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A unified model of phonon-assisted and zero-phonon radiative transitions in nanoscale silicon struc-
tures is presented. For characteristic size above 15-20 A, phonon-assisted transitions dominate, while
zero-phonon transitions, allowed due to the finite-size effect, are more important for smaller length
scales. Light emission from porous silicon is analyzed on the basis of these results showing that phonon-
assisted transitions should dominate the emission in the observed red band.

PACS numbers: 73.20.Dx, 78.40.Fy, 78.55.Hx

Recent reports [1] of bright luminescence from porous
Si samples have stimulated considerable experimental
effort to understand and optimize the conditions for this
novel light emission from Si [2]. Normally, band edge
luminescence in bulk Si is very weak due to the indirect
band gap. The substantial blueshift of the luminescence
band in porous Si relative to bulk Si as well as the fre-
quently observed nanometer scale sample morphology [3]
have prompted discussion of this phenomenon in terms of
quantum confined states in reduced dimensionality struc-
tures, e.g., small “boxes” or “wires.” In parallel with this
development, synthetic techniques have been applied to
produce samples consisting of passivated Si crystallites
with diameters in the 20-60 A range which show very
similar optical properties [4]. The crystallite model
remains controversial and an adequate theoretical frame-
work for analyzing the optical properties of nanoscale Si
structures has been lacking. In this paper, radiative tran-
sitions in Si crystallites are analyzed in general terms us-
ing an effective mass approach, incorporating both the
finite-size effects as well as the coupling to the phonons.
Using this new model, the predictions of the crystallite
model are compared to data for porous Si.

The samples are assumed to consist of an ensemble of
crystallites with passivated surfaces. States in the body of
the crystallite are confined by the finite size and the
lowest transitions are blueshifted. The electron and hole
wave functions are spread in k space, breaking the usual
crystal momentum selection rules so that it is no longer
meaningful to debate whether the gap is “direct” or “in-
direct.” In the bulk, absorption of a photon proceeds by
second order processes involving an electron- or hole-
phonon scattering event [Fig. 1(a)]l. Each phonon mode
gives a distinct channel for absorption or emission of light
with the transverse optic (TO) modes dominant and
smaller contributions from the longitudinal optic (LO)
and transverse acoustic (TA) modes [5]. In a crystallite,
the extent to which the crystal momentum conservation is
broken depends on size, represented by the spread of the
electron and hole wave functions in reciprocal space [Fig.
1(b)1. Zero-phonon transitions become allowed because
of the small weight for each vertical transition according
to the overlap of the wave functions. Physically, the
needed momentum derives from scattering from the crys-
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tallite surface. The resulting amplitude for zero-phonon
transitions is strongly size dependent. Finite size also
modifies the phonon-assisted transitions: Part of the
momentum comes from the surface scattering, and part
from the phonon. A range of phonons contribute. This
carries a weaker, but important, size dependence. In this
work, the phonon-assisted transitions are found to dom-
inate for size scales greater than about 15-20 A. This
corresponds to the red emission band observed commonly
in porous Si samples. The present model is consistent
with the observed absorption and emission of light by
porous Si including the fine structure in emission related
to the phonons [6,7].

The qualitative picture from Fig. 1 can be analyzed
more quantitatively using an envelope function approach.
The electron state in the crystallite is expanded in crystal
basis states which include the effect of electron-phonon
coupling,

00 = [ dky, (k—ko)pix (D) . )

where the Fourier transform of the envelope function v,
is developed around the band edge position kg. The crys-
tal basis function ¢.x is given by the usual Bloch function
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FIG. 1. (a) The Si band structure near the gap region along
the (100) direction. The processes for phonon-assisted optical

transitions are illustrated. (b) The k, dependence of the en-
velope function for an electron and a hole confined to L, =25 A.
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plus those coupled in through the electron-phonon interaction,

(ck—q|H} pnlck) (1 +mg) 2
Eqx—Ex—q— hwg

Py =¢d+; fek—q + (phonon absorption) . )
q

The phonon degrees of freedom are described by polarization A, wave vector q, occupation number mgq, and energy

hw,q. The influence of confinement on the phonon modes is not explicitly considered, but would not alter the main con-

clusions. Using a similar form for the hole wave function, it is straightforward to calculate the matrix element

(h|é-ple) for interaction with the light field. The result for the imaginary part of the dielectric function of an array of

N, crystallites per unit volume is

2,2
@) =32 N, [Zhlpe(;,”lzé(Eg+Ee+E;,—hw)+ Y |p#ah | g8 (Eg+ Ec+ Ey — hang— ho)
w°mg el eh,Aq

+ :.Z P22+ mg)8(Eg+E.+Ep+hang— ho) |, (3)
eh,Aq

where the quantized electron and hole energies E. ; enter —
together with the bulk band gap E;. The terms cor- ' ther case, the effective coupling strength varies inversely
respond to the zero-phonon, phonon-absorption, and  with the volume [8], as seen from Egs. (4b) and (5).

phonon-emission-assisted transitions, respectively. The To illustrate these ideas, a model calculation is used to
detailed expressions for the matrix elements reduce to the  give the trends and magnitudes. Details of the calcula-
usual form [5] in the bulk limit with p3>— 0. tions appear elsewhere [9,10], but the main points follow.

