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Excitons and excitonic fine structures in Si nanowires: Prediction of an electronic
state crossover with diameter changes
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Si nanowires have attracted considerable attention as promising candidates for electronic, thermoelectric,
photonic, and photovoltaic devices, yet there appears to be only limited understanding of the underlying electronic
and excitonic structures on all pertinent energy scales. Using atomistic pseudopotential calculations of single-
particle as well as many-body states, we have identified remarkable properties of Si nanowires in three energy
scales: (i) In the “high-energy” 1-eV scale, we find an unusual electronic state crossover whereby the nature
of the lowest unoccupied molecular orbital (LUMO) state changes its symmetry with wire diameters for [001]-
oriented wires but not for [011]-oriented wires. This change leads to orbitally allowed transitions becoming
orbitally forbidden below a certain critical diameter for [001] wires. (ii) In the “intermediate-energy” 10~!-eV
scale, we describe the
region remain dark. The diameter dependence of the fine-structure splitting of excitonic states scales as 1/D

23

in [001] wires and as 1/D?%® in [011] wires. Surface-polarization effects are found to significantly enhance
electron-hole Coulomb interaction, but have a small effect on the exchange fine-structure splitting. The present
work provides a road map for a variety of electronic and optical effects in Si nanowires that can guide spectroscopic
studies.
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I. INTRODUCTION

Si nanowires have attracted considerable interest as promis-
ing candidate structures for electronic,™? thermoelectric,3*
photonic,>® and photovoltaic devices,” ! reflected by nu-
merous papers on growth,>'* structural characterization,®®
transport,'®17 and optical'>*8-2 properties. Yet, there appears
to be limited understanding of the underlying electronic and
excitonic properties. Such understanding would span three
energy scales: (i) in the high-energy 1-eV scale one needs
to understand the nature of confined energy levels and their
dependence on wire orientation and diameter (single-particle
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where My = 3y, o CY(higj) W, IPlwe; is the dipole tran-
sition matrix, E, is the exciton energy and the broadening
of spectral lines, o is chosen as 50 peV. The exciton decay
lifetime (ty) is calculated according to®

1 4aEyn|M,|?
- = v2 2V ’ (7)
Ty mghc

where n is the refractive index ( 4.0 for photon
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TABLE 1. Direct product of interband dipole matrix elements
h|Pile in Si [001] wires (Dyy symmetry) and [011] wires (C,,
symmetry). P; represents the dipole operator along the wire axis
(Pooy for [001] wires and Py,; for [011] wires) and in-plane direction
(P110 for [001] and Pyqo for [011]). The symmetric A; representation
(dipole-allowed transition) is given in bold. For [001] wires the
LUMO A; is allowed in Pgy; and E is allowed in Pyyo. For [011]
wires A is allowed in Pgy;.

[001]: h|Poos(B2)le h[Puo(E)le
Bz Bz Al = Al Bz E Al =E
Bz Bz B]_ = Bl Bz E B]_ =E
B, B, E =E B, E E =
A A, B B;
[011]: h|Po11(Bi1)le h|P1o0(A1)le

B]_ Bl Al :Al Bl A1 A]_ :Bl

corresponds to the electrostatic potential excluding the surface-
polarization effect, and is the solution of the Poisson equation,

() 2 & (0 =—4ne) " W, (ro)e (r,0). (11)

Equations (10) and (11) are solved in real space by using a
finite-difference discretization of the gradient operator and a
conjugate-gradient minimization algorithm,*243

In the following we first present results for [001] wires
from the above (i), (ii), and (iii) energy scales, and then show
results for [011] wires. We then discuss the effects of dielectric
mismatch on exciton binding and exchange interaction.

A. The eV energy scale: Single-particle states

Bulk Si has six equivalent conduction-band valleys x
(along the -X direction), from which the LUMO of wires is
derived. The confinement plane of [001] wires contains four of
these six x valleys, folded tothe point of the wire Brillouin
zone. For [001] wires belonging to the Dy point group,
symmetry analysis* indicates that these four x-derived
states correspond to the Ay, B1, and E representation, where
both A; and B are nondegenerate and E is doubly degenerate.
The highest occupied molecular orbital (HOMO) always has
nondegenerate B, symmetry for all wire sizes. Figures 1(a)
and 2 show evolution of the LUMO and HOMO state when
the wire diameter is varied. At large diameter D = 7.6 nm, as
guantum confinement and intervalley coupling are negligible,
the splitting between A, B1, and E is tiny, leaving all these
states practically degenerate. With decreasing diameters, the
enhanced intervalley coupling lifts the degeneracy of these
four states. This makes the B, state the lowest-energy one at
diameter D =3.3nmto D 2.5 nm (see Fig. 2). For lower
diameters, the A; state becomes the LUMO [e.g.,, D =2.2nm
in Fig. 1(a)]. In contrast to the LUMO, the HOMO keeps the
B, symmetry for all the diameters. These HOMO and LUMO
states have characteristic wave functions corresponding to their
specific symmetries, as shown in the right part of Fig. 1.

