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First principles simulations of microscopic
mechanisms responsible for the drastic reduction
of electrical deactivation defects in Se
hyperdoped silicon

Alberto Debernardi

By first principles simulations we systematically investigate Se hyperdoped silicon by computing, for
different types of Se complexes, the formation energy as a function of dopant concentration. We
identify the microscopic mechanisms responsible for the dramatic reduction of electrical deactivation
defects as the dopant concentration approaches the critical value, x., at which the insulator-to-metal
transition occurs. We discuss the electrical properties of Se point defects and Se complexes, shedding
light on the formation and the nature of the impurity band in the bandgap and how the presence of
different types of complexes may increase the broadening of the impurity band and affects the
insulator-to-metal transition. We identify the best doping range in which the properties of the impurity
band can be engineered according to the needs of the electronic industry. Simulations of the structural
properties of the complexes complete the work. Our findings are relevant for intermediate impurity

rsc.li/pccp band applications.

| Introduction

Silicon hyperdoped (i.e., doped beyond the solid solubility
limit) with donor impurities is attracting increasing attention
from the electronic industry and materials science community
because it is a promising candidate as a building block for the
conception of new electronic devices ranging from infrared
absorbers,'™ to intermediate band photovoltaics®® to ultra-
scaled nano-electronics®. The latter application is motivated
by the continuous scaling down of Si-based transistors in on-
chip complementary metal oxide semiconductor (CMOS)
devices, which are approaching the 2 nm technology node.
Therefore, the next generation of ultra-scaled CMOS devices
requires extremely high free-electron densities, of the order of
10*" em ™ (i.e. one electron per nm?) to ensure sufficient free
carriers in a transistor to work.””®

Shallow donors, such as group V elements (P, As, or Sb),
are traditionally employed as dopants in Si for their low ioniza-
tion energy, low diffusivity and suitable solid solubility. Unfortu-
nately, their free-electron concentration saturates at around
5 x 10*® ecm ' beyond this concentration the introduction
of further donors does not generate free carriers, thus providing
an upper limit for the electron density, preventing the realization
of nanometer-size devices.
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In the last few decades, experimental'*™* and theoretical* ™
works studied the microscopic mechanisms responsible for
saturation of free-electron concentration in group V dopants in
Si. The saturation has been attributed to the formation of
electrical deactivation defects. According to the literature, these
defects have been identified with different types of substitution
complexes: the As,-Vg; (n < 4) model (the clustering around a Si
vacancy, Vg, surrounded by As atoms,">'*?* also invoked to
interpret Sb,~Vg; clusters®*); the dimers (substitutional dopant in
nearest neighbor (NN) lattice sites)*® and the defects containing
pairs of separated dopant atoms (in next NN lattice sites) without
vacancies.>>*® These group V complexes introduce deep acceptor
states in the bandgap that deactivate free carriers, thus preventing
high electron concentrations.>>®

At variance, chalcogen impurities (group VI elements: S, Se, and
Te) are deep donors in Si, having ionization energy of a few hundreds
of meV at low concentration, while at high concentration they can
induce free electrons (in excess of 10 cm™?) in Si, accompanied by
an insulator-to-metal transition (IMT).%”*® Chalcogens show superior
electronic properties as Si hyper-dopants than traditional group V
elements: a Te concentration of 1.25 x 10> cm ™ has been reached
in hyperdoped Si without showing any sign of saturation,®*® while
the electron concentration (8.1 x 10*° cm*°) in the same samples
nearly scored the target of 10*' cm ™ required for the next generation
of the Si technology node.”**°

Furthermore, hyper-doping establishes a new materials
playground to investigate impurity mediated IMTs in

Phys. Chem. Chem. Phys., 2021, 23, 24699-24710 | 24699


http://orcid.org/0000-0001-9465-1063
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp02899e&domain=pdf&date_stamp=2021-10-27
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp02899e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023043

Open Access Article. Published on 08 October 2021. Downloaded on 7/30/2025 7:53:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

semiconductors, that has been largely studied both for its
interest in fundamental physics and for its relevance in
technological applications. Previous studies about IMT in
$*721 and Se*® hyperdoped Si have been focused on the single
substitutional impurities, while recently, first principles simu-
lations have enlightened the role of dimers as a driving force of
IMT in Te hyperdoped Si.**°

Computational studies are therefore desirable to validate
this scenario, by considering other chalcogen dopants, and
additional types of chalcogen complexes, to provide novel
insights into the microscopic mechanisms governing the hyper-
doped regime in Si.

In this work we present first principles simulations of the
formation energy of different complexes in Se hyperdoped Si in
a wide range of dopant concentrations.

This article is structured as follows: in Section II we describe
the computational techniques used in the work; in Section IIL.A we
display our results for the formation energy of the different types of
defects investigated as a function of dopant concentration; for each
defect, we present our first principles results for the electronic, and
the structural properties, respectively in Sections III.B and IIL.C.
In Section IV we discuss our finding in relation to applications in
which Se hyperdoped silicon can be used as building block in
innovative devices based on the formation of an intermediate
impurity band in the electronic gap. Finally, in Section V we present
our conclusions and summarize our results.

II Computational methods

In our simulations we consider Se interstitial Is., single Se
substitutional, Ses;, Se dimers Seg;—Ses; and complexes formed
by a Si vacancy Vg surrounded by m Se atoms, denoted as
(Sesi)m—Vsi, m = 1, 2, 3, 4. Although the latter complexes have
been extensively studied for group V donors (mainly As), the
possible role of the clustering of chalcogen atoms around
a vacancy seems still unexplored by ab initio simulations.
Geometrical models of neutral single vacancy-selenium
complexes are determined from first principles by plane-wave
pseudopotentials techniques. We will present the formation
energy of these complexes as a function of the Se concentration,
and we will discuss electrical properties to enlighten the
advantages of chalcogen atoms as dopants in forthcoming
nanometer-size devices based on hyperdoped Si.

