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Silicon exhibits a large variety of different bulk phases, allotropes, and composite structures, such
as, e.g., clathrates or nanostructures, at both higher and lower densities compared with diamond-
like Si-I. New Si structures continue to be discovered. These novel forms of Si offer exciting pros-
pects to create Si based materials, which are non-toxic and earth-abundant, with properties tailored
precisely towards specific applications. We illustrate how such novel Si based materials either in
the bulk or as nanostructures may be used to significantly improve the efficiency of solar energy
conversion devices. © 2016 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4961724]
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I. INTRODUCTION

Silicon, the second most earth abundant element, is
widely used for electronic applications, integrated circuits,
and photovoltaics. The thermodynamic ground state of Si
has a diamond structure (Si-I), it has been extensively stud-
ied both theoretically and experimentally, and its properties
are well understood. Diamond Si has an indirect band gap,
preventing its use in many optoelectronic applications, such
as, e.g., light emitting diodes and thin film photovoltaics,
which require efficient absorption properties. It is thus highly
desirable to explore possible novel forms of Si with
improved light absorption and electronic properties tuned
specifically towards solar energy conversion applications.

The phase diagram of Si exhibits a multitude of both
low and high density polymorphs, many of which are meta-
stable at ambient conditions (cf. Fig. 1). Under pressure,
bulk Si retains its cubic diamond (cd, Si-I) structure up to
~11.7GPa." At higher pressure, Si-I transforms into the
metallic f-tin phase (Si-II), whose stability interval is rather
small. On further pressure increase beyond ~15 GPa, the f-
tin phase transforms first into an orthorhombic /mma phase,
and then into a simple hexagonal one (sh, Si-V). Above
42 GPa, a hexagonal close packed (hcp) solid has been
observed, with the orthorhombic Cmca phase (Si-VI) formed

1931-9401/2016/3(4)/040807/12

3, 040807-1

as an intermediate within 40-42 GPa. At 78 GPa, a face cen-
tered cubic (fcc) solid is obtained which remains stable up
the highest presently investigated pressure of ~250 GPa.

All the phases above 12GPa are metals. The
semiconductor-metal transition from the covalently bonded
diamond to metallic high pressure phases is irreversible, due to
a significant kinetic barrier. Releasing pressure does not lead to
recovering the Si-I phase but instead to a series of metastable
high-density solids with distorted tetrahedral bonding.

Under slow pressure release starting from f-tin, the rhom-
bohedral R8 phase (Si-XII) is obtained at ~8 GPa, followed
by a transition to BC8 (Si-III) at ~2 GPa. Si-III remains meta-
stable at ambient conditions. Subsequent thermal annealing at
moderate temperature leads to the formation of hexagonal dia-
mond (hd, Si-IV). If 5-tin is decompressed rapidly within less
than ~100ms, two additional phases may be observed,
Si-VIII and Si-IX, which are believed to consist of large
tetragonal unit cells. However, to date, only incomplete struc-
tural information is available. It has been proposed that Si-IX
has the Ibam structure.” A recent study suggested also the P4,/
m and P-4 structures as possible candidates for Si-IX.}
Indentation experiments suggested the existence of a previ-
ously unobserved Si-XIII phase, the structural details of which
are largely unknown.* Two further Si polymorphs were pre-
dicted theoretically, ST12 (Ref. 5) and a body centered tetrago-
nal (bct) phase,® the latter was not yet observed experimentally.

To add to the complexity of the behavior of Si observed
upon decompression, a temperature-dependent study reported
the formation of the cubic diamond phase at high temperatures
(~400-500K), whereas low temperature decompression
(~100K) yielded amorphous Si. A recent study employed ultra-
short laser pulses to locally induce pressures and temperatures
significantly higher than those attained in diamond anvil cell or

© Author(s) 2016.
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FIG. 1. Schematic overview of silicon high pressure phases (red) and low pressure low energy allotropes that can potentially be stabilized at ambient condi-
tions. Structures known to exist at ambient conditions are marked in blue. Theoretically proposed but not yet observed structures are shown in green. Violet
denotes structures proposed for the still elusive Si-IX and Si-XIII phases. See text for details.

indenter experiments,’ thus permitting, upon cooling, the freez-
ing of local regions of Si into phases that are otherwise inacces-
sible due to kinetic barriers. These experiments allowed for the
experimental observation of ST12, and the existence of bt§8 was
reported for the first time, as well as that of two additional
tetragonal and two monoclinic phases. All phases remained
metastable at ambient conditions. This is of particular interest
because the unknown Si-VIII and Si-IX structures are believed
to be tetragonal with equally large unit cells. Femtosecond laser
pulse induced shock waves in Si were also reported to lead to
the formation of BC8 and R8 (Ref. 8) phases.

Bulk BCS is a semi metal and thus not directly usable for
solar energy conversion devices. However, R8 and hexagonal
diamond (Si-IV) have been considered as possible light
absorbers for solar energy conversion. Biaxial tensile strain in
excess of 4% leads to an indirect to direct band gap transition
(from the Si-IV indirect gap of 0.95eV into a direct gap of

0.7-0.9eV (Ref. 9)). R8 on the other hand exhibits a much
smaller direct gap (~1.2eV) compared with Si-I (~3.4eV),
even if unstrained, and a significantly improved overlap of the
optical absorption with the solar spectrum.'® The indirect gap
of R8 (~0.24 eV), however, is rather small.

