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ABSTRACT: Comparison of the measured absolute absorption cross section on a
per Si atom basis of plasma-synthesized Si nanocrystals (NCs) with the absorption of
bulk crystalline Si shows that while near the band edge the NC absorption is weaker
than the bulk, yet above ~2.2 eV the NC absorbs up to S times more than the bulk.
Using atomistic screened pseudopotential calculations we show that this enhance-
ment arises from interface-induced scattering that enhances the quasi-direct, zero-
phonon transitions by mixing direct I'-like wave function character into the indirect
X-like conduction band states, as well as from space confinement that broadens the
distribution of wave functions in k-space. The absorption enhancement factor
increases exponentially with decreasing NC size and is correlated with the
exponentially increasing direct I'-like wave function character mixed into the NC
conduction states. This observation and its theoretical understanding could lead to
engineering of Si and other indirect band gap NC materials for optical and

Absorption Cross Section per Si Atom (cm?)

107

107

1010

1020

102

Mixing of Xand T"

Quantum
102 Bulk Confined |
I I I I
3 4 5 6

Energy (eV)

optoelectronic applications.
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ilicon is ubiquitous in modern technology, being the
dominant semiconductor material for the microelectronics
and photovoltaic industries. However, its poor optical proper-
ties resulting from the indirect nature of its lowest energy
optical transition have always hindered its use in photonic and
optoelectronic applications. In bulk crystalline Si (c-Si) the
conduction band minimum (CBM) occurs at the six equivalent
A-valleys, located in the Brillouin zone along the [100]
directions about 85% from the I'-point out toward the X-point
zone boundary, whereas the valence band maximum (VBM)
occurs at the I'-point. Thus, the fundamental band gap
transition is momentum forbidden (indirect) so the zero-
phonon transitions are dipole forbidden. A key challenge in
silicon-based photonics is to control the intrinsic material
properties to yield stronger optical transitions at the bandgap.'
Indeed, the observation of bright photoluminescence (PL) first
from highly porous Si’~* and then from Si nanocrystals (NCs)”
launched an explosion of research aimed at understanding how
the emission and absorption can be enhanced to the benefit of
silicon-based photonics.”™"
In the current paper we focus on a concerted theoretical and
experimental effort to understand and articulate the design
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principles that enhance interband transitions in Si NCs. We first
clarify the (often confusing) roles of momenta (“band folding”)
versus the role of state mixing in the creation of strong
absorption in NCs relative to the bulk solid, identifying the
factors that need to be controlled to achieve such a change in
absorption. We next measured the absolute absorption cross
section on a per Si atom basis of plasma-synthesized and ligand-
passivated Si NCs, comparing the results with the absorption of
bulk c¢-Si, scaled with the local field factor correction for small
particles. While the absorption of Si NCs has been measured
previously,"'~** ours is the first study to precisely determine
the absorption on a per Si atom basis and compare with bulk c-
Si. We demonstrate that above an energy of ~2.2 eV the NC
absorbs up to S times stronger than the bulk.

Underlying Physics of Zero Phonon Absorption
Strength in NCs Made of Indirect Band Gap Solids.
The literature on absorption in Si nanostructures' "' >''° lists
many possible factors controlling the conversion of momen-

Received: October 19, 2015
Revised:  January 27, 2016
Published: February 22, 2016

DOI: 10.1021/acs.nanolett.5b04256
Nano Lett. 2016, 16, 15831589


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.5b04256

Nano Letters

tum-forbidden to momentum allowed transitions as quasi-
direct states, quantum confinement,'” surface imperfections,
and strain,"® to name a few. We thus start by discussing the
broader context of the underlying science that may lead to finite
zero phonon transition intensity in NCs made of indirect gap
solids.