Our simulations are obtained using the super-cell method
within the single complex model (SCM); accuracy and limit of
SCM, and all computational details are discussed in
Appendix A.

lll Results
A Defect formation energy

We denote with D a generic defect among the ones considered
in the present work (i.e. D € Is., Ses;, Sesi-Ses; and (Ses;)n—Vsi,
m =1, 2,3, and 4). For the defect D, the formation energy per Se
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atom as a function of Se concentration x, in hyperdoped silicon
(Si;_xSey), reads

AEL™(x) = [Ep(x) — Nsiptsi — Nselse]/Nse (1)

where Ep(x) is the total energy of the supercell with D (a point
defect or a complex), Ns; and Ng. are the numbers of Si and Se
atoms in the supercell, respectively, and ug; and ug. correspond to
the chemical potentials of bulk Si and bulk SiSe, at equilibrium
with each other.

In Fig. 1 and 2 we display our computed formation energy at
different doping concentrations for all complexes investigated.
Note that, accordingly to the choice of the chemical potentials,
the zero of the energy corresponds to the phase separation of
Si;_,Se, into bulk Si and SiSe,, and all Se complexes present
positive formation energy, in agreement with the experimental
fact that, in the concentration range considered, Si is doped
beyond the Se solid solubility limit.***

By the comparison of the energy scales of the two figures
we can immediately appreciate that at high concentration
(x 2 0.45 at%) the formation energies of the complexes
displayed in Fig. 2 (Ise and Ses—Vs;) are more than one eV
higher that the ones of Fig. 1, thus making unlikely, at least at
high concentration, the formation of the complexes displayed
in Fig. 2, as discussed below.

For convenience, in the following discussion, we distinguish,
for each type of defect D, three different ranges of doping: (1) the
highly diluted range (x « 1), in which the average distance
between different complexes is so high that the complexes can
be considered as non-interacting; (2) the interaction range, in
which the average distances between randomly distributed
complexes allow a non-negligible overlap of the wave-function
of different complexes, producing a impurity band (IB) in the
gap; and (3) the fully metallic range for concentration greater
than the concentration x,,(D) at which the IB merges into the
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Fig.1 Formation energy (per atom) of Se substitutional impurities and
their complexes with a silicon vacancy. Solid lines are a guide for the eye.
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Fig. 2 Formation energy (per atom) of Se interstitials and the complex
formed by Se substitutional with a silicon vacancy.

conduction band; in this range the electrons originating from the
IB are de-localized in the conduction bands thus contributing to
the metallic behaviors.

The ab initio simulation of a highly diluted range, requiring
enormous size super-cells, is beyond the scope of the present
work, which is focused on the interaction and the metallic
ranges corresponding to hyper-doping. Donor complexes in
highly diluted range have localized wave-functions, producing
energy levels in the bandgap having sharp (zero or negligible)
linewidth due to negligible overlap between the wave-functions
of different defects. In this range the formation energy is
almost equal to the one of the isolated defect, AEL"™(0).

As the concentration increases (interaction range), the inter-
action between neighboring complexes produces an IB whose
width increases for increasing overlap, and the formation
energy steeply increases up to the concentration at which the
system presents metallic states delocalized in the whole crystal.

In the fully metallic range, for x > x, the IB is merged
into the conduction band providing conduction electrons and
eventually contributing to a metallic screening of the impurity
complex, and AE;™(x) is a smooth function of x.

As it will be illustrated in the next section, the different types
of complexes, can be divided in two sets: complexes that in the
interaction range have an insulating IB, denoted as Dj,s and
complexes that in the interaction range have a metallic IB,
denoted as Dy, For the latter complexes, we define x(Dyec) as
the concentration at which AEL"™(x) becomes smooth; in
general, Xs(Dmet) < Xa(Dmet), the non-equality holds probably
as a consequence of the screening effects due to the formation
of a metallic band.

In general, for all type of complexes investigated, the formation
energy increases monotonically with increasing concentration;
AES™(x) is steep in the interaction range (up to X, for Dpe),
while it is rather flat in the metallic range. The decrease of
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AES%8™(x) for x > 3 at% is probably due to the mutual interaction
of different Seg;, that above the x,,(Ses;) produces a lowering of the
formation energy approaching the one of dimers as the concen-
tration increases.

These differences in AEL"™(x) explain the prevalence of
complexes involving substitutional Se with respect to Se inter-
stitials in the metallic range, detected in experimental studies,
since according to our simulations the former complexes have
lower formation energy in the region where AEL"™(x) is flat.
Although similar differences in AE;y™(x) can be also noticed in
the lower values of x range considered, a local fluctuation of the
concentration Ax, provided by the random distribution of
dopants, can cause a significant variation in the formation
energy of the complex if x is within the interaction range in
which AE"™(x) is steep, thus preventing the complexes having
the lowest AE5"™(x) to become the dominant ones.

To better illustrate this concept, we consider two complexes D,
and D, for which AE;™ (x) < AEL™ (x); if x is within the steep
range of AE;,"™(x) and a local increase (decrease) Ax; (—Ax,) occurs
in a region of the crystal where the complexes D, (D,) are present,
this fluctuation can produce AEL™ (x + Axi) > AER™ (x — Axy).

At variance, if x is within the metallic range, where AEL""™ (x)
is smooth, the formation energy is only slightly affected by a
local fluctuation of x (in fact, in the smooth range a local
fluctuation does not change the inequality AEg?r‘“(x +Axy) <
AEIF)‘;““(X —Ax;)), and thus the complexes having lowest
AER™(x) are the predominant ones that we expect to detect
in an experiment.