The switching of symmetry of the LUMO state with diam-
eter has a strong effect on the optical properties of these wires.
Table | shows the direct product h|Pj|e for electron-hole
dipole transition matrix elements, in terms of the irreducible
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representations of the D,y group (le =A;; By; E and
|h = By). The dipole operator P; consists of two components:
Poo1
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TABLE IlI. Symmetry analysis of the excitonic states generated from HOMO and LUMO
single-particle orbitals of [001] and [011] Si wires. Single-group representations are converted to
corresponding double-group representations to include the spin degree of freedom for excitons.

HOMO LUMO Excitons (HOMO LUMO)
[001]:
D =7.6nm B,—— E— 6+ o s s=A1 A E
D =3.3nm Br—— & Bi— & 6 s=A1 Ay E
D=22nm B, —— & Al — 7 6 7=B1 By E
[011]:
D =3.3nm Bi— 5 Ar— 5 s s=A1 A, By B
B. Intermediate energy scale: Exitonic states (1) At diameter D = 7.6 nm [Fig. 3(a)], the spin-orbit

Based on the group theory Table Il describes how single-
particle HOMO and LUMO states contribute to produce
excitons. Here we convert single-group representations to
corresponding double-group ones adding the spin degrees of
freedom. It can be seen that three groups of excitonic states
emerge from different symmetry of the LUMO state:
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TABLE Ill. Calculated ground-state exciton energy E(i) and
exciton fine-structure splittings for [001] wires (Fig. 3) and [011]
wires (Fig. 6). E(i) (i =1, 2, 3, and 4) represent the energy of
excitonic transition corresponding to the notation (1, 2, 3, and 4) in
Figs. 3 and 6.

[001]: [011]:
D (nm) 7.6 33 22 33
E(1) (eV) 1.182 1.460 1.764 1.335
E(2)-E(1) (neV) 213 238.9 399.4 34
E(3)-E(2) (neV) 25.1 721.3 2668.6 20.8
E(4)-E(3) (neV) 92.4 1017.6

SO coupling), there is strong configuration mixing between
these two ¢
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band gaps than those with other passivations.“® In the present
work, the wire surfaces are passivated by generic large
band-gap materials, and much larger diameter wires can be
calculated.

We calculate the exciton decay time (t,) for the bright
excitonic states. At D = 3.3 nm, T, of the transition 2
[Fig. 3(b)] is 1963.7 ps, as expected from its low oscil-
lator strength since it is orbitally forbidden (though spin
allowed). At D = 2.2 nm, T, of transition 2 and transition 3
[Fig. 3(c)] are 77.2 and 1.6 ps. The long decay time is
consistent with pseudodirect band-gap character of Si nanos-
tructures and are reasonably within the range of experimentally
measured 1-10% ps.2034

I1l. RESULTS FOR [011] WIRES

In [011] wires having the C,, point-group symmetry, two
of the six equivalent bulk valleys x are projected to the
confinement plane, and thus at large diameters the LUMO
consists of only two degenerate states. In contrast to [001]
wires, both of them belong to the A; representation, and
thus no symmetry change of the LUMO state occurs with
varying diameters. Figure 5 shows the single-particle states
and related optical transitions at D = 3.3 nm, and Table |
gives the symmetry analysis of dipole matrix elements. Despite
having the same symmetry, the two A; electron states show
different wave functions. The HOMO has the B; symmetry,
and thus all interband transitions (B; — A;) have along-wire
polarization, Py;1 (Table 1), as also confirmed by the calculated
optical absorptions in Fig. 5(b).

Figure 6 shows the excitonic structures generated from
the HOMO and LUMO state. The corresponding symmetry
analysis are given in Table Il. The HOMO 5 (from B;)

2)
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FIG. 8. (Color online) The surface-polarization-induced self-
energy, Pl i = e1 (LUMO) and h1 (HOMO)], Coulomb interaction
—Je"l‘”hl (negative value means decreasing exciton energies), and the
sum 2+ P — 3P are shown as a function of o for a [001]
wire of diameter D = 3.3 nm. The direct Coulomb interaction
(excluding surface-polarization effect) JZ", is shown as a solid
(horizontal) line for comparison.

using in = 11.85 (Ref. 40) for the Si wire and o =
1-5 for the surrounding material. The calculations are per-
formed for the [001] wire with diameter D = 3.3 nm.
Figure 7 h
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