As is well-known, each electronic state in translationally
periodic crystalline solids can be classified by a single band
{p(x) = un’k(r)eik‘r}, belonging to a distinct wavevector k and
band index n. Not surprisingly, the interband transitions
between the valence and conduction bands are nonzero only if
the wavevectors of the initial and final states are equal
(momentum allowed direct transitions) in which case the
intensity of the transition depends on the remaining factor,
being the orbital character of the initial and final state with
momentum (p) transition probability
= <u, 1 (0)Ié-plu, 1 (r)>, reflecting the possibility of

ny,n.
orbitally allowed vs orbitally forbidden transitions, associated
with the point group selection rules. In contrast with such a
relatively simple situation characterizing translationally periodic
crystals, when translational periodicity is partially or fully
removed as is the case in nanostructures'” or random bulk
alloys,”” then quantum mixing between the bulk Bloch states is
allowed, and each nanostructure electronic state y;x(r) is a
superposition of the bulk Bloch functions of the underlying

perfect crystals
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belonging to a range of wavevectors k and band indices n. Note
that K is a wavevector in the mini Brillouin zone of the
superstructure, which is finite only for superstructures
remaining partially translational periodic, such as 2D quantum
wells and 1D nanowires, otherwise K = 0 and the symbol is
then omitted—for example in 0D NCs. In this case the
interband transition probability includes contributions from
different wavevectors k and different band components n of the
underlying crystals:
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Here, B, . = <u, ,(r)lé-plu, . (r)> is the dipole matrix of

bulk Si Bloch functions. It is well-established that the bulk Si
crystal with its underlying tetrahedral point group symmetry
has a momentum indirect bandgap transition (VBM at I"-point
and CBM at A-point), which is forbidden because the one and
only nonzero expansion coefficient of the VBM is at I'-point
but of the CBM is at A-point. Together with the momentum
conservation rule &y, this leads to B, = 0. To obtain finite
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transition intensity one could either focus on restoring
momentum conservation by coupling the right phonon to
break the condition of &, in eq 2 (a second order phonon

assisted process which is generally weak and temperature-
dependent'®), or design sufficient deviations from translational
symmetries that will cause the spread of the wave functions in
k-space (multiple nonzero expansion coefficients) leading to
finite zero-phonon transitions.” Here we are interested in the
second avenue of designing an intense zero-phonon transition.

Accomplishing an intense zero-phonon transition from
indirect band gap building blocks requires two different
perturbations: first, placing both the nanostructure CBM and
VBM at some K-point, say K = 0, in the mini Brillouin zone;
and second, placing sufficient I'-component of the bulk Bloch
functions possessed by the VBM in the final state (CBM)
leading to the overlap in bulk Brillouin zone. The first step is
essentially geometrical and can be achieved rather trivially by
“band folding”, leading to quasi-direct transitions. That this step
is trivial and insufficient can be immediately recognized' by the
gedanken experiment indicating that the creation of an artificial 2
X 2 X 2 unit cell of crystalline bulk Si would naturally fold the
X-point of the bulk primary cell's FCC Brillouin zone onto the
[-point of the super cell mini Brillouin zone, leading formally
to a direct system (VBM and CBM at same wavevector K).
However, the zero-phonon transition probability of eq 2 would
remain exactly zero since quantum mixing between bulk Bloch
functions is forbidden and the condition &, ; is not broken, as

the physical system of bulk crystalline Si has not been changed
by the artificial construct of creating a larger unit cell of the
same bulk Si crystal. Although the fact that such pseudo direct
folded-in states have zero contribution to absorption in the
absence of additional effects has been noted,'® there has been
considerable ongoing confusion in the literature.”**

To achieve real transition intensity one needs to follow up
the first step by the second step of creation of sufficient I'-
components of bulk Bloch functions possessed by the VBM in
the X-like final state CBM. This might be done via a variety of
chemical and structural perturbations that lead to orbital
coupling relative to those of bulk Si. In terms of the formality of
eq 2 this would be indicated by the creation of an overlap of
nonzero coefficients c;,(k) between the CBM and VBM for Si
NCs. Such perturbatlons may include quantum conﬁnement
(kinetic energy enhancement via reduction in volume),'®
creation of interfaces or surfaces,' chemical passivation by
ligands,23 alloying, and strain,”> deviations from the ideal
tetrahedral Ty site symmetry, leading to interband and
intervalley mixing."””**> We will refer to all such perturbations
as “knobs” that lead to “Bloch function coupling” (BFC), making
the wave function of eq 1 have a number of nonvanishing
expanding coefficients (as opposed to only one nonzero
coefficient), thus opening the door for the creation of
sufficiently strong oscillator strength in eq 2. A recent example
of the design of effective BFC in Si/Ge nanostructures is given
by the identification of a “magic sequence” of Si and Ge
monolayers in 2D superlattices, e.g., a-sequence
SiGe,Si,Ge,SiGe;,' and 1D core—multishell Si—Ge nano-
wires”" where controlled reduction in orbital symmetry led to
rather strong predicted absorption intensity. Here we enquire
about the potential of such effects in 0D NCs. In numerous
previous attempts to induce strong interband transitions in Si
NCs, various chemical or structural perturbations were applied
relative to bulk Si, and the ensuing absorption was
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2-10,12,13,23,26 . .
measured.” 777" However, a direct link was rarely