The complexes formed by one substitutional Se nearest-
neighbour (NN) to a Si vacancy, Seg—Vs;, and the Se interstitial,
Ise, in the hexagonal or in the tetrahedral position, have
significantly higher formation energy than the other complexes
investigated; for x 2 0.45 at% the formation energy of these
complexes is smooth, and consequently, the formation of these
complexes is unlikely, explaining the dramatic reduction of
interstitial Se at these concentrations as experimentally
detected in Se hyperdoped Si.**** A similar mechanism has
been also found in Te hyperdoped Si® (by comparing AEL™ of
Ite, Tesi, Tesi-Teg;)-

B Electronic bandstructure

To analyze the electronic properties of different defects, in
Fig. 3 and 4 we display the Density of States (DOS) of the
different types of complexes studied for x € [0.44-0.46] at%.
With this choice of x, all types of defects considered have equal
or very similar Se concentration thus allowing the comparison
between the IB of different complexes.

At this concentration, the IB of I, in the hexagonal position
and the IB of (Ses;);-Vs; have already been merged with the
conduction band, while the IBs formed by the other complexes
are within the bandgap originated from the Si gap. (Ses;)s—Vs;
has a shallow metallic IB. At variance, Ig. in the tetrahedral
position and (Seg;);-Vs; have metallic IB deep in the bandgap,
and both complexes are double acceptors, thus acting as
deactivation centers for electronic carriers. According to Fig. 2
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Fig. 3 Electronic DOS of Si;_,Se, for Se interstitial in the tetrahedral and
hexagonal positions at x = 0.461 at%, and for substitutional single Ses; and
Segi—Seg; dimers at x = 0.463 at%.
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Fig. 4 Electronic DOS of Si;_,Se, for (Sesi)m—Vsi, withm =1, 2, 3, and 4 at
x ~ 0.465; 0.464; 0.438; and 0.463 at%, respectively.

the formation energy of the latter two complexes for x 2 0.45
at% is flat, in agreement with the fact that the
complexes present metallic behaviors, and thus produces
a drastic reduction of undesired deactivation centers for
x > 0.45 at%.

Fig. 3 and 4 show that Seg;, Sesi—Ses;, and (Ses;),~Vs; form
insulating IBs, occupied with two electrons per complex.
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While the IB filling with two electrons per Segs; is simply
understood since Se has two more valence electrons than Si
thus acting as double donor, the IB filling with two electrons
per Segi—-Ses;, can be explained as follows: three electrons from
each of the two NN Seg; are involved in the bond with the three
NN of the host Si, while two electrons of each Seg; are involved
in the Se-Se double bond in a similar way to that in Se,
molecule®®. In fact, according to our simulations the value of
the Se-Se bond of Se, molecule is 2.18 A, quite close
(~10% smaller) to the value of the Si-Si bond in bulk Si, which
is 2.37 A. This bond filling leaves one unpaired electron for
each Seg;, thus accounting for the fact that Seg;—Seg; is a double
donor in Si (i.e. each Se provide one electron to the conduction
band). Probably, a similar mechanism can also be invoked
for (Sesi),~Vsi- Consequently, the latter two complexes, each
involving two substitutional Se, donate one electron per - Se
atom to the conduction band.

The Fermi energy intersects the IB of Is in tetrahedral
position and the IB of (Seg;);—Vs;; each IB is deep in the bandgap
and both complexes are double acceptors, thus acting as
deactivation centers for electronic carriers. Notice that for
(Sesi)1—Vsi the Fermi energy separates two well resolved peaks
in the DOS at the IB, a reminiscence of the separated filled and
empty electronic levels of isolated complex, now merged in a
metallic IB. As shown in Fig. 2, for these complexes, the
concentration x ~ 0.45 at% corresponds to the flat range of
the formation energy, in agreement with the fact that the
complexes present metallic behaviors, as discussed above.

Similar results can be deduced from the analysis of the
electronic bandstructure. The interested reader can find a
detailed discussion of the electronic bands in relation to the
electrical properties of the different types of defects in
Appendix C.

C Geometry of Complexes involving substitutional Se

In Tables 1 and 2, for x ~ 0.45 at%, we display the geometry of
fully relaxed complexes involving substitutional Se, reporting
the distances d between all the atoms of the complex. In the
first columns of the tables, we report the distances d(p.d. —X)
between the point defect (p.d. = Vg;,Ses;) and the NN atoms
forming the complex (X = Seg;,Si, assuming the vacant atom
lying at the ideal position in the pristine lattice). In the last
columns we report the distances d(X-X) between the four atoms
(6 distances) neighboring Vg; (Ses)) or between the six Si
(15 distances) NN to Se in Segi—Ses;. Note that while the
distances correspond to relaxed positions, the symbol NN"

Table 1 Distances between atoms within the tetrahedron containing the
complex defect. All the values are given in angstréms, in parenthesis the
number of equal bonds (NN) or equal distances (NN2)

Complex Conc. (%) d(Vsi-Se) d(Vsi-Si) d(Se-Se) d(Se-Si) d(Si-Si)
(Sesi)i—Vs; 0.465 2.30 (1) 2.09 (3) — 3.63 (3) 3.37 (3)
(Sesi)r-Vsi 0.464 2.25(2) 2.06(2) 3.69 (1) 3.52(4) 3.35(1)
(Sesi)s~Vsi 0.438 229 (3) 212(1) 3.74(3) 3.61(3) —
(Sesi)s—Vs; 0.463 233 (4) — 3.80 (6) — —
Near. neigh. shell NN NN>
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp02899e