Recently, two new Si structures have been proposed theo-
retically, P-1 (Ref. 11) and Si20T,'? both of which have quasi-
direct gaps of ~1.5¢eV. In addition, another six dynamically
stable allotropes with either direct or quasidirect gaps (0C12,
tP16, oF16, tI16, hP12, and mC12) have been proposed from
ab initio calculations.” Recent ab initio random structure
searches identified solids with P4,/ nem'™ and P4,2,2
(Ref. 15) symmetries as possible candidates for the elusive Si-
XII phase, and a new low energy structure (Pbam) with an
estimated direct gap of 1.4eV.'> Another recent study identi-
fied a dynamically and thermally stable hexagonal phase,
named h-Sig, with a direct band gap of 0.61eV.'® Following
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the initial steps taken by Ref. 17 in using global optimization
methods to search for structures with desired optoelectronic
properties, the authors of Ref. 18 computationally designed a
dipole-allowed direct band gap Si-based superlattice.'®

Similar to the high density Si allotropes, low density Si
clathrates, i.e., type-I (Sigg), type-1I (Sij3¢ and Sisg), type-III,
type-VIIL, and type-IX,'* have rich morphologies. Clathrates
are cage structures formed by host atoms (i.e., group IV)
enclosing guest atoms (i.e., group I and II). It has been sug-
gested that they behave as a phonon-glass and an electron-
crystal,?® and they have been extensively studied for thermo-
electric applications. Recently, Si based clathrates have
drawn attention for photovoltaic applications as a result of
their tunable quasi-direct band gap in the range needed for
optimal performance according to the Shockley-Queisser
SQ) limit.>'">* Si-based clathrates without guest atoms in
the cages are neutral, and thus they are intrinsic semiconduc-
tors. The guest-free low density phases are metastable at
ambient conditions. Interestingly, a recent study showed that
type-1II clathrate Sis4 undergoes a phase transformation to the
p-tin phase at the same pressure (11.5 GPa) as diamond Si.>
In order to maintain their stability at ambient conditions,
electropositive guest species are generally required.
However, when such guest atoms occupy the cages, they
donate electrons to the framework making the material
metallic and thus not useful for photovoltaic applications.
Recently, Kim ez al.*® reported the synthesis of a new Cmcm
Si,4 allotrope free of metals, with open channels along the a-
axis, formed from six and eight membered sp” silicon rings,
and with a quasi-direct band gap of 1.3 eV. Baranowski and
coauthors™® successfully synthesized a type-II Si-Ge clath-
rate alloy. By changing the Ge content, they could tune the
band gap in the range of 0.8—1.8eV. An alternative method
to make Si clathrates semiconducting is to compensate the
charge of the guest atom by doping the framework with an
acceptor. Recently, a type-I clathrate KgAlgSizg was synthe-
sized, and by using ab initio calculations and spectroscopic
and Hall mobility measurement, it was shown to be a prom-
ising material for photovoltaic applications.?” It has a quasi-
direct band gap of ~1.0eV. This band gap is smaller than
the optimal one (1.4eV) and it might be improved at the
nanoscale.?®

Although only certain types of clathrates were discov-
ered in experiments, Amsler er al.?® recently conducted a
computational search and explored 44 metastable low density
silicon clathrates with potential use in photovoltaic applica-
tions. Solutions to the Kelvin problem, how to partition three-
dimensional space into cells of equal volume with minimal
area, led to the discovery of another series of new low density
Si allotropes that are structurally related to clathrates.”

Il. NANOSTRUCTURED SILICON

In the following, we discuss three classes of nanostruc-
tured silicon: (i) Clathrates, which exhibit a wide range of
quasi-direct band gaps and carrier concentrations, depending
on host and guest atom types. They can be synthesized as nano-
structured bulk materials by simple mixing and baking
approaches. (ii) Embedded Si nanoparticles (NPs), enabling the

Appl. Phys. Rev. 3, 040807 (2016)

use of multi-exciton generation (MEG) processes to increase
photocurrents, together with tunable band gaps and efficient
photoluminescence. (iii) Si NPs with high pressure core struc-
tures, which simultaneously yield efficient MEG and band gaps
suitably small for MEG-based solar energy conversion.

A. Clathrates

Here, we focus on KgAlgSisg, a clathrate that was pro-
posed as a promising photovoltaic material. It was studied
with ab initio calculations, which showed that the system has
a quasidirect band gap of ~1.0eV, in agreement with the
optical measurements (1.3 eV). The gap is tunable by strain
engineering within the IR and visible ranges. In addition,
excited electrons and holes generated upon absorption were
shown to be spatially separated on different cages, a favor-
able configuration to avoid recombination, and carrier mobi-
lities were found to be superior to those of a-Si.

Six snapshots of the KgAlgSisg structure were generated
computationally, using the guidelines for site occupancy pro-
posed by Christensen et al.*® We then computed the total
energies of the six samples using first principles density
functional theory (DFT) calculations within the Perdew-
Burke-Ernzerhof (PBE) approximation,®'? and we identi-
fied the two most stable configurations. These turned out to
be consistent with those recently observed experimentally in
the type-I clathrate BagAl,Sigs_, (see Ref. 33) and, most
importantly, with those found in the single crystal KgAlgSisg
grown in the experiments of Ref. 27.

