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Blue emission in porous silicon: Oxygen-related photoluminescence
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A blue-photoluminescence (PL) band, centered at 2.6 eV, was observed in thermally and chemically
oxidized light-emitting porous silicon layers with an eSciency that can exceed 0.1%. The PL decay is
found to be independent of excitation intensity and detection wavelength, and to be nonexponential with

a characteristic time of -1 nsec. A correlation between the intensity of the blue PL and the intensity of
the infrared absorption related to bonded oxygen has been established. These results are examined in re-
lation to the possible mechanisms for the blue-PL band.

EScient photoluminescence (PL) in electrochemically
anodized Si, which we call light-emitting porous silicon
(LEPSi), has attracted much attention from the points of
view of the origin of the luminescence and the possible
applications in optoelectronics. The usual luminescence
spectrum is a broad band centered around 1.7 eV. ' The
eSciency of this band is ~1% and its characteristic de-
cay times are typically 1-10 @sec at room temperature.
Recently, orange PL with hv, „~2 eV and later green-
blue PL with hv, „=2.5 eV were reported in oxidized
porous silicon. In contrast to the red and orange bands,
the blue-PL band dynamics is in the nanosecond time
domain. The current interest in the blue PL is due to
its importance for displays and fast optoelectronic de-
vices applications. However, this PL band has been less
investigated than its red counterpart.

In this paper we present time-resolved PL spectroscop-
ic measurements of LEPSi layers prepared by different
techniques. Time-resolved measurements make it possi-
ble to study in detail the two PL bands, in the red and
blue spectral ranges. Since the photoluminescence prop-
erties of LEPSi are extremely sensitive to chemical
modi6cations, ' control and characterization of the sur-
face chemistry are very important. Infrared absorption
spectroscopy is used to investigate the correlation be-
tween PL and chemical composition. We will show that
efBcient blue PL in LEPSi does not require high-
temperature treatments. Finally, possible mechanisms
for the blue PL are discussed.

The time-resolved PL spectra were obtained using a
gated optical multichannel analyzer after picosecond
pulse excitation by the third harmonic of an actively-
passively mode-locked Nd-YAG (yttrium aluminum gar-
net) laser (A, =355 nm). The maximum pulse fiuence was
1 mJ/cm and the repetition rate was 10 Hz. The overall
time resolution was 15 nsec. The PL dynamics at select-
ed wavelengths was measured using a single photon-
counting technique after excitation by the second har-
monic of a synchronously pumped picosecond dye laser
(A, =300 nm}. The average intensity was 2 W/cm2 at a re-
petition rate of 2 MHz. The time resolution was 100
psec. Infrared absorption spectra were measured by a
Fourier transform infrared (I TIR) spectrometer. The
contribution from the silicon substrate was removed from
the FTIR data using a difference method. All measure-

ments were performed at room temperature.
LEPSi layers were formed by anodization of 5-0 cm p-

type silicon wafers in a methanol-HF-HzO (2:1:1)solu-
tion. To change the sample's properties we varied the
current density from 1 to 30 mA/cm . Anodization was
performed in the dark or with light assistance using a
white-light source ( —100 mW/cm ). Oxidization of the
LEPSi layers was achieved in a tube furnace with a dry
oxygen atmosphere.

The recent literature contains several reports of blue
PL in LEPSi after rapid thermal oxidation at high tem-
perature (T,„~1000'C). ' Therefore, the first type of
sample we investigated was LEPSi anodized in the dark
at a current density j=10mA/cm and then oxidized for
2 min at 1100'C in dry oxygen. These samples display
the reported blue-PL band [Fig. 1(a)]. FTIR absorption
measurements show a strong line at 1080 cm ' related to
the asymmetric stretching vibrational mode of the Si-0-Si
oxygen bridge [Fig. 1(a), inset]. The second type of sam-
ple we investigated was LEPSi anodized at a smaller
current density of 1 mA/cm with light assistance. We
have shown that anodization with light assistance leads
to the accumulation of oxygen on the nanocrystallite sur-
face. In addition, FTIR data for this type of sample
clearly display the presence of bonded oxygen and the al-
most complete absence of bonded hydrogen. There is
only one strong peak at 1070 cm ' which shows Si-0-Si
bridges in a configuration close to stoichiometry [Fig.
1(b), inset]. Thus, the FI'IR spectra show no significant
difference in the chemical composition of these two types
of samples. In the following we refer to these samples as
"fully oxidized, " since no Si-H bonds remain. This does
not mean, however, that no silicon nanocrystallites are
left in these samples.