Open Access Article. Published on 08 October 2021. Downloaded on 7/30/2025 7:53:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Table 2 Distances between atoms within the tetrahedron (two tetrahe-
dra) containing the Ses; (Sesi—Ses;) defect (complex). All the values are
given in angstréms, in parenthesis the number of equal bonds (NN) or
equal distances (NN", n > 2)

Conc.
Complex (%) d(Se-Se) d(Se-Si) d(Si-Si)
Ses; 0.463 — 2.57 (4) 4.19 (12) — — —
Sesi—Sesi 0.463

3.15 (1) 2.44 (3) 4.37 (3) 4.12 (6) 4.82 (6) 6.34 (3)
NNZ 3

Near. neigh. shell NN NN NN*

labels the atoms according to the ideal positions in the pristine
lattice in the n-th NN shell from the p.d. The (Ses;)n—Vsi
complexes show an inward relaxation of Se toward the vacancy.
At variance, for Seg; the relaxed d(Se-Si) is 8% isotropically
larger than the simulated ideal Si-Si bond (2.37 A).

Since they can be measured by Rutherford back-scattering
spectrometry in channeling geometry (RBS-C), we report, for
x ~ 0.45 at%, the atomic displacements of Se from the ideal
position in the pristine lattice. While for (Ses;),,,—Vsi, m =1, 3, or
4, the atomic displacement is very small (about 0.06, 0.08, and
0.04 A form =1, 3, and 4, respectively) for Seg;—Ses; and (Seg;),—
Vs the Se displacement is 0.39 A, and 0.12 A, respectively,
representing a fingerprint of the peculiar bond formed
by couples of chalcogen donors in Si. Similar values of Se
displacements are obtained for other concentrations.

IV Discussion

We briefly discuss our finding in view of possible applications
of chalcogen hyperdoped Si as the building block in broad
band infra-red detectors or intermediate band photo-voltaics.
Both applications are based on the formation of a relatively
shallow IB.

At room temperature - the usual device working temperature —
all IB electrons are thermally excited in the conduction band,
while the absorption of infra-red radiation (or of sunlight to
photo-generate electric current for photo-voltaics) is produced
by the excitation of valence-band electrons into the IB.

Our goal is to determine the best doping range for these
applications.

Assuming a uniform random distribution of substitutional
Se in the lattice sites, the complexes involving three or more
donors are extremely unlikely (for a quantitative analysis see
Appendix B). The complexes of Fig. 1 involving up to two Se
have insulating IB, for these D;,; defects we found

A

0.46 at% = xp(Sesi) < Xar{(Sesi)2—Vsi) < xm(Sesi-Ses;)

0.93 at% )

le

A first technological requirement is to maximize the electrons
in conduction band by drastically reducing the electrical
deactivation complexes.

According to the above analysis for x > 0.46 at% the system
presents a dramatic reduction of the deactivation complexes Ige
and (Ses;)1—Vsi-
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Notice that, for x 2 0.46 at%, the other types of complexes
having a metallic IB don’t act as acceptors, because they have
(1) a shallow IB, which is fully ionized at room temperature
(as (Sesi)s—Vsi at x = 0.46 at%); or they have (2) the IB merged
into the conduction band (xa((Sesi)s—Vsi) < 0.43 at%).

This condition determines the lower limit of the best doping
range, Xing = Xp(Sise).

A second technological requirement is the presence of a
broad IB in the gap. As shown in Fig. 3 and 4 different types of
complexes have different IB-widths and different IB-centers,
their DOS overlap only partially in the energy interval corres-
ponding to the IBs; these overlap of the DOS contributes to
further increase the total width of the resulting IB (which is the
sum of the IB of all types of defects present in the sample), at
least up to the concentration x,(Sesi-Ses;) that corresponds
to the greater x,, among the donor complexes that have non-
negligible probability to be present in the sample.

The highest x,, dictates the upper limit of the best concen-
tration range since it determines the extinction of the IB due to
the merging into the conduction band. So, we chose xs,, =
xp(Sesi—Ses;) ~ 0.93 at%, since for x > x,,, we expect that IB of
the large majority of Se complexes are merged into the
conduction band.

Thus, we suggest that the optimal doping values for inter-
mediate IB application ranges between xi,s (~0.46 at%), and
Xsup (~0.93 at%); in this range in which a shallow IB is present
and is providing the maximum carrier density per donor since
the electrical deactivating defects are drastically reduced.

The variation of the dopant concentration within the
optimal range provides a tunable mechanism to modify the
IB minimum, according to the needs of the electronic industry.

Finally, some considerations about the estimation of x.
within SCM. Neglecting for simplicity Dy, complexes, if only
one type of defect D is present, the critical temperature
corresponds to x,(D). If more than one type of complex is
present, what is the critical concentration x. at which the IMT
occurs? By using a simple model in which the complex wave-
function is localized around the impurity and the IB is formed
by a tight-binding like form, we propose the formula to evaluate
x. from the values x,, obtained by first principles:

1 Cn
-x_c - Z”:XM(DH)7 (3)

where ¢, is the number of Se forming complexes of type D,
divided by the total number of Se. Clearly, > ¢, =1 and n

ranges over all different types of complexes.