Having identified the most stable sets of configurations
of KgAlgSisg, we computed the band structures (Fig. 2) of
several of those, with Al substituted at different sites, in
order to mimic the range of atomic substitutions possibly
existing in the real material. Most calculations were con-
ducted at the DFT level and one sample (A) was carefully
analyzed using many body perturbation theory (MBPT) at

FIG. 2. Ball and stick representation of the type-I clathrate investigated in
this work: KgAlgSiszg, composed of dodecahedral and tetrakaidecahedral
cages. Within the Wyckoff sites representation of the structure, the centers
of the cages are denoted by 2a (purple) and 6d (blue) for dodecahedral and
tetrakaidecahedral cages, respectively; the host structure is represented by
three inequivalent crystallographic sites: 6¢ (green), 16i (red), and 24k (yel-
low). Reproduced with permission from He et al., Energy Environ. Sci. 7,
2598 (2014). Copyright 2014 Royal Society of Chemistry.
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the GoW, level.>* The position of Al significantly influences
the position of the valence bands, while the conduction
bands (CBs) are largely unaffected (see Figs. 3(a) and 3(b)).
Fig. 3(c) shows the GoW corrected band structure of sample
A with respect to that obtained at the DFT-PBE level. We
found a rigid shift of the uppermost valence band (VB) to
lower energy (0.04eV) and of the lowest conduction band
(CB) to higher energy (0.21eV), yielding a band gap
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FIG. 3. (a) Band structure of KgAlgSizg with Al on five 6¢ sites, two 24k
sites, and one 16i site (5c2kli configurations), for samples A (black), B
(red), and C (blue), calculated using DFT-PBE. (b) Band structure of
KgAlgSizg with Al on six 6¢ sites, two 16i sites (6¢2i configurations) for
samples D (black), E (red), and F (blue), calculated using DFT. (c¢) Band
structure of KgAlgSiszg (sample A) calculated using DFT-PBE (black) and
many body perturbation theory within the GyW, approximation (red),
respectively. Reproduced with permission from He ef al., Energy Environ.
Sci. 7, 2598 (2014). Copyright 2014 Royal Society of Chemistry.
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(0.81¢eV) increase of approximately 45% with respect to that
computed within DFT-PBE (0.56eV). We then assumed that
a similar increase would approximately apply to all other
samples, in going from the DFT-PBE to the GoW levels of
theory (all samples have similar geometries and exhibit the
same kind of bonds). The computed gaps vary between 0.44
and 0.79eV within PBE and between 0.64 and 1.15eV
within GoW, under normal conditions. Irrespective of the
sample and the level of theory, we found that all models
have direct or quasi-direct band gaps, with differences
between direct and indirect ones of at most ~0.14eV.

The direct and indirect band gaps were also estimated
experimentally in Ref. 27. Measuring the absorbance, con-
verting it to the Kubelka-Munk function F(R), and using a
Tauc plot a direct band gap of 1.29¢eV and an indirect band
gap of 1.06eV were obtained, in excellent agreement with
the theoretically predicted values of ~1.0eV.

We also analyzed the variation of the gaps caused by
possible strain fields present in the material due to, e.g.,
growth conditions. We found a decrease (increase) of about
23% in the gap under 2% compression (tensile strain), with
no notable change in the shape of the bands and hence no
modification of the nature of the gaps that remained (quasi)-
direct. Hence, we concluded that the computed band gap
within GoWj under the effect of strain is between 0.5 and
1.4eV. These results suggest that one may tune the optical
absorption of the material in a range between IR and visible
by strain engineering, with great advantage with respect to
materials that absorb just in a narrow energy window.

In addition to efficient absorption, key properties of
materials for photovoltaic applications are the spatial locali-
zation of electrons and holes and their mobilities. Fig. 4
shows the calculated square moduli of the valence band max-
imum (VBM, red) and conduction band minimum. (CBM,
blue) wave functions of sample A. Interestingly, we found

FIG. 4. Isosurfaces of the square moduli of the valence band maximum (red)
and conduction band minimum (blue) single particle states of the type-I
clathrate KgAlgSi38; yellow, pink, and cyan spheres represent Si, Al, and K
atoms, respectively. Reproduced with permission from He et al., Energy
Environ. Sci. 7, 2598 (2014). Copyright 2014 Royal Society of Chemistry.
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040807-5 Wippermann et al.
that the VBM is localized in the large cages around the Al
atoms, while the CBM is localized on the small cages around
the Si atoms, with very limited spatial overlap between the
two, indicating a low probability of charge recombination.
To estimate the carrier mobilities of electrons and holes
as a function of concentration and temperature (T), a single
band Kane model®® was employed, where all the parameters
were derived from first principles.>’” We found that the elec-
tron and hole mobilities of the type-I clathrate KgAlgSisg, as
shown in Fig. 5, are smaller than those of diamond Si**~** by
a factor of 6-10 at room temperature. The lower values of
the mobilities are partly due to the small amount of disorder
present in the cages. However, the computed values of the
mobility p are better than those of SnS** and comparable to
those of Cu20,40 which are promising semiconductors for
photovoltaic applications. Importantly, we found that the u
of KgAlgSiszg is much superior to those of, e.g., a-Si: 1 cm?
V! 57! for electrons and 0.01cm® V™' s~! for holes*'™**
and to those of organic materials: ~0.008 cm® V™' s~ for
electrons and ~0.002 for holes.** In addition, the ratio u,/u,
is ~5 in KgAlgSisg, while it can be as high as 100 in a-Si (it
is ~3 in c-Si).