established between these structural and chemical knobs and
the degree of BFC created. Here we offer a simple
computational tool that establishes such a link and in principle
offers the design of effective BFC-inducing knobs.
Theoretical Methodology Used To Establish the
Direct Transition. The idea is to compute in the first step
rather precisely the electronic structure of the NC, treating it as
a large molecule (rather than drawing its properties from a
reference effective mass description). We do so by explicitly
incorporating in the relevant Schrodinger equation

(—Zh—VZ + V(r))llli(l‘) = e(r)
” ®

with the crystal potential of the NC plus its matrix, both
described as a superposition of atomic screened potentials v, of
atom type « at each atomic site R,, within the lattice site n:
V(r) = Z40,(r — R,,).”” This superposition construct
naturally includes (with atomic resolution) the positions of
all atoms in the NC as well as the explicit surface ligands of
interfaces. These define the various engineering knobs that may
control the BFC, including volume quantum confinement,
deviations from ideal T; symmetry, surface, and interface
effects, etc. This Schrddinger equation is solved numerically (in
a plane wave basis set) providing the wave functions used in eq
2 to describe the interband transition intensity. In the second
step, and for the purpose of analysis only, we expand the
numerically precise NC wave functions by a set of Bloch states
of underlying perfect Si crystal, as in eq 1. This gives us the
spectral function telling if the specific engineering degrees of
freedom used create sufficient I' character to produce strong
absorption. It is straightforward from eq 1 that if we sum over
the bands n at a given first Brillouin zone wavevector k, we
obtain thze0 “majority representation” decomposition of the QD
state i as

p(k) = Z I<l,1/i(r)Iun’keik">|2
n (4)

This quantity describes the amplitude of the bulk Bloch
functions at any wavevector as it mixes into the quantum state
(VBM, CBM, etc.) i and will be shown below in Figure 4. It
thus supplies a direct link between structural or chemical
engineering knobs (specified in the NC potential V(r)) and the
ensuing state mixing accomplished. An auxiliary quantity useful
for analysis is the weight functions @}, @}, and @}, which are
defined by summing p;(k) over the k points contained in a
spherical region around I', L, and X, respectively, as'?

o =3 5

ke€Qrx ) (%)
the spheres Qr, Qy, and Q; in the fcc Brillouin zone have the
same radius. Figure Sa shows the I-component (@!) of each
individual QD conduction band states.

Finally, we compute quantitatively the absorption of the NC
and thereby numerically substantiate the insights derived from
the analytical tool of I' character. The no-phonon optical
absorption spectrum a(%®) in single-particle basis is calculated,
given the dipole transition matrix B,, = <vlé-plc>, according to
the Fermi golden rule:
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Here E,, = €, — €, is the transition energy from hole state v
to electron state ¢, m is the free-electron mass, and e is the free-
electron charge, and A represents the spectral line broadening.
It gives the absorption in single-particle limit (e.g,, no Coulomb
and exchange interactions and no electron—electron correla-
tion). In our previous work” we used the configuration
interaction method to treat the many-body electron—hole
interactions for the PL spectrum of Si NCs, finding that it red-
shifts the optical transitions by less than 0.1 eV and the
excitonic fine structure by less than 1 meV. Therefore, we
neglect the electron—hole Coulomb interaction in our current
work, as we are interested in a large energy window (~3 eV).

Overall, our three-step protocol provides both intuitive as
well as quantitative prediction of the origin of absorption in Si
NCs.

Experimental Determination of Si NC Optical Proper-
ties. Synthesis. We synthesized four samples of Si NCs with
controlled sizes by silane decomposition in a radiofrequency-
enhanced nonthermal plasma.”® NCs are created in the plasma
through electron impact dissociation of SiH, and subsequent
clustering of the fragments. The NC surfaces are functionalized
with dodecyl ligands via thermally induced reaction with 1-
dodecene™ rendering the NCs soluble in nonpolar solvents.
Experimental details—including NC synthesis, ligand-capping,
and measurement techniques—can be found in the Supporting
Information, A: Synthesis.