A simple estimation of most probable defects (assuming a
limited mobility of random distributed Se combined with
thermal weights, see also Appendix B) gives x. = 0.50 at%.
The x. value is mainly determined by x,, of the Seg; population
(xar > 0.46, ¢, ~ 84%) with respect to the Segi-Ses; one (xy, ~
0.93, ¢, ~ 16%). Our results suggest that the presence of
different complexes may increase the IB broadening
thus affecting the conductivity of the system, the x., and the
sharpness of the IMT as a function of x.
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V Conclusions

In summary, by first principles simulations, we enlighten the
microscopic mechanisms responsible for the removal of
electrical deactivation defects in Se hyperdoped Si. We studied
the formation energy as a function of the dopant concentration
and the electronic and structural properties of different Se
complexes to identify the optimal doping range, in which the
donor density can be tuned to engineering the width and
the shallowness of the IB for intermediate IB applications.
Our findings can be extended to silicon hyperdoped with other
chalcogen impurities, paving the way toward an intermediate
IB electronics of nanometer size.
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Appendix
Appendix A: Computational details

We performed our first principles calculations of structural
and electronic properties of Se hyperdoped silicon within the
framework of Density Functional Theory (DFT) by solving the
Kohn-Sham equations through the plane-wave pseudopotential
approach as implemented in QUANTUM ESPRESSO (QE) open-
source package®’. In our simulations we used ultra-soft
pseudopotentials®®*” in the separable form introduced by
Kleinmann and Bylander®®, generated using a Perdew-Burke-
Ernzerhof (PBE)*® exchange correlation functional. For metallic
systems, i.e. for defects having a metallic IB or for defects having
an insulating IB at concentration above the Insulator to Metal
Transition (IMT) threshold (x > x), we used smearing
techniques with a Gaussian broadening of 1 mRy. We choose a
40-Ry cutoff radius for the electronic valence wave function and
400-Ry cutoff radius for the charge density. The computed lattice
parameter of bulk Si is a;, = 5.475 A (while a; = 5.431 A is the
experimental value, from ref. 40).

To simulate the hyperdoped silicon we used the super-cell
(SC) method, consisting in the use of large simulation cells
containing Se defects. We fully exploit the cubic symmetry of
the silicon lattice by building super-cells with different cubic
symmetry to increase for each type of defect the set of different
doping concentration considered, maintaining the super-cells
within a size that can be computationally affordable by our first
principles techniques. For this purpose, by using periodic (i.e.,
Born-von Karman) boundary conditions, we considered
simulation cells of different sizes, each containing a different
type of Se point defect or Se complex as detailed in the following.

Bulk silicon presents the diamond structure constituted by a
face center cubic (fcc) lattice plus a two atom basis. The fcc
primitive lattice vectors @i (I = 1, 2, or 3), can be repeated
M-times, with M a positive integer, to form super-cell of fcc
symmetry, denoted fcc-MMM, composed of M’ unit cells.
Explicitly, the super-cell lattice vectors are @i = Mai* (i = 1,
2, 3), where the same integer M is multiplied by each primitive
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lattice vector to ensure uniform and isotropic dopant distribution,
when the super-cell contain one point defect or a isotropic
complex as (Ses;)s—Vsi, while it is true with a good approximation
if the defect is non-isotropic. Since the unit cell contains 2 atoms,
the repetition of the unit cell according a fcc lattice provides
super-cells having size 2MMM (i.e. 16, 54, 128, 250, 432, 686,.. .,
for M = 2, 3, 4, 5, 6, 7,...). Since different types of cubic
symmetries are possible, a different choice of cubic symmetry
provides different super-cell sizes. The conventional unit cell of
Si is a face centered cube with 8 atoms; we considered the
conventional cell, as the unit cell of a simple cubic (sc) lattice
(whose primitive lattice vectors coincide with the three orthogonal
side of the conventional cube), whose 8 atoms unit-cell can be
used to build super-cell of type sc-MMM, having size 8MMM
(ie., 64,216, 512, 1000, ..., for M = 2, 3, 4, 5,...), in an analogous
way as done for the fec lattice (by replacing fcc label with sc in the
definition of @{°). In a similar way, a sc-(2M)(2M)(2M) super-cell
can be seen as body centered cubic (bcc) super-cell containing
8(2M)3

—5 = 32 x M? atoms (i.e. 32, 256, 864,... for M =1, 2, 3,...).

The use of All Compatible Symmetries (ACS), in the procedure to
build the super-cell (in the present case we use All types of Cubic
Symmetries) allows to arrange the doping complexes in a periodic
repeated lattice of cubic symmetry (sc, fcc or bec). This trick
significantly increases the number of supercells of different sizes,
and is particularly useful, as in our case, in first principle
simulations in which one should limit the computational effort
to super-cells having less than one thousand atoms, to study
complexes composed of different number of dopants, whose
electronic properties should be computed at similar dopant
concentrations, for comparison.

If only one complex is placed in the super-cell, this technique
ensure an uniform distribution of dopants, and by considering
the interaction of one complex with its periodic repeated images,
each complex can experience a different configuration and
different number of nearest neighbour complexes (6, 12, and
8), for each of the three cubic lattice considered (sc, fec, bec,
respectively). The regularity of the formation energy as a function
of dopant concentration (in Fig. 1 and 2 of the main text, in
which the data are obtained by using ACS) suggests that the
formation energy is relatively non-sensible on the specific
dopant arrangement according to the different cubic system
used. This fact, suggests that our results, taken with the ACS
technique, are, at least partially, rather unaffected by the
disorder effect due to the random distribution of the complexes
in a real system. The biggest super-cell considered is the one
containing 864 atoms used to simulate the lowest Se concentrations
considered (note that x = 0.463 at% used to compute the DOS in the
bottom-right panel of Fig. 4 is the lowest concentration taken into
account to simulate (Ses;),—Vs;, corresponding to 863 atoms).

Thus the ACS distribution of dopants allows us to simulate a
great variety of dopant concentrations, as required, due to the
different types of complexes considered which can be formed
by one up to 4 Se atoms. For each complex, by varying the
size of the supercell, we simulate different concentrations
of impurities (in our case, the Se concentration ranges from
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approximately 0.12 at% up to to 7.8 at% for Seg; the defect with
the widest concentration range).

In our study, we adopt a single complex model (SCM), in
which we assume that only one type of complex is present, and
formation energy results from interaction of the complex with
the same type of complex in the super-cell if more than one
complex are placed in it, and with defect images due to the
periodic boundary condition adopted.

