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Engineering the optical absorption in S-hyperdoped Si from short wavelength to far infrared:
A first-principles study
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By combining Density functional theory-based first-principles simulations with a random distribution model
for estimating the relative percentage of distinct types of S complexes in S-hyperdoped silicon, we predict a
tunability of the insulator-to-metal transition at the critical dopant concentration that is significantly larger than
previously reported for other chalcogen-hyperdoped Si systems, driven by the relative abundance of the different
complexes. By assuming the possibility to tune the latter during the sample synthesis, we predict that optical
absorption spectra of S-hyperdoped Si can be engineered from the short wavelength infrared to far infrared

region.
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Hyperdoping, i.e., doping a material beyond the solid sol-
ubility limit, is a recently developed experimental technique
that allows one to achieve unprecedented dopant concentra-
tions (x) in semiconductors, while keeping the crystalline
structure of the host material.

In general, the introduction of dopant generates impurity
levels in the semiconductor band gap that, as the dopant
concentration increases, form an impurity band (IB). The IB
width increases for increasing x, due to the increase of the
overlap of dopant wave functions—corresponding to shal-
low electronic states—as the average distance between the
dopants, randomly distributed in the crystal, decreases. The
critical concentration, x., at which the IB merges into the
conduction band (CB) corresponds to the Insulator-to-Metal
transition (IMT) [1,2].

The presence of IB whose width can be tuned by the dopant
concentration has been at the origin of several proposals
for the exploitation of hyperdoped semiconductors, ranging
from intermediate band photovoltaics [3,4], to infrared sen-
sors [5—7], to nanoelectronics [8—11].

Silicon, for its earth abundance, well-established technol-
ogy, and large employment in the semiconductor industry,
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constitutes the ideal candidate as the host material for hyper-
doping.

Among Si dopants, chalcogens, i.e., elements of group VI
of the periodic table, are attracting significant interest because
their electron concentration increases monotonically as the
doping concentration increases [12]. At variance, group V
dopants, commonly employed in Si, show carrier saturation
at a dopant concentration ~8-10 x 10?° [8]. In particular, a
Te concentration of as high as 2.5 at. % (~1.25 x 10*! cm ™)
[8,9], thus exceeding one electron per nm 3, has been reached
in hyperdoped Si without showing any sign of saturation,
paving the way to ultrascaled nanoelectronics.

However, the high dopant concentration promotes the
formation of different types of complexes [13]. Since the
population of each type of complex influences the electronic
and optical properties of the system, a crucial role is played by
theory, and, in particular, by first-principles calculations, in or-
der to understand the physical properties of such hyperdoped
semiconductors. In Refs. [8,10], for example, the role played
by Te or Se dimers and by other complexes in the nonsatu-
rating free-electron density of chalcogen-hyperdoped Si has
been studied, revealing the impurity complexes responsible
for the electrical behaviors in both Te- and Se-hyperdoped Si
[8—11]. Furthermore, the complexes formed by a Si vacancy
surrounded by four (three) adjacent substitutional chalcogens
have been predicted by first principles [10,11,14] and then
experimentally detected [15,16].

In the present work, we analyze the case of Sulfur, the
element preceding Se and Te in the chalcogen group.

In experimental procedures aimed at synthesizing hyper-
doped silicon samples, dopants such as sulfur (S), selenium
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(Se), or tellurium (Te) are initially introduced into the silicon
matrix, typically via ion implantation. Subsequently, pulsed
laser melting epitaxy (PLME) is employed to locally melt the
doped surface layer. This technique enables epitaxial recrys-
tallization, with the solidification front propagating from the
bottom of the molten region toward the surface at velocities of
several meters per second.

In the context of conventional doping techniques, the dif-
fusion behavior of sulfur in silicon is commonly interpreted
through a model involving interstitial (S;)—substitutional (Ss;)
exchange, which may occur via the simultaneous participation
of silicon self-interstitials (Si;) and vacancies (Vs;) [17-19].
However, in our case, due to the rapid nature of the epitaxial
regrowth process, dopants do not have sufficient time to dif-
fuse and reach their equilibrium configuration, which would
otherwise result in phase separation. Instead, their diffusion is
strongly suppressed.