B. Embedded Si nanoparticles

Another approach actively explored to create Si materi-
als with tailored properties is based on embedded Si nano-
structures, such as, e.g., superlattices of Si nanoparticles
inside a host matrix.***” As pointed out in the Introduction,
BC8 (Si-III) is one of the Si polymorphs that is known to
remain metastable at ambient pressure. In its bulk form,
however, DFT-local density approximation (LDA) calcula-
tions found it to be a semimetal with a direct band overlap of
0.8eV at the H point in the bce Brillouin zone.*® While
measurements on BCS8 confirmed this classification, the
nature of the band overlap was suggested to be indirect with
a value of 0.3eV.* Quasiparticle calculations in the GoyWy
approximation estimated a reduction of the overlap obtained
in LDA by ~0.33eV.”° BC8 therefore is a particularly

50 T T T T T T T T

IS
S

W (cm’/V7s)

10

n | L | L | L | s | s | L
300 400 500 600 700 800 900 1000
T (X)

FIG. 5. Calculated carrier mobilities (electrons: black curve and holes: red
curves) of type-I clathrate KgAlgSisg as a function of temperature (T) with a
carrier concentration of 1 x 10'® ecm®, using the single Kane band model
(see the text). Reproduced with permission from He et al., Energy Environ.
Sci. 7, 2598 (2014). Copyright 2014 Royal Society of Chemistry.
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interesting candidate for exploiting quantum confinement
effects to obtain Si structures with adjustable gaps, as a func-
tion of size, possibly in a wide energy range.

One of the advantages of nanoparticles is the possibility
to exploit efficient multi-exciton generation (MEG) processes,
where one incoming photon creates multiple electron-hole
pairs. In 2002, Nozik suggested that in nanoparticles (NPs)
the effective Coulomb interaction is enhanced by quantum
confinement and the electronic screening decreased, driving
the efficiency of MEG to promisingly high values.”' In
2004-2006, the Klimov group demonstrated that efficient
MEG may indeed be obtained in semiconducting NPs (see, e.
g., Ref. 52), triggering intense theoretical and experimental
interest.>*°! While the efficiency enhancement reported in
Ref. 52 was later questioned,” the presence of MEG was
eventually verified in colloidal NPs, albeit with a reduced
magnitude.’® In 2012, Semonin et al., followed by Zhai et al.
shortly afterwards, demonstrated that the excess electrons gen-
erated by MEG can be efficiently extracted from the NPs and
transferred to the electrodes of PbSe and PbS, 9Se( | NP solar
cells; the MEG enhanced the external quantum efficiency
above 100% within a region of the solar spectrum.®*%

The remaining challenges for harvesting MEGs in nano-
particles include the high energy activation threshold, esti-
mated theoretically to be twice the optical gap but found
experimentally around thrice the gap. Therefore, the solar
photons can be best captured by multi-exciton generation in
materials with gaps in the 0.5-1.0eV range.®* Moreover, for
concentrated solar cells with a concentration factor of 500,
the optimal gap has been shown to be as low as 0.1eV.%

At the nanoscale, quantum confinement enhances the
Coulomb interaction, thereby allowing for efficient MEG,”"
but it also leads to an increase of the gap and a reduction of
the density of states (DOS) at any given energy. The increase
of the gap with decreasing NP radius can swiftly shift the
MEQG threshold energy outside the solar spectrum. On the
other hand, lowering the gap may reduce the effective
Coulomb interaction and thus MEG efficiency. Therefore,
two competing requirements have to be satisfied by identify-
ing semiconducting NPs exhibiting simultaneously (i) a
small excitation gap and a DOS only moderately reduced
with respect to the bulk and (ii) efficient MEG despite suit-
ably small gaps.

Luo et al. systematically investigated a range of semi-
conductor materials suitable to harvest MEG.>* They showed
that Si nanoparticles in the diamond structure may exhibit
highly efficient MEG, but their band gap unfortunately is too
large, i.e., it does not meet the requirements imposed by the
solar spectrum. In a recent paper, we proposed that nanopar-
ticles with core structures made from Si polymorphs, in par-
ticular, BC8, offer a way to tune the electronic gap toward
suitable values while retaining efficient MEG.®°

In 2006, Arguirov et al. reported the formation of BC8
Si NPs within amorphous Si in a-Si/SiO, multilayer stacks.®’
In addition, Smith ez al.® showed that R8 and BC8 NPs are
formed when “black silicon” is produced by irradiating
highly doped Si surfaces with femtosecond laser pulses. The
authors argued that pressure waves generated by the fs-
pulses first amorphized regions of the sample and then
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040807-6 Wippermann et al.
induced the nucleation of R8 and BC8 NPs within these
regions. Formation of nanocrystalline BC8 regions was also
observed in nano-grinding experiments,”® in SiGe epi-
layers,”! and in nanoindentation experiments.”> "> Recently,
even direct colloidal synthesis of BC8 nanoparticles was
reported, which would completely bypass the need for high
pressure synthesis.”®

These experiments suggest that Si NPs with core struc-
tures based on high pressure Si phases are promising candi-
dates to exhibit a lower gap than Si-I NPs and low energy
optical absorption, especially the BC8 phase, which is gap-
less in the bulk. However, a detailed analysis is required to
establish whether the strength of the Coulomb interaction is
preserved and whether efficient MEG is still present in such
Si NPs.