Structural and Optical Characterization. Transmission
electron microscopy (TEM) images of the dodecyl-capped Si
NCs are shown in Figure 1. The ligands can be clearly seen on
the edges of the NCs. Also, the visible lattice fringes are
consistent with the diamond crystal structure of Si. The
observed PL intensity of all samples is qualitatively strong;

MW

Figure 1. TEM images of plasma-synthesized Si NCs, with diameters
of 3.2, 3.8, 6.3, and 7.8 nm (clockwise from top left). Scale bar is 2 nm,
applies to all images. Lattice fringes are clearly visible in the NCs
demonstrating that the NCs consist primarily of crystalline cores.
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strong PL is associated with the crystalline phase, as opposed to
amorphous nanoparticles that only emit weakly.”’ X-ray
diffraction shown in the supplementary sections (Figure Sla)
and Raman spectra (Figure S1b) measurements of the three
larger diameter samples show clear evidence of crystalline Si.
Though all samples contain crystalline cores, the smallest Si
NCs feature more amorphous character at the NC surface than
larger NCs—which exhibit an ordered, crystalline surface—
based on decreasing PLQY values with decreasing NC size and
FTIR analysis of the surface hydride region from our earlier
study.””

Optical measurements including PL emission and absorption
are performed on solutions of Si NCs in tetrachloroethylene
(TCE) or hexane. To accurately determine the mass of Si NCs
per volume of solvent, we use inductively coupled plasma
optical emission spectroscopy (ICP-OES) to find the wt % of Si
and C/H (hydrocarbon) in each sample; this allows us to
subtract out the weight of the surrounding hydrocarbon ligand
shells and accurately quantify the Si atom concentration for
absorption measurements. For optical absorption experiments,
samples are prepared at the highest concentration suitable for
determining absorption close to the bandedge, where it is weak.
Then, the solutions are successively diluted to measure the
absorption at higher energies; we additionally prepare dilute
solutions in hexane for energies >4 eV where TCE is not
transparent. The measured transmission is scaled by the
transmission of a control sample containing only the solvent,
to account for reflection and other losses.

The PL emission and absorption near the band edge are
plotted in Figure 2 (the data are vertically offset for clarity).
The PL peak energies for the four samples are 1.59, 1.48, 1.29,
and 1.24 eV. The absorption near the onset is plotted on a

(ohv)*hv)®®
(pazijewoN) Ausuaiu| 1d

1.2 1.6 2.0 24

Photon Energy (eV)

Figure 2. PL (peaks) and absorption (curves) near the band edge of
plasma-synthesized Si NCs, with diameters of 3.2 (0.6), 3.8 (1), 6.3
(1), and 7.8 (2) nm. Data are vertically offset for clarity. Dashed curves
associated with the NCs highlight the (hv — E;)"* dependence of the
band edge absorption. The one-standard deviation in the size
distribution is noted in parentheses and corresponds to ~20% size
distributions.
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Tauc scale (0-hv)*® typically used to determine E, and the
nature of the optical transitions for disordered semiconductor
thin films.>’ However, the data do not follow the linear
dependence observed for bulk Si (Figure 2, black line) and
expected for an indirect semiconductor, but rather exhibits a
(hv — Ey)'® dependence (Figure 2, dashed curves). This
dependence and the increasing slope of the absorption with
decreasing NC diameter is consistent with a transition from
indirect to quasi-direct transitions. But it is not conclusive since
the convolution from the NC size distribution'® or subgap
states'® could also be responsible for the observed near band-
edge behavior. Instead of this ensemble-average measurement,
single-dot spectroscopy will be needed to fully resolve the issue.