The peculiar mechanisms governing dopant diffusion un-
der these specific conditions remain not fully understood.
Nevertheless, they can be phenomenologically described by
the model proposed in Refs. [10,11], where the characteristic
diffusion length is denoted by A,. As in the cases of selenium
and tellurium, the population of sulfur-related complexes can
be estimated using a statistical model [11] based on the ran-
dom distribution of dopants over the lattice sites of the host
crystal. Let Ns; and Ng denote the number of silicon and
sulfur atoms in the supercell (or, equivalently, in the sample),
respectively. The probability that a lattice site is occupied by
a sulfur atom is given by

Ns
X = —/—m7.
Ns + Ns;

We assume that n sulfur atoms can form a point defect
or a complex D, (with n being the number of sulfur atoms
involved) if n — 1 of them are located within the A ;th coordi-
nation shell surrounding a central sulfur atom. The parameter
Ay is a positive integer [20] representing the effective dif-
fusion length of dopants during the recrystallization process.
This length is expected to depend on the specific experimental
conditions—such as temperature, pulse duration, and laser
fluence—typically employed during pulsed or flash laser an-
nealing [7] following ion implantation.

Consequently, a larger dopant diffusion length within the
crystal corresponds to a higher value of A, thereby increasing
the likelihood of forming larger sulfur complexes.

The relative concentration of different types of complexes
can be evaluated using the model introduced in Ref. [10],
where dopants are randomly distributed according to a bino-
mial distribution [21],

N,
Pui1 (X) = ( A")x’”(l — x)Naam, (1)
m

where Ny, = Z/?:il Zx is the total number of lattice sites
within the Ayth shell, and z; denotes the number of sites in
the kth shell.

The probability associated with a complex D,,, composed
of n sulfur atoms with m dopants located within the A,th

shell, is given by

Pul®) BT @y — ). 2)

m

por(x) =

where E {)‘fm is the formation energy of the defect D,,, T is the
temperature, kg is the Boltzmann constant, and ®(x) is the
Heaviside step function.

The partition function Z,, is defined as

n<m

D,

where the sum runs over all distinct defect types D, with n <
m.

Finally, the total probability of forming a defect D,, is given
by

PP =" plrx). )
m
Note: Since the binomial distribution inherently accounts for
the various possible configurations of dopants in adjacent
lattice sites, the contribution of configurational entropy is
neglected to avoid double counting.

Key ingredients are hence the formation energies E {;jm (x).
The latter can be reliably estimated by ab initio calculations
based on Density Functional Theory within the supercell ap-
proach. Giving a complex D and a sulfur concentration x, the
formation energy of D per S atom is

EF™(x) = [Ep(x) — Nsitusi — Nsjes1/Ns, ®)

where Ep(x) is the total energy of the supercell containing the
defect D, us; is the chemical potential of bulk silicon and ug
is the chemical potential of S in bulk silicon disulfide, SiS,, at
equilibrium with bulk Si.

We considered different types of S complexes: the
monomer, Sg;, is a substitutional S in the host lattice site;
the dimer, Sg;Ssi, with two substitutional S in the nearest-
neighbor lattice sites; the interstitials, S\ and S'**, with the
S interstitial at the tetrahedral or hexagonal position, respec-
tively; the complex formed by a Si vacancy having in the
nearest-neighboring lattice sites n substitutional sulfurs, VS,
(n=1,2,3,4)[22].

All defect configurations are treated as neutral, consistently
with the hyperdoped regime where the Fermi level lies close
to or above the conduction-band minimum, making neutral
charge states energetically favored [see Supplemental Mate-
rial (SM) [23]].

In Fig. 1 we display the formation energy of distinct types
of complexes as a function of S concentration. The curves
are qualitatively similar, increasing with S concentration until
x reaches a value € [0.5%, 1%] and then being essentially
independent of x [24]. The difference in formation energy
between the Sg; monomer and the Sg;-Ss; dimer is consistent
with the value reported in Ref. [19], obtained using the local
density approximation.

The complexes with the smaller formation energies are
SsiSsi» VS3, and VS, but they are also those involving the
larger number of S atoms, so their relative frequency in a re-
alistic crystal is highly dependent on the probability of having
enough S atoms to form the complex.
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FIG. 1. Formation energy (per S atom) of different types of S
complexes in Si:S. Symbols denote first-principles data; solid lines
are obtained by normal cubic spline interpolation.

