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Making silicon an efficient light-emitting material is an important

goal of silicon photonics. Here we report the observation of broad-

band sub-bandgap photoluminescence in silicon nanowires with a

high density of stacking faults. The photoluminescence becomes

stronger and exhibits a blue shift under higher laser powers. The

super-linear dependence on excitation intensity indicates a strong

competition between radiative and defect-related non-radiative

channels, and the spectral blue shift is ascribed to the band filling

effect in the heterostructures of wurtzite silicon and cubic silicon

created by stacking faults.

Silicon is an indirect bandgap semiconductor with a weak
optical response. There have been enormous efforts in making
silicon optically more active either above or below its bandgap
despite many scientific and technological challenges.1 Creat-
ing nanocrystals of silicon is probably the most successful
approach toward engineering silicon for visible light emission
above the bandgap.1–4 The emission spectrum can be further
tuned by varying the size of nanocrystals. In contrast, it is
more difficult to modify silicon for sub-bandgap infrared light
emission, especially at room temperature. One approach is to
incorporate impurity elements into silicon, such as Er or
carbon to create optically active extrinsic defects.5–7 Another
approach is to make use of intrinsic defects of silicon, such as
point defects, rod-like defects, dislocations or line
defects.5,8–10 However, unlike silicon nanocrystals, emission
spectra from these impurities or defects exhibit characteristics
of these defects, and can be hardly tuned. Furthermore, most
of these infrared emissions are strong only at low temperature,
and become quenched at room temperature.

In this letter, we report the observation of broadband infra-
red photoluminescence at room-temperature from a new type
of intrinsic defects: stacking fault, which were created during
chemical synthesis of Si nanowires. The emission covers a
wide spectrum from 1.2 to 1.5 µm, which is very different from
those observed in dislocations or Si/SiO2 interfaces.11–13 The
photoluminescence shows a nonlinear dependence on the
excitation laser power, which becomes much stronger and
blue-shifted at higher laser excitation powers. These obser-
vations can be qualitatively understood from polymorphic het-
erostructures between wurtzite silicon and cubic silicon
induced by stacking faults in silicon nanowires.

Silicon nanowires were synthesized via chemical vapor
deposition (CVD) at 550 °C in a tube furnace. Au nanoparticles
were used as catalysts and SiH4 (100 sccm, 2% diluted in H2)
was used as the silicon source. A growth pressure of ∼100 Torr
was maintained by mechanically adjusting the pumping speed
through a vacuum valve. Fig. 1 shows scanning electron
microscopy (SEM) pictures of silicon nanowires. Unlike typical
CVD nanowires, these nanowires have a chain-like structure
due to periodic instability.14,15 Cross-sectional transmission
electron microscopy (TEM) micrographs in Fig. 2 indicate that
nanowires contain a high density of stacking faults. High
resolution TEM and electron diffraction (through fast Fourier
transform (FFT)) reveal the existence of twinning and high
density stacking fault (SF) areas. Based on the FFT diffraction
patterns (Fig. 2c and 2d), area b-1 is a typical cubic structure
across a twin interface with very strong (111) diffraction dots
(marked in Fig. 2c). Instead, area b-2 has a distinctive rec-
tangular diffraction pattern with stronger diffractions indexed
as (0002) and (112̄2), as marked in Fig. 2d. These diffraction
features suggest a local wurtzite structure caused by the high
stacking faults in the area.16 The chain-like morphology and
high density stacking faults are induced mainly by the rela-
tively high growth temperature and pressure.17

Photoluminescence measurements were performed at room
temperature using a backscattering configuration with a
532 nm laser as an excitation source. The emitted light
was collected and analyzed by a single-grating spectrometer†Electronic supplementary information (ESI) available. See DOI: 10.1039/c4nr05410e
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(Horiba iHR320) equipped with two separate detectors:
a silicon charge coupled device (CCD) for the visible spectrum,
and an InGaAs array detector for infrared light from 1000 to
1600 nm. The same experimental configuration was used for
all the samples presented in this work.