C. High pressure core structures

To explore the possible advantages of Si NPs with high
pressure core structures, we carried out electronic structure
calculations within DFT and MBPT. We used the local den-
sity approximation (LDA)’” and norm-conserving pseudopo-
tentials’® with an energy cutoff of 35 Ry, and the Quantum
Espresso package.”” Quasiparticle energies within the GoW,
scheme®® were obtained by employing the approach of
Nguyen et al., which avoids the explicit calculation of empty
electronic states and the inversion of large dielectric matri-
ces.®! Based on the results of our previous study®* and the
findings of Refs. 83 and 84, we assumed that the major con-
tribution to MEG comes from impact ionization (II) pro-
cesses and we approximated MEG rates with II rates. We
used the Fermi Golden Rule to obtain the decay rate of exci-
tons to bi-excitons. The initial exciton and final bi-exciton
states were approximated as singly and doubly excited
Slater-determinants, built up from DFT orbitals®? in the PBE
generalized gradient approximation.*' To account for the
dielectric screening within our GoyW, and II calculations, we
computed the dielectric matrix within the random phase
approximation (RPA) using iterative techniques.®

The core geometry of the Si NPs was built by isolating a
sphere of a given radius from the structure of the respective
Si bulk phases. The radius and center of this sphere were
chosen so as to obtain NPs with no more than two dangling
bonds per surface atom. All dangling bonds were saturated
with hydrogen atoms. The whole structure was then allowed
to relax to the nearest local energy minimum. Fig. 6 shows
the resulting final geometries of Si NPs for a diameter of
~1nm.

The electronic gap of NPs with various core structures
as a function of size is shown in Fig. 7 and Table I. Sizes are
given as twice the average radial distance of the NP surface
atoms to the center, with size error bars representing the cor-
responding standard deviation. The BC8 NPs have signifi-
cantly smaller gaps than all the other nanoparticles. For
example, at the LDA level, the gap of a BC8 NP of diameter
2.5nm is 1 eV lower than that of Si-I NPs of the same size.
This substantial difference is consistent with the fact that
BC8 is a semi-metal in the bulk. Our result is also in agree-
ment with earlier empirical tight binding calculations.®®
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FIG. 6. Structural models of ~1nm hydrogenated Si NPs with Si-I, Si-IV
(hexagonal diamond), Si-XII (R8), Si-III (BC8), Ibam, bct, and ST-12 core
structures. Reproduced with permission from Wippermann et al., Phys. Rev.
Lett. 110, 046804 (2013). Copyright 2013 American Physical Society.

Given the tendency of local DFT calculations to under-
estimate band gaps, we performed quasiparticle calculations
in the GoWy approximation for NP diameters up to 1.5nm
(~144 Si atoms), to assess the validity of the trends observed
within LDA. As expected, all computed GoW, gaps are
larger than the LDA ones; however, the same trends as a
function of the NP diameter were found at both levels of the-
ory (see Table I).

Both LDA and GyW energy gaps for larger nanopar-
ticles were estimated by fitting the calculated NP and bulk
gaps by a power law. The fits are reported in Table I and Fig.
7. At 2.5 (8.0) nm, the Si-I GoWj gaps are 3.6 (2.2) eV and
those of BC8 are 2.1 (0.7) eV. We emphasize that at the
experimentally accessible diameter of 4nm to 8nm, the
GoWy gap of BC8 NPs is 1.4eV to 0.7eV, near optimal for
solar applications.

The quasi particle gaps obtained here are an upper
bound to optical gaps, as excitonic effects are not taken into
account®” ™ and they may expected to be larger than in the
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FIG. 7. Electronic gaps of hydrogenated Si nanocrystals as a function of the
nanoparticle (NP) diameter computed using (a) the Local Density
Approximation (LDA) and (b) many body perturbation theory within the
GoW approximation (GoWy). Symbols and lines refer to calculated values
and fits (cf. Table I), respectively. Sizes are given as twice the average radial
distance of the NP surface atoms to the NP center, with size error bars repre-
senting the standard deviation. The core structures of the NPs are labeled in
the inset according to the nomenclature used for tetrahedrally bonded bulk
Si phases (see text). Reproduced with permission from Wippermann et al.,
Phys. Rev. Lett. 110, 046804 (2013). Copyright 2013 American Physical
Society.

bulk, as suggested by quantum Monte Carlo (QMC) calcula-
tions.”® In addition, several other factors contribute to lower-
ing the quasi particle gaps, including surface reconstruction
(cf. Fig. 8),**°! symmetry breaking, ligand, pressure effects,
and geometrical distortions at finite temperature. Many of
these possibilities have already been explored in the past in
the case of Si-I NPs.”*?>™° To estimate the magnitude of
these effects, we calculated the gaps of surface reconstructed
1.35nm BC8 NPs for all possible permutations of surface
bonds, generated by rearranging the available twofold coor-
dinated surface Si-atoms. The distribution of the calculated
gap values extended 0.5 eV lower than that of the gap of the
ideally terminated NP. The width of the distribution is indi-
cated by the bar in Fig. 7(a).

As discussed earlier, in NPs, the quantum confinement
enhances the Coulomb interaction, but it also increases the
gap, reducing the DOS. On the other hand, lowering the gap
may weaken the Coulomb interaction and thus MEG.
Therefore, to explore whether these low-gap core structures

Appl. Phys. Rev. 3, 040807 (2016)

TABLE 1. Electronic gaps of nanoparticles (E,yp) and bulk phases (E,)
obtained using the GoW( approximation. GoW, bulk gaps are taken from
Refs. 50, 67, and 68. E, yp were computed for particles up to ~1.5nm in
GoW (see Fig. 7) and extrapolated to 4nm and 8nm using the relation
Eoqnp = Egpuk +a - ([nm]/d)b, where d is the NP diameter and a, b are fit-
ting constants. The high pressure Si phases (left column) are defined in the
text. Reproduced with permission from Wippermann et al., Phys. Rev. Lett.
110, 046804 (2013). Copyright 2013 American Physical Society.