The dipole matrix elements p.. =(vk|é: plck) are as-  Silicon crystallites with (100) symmetry planes at the
sumed to be independent of k. The electron-phonon ma-  surface are considered. Then the envelope functions have
trix elements and the energy denominators are assumed  a simple product form. The quantum numbers describing
to be independent of both k and q. The severity of this  the electron and hole states are three integers (ny,ny,n;),

approximation depends on the spread in momentum in-  plus a valley index for the conduction bands. Finite bar-
duced by the finite size and will tend to break down as the  riers of 3 eV and unit band mass are employed, modeling
length scale drops below a few unit cells. Then an oxide surface coating. A degenerate, spherical valence

band (my =0.54mg) and ellipsoidal conduction band val-

P = paMen ko) , (4a) leys (m, =0.19m¢o, m; =0.92my) are assumed. Nonpara-
PR = PR = pee RuMen (@ — ko) /N2 (4b)  bolicity is included by a multiplicative enhancement of

the mass: 1+aFE. The calculated blueshift of the crystal-
M., (q)=fdr vi(@)y,(r)e 9T, (4¢) lite band gap scales with length approximately as 1/L*®

with a in the range 1.2-1.8, similar to the results of re-

The number of atoms per crystallite NV, enters explicitly  cent tight binding calculations [11(b)]. However, the
and the electron- and hole-phonon matrix elements are  present value of the blueshift is about 20% smaller. The
combined with the energy denominator into the net ratio  gejection rules for zero-phonon transitions implied by Eq.
R, for each phonon branch. The important dependence (4a) require, e.g., for the valley along kx.n,.=n,; and
on crystallite geometry is carried by the Fourier trans- n;e=n;n, but with ny.=n,, generally allowed. All
formed overlap factor Mc4(q). Since the important q are ph‘onon-‘assisted transitions are allowed in Eq. (5). The
from a restricted region, the phonon frequencies can be bulk value | pa~|2/2m0=4 eV is used. The effective
taken to be approximately constant and the sum on q in  ¢jectron-phonon coupling parameter is fit to the experi-
Eq. (3) can be done explicitly: mental absorption data in bulk Si [10], maintaining the
relative oscillator strength of the TO, LO, and TA assist-

Y M (@)= Q 3 fdrlu/e(r)|2|w;, )2, (5)  ed transitions from the bulk [S]. Finally, for nanoscale

4 @m) crystallites, excitonic correlations only weakly influence
with Q the crystallite volume. Equations (3)-(5) give a  oscillator strengths [8], but shift the energy scale. The
unified model for the optical absorption in nanoscale Si  electron-hole interaction energy is estimated (first order)

structures within the envelope function approximation. to be E., = — 3e /gl for a cube and is used to adjust the
The case of Si is to be contrasted with that of semicon-  energy scale.
ductors with direct band gaps. For example, in a GaAs The calculated £" is shown in Fig. 2 for an ensemble of

quantum dot, the electron-phonon coupling leads to a  crystallites of average size near 20 A, including fluctua-
classic Huang-Rhys ladder of phonon sidebands to the tions in shape and size of 1-2 A. The inset shows the

strongly dipole allowed excitons [8]. In Si, the electron- first set of allowed transitions for a single, asymmetric
phonon coupling must be considered at the outset to crystallite. The x, y, and z oriented conduction valleys
determine the dipole allowed radiative channels. In ei- are not equivalent, and split into the triplets seen. The
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FIG. 2. Imaginary part of the dielectric constant (log scale)
calculated for ensembles of Si crystallites. The zero-phonon
contribution is shown separately (dashed line) from the total
(solid line) for average size near 20 A. Gaussian broadening of
0.015 eV, FWHM, is included. Inset: near threshold transi-

tions for a 19 Ax20 Ax21 A crystallite labeled by phonon
channel.

lowest transition has zero-phonon character but the oscil-
lator strength is not equal among the valleys. This is due
to the sensitive dependence of M., (ko) on the size of the
crystallite parallel to ko [9]. The TO modes dominate
among the phonon-assisted channels. The combination of
the valley splitting and the various phonon contributions
gives a considerable spread of transitions near threshold,
which is averaged for an ensemble. However, a steplike
structure remains which is characteristic of the dominant
TO phonon mode energy (arrow in Fig. 2). This energy
range corresponds to the red emission band observed in
porous Si. The phonon-assisted transitions have 3 to 10
times more oscillator strength. This ratio is in rough
agreement with the relative sizes of the phonon-related
features observed in selective photoluminescence [6].