The time-resolved PL spectra of these two types of
samples are also similar: a broad PL band (full width at
half maximum & 0.5 eV) with a peak near 2.6 eV (Fig. 1}.
The PL spectra have not been corrected for the spectral
sensitivity of our detection system. The blue-PL band de-
cays with a characteristic time of =1 nsec (Fig. 2). The
decay is nonexponential and we have been unable to fit
the decay curve by a simple power law or by a stretched
exponential. No signi6cant wavelength dependence of
the PL decay was observed from A, =440 to 650 nm. The
decay dynamics did not change when the excitation in-
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FIG. 1. Time-resolved PL spectra in fully oxidized LEPSi:
sample after 1100'C oxidation (a) and as anodized sample
prepared at a current density j= 1 mA/cm with light assistance
(b). The excitation wavelength is 355 nm. The insets show the
FTIR spectra.

parison with the brightest red-LEPSi samples we estimat-
ed the quantum efBciency to be more than 0.1%. As ex-
pected, immediately after excitation the intensity of the
blue PL from "fully oxidized" samples is much higher
than the intensity of the red PL from the most eScient
red-LEPSi samples.

The next type of sample was anodized in the dark at a
current density j=30 mA/cm and subsequently oxidized
chemically by immersion in 10%%uo HNO3 for 2 min. " The
FTIR spectrum clearly shows Si-0-Si bridges (1070
cm ) and in addition some oxidized Si-H bonds at 2250
and 880 cm ' [Fig. 3(b)]. The presence of bonded hydro-
gen is accompanied by the appearance of the red-
orange —PL component (hv, „=2.0-2.2 eV). The decay
of this PL component is also nonexponentia1, with a
characteristic decay time in the microsecond range.
Time-resolved PL spectra show the presence of a fast
blue-PL component in these chemically oxidized samples
right after excitation [Fig. 3(a)]. The broad PL band is in
fact the superposition of two bands —a fast, blue band
and a slow, red band. Measurements of the PL dynamics
in the blue also show a nonexponential decay with a
characteristic time close to those for the fully oxidized
samples.

Finally, we present the results of measurements of
freshly anodized (j=10 A/cm ) LEPSi samples. In
agreement with previous works, ' ' the FTIR spectrum
(Fig. 4, inset) shows Si-H bonds in different

~ ~

tensity was varied by a factor of 10. The observed nonex-
ponential decay may indicate a distribution of carrier life-
times. Assuming monomolecular recombination and fol-
lowing the procedure outlined by Tsang and Street' we
obtained the lifetime distribution shown in the inset of
Fig. 2. We have performed the same experiments on a
sample prepared for us by rapid thermal oxidation at
1100 'C. 3 The results are identical to those obtained in
our samples. It is worth mentioning that the photo-
luminescence yield for the blue band of all the "fully oxi-
dized" samples discussed above is quite high: after com-
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FIG. 2. PL decay for LEPSi sample oxidized at 1100 C. The
excitation wavelength is 300 nm. The inset shows the distribu-
tion of lifetimes.

FIG. 3. Time-resolved PL spectra (a) and FTIR spectrum (b)

in chemically oxidized LEPSi sample. The excitation wave-

length is 355 nm. The inset of (b) shows the short-wavelength

component of the PL obtained after subtraction of the PL spec-
trum measured at 50-nsec delay from the PL spectrum mea-

sured at zero delay.
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FIG. 4. Time-resolved PL spectra and FTIR spectrum (inset)
for freshly anodized LEPSi. The excitation wavelength is 355
nm.

configurations (scissors at 910 cm ', stretching around
2100 cm ', and wagging modes at 630-670 cm '}, no
Si-0-H bonds (at 2250 or at 870 cm ') and only a small
amount of Si-0-Si bridges at 1055 cm . This small peak
at 1055 cm ' indicates the presence of nonstoichiometric
suboxide presumably produced during handling of the
sample in air. The main PL band peaks around 1.7 eV
(Fig. 4). Time-resolved PL spectra right after excitation
again show a weak but clearly observable blue-PL band
(shown by the arrow), whose spectrum is similar to that
of the "fully oxidized" samples. Due to the low intensity
of this blue band we were not able to analyze the decay in
detail, but the characteristic decay time is much less than
15 nsec.