We estimate the size of the NCs, in order to label the
different samples and for ease of comparison with theoretical
calculations. However, it is difficult to use direct measurements
such as TEM or light-scattering to find the diameter and size
distribution of ligand-capped NCs.***? Therefore, we choose to
infer the NC diameter from the quantum-confined band gap
E?C. For EgNC we use the PL peak energy, neglecting any
potential Stokes shift. Then, from the atomistic pseudopotential
calculation results of excitonic band gap as a function of NC
diameter d for Si NCs embedded in oxide matrix:*’ E =11+
2.5/d"* and experimentally measured PL peak energy, we
estimate d and size distribution of each of the samples and find
d=3.2(0.6),3.8(1),6.3 (1), and 7.8 (2) nm, respectively. The
value in parentheses represents the polydispersity of the
samples (1o deviation in the diameter). The PL fwhm (used
to estimate the polydispersity) ranges from 0.16 to 0.3 eV,
which is comparable to previously published results from
plasma-synthesized NCs*** and also from size-selected Si NCs
embedded in SiO, deposited by the superlattice approach.™

Processing the Absorption Data to Extract Absolute Per
Atom Absorption. We determine experimentally the optical
absorption strength of Si NCs. To facilitate direct comparison
between NCs having different sizes and also with bulk Si, we
quantify the absorption cross-section 05C, on a per Si atom
basis. Using a per Si atom basis instead of a per NC one leads
to a more accurate portrayal, due to the well-known difficulty of
precisely determining NC sizes and also their size distribution.
Moreover, it facilitates the important comparison with bulk Si,
which allows us to distinguish the effects of quantum
confinement. However, the absorption cross-section oy of
bulk Si must be scaled according to a local field factor correction.
The local field factor correction accounts for the classical effect
of reduced effective absorption, when a small particle
(compared with the wavelength of light) is located within a
lower refractive index dielectric.”>*® This corresponds to our
actual experimental situation, where the Si NCs are dilutely
dispersed in TCE (refractive index n = 1.47) solution for the
measurements. With the scaling, we can take into account this
classical effect, and focus on the absorption differences with
bulk Si that arise from quantum confinement.

We outline a derivation of the frequency-dependent local
field factor correction, following ref 3S5. Consider a small
dielectric sphere, embedded in a medium with different
dielectric function &,(@). At any given moment in time, the
particle sees a constant electric field, and is polarized. Also for
gy(w) < &(w), the electric field inside the sphere is reduced:

3e (e — €
b 3ele = &)

€+ 2¢, 0

™)
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3eg,
E=—2_F
€+ 2¢, (8)
Thus, the absorption of the sphere is also reduced:
2

dE_ n 3¢
O_SIi\TC = —<D- ">~ bulk( 0 ) O_S};ulk

dt o \ Epur + 28 (9)

Note that the derived absorption is proportional to the
volume of the nanoparticle; thus when normalized to a per Si
atom basis, the same correction factor applies for all particle
radii.

Moreover, the per Si atom normalization is more accurate
than normalizing to average NC size, since there is variability in
the NC diameter within each sample, in addition to the
inherent uncertainty in the size determination. The per Si atom
normalized optical absorption of NCs compared with (local
bulk field factor corrected) bulk c-Si is shown in Figure 3.

10—17
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Energy (eV)

Figure 3. Comparison of c§- on a per Si atom basis of plasma-
synthesized Si NCs with the absorption of bulk c-Si scaled to account
for the local field factor correction in small particles. The peak near 1
eV in the NC data arises from a solvent mode. The NC data also show
a clear sub-bandgap absorption.

Comparison of NC and Bulk Absorption. We find two
regimes in the optical absorption of Si NCs (Figure 3). In the
low-energy region, we find that oy  is reduced for energies
starting at the bulk band gap of Si (1.1 eV) to ~2.2 eV (Figure
3). Here, there is a clear trend of smaller NCs having blue-
shifted absorption onset and thus lower absorption intensity
than bulk Si, as expected from quantum confinement of their
bandgap energies. At >2.2 eV, there is enhanced absorption up
to at least the direct band gap of bulk Si (I'-T" point at 3.4 eV,
Figure 3); in this region, o5  is above that of (local field factor
corrected) bulk c-Si. Moreover, the magnitude of the
absorption enhancement in this region increases with
decreasing NC size. This is a noteworthy experimental result,
one which we have focused our attention on explaining.

