon and
amorphous silicon. The amorphous Q-silicon contains nanocrystallites of zinc blende silicon (Fig.
4(b)). It is interesting to note that some of the nanocrystallites contain nanotwins as result of rapid
quenching, as shown in Fig. 4(c). Fig. 4(d) shows EELS spectra from crystalline silicon, Ge" ion
implanted amorphous silicon, and Q-silicon. The Si L3 edge structures at 99.2 eV in all three

cases remain the same, indicating 100% sp® bonding in all three cases.
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Fig. 5: Raman Spectra: (a) Unannealed amorphous silicon; (b) Laser annealed with 0.1 Jem™ (c)
Laser annealed with 0.2 Jem™, (d) Laser annealed with 0.3 Jem™, and (e) Magnetization (M) versus
field (H) at 10K, 50K, 100K, 200K and 300K of 0.3 Jem™ sample with inset (top left) showing
coercivity associated with ferromagnetism (intercept along the x-axis), and other inset (bottom

right) showing diamagnetic behavior before laser annealing.
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Table 2: TA, LA, LO, TO and crystalline modes in Raman spectra of Fig. 5, before annealing and
after annealing with 0.1 Jem™, 0.2 Jem™, and 0.3 Jem™.

TA LA LO TO Crystalline
Peak % Peak % Peak % Peak % Peak %

Unannnealed| 142.76 | 39 |272.49| 7.2 |362.36 | 27.2 [468.69 | 26.6 - -

0.1Jecm-2 [ 141.79 [38.08] 275.43 ] 9.54 [ 378.83 [ 31.7 |470.38 |20.69 - -
0.2Jcm-3 [ 144.81 [32.43] 283.6 |10.64[394.58 [ 30.84 | 476.05 |25.34] 515.57 | 0.75
0.3Jcm-3 [ 141.66 (30.24)304.1721.01{431.83 [ 24.73 | 488.38 | 18.53|514.49 | 5.44

Fig. 5 shows results from Raman spectroscopy of amorphous silicon before laser annealing (Fig.
5(a)) and after laser annealing with 0.1 Jem™, 0.2 Jem™, and 0.3 Jem™ in Figs 5(b), 5(c) and 5(d),
respectively. The Raman spectra contain TA (transverse acoustic), LA (longitudinal acoustic), LO
(longitudinal optic), and TO (transverse optic) modes. Table 2 shows a detailed analysis of
variation of these modes and crystalline Si peaks as a function of laser pulse energy density. As
the pulse energy density increases TO mode frequency increases, which is indicative of increasing
bond energy in laser annealed Q-silicon. The structure of Q-silicon after annealing with 0.1 Jem™
pulse is totally amorphous, however, the crystalline fraction appears after 0.2 Jem™ and increases
at 0.3 Jem™. This is indicative of the fact that as the energy density increases, melt lifetime
increases and more time is available for crystal growth. These results are consistent with detailed
cross-section TEM results. The crystalline silicon nucleates from the undercooled molten silicon
and size of nanocrystallites depends upon the time available for crystal growth. It is interesting to
note that nanocrystalline peaks are downshifted from 520.6 cm™ to 515 cm™ due to quantum
confinement effects.

Fig. 5(e) shows that ion-implanted (100 KeV As™ with a dose = 1.0x10'® cm™) is diamagnetic, as
indicated in the inset. Interestingly, M vs H plot shows a robust ferromagnetic behavior at 10K,
50K, 100K, 200K, and 300K. From saturation magnetization as a function, we estimated Curie
temperature above 600K using the Block formula, These measurements were carried out for the
sample annealed at 0.3 Jem™ (ArF Excimer laser with 193nm wavelength, and pulse duration
20ns). The laser annealed silicon exhibits finite coercivity of 100 Oe (intercept along the x-axis in
the top left inset), which is characteristic of long-range ferromagnetic ordering. It should be noted

that amorphous silicon before laser annealing shows a diamagnetic behavior (bottom right inset),
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where silicon dangling bonds between tetrahedra are saturated. The tetrahedra in as-implanted
amorphous silicon are not as closely packed as in Q-silicon, and sp* dangling bonds find their way
to reconstruct. On the other hand, in amorphous Q-silicon, the tetrahedra are closely packed,
leaving dangling bonds between them. In addition, the dangling bonds at the interface between the

amorphous and nanocrystalline regions can lead to dangling bonds.