On the other hand, S;(tet), Sj(hex), and VS| demand only
one atom of sulfur, but the large formation energy of the
three, exceeding by 1 eV or more the one of Sg; monomer,
make them very unlikely to form. The formation of Sg; is
then favored, making it one of the most frequent complexes.
Note that at variance with the case of Se-hyperdoped Si [10],
in Si:S the Sg;Ssi dimer has a lower formation energy than
VS3, thus promoting the formation of the Sg;Ss; dimer and
VS4. The complexes considered in the computation of their
formation probabilities—and thus of their contributions to
the electronic and optical properties of S-hyperdoped Si—are
those exhibiting the lowest formation energies, namely, Sg;,
SsiSsi, VS,, VS;3, and VS,. Their formation energies are more
than 1 eV lower than those of the neglected complexes.

The results for four different values of the diffusion length
A4 are shown in Fig. 2. To evaluate these relative concentra-
tions, we set the temperature to 7 = 1687 K, corresponding
to the melting point of silicon (see also Refs. [10,11]). The
probabilities are computed using a Boltzmann distribution that
accounts for both the formation energies and the configura-
tional degeneracies of the complexes.

With the only exception of the monotonically decreasing
pSsi(x), all the probabilities to form complexes of type D
increase up to a concentration of dopant x = v”(A) and then
start decreasing, with USsiSsi(A ) < vVSI(Ay) < UYSH(AL).
In general, for each D we have v°(Ayy) < vP(Ag1) when
Aar > Ag1.

The electronic properties of each type of S complex are
determined by the position and width of the IB they form
within the gap between the valence band (VB) and the CB
of bulk Si.

To compare their behaviors, in Fig. 3 we display the Den-
sity of States (DOS) of the electronic band structure at x ~
0.46 at. %. This choice of concentration allows us to compute
by the supercell approach the DOS of different complexes at
(approximately) the same concentrations x close to the IMT.

Starting from the complexes with a higher formation en-
ergy, Si(tet) is a shallow double-acceptor defect, where its
IB is in the Si band gap close to the VB maximum; S;(hex)
possesses a metallic IB relatively deep in the band gap and
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FIG. 2. Calculated probabilities of various sulfur defect com-
plexes as a function of sulfur concentration, for different values of
the diffusion length A, = 3,5, 7, 9 (see text).

therefore it can act as a deactivation center for the electrons in
impurity states of higher energy or in the CB; VS, and VS,
have a metallic IB, occupied by two electrons, that is almost
(VS)) or already (VS;) merged with the CB, and thus both
the two complexes are double donors. Note that VS; (VS,)
behaves as Ss;i (SsiSsi) providing two electrons per complex
to CB.

The DOS of Sg; and Sg;Ss; are characterized by an in-
sulating IB filled by two electrons, thus, each complex is a
double donor (i.e., one S provides two electrons to the CB if
assembled in Sg;, while it provides one electron to the CB if

Energy (eV)  Energy (¢V)  Energy (eV)  Energy (eV)
05 0 05 -1 -05 0 -1 -05 0 -1 -05 0 o
Z[ T — T T T — T \‘\‘\‘\‘\‘\0.9?\_;
E S, (tet.) | S, (hex.) VS, VS, ,\* =
£ = 0.8 %
%2} L \ g
g X E
' T s | I T - (LI \ 07 &
P o L R R L NN P L e \ g
2 1)
g Ssi Ss:Ss; Vs, Vs, r ‘*\ ]
. %*. )
=1 ~ “%—0.6 ©
S N =
%] r 9
2 ‘1J\‘ AA T ‘\‘A‘ ‘\‘J‘ IR P
-1 -5 0 -1 05 0 -1 -05 0 -1 -05 0 345678 ‘)0'5 ©
Energy (eV)  Energy (eV)  Energy (eV)  Energy (eV) Diffusion Length, A

FIG. 3. Left/middle panels: Density of States for different S com-
plexes at x = 0.46 at. %. The green vertical line highlights the Fermi
Energy. Right panel: Critical concentration of the Insulator-to-Metal
Transition as a function of diffusion length A,.
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assembled in Sg;Ss;, thus forming a double bond between the
two S’s), with Sg;Ss; forming a shallower IB than Sg;.

VS; possesses two IB: one near the top of the VB, the lower
impurity band (LIB), and one overlapped with the CB, the
higher impurity band (HIB). Both the LIB and the HIB are
occupied by two electrons. The double IB structure, already
observed for the analogous complex in Se-hyperdoped Silicon
[10], brings more electronic states for subthreshold photon
absorption, and therefore it is a promising feature for Si-based
midinfrared detection. Finally, VS4 has a shallow metallic IB
populated by four electrons.