Eqnp (eV) (GoWo) Fitting constants

Phase 09nm 12nm [.5nm 4nm 8nm Eg(eV) a(eV) b

cd 6.37 5.60 469 295 224 1.12 484 0.70
BC8 542 391 3.35 1.37 0.74 0.00 4.75  0.88
hd 5.89 5.16 0.95

Ibam 5.24 4.51

R8 4.96 4.37 0.24

bet 5.35 4.94

ST12 5.57 5.30 1.54

feature reduced or enhanced MEG compared with Si-I NPs,
we calculated the impact ionization (II) rates of the initial
photo-excited excitons decaying into bi-excitons using the
Fermi Golden Rule. Fig. 9 shows the I rate T'(E) on an abso-
lute energy scale for NPs with diameter of ~1.2 nm. The fig-
ure shows that the NPs with high pressure core structures
feature efficient MEG despite smaller gaps; for example, the
BC8 gap being smaller than the Si-I one by 1.3eV leads to
its T'(E) II rate to be red shifted by 2.0eV relative to Si-I.
This redshift translates to the MEG of BC8 NPs being about
an order of magnitude larger than for diamond-like NPs at
energies close to the onset of MEG.

Finally, we investigated MEG in the ST12 structure,
proposed theoretically for bulk Si’ and recently observed
observed experimentally.” This structure is notably different
from the other tetrahedrally bonded phases, as its gap is
larger that that of Si-I (see Fig. 7 and Table I). However, the
ST12 NPs exhibit enhanced DOS just above the gap to sig-
nificantly higher values than the other NPs. Fig. 9 shows that
with increasing size, the II rate for the ST12 NPs is increased
much faster than for the Si-I NPs. While increasing size and
thus decreasing quantum confinement make the effective
Coulomb interaction weaker and thus undermine the effi-
ciency of MEG, the large DOS of ST12 at lower energies
restores the MEG efficiency.

Interestingly, ST12 is known as a metastable phase of
bulk Ge.'? Stable Ge NPs with ST12 structures have already
been obtained in a wide range of sizes'®" and are surprisingly
stable, up to 500°C at ambient pressure. A recent study
reported the formation of Ge ST12 NPs upon lithiation of
diamond-like Ge NPs.'* Earlier DFT calculations indicated
that amorphous shells around Ge nanocrystals can induce suf-
ficient pressure to stabilize the Ge core structure within the
ST12 phase.'® We propose that since the gaps of Ge NPs are
expected to be lower than those of Si and since Ge is known
to exhibit carrier multiplication in the bulk,>® Ge NPs, in gen-
eral, and their ST12 phase in particular, are promising candi-
dates for utilizing MEG for solar energy conversion.'**

Beyond efficient MEG within the solar spectrum, device
applications require also high charge carrier mobilities to
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FIG. 8. Structural model of a ~1.5nm
hydrogenated Si NP with Si-I core
structure before and after surface and
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extract the photogenerated charges. To obtain sufficiently
high mobilities and air-stable nanoparticle solids, the NPs
are often embedded in a charge transport matrix.’' The
matrix can be created, e.g., by infilling the gaps between NPs
in colloidal quantum dot films using atomic layer deposition
(ALD).'%1%7 Another approach achieves embedding by
solution processing. After NP synthesis, the ligands on the
NPs are exchanged with transition metal chalcogenide com-
plexes (TMCs). Subsequent film deposition and gentle heat
treatment cause the TMC ligands to break down and trans-
form into a solid dilute matrix.'®*''! Carrier mobilities in
such embedded NP solids have been shown to exceed 1cm?
V! 57! which is considered a critical value necessary for
photogenerated charges to avoid Auger recombination.''?
Furthermore, the MEG threshold energy was found to be
favourably reduced for high mobility NP solids.'%”-'!3

A primary concern is the recombination of the photo-
induced electrons and holes at defects. In crystalline solar
cells, even ppm concentrations of certain defects and impuri-
ties cause substantial recombination, leading to severe losses
of the energy-conversion efficiency.''® In NP-based solar
cells, defects may be present at the NP-matrix interfaces and
possibly induce excessive recombination, especially given
the large total interfacial area.

One of the design principles to reduce charge recombi-
nation is to spatially separate the photo-induced electrons
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FIG. 9. Impact ionization rates for ~1.2nm sized NPs on the absolute
energy scale. Reproduced with permission from Wippermann et al., Phys.
Rev. Lett. 110, 046804 (2013). Copyright 2013 American Physical Society.

E,=15eVy

and holes, as discussed previously in the example of the
KgAlgSisg clathrate. In the case of NP solids, this may be
achieved, e.g., by creating a type-II hetero-junction between
the NP and the matrix, where the conduction and valence
states are localized in different regions of the nanocompo-
site, either on the guest NP or on the host matrix.

Epitaxial quantum dots can be designed to support such
type-II band offsets,''> and core-shell NP systems with type-
II band alignments have been identified."'*"""® In addition,
quantum-dot sensitized solar cells with type-II interfaces
have been reported in the literature.''9~12! However, in the
context of a NP and its embedding matrix, clear strategies to
design band offsets are not yet available. Moreover, many
known matrix-embedded NP systems form type I hetero-
junctions with the gap of the NP falling inside that of the
host material. For example, Si NPs embedded in SiO, form a
type I interface.'””'?* Recently, we showed that type-II
interfaces may be realized by strain engineering when Si-
NPs are embedded in amorphous SiO,.*’

Using ab initio calculations, we showed that it is possi-
ble to design non-stoichiometric nanocomposites that exhibit
a type-II hetero-junction at ambient conditions, unlike bulk
crystalline Si and ZnS,'* with complementary charge trans-
port channels for electrons and holes. In addition, in such
nanocomposites, the electronic gap of the Si nanoparticles is
reduced compared with that of hydrogenated Si NPs and Si
dots embedded in SiO,.*” We hence proposed that Si NPs
embedded in II-VI chalcogenides are promising candidates
for light absorbers in solar energy conversion devices.