To analyze absorption, the microscopic response &
must be related to the macroscopic response. This in-
volves an important local field correction. Then the
present model accounts for the observed magnitude of ab-
sorption in porous Si [10]. Radiative recombination of an
electron-hole pair in their lowest states in the crystallite
can proceed with or without a phonon. Accounting for
the local field correction, the oscillator strengths in Eqgs.
(4) yield the spontaneous emission rates for each channel.
This is a key signature for comparison to experiment.

The radiative emission times are summarized in Fig. 3.
For each linear dimension L, in monolayer increments, a
series of crystallites is considered with transverse dimen-
sions varying from L by up to = 20%. The zero-phonon
radiative time is calculated and plotted as a separate
point, for each case, versus blueshift. The strong depen-
dence of the oscillator strength on size and shape yields
the larger scatter, but a strong overall trend. This is also
found in more detailed calculations [11,12]. The TO
phonon-assisted emission has much smoother size depen-
dence (line in Fig. 3) but systematically gets faster for
smaller crystallites. For roughly symmetric crystallites,
phonon-assisted transitions dominate across the entire
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FIG. 3. Radiative recombination time as a function of the
blueshift of the photon energy from the bulk Si band edge:
zero-phonon transitions (dots); TO phonon-assisted transitions
(line). This scatter plot shows the radiative time for each
member of an ensemble uniformly distributed around a cubic
geometry. The top scale indicates the equivalent cube size.

spectral range of the red emission. The zero-phonon
transitions only become comparable for a blueshift near |
eV (emission near 2.1 eV). The energy for this crossover
is shape dependent; e.g., for elongated crystallites, the
crossover shifts to the red. The previous calculations
[9,11-13], which attribute the light emission solely to
zero-phonon (“pseudodirect”) transitions, can only be
applicable for larger emission energy.

The predicted radiative time scale for 70% porosity
ranges from a few microseconds in the blue spectral re-
gion to of order 100 us at the bottom of the red region.
Extracting radiative times from experimentally measured
luminescence decay times for porous Si is nontrivial
[6,10,14,15]. Many samples show an anomalous length-
ening of the decay times at low temperatures, attributed
to low energy (== 10 meV) splitting in the lowest exciton
manifold [6]. This splitting is not explicitly included in
Fig. 3 so the calculated results refer to the “fast” levels in
such a scheme. The measured decay times show strong
energy dependence, as suggested by the calculations.
This “spectral diffusion” is an intrinsic feature of the
crystallite model. It would be quite interesting if the pre-
dicted crossover in the energy dependence could be ob-
served. The trend in Fig. 3 is confirmed by the relative
strengths of the phonon replicas observed [6,7], with the
phonon-assisted transitions being relatively weaker for
larger blueshift.

The measured room temperature decay times bracket
the theory. For example, for emission near 2.0 eV (i.e., a
blueshift near 1 €V), measured times fall in the range 4
us [6,14] to 20 us [10,15], as compared to about 10 us
predicted in Fig. 3. However, the experimental radiative
times must be slower, and a lower bound in the range
50-100 us is reasonable. Therefore the radiative com-
ponent is typically slower than calculated. This is ex-
tremely interesting. It implies that the excitons which
luminesce have even weaker oscillator strength than pre-
dicted for recombination of confined states in nanocrys-
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tallites. This might reflect the low energy splitting men-
tioned above. Alternatively, there may be some degree of
trapping or electron-hole separation in real space. This
was a central point in understanding the luminescence of
CdSe nanocrystallites [16], and has also been discussed
for the case of porous Si [17]. In the present theory,
this enters naturally through Egs. (4c) and (5) where
electron-hole separation would reduce the oscillator
strength.

Quantitative comparison of the relative oscillator
strength for zero-phonon and phonon-assisted transitions
to the low temperature luminescence experiments de-
pends on details of the luminescence mechanism. Howev-
er, some general observations can be made. Even if a low
energy splitting of the exciton manifold is important at
low temperature, the ratio of zero-phonon to phonon-
assisted oscillator strength should still be preserved, at
least for low symmetry crystallites. Also, if shallow trap
states are involved, then the zero-phonon and phonon-
assisted oscillator strengths should be altered in roughly
the same way. However, for deep surface traps, where
the state is localized in a region which is distinct from
bulk coordinated Si atoms, an atomic scale model is re-
quired to assess the relative intensities. Also, the phonon
energies in that case could differ from those relevant for
bulk Si.

The present model shows that phonon-assisted transi-
tions dominate radiative recombination of excitons in Si
nanocrystallites in the region of red emission. This agrees
with the observation of Si phonon replicas. Important
unresolved questions surround the implied role of traps in
the observed luminescence.
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