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Enhancement of Radiative Recombination in Silicon via Phonon
Localization and Selection-Rule Breaking**
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Sustained efforts have been made in pursuit of efficient
light emission from silicon.[1,2] This is not an easy endeavor
because of silicon’s indirect band structure, which causes
radiative recombination to be possible but disfavored as it
requires the assistance of phonons with the right momentum
to make up for the momentum mismatch between available
electrons and holes. However, this so-called phonon-selection
rule can be relaxed or broken by crystal-symmetry breaking
or phonon localization,[3,4] which could be generated in low-
dimensional silicon nanostructures,[4–6] or by high defect-cen-
ter or dislocation concentration in crystalline silicon.[3,7,8]

Phonon confinement in silicon nanocrystals has been experi-
mentally studied and is now relatively well understood.[6,9–12]

Recent studies of periodic, uniaxially nanopatterned, crystal-
line silicon structures on silicon-on-insulator (SOI) have
previously shown laserlike characteristics at 1278 nm and
cryogenic temperatures; these characteristics were attributed
to A-center-mediated phononless recombination.[13] In the
present work, high-resolution cross-sectional micro-Raman
spectroscopy indicates strong phonon localization in such
nanoengineered silicon structures. Photocurrent and photo-
luminescence spectroscopy have been independently used to
demonstrate that such phonon-localization effects also lead to
a breaking of the phonon-selection rule in bulk silicon, and to
enhanced radiative recombination and light emission at room
temperature. High-resolution transmission electron microsco-
py (HRTEM) allows direct observation of regions with high
structural-defect densities, which are responsible for phonon
localization and crystal-symmetry breaking, located in the sur-
face layer of the nanoengineered silicon.

The periodic nanopatterned silicon structure shown in the
left inset of Figure 1a was fabricated in 205 nm thick undoped
electronic-grade crystalline SOI using a highly uniform self-
assembled nanopore array as an etch mask. The anodic alumi-
num oxide (AAO) nanopore template was fabricated by a
two-step anodization process under conditions described in

the Experimental section.[14–16] Grown to a thickness of
750 nm, such a nanopore mask was placed atop the SOI layer,
which was insulated from the thick silicon substrate by a 3 lm
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Figure 1. a) Raman spectra measured from bulk undoped silicon (line
spectrum), the original unpatterned SOI (�), and the nanoengineered
SOI structure (�). The left inset shows a 60° cross-sectional scanning
electron microscopy (SEM) image of the periodically nanostructured
crystalline silicon structure on SOI. The right inset shows a side view of a
typical SOI sample in the Raman microscope at a 100× magnification.
The cross indicates the optically excited top-layer region. b) Evolution of
sample temperature as a function of the incident 532 nm laser power for
bulk silicon (×), the original unpatterned SOI (�), and the nanoengi-
neered SOI structure (�). c) Downshift of the Raman peak as a function
of its associated spectral width (shift-width evolution) for the nanostruc-
tured (�) and original unpatterned SOI (+) samples. Also plotted are the
results obtained for the same nanostructured SOI sample after a brief
(8 min) thermal oxidation at 980 °C (�).



layer of silicon oxide. The nanoengineered silicon structure
was obtained by using the AAO as a mask for pattern transfer
using chlorine-based reactive-ion etching (RIE). The AAO
mask was then removed by sonication.

Results from high-resolution cross-sectional phonon-spec-
troscopy measurements are shown in Figure 1a. The resulting
approximately 1 lm diameter excitation spot size and the
thick (3 lm) insulator layer allows the Raman spectrum from
the top sub-micrometer silicon layer to be spatially distin-
guishable from that of the bulk silicon substrate by focusing
the excitation laser beam on the topmost 205 nm thick SOI
layer, as shown in the right inset of Figure 1a. The Raman
spectrum of the original unpatterned SOI reference sample
exhibits asymmetric broadening and a slight downshift in
wave number compared with bulk silicon, which is expected
because of the presence of intrinsic strain in the SOI.[17] A
much greater downshift of the Raman peak and further
broadening are observed in the nanopatterned silicon struc-
ture on SOI. This cannot be explained by intrinsic built-in
strains or Fano resonances only;[8,10] however, it was pre-
viously shown that phonon-localization effects can cause such
a significant downshift and broadening of the phonon line of
silicon.[5,6,18] A critical factor to consider is laser-induced heat-
ing, which could also lead to an additional downshift and
broadening of the phonon line.[10,12] A simple way to probe
this contribution in situ is to simultaneously record the Stokes
and anti-Stokes vibrational lines in the Raman spectra, since
the intensity ratio of both phonon lines can be directly related
to the sample temperature by Boltzmann statistics.[18] Fig-
ure 1b displays the evolution of temperature with the power
of the 532 nm excitation for the nanopatterned SOI structure,
the original unprocessed SOI, and bulk silicon. As one may
anticipate—given that the thermal conductivity of bulk Si is
two orders of magnitude higher than that of SiO2 (156 vs.
1.36 W m–1 K, respectively[19,20])—the original unpatterned
SOI heats up more than bulk silicon since its capacity to dissi-
pate heat is effectively limited to two dimensions. The nano-
patterned silicon structure on SOI shows a slightly increased
laser-induced heating at high excitation powers due to a lower
thermal mass and more spatially limited heat dissipation.