In the following discussion, we consider three possible
models for the blue emission from LEPSi: band-to-band
recombination in silicon nanocrystals, emission from the
oxide, and emission due to surface states. The quantum
confinement model was proposed independently by Can-
ham' and by Lehmann and Gosele' to explain the red
luminescence and the opening of the band gap, respec-
tively. In this model, PL is produced by band-to-band ra-
diative transitions in nanocrystallites whose band struc-
ture is modified by quantum confinement and a reduction
of the Si crystallite size below that of red-emitting LEPSi
can lead to blue PL. Recent calculations suggest that the
band gap is &2.5 eV for sizes below 2 nm. ' However,
our results show that the same fast and eScient blue PL
is observed in samples prepared by different methods:
high-temperature oxidation, when there are no Si crystal-
lites larger than 1 nm left, ' and anodization with light
assistance, which does not lead to a significant reduction
in crystallite size. Thus an explanation of the blue-PL
band in terms of the "pure" quantum confinement model
is unlikely, since the PL spectrum and carrier lifetime
should be very sensitive to the size of the crystallites. '

The second possibility is that the blue luminescence
may originate from the silicon oxide itself. Indeed, Si0z
is known to luminesce efBciently in the visible under ap-
propriate conditions. ' In nearly all reported cases,
luminescence requires excitation with photon energies
much larger than 3.5—4 eV, which is the excitation pho-

ton energy used in our experiments and is not enough to
create nonequilibrium carriers across the band gap of
Si02 (Es ~8 eV}. However, we cannot entirely rule out
luminescence from the oxide for two reasons. First, in
the nonstoichiometric suboxide SiO„, the band gap is
smaller (Es ~ 3-4 eV for x = 1.4-1.6) (Ref. 19) and near
UV excitation may produce nonequilibrium carriers. Be-
cause our FTIR spectra suggest the presence of a nearly
stoichiometric oxide (x l.8) in blue-emitting LEPSi, we
believe that this interpretation is unlikely. Second,
different types of defects in silicon dioxide (e.g., nonbridg-
ing oxygen hole center) can be responsible for visible PL
and it has been shown very recently that blue PL with a
nanosecond decay time can be excited in high-purity wet
synthetic silica by 4-eV light.

The third model is related to the surface states model
proposed by Koch. ' Here, quantum confinement causes
an opening of the band gap but radiative recombination
involves carriers in surface states instead of free electrons
and holes. In Ref. 21, it was proposed that the red-PL
band involves surface states and that the blue-PL band
corresponds to band-to-band recombination. This latter
assignment appears implausible as discussed above. In-
stead the blue PL may also have a surface-related origin:
it may involve states produced by the Si-0 bonds at the
surface of the nanocrystals or the interface between the
silicon nanocrystals and the silicon dioxide. These
oxygen-related states should be rather shallow, because
the decay time of the blue PL and hence the carrier life-
time in these states is short ( =1 nsec}. Similarly, the red
PL may be related to deeper states produced by Si-H
bonds on the surface: these states should have mi-
crosecond lifetimes as the red PL decays on the mi-
crosecond time scale. This model is supported by the
correlation between PL spectra and surface chemistry
that we recently observed. The blue-PL band shifts
slightly to longer wavelengths when the Si-0-H
configuration is present in the IR absorption spectra and
the red-PL band shifts to shorter wavelengths when the
ratio of Si-0/Si-H bonds increases. These results are
consistent with a modification of the spectrum of surface
states when the nature and the amount of atoms bonded
at the surface of silicon crystallites changes.

Both the surface state model and the model where the
luminescence comes from the Si02 itself agree with the
observed correlation between the intensity of the blue-PL
band and the intensity of the Si-0 infrared absorption.
These models are only qualitative: the properties of the
blue-PL band (peak position, decay law) are not explained
in detail. Future work should strive to make the models
more quantitative so that the microscopic origin of the
blue PL can be established firmly.

In conclusion, we have observed blue photolumines-
cence in difFerent types of LEPSi layers using time-
resolved photoluminescence spectroscopy. This blue PL
peaks near 2.6 eV and its characteristic decay time is ap-
proximately 1 nsec in all samples we have investigated.
The efficiency of the blue PL exceeds 0.1% in the "fully
oxidized" samples. We have demonstrated a correlation
between the intensity of the blue-PL band and the intensi-
ty of the infrared absorption related to Si-0 species.
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After examination of several models, we suggest an
oxygen-related origin for blue-PL band in LEPSi.
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