CONCLUSIONS:

We have presented atomic structures of amorphous and crystalline Q-silicon, which can be dopant
concentrations far exceeding the thermodynamic solubility limits through solute trapping
phenomenon. The basic unit of Q-phases is diamond tetrahedron with atomic number density of
16/a°. By packing them randomly with the units of one, two, and three tetrahedra, we create distinct
phases Q3, Q2, and Q1 of silicon, which have much higher number density (>60%) of atoms than
that of cubic zinc blende structure. The cubic zinc blende structure of silicon is formed by putting
two tetrahedra in <110> direction followed by two in <1-10> in next plane. This leaves alternate
empty spaces and explains the lower density of atoms 8/a* in cubic zinc blende structure with
atomic packing fraction of only 34%. Thus, three tetrahedra in two adjacent planes are precursor
to cubic unit cell. By putting together eight tetrahedral without empty spaces, we create sub unit
cell for crystalline Q-silicon with sixteen atoms, having eight inside, six face atoms, and eight
corner atoms. This is similar to calcium fluoride structure. However, in this case with covalent
bonding, face atoms are already coordinated with four atoms. As a result, to form a three
dimensional crystalline structure, these sub unit cells are arranged two in <110> and two in <I-
10> directions to form a super unit cell of sixty atoms, as shown in Table 1. This arrangement
leaves alternate empty spaces, similar to tetrahedral arrangement in the cubic lattice. It is
interesting to note that while sub unit cells have number density of atoms of 16/a’, the super unit
cell has only 8/a’>. The formation of Q-phases can be realized in all of the structures having
diamond tetrahedron as the basic unit of structure. By replacing Si atoms by dopants, Q-phases
can be doped with distinct concentrations far higher than thermodynamic dopant solubility limits.
The Q-phases can accommodate dopant size misfit induced strains more effectively and lead to
less carrier scattering.

It is found that amorphous Q-silicon can have dangling bonds and unpaired spins between the

tetrahedra, which provide the source for bulk paramagnetism and ordered ferromagnetism.
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Dangling bonds in covalently silicon-based materials can provide a source for paramagnetism and
ordered ferromagnetism. Nevertheless, the dangling bonds in the bulk of these materials
reconstruct to eliminate sources for paramagnetism and ferromagnetism. However,
unreconstructed dangling bonds on surfaces, steps and kinks can provide sources of electron spins
with atomic-scale paramagnetism and ferromagnetism. Discovery of Q-silicon stands to
revolutionize modern microelectronics by adding new functionalities, such as spintronics on a
chip. Modern microelectronics is based upon the charge of an electron, making them slow with
limited mobility. By using the Q-silicon, we make use of the spin of the electron, making computer
much faster with negligible power consumption [17]. We have also shown B-doped Q-silicon
phases to be superconducting as a result of higher number density of states near the Fermi level,
and an optimum combination of phonon hardening within tetrahedra and phonon softening because
of alternate empty spaces. Theoretical results for 12.5at% B-doped crystalline Q-silicon show
frequency (RMS) average as wph = 300-400 cm™!, and cut-off frequency Q = 1000 cm™'. From these
values, the superconducting transition temperature (Tc) estimated as Tc = 174K, 171K, and 167K

for wph = 300 cm!, 350 em™!, and 400 cm™!, respectively [18].
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Fig S1 shows magnetization versus temperature data for O.3 Jem™ sample with zero-field cooled
(ZFC) and field-cooled (FC) cycles at 200 Oe, 500 Oe, and 1000 Oe. They show consistently
blocking temperature of over 400K.

We carried out magnetization versus temperature measurements at different magnetic field of 200
Oe, 500 Oe, and 1000 Oe, and the results are shown in Fig. S1. These plots consistently show the
blocking temperature of 400K. The Curie temperature, at which atomic spins are completely

randomized, was estimated to be higher from magnetic saturation measurements.
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