To dissociate the contribution of the laser-induced heating,
the downshift of the phonon peak as a function of its asso-
ciated width (i.e., shift-width evolution) has been plotted, as
shown in Figure 1c. The region of nonlinear evolution
observed for the nanopatterned silicon structure at low excita-
tion power (or low sample temperature) indicates that the
phonon line downshifts and broadens at different rates as
the excitation power is increased, a clear signature of phonon-
localization effects.[6,18] At high excitation powers, this evolu-
tion becomes linear, marking out a laser-heating-dominated
regime. It was found that the shift-width evolution became
purely linear after a brief (8 min) dry-oxidation treatment at
980 °C, which consumed a 4–6 nm layer at the interface, indi-
cating that the phonon-localization effect vanished complete-
ly, and suggesting that such an effect occurs in the surface
layer of the nanopatterned silicon.[18]

Spatial phonon localization is expected to result in a broad-
ening in momentum, leading to relaxation of the phonon-
selection rule in bulk silicon and enhanced radiative recombi-
nation.[4,6] Therefore, the intensity of the main free-exciton
peak in the photoluminescence spectrum was measured as a
function of the power density of the incident 514 nm pump, as
shown in Figure 2a. This evolution, which should be linear for
an ideal system, is limited by thermal effects and nonradiative
recombination at high and low pump powers, respectively.[21]

This translates into deviation from the ideal linear behavior,
as observed in Figure 2a for both the nanostructured and the
original unpatterned SOI samples. The stronger deviation ob-
served for the nanopatterned sample at high pump powers
suggests more laser-induced heating, which is consistent with
the results obtained from Raman spectroscopy. In addition,
the near-ideal linear evolution at low pump powers indicates
significantly suppressed nonradiative recombination in the
nanopatterned SOI sample.[21]

Additional insight into the phonon-localization effects can
be gained by photocurrent spectroscopy measurements, which
probe the states involved in upward optical transitions. Fig-
ure 2b compares the photocurrent spectra obtained for bulk
undoped silicon, original unpatterned SOI, and the nanopat-
terned silicon structure on SOI. For indirect-bandgap semi-
conductors, the absorption coefficient, A, can be related to
the incident photon energy, hm (where h is Planck’s constant, m
is the photon frequency), the bandgap energy, Eg, and
the main longitudinal-optical phonon energy corresponding
to the band-structure’s k-mismatch, ELO, via the relation
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Figure 2. a) Evolution of free-exciton recombination photoluminescence
intensity as a function of the incident pump power density for both the
nanopatterned (�) and the original unprocessed (�) SOI samples.
b) Photocurrent spectroscopy measurements for bulk silicon (+), original
unpatterned SOI (�) , and nanoengineered SOI (�).



A hm = B (Eg + ELO – hm)2, where B is an energy-independent
physical parameter. This relation is used to produce the linear
fit for the absorption band-edge data shown in Figure 2b,
where B corresponds to the slope of the fit.[22] Therefore,
the intercept of the linear fit on the abscissa (horizontal axis)
corresponds to an incoming photon energy equal to the
sum of the bandgap energy and the main phonon energy
(Ephoton = hm = Eg + ELO).[23] On comparing the results for un-
patterned SOI and bulk silicon, one notices that the intercept
for the unpatterned SOI is slightly shifted towards lower
photon energies. This can be attributed to the intrinsic materi-
al strain in SOI, which is also responsible for the asymmetric
broadening towards lower wavenumbers observed in the
phonon-spectroscopy measurements.[17] A further decrease in
the intercept value is observed for the nanopatterned SOI
sample, along with a substantial increase in the phonon-ab-
sorption band tail,[23] which is consistent with significant
relaxation of the phonon-selection rule. Together, the photo-
current and photoluminescence spectroscopy measurements
provide independent support to relaxation of the phonon-se-
lection rule that was concluded from the Raman spectroscopy
study, which, in turn, explains the radiative-recombination
enhancement in the nanopatterned sample.