The analysis above, despite being limited to the x ~ 0.46
at. %, provides a starting point to predict the DOS of the
eight complexes with different S concentrations, knowing that
increasing (or decreasing) the concentration has the effect of
increasing (or decreasing) the width of the IB up to the point
where the IB merges with (or splits from) the CB.

Following Ref. [10], for each complex D, naming x the
doping concentration and x,; as the value at which the 1B
maximum overlaps with the CB minimum, we can distin-
guish two ranges: the interaction range, where x, although
being sufficiently high for the impurities to interact with
each other, remains smaller than x;;, so that an increase of
x induces a broadening of the IB, and the metallic range,
with x > xj, where the IB is merged to the conduction
band.

The formation energy of different complexes, together
with the electronic structures discussed above, explain the
nonsaturating free-electron density experimentally detected
in sulfur-hyperdoped Si [12], because the deactivation com-
plexes rarely form.

To rigorously account for the coexistence of several sulfur
complexes full multidefect calculations would be necessary,
requiring extremely large supercells which are completely
out of reach within our ab initio approach. Our calcula-
tions, instead, rigorously describe an experimental situation
where a single type of complex predominates. However, a
phenomenological interpolation scheme, based on some kind
of averaging, may be used to go beyond that case and to
derive a rough estimate of effective critical concentrations in
cases where several sulfur complexes coexist. For example,
the approximate model previously proposed by some of us
[10,11] uses a harmonic-mean estimator, which is conceived
in order to yield values of X, bounded between the smallest
and largest single-complex thresholds, completely neglecting
cross-interactions [25],

1 _ cp, (x)
Te(x) 45 am (D)’

Xe(xe) = xe, (6)

where cp, (x) is the fraction of S atoms in complexes D,,
and xpy(D,) is the threshold for defect type D, mark-
ing the merging of its impurity band with the CB. Such
thresholds represent hence well-defined limiting cases in
the single-complex approximation. By using x(Ssj) =2
at. %, xy(Ss;iSsi) = 0.46 at. %, xp(VS3) = 0.35 at. %, and
xp(VS4) = 0.50 at. %, one gets the estimate for the variation
of x. with A, shown in the rightmost panel of Fig. 3. Despite
the roughness of the model, the critical concentration at which
the IMT occurs decreases with increasing A4, as expected,

TABLE I. Energy of the absorption maximum peak (AMP) and
its full width half maximum (FWHM) of the optical spectra of the
Ssi and of the most probable pairs of complexes.

Complexes S (at. %) AMP (eV) IR-AMP FWHM (eV)
Ssi 1.56 0.464 SWIR 0.606
Ssi-SsiSsi 1.17 0.165 MWIR 0.486
SsiSsi-VS3 1.96 0.111 LWIR 0.285
SsiSsi-VSy 2.35 0.111 LWIR 0.285
Ssi-VS, 1.96 0.099 LWIR 0.303
Ssi-VS; 1.57 0.083 FIR-LWIR 0.254

since the increase of dopant diffusion increases the probability
to form complexes involving more than one S, thus reducing
the percentage of Ss; monomer which is the complex type
having the highest x;; [note that x),(Ssi) is more than four
times greater than the other x;].

Therefore, a tuning of the relative concentrations of distinct
types of complexes may allow the engineering of IMT with
a variation of Ax, of the order of 36% or more, according
to the variation of the parameter A, that in our model rep-
resents the mobility of dopants during the synthesis process
of hyperdoped Si. Note that, by considering Si containing
only Sg;, where x, = 2 at. %, Ax, exceeds 70%. The criti-
cal concentration of Se-hyperdoped Si [11], instead, varies
only of 4% in the same interval of A, € [3,9], thus sug-
gesting an unprecedented tunability of IMT in S-hyperdoped
Si [26].

The possibility to tune the relative percentage of distinct
types of complexes formed by S in hyperdoped Si, has impor-
tant consequences to the absorption spectra of the material, as
illustrated below.