In order to obtain realistic models of Si NPs embedded
in a-ZnS matrices, we first built a periodically repeated cubic
cell of crystalline ZnS in the zincblende structure, at the
LDA equilibrium lattice constant of Si (5.39 A). We then
replaced all Zn and S atoms within a given spherical region
by Si atoms. The center and radius of the sphere were chosen
to obtain Si NPs with each surface atom having at most two
Si-Zn or Si-S bonds; this resulted in 1.1 nm, 1.3 nm, 1.6 nm,
and 1.9nm NPs, denoted as Siszs, Sigg, Sijnz, and Sijq,
respectively. The resulting configurations were used to start
annealing cycles to amorphize the ZnS matrix, employing ab
initio molecular dynamics (MD). Details of the calculations
and computational setup are discussed in Ref. 126.

During the annealing cycles, S atoms were drawn to the
Si NP from the matrix, leading to the formation of a sulfur
shell on the nanoparticle surface. We found that the S atoms
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within this sulfur shell were 3-fold coordinated, as opposed
to their 4-fold coordination within the matrix. They formed
one S-Si and two S-Zn bonds, leaving two electrons to form
a lone pair state. Such a state is shown in Fig. 10 for the case
of Sizs embedded in SizsZng;Sgo.

Figure 11(a) shows the electronic densities of states
(EDOS) of both stoichiometric (dotted lines) and nonstoi-
chiometric Si-NP/a-ZnS composite structures as a function
of the NP size, computed at the LDA level of theory. The
corresponding gaps of the Si NP are shown in Fig. 11(b),
where they are compared with those of Si dots embedded in
a-Si0,.*7 We observed that the gap of the Si-NP/a-ZnS
nanocomposite is much reduced relative to the 1.9eV gap of
bulk a-ZnS (also obtained within the LDA). The gaps quoted
here are effective quantities, defined with an EDOS D(e)
threshold

JEF D(e)de—JCBMD(e)de—AJEF D(de, (1)

VBM Er —00

where E is the Fermi energy of the composite system,
located inside the gap, and A is a suitably chosen threshold
parameter to discard midgap states.

We now turn to the discussion of the character of the
states at the valence band maximum (VBM) and conduction
band minimum (CBM) of the nanocomposite. Fig. 12(a)
shows the total EDOS of a sample with a Si;,3 NP embedded
into a-ZnS. We selected the 1.6 nm Sij,3 NP as it is the larg-
est one that fits in our simulations cell, which still has a rea-
sonably large distance between periodic replica (9A from
NP surface to NP surface). We divided the EDOS into contri-
butions from the NP, sulfur-shell, and matrix spatial regions.
We defined two spheres: one enclosing the Si NP without its
capping sulfur atoms (8 A) and a second one including the

FIG. 10. Ball and stick representation of a Si nanoparticle (Sizs, gray rods)
embedded in an ¢-ZnS matrix (Zng;S;¢p), showing the sulfur atoms (yellow
spheres) capping its surface. The highest occupied orbital (whose square
modulus is shown in blue) is localized on the surface layer and composed of
S lone pairs. Reproduced with permission from Wippermann et al., Phys.
Rev. Lett. 112, 106801 (2014). Copyright 2014 American Physical Society.
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FIG. 11. (a) Densities of states (EDOS) renormalized by the number of elec-
trons in the respective model and (b) electronic gaps of Si NPs embedded
into a-ZnS as a function of the NP diameter, computed using LDA, as
defined by Eq. (1). The electronic gaps of Si NPs embedded in a-SiO, (from
Ref. 47) are shown for comparison. Reprinted with permission from
Wippermann et al., Phys. Rev. Lett. 112, 106801 (2014). Copyright 2014
American Physical Society.

sulfur atoms as well (10 A). We then considered three
regions: (i) the interior of the smallest sphere, (ii) a shell
with a thickness of 2 A between the smallest and the largest
spheres, and (iii) the remaining part of the simulation cell.
Each electronic state 1/; was projected onto atomic orbitals
¢; centered at atomic positions in the above three regions.
The contribution of each electronic state to the EDOS of
each region (Q) Dg(e) was determined as the sum of the pro-
jections of the state (/) onto the atomic orbitals (¢) in that
region, in a narrow energy interval around e

Da(e) = > > [ il [*s(g — o). )

JieQ

The projected densities of states are shown in Fig. 12(a),
where energy intervals of 0.1eV were used. The figure
clearly shows that the states at the bottom of the conduction
band (CB) are predominantly localized inside the nanoparti-
cle. The first conduction states that reach into the matrix are
located well above the conduction band minimum (CBM).
Furthermore, the states at the top of the valence band (VB)
are predominantly localized outside the nanoparticle.