Photoluminescence was first studied in the visible spec-
trum. As can be seen in Fig. 3a, the nanowires exhibit a broad

emission centered at 650 nm. The integrated intensity
increases with incident light at low powers, but the intensity
starts to saturate at 110 mW. Further increase in incident
power only makes the peak luminescence weaker, but the
emission at longer wavelength begins to appear. The infrared
emission is confirmed in Fig. 3b using the InGaAs detector, it
is a broad spectrum extended to 1.6 µm. Different from visible

Fig. 1 Scanning electron microscopy (SEM) images of Si nanowires synthesized using chemical vapor deposition (CVD).

Fig. 2 Cross-sectional TEM study of Si nanowires: (a) high-density stacking faults in low magnification, (b) twin boundaries in high resolution TEM
with obvious stacking fault areas marked; (c, d) fast Fourier transforms (FFTs) of areas b-1 and b-2 showing cubic and wurtzite diffractions,
respectively.
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spectra, the integrated intensity increases super-linearly with
increase in the incident power. The infrared emission below
140 mW was too weak to be measured; it also became weaker
and broader, and showed slight redshift when the incident
power exceeded 200 mW.

Sub-bandgap infrared emissions have been observed in
different silicon nanostructures. Jia et al. reported infrared
cathode luminescence in silicon nanowires synthesized using
thermal evaporation of SiO.12 They attributed the emission to
dislocations because of the distinctive spectral features. The
same group also reported broad-band infrared photo-
luminescence peaked at 1.5 µm in porous silicon, and they
ascribed the emission to Si/SiO2 interfaces.11 As shown in
Fig. 3b, our infrared emission spectra are centered at 1350 nm,
and are different from those reported. Infrared photo-
luminescence was also observed in silicon nanocrystal thin
films, but the origin of the emission was not clearly identi-
fied.13 It should be noted that the contribution of blackbody
radiation to the infrared emission due to laser heating can be
totally neglected in our case. Based on the position of silicon
optical phonon, we estimated that the temperature of nano-
wires increased to less than 200 °C under the strongest exci-
tation at 200 mW. We believe this increase in temperature was
responsible for the quenching of visible emission at a higher
incident power shown in Fig. 3a.

In order to identify the origin of both visible and infrared
emissions in CVD silicon nanowires, we measured photo-
luminescence in defect-free silicon nanocrystals (SiNCs) and
etched silicon nanowires.4,18,19 Both nanostructures contain
considerable amount of Si/SiO2 interfaces as CVD nanowires.
Fig. 4 shows photoluminescence spectra of electroless etched
silicon nanowires (EE SiNWs).19 A similar broad band visible
emission can be found, but no infrared emission can be
detected. The nanowires have an average diameter of 170 nm.
Since these EE SiNWs were obtained from p-type high quality
silicon wafers, they are almost free of any defects such as stack-
ing faults.18 Fig. 5 shows photoluminescence spectra of silicon
nanocrystals embedded in an oxide matrix.4 Very strong photo-
luminescence can be seen in the visible and near infrared
regions above the band gap. Again, like EE SiNWs, infrared
emission below the band gap was not detected in a similar
range of excitation powers. The shift in the peak position is
due to the change in the size of nanocrystals.

The above control experiments have helped us to under-
stand the origins of luminescence in different silicon nano-
structures. Let us first look at the visible spectra. The size-
dependent visible emission in SiNCs is clearly a result of
quantum confinement, and the broad visible emission in CVD
NWs and EE NWs come from the Si/SiO2 interface. Both types
of nanowires are too big to exhibit any quantum confinement

Fig. 3 (a) Visible and (b) infrared photoluminescence spectra of CVD silicon nanowires at several different excitation powers. The infrared spectrum
at 140 mW is enlarged by 8. The absorption near 1.4 µm is due to water in air.

Fig. 4 (a) Visible and (b) infrared photoluminescence spectra of electroless etched silicon nanowires. No infrared emission is detected. As compari-
son, band gap photoluminescence at 1100 nm can be observed in a silicon substrate.
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effect, and photoluminescence from Si/SiO2 interfaces in the
silicon NC/SiO2 matrix is too weak to be observed due to the
much stronger size-dependent emission from silicon nanocrys-
tals. Compared with photoluminescence of an ordinary silicon
substrate shown in Fig. 4b, neither CVD nor EE nanowires
exhibit band-gap photoluminescence at 1.1 µm, apparently
due to a large surface recombination velocity associated with
the large surface to volume ratio of nanowires. The reason why
visible photoluminescence in EE SiNWs did not suffer from
thermal quenching was because EE SiNWs were in intimate
contact with the silicon substrate so that laser heating was not
as significant as in CVD nanowires.