These results are repeatable when care is taken to quantify
the absolute strength of the optical absorption. We have
additionally measured 6§ of $ nm diameter Si NCs embedded
in SiO, and prepared according to ref 34. Nearly identical
results were seen (see Supplementary Info, Figure S2). The
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distinct surface chemistries of NCs embedded in an oxide
matrix versus hydrocarbon-capped species would lead to
drastically different optical properties if they were associated
with surface states from interfaces or ligands. This observation
points to quantum confinement as the cause of the enhanced
absorption. Further experimental support comes from the
quantitative absorption cross sections found by ref 13 for
plasma-synthesized Si NCs from 5.1 to 10 nm, which also
hinted at an enhancement above the classical prediction. The
observed absorption enhancement is consistent with a
conservation of total oscillator strength where quantum
confinement shifts the oscillator strength from lower energy
transitions to higher energy transitions. In the following
theoretical analysis, we endeavor to understand and explain
the origin of this effect.

Discussion of the Origins of Enhanced Zero Phonon
Absorption. Figure 4 shows the k-space distribution eq 4 of
the CBM (upper row, electrons) and the VBM (lower row,
holes) for two Si NCs (sizes D = 8 nm in Figure 4a and 1.4 nm
in Figure 4b). In the Si NCs as shown in Figures 4a and 4b, the

/g
€

124 eV
T,,, =32x 1072

€0=2.61 eV

ﬁp,:mw 4

e0=121eV

ﬁ/‘ =6.7 x 10712

e0

h0=-0.09 eV

h0=-1.12eV

h0=0.47 eV

| NC(D=80nm) | | NC(D=140m) | | SL (a-sequence) |
Figure 4. Degree of mixing (eq 4) of bulk Bloch functions at various
wavevectors in the FCC Brillouin zone within the NC wave functions
of the CBM and VBM: (a) Si NC with size D = 8 nm; (b) NC with
size D = 14 nm; (c) a-sequence (SiGe,Si,Ge,SiGe;,) Si/Ge
superlattice (SL). The energies of CBM and VBM relative to the
bulk Si VBM are given beneath the corresponding wave function plots,
and the dipole matrix element  is also given.

VBM wavevector character is centered around the I'-point and
exponentially decays away from there, while the CBM
wavevector character is most centered at the A-point and
exponentially decays away from there. The corresponding
eigenvalues relative to bulk Si VBM are given beneath the plots
of wave function. We see that as the NC size is reduced (so the
confinement energy increases) the extent of spread in k-space
of both CBM and VBM increase. In addition to the 0D Si NCs,
we also show in Figure 4c the k-space distribution of CBM and
VBM for a Si/Ge 2D superlattice (SL) that was recently inverse
designed to have strong optical emission.' In comparison to the
two Si NCs, the SL possesses a striking feature that the CBM
has a local maximum at the I'-point in addition to its global
maxima at the A-point and spreads in k-space along the [001]
direction (ie., the SL growth direction).

Figure 5 shows the ['-component @! of each calculated NC
conduction band electronic state for NCs of 3 and 4 nm, by
projecting onto the bulk Si Bloch functions (eq 5). The energy
scale is measured from the top of the valence band of bulk Si.
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Figure S. (a) Fraction of I'-component of bulk Bloch functions in each
conduction band electronic state, for Si NCs with diameters 3 and 4
nm. Each individual red “+” corresponds to a single electronic state.
The energy scale is measured from the top of the NC valence band.
For D = 4 nm, the electron states are calculated up to ~3.5 eV. (b)
Calculated zero-phonon absorption spectrum for Si NCs with
diameters of 3 and 4 nm. The absorption calculation excludes all
phonon-assisted processes, showing only quasi-direct transitions.

Significantly, even for larger NCs (e.g, 4 nm size) we see
appreciable I'-component in the conduction band states.
Specifically, the presence of I'-component exists in numerous
states below 3.4 eV (I'—I transition in bulk Si). Thus, there is
increased likelihood of quasi-direct optical transitions. This
quasi-direct character can be seen in the calculated zero-
phonon optical absorption (Figure Sb) of 3 and 4 nm diameter
NCs; this calculation excludes all phonon-assisted processes,
showing only quasi-direct transitions. It is clear from these
calculations that zero-phonon transitions are allowed at much
lower energies for quantum-confined NCs than in bulk Si.
The momentum conservation law of optical transition, which
forces the band gap transition of bulk Si to be strictly forbidden,
is partially relaxed in Si NCs leading to the enhancement of
optical transition in Si NCs. This relaxation was attributed
earlier to the Heisenberg uncertainty principle Ar-Ak > 1/2,
where r is the NC radius and k is the wavevector of QD
electrons or holes.”” This is a result of space reduction in a NC
leading to a spread in momentum, a spread that induces the
possibility of the overlap of electron and hole wave function in
k-space and thus allows the optical transitions (eq 2). This
mechanism alone would predict that the k-space wave function
of the CBM (VBM) in Si NCs should be mostly centered at the
A-point ([-point) and exponentially decay away from there.
The extent of the spread is inversely proportional to the NC
size. Along with the k-space spread of wave functions, the space
confinement also increases the energy of quantized states as the
NC size is reduced (to the power of 1-2).*> Thus, the
quantum confinement should result in a power law scale of
light emission and confinement energy on NC size. These
features of space quantum confinement effects are in excellent
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agreement with that of our atomistic pseudopotential calculated
results for Si NCs, as shown in Figure Sa and b.