The fact that brief thermal oxidation removed the phonon-
localization Raman signature strongly suggests that the source
of the effect itself is localized in a thin (4–6 nm) surface layer
around the cylindrical nanohole. To visualize the nanopat-
terned silicon surface layer, HRTEM was used for direct
probing of the local atomic structure. The HRTEM image
shown in Figure 3 clearly indicates the presence of regions

with high densities of structural defects located in the nano-
patterned silicon surface layer. Defect-volume densities as
high as 10 % were observed. It is known that high densities
of structural defects could lead to phonon-localization ef-
fects.[3,7,8] Our results provide direct confirmation that silicon
structural defects are indeed present, enabling phonon-locali-
zation by breaking of the long-range crystal symmetry and,
thereby, enhancing radiative recombination observed at room
temperature in the periodically nanopatterned crystalline sili-
con structures. It is worth noting that some of these structural
defects, such as A-centers, are emissive themselves.[24] A-cen-
ters have been known to give rise to phononless radiative
recombination at cryogenic temperatures, and are responsible
for the stimulated emission and optical gain at 1278 nm
reported in a previous study on similar nanoengineered silicon
structures.[13] However, as shown in this work, phonon locali-
zation and relaxation of the phonon-selection rule in bulk sili-
con also accounts for the enhanced radiative recombination
observed at room temperature that has been enabled through
nanoengineering.

In summary, we observed and studied phonon-localization
effects in novel periodic uniaxially nanopatterned silicon
structures on SOI fabricated using a highly ordered array of
nanopores as a mask. It has been previously suggested that
localization effects should lead to breaking of the phonon-
selection rule in bulk silicon and to radiative-recombination
enhancement. Indeed, photoluminescence spectroscopy
shows that the balance between radiative and nonradiative
recombination has been improved, and photocurrent spec-
troscopy demonstrates a significant relaxation of the phonon-
selection rule. Dry-oxidation thermal treatment reveals that
phonon localization occurs in the surface layer of the nano-
structured silicon. HRTEM provides direct observation of
regions with high densities of structural defects located in the
surface layer of the nanopatterned structure. These structural
defects, most likely silicon vacancies, are directly responsible
for the unique light-emission properties reported previously
at cryogenic temperatures in similar nanostructures,[13] and
for the phonon localization and enhanced radiative recombi-
nation at room temperature reported in this work. Similar
phonon-confinement effects might also provide a partial ex-
planation for enhanced light-emission properties previously
observed using nanostructuring or implantation,[25,26] leading
to highly dislocated crystalline silicon structures. Given the
importance of breaking the phonon-selection rule to achieve
light-emission enhancement in silicon and other indirect-
bandgap materials, we believe the findings presented here
provide physical insight and offer useful guidelines to control-
lably modify the optical properties of indirect semiconductors
through defect-engineering.

Experimental

The nanopatterned silicon-on-insulator (SOI) structure was fabri-
cated using a commercial SOI wafer from SOITEC Inc. The top-most
205 nm thick silicon <100> layer was separated from the thick silicon
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Figure 3. a) Low-magnification TEM image of the cross-section of the
nanopatterned silicon layer. b) HRTEM image of the nanopatterned SOI
surface-layer region identified by the rectangle in the center of the low-
magnification image (a). The circles highlight regions with high concen-
trations of structural defects, a few of which are identified by the red
arrows. The blurriness in the bottom region of the figure is attributed to
the cylindrical geometry of the pore structure and the limited depth of fo-
cus.



substrate by a 3 lm thick silicon-oxide insulating layer. The anodic
aluminum oxide (AAO) periodic nanopore array template was fabri-
cated by first anodizing an annealed 5N (99.999 % purity) aluminum
sheet in oxalic acid solution by applying a 40 V anodization voltage.
The anodized aluminum layer was then dissolved in a H3PO4-based
solution and the anodization step was repeated under the same condi-
tions for 9 min, leading to a 750 nm thick highly ordered AAO nano-
pore membrane being formed on the aluminum sheet. The AAO
nanopore array was lifted off from the aluminum using a HgCl2 solu-
tion for 30 min. The freestanding AAO mask was then deposited atop
the SOI wafer. The AAO periodic nanopore pattern was transferred
to the silicon using reactive-ion etching (RIE). The etching recipe
includes 100 W rf power, 5 sccm BCl3, 20 sccm Cl2, 50 mTorr pres-
sure( 1 Torr ≈ 133 Pa), and a 6 min etching time. After RIE, the AAO
mask was removed in an ultrasonic bath.

SEM images of the nanopatterned SOI structure’s cross section
were taken at 1 kV using a LEO microscope model 1530VP. Micro-
Raman spectroscopy measurements were performed using a Thermo-
Nicolet Almega Raman microscope at an excitation wavelength of
532 nm, a maximum laser power of 20.4 mW, and a magnification of
100×. A built-in set of neutral-density filters allowed automated con-
trol of the excitation laser power. The photocurrent spectroscopy
measurements were performed using a Bruker Equinox 55 Fourier
transform IR (FTIR) spectrometer and the photoinduced current was
collected using electron-beam-evaporated gold electrodes separated
by a 200 lm gap, which were deposited on the surfaces of the samples.
Finally, a LEO 1530 field-emission scanning electron microscope was
employed to observe the morphology of the nanopatterned silicon
structure. The microstructure of the nanopatterned silicon was studied
using HRTEM. Cross-sectional HRTEM specimens were prepared by
mechanical thinning. Bright-field high-resolution images, as well as
electron diffraction patterns, were recorded using a JEOL JEM-2010
TEM operated as 200 kV.
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