The simulation of the imaginary part of the dielectric func-
tion, €(w), directly related to the optical absorption spectra
[27], provides reliable predictions of the efficiency of S-
hyperdoped Si to absorb and detect photons in the infrared
(IR) region of the electromagnetic spectra. To investigate the
optical properties of S-hyperdoped Si, we computed Im[e(w)]
within the GoW, approximation, using the plasmon-pole
model and including local field effects (see SM for further
methodological information, which includes Refs. [28-40]). S
concentrations are chosen in the range x € [1.17, 2.35] at. %,
representing a reasonable compromise between a computa-
tionally affordable supercell size and concentrations close to
the IMT. We considered the IR spectra of Sg; monomers (x =
1.56 at. %) and of the most probable pairs of different S com-
plexes that can be obtained as A, varies, namely Sg;-Ss;Ss;
(x = 1.17 at. %), Ss;-VS3 (x = 1.57 at. %), Ss;Ssi-VS; (x =
1.96 at. %), Ssi-VSs (x = 1.96 at. %), and Ss;Ssi-VSs (x =
2.35 at. %); the results are represented in Fig. 4. In view of
applications such as IR detector we focused our study on the
absorption spectra within the bulk Si band gap up to 1.1 eV.
The relevant parameters describing each spectrum are sum-
marized in Table L.

For small A, value, the monomers Sg; represent the large
majority of S complexes. In fact, in the limiting case in which
the dopants do not diffuse and remain located at the lattice
sites according to the binomial distribution [Eq. (1)], the prob-
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FIG. 4. Optical spectra due to different combination of S com-
plexes in hyperdoped Si. The spectra are normalized to the S
concentration for comparison. For the low-symmetry complexes
VSs, spectra are averaged over Cartesian directions.

ability of finding an isolated S is more than 90% for x < 2.5%,
i.e., the dopant population is almost fully constituted by S
monomer.

For the Sg; monomer, in the IR region, the Im[e ()] has the
main peak at 0.464 eV, in the Short-Wavelength IR (SWIR)
region (the lower bond of the near SWIR range is 0.413 eV),
consistently with the broad absorption band which peaks at
around 0.4-0.5 eV measured in S-hyperdoped Si [12]. In
Fig. 4, a secondary absorption peak appears at approximately
0.177 eV, close to the transition between the long-wavelength
infrared (LWIR) and midwavelength infrared (MWIR) re-
gions.

This situation is radically changed if other types of S
complexes are present in a significant amount. For exam-
ple, for A; =5 and x ~ 2 at. % (Fig. 2), Ss; monomers and
SsiSsi dimers are equally probable, and together constitute the

~80% of S complexes. The presence of Sg;-Ss;Ss; pairs pro-
duces a significant redshift of the absorption peak, as can be
noticed in Fig. 4, where the corresponding Im[e(w)] presents
a maximum at 0.165 eV in the MWIR.

Significantly, the relative percentage of VS; and VS, in-
creases as Ay increases, so the main peak of the absorption
spectrum further redshifts. In fact, the computed Im[e(w)] for
SSi-VS4, SSiSSi-VS3, and SSiSSi-VS4 show peaks in LOIlg-
Wavelength IR (LWIR), while for Sg;-VS; the peak is at
83 meV, i.e., at the limit between the Far-IR (FIR) and LWIR
region (83 meV). In general, for every system composed of
two distinct types of S complexes, the Full Width at Half Max-
imum of the absorption peak decreases as the peak position
shifts to lower energies.

In chalcogen-hyperdoped Si, the tailoring of IR absorption
is commonly achieved by increasing the dopant concentration,
thus broadening the IB peak, to tune the gap between the CB
minimum and the Fermi energy within the 1B [2,7].

Our results suggest that it is possible to engineer IR ab-
sorption at a given dopant concentration by modifying the
relative percentage of distinct types of complexes by acting
to the diffusion length A, during the sample synthesis. This
characteristic is related to the tunability of the IMT that, in Si
hyperdoped with S, is significantly higher than the one pre-
dicted for Se doping in the same range of A,. Similar trends
are also expected at lower concentration x and higher A .

In summary, by first-principles simulations, we enlighten
the microscopic mechanisms responsible for the IMT in
S-hyperdoped Si, showing a tunability of the critical con-
centration that, in A, range we investigated, exceeds 35%.
Furthermore, the Im[e(w)] computed for the more common
types of S complexes reveals the possibility to engineer the
optical absorption from SWIR to FIR by tailoring the relative
percentage of distinct types S complexes, while the S concen-
tration is kept fixed.

Our results suggest S-hyperdoped Si as an ideal candidate
building block material for the next generation of IR photode-
tector and nanometer-sized electronic devices.
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for technical support on the computer hardware.
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