This agreement demonstrates that the space confinement
dominates the relaxation of momentum conservation for Si
NCs. However, the space confinement effect is not the only
cause of the spread of the wave function. We propose a
mechanism, where the spread of electron and hole wave
functions arises from scattering at the interface causing I'=X
intervalley coupling, giving an admixture of I'-character to X-
valley dominated conduction band states, and enabling an
increase in quasi-direct transitions. This line of reasoning is
bolstered by the results of our recent work' to reveal specific
Si/Ge superlattices (e.g,, a-sequence SiGe,Si,Ge,SiGe,, super-
lattice) that have optically allowed, direct gap transitions
resulting from an enhanced I'=X coupling. There we found
that the oscillator strength of band-edge transitions can be
changed by orders of magnitude, even while the band gap E,
was nearly constant, just by varying the Si and Ge layer
sequences. The enhanced zero-phonon transition comes from
increased T'—X coupling at the conduction band edge' as
shown in Figure 4c where the CBM has a local maximum at the
Brillouin zone center I'-point with the global maximum at A-
points. Therefore, the relaxation of momentum conservation
rule observed in the specific Si/Ge superlattices is due to a new
mechanism, which we propose be called interface scattering,
and is distinct from the Heisenberg uncertainty principle.

This surface scattering mechanism is evidenced in the NC
excited electron states. Figure Sa shows that some of the NC
electron states located below 3.5 eV in energy have too large I'-
component of bulk Bloch functions to be explained by the
Heisenberg uncertainty principle alone. This is since they are
derived from the X-valley and their I"-component is expected to
be small when reckoning from the uncertainty principle.
However, the surface scattering mechanism leads to I'-X
mixing with magnitude inversely proportional to the energy
separation between X-like and I'-like NC states. For X-like
electron states with energies approaching the I'-like states, their
I'-component might increase significantly. This explains why we
can find electron states possessing around 50% I'-component
but lower lying (in energy) than the bulk I-valley. Bearing in
mind this new mechanism, we could engineer the NC surface
to significantly enhance the optical transition intensity.

We conclude that the relaxation of the momentum
conservation rule in Si NCs are joint effects of both the
Heisenberg uncertainty principle and interface scattering-
induced I'=X coupling. The mechanism of surface scattering-
induced I'-X coupling may provide a novel route to engineer
NC surfaces (e.g., varying roughness, shape, or alloying)** to
further enhance the radiative rate of Si NCs. For example, a Si
NC core with a Si/Ge multiple shell may result in an
engineered band structure that further enhances the strength of
optical transition. Additional investigation may permit the
design and engineering of quantum-confined materials with
strongly enhanced absorption and emission properties by
leveraging this new interface scattering mechanism.

Conclusions. In summary, we have investigated the
relaxation of k-conservation that allows quasi-direct optical
transitions for Si NCs. We find that this relaxation occurs since
the NCs are not translationally invariant, due to their small
finite size and the presence of the interfaces/surfaces. Thus, the
energy states of the NCs will look like a spectral mixing of the
(bulk) crystalline Si Brillouin zone. Quantitatively, our
atomistic screened pseudopotential calculations indicate many
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conduction band states of the NC core have a mix of X- and I'-
character. This appreciable I'-component permits zero-phonon,
quasi-direct optical transitions in the Si NCs, at energies
between the quantum-confined band gap in NCs and the bulk
c-Si direct band gap at 3.4 eV. This helps explain the
experimentally observed enhanced absorption between ~2.2
and 3.4 eV for quantum-confined Si NC samples.
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