Further evidence of the respective localization of
valence and conduction band edges is shown in Figs. 12(b)
and 12(c), where we report isodensity plots of the square
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FIG. 12. (a) Electronic density of states of the Si nanoparticle and host a-ZnS matrix for a sample of Si;>3Zn;ggS,01, partitioned into contributions from the
nanoparticle, the surface shell (S-shell), and the host matrix (a-ZnS). Isodensity plots of the sum of square moduli of the states at the top of the valence band
(blue) and bottom of the conduction band (red) are shown in (b) and (c), respectively. The sums were performed over an energy interval of 0.5 eV, as indicated
by vertical bars in (a). Reprinted with permission from Wippermann et al., Phys. Rev. Lett. 112, 106801 (2014). Copyright 2014 American Physical Society.

moduli of valence and conduction states, integrated over a
0.5eV energy interval. These figures show that the electronic
conduction states at the CBM are localized inside the NP.
Further, the hole states at the VBM are extended over both
the S-shell and the matrix. This translates into a desired spa-
tial separation between the photo-induced electrons and
holes and indicates that electron and hole transport channels
are complementary, thus drastically reducing the probability
of recombination.

To verify the robustness of our results, we repeated
some of our electronic structure calculations for two sam-
ples: SizsZng;S;oo and Sij23Zn;ggS,01, using the PBEO func-
tional and the bisection technique proposed in Ref. 127; in
the Si3sZng;S1p case, we also carried out calculations using
the GoWy approximation. We obtained a larger gap of 3.3eV
and 2.7e¢V (PBEO) vs. 1.7¢V and 1.2eV (LDA) for the
SizsZng Si00 and Sij23Zn;ggS-,0; samples, respectively; we
also obtained an essentially rigid shift of the EDOS of the
nanocomposites, both for the valence and the conduction
bands. In addition, we found that also at the PBEO level of
theory, the state at the CBM is localized on the nanoparticle
and that the VBM is in the host matrix. Consistent with our
PBEO results, at the GoW level, we found a rigid shift of
both the valence and conduction band EDOS, confirming
that the results obtained within LDA are qualitatively robust.

Having established the character of the band edges in
the nanocomposite, we computed band offsets using the
methodology described, e.g., in Refs. 128 and 129, and we
obtained the spatial dependence of the VBM and CBM
energy values as a function of the radial distance from the
NP center. We defined the radial local density of states as

Dle,r) =2 W, (r)[*(r)é(

where |lﬁ (r)[*(r) denotes the density of the n-th single parti-
cle wave function averaged on a surface of a sphere (cen-
tered at the nanoparticle center) with radius r. This allows
for the determination of the band edge energy values as a
function of r,

€—€n), 3)

Er CBM(r) Er
J D(e,r)de = J D(e,r)de = AJ D(e, r)de.
VBM(r) Er

—00

“)

Figure 13(a) shows the energy values of the VBM and
CBM of the Sijp3 NP embedded in the a-ZnS, as a function
of the radial distance from the NP center. The CBM outside
the NP is clearly higher than its value inside the NP, by about
0.3eV. Moreover, the VBM outside the NP is higher than
inside by about 0.15eV. The same type-II offsets were
obtained with GoWy calculations, see Fig. 13(b). We note
that the transition between the bands is sharp and well
defined for the conduction band, whereas it is more gradual
for the valence band. This gradual increase can be attributed
to the electronic states of the sulfur shell. The states induced
by the sulfur shell are almost energetically degenerate with
the VBM states of the ZnS matrix. Thus, the occupied states
of the Si NP are located slightly below the ZnS valence band
edge. We verified this interpretation in a graphical manner,
plotting the square moduli of the individual wave functions
(not shown). The results of Fig. 13 confirm those of Fig. 12,
showing that a type-II interface is formed between the Si
NPs and the a-ZnS matrix.

In summary, we have given a brief overview of experi-
mentally known phases of Si, as well as those theoretically
predicted and recently discovered. The search for novel Si
allotropes and corresponding synthesis methods is an active
field of research which is expected to yield further “exotic”
Si phases with potentially useful properties, in particular, in
the low density regime of the Si phase diagram. Using a
combination of first principles methods, we proposed strate-
gies to design promising Si-based materials for solar energy
conversion: (i) Si clathrates, such as, e.g., KgAlgSisg, which
can be synthesized by economically viable mixing and bak-
ing approaches. We showed that KgAlgSisg has a quasi-
direct band gap of ~1eV and relatively high mobilities,
exceeding those of @-Si. (ii) Si nanoparticles (NPs) with high
pressure core structures, such as, e.g., BC8, which can be
prepared by wet chemical synthesis and exhibit tunable
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FIG. 13. (a) Band offsets between the valence band maximum (VBM) and
conduction band minimum (CBM) of the Si nanoparticle and host a-ZnS
matrix for a sample of Si;»3Zn;g3S-0;. The NP/ZnS interface is located at 8 A,
while the cell boundary is located at about 10.8 A (b) Equivalent calculation
for Sizs Zng;S100, comparing the band alignment at the LDA and GoW), level
of theory. Reprinted with permission from Wippermann et al., Phys. Rev.
Lett. 112, 106801 (2014). Copyright 2014 American Physical Society.

electronic gaps in a much wider energy range than diamond-
like Si NPs. We predicted that Si BC8 NPs simultaneously
offer efficient multi-exciton generation processes and near
optimal gaps to match the solar spectrum. (iii) Embedded Si
NPs into non-stoichiometric chalcogenide matrices, achiev-
able, for example, by atomic layer deposition or solution
processing; embedding lowers the NP electronic gaps
towards values desirable for solar energy conversion. Using
non-stoichiometric host matrices, it is possible to design
type-II nanoparticle-matrix heterojunctions. We also showed
that in both clathrate and nanocomposites, the excited elec-
tron and hole states are spatially separated, with low proba-
bility of recombination. All materials discussed in this
context are non-toxic and earth-abundant.
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