Based on the above observation that no infrared emission
was detected in both EE SiNWs and SiNCs, we can conclude
that the broad band infrared emission must be related to the
unique stacking fault crystal structures in CVD SiNWs. Stack-
ing faults, especially twinning, can create a mixed structure of
wurtzite and cubic silicon lattices. The effect of twinning on
the optical properties was first reported by one of the
authors.20 The same mechanism can qualitatively explain
main features of the observed infrared photoluminescence
spectra in CVD silicon nanowires. A twinned nanowire is
different from a defect-free nanowire because a twin plane has
wurtzite symmetry locally: it is one unit of wurtzite crystal that
is different from the neighboring cubic or diamond
structure.21–24 Thicker wurtzite crystals can be created by con-
secutive twinning. Previous calculations and photoconductivity
measurements indicated that wurtzite silicon is an indirect
semiconductor with a bandgap of ∼0.8 eV.25–30 It was also con-
firmed by recent cathodoluminescence study of wurtzite
silicon nanowires at room temperature.31 Because wurtzite
silicon and conventional cubic silicon form a type-I band
alignment,30 a randomly twinned silicon nanowire can be
regarded as a mixture of wurtzite/cubic quantum wells with a
random distribution of well thickness.

The effect of wurtzite/cubic quantum well heterostructure
on the optical properties is two-fold. First, quantum confine-
ment can create localization of photoexcited carriers, thus
enhancing the radiative recombination. Because of the nature
of the indirect band gap of wurtzite silicon, such enhancement

is important for strong light emission. Second, depending on
the thickness of wurtzite/cubic quantum well, the emission
wavelength can be varied in a wide range between wurtzite and
cubic bandgaps. We believe that the broad infrared emission
is due to the random distribution of wurtzite/cubic quantum
well thickness.20 The blue-shift of the peak position under
higher excitation powers is due to the band filling effect.20

Because of high density of non-radiative channels associated
with the large surface to volume ratio as well as a large
number of structural defects, infrared emission was only
observed at a relatively large excitation power, resulting in a
super-linear increase of infrared emission intensity.

Twinning is the simplest form of stacking faults. Although
it can alter the crystal structures, it will not create non-radia-
tive defects because it does not change the local bonding
between silicon atoms. Due to the unstable growth conditions,
we believe that many stacking faults are not simple twinning,
and they will induce many non-radiative defect centers, which
make the infrared emission very weak under low excitation
powers.

Wurtzite Si (Si IV) was initially created using high-tempera-
ture indentation of diamond (cubic) Si,25,32 it was later pre-
pared by pulsed laser-beam annealing or laser ablation.33,34

The wurtzite Si structure was also identified in CVD Si nano-
wires.16,35,36 Recently, uniform wurtzite silicon shells were epi-
taxially grown on hexagonal GaP nanowire cores.37 Despite
these developments in the synthesis of wurtzite silicon, a
bandgap confirmation using photoluminescence has not been
reported.

Conclusions

In conclusion, we have observed room-temperature broad-
band sub-bandgap photoluminescence in stacking faulted
silicon nanowires. The infrared emission comes from wurtzite/
cubic silicon heterostructures. A narrow band infrared emis-
sion can in principle be obtained by creating a pure structure
of the wurtzite silicon lattice. Because wurtzite silicon is inti-
mately integrated with conventional cubic silicon, nanowires

Fig. 5 (a) Visible and (b) infrared photoluminescence spectra of silicon nanocrystals with large (in red) and smaller (in green) sizes under excitations
of two representative laser powers: 20 mW (dashed lines) and 180 mW (solid lines).
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with embedded wurtzite structures can be used to make sub-
bandgap infrared light sources or photodetectors for inte-
grated silicon photonic circuits.
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