This approximation is largely employed in first principles
simulation of (hyper-)Jdoped semiconductors (see e.g. ref. 16,
25, 27 and 28, to cite only a few) since combine affordable
super-cell size with reliable prediction of formation energy in
comparison with experimental data (see also ref. 6 and 29).

So in the hyperdoping regime considered in the present
work, the formation energy of a complex in a system where
different types of complexes are present, is approximated to the
one of a system in which only one type of complex is present.
The SCM is expected to provide a qualitative estimation of
properties like the formation energy of defect types representing
a fraction of the total defect population, while it is expected to
provide a reliable quantitative estimation of the complexes
representing the large majority of defects present in the sample.

The formation energy of each complex is computed per
singe Se atom forming the complex, to allow a direct comparison
of the formation energy of complexes composed of a different
number of Se atoms.

We mention that, motivated by the decrease of the formation
energy of Seg; in the range between x € [3,6] at% (discussed in
the main text), we performed our simulation of this type of
defect up to x = 7.8 at%. The results for this huge range of doping
are reported for completeness. However, at this extreme hyper-
doping regime we expect that disorder effects and/or phase
separation in experimental samples can occur.

The sampling of electronic states over the Brillouin zone was
performed by special points techniques by using 2 x 2 x 2
Monkhorst-Pack grid*' for a super-cell having cubic symmetry
with 216 atoms. For super-cell of different size the Monkhorst-
Pack grid was modified accordingly to ensure an uniform
sampling grid in the Brillouin zone.

In the silicon lattice site a single vacancy Vg; was created and
decorated with (Ses;),, with m = 1-4 atoms in substitutional
nearest neighbors positions to create the complex (Ses;)m—Vsi.
The substitutional (interstitial) Se are placed in the corres-
ponding lattice site (position) of pristine Si.

After structural and atomic relaxation we performed the
calculation of formation energy and other electronic properties
(electronic bandstructure and/or the density of states (DOS)).
Electronic occupation of the IB is obtained by the integration
of the DOS. The Se concentration for all complexes refers to
the percentage concentration of Se atoms with respect to
the total amount of Si plus Se atoms in the super-cell. At
a given concentration, to simulate the different types of
complexes the size of the super-cell (i.e. the total number of
atomic sites) and/or the number of Se atoms in the super-
cell are arranged accordingly, to obtain the stated Se
concentration.
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The formation energy is computed according to eqn (1) of
the main text; the more natural choice for ug; corresponds to
the chemical potential of bulk silicon (usually referred as the
Si-rich chemical potential), evaluated according to the standard
procedure (see, e.g., ref. 40 and 42) by taking the total energy of
the unit cell computed by DFT divided by the number of atoms
contained in the unit cell. Our choice for ug. corresponds to the
Se chemical potential of bulk SiSe, in equilibrium with bulk
silicon. So, pus;i is evaluated by subtracting the chemical
potential of bulk Si from the total energy of the SiSe, unit cell
computed by DFT and dividing the result by 2. Note that, for the
present case, the choice of the chemical potential of Se simply
shifts the zero of the energy, i.e., the vertical axis in Fig. 1 and 2
in the main text.

We focused our attention on complexes involving substitu-
tional Se, motivated by the experimental evidence that at high
chalcogen concentration in Si (i.e. concentration comparable or
higher than x., the critical concentration at which the IMT
occurs) the substitutional impurities are the predominant type
of defect (at least for Se***® and Te®), a fact that can be
explained on the basis of first principles calculations by
the significantly higher formation energy of chalcogen in
interstitial position than the substitutional ones, as shown in
ref. 6 for Te interstitials compared to the substitutional single
Te and Te dimer and in the present study for Se interstitial
compared to all types of Se substitutional
investigated.

complexes

Appendix B: What are the most probable defects?

The relative concentrations of the defects Ig., and of the
complex (Ses;);—Vs; (i.e. the ones displayed Fig. 2 of the main
text) can be safely neglected, at least in the metallic range, due
to the unfavorable formation energy, which is more than 1.5 eV
higher than the ones of the Ses; (and to the other types of
complexes displayed of Fig. 1 of the main text), thus favoring the
collocation of Se in the substitutional position and penalizing
the creation of Vg; in the NN sites to a single Se.

In contrast, the relative concentration of complexes of
the type displayed Fig. 1 is a more delicate balance between
the thermal processes related to temperatures involving the
formation energy of different complexes, and the kinematic
processes related to the limited Se mobility to account a
formation of a compound whose Se concentration is beyond
the solid solubility limit.

For the calculation of the relative concentration of different
types of complexes present in Se hyperdoped Si, we propose the
following model according to the practical recipe described below.

We assume a random distribution of dopants whose probability
can be evaluated by statistical methods (see e.g., ref. 25, a justifica-
tion of this assumption is also provided in Appendix D), and we
consider a region of limited size (typically including few tens lattice
sites). To compute the relative concentration of different types of
complex, we assign to each complex a thermal Boltzmann weight
according to the formation energies computed for the given
complex if the number of dopants present in this region is
compatible with the number of dopants forming the complex.
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We illustrate our procedure by applying our model to the
results obtained in the main text. We assume that the dopants
are randomly distributed at the silicon lattice sites with

Nse

probability x = N where Ng. and Ng; are the total number
Si

of Se and Si atoms present in the system, respectively (or in the
supercell, if, as in our case, one applies periodic boundary
conditions). In our model, we consider a lattice site occupied by
a dopant (Se) and the lattice sites of the neighbor shells
surrounding the dopant, up to the #n,.-th shells having
the dopant (Se) atom at the center. We call this region the
Nmax-Sphere.

If Se are randomly distributed at the Si lattice sites, x is
the probability that the lattice site is occupied by a Se, while
7 =1 — x is the probability that the lattice site is occupied by a Si.
Let z; be the number of lattice sites in the k-th shell, we define:

Nmax

=) (4)
k=1

S,

Nmax

The probability that the Se at the center of the shells is
surrounded by m-Se placed randomly in the lattice sites up to
the npac-shell is

©) ) Sumax 1,1 ML‘M! 5
Pmy1 =% <X )m!(S ) (5)

Mmax

So pf}?,) is the probability of finding m'-Se (including the Se at the
center) randomly placed in the 7,,,,-sphere.

With eqn (5) we can easily evaluate the probability, p{. ,
that within the first three neighboring shells (i.e., in the 7,
sphere, with 7, = 3) there are more than two Se (including the Se
at the center). At x = 0.45 at% the probability is p{J. , = 0.8668 x
1072 (hereafter p{ will be normalized to unity, if not explicitly
stated otherwise), while at x = 0.95 at% the probability is p{J. , =
0.2897 x 10~ ". So, according to our model, within the concen-
tration range of interest, the probability of forming (Seg;);-Vs; and
(Sesi)s—Vs; is less than 3%. So, we neglect the possibility of forming
the complexes which involve three or four Se, and we focus on our
estimation of the complexes involving one or two dopants.

In our model, the formation of a complex D having a
formation energy AE5"™ can occur at temperature T according
to a probability proportional to the Boltzmann distribution, if
and only if the number of dopants which are randomly placed
in the nmac-sphere is equal to or greater than the number
of dopants forming the complex. We re-call that p{? is the
probability of finding m-Se randomly placed in the ny,,,-sphere,
and, according to the above consideration, we chose for sim-
plicity m < 2. The probability of finding a defect D, constituted
by n-dopants in the ny,,-sphere containing m-Se is

pl(’l(l)) -LefAEgzrm/k“T n<m
Pm(Dn) = Zm (6)
0 n>m
niﬂ efAEl';j;““//cBT
Dy,
is the partition function with n that runs over all the distinct

where kg is the Boltzmann constant, and Z,,, =
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types of defects D,, with n < m. The relative concentration of
defect D, is given by p(D,) = > pm(Dy).

We now apply our model to evaluate the probability of
different complexes within the optimal doping range for inter-
mediate band applications, as reported in the main text.

In our estimation we choose x = 0.75 at%, Nmax =3, and m < 2.
For this choice of parameters, the probability to find only one Se
within the nyqc-sphere is p,© = 0.8214, while the probability
of finding two Se within the nyae-sphere is p,© = 0.1621.
The probability of finding one Sege in a nmac-sphere containing
only one random Se is obviously p;(Ses) = p,%, according to
eqn (6). Less trivial is the case of two random Se present in the
Nmax-Sphere. Within the ny,-sphere the two Se can arrange
according to the Boltzmann distribution to the three allowed
configurations: two single Seg;, or one Segi-Ses; dimer, or one

(Sesi)—Vsi complex. According to eqn (6) where Z,; =

Form . oL .
e 45 /%7 is the partition function and D € [Seg;Sesi—Sesi;
D

(Sesi)o~Vsil. With the p® parameters reported above, and the
formation energy reported in Table 3 we evaluate the relative
concentration of the complexes: Ses;, Sesi-Ses;, (Ses;)»—Vsi, the
results for the relative concentration p(D) are displayed in
the same table. As reported in the table, according to our model
the large majority of the complexes is constituted by Seg;, and
Sesi—Ses;. All other types of complexes contribute less than 3% to
the relative concentration for all types of complexes.

The choice of the temperature in eqn (6) is rather arbitrary.
To evaluate the relative concentrations displayed in Table 3
we take T = 1687 K, ie. equal to Si melting point, which
corresponds to the maximum value that the sum of the
concentration of all other complexes different from Seg;, and
Sesi—Ses; can assume (within our model and the choice of
the parameters different than 7). For lower temperatures,
T < 1687 K, the sum of the relative concentrations of all other
complexes should be lower.

Therefore, to evaluate the critical concentration, x., at which
the IMT occurs, we limited ourselves to consider the Seg;, and
Sesi—Ses; populations (re-normalizing the relative concentration
considering only these two types of complexes). We obtained x.
= 0.50 at%. The x. value is mainly determined by x,, of Ses;
population (x,; ~ 0.46, ¢, ~ 84%) with respect to Seg;—Seg; one
(xp =~ 0.93, ¢, ~ 16%). This result, reported in the main text, is
quite intuitive: complexes involving three or more Se are
penalized by the low probability to find three or more Se close
enough to form a complex, while the formation of the complex

Table 3 Relative concentration of Se complexes in Si;_,Se, at x =
0.75 at%. The values of the formation energy used in the evaluation of
the complex concentration are reported in the first column

Complex AER™ (eV) Concentration (%)
Seg; 1.90 82.21
(Sesi)2—Vsi 1.59 0.56
Segi—Ses;i 1.11 15.58
Other complexes — 1.65
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(Sesi)2—Vsi is energetically unfavored with respect to Seg—Ses; by
the higher formation energy.

To provide an intuitive, albeit approximate, picture of the
mechanism involved in our model we assume that, in the
silicon crystal which constitutes the experimental sample, the
Se atoms have a very limited mobility, remaining close (says
within a NN-distance) to the lattice sites where the Se atoms
were originally located by the random distribution (obviously,
the model can be generalized to include the moving to NN"
lattice sites). At variance, we assume that the Si atoms have very
high mobility, since the formation of Si vacancies is assumed to
occur according to a Boltzmann factor. This assumption can be
justified, at least in part, by the fact that a Si atom has a smaller
covalent radius than a Se atom.

Appendix C: Electronic bandstructure

To prove our estimation of x,, for Seg; and Ses;—Seg;, in Fig. 5 we
display the bandstructure of single Seg; at x = 0.46 at%, while in

Se.; Si, Se , x=0.46 at. %
it OO

A~ X

Energy (eV)

Fig. 5 Electronic bandstructure of Se hyperdoped Si, Si;_,Se,, for single Ses
at x = 0.46 at%. The zero of the energy scale corresponds to the Fermi energy.

SeS‘-SeS‘; SiHSex, x=0.93 at. %

Energy (eV)

.2
%
I

|

/|
J

-1.6

/N

Fig. 6 Electronic bandstructure of Se hyperdoped Si Si;_,Se,, for Sege—
Sese dimer at x = 0.93 at%. The zero of the energy scale corresponds to the
Fermi energy.
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Energy (eV)

Fig. 7 Electronic bandstructure of Se hyperdoped Si, Si;_,Se,, for sub-
stitutional Sesi—Ses; dimer at x = 0.463 at%. The zero of the energy scale
corresponds to the Fermi energy.

Fig. 6 we display the bandstructure of Seg—Seg; at x = 0.93 at%.
The two bandstructures denote two systems very close to the

I, (tet); Si, Se,x=0.461at. %

Energy (eV)

Energy (eV)

Fig. 8 Electronic bandstructure of Se hyperdoped Si, Si;_,Se,, for Se inter-
stitial, Ise, in tetrahedral (top panel) and hexagonal position (bottom panel) at x =
0.461 at%. The zero of the energy scale corresponds to the Fermi energy.
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Fig. 9 Electronic bandstructure of Se hyperdoped Si, Si;_,Se,, for (Seg)1—
Vs at x ~ 0.465 at% (top panel), and for (Seg)>—Vsi at x ~ 0.464 at%
(bottom panel). The zero of the energy scale corresponds to the Fermi
energy.

semi-metallic state in which the conduction band minimum is
basically equal to the maximum of the impurity band.

For completeness, by using the same Se concentration we
computed the DOS displayed in Section IILB, for each type of
defect we provide the electronic bandstructure, along high
symmetry direction in the Brillouin zone (labels along high
symmetry directions the Brillouin zone has been assigned
according to the symmetry of the super-cell used in the simulation,
see Appendix A for further details).

In Fig. 7 we display, the electronic bandstructure of Seg—Seg;
for x = 0.463 at%. At variance with bandstructure of the same
complex for x = 0.93 at% displayed in Fig. 6, at the lower
concentration of x = 0.463 at%, the IB is still separated by the
conduction band.

In Fig. 8 we display the electronic bandstructure of Se
interstitials. For Ig. in the tetrahedral position we can
notice the partially filled IB, which is situated deep in the
bandgap, thus acting as an acceptor defect. At variance, at the
considered concentration, the IB of Is. in hexagonal position, is
merged into the conduction band, as can be noticed by looking
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Fig. 10 Electronic bandstructure of Se hyperdoped Si, Si;_,Se, for
(Ses)s—Vsi at x ~ 0.438 at% (top panel), and for (Seg)s—Vsi at x ~ 0.463
at% (bottom panel). The zero of the energy scale corresponds to the Fermi
energy.

at the bandstructure along the I'-X direction in the
Brillouin zone.

In Fig. 9 and 10 we display the electronic bandstructure of
the complexes (Seg;),—Vsi, m = 1, 2, 3, and 4. As discussed in the
main text, at x ~ 0.465 at%, the (Ses;);—Vg; is an acceptor
complex, and it is characterized by a partially filled IB in the
middle of the gap. At variance at x ~ 0.438 at%, the IB of
(Sesi)s—Vsi is fully merged into the conduction band. As can be
noticed by looking at the figures, the considered concentrations
(Sesi)2—Vsi and (Ses;)s—Vs; have shallow IBs, and these complexes
act as donors. The bandstructures illustrated above provide a
complementary picture of the analysis of electronic properties
of the different types of defects discussed in Section IIL.B by
means of the DOS.

Appendix D: Formation energy of a couple of substitutional Se

To support the assumption of a random distribution of Se
dopants at the different lattice sites of silicon, used in Appendix
B to provide a quantitative estimation of the concentration of
the different types of defects, we considered the formation
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Fig. 11 Formation energy (per atom) of a couple of Se substitutional
impurities in Se hyperdoped Si, Si;_,Se,i, at x = 0.93 at%. One Se is placed
at the n-neighbour shells (NN”, n = 1, 2,...,6) surrounding the other Se.
Se—Se distance refers to relaxed positions and increases according to the
increasing shell number n. Dashed line is a guide for the eye.

energy of a couple of Seg; placed at different distances at the
substitutional sites of Si. The results for x = 0.93 at% are
displayed in Fig. 11. We considered the first Se placed at a
substitutional site in the Si lattice site, while the second Se is
placed at a substitutional site in one of the neighbouring shells
of the Si lattice that surrounds the first Se. We considered an
increasing number of next nearest neighbour shells NN”, n = 1,
2,...,6. We recall that n = 1 corresponds to the Ses;—Seg; (with
the substitutional Se in a nearest neighbour shell). The lowest
formation energy corresponds to the Segi—Seg; dimer, while all
the other energies are comparable to the one of single Seg; at
the same concentration (see Fig. 1).

From the figure we can conclude that while the dimer
formation is energetically favored (probably due to the similar
Se-Se bond length in the Se, molecule with the Si-Si bond
length in bulk Si, see also Section 3.2) the positioning of Se at
the other lattice sites can be considered, with a good approxi-
mation, equally probable, due to the very similar formation
energies, thus justifying a distribution with equal probability of
Seg; at